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Abstract

Epithelial-to-Mesenchymal Transition (EMT) and its reverse, Mesenchymal-to-Epithelial
Transition (MET), underlie essential physiological processes, such as development and wound
healing, while also driving pathological conditions, including cancer metastasis. While the role
of chromatin regulators in EMT is well established, the contribution of nuclear structural

components, particularly nuclear lamins, remains poorly understood.

In this study, we demonstrate that Lamin A/C plays a pivotal role in regulating epithelial—
mesenchymal (E-M) plasticity through its interaction with EZH2, a key component of the
Polycomb Repressive Complex 2 (PRC2). We show that overexpression of Lamin A maintains
epithelial identity, whereas its depletion facilitates a mesenchymal phenotype, establishing
Lamin A/C as a gatekeeper of epithelial homeostasis. Mechanistically, the phosphorylation of
Lamin A/C at Ser22 and EZH2 at Thr345 by CDKI1 disrupts their interaction, leading to the
destabilization of EZH2. This leads to a marked reduction in H3K27me3 enrichment at the
promoters of canonical EMT transcription factors, such as SNAIl1, TWISTI, and ZEBI,

thereby promoting mesenchymal gene expression.

Conversely, expression of phospho-deficient mutants Lamin A/C (S22A) and EZH2 (T345A)
stabilizes their interaction and restores epithelial features, even in EMT-inducing conditions.
In vivo xenograft assays further reveal that tumorigenic potential correlates with the

phosphorylation status and interaction dynamics of Lamin A/C and EZH?2.

Together, our findings uncover a novel nuclear structural-chromatin regulatory axis—Lamin
A/C—EZH2—that governs transcriptional plasticity during EMT. This axis not only integrates
the structural and epigenetic regulation of cell state transitions but also presents a potential

therapeutic target for restricting metastasis in breast cancer.
Synopsis
1. Introduction and Background

Epithelial-to-Mesenchymal Transition (EMT) and its reverse, Mesenchymal-to-Epithelial
Transition (MET), are highly dynamic and reversible biological processes that govern a wide
array of physiological and pathological phenomena (Nieto et al., 2016). EMT enables
stationary epithelial cells to acquire a mesenchymal phenotype characterized by enhanced

motility, invasiveness, and resistance to apoptosis, which is indispensable during early


https://sciwheel.com/work/citation?ids=1592379&pre=&suf=&sa=0

developmental processes such as gastrulation, neural crest cell migration, and somite
segmentation. MET, on the other hand, facilitates the re-establishment of epithelial traits and
is essential during organogenesis, epithelial tissue regeneration, and the reconstitution of

epithelial layers following injury (Acloque et al., 2009; Lim and Thiery, 2012).

These transitions involve profound alterations at the molecular, cellular, and tissue levels,
including a switch from apical-basal polarity to front-rear polarity, remodeling of the
cytoskeleton, dissolution of intercellular junctions, and reprogramming of gene expression
(Acloque et al., 2009; Lim and Thiery, 2012). Epithelial cells undergoing EMT downregulate
key adhesion molecules such as E-cadherin and upregulate mesenchymal markers like N-
cadherin, vimentin, and fibronectin. These changes are tightly regulated by specific
transcription factors—SNAIl, SNAI2, ZEBI1, ZEB2, and TWISTI—collectively known as
EMT-TFs. In contrast, during MET, cells regain their epithelial characteristics through the re-
expression of epithelial markers and attenuation of EMT-TFs (Lamouille et al., 2014). This
bidirectional plasticity allows cells to adapt to changing microenvironmental cues and is tightly
regulated by signaling pathways (e.g., TGF-B, Wnt, Notch), extracellular matrix interactions,
and epigenetic mechanisms (Brabletz et al., 2018; Pastushenko and Blanpain, 2019).

Importantly, the reversibility of EMT and MET endows cells with the ability to oscillate
between epithelial and mesenchymal states—a phenomenon referred to as epithelial-
mesenchymal plasticity (EMP) (Pastushenko et al., 2018). This plasticity is crucial not only for
physiological development but also for pathological processes such as cancer metastasis, where
tumor cells exploit EMT for dissemination and MET for metastatic colonization (Pastushenko
et al., 2021). Despite advances in our understanding of the signaling and transcriptional drivers
of EMP, the influence of nuclear structural elements, particularly the nuclear lamina, on EMP

dynamics remains an underexplored and compelling frontier in cell and cancer biology.

In pathological contexts, EMT and MET play critical roles in cancer progression, particularly
in invasion, dissemination, and colonization of tumor cells. EMT imparts cancer cells with
invasive and migratory capacities, whereas MET facilitates metastatic colonization at distant
sites (Dongre and Weinberg, 2019; Nieto et al., 2016). The dynamic and reversible nature of
these transitions, termed EMP, enables tumor heterogeneity, metastatic seeding, and resistance

to therapy (Aiello and Kang, 2019).


https://sciwheel.com/work/citation?ids=121031,232168&pre=&pre=&suf=&suf=&sa=0,0
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EMP is orchestrated by a complex network of signaling pathways, EMT-inducing transcription
factors (EMT-TFs), and epigenetic regulators. Among these, transcription factors such as
SNAIl, ZEBI1, and TWISTI are well-characterized repressors of epithelial markers and
inducers of mesenchymal gene expression (Puisieux et al., 2014). Epigenetic mechanisms,
including histone methylation, acetylation, and chromatin remodeling, have emerged as crucial
layers of EMP regulation. However, the role of nuclear architecture—particularly the nuclear
lamina and its interaction with chromatin modifiers—in EMP regulation remains poorly

understood.

The nuclear lamina, primarily composed of type V intermediate filament proteins Lamin A/C
and B-type lamins, lines the inner nuclear membrane and provides essential structural support
to the nucleus. Beyond its architectural role, Lamin A/C is a multifunctional protein involved
in mechanotransduction, genome organization, and transcriptional regulation (Dechat et al.,
2008; Swift and Discher, 2013). One of its critical functions is anchoring chromatin to the
nuclear periphery, which restricts chromatin accessibility and helps maintain the transcriptional
repression of lineage-inappropriate genes, thereby influencing cellular differentiation and
plasticity (Buxboim et al., 2014). Loss of Lamin A/C has been associated with increased
nuclear deformability, disruption of peripheral heterochromatin, and aberrant activation of
developmental and stress response programs. However, the specific role of Lamin A/C in
modulating epithelial-mesenchymal transition (EMT) and mesenchymal—epithelial transition
(MET)—two key axes of cellular plasticity in development and cancer—remains incompletely

understood.

Given the capacity of Lamin A/C to shape the spatial organization of the genome, it is likely
to intersect with epigenetic mechanisms that enforce transcriptional repression. Among these,
the Polycomb Repressive Complex 2 (PRC2) is a central regulator of chromatin-mediated gene
silencing, primarily through catalyzing the trimethylation of histone H3 at lysine 27
(H3K27me3). EZH2, the catalytic subunit of PRC2, plays a pivotal role in maintaining
repressive chromatin states during development, stem cell maintenance, and cancer
progression. Despite extensive research on PRC2 function, the upstream cues that regulate
EZH2 activity and stability—particularly in the context of higher-order nuclear architecture

and Lamin A/C-dependent chromatin organization—remain poorly defined.

2. Hypothesis


https://sciwheel.com/work/citation?ids=93184&pre=&suf=&sa=0

We hypothesize that Lamin A/C contributes to the regulation of epithelial-mesenchymal
plasticity in breast cancer through its interactions with chromatin-associated factors and

modulation of gene expression programs.
Based on this hypothesis, I have divided the thesis into four main objectives as stated below:
3. Objectives

1. To determine the role of Lamin A/C in regulating EMT and MET transitions in breast

cancer models.

2. To investigate the molecular interaction between Lamin A/C and EZH?2 and its impact

on epigenetic regulation of EMT transcription factors.

3. To assess how post-translational modifications (specifically CDK1-mediated

phosphorylation) affect Lamin A/C—-EZH?2 interaction and function.

4. To examine the consequences of modulating Lamin A/C-EZH?2 interaction on tumor

progression and metastasis in vivo.

AIM 3.1: To determine the role of Lamin A/C in regulating EMT and MET transitions

in breast cancer models.

Emerging evidence underscores the dynamic and reversible nature of EMT and MET during
breast cancer progression. While transcription factors and signaling cascades have been
extensively studied, the influence of nuclear lamins, particularly Lamin A/C, remains under-
investigated. Given its integral role in chromatin tethering and nuclear rigidity, Lamin A/C
could provide novel insights into how the structural environment of the nucleus influences
cellular plasticity (Lamouille et al. 2014; Wang et al. 2019). Exploring this avenue may reveal

additional layers of EMT regulation critical for understanding metastasis.

To address this, in vitro EMT and MET models were established using breast epithelial
(MCF10A) and carcinoma cell lines (MCF7 and MDA-MB-231). Lamin A/C expression was


https://sciwheel.com/work/citation?ids=381982,5973823&pre=&pre=&suf=&suf=&sa=0,0

modulated through the use of overexpression constructs and siRNA/shRNA-mediated
knockdown. EMT and MET progression were tracked by examining marker expression (E-
cadherin, N-cadherin, Vimentin) using qPCR, immunoblotting, and immunofluorescence,
while morphological shifts were quantified through wound healing and transwell migration
assays. Lamin A/C overexpression preserved epithelial features and suppressed mesenchymal
traits, while its knockdown induced a mesenchymal phenotype, indicating its suppressive role
in EMT. Time-course experiments linked dynamic Lamin A/C expression with EMT and MET

transitions, and functional assays corroborated its role in curbing cell migration and invasion.

AIM 3.2: To investigate the molecular interaction between Lamin A/C and EZH2 and its

impact on epigenetic regulation of EMT transcription factors.

While Lamin A/C is known to associate with chromatin modifiers, its functional interaction
with key epigenetic regulators of EMT remains unexplored. EZH2, the catalytic component of
the PRC2 complex, silences genes through the trimethylation of H3K27, emerged as a special
interactor exclusively in epithelial cells with Lamin A/C. Determining whether Lamin A/C
anchors EZH2 at chromatin sites could help clarify how nuclear structure integrates with

epigenetic signaling to regulate EMT-TF activity.

We utilized co-immunoprecipitation and proximity ligation assays to examine Lamin A/C—
EZH?2 interactions, discovering that these proteins physically associate in epithelial-like cells.
Upon Lamin A/C depletion, EZH2 exhibited diminished nuclear retention and stability,
suggesting that Lamin A/C plays a role in regulating its localization. ChIP-PCR demonstrated
decreased H3K27me3 occupancy at SNAII, ZEB1, and TWIST1 promoters in Lamin A/C-
depleted cells, suggesting impaired EZH2 recruitment. These epigenetic changes corresponded
with upregulation of mesenchymal transcription factors, reinforcing Lamin A/C's role as an

upstream regulator of chromatin-mediated EMT repression.

AIM 3.3: To assess how post-translational modifications (specifically CDK1-mediated
phosphorylation) affect Lamin A/C-EZH2 interaction and function.

The functional integrity of nuclear lamins and their interacting partners is frequently modulated
by post-translational modifications, with phosphorylation being a principal mechanism. CDK1,

active during cell cycle progression and stress responses, is known to phosphorylate both



Lamin A/C and chromatin modifiers. We hypothesized that CDK 1-mediated phosphorylation
of Lamin A/C and EZH2 regulates their interaction, impacting EMT plasticity.

To test this, phosphorylation sites on Lamin A/C and EZH2 were identified by an unbiased
domain deletion approach and LC-MS/MS data. Mutants mimicking (phospho-mimetic) (e.g.,
Lamin A/C (S22D), EZH2 (T345D)) or preventing (phospho-deficient) phosphorylation were
generated (e.g., Lamin A/C (S22A), EZH2 (T345A)). Co-immunoprecipitation and
immunofluorescence studies showed that phosphorylation hindered Lamin A/C—EZH?2 binding
and altered their subnuclear localization. Cells expressing phospho-deficient mutants
maintained epithelial morphology and resisted EMT upon TGF-f stimulation, while phospho-
mimetic variants facilitated EMT-associated phenotypes, indicating that CDKI-driven

phosphorylation dynamically governs this protein interaction during phenotypic switching.

AIM 3.4: To examine the consequences of modulating Lamin A/C—EZH2 interaction on

tumor progression and metastasis in vivo.

Although in vitro studies provide mechanistic insights, validating these findings in vivo is
crucial for determining their pathophysiological relevance. Breast cancer progression involves
not only cellular plasticity but also tumor microenvironmental cues that influence metastasis.
Therefore, studying how Lamin A/C-EZH?2 interactions affect tumor growth and metastatic

behavior in animal models can strengthen their candidacy as potential therapeutic targets.

We developed stable MDA-MB-231 cell lines expressing wild-type or phospho-mutant Lamin
A/C and EZH2. These were orthotopically implanted into the mammary fat pads of NOD/SCID
mice. Tumor growth was monitored using vernier calliper measurements every 72 hours, while
histopathological analyses were conducted to evaluate invasiveness and metastatic spread.
Tumors derived from cells with phosphorylated Lamin A/C and EZH2 exhibited increased
tumor burden, a higher metastatic score, increased invasiveness, and mesenchymal
characteristics. In contrast, tumors expressing phospho-deficient constructs remained
epithelial-like, with limited growth and lower metastatic scores. Immunofluorescence analyses
validated in vivo the correlation between interaction status and tumor phenotype,
demonstrating that this nuclear structural-epigenetic axis plays a crucial role in modulating

breast cancer aggressiveness.

4. Rationale and Significance
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Given the dual roles of Lamin A/C in nuclear architecture and gene regulation, and EZH2 in
chromatin-mediated transcriptional repression, exploring their crosstalk provides a unique
perspective to decipher the mechanisms of cancer plasticity. By understanding how structural
nuclear components, such as Lamin A/C, interface with chromatin modifiers like EZH2, we
aim to uncover novel targets for mitigating metastatic progression in breast cancers. This work
bridges nuclear mechanics with transcriptional control, offering insight into the layered

regulation of cell identity transitions.
5. Conclusion

The findings presented in this thesis provide novel insights into the interplay between nuclear
architecture and chromatin-mediated transcriptional regulation in governing epithelial—
mesenchymal plasticity, a key hallmark of breast cancer progression. By systematically
dissecting the role of Lamin A/C, we establish it as a pivotal suppressor of EMT, not only by
preserving nuclear structure and epithelial identity but also by functioning as a chromatin tether
for the epigenetic repressor EZH2. This interaction influences the transcriptional repression of
core EMT transcription factors, such as SNAII, ZEB1, and TWISTI, by maintaining

H3K27me3 occupancy at their promoter regions.

Importantly, our findings elucidate how CDK1-mediated phosphorylation of Lamin A/C and
EZH2 dynamically modulates this interaction, thereby altering the chromatin localization of
EZH2 and reprogramming the epigenetic landscape during EMT and MET transitions. This
regulatory axis is further validated in in vivo xenograft models, where tumors with disrupted
Lamin A/C—EZH?2 interaction show enhanced growth, invasiveness, and mesenchymal traits.
Conversely, phospho-deficient mutants that stabilize this interaction maintain epithelial

identity and restrain tumour growth and metastatic potential.

Collectively, this work reveals a previously unrecognized nuclear lamina—chromatin interface
that plays a crucial role in regulating cell fate transitions. By identifying the Lamin A/C-EZH2
interaction as a regulatory node responsive to phosphorylation, we provide a mechanistic
framework that links the structural and epigenetic control of EMT. These insights have broad
implications for understanding cancer metastasis and open new avenues for targeting

epithelial-mesenchymal plasticity in breast cancer therapeutics.

Future investigations should explore whether similar mechanisms operate in other tumor types

and how microenvironmental signals converge on the Lamin A/C-EZH2 axis. Additionally,
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pharmacological strategies to modulate this interaction or its phosphorylation status may offer

promising leads for therapeutic intervention against metastatic cancers.
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1.1 Introduction

Cancer remains one of the most significant global health challenges, accounting for millions of
deaths annually. While advances in early detection and treatment have improved outcomes in
some cancers, metastatic disease continues to be the primary cause of cancer-related mortality,
responsible for over 90% of cancer deaths (WHO). Metastasis is a highly complex, multistep
process involving detachment of tumor cells from the primary site, invasion into surrounding
tissue, intravasation into the bloodstream or lymphatics, survival in circulation, extravasation,
and colonization of distant organs (Fares et al. 2020). Central to this metastatic cascade is a
dynamic cellular process known as the epithelial-mesenchymal transition (EMT). EMT is a
highly conserved biological program through which epithelial cells lose their junctional
contacts and apico-basal polarity and acquire mesenchymal traits such as motility,

invasiveness, and resistance to apoptosis (Lambert et al. 2017; Aiello and Kang 2019).

Although initially characterized during embryonic development, where it regulates processes
such as gastrulation and neural crest migration, EMT has since been implicated in various adult
physiological and pathological contexts (Nakaya and Sheng, 2008; Acloque et al., 2009; Lim
and Thiery, 2012). In wound healing and tissue regeneration, EMT facilitates cell mobilization
and tissue remodeling. In pathological states, particularly in cancer progression, EMT is
hijacked by tumor cells to gain invasive and metastatic abilities. Importantly, EMT in cancer
is not a uniform or complete transformation. Recent studies have shown that cells often undergo
partial or incomplete EMT, leading to the emergence of hybrid epithelial/mesenchymal (E/M)
phenotypes. These intermediate states allow cells to simultaneously express both epithelial
markers like E-cadherin and mesenchymal markers like Vimentin, contributing to cellular

plasticity and adaptive responses during metastasis (Jolly et al. 2015).

This concept of epithelial-mesenchymal plasticity (EMP) has redefined our understanding of
EMT, positioning it as a spectrum rather than a binary switch. Hybrid E/M states confer
multiple advantages: they allow for collective migration of tumor cell clusters, enhance
resistance to environmental stress and therapy, and support the acquisition of stem-like features
that contribute to tumor heterogeneity (Pastushenko et al. 2018; Jolly et al. 2019; Sahoo et al.
2021). EMP enables tumor cells to dynamically adapt to their microenvironment, aiding in
survival during the metastatic journey and in colonization at distant sites. Moreover, the

reversibility of EMT, facilitated through the mesenchymal-to-epithelial transition (MET), is
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essential for the successful establishment of secondary tumors. The capacity for reversible state

switching underscores the significance of EMP in tumor progression and therapy resistance.

The regulation of EMT is orchestrated by an intricate network of intracellular and extracellular
cues. Canonical signaling pathways such as transforming growth factor-beta (TGF-$), Wnt,
Notch, and Hedgehog converge on transcriptional regulators including SNAI1, SNAI2, ZEBI,
ZEB2, and TWIST1/2. These EMT-inducing transcription factors (EMT-TFs) repress
epithelial gene programs while activating mesenchymal gene expression. The coordination of
these programs requires epigenetic modifications, chromatin remodeling, and post-
transcriptional regulation. Epigenetic changes, including histone methylation and acetylation,
are mediated by complexes such as the Polycomb Repressive Complex 2 (PRC2), while DNA
methylation silences key epithelial genes. Post-transcriptional regulators, including
microRNAs (e.g., the miR-200 family) and long non-coding RNAs (e.g., HOTAIR,
MALAT1), further fine-tune gene expression by targeting mRNA stability or by recruiting
chromatin modifiers to specific loci (Peng et al. 2020; Deshmukh et al. 2021).

In recent years, the role of nuclear architecture in modulating EMT and EMP has garnered
increasing attention. Historically considered a static barrier, the nuclear envelope is now
recognized as a mechanosensitive and transcriptionally active interface that links extracellular
signals to genome function. The inner nuclear membrane is supported by the nuclear lamina, a
fibrous meshwork composed primarily of type V intermediate filament proteins, including
Lamin A/C and B-type Lamins. Lamin A/C, encoded by the LMNA gene, is a critical structural
protein that regulates nuclear stiffness, chromatin organization, and gene expression. It
interacts with a wide array of transcription factors, chromatin modifiers, and structural proteins,
and is essential for the maintenance of nuclear shape and integrity (Shimi et al. 2008; Swift et

al. 2013).

Perturbations in Lamin A/C expression and function are frequently observed in aggressive
cancers (Wang et al. 2019). Reduced Lamin A/C levels have been associated with increased
nuclear deformability, enhanced metastatic potential, and elevated transcriptional plasticity
(Bell et al. 2022). Moreover, Lamin A/C participates in chromatin tethering and gene silencing
by interacting with PRC2 and other repressive complexes (Kubben et al. 2010). The spatial
organization of chromatin within the nucleus is modulated through these interactions,
impacting access to key regulatory elements. In cancer cells, aberrations in Lamin A/C

phosphorylation, particularly at Ser22, alter its localization and interaction with chromatin-
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binding proteins such as EZH2, the enzymatic core of PRC2. This work highlights that
phosphorylation by kinases, such as CDK1, has been shown to modulate the Lamin A/C-EZH2
interaction, affecting EZH2 stability and its ability to deposit H3K27me3 marks on epithelial
gene promoters. Loss of this repression facilitates the upregulation of EMT-TFs and promotes

mesenchymal gene expression.

The nuclear lamina is further connected to the cytoskeleton through the LINC (Linker of
Nucleoskeleton and Cytoskeleton) complex, which spans the nuclear envelope and
mechanically couples the nuclear interior to the actin cytoskeleton and the extracellular matrix
(Buxboim et al. 2014). This physical linkage enables cells to sense and respond to mechanical
stress, modulating chromatin organization and gene expression in a force-dependent manner.
The transmission of mechanical cues through the LINC complex and nuclear envelope has been
implicated in stem cell differentiation, lineage commitment, and now, increasingly, in the

regulation of EMT.

Taken together, these insights position Lamin A/C and the nuclear envelope as crucial
regulators of phenotypic plasticity during cancer progression. The ability of Lamin A/C to
scaffold chromatin regulators, respond to phosphorylation events, and transmit mechanical
cues places it at the intersection of nuclear mechanics and transcriptional regulation. This
intersection is particularly relevant in the context of EMT, where dynamic reprogramming of

the transcriptome and changes in nuclear deformability co-occur.

Here, I aim to provide a comprehensive examination of the molecular and structural basis of
EMT, with a particular focus on the nuclear envelope and its role in modulating chromatin
accessibility and transcriptional dynamics. We begin by redefining EMT as a continuum of
phenotypic states and exploring the functional implications of this plasticity. We then elaborate
on the hallmarks of EMT-driven cancer progression and dissect the molecular networks that
govern this transition. Special attention is given to the structural elements of the nucleus—
including Lamin A/C, the LINC complex, and associated chromatin regulators—which
collectively influence the nuclear landscape during EMT. By highlighting the crosstalk
between nuclear architecture and gene regulatory mechanisms, this review provides new
insights into the structural underpinnings of cellular plasticity and identifies potential

therapeutic avenues for targeting EMT in cancer.

1.2 EMT as a Continuum, not a Binary Switch
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The epithelial-mesenchymal transition (EMT) has historically been portrayed as a binary
process; whereby epithelial cells transform completely into mesenchymal cells. This traditional
model served as a foundational concept in developmental biology and oncology for decades.
However, accumulating evidence from transcriptomic profiling, lineage tracing, and single-
cell sequencing has fundamentally reshaped this perspective. EMT is now widely recognized
as a spectrum of intermediate cellular states, in which cells do not necessarily fully relinquish
their epithelial traits, nor do they fully commit to a mesenchymal phenotype (Figure 1.1). This
nuanced understanding of EMT has led to the concept of epithelial-mesenchymal plasticity
(EMP), a flexible program enabling cancer cells to acquire dynamic, context-dependent

phenotypes along the epithelial-mesenchymal axis (Pastushenko and Blanpain 2019).

Cells in partial EMT states exhibit a blend of epithelial and mesenchymal markers. For
instance, it is now well established that tumor cells coexpressing E-cadherin and Vimentin, or
N-cadherin, represent a distinct hybrid E/M population with enhanced adaptability. These cells
often exhibit collective migration, wherein clusters of partially transitioned cells invade as a
cohesive group, retaining cell—cell adhesions while acquiring migratory capabilities. Such
hybrid states are not rare anomalies but are widely detected in various human cancers, including
breast, lung, pancreatic, and colorectal tumors (Lu and Lu 2021). Importantly, these
intermediate states are functionally relevant: they are associated with increased tumor-initiating
capacity, resistance to therapy, and higher metastatic efficiency compared to fully

mesenchymal cells (Aiello 1.3et al. 2018).

One of the hallmarks of partial EMT is collective migration—a phenomenon where cells retain
partial epithelial characteristics, such as E-cadherin-mediated junctions, while exhibiting
front—rear polarity, cytoskeletal rearrangements, and protease secretion. Leader cells in these
migratory clusters often express higher levels of EMT transcription factors (e.g., ZEBI,
SNAI2), while follower cells maintain epithelial features. This allows for coordinated invasion
through the extracellular matrix while preserving the ability to re-epithelialize at secondary
sites, a crucial step in metastatic colonization that often necessitates a mesenchymal-to-

epithelial transition (MET).

Recent advances in single-cell RNA sequencing (scRNA-seq) and spatial transcriptomics have
confirmed the prevalence and stability of hybrid E/M states in tumors. For example, studies in
breast cancer have revealed distinct subpopulations occupying stable intermediate EMT states

with unique transcriptional profiles and functional phenotypes (Pastushenko et al., 2018;
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Karacosta et al., 2019). These hybrid cells resist anoikis, survive in circulation as circulating
tumor cell (CTC) clusters, and contribute to minimal residual disease following therapy.
Moreover, the presence of CTC clusters has been correlated with poor prognosis, underscoring

their clinical relevance (Aceto et al., 2014).

The maintenance of hybrid EMT states is regulated by a balance of transcriptional activators
and repressors. Phenotypic stability factors (PSFs), such as GRHL2, OVOL1/2, and ANp63a,
have been shown to prevent complete mesenchymal transition by antagonizing EMT-TFs like
ZEB1 and SNAIl (Werner et al. 2013). These PSFs not only inhibit the expression of
mesenchymal genes but also sustain epithelial traits, thereby locking cells in a metastable
hybrid state. Significantly, the expression and function of these factors are modulated by
external cues from the tumor microenvironment (TME), including cytokines (TGF-f, IL-6,

TNF-a), ECM stiffness, and hypoxic conditions (Le et al. 2018).

TGF-P signaling plays a pivotal role in driving partial EMT under various pathophysiological
contexts. Short-term or low-dose TGF-B exposure induces incomplete EMT, characterized by
partial loss of epithelial traits and transient gain of mesenchymal features (Zhang et al. 2014).
This state is reversible upon withdrawal of the stimulus. In contrast, sustained or high-dose
TGF-pB leads to more permanent EMT changes, including chromatin remodeling and stable
repression of epithelial gene loci. These outcomes are mediated by context-dependent Smad

and non-Smad signaling axes that converge on EMT-related gene networks (Qiao et al. 2020).

From a mechanical standpoint, the physical properties of cells undergoing EMT change
progressively along the spectrum of EMT. Partial EMT cells often display nuclear and
cytoskeletal stiffness intermediate between that of epithelial and mesenchymal cells (Aiello
and Kang 2019). This mechanical plasticity allows them to squeeze through confined spaces
during invasion while maintaining nuclear integrity and genomic stability—traits essential for

surviving the metastatic cascade.

The epigenetic regulation of EMT also supports the concept of a continuum model. Histone
modifications such as H3K27me3, deposited by EZH2, contribute to the repression of epithelial
genes, while chromatin relaxes at mesenchymal loci marked by H3K4me3 or H3K27ac. These
bivalent chromatin states, where both activating and repressive marks coexist, create a poised

transcriptional landscape that can be rapidly shifted in response to signaling inputs. Chromatin
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accessibility analyses (e.g., ATAC-seq) have revealed gradual, rather than abrupt, remodeling

of the chromatin landscape during EMT progression (Cardenas et al. 2016).

MicroRNAs and long non-coding RNAs (IncRNAs) further buffer the epithelial-mesenchymal
equilibrium. For example, the miR-200 family maintains epithelial identity by targeting
ZEB1/2, while miR-21 and miR-10b promote EMT through suppression of PTEN and
HOXDI10, respectively (Tian et al. 2021; Rajagopal et al. 2020). The interplay between
miRNAs and EMT-TFs constitutes robust feedback loops that stabilize hybrid phenotypes.
LncRNAs such as HOTAIR and MALATI1 act as scaffolds for chromatin modifiers and
influence EMT gene expression by regulating histone modifications at promoter regions

(Dongre and Weinberg 2019).

In the context of therapeutic resistance, partial EMT states confer significant survival
advantages. Hybrid E/M cells have been shown to resist chemotherapy, radiation, and targeted
therapies more effectively than fully epithelial or mesenchymal populations. This resistance
stems from reduced proliferation, activation of DNA repair pathways, and expression of anti-
apoptotic genes (Guo et al. 2021). Furthermore, partial EMT enhances immune evasion by
modulating antigen presentation, downregulating MHC molecules, and upregulating immune

checkpoint proteins such as PD-L1 (Gaponova et al. 2020).

In summary, EMT is best conceptualized not as a binary switch but as a spectrum of stable and
dynamic states regulated by intricate networks of transcriptional, epigenetic, and mechanical
inputs. The ability of cancer cells to exist in hybrid epithelial/mesenchymal states provides
them with remarkable adaptability, allowing them to survive therapeutic challenges, evade
immune responses, and efficiently colonize distant organs. Future therapeutic strategies must
account for this phenotypic plasticity and aim to disrupt the regulatory circuits that sustain
partial EMT, either by enforcing complete MET or by rendering hybrid states metabolically or

immunologically vulnerable.
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EMT as a Continuum, Not a Binary Switch
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Figure 1.1. EMT exists as a continuum rather than a binary epithelial-mesenchymal switch.

Schematic representation of epithelial-mesenchymal transition (EMT) showing that cells do

not transition directly from a fully epithelial to a fully mesenchymal state. Instead, cells occupy

intermediate “partial EMT” or hybrid E/M states characterized by co-expression of epithelial

markers (e.g., E-cadherin) and mesenchymal markers (e.g., vimentin). Epithelial cells maintain

strong cell—cell adhesion and support collective migration, whereas mesenchymal cells exhibit

high vimentin expression and contribute to therapy resistance. Phenotypic plasticity enables

cells to shift along the EMT spectrum in response to cues such as TGF-f. This continuum

underlies functional heterogeneity and dynamic state transitions during development, tissue

repair, and cancer progression.
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1.3 Hallmarks of EMT-Driven Cancer Progression

The epithelial-mesenchymal transition (EMT) is not merely a transcriptional program but a
multifaceted cellular reprogramming event that drives profound functional transformations in
cancer cells. By enabling epithelial cells to acquire mesenchymal-like traits, EMT facilitates
tumor progression at multiple levels—from invasion and dissemination to resistance and
relapse (Figure 1.2) (Zheng et al. 2015). Below, we dissect the major hallmarks of EMT-driven
cancer progression, elaborating on the molecular and phenotypic shifts that empower cancer

cells to thrive under therapeutic and environmental challenges.

1.3.1 Acquisition of Stemness and Tumor-Initiating Capacity

A defining hallmark of EMT is its strong association with cancer stem cell (CSC) phenotypes.
EMT programs, particularly those in partial EMT states, confer stem-like features, including
self-renewal, differentiation plasticity, and tumor-initiating potential. Pioneering studies by
(Mani et al. 2008) demonstrated that EMT induction via TWIST or SNAIL overexpression in
mammary epithelial cells led to the emergence of a CD44”high/CD24"low population—a
classical marker of breast cancer stem cells (Chen et al. 2021). Hybrid epithelial/mesenchymal
(E/M) cells are often enriched for such markers and are highly tumorigenic in xenograft
models. Moreover, the expression of core pluripotency factors such as NANOG, OCT4, and

SOX2 is often elevated in cells that have undergone partial EMT (Wilson et al. 2020).

Mechanistically, EMT transcription factors (EMT-TFs) like ZEB1 not only repress epithelial
markers but also promote stemness by activating Wnt, Notch, and Hedgehog signaling
pathways. For example, ZEB1 represses miR-200 family members, which in turn derepresses
BMI1, a stemness-associated polycomb group protein. These interconnected networks form

bistable circuits that reinforce the CSC phenotype during EMT (Kim et al. 2012).

More recently, integrative transcriptomic and epigenomic analyses have shown that EMT-TFs
establish permissive chromatin landscapes at pluripotency loci while repressing differentiation-
associated genes (Wilson et al. 2020). Partial EMT stabilizes this balance, allowing cells to
exhibit both epithelial adherence and stemness-associated plasticity. These hybrid cells show
enhanced organoid-forming ability, resistance to differentiation cues, and the capacity to

regenerate tumors after therapy (Chen et al. 2021).
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Clinical implications of EMT-induced stemness are profound. Tumors enriched in EMT
signatures often exhibit higher intratumoral heterogeneity, increased metastasis, and poor
response to treatment (Adams et al. 2015). EMT-induced CSCs survive chemotherapy and
radiotherapy due to their slow-cycling nature, enhanced drug efflux, and superior DNA repair
capacity. These cells can lie dormant and repopulate the tumor bed post-therapy, contributing
to recurrence (Chen et al. 2021). Notably, inhibitors targeting EMT-TFs, epigenetic readers
(e.g., BRD4), or TGF-p signaling have demonstrated preclinical efficacy in reversing EMT-

induced stemness and reducing tumorigenicity (Yu et al. 2023).

1.3.2 Enhanced Invasion and Migration

EMT enables cells to detach from epithelial sheets, invade through basement membranes, and
migrate through stromal environments—hallmarks of metastatic dissemination (Lim and
Thiery 2012; Lamouille et al. 2014). A major molecular hallmark of EMT is the loss of E-
cadherin, which destabilizes adherens junctions and promotes cell dissociation (Lamouille et
al. 2014; Nieto et al. 2016). Simultaneously, the upregulation of mesenchymal markers, such
as N-cadherin (a phenomenon known as cadherin switching), Vimentin, and Fibronectin,
allows for the dynamic reorganization of the cytoskeleton, integrin engagement, and
mechanical responsiveness (Mani et al. 2008; Nieto et al. 2016).

During EMT, cells gain motility through actin cytoskeleton remodeling mediated by Rho
GTPases, Racl, and CDC42 (Parri and Chiarugi 2010). These changes support the formation
of lamellipodia, filopodia, and invadopodia—actin-rich protrusions involved in matrix
degradation and invasion (Leong et al. 2014). These structures are stabilized by interactions
with integrins and focal adhesion complexes that regulate traction forces necessary for forward
movement (Huttenlocher and Horwitz 2011).

EMT also enhances secretion and activation of matrix metalloproteinases (MMPs), particularly
MMP2 and MMP9, which cleave components of the extracellular matrix (ECM), facilitating
invasion (Kessenbrock et al. 2010; Gialeli et al. 2011). MMP activity is often spatially localized
to the leading edge of migrating cells and is tightly regulated by tissue inhibitors of
metalloproteinases (TIMPs) (Sternlicht and Werb 2001). EMT-TFs such as TWIST1 and
SNAI1 directly induce the transcription of MMPs, while suppressing ECM components like
laminins and collagens that anchor epithelial cells (Peinado et al. 2017; Dongre and Weinberg
2019).

Importantly, invasion is not limited to single-cell migration. Hybrid E/M cells often migrate

collectively, where leader cells with partial EMT phenotypes pull trailing cells through ECM
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conduits (Pastushenko et al. 2018). These clusters retain intercellular adhesion via desmosomes
or low-level E-cadherin expression and demonstrate higher resistance to mechanical stress and
apoptosis (Kroger et al. 2019). Collective migration also enables cooperative navigation
through chemotactic gradients, thereby enhancing directional motility (Friedl and Gilmour
2009).

Recent imaging studies and intravital microscopy have shown that EMT-driven invasion can
occur in waves, with cells switching dynamically between epithelial, hybrid, and mesenchymal
states depending on microenvironmental cues such as hypoxia, stiffness, and cytokine exposure
(Nieto et al. 2016; Aiello and Kang 2019). This plasticity enables tumor cells to adapt their
migration modes—namely, amoeboid, mesenchymal, or collective—as they encounter varying
tissue architectures (Friedl and Gilmour 2009).

At the metastatic site, the reversion to an epithelial phenotype via MET is often essential for
colonization and proliferation (Tsai and Yang 2013). Thus, EMT not only facilitates initial
dissemination but also primes cells for the eventual invasion-migration axis, a central feature

in metastatic colonization (Lambert et al. 2017).

1.3.3 Resistance to Apoptosis and Anoikis

Apoptosis, or programmed cell death, is a critical safeguard mechanism that eliminates
damaged or unanchored cells, especially during detachment from the extracellular matrix—a
form of cell death known as anoikis (Frisch & Francis, 1994; Paoli et al., 2013). Resistance to
apoptosis, particularly anoikis, is a fundamental feature acquired during EMT. This resistance
enables cancer cells to survive as they detach from the primary tumor and disseminate through
the bloodstream or lymphatic system (Chaffer and Weinberg 2011; Diepenbruck and
Christofori 2016).

During EMT, epithelial cells lose integrin-mediated contacts with the basement membrane and
shift to a mesenchymal program that includes the upregulation of pro-survival signaling
cascades (Lamouille et al. 2014). One of the central pathways activated during EMT is the
PI3K/Akt pathway, which promotes survival through phosphorylation and inactivation of pro-
apoptotic factors such as BAD and the forkhead family of transcription factors (Datta et al.
1999; Testa and Tsichlis 2005). Simultaneously, EMT leads to the upregulation of anti-
apoptotic proteins, including BCL-2, BCL-XL, Survivin, and XIAP, thereby tipping the
balance toward cell survival even under conditions of detachment or genotoxic stress (Youle

and Strasser 2008; Zhao et al. 2012).
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Transcription factors such as SNAIl, TWISTI, and ZEBI actively repress p53-mediated
apoptotic responses (Chen et al. 2012; Zhang et al. 2014). SNAII, for example, suppresses
PTEN—a negative regulator of PI3K/Akt—and p53 itself, thereby preventing apoptosis (Vega
et al. 2004). TWIST1 can inhibit the expression of pro-apoptotic genes like BIM and
PUMA(Kwok et al. 2007; Puisieux et al. 2014). These factors also promote mitochondrial
membrane stabilization and modulate mitochondrial dynamics to resist apoptotic signals (Tait
and Green 2010).

Moreover, EMT cells exhibit increased autophagy, a catabolic survival mechanism that
recycles intracellular components and provides energy under nutrient stress (Yang et al. 2013).
TWIST1 and SNAII are known to induce autophagy-related genes such as Beclinl and ATG5S
(Gugnoni et al. 2016; Dower et al. 2018). This autophagic activity helps cells cope with
metabolic stress, chemotherapy, and oxidative damage, thereby contributing to cellular fitness
in hostile microenvironments (White 2012; Strohecker and White 2014).

Another mechanism by which EMT protects cells from anoikis is through changes in focal
adhesion and cytoskeletal dynamics (Yang et al. 2013). Mesenchymal cells generate new
integrin-based contacts with the ECM via FAK and Src activation (Mitra et al. 2005; Sulzmaier
et al. 2014). These focal adhesion kinases (FAKSs) transmit survival signals that prevent caspase
activation even in the absence of canonical epithelial integrins (Streuli 2009; Huttenlocher and
Horwitz 2011). Additionally, activation of YAP/TAZ—a mechanotransduction pathway
responsive to cell spreading and matrix stiffness—has been implicated in supporting EMT-
induced resistance to anoikis (Zanconato et al. 2016; Kim and Jho 2018).

From a clinical standpoint, EMT-induced apoptosis resistance facilitates survival of circulating
tumor cells (CTCs), contributing to the establishment of metastatic lesions (Comaills et al.
2016). CTCs must survive not only detachment but also shear stress and immune surveillance
in circulation (Fidler 2003; Massagué and Obenauf 2016). EMT traits such as elevated BCL-
XL expression and reduced Fas receptor availability enhance this survival (Mehlen and
Puisieux 2006; Shi et al. 2019). Therapeutically, combining EMT-inhibitors with BH3
mimetics (which neutralize BCL-2 family proteins) has shown promise in preclinical models

to sensitize EMT-positive cells to apoptosis (Lopez and Tait 2015; Debnath et al. 2022).

1.3.4 Chemoresistance and Therapy Resistance

One of the most clinically relevant consequences of EMT is its profound association with
resistance to a broad range of cancer therapies (Nieto et al. 2016). EMT induces a

transcriptional reprogramming that endows cells with properties enabling them to escape

25


https://sciwheel.com/work/citation?ids=452299,5032963&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=231864&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=231864&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9096272,93184&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=166154&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=166154&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=18353681&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=2922786,8137784&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=150561,3086616&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=18353681&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=290642,312752&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=290642,312752&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=97097,549173&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=97097,549173&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1524802,7291831&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=3356495&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=3356495&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=229539,1195409&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=453050,18353708&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=453050,18353708&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=4678083,14519151&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=1592379&pre=&suf=&sa=0

apoptosis, evade immune responses, and adapt to metabolic and oxidative stress induced by
treatment (Bouwman et al., 2010; Wang et al., 2009). These adaptations contribute to both
intrinsic resistance, where cells are unresponsive to therapy from the outset, and acquired
resistance, which arises during or after treatment (Gesson et al., 2016; Sati et al., 2020).
Mechanistically, EMT leads to reduced intracellular accumulation of chemotherapeutic agents
due to increased expression of ATP-binding cassette (ABC) transporters such as ABCB1 (P-
glycoprotein), ABCC1 (MRP1), and ABCG2 (BCRP) (Goldberg et al., 2010; Santi et al.,
2020). These transporters actively efflux drugs such as doxorubicin, paclitaxel, and cisplatin,
thereby reducing their cytotoxic impact (Chin et al., 2006). In parallel, EMT-induced
epigenetic changes result in a more repressive chromatin environment that limits drug access
to DNA and reduces transcription of pro-apoptotic genes (Mahen et al., 2013; Aiello and Kang,
2019)

EMT also promotes cell cycle arrest in the GO/G1 phase, a characteristic of cancer stem-like
cells (Coschi et al., 2014). These slow-cycling or dormant cells evade the cytotoxic effects of
therapies that target rapidly dividing populations (Vallette et al., 2019). TWIST1, ZEB1, and
SNAIL have been shown to induce quiescence-associated pathways while repressing genes
involved in mitotic progression, DNA replication, and cell division (Bohl et al., 2014; Meyer-
Schaller et al., 2019).

Furthermore, EMT enhances the DNA damage response (DDR) and repair capacity (Almeida
et al., 2017; Khot et al., 2020). For instance, ZEB1 promotes the expression of CHK1 and
BRCALI, facilitating homologous recombination and allowing cells to survive genotoxic stress
(Crompton et al., 2014; Santi et al., 2020). EMT is also associated with upregulation of
antioxidant programs, including NRF2 and glutathione metabolism, which neutralize reactive
oxygen species (ROS) generated by radiation or chemotherapy (Barnhart et al., 2011;
Crompton et al., 2014).

Emerging evidence also shows that EMT modulates autophagy—a lysosome-dependent
degradation process that sustains metabolic homeostasis and cell survival under therapy-
induced stress (Ano Bom et al., 2012; Crompton et al., 2014). SNAIL and TWIST1
transcriptionally activate autophagy-related genes (e.g., ATGS, Beclinl), enabling cancer cells
to recycle damaged organelles and evade cell death (Gesson et al., 2016; Baugh et al., 2018).
Clinically, tumors enriched in EMT signatures often exhibit a poor response to chemotherapy
and targeted agents (Friedl and Gilmour, 2009; Fischer et al., 2015). For example, triple-
negative breast cancers (TNBCs), which often exhibit mesenchymal and stem-like features, are

resistant to conventional chemotherapy (Hanahan and Weinberg, 2011). In lung
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adenocarcinoma, EGFR-TKI resistance has been linked to EMT progression and the
development of a mesenchymal phenotype (Chen et al., 2012; Chang et al., 2015).

Therapeutic strategies aimed at overcoming EMT-mediated resistance include combining
chemotherapeutics with EMT-inhibiting agents, such as TGF-§ inhibitors, HDAC inhibitors,
or microRNA mimics (e.g., miR-200 family) (Zhang et al., 2016; Kroger et al., 2019). Several
preclinical studies have demonstrated that reversing EMT can restore sensitivity to drugs and

prevent tumor relapse (Wilson and Foisner, 2010; Lovisa et al., 2015).

1.3.5 Immune Evasion

Epithelial-mesenchymal transition (EMT) profoundly impacts the tumor immune
microenvironment by facilitating immune escape mechanisms (Dongre & Weinberg, 2019;
Terry et al., 2017). As cells transition to a mesenchymal-like state, they not only evade physical
barriers and therapy-induced stress but also develop the capacity to suppress or avoid immune
recognition (Nieto et al., 2016). EMT drives immuno-evasive traits through molecular
reprogramming that affects antigen presentation, cytokine secretion, and immune checkpoint
regulation (Wong et al., 2009; Nieto et al., 2016).

One key immune evasion mechanism during EMT is the downregulation of primary
histocompatibility complex class I (MHC-I) molecules, which impairs antigen presentation to
cytotoxic CD8+ T cells (Xu et al., 2017). The reduction in MHC-I expression is driven by
transcriptional repression of antigen processing components, such as TAP1/2 and [2-
microglobulin, as well as inhibition of key regulators like NLRC5 (Mehta et al., 2018). EMT-
TFs such as SNAI1, ZEBI1, and TWIST1 have been implicated in silencing these components,
effectively masking tumor cells from immune surveillance (Wong et al., 2009; Yin et al., 2017).
Moreover, EMT leads to an increased secretion of immunosuppressive cytokines, including
TGF-B, IL-10, and VEGF (Dechat et al., 2010; X. Kang et al., 2019). These factors not only
dampen effector T-cell activity but also recruit regulatory T cells (Tregs) and myeloid-derived
suppressor cells (MDSCs), which further suppress antitumor immunity (Redwood et al., 2011;
Pastushenko et al., 2018). Tumor cells undergoing EMT also express chemokines, such as
CCL2 and CXCLS5, that enhance the infiltration of immunosuppressive immune cell subsets,
thereby shifting the tumor microenvironment (TME) from a pro-inflammatory to an
immunosuppressive state (Shimi et al., 2008; Tait and Green, 2010).

Another central axis of EMT-induced immune evasion is the upregulation of immune
checkpoint molecules, especially PD-L1 (programmed death ligand-1) (Panier and Boulton,
2014). ZEBI1 has been shown to directly induce PD-L1 expression by repressing miR-200
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family members, which normally inhibit PD-L1 transcription (Ye et al., 2018). Increased PD-
L1 expression attenuates cytotoxic T cell responses by engaging PD-1 on T cells, leading to T
cell exhaustion and apoptosis (White, 2012). Furthermore, EMT enhances the expression of
CD47, a "do not eat me" signal that protects cancer cells from phagocytosis by macrophages
(Zeitlin et al., 2009).

EMT also intersects with innate immunity. For instance, EMT-like states suppress the
expression of ligands for activating receptors on natural killer (NK) cells, including NKG2D
ligands, which results in reduced NK cell-mediated cytotoxicity (Guerra et al., 2008). EMT-
TFs can modulate the expression of these ligands via chromatin remodeling and interaction
with epigenetic repressors (Reis-Sobreiro et al., 2018).

Clinical observations support the notion that EMT promotes resistance to immunotherapy.
Tumors exhibiting EMT signatures show lower infiltration of CD8+ T cells and reduced
expression of IFN-y-related genes, correlating with poor response to checkpoint inhibitors
(Ogiyama et al., 2018). This has led to the exploration of combination therapies targeting EMT
and immune checkpoints simultaneously (Yang et al., 2018). Preclinical studies using TGF-
inhibitors in conjunction with PD-1 or PD-L1 blockade have shown promising results in
overcoming EMT-associated immune resistance (Taylor et al., 2018).

Thus, EMT not only contributes to physical dissemination and therapy resistance but also
actively remodels the immune landscape to favor tumor progression (Dongre and Weinberg,
2019). Targeting EMT-driven immune evasion mechanisms holds significant potential for
enhancing the efficacy of immunotherapy, particularly in tumors with a mesenchymal or hybrid

phenotype (Antony et al., 2020).

1.3.6 Metabolic Reprogramming

Metabolic reprogramming is a key hallmark of cancer, enabling cells to adapt their energy
production, biosynthesis, and redox homeostasis to meet the demands of uncontrolled
proliferation and survival under stress (Solomon et al., 2011). During epithelial-mesenchymal
transition (EMT), cells undergo profound metabolic shifts that support the functional and
phenotypic changes associated with mesenchymal identity (Gesson et al., 2016). These
metabolic adaptations enable EMT-primed cells to survive in hostile microenvironments, resist
apoptosis, and facilitate invasion and metastasis (Yin et al., 2017).

One of the most striking features of EMT-associated metabolic reprogramming is the shift from
oxidative phosphorylation (OXPHOS) to aerobic glycolysis, also known as the Warburg effect
(Zeitlin et al., 2009). EMT-inducing transcription factors, such as SNAIL and TWISTI,
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directly upregulate glycolytic enzymes, including hexokinase 2 (HK2), phosphofructokinase-
1 (PFKI1), and pyruvate kinase M2 (PKM2), thereby increasing glucose uptake and lactate
production (Wandke and Kutay, 2013; Xu et al., 2017). This glycolytic shift supports ATP
generation and produces intermediates for nucleotide, amino acid, and lipid biosynthesis,
fueling rapid growth and remodeling (Wei et al., 2011).

In parallel, EMT cells exhibit increased activity of the pentose phosphate pathway (PPP), which
generates NADPH and ribose-5-phosphate (Leong et al., 2014). NADPH is crucial for
maintaining redox balance and supporting fatty acid synthesis, while ribose-5-phosphate
contributes to nucleotide biosynthesis (Leong et al., 2014). TWIST1 and ZEB1 have been
shown to regulate PPP enzymes such as glucose-6-phosphate dehydrogenase (G6PD),
reinforcing this metabolic shift (LukaSova et al., 2017).

Lipid metabolism also undergoes substantial reconfiguration during EMT (Bjerke et al., 2013).
EMT-positive cells often rely on enhanced fatty acid oxidation (FAO) for ATP production,
especially under conditions of glucose limitation (Yin et al., 2017). ZEB1 and SNAIL promote
the expression of key FAO regulators such as CPTI1A, the rate-limiting enzyme for
mitochondrial fatty acid import (Gesson et al., 2016). FAO not only provides energy but also
limits the accumulation of reactive oxygen species (ROS), thereby reducing oxidative stress
and supporting cell survival (Ray-Gallet et al., 2011).

In addition, EMT reprograms glutamine metabolism to support redox homeostasis (Moly et al.,
2016). Glutaminase (GLS), which converts glutamine to glutamate, is upregulated in EMT-
driven tumors (Almeida et al., 2017). Glutamate feeds into the tricarboxylic acid (TCA) cycle
as a-ketoglutarate, sustaining biosynthetic flux and balancing NAD+/NADH ratios (Wilson
and Foisner, 2010). This process supports chromatin-modifying enzymes such as TETs and
JmjC-domain histone demethylases, directly linking metabolic reprogramming to epigenetic
regulation of EMT genes (Lupidiez et al., 2015).

Significantly, the metabolic plasticity of EMT cells extends to hypoxic adaptation (Little and
McMahon, 2012). Hypoxia-inducible factors (HIF-la and HIF-2a), stabilized under low
oxygen conditions, work in concert with EMT-TFs to reprogram gene expression and
metabolism (Malashicheva et al., 2015). HIF-1a cooperates with SNAIL to repress epithelial
genes and activate glycolytic and angiogenic pathways, thereby facilitating metastasis (Shimi
et al., 2008).

Recent studies have also uncovered the role of mitochondrial dynamics and metabolism in
EMT (Nelson et al., 2016). EMT induces mitochondrial fission, a process associated with

enhanced migratory capacity and stress resistance (Lopez and Tait, 2015). Proteins such as
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DRP1, which are activated during EMT, modulate mitochondrial shape and function, thereby
optimizing energy output for invasion and migration (Almeida et al., 2017).

Therapeutically, targeting EMT-associated metabolic pathways has emerged as a promising
approach (Shi et al., 2017). Inhibitors of glycolysis (e.g., 2-deoxyglucose), FAO (e.g.,
etomoxir), and glutaminolysis (e.g., CB-839) have demonstrated efficacy in preclinical models
by sensitizing EMT-primed cells to conventional therapies (Ano Bom et al., 2012). Moreover,
metabolic inhibitors can modulate the epigenetic landscape and suppress EMT-TFs, reversing
mesenchymal traits (Mattioli et al., 2018).

Overall, EMT-induced metabolic reprogramming is a multifaceted and dynamic process that
supports the survival, invasion, and therapy resistance of cancer cells (Marullo et al., 2016).
Understanding the metabolic dependencies of EMT states can provide novel targets for
intervention and aid in the development of combination therapies to combat metastatic disease

(Antony et al., 2020).

1.3.7 Genomic Instability and Replicative Stress

EMT introduces genomic instability through several mechanisms (Ano Bom et al., 2012). First,
partial EMT states are often associated with weakened cell cycle checkpoints, allowing cells
to bypass DNA damage-induced arrest (Redwood et al., 2011). Second, changes in chromatin
architecture during EMT impair the fidelity of DNA replication and repair (Turinetto et al.,
2012). Third, cytoskeletal remodeling and nuclear deformation during invasion cause nuclear
envelope rupture, chromatin fragmentation, and DNA double-strand breaks (Labade et al.,
2016; Moly et al., 2016).

Moreover, EMT-TFs, such as ZEB1, suppress the expression of DNA damage response (DDR)
genes, including ATM and ATR (Laberge et al., 2015). This compromises homologous
recombination (HR) repair, leading to the accumulation of mutations (LukasSova et al., 2017).
Such genomic instability fuels tumor heterogeneity and accelerates clonal evolution,
contributing to therapy resistance and disease progression (Yin et al., 2017).

Taken together, these seven hallmarks highlight the multifaceted role of EMT in cancer
progression (Nieto et al., 2016). EMT not only drives physical transformation of cells but also
rewires their transcriptional, epigenetic, metabolic, and immunological programs (Dongre and
Weinberg, 2019). Understanding these hallmarks in a context-specific manner is critical for
developing interventions that can halt or reverse EMT-mediated malignancy (Scheller et al.,

2020).
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Figure 1.2. Hallmarks of EMT-driven cancer progression.

Epithelial-mesenchymal transition (EMT) equips carcinoma cells with multiple traits that
promote tumor progression, metastasis, and therapy failure. As epithelial cells transition
toward mesenchymal states, they acquire stemness properties, enhanced invasive and
migratory capacity, and increased resistance to apoptosis and anoikis. EMT also confers
tumor-initiating potential, chemoresistance, and broader therapy resistance. Additionally,
EMT contributes to immune evasion and promotes genomic instability and replicative stress,
thereby driving the evolution of cancer. Collectively, these EMT-associated phenotypes enable

tumor cells to survive hostile microenvironments, disseminate, and seed metastases.
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1.4 Molecular Regulation of Epithelial-Mesenchymal Transition (EMT)

The epithelial-mesenchymal transition (EMT) represents a fundamental biological process
characterized by the phenotypic conversion of immotile, polarized epithelial cells into
migratory, invasive mesenchymal cells (Bustin et al., 2009). This complex cellular
reprogramming is orchestrated by a multifaceted network of regulatory mechanisms operating
at transcriptional, post-transcriptional, epigenetic, and post-translational levels (Nieto et al.,
2016). Far from being a rigid or unidirectional program, EMT is exquisitely context-dependent
and dynamically shaped by an intricate interplay of intercellular signaling pathways, intrinsic
chromatin accessibility landscapes, and extrinsic microenvironmental cues (Pastushenko et al.,
2018). This inherent complexity in its regulation allows cells to traverse a continuum of states,
enabling transitions not only between fully epithelial and fully mesenchymal phenotypes but
also facilitating the emergence and persistence of hybrid epithelial/mesenchymal (E/M) states
(Yamazaki et al., 2018). These hybrid states are increasingly recognized for their crucial role
in endowing cells with enhanced plasticity and adaptability, and for contributing significantly
to tumor heterogeneity and therapeutic resistance in cancer progression (Baugh et al., 2018). A
comprehensive understanding of these intricate molecular regulatory mechanisms is therefore
paramount, offering critical insights for the development of targeted therapeutic strategies
against EMT-driven pathologies, particularly in the context of cancer metastasis and drug

resistance (Crompton et al., 2014).

1.4.1 EMT-Inducing Transcription Factors (EMT-TFs)

At the apex of the EMT regulatory hierarchy resides a core group of master transcription factors
(TFs), collectively known as EMT-TFs (Scheller et al., 2020). This highly conserved family
comprises prominent members, including SNAIl (Snail), SNAI2 (Slug), ZEB1, ZEB2,
TWISTI, and TWIST?2, as well as other context-dependent factors (Leong et al., 2014). Their
collective and coordinated action is pivotal in initiating and sustaining the EMT program
primarily through the direct transcriptional repression of epithelial marker genes, most notably
E-cadherin (encoded by CDHI), while concomitantly activating the expression of
mesenchymal signature genes (e.g., Vimentin (VIM), Fibronectin (FN1), N-cadherin (CDH2))
and genes associated with cell motility and invasion (Rossi et al., 2007). The functional
attributes of these EMT-TFs often display significant cooperativity, redundancy, and context-

specificity, underscoring the robustness and adaptability of the EMT process (Solomon et al.,

2011).
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SNAI1 and SNAI2, both members of the Snail family, are characterized by a conserved C-
terminal zinc finger domain that mediates direct binding to E-box consensus sequences
(CANNTG) found within the promoter regions of epithelial genes such as CDH1 and various
Claudins (CLDNs) (Moir et al., 2000). Their repressive function is not solely through direct
DNA binding but is extensively mediated by the recruitment of diverse corepressor complexes.
These include the SIN3A complex, histone deacetylases (HDACs), and components of the
Polycomb Repressive Complex 2 (PRC2), all of which contribute to the establishment of
repressive chromatin states at epithelial gene promoters, thereby silencing their transcription
(Rajagopalan and Lengauer, 2004).

Similarly, ZEB1 and ZEB?2 are zinc finger homeobox proteins that execute their transcriptional
repression of epithelial genes and concomitant promotion of mesenchymal and stemness
programs through interactions with co-factors such as C-terminal Binding Protein (CtBP) and
Lysine Specific Demethylase 1 (LSD1) (Narita et al., 2003). The recruitment of CtBP by ZEB
proteins facilitates the recruitment of HDACs, leading to histone deacetylation and chromatin
condensation (Favreau et al., 2003). LSD1, a histone demethylase, removes repressive histone
marks, such as H3K4me?2, thereby contributing to gene silencing (Lee et al., 2010). This
concerted action by ZEB proteins not only downregulates epithelial markers but also
upregulates genes associated with cellular plasticity, stemness, and invasive capabilities (Friedl
and Gilmour, 2009).

TWISTI, a foundational member of the basic helix-loop-helix (bHLH) protein family,
functions as a transcriptional regulator primarily through dimerization with ubiquitously
expressed E proteins (e.g., E12, E47) (Fukagawa et al., 2004). This heterodimerization allows
TWISTI1 to bind to specific DNA sequences (E-boxes) and initiate broad mesodermal and
invasive gene expression programs. Key targets include matrix metalloproteinases (MMPs),
which facilitate the degradation of the extracellular matrix, and components of the platelet-
derived growth factor (PDGF) signaling pathway, which regulate cell proliferation, migration,
and angiogenesis (Redwood et al., 2011). TWIST1's role extends beyond simple repression of
epithelial genes; it actively promotes a pro-migratory and invasive phenotype by activating
genes critical for mesenchymal structure and function (Gonzalez-Romero et al., 2008).

The intricate regulation of these EMT-TFs themselves is a hallmark of EMT complexity. They
are activated by a diverse array of upstream extracellular signals, including canonical pathways
such as Transforming Growth Factor-beta (TGF-f), Wnt/B-catenin, Notch, and various
receptor tyrosine kinases (RTKs) like EGFR and FGFR (Zeitlin et al., 2009). These upstream

signals often converge to induce EMT-TF expression or enhance their activity and stability
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(Lamouille et al., 2014). Furthermore, EMT-TFs frequently operate within intricate feedback
loops, both positive and negative, which serve to sustain or stabilize the acquired mesenchymal
phenotype (Xu et al., 2011). For instance, activated EMT-TFs can upregulate the expression of
their own activators or repress their repressors, solidifying the mesenchymal state (Xu et al.,
2011). Cross-regulation among different EMT-TFs is also common, exemplified by TWIST1's
ability to activate ZEB1 expression, creating an amplification cascade (Ray-Gallet et al., 2011).
Conversely, their activities are finely tuned by reciprocal repression from epithelial regulators
such as Grainyhead-like 2 (GRHL2) and Ovo-like 2 (OVOL2), which directly or indirectly
antagonize EMT-TF function, highlighting the dynamic balance between epithelial and
mesenchymal states (McCord et al., 2013).

1.4.2 Epigenetic Regulation

Epigenetic mechanisms represent a critical layer of gene regulation in EMT progression,
enabling stable, long-term transcriptional reprogramming without altering the underlying DNA
sequence (Wang et al., 2007; Landt et al., 2012). These modifications dynamically regulate the
accessibility of EMT-TFs to their target loci, thereby dictating the transcriptional landscape
that underpins the epithelial-mesenchymal transition (Flavahan et al., 2016). The primary
epigenetic modalities involved include histone modifications, DNA methylation, and ATP-
dependent chromatin remodeling (Kwok et al., 2007; Moly et al., 2016).

The Polycomb Repressive Complex 2 (PRC2), with its catalytic subunit Enhancer of Zeste
Homolog 2 (EZH2), plays a prominent role in establishing and maintaining gene silencing
during EMT (Rajagopalan and Lengauer, 2004; Kind et al., 2013). EZH2 mediates the tri-
methylation of histone H3 at lysine 27 (H3K27me3), a well-established repressive epigenetic
mark (Kind et al., 2013). This mark, by creating a compacted chromatin structure, hinders the
binding of RNA polymerase and general transcription factors, thus silencing gene expression
(Guo et al., 2013). During EMT, EZH2 significantly contributes to the repression of epithelial
genes and concurrently promotes mesenchymal reprogramming (Geigl et al., 2008; Solomon
et al., 2011). Compelling studies have demonstrated that EMT-TFs such as SNAII and
TWIST1 can directly recruit EZH2 to the promoter regions of epithelial genes, most notably
CDHI, to actively silence E-cadherin expression (Yusufzai et al., 2004; Nakaya and Sheng,
2008). Conversely, experimental depletion or pharmacological inhibition of EZH2 has been

shown to reverse EMT phenotypes, leading to the re-expression of epithelial markers and a

34



reduction in cellular invasiveness, underscoring its functional significance in EMT stability
and progression (Ogiyama et al., 2018).

Beyond PRC2, other enzymes involved in histone modifications are crucial (Holaska and
Wilson, 2007). Histone deacetylases (HDACs), particularly HDAC1 and HDAC2, contribute
to chromatin compaction by removing acetyl groups from histone tails, which promotes tighter
DNA-histone interactions and gene repression (Wang et al., 2007). For example, SNAII is
known to recruit HDACI to the CDH1 promoter, contributing to E-cadherin silencing (Peinado
et al., 2004). Similarly, histone demethylases, such as Lysine Specific Demethylase 1 (LSD1),
also play a role (Yang et al., 2010). ZEBI, for instance, can interact with CtBP and LSD1 to
repress the expression of miR-200 family members, which are crucial microRNAs for
maintaining epithelial integrity (Tait and Green, 2010).

DNA methylation, specifically the methylation of cytosine residues within CpG dinucleotides,
constitutes another robust epigenetic mechanism that stabilizes EMT transitions (Jones, 2012;
Yang et al., 2014). This modification, particularly when occurring in promoter regions, leads
to gene silencing (Lim and Thiery, 2012). DNA methyltransferases (DNMTs), including
DNMT1 (responsible for maintenance methylation during replication) and de novo
methyltransferases DNMT3A and DNMT3B, are key players (Jha and Strahl, 2014). During
EMT, the promoter regions of epithelial genes, such as CDHI1, undergo hypermethylation,
leading to their sustained silencing (Kong et al., 2012). This DNA methylation often acts
synergistically with repressive histone marks to establish a profoundly silenced epigenetic
state, making the mesenchymal phenotype more stable and resistant to reversal (Vassilev et al.,
20006).

Finally, ATP-dependent chromatin remodelers play a dynamic role in EMT by physically
altering nucleosome positions and accessibility (Solomon et al., 2011; Shi et al., 2017).
Complexes such as SWI/SNF and NuRD (Nucleosome Remodeling and Deacetylase) are
recruited to specific genomic loci to either open or close chromatin, thereby allowing or
restricting the access of transcriptional machinery or silencing complexes to their target sites
(Almeida et al., 2017). For instance, BRG1 (Brahma-related gene 1), a core catalytic subunit
of the SWI/SNF complex, has been implicated in regulating EMT mediated by TWIST1 and
FOXC2 in various cancers, including breast and pancreatic malignancies (Solomon et al.,
2011). By remodeling chromatin, these complexes can facilitate the binding of EMT-TFs to
mesenchymal gene promoters while simultaneously contributing to the silencing of epithelial

genes (Solomon et al., 2011; LukaSova et al., 2017).
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1.4.3 Non-Coding RNAs (miRNAs and IncRNAs)

Non-coding RNAs (ncRNAs), particularly microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs), represent an additional, highly sophisticated layer of post-transcriptional and
epigenetic regulation in EMT (Figure 1.3) (Xu et al., 2011; Taylor et al., 2018). These
molecules exert their effects by fine-tuning gene expression without encoding proteins,
offering dynamic and reversible control over cellular transitions (Ogiyama et al., 2018).

The miR-200 family (comprising miR-200a, miR-200b, miR-200c, miR-141, and miR-429)
stands out as the most extensively characterized miRNA family involved in EMT regulation
(Margueron et al., 2008). Their primary mechanism of action involves directly targeting the
messenger RNAs (mRNAs) of EMT-TFs, specifically ZEB1 and ZEB2, leading to the
degradation of their mRNA or inhibition of their translation (Redwood et al., 2011). By
suppressing ZEB1/2, the miR-200 family effectively maintains epithelial identity, promotes E-
cadherin expression, and inhibits the development of mesenchymal characteristics (Nakaya and
Sheng, 2008). During the initiation of EMT, a hallmark event is the significant downregulation
of miR-200 levels (Geigl et al., 2008). This downregulation can be triggered by various
mechanisms, including direct transcriptional repression by ZEBI itself (creating a negative
feedback loop) (Bracken et al., 2008) or through epigenetic silencing of miR-200 promoter
regions (Towbin et al., 2012). This reciprocal negative feedback loop between miR-200 and
ZEB1/2 is critically important; their mutual inhibition can generate bistable or even tristable
states, allowing cells to stably exist in a fully epithelial, fully mesenchymal, or a dynamic
hybrid epithelial/mesenchymal phenotype, providing crucial phenotypic plasticity (Ogiyama et
al., 2018; Bjerke et al., 2013; Redwood et al., 2011).

Beyond the miR-200 family, numerous other miRNAs actively participate in the EMT network
(Pencheva & Tavazoie, 2013):

e miR-34 family: This family (miR-34a, miR-34b, miR-34c), often transcriptionally
activated by the tumor suppressor p53, acts as a crucial EMT suppressor by directly
targeting the mRNAs of key EMT-TFs like SNAII and the Notch signaling effector
NOTCHI1 (Solomon et al., 2011). Their downregulation is frequently observed in
aggressive cancers, contributing to enhanced EMT and metastasis (Lee et al., 2010).

e miR-203: This miRNA is known to inhibit both stemness characteristics and the
expression of various EMT-TFs, reinforcing an epithelial phenotype and suppressing

migratory capabilities (Wong et al., 2009).
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EMT-promoting miRNAs: Conversely, miRNAs like miR-9 and miR-10b actively
promote EMT and cellular invasion (Tait and Green, 2010). miR-9, for instance, targets
E-cadherin (Lim and Thiery, 2012), while miR-10b can promote metastasis by
indirectly affecting pro-invasive genes or directly regulating factors involved in cell

migration and invasion (Kwok et al., 2007).

Long non-coding RNAs (IncRNAs), defined as RNA molecules greater than 200 nucleotides

in length that do not encode proteins, contribute to EMT regulation through highly diverse and

often intricate mechanisms (Landt et al., 2012; Maishman et al., 2016). Their functions can

include:

miRNA sponging: Certain IncRNAs contain multiple binding sites for specific
miRNAs, effectively acting as "sponges" to sequester and inactivate these miRNAs
(Crompton et al., 2014). For example, some IncRNAs can sponge the miR-200 family,
thereby derepressing ZEB1 and ZEB2 and promoting EMT (Leong et al., 2014).
Chromatin modification: Many IncRNAs interact directly with chromatin-modifying
complexes (e.g., PRC2, HDACs, DNMTs) to recruit them to specific genomic loci,
thereby influencing the epigenetic state and transcriptional activity of target genes (Wei
et al., 2011). For instance, MALAT1 (Metastasis Associated Lung Adenocarcinoma
Transcript 1) has been shown to interact with EZH2 and PRC2, leading to the repression
of E-cadherin and other epithelial genes (Aird and Zhang, 2013). Similarly, HOTAIR
(HOX Antisense Intergenic RNA) actively promotes EMT by recruiting chromatin
remodeling complexes to silence epithelial gene loci (Dechat et al., 2010).
Scaffolding regulatory complexes: LncRNAs can act as molecular scaffolds, bringing
together multiple proteins to form functional regulatory complexes that influence gene
expression or protein stability (McCord et al., 2013).

mRNA stabilization: Some IncRNAs can directly bind to and stabilize the mRNA of
key EMT-related proteins, preventing their degradation (Larson et al., 2019). An
example is ZEB2-AS1 (ZEB2 Antisense RNA 1), which stabilizes ZEB2 mRNA,
thereby sustaining ZEB2 expression and promoting the mesenchymal state (Nakaya and

Sheng, 2008).

The dynamic and often reversible regulation afforded by non-coding RNAs, particularly in

feedback loops with EMT-TFs, allows for rapid and finely controlled shifts in gene expression

during EMT and its reversal (MET, mesenchymal-epithelial transition) (Kroger et al., 2019).
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This crucial role makes ncRNAs increasingly recognized as promising diagnostic biomarkers
and novel therapeutic targets for a range of diseases, particularly in overcoming cancer

metastasis and drug resistance (Reis-Sobreiro et al., 2018; Aiello and Kang, 2019).

1.4.4 Post-Translational Modifications

Post-translational modifications (PTMs) represent a rapid and highly dynamic layer of
molecular regulation that profoundly influences the activity, stability, subcellular localization,
and protein-protein interaction networks of EMT-related proteins, including EMT-TFs and
their coregulators (Rajagopalan and Lengauer, 2004; Dechat et al., 2007). These modifications
act as molecular switches, allowing for swift cellular responses to extracellular stimuli without
requiring de novo protein synthesis (Narita et al., 2003).

Phosphorylation, the addition of a phosphate group, is one of the most prevalent and critical
PTMs (Cronshaw et al., 2002). For instance, the stability and activity of SNAI1 are exquisitely
regulated by phosphorylation (Vega et al., 2004). Glycogen Synthase Kinase 3 beta (GSK3p)
phosphorylates SNAI1 at specific serine residues, typically targeting it for proteasomal
degradation via the ubiquitin-proteasome system (Zheng et al., 2004; Chin et al., 2006).
Conversely, specific kinases (e.g., AKT, MAPK) can phosphorylate SNAII at different sites,
stabilizing it and promoting its nuclear localization and activity (Wang et al., 2007; Panier and
Boulton, 2014). This dynamic phosphorylation state determines the half-life and functional
output of SNAII, thus profoundly impacting the initiation and maintenance of EMT (Favreau
et al., 2003). Phosphorylation of co-factors and other EMT-related proteins, such as nuclear
lamins (e.g., Lamin A/C), has also been implicated in altering chromatin accessibility and
global gene expression patterns that contribute to EMT progression (Shimi et al., 2008). For
example, phosphorylation of Lamin A/C can affect nuclear stiffness and chromatin
organization, influencing the binding of transcription factors (Kind et al., 2013). Additionally,
CDK1-mediated phosphorylation, particularly during the G2/M phase of the cell cycle, has
been shown to modify chromatin-bound regulators and epigenetic enzymes (Kuga et al., 2014).
This can influence EMT epigenetics by disrupting existing protein-protein interactions or
creating new binding sites, thereby fine-tuning gene expression during critical cellular
transitions (Wood et al., 2014).

Ubiquitination, the covalent attachment of ubiquitin molecules to a target protein, typically
flags proteins for degradation by the 26S proteasome (ubiquitin-proteasome system) (Datta et

al., 1999). As mentioned, the ubiquitin ligase B-TrCP targets phosphorylated SNAI1 for
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proteasomal degradation (Zheng et al., 2004). However, ubiquitination can also have non-
proteolytic roles, such as regulating protein localization, activity, or interactions (Wang et al.,
2007). The balance between ubiquitination and deubiquitination, catalyzed by deubiquitinases
(DUBS), is crucial for maintaining steady-state levels of EMT-TFs (Wang et al., 2009). For
example, specific DUBs can stabilize ZEB1, thereby promoting its transcriptional activity and
sustaining EMT (Leiserson et al., 2015).

Acetylation, the addition of an acetyl group, primarily to lysine residues, is another vital PTM,
particularly for histone proteins and transcription factors (Hartman et al., 2005). Histone
acetylation typically leads to chromatin relaxation and transcriptional activation (Kwok et al.,
2007). However, non-histone protein acetylation is also crucial (Friedl and Gilmour, 2009). For
example, TWIST1 stability and transcriptional activity are significantly influenced by
acetylation, predominantly mediated by histone acetyltransferases (HATs) such as p300/CBP.
Acetylation of TWIST1 can enhance its dimerization, DNA binding, and resistance to
degradation, thereby amplifying its pro-EMT effects (Kasper et al., 1999). Conversely,
deacetylation by specific HDACs can reduce TWIST1 activity or promote its degradation
(Harada et al., 2014).

Other PTMs, such as SUMOylation (Small Ubiquitin-like Modifier conjugation), also play
significant roles (Mitra et al., 2005). For instance, sumoylation has been shown to stabilize
ZEB1 and enhance its transcriptional activity, further contributing to its role in promoting
mesenchymal gene programs (Gonzalo, 2014). These diverse PTMs rarely act in isolation;
instead, they often occur in concert, forming a complex 'PTM code' that precisely regulates the
spatiotemporal activity of EMT proteins, dictating the precise kinetics and outcomes of the
epithelial-mesenchymal transition (Iwabuchi et al., 2006). The intricate interplay of these
modifications underscores the adaptability and robustness of the EMT program, providing

multiple checkpoints for its regulation and offering diverse avenues for therapeutic intervention

(Dechat et al., 2010).
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Molecular Regulation of Epithelial-Mesenchymal
Transition (EMT)
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Figure 1.3: Molecular Mechanisms Regulating EMT

This diagram illustrates the Epithelial-Mesenchymal Transition (EMT), a process whereby
epithelial cells (left, characterized by E-cadherin) transform into motile mesenchymal cells
(right). Four primary regulatory pathways drive the transition. Firstly, EMT-inducing
transcription factors (EMT-TFs), such as Snail, Slug, ZEB1/2, and TWISTI, act to repress
epithelial gene expression. Secondly, Epigenetic Regulation, including Histone modifications
(acetylation/methylation) and DNA methylation, modulates gene accessibility. Thirdly, various
non-coding RNASs, like miRNA and IncRNA, fine-tune gene expression post-transcriptionally.
Finally, Post-Translational Modifications of proteins, such as Phosphorylation,

Ubiquitination, and Acetylation, influence protein function and stability.
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1.5 Nuclear Envelope and Chromatin Reorganization in EMT

Beyond the well-established transcriptional and epigenetic levels of control, the epithelial-
mesenchymal transition (EMT) is increasingly recognized as a process profoundly regulated
by the intrinsic architecture and mechanics of the cell nucleus (Shimi et al., 2008; Bjerke et al.,
2013). Changes in nuclear shape, deformability (often referred to as stiffness or pliability), and
the spatial organization of chromatin within the nucleus, predominantly driven by the structural
elements of the nuclear envelope, exert a profound influence on the precise orchestration of
gene regulatory networks underlying EMT (Wood et al., 2014). This section elucidates how
alterations in the nuclear envelope, particularly through the dynamics of Lamin A/C and the
mechanosensitive LINC complex, coupled with global chromatin reorganization, contribute to
the acquisition and stabilization of the mesenchymal phenotype (Towbin et al., 2012;
McLaughlin-Drubin et al., 2013).

1.5.1 Lamin A/C as a Structural and Regulatory Node

Lamin A/C, encoded by the LMNA gene, represents a type V intermediate filament protein
and is a principal constituent of the nuclear lamina (Nakaya and Sheng, 2008). The nuclear
lamina is a dense fibrillar meshwork situated immediately beneath the inner nuclear membrane,
providing essential mechanical support to the nucleus, maintaining its characteristic
morphology, and serving as a crucial anchoring platform for heterochromatin at the nuclear
periphery (Mitra et al., 2005). Beyond its established structural roles, accumulating evidence
highlights Lamin A/C as a critical regulatory node, mediating the interplay between nuclear
mechanics, chromatin organization, and gene expression (Ibarra et al., 2016). This dual
functionality stems from its direct interactions with various chromatin regulatory proteins,
including components of the Polycomb Repressive Complex 2 (PRC2), histone deacetylases
(HDAC:), histone methyltransferases, and other epigenetic modulators (Ha et al., 2014). These
interactions suggest that Lamin A/C is not merely a passive scaffold but an active participant
in determining chromatin states and gene accessibility (Demmerle et al., 2012).

A recurrent observation during EMT, particularly in various cancer contexts, is the
downregulation or significant reorganization of Lamin A/C expression (Rossi et al., 2007).
This alteration in Lamin A/C levels or its architectural integrity precipitates a cascade of events
at the nuclear level, fundamentally impacting cellular behavior (Ha et al., 2014).

Increased Nuclear Deformability: A reduction in Lamin A/C expression directly compromises
the mechanical integrity of the nuclear lamina, leading to a noticeable increase in nuclear
pliability and deformability (Taddei et al., 2006). This diminished nuclear stiffness is

hypothesized to facilitate the passage of cells through constricted interstitial spaces within
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tissues, a critical requirement for mesenchymal cell migration and invasion during processes
like embryogenesis, wound healing, and cancer metastasis (Gesson et al., 2016). The physical
compliance of the nucleus becomes a rate-limiting factor in cellular transmigration, and the
loss of Lamin A/C directly addresses this mechanical bottleneck (McCord et al., 2013).
Reduced Tethering of Heterochromatin to the Lamina: The nuclear lamina, mainly through
interactions with Lamin A/C and other lamina-associated proteins, serves as a binding platform
for lamina-associated domains (LADs), which are typically heterochromatic regions of the
genome (Shimi et al., 2008). Downregulation or disruption of Lamin A/C results in the release
or reduced tethering of these LADs from the nuclear periphery into the nuclear interior (Lin et
al., 2013). This spatial redistribution of chromatin can alter gene expression profiles by
changing the local environment of genes from a repressive peripheral zone to a more
permissive internal compartment, or vice versa for genes moving towards the periphery (Zhou
and Panté, 2010).

Redistribution of Transcriptionally Repressive Histone Marks: The spatial relationship
between chromatin and the nuclear lamina is intimately linked to the distribution of epigenetic
marks (Puisieux et al., 2014). The loss of Lamin A/C can lead to a global redistribution of
transcriptionally repressive histone marks, such as H3K27me3 (associated with PRC2 activity)
and H3K9me3 (associated with constitutive heterochromatin) (Dechat et al., 2008). This
redistribution can result in the displacement of these marks from specific gene loci or their re-
patterning within the nucleus, influencing the accessibility of these regions to transcription
factors and RNA polymerase machinery (Mahen et al., 2013).

Collectively, studies have consistently shown that the loss or depletion of Lamin A/C facilitates
the access of EMT-TFs to previously inaccessible or silenced chromatin regions by increasing
nuclear pliability and fundamentally altering the local chromatin environment, making it more
amenable to transcriptional reprogramming (Yusufzai et al., 2004). In the context of breast
cancer cells, a strong correlation has been observed between Lamin A/C depletion and an
increase in cellular invasion, alongside enhanced expression of mesenchymal markers (Kuga
et al., 2014). The provided research further substantiates this by demonstrating a direct
interaction between Lamin A/C and EZH2, the catalytic subunit of PRC2 (Margueron et al.,
2008). Crucially, this interaction is shown to be disrupted during EMT, which in turn alters the
precise deposition of H3K27me3 at the promoters of key transcription factors involved in
maintaining epithelial identity or promoting mesenchymal transition (Dittmer et al., 2014).

This suggests a direct molecular mechanism by which nuclear architectural changes,
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specifically through Lamin A/C, directly impact epigenetic landscapes and gene expression

during EMT (Marullo et al., 2016).

1.5.2 LINC Complex and Mechanotransduction

The Linker of Nucleoskeleton and Cytoskeleton (LINC) complex serves as a crucial molecular
bridge that physically connects the nuclear lamina to the extensive cellular cytoskeleton (actin,
intermediate filaments, and microtubules) (Taddei et al., 2006; Liu et al., 2013). This intricate
complex is assembled from SUN (Sadl and UNC-84) domain proteins located in the inner
nuclear membrane, which interact with Lamin A/C, and KASH (Klarsicht, ANC-1, Syne
Homology) domain proteins (e.g., Nesprins) that span the outer nuclear membrane and link to
cytoskeletal elements (Tait and Green, 2010). The paramount function of the LINC complex is
to transduce mechanical forces generated from the extracellular matrix (ECM) and within the
cytoplasm directly to the nucleus, thereby regulating nuclear stiffness, morphology, and
profoundly influencing chromatin organization and gene expression (Xu et al., 2011; Puisieux
et al., 2014).

Mechanical cues from the cellular microenvironment are increasingly recognized as potent
regulators of cell fate and function, including EMT (Xu et al., 2011; Aird and Zhang, 2013).
Factors such as increased matrix stiffness, altered tissue tension, and fluidic shear stress, all of
which are known to promote EMT, are efficiently transmitted across the nuclear envelope via
the LINC complex (Cucco et al., 2018). This mechanical input can induce significant nuclear
deformations, including nuclear flattening and changes in nuclear volume, and drive
widespread heterochromatin remodeling, as well as nuclear rotation (Kong et al., 2012;
Fudenberg et al., 2016). The mechanosensitive nature of the LINC complex allows cells to
"feel" their physical environment and translate these physical signals into biochemical cues
that regulate gene expression (Kojic et al., 2018). This regulation occurs through several
proposed mechanisms, including modulating the accessibility of nuclear pores (thereby
affecting nucleocytoplasmic transport) and altering the overall mobility and spatial positioning
of chromatin within the nucleus. For instance, increased mechanical tension can lead to the
unfolding of chromatin, making previously inaccessible genes available for transcription
(Wang et al., 2017).

In the context of cancer progression, alterations in the expression or integrity of LINC complex
components (e.g., SUN1, Nesprin-2) have been directly linked to altered nuclear mechanics

and a subsequent facilitation of EMT-driven invasion (Peric-Hupkes et al., 2010; Labade et al.,
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2016). These disruptions can enhance nuclear deformability, enabling tumor cells to navigate
through dense stromal environments more effectively (Fudenberg et al., 2016). Furthermore, a
key signaling pathway that interfaces intimately with LINC-mediated mechanotransduction is
the tension-driven activation of YAP (Yes-associated protein) and TAZ (transcriptional
coactivator with PDZ-binding motif) (Hanahan and Weinberg, 2011; Mohammad and Helin,
2017). YAP/TAZ are well-established mechanosensors that translocate to the nucleus and
activate gene expression programs in response to increased matrix stiffness and cell spreading
(Solomon et al., 2011). The LINC complex plays a critical role in transmitting these mechanical
cues to the nucleus, influencing the nuclear localization and activity of YAP/TAZ (Elosegui-
Artola et al., 2017). Activated YAP/TAZ then directly or indirectly interacts with EMT-TFs or
their co-regulators, leading to the enhanced expression of EMT-associated genes, thus creating
a powerful feed-forward loop that integrates mechanical signals with the genetic

reprogramming of EMT (Malashicheva et al., 2015; Maishman et al., 2016).

1.5.3 Chromatin Reorganization During EMT Nuclear Envelope and Chromatin

Architecture: The Spatial Control Layer

Beyond localized changes in histone modifications and DNA methylation discussed
previously, EMT involves a global and highly coordinated reorganization of chromatin
structure and nuclear positioning (X. Kang et al., 2019; Scheller et al., 2020). This architectural
remodeling is not merely a consequence of EMT but an active participant in establishing and
stabilizing the mesenchymal gene expression program (Sati et al., 2020). Key aspects of this
large-scale chromatin reorganization include:

Relocation of LADs (Lamina-Associated Domains): As alluded to earlier, during EMT, there
is a distinct tendency for traditionally lamina-associated domains (LADs), which are typically
transcriptionally silent and tethered to the nuclear periphery, to detach and relocate from the
nuclear periphery towards the nuclear interior (Figure 1.4) (Holwerda and de Laat, 2013;
Crompton et al., 2014). This relocation can lead to the derepression of genes within these
domains that were previously silenced by their peripheral location, providing access for
transcription factors (Nakaya and Sheng, 2008). Conversely, some active gene regions might
move towards the periphery or become sequestered, leading to their repression (Peric-Hupkes
et al., 2010).

Loss of H3K27me3-Rich Repressive Zones and Increased Euchromatin Formation: EMT is

characterized by a dynamic shift in the landscape of repressive histone marks (Zhao et al.,
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2017). While H3K27me3 is crucial for silencing epithelial genes, its overall distribution can be
reconfigured (Karoutas et al., 2019). Studies indicate a general trend towards the
decondensation of specific chromatin regions and a reduction in the density of H3K27me3-rich
repressive zones at specific loci, particularly at mesenchymal gene promoters (Nava et al.,
2020). This shift is accompanied by an increased formation of euchromatin (transcriptionally
active, open chromatin) at mesenchymal gene loci (Sciacovelli and Frezza, 2017). This
architectural opening makes these genes readily accessible to EMT-TFs and the transcriptional
machinery, facilitating their activation (X. Kang et al., 2019).

The overarching consequence of such profound chromatin reorganization is to create a nuclear
environment that enables mesenchymal transcription factors to readily access previously
silenced or inaccessible chromatin regions, thereby driving the expression of genes associated
with the mesenchymal phenotype (Wilson et al., 2020). Furthermore, the altered positioning of
genes within the intricate 3D nuclear space has significant ramifications for various aspects of
gene regulation (Leiserson et al., 2015).

Transcriptional Bursts: Changes in chromatin compaction and gene positioning can influence
the frequency and amplitude of transcriptional bursts, affecting the kinetics of gene expression
(Kim et al., 2019).

Enhancer-Promoter Looping: The spatial proximity between enhancers and their cognate
promoters, crucial for robust gene activation, can be dramatically altered during EMT (Hanssen
et al., 2017). Chromatin reorganization can bring mesenchymal gene enhancers and promoters
into closer contact while disrupting epithelial gene looping, contributing to the switch in gene
expression (Karoutas et al., 2019).

Phase-Separated Transcriptional Condensates: Emerging evidence suggests that
transcription occurs within dynamic, membrane-less organelles formed through liquid-liquid
phase separation (Boija et al., 2018). Alterations in chromatin organization and nuclear
mechanics can influence the formation, stability, and composition of these transcriptional
condensates, thereby impacting the efficiency and specificity of gene expression (Taylor et al.,
2018).

Advanced genomic technologies, such as single-cell ATAC-seq (Assay for Transposase-
Accessible Chromatin using sequencing) and Hi-C (High-throughput Chromosome
Conformation Capture), have provided unprecedented insights into these architectural changes
(Dittmer et al., 2014; Jolly et al., 2015). Single-cell ATAC-seq data have unequivocally
demonstrated that EMT transitions are accompanied by a marked increase in chromatin

accessibility at the promoter regions of mesenchymal genes, while simultaneously revealing
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reduced accessibility at the enhancers of epithelial genes (X. Kang et al., 2019). Hi-C data,
which maps genome-wide chromatin interactions, further corroborates these findings by
showing large-scale reorganization of topologically associating domains (TADs) and
chromatin loops during EMT (Jolly et al., 2019). Importantly, these specific changes in
chromatin accessibility and 3D organization are not isolated events but are actively reinforced
by simultaneous disruptions in nuclear architecture, including the observed loss of Lamin A/C
expression and a broader reorganization of the nuclear lamina (Crompton et al., 2014). This
intricate interplay between nuclear structural components, chromatin architecture, and gene
regulatory factors underscores a sophisticated, multi-layered control mechanism that governs

the dynamic and reversible nature of EMT (Nava et al., 2020).
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Figure 1.4: Nuclear and Chromatin Reorganization in EMT

lllustration showing how the cell’s nucleus and DNA structure change during EMT. The
transition to the Mesenchymal state involves the reorganization of Heterochromatin and
Euchromatin, the formation of Lamin-associated domains (LADs) tethered to the nuclear

envelope (comprising lamin A/C), and connections mediated by the LINC complex.
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1.6 Conclusion and Discussion

Epithelial-mesenchymal transition (EMT) is no longer viewed as a linear or binary switch but
as a highly plastic and context-sensitive cellular process governed by intricate layers of
regulatory mechanisms (Flavahan et al., 2016; Antony et al., 2020). The current chapter
provides a comprehensive overview of these mechanisms, ranging from master transcriptional
regulators to the contributions of nuclear architecture and chromatin topology (Gonzalo, 2014).
Here, we synthesize these findings and reflect on their implications for cancer biology,
particularly in the context of metastasis, therapy resistance, and epigenetic reprogramming

(Larson et al., 2019).

1.6.1 Integration of Multilayered EMT Regulation

At the core of EMT regulation lies a conserved set of transcription factors (EMT-TFs),
including SNAI1, SNAI2, ZEB1/2, and TWIST1/2, which repress epithelial identity and
activate mesenchymal gene expression (Zhang et al., 2014). However, their function is neither
isolated nor self-sufficient. Instead, it is deeply embedded within a web of epigenetic cues,
chromatin accessibility states, and post-transcriptional feedback loops (McLaughlin-Drubin et
al., 2013; Mattioli et al., 2018).

The interplay between EMT-TFs and chromatin remodelers such as PRC2, HDACs, and
SWI/SNF complexes enables context-dependent reprogramming of gene expression (Tzur et
al., 2006; LukaSova et al., 2017). This regulatory relationship is reinforced by non-coding
RNAs, particularly the miR-200 family and long non-coding RNAs (IncRNAs) such as
MALATI1 and HOTAIR, which form feedback loops to buffer EMT fluctuations (Nakaya and
Sheng, 2008; McCord et al., 2013). These findings illustrate that EMT is not solely a
transcriptional phenomenon—it is fundamentally an epigenetically stabilized, dynamically
reversible phenotype that integrates diverse regulatory modalities (Figure 1.5) (Ebrahimi et al.,
2018).

Moreover, the role of post-translational modifications—especially phosphorylation,
acetylation, ubiquitination, and sumoylation—adds temporal resolution to this process
(Fukagawa et al., 2004; Gonzalo, 2014). These modifications finely tune the activity, stability,
and localization of EMT-related proteins, including Lamin A/C and EMT-TFs, thus acting as
"molecular switches" to rapidly adapt to extracellular signals like TGF-f, hypoxia, or matrix

stiffness (Harada et al., 2014; Shi et al., 2017).
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1.6.2 Nuclear Envelope and Chromatin Architecture: The Spatial Control Layer

A distinctive feature of this chapter is the integration of nuclear architecture and chromatin
spatial organization into the paradigm of EMT regulation (Shimi et al., 2008; Aird and Zhang,
2013). Lamin A/C, traditionally viewed as a mechanical scaffold, has emerged as a critical
modulator of gene expression through its tethering of heterochromatin at the nuclear periphery
(Nakaya and Sheng, 2008; Diepenbruck and Christofori, 2016). Its depletion during EMT
facilitates increased nuclear deformability and relaxation of chromatin, promoting the
expression of mesenchymal genes (Coschi et al., 2014).

The LINC complex, acting as a conduit between cytoskeletal tension and nuclear organization,
further bridges mechanical cues with gene regulation (Tzur et al., 2006; Nacev et al., 2020).
Mechanotransduction via SUN—Nesprin complexes alters chromatin conformation and nuclear
shape, influencing the accessibility of transcription factors and the nuclear localization of
mechano-responsive proteins, such as YAP/TAZ (Redwood et al., 2011; Mattioli et al., 2018).
These findings underscore that EMT cannot be fully understood without considering
biophysical regulation—cell mechanics are not merely passive consequences but active
regulators of transcriptional reprogramming (Brabletz et al., 2018).

Additionally, large-scale chromatin reorganization, including the relocation of LADs and
topologically associating domains (TADs), dramatically reshapes the transcriptional landscape
(Cho et al., 2019; Ikegami et al., 2020). This reorganization is not random but orchestrated—
epithelial gene silencing coincides with their peripheral migration and PRC2 recruitment, while
mesenchymal gene loci become more euchromatic and accessible (Kim et al., 2017; Jolly et
al., 2019). These spatial transitions offer mechanistic explanations for the long-term
stabilization of mesenchymal identity or hybrid states, even in the absence of sustained EMT

stimuli (Wilson et al., 2020).

1.6.3 Functional Implications and Therapeutic Opportunities

Understanding the depth of EMT regulation has far-reaching implications (Strohecker and
White, 2014). Hybrid epithelial/mesenchymal (E/M) states are characterized by high plasticity,
collective invasion, resistance to apoptosis, and the initiation of metastasis (Mattioli et al.,
2018). These cells also evade immune surveillance and persist after treatment, contributing to
recurrence (Lambert et al., 2017). From a clinical standpoint, targeting EMT plasticity—rather
than blocking EMT entirely—may be a more viable therapeutic strategy (Dongre and
Weinberg, 2019).
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Moreover, because EMT also affects antigen presentation and immune checkpoint expression
(e.g., PD-L1), combining EMT-targeting agents with immunotherapy holds promise (Dittmer
et al., 2014). As EMT states may be reversible, therapeutic strategies that enforce MET
(mesenchymal-to-epithelial transition) could sensitize tumors to both chemotherapy and
immune recognition (Chan et al., 2013).

1.7 Future Directions

Several open questions remain (Kadota et al., 2020). How do cells select for or stabilize hybrid
E/M states? Are there distinct chromatin topologies or nuclear architectures unique to these
states? How do Lamin A/C and the LINC complex influence enhancer—promoter looping or
transcriptional condensates? (Cucco et al., 2018).

Future studies employing integrative approaches—such as single-cell RNA-seq, ATAC-seq,
spatial transcriptomics, and super-resolution imaging—will be instrumental in answering these
questions (Puisieux et al., 2014; Malashicheva et al., 2015). Importantly, identifying
phenotypic stability factors (PSFs) and dissecting their crosstalk with mechanical and
epigenetic regulators will help map the EMT-MET landscape with greater resolution (Boija et
al., 2018).

This chapter highlights that EMT is a multi-dimensional, spatially and temporally orchestrated
process, where transcriptional and epigenetic regulators interact with the nuclear envelope,
chromatin topology, and post-transcriptional feedback loops (Santi et al., 2020). Lamin A/C
emerges not only as a nuclear scaffold but also as a gatekeeper of chromatin accessibility,
working in concert with EZH2 and other epigenetic regulators to modulate EMT transitions
(Gonzélez-Romero et al., 2008; Diepenbriick and Christofori, 2016).

By positioning the nucleus as both a sensor and effector of EMT, this integrated view bridges
structural biology, gene regulation, and cell signaling into a cohesive model of cellular
plasticity (Kojic et al., 2018). The therapeutic implications are substantial, offering new routes
to disrupt metastatic progression by targeting not only signaling cascades but also nuclear and

chromatin organization (Dongre and Weinberg, 2019).
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Figure 1.5: Regulatory Mechanisms Governing Epithelial-Mesenchymal Transition (EMT) and

This comprehensive diagram illustrates the multi-level molecular control governing the reversible
transition between epithelial and mesenchymal cell states (EMT and MET, as shown at the top).

The figure details various regulatory layers: (a) post-translational modifications (PTMs), such as
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Methylation, Acetylation, Phosphorylation, Ubiquitination, Glycosylation, and Sumoylation, which
control the stability, activity, and localization of EMT-Transcription Factors (EMT-TFs). (b)
Upregulation of EMT-TF's, highlighting core factors like ZEBI, ZEB2, SNAII, SNAI2, and TWISTI.
(c) Regulatory RNA, showing the roles of miRNAs (leading to mRNA degradation), IncRNAs (with
divergent functions), circRNAs (competing for miRNAs), and the transfer of these RNAs through
exosomes for long-range action. (d) Alternative splicing, driven by Epithelial Splicing Regulatory
Proteins (ESRPs), and the crucial Epigenome-splicing crosstalk. (e) Translational regulation,
demonstrating increased 5’'UTR-based mRNA translation and alternative translational events
involving internal ribosome entry sites (IRES). (f) Histone modification, depicting the reversible
changes in histone marks (e.g., H3K4me3, H3K27me3) that switch genes between open, closed, or
poised chromatin states. (g) DNA methylation, which involves the methylation/demethylation of
CpG islands, serves as a means to switch gene expression between the epithelial and mesenchymal
programs. Finally, (h) Metabolic coordination illustrates the shift towards metabolic heterogeneity,
including increased Glycolysis and Lipogenesis, which supports the mesenchymal phenotype over

the OxPhos-driven epithelial state (illustration taken from (Lamouille et al., 2014).
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Chapter 2: Materials and Methods
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2.1 Common to all Chapters

Cell Culture

The human breast cancer cell line MCF7 (HTB-22) was obtained from ATCC and cultured in
DMEM (gifted by Dr. Dimple Notani, NCBS Bengaluru, India), supplemented with 10% Fetal
Bovine Serum, 10% (v/v) L-Glutamine, penicillin (100 U/mL), and streptomycin (100 pg/mL).
The MCF10A (CRL-10317) cell line was procured initially from ATCC (provided by Dr.
Madhura Kulkarni, [ISER Pune) and maintained in Dulbecco’s modified Eagle’s medium/F12
(1:1) (Invitrogen #11330-032) supplemented with 5% horse serum (Horse serum has lower
levels of undefined growth-promoting factors than FBS) (Invitrogen #16050-122), 10% (v/v)
L-Glutamine, human Epidermal Growth Factor (Peprotech #AF-100-15; 20 ng/mL),
hydrocortisone (Sigma # H-0888; 0.5 mg/mL), cholera toxin (Sigma #C-8052; 0.1 mg/mL),
insulin (Sigma # [-1882; 10 mg/mL), penicillin (100 U/mL), and streptomycin (100 pg/mL).
The MDA-MB-231 cell line (HTB-26) was also obtained from ATCC and maintained in RPMI
medium supplemented with 10% Fetal Bovine Serum, L-glutamine (10% v/v), penicillin (100
U/mL), and streptomycin (100 pg/mL). All cell lines were incubated at 37°C in a 5% CO»-
supplemented environment. Cell lines were authenticated by brightfield imaging and
karyotyping. Mycoplasma contamination was periodically assessed using DAPI staining to

check for any extraneous staining outside the nucleus.
EMT Induction in MCF7 By Twistl Overexpression

MCEF7 cells (~0.35 million) were seeded in six-well plates and allowed to adhere for ~10—12
hours to attain a confluency of ~50%. Cells were independently transfected with 2pg of
pEGFPNI1 (Empty vector) or TWISTI in Opti-MEM using PolyEthylenelmine (PEI)
(Sigma#408727-100ML) at a ratio of 1:3 plasmid: branched PEI. After ~6 hours post-
transfection, Opti-MEM was replaced with DMEM containing 10% FBS. Transfected cells
were selected with G418 (890 ng/mL, Roche #4727878001) for 24 hours. Cells were harvested
for RT-PCR, immunofluorescence assay, or immunoblotting at ~48 hours post-transfection to

assess for expression of E & M marks, respectively.
TGF-p Mediated EMT Induction

MCF10A cells (~0.15 million) were seeded at a confluency of (~30—40%) in six-well plates

and allowed to adhere overnight (~16 hours). MCF10A cells were treated with recombinant
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human TGF-B1 (10 ng/mL, PeproTech, #100-21) to induce Epithelial-to-Mesenchymal
Transition (EMT) in a complete growth medium. Media containing fresh TGF-f1 was
replenished every ~48 hours for a total duration of 7 days. Control cells were maintained in

complete media without TGF-f.

GRHL2 overexpression for the induction of Mesenchymal to Epithelial Transitions

(MET)

MET induction was performed by stable overexpression of the transcription factor GRHL2
with the lentiviral expression vector pLVX-TetOn-Puro-GRHL2 (kindly provided by Dr. Ruby
Yun-Ju Huang, National Taiwan University, Taiwan). Lentiviral particles were produced by
transfecting ~8 ug of GRHL2 with PEI (DNA: PEI; 1:3 ratio) in HEK293T cells (~1 million
cells). Viral supernatants were collected at ~48 and ~72 hours post-transfection, filtered
through a 0.45um filter, and added to MDA-MB-231 cells (~1 million cells) in the presence of
8 ug/mL polybrene. Cells were subjected to selection with puromycin (2 pg/mL) for ~2 days
to generate stable GRHL2-overexpressing MDA-MB-231 cell lines. Overexpression of
GRHL2 was validated by quantitative RT-PCR (qRT-PCR) and Western blotting.

Aspect Ratio Analysis

Cell morphology was quantified by calculating the aspect ratio, defined as the ratio of the major
axis length to the minor axis length of individual cells. Brightfield or phase-contrast images

were acquired, and cell boundaries were segmented using ImageJ (NIH, USA).

For each cell, an ellipse was fitted to the segmented cell outline using the “Fit Ellipse” function,
and the major (longest) and minor (shortest) axes were extracted. The aspect ratio was

calculated as:

Major Axis length

Aspect Ratio (AR) =

Minor Axis length

An aspect ratio of ~1 indicates a rounded morphology, whereas higher values indicate increased

elongation.
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siRNA Transfection

MCF7, MCF10A, and MDA-MB-231 cells (~0.35 million) were seeded in six-well plates or
35 mm dishes ~24 hours prior to transfection. Cells were cultured in Opti-MEM and transfected
with 50 nM siRNA using 4 pL of RNAIMAX (Invitrogen#13778150). After ~6 hours, Opti-
MEM was replaced with DMEM with 10% FBS for a total duration of ~48 hours. Cells were
harvested for immunofluorescence assay, RT-PCR, or immunoblotting post-transfection.

Sequences of siRNA are provided in Appendix |
Retroviral Transduction

HEK293T cells (~1million) were transfected with ~8 ug of the retroviral plasmid of interest, 4
ug of packaging plasmid Gag-Pol (Plasmid #14887), and VSV-G (2 pg, Plasmid #14888) using
PolyEthylenelmine (PEI ~42puL), in the ratio of DNA: PEI - 1:3 (w/v). Viral supernatant
(~8mL) was collected ~48 hours post-transfection from HEK293T cells and added to ~0.35
million cells (~1.5mL) (seeded at ~0.35 million cells per well in a 6-well plate). Polybrene (10
pg/mL ~10uL Sigma#H9268) was added to facilitate viral attachment and entry. This
procedure was repeated at ~72 hours post-transfection. Cells were selected using puromycin (2
ug/mL, Gibco#A1113802) (for pBabe-Puro constructs) for ~48 hours or hygromycin (50
ug/mL, Gibco#10687010) (for MSCV-F-Hygro constructs) for ~24 hours (Details of plasmids
used in Appendix 2).

Lentiviral Transduction

Lentiviral transduction was performed by transfecting HEK293T cells simultaneously with the
transfer vector (~8 ng), packaging plasmid psPAX2 (4 pg, Addgene #12260), and pMD2G (2
pg, Addgene #12259) using PEI (42puL), in the ratio of DNA: PEI - 1:3 (w/v). Viral particles
were collected from HEK293T cells ~48 hours post-transfection and applied to target cells
(seeded at ~0.35 million cells per well in a 6-well plate), with the addition of polybrene (10
pg/mL). This process was repeated ~72 hours post-transfection. Cells were selected using 2

pg/mL of puromycin for two days (Figure 2.1) (Details of plasmids used in Appendix 2).
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Figure 2.1: Protocol for Lentiviral Transduction

This figure outlines the five-day protocol for producing a viral supernatant containing the gene

of interest for use in cell transduction. Day 1 (2.1) involves plating HEK293T cells. Day 2 (2.2)

involves transfecting the cells with viral plasmids (containing the viral components and the

gene of interest). On Day 4 (2.7), the first batch of viral supernatant is collected, followed by

a refrigeration step (2.9). On Day 5 (2.10), the second batch of supernatant is collected, which
is then processed to collect the viral pellet after centrifuging (2.13). The final viral stock (2.15)

can then be used immediately for transduction or saved long-term in a freezer(image credits:

Jove Video: A Protocol for Lentiviral Transduction and Downstream Analysis of Intestinal Organoids).
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Immunofluorescence

Cells (~0.35 million) were seeded on coverslips (22 mm X 22 mm) for knockdown or
overexpression. Cells were washed twice with 1x Phosphate-Buffered Saline (PBS, pH 7.4)
for 5 min each and fixed with 4% paraformaldehyde (pH=7.4 PFA; Sigma, 158127) in 1x PBS
(pH=7.5) for 15 minutes at RT. Cells were washed thrice using 1X PBS (pH=7.5).
Permeabilization was performed using 0.5% Triton X-100 prepared in 1x PBS (~1mL for a 22
mm % 22 mm coverslip) for 10 minutes. Cells were washed thrice using 1X PBS (~ImL for a
22 mm x 22 mm coverslip) (pH=7.5). Next, cells were blocked with 1% Bovine Serum
Albumin (BSA; Sigma, A2153) in 1x PBS for 30 minutes at RT. Cells were washed thrice
using 1X PBS (pH=7.5). Primary antibodies were diluted in 1xPBST (0.1% Tween-20) (anti-
mouse E-Cadherin(#ab1416), 1:1000; anti-rabbit Vimentin (#ab188499), 1:1000; anti-rabbit
Lamin A/C(#ab108595), 1:1000; anti-mouse Lamin A/C(Jol2), #ab40567, -1:50; anti-rabbit
EZH2 (D2C9) XP Rabbit mAb CST #5246 - 1:1000) and incubated for 90 minutes at RT,
followed by three washes in 1X PBST and stained by fluorophore-conjugated secondary
antibodies (Alexa Fluor 488- Goat-anti-Rabbit (#A11034), 1:1000; Alexa Fluor 568- Goat-
anti-Mouse (#A11004, 1:1000; Alexa Fluor 568- Goat-anti-Rabbit (#A11011, -1:1000; Alexa
Fluor 488- Goat-anti-Mouse (#A11001, - 1:1000) for 60 minutes at RT, followed by three
washes of 1X PBST. Cells were counterstained using 0.05pug/mL  4',6-diamidino-2-
phenylindole (DAPI) for two minutes at RT, followed by a thorough wash in 1x PBS (pH=7.5)
for 5 mins. Cells in coverslips were mounted using SlowFade Gold Antifade Reagent
(Invitrogen, S36937) and stored at 4°C until imaging (Details and dilutions of antibodies used
in Appendix 3).

Imaging and acquisition parameters

Confocal microscopy was performed using a Zeiss LSM 710 microscope (Carl Zeiss,
Thornwood, NJ, USA) equipped with a 63% Plan-Apochromat 1.4 NA oil immersion objective
and an AxioCam MRm Rev.3 charge-coupled device camera (Zeiss). Images were acquired at
a zoom of 1.0 as Z-stacks at a resolution of 512 x 512 pixels per frame with an 8-bit pixel depth
per channel. Voxel size was set to 0.105 pm x 0.105 pum x 0.34 pm, and line averaging = 4.0
in sequential three-channel mode. Samples were mounted in SlowFade Gold Antifade (Thermo
Fisher Scientific), and fluorescence signals were detected appropriately with filters for DAPI,
Alexa Fluor-488, and Alexa Fluor-568. Image processing and analysis were performed using

Imagel software.
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Immunoblotting

Protein lysates were prepared by lysing cells for 10 min at 4°C in 1X RIPA buffer (50 mM
Tris-HCI (pH 7.4-8.0), 150 mM NaCl, 1% NP-40 (or Triton X-100), 0.1% SDS, 0.5% sodium
deoxycholate, and 1 mM EDTA) supplemented with (1x) protease and 1uM phosphatase
inhibitors (Roche). Protein concentration was estimated using the BCA assay. Protein samples
were resolved in a 12.5% SDS-PAGE gel and transferred onto 0.45 pm PVDF membranes
(Millipore # IPVHO00010) using a wet transblot system at 100 V for 2h at 4°C in transfer buffer
(25 mM Tris, 192 mM glycine, 20% (v/v) methanol). PVDF membranes were blocked in 5%
non-fat dry milk or 5% BSA in 1X-TBST (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1%
(v/v) Tween-20) for 1 h at RT and incubated overnight at 4°C with primary antibodies (anti-
mouse-E-Cadherin-1:1000; anti-rabbit-Vimentin-1:1000; anti-rabbit-Zeb1-1:1000; anti-rabbit-
EZH2-1:1000; anti-rabbit-pEZH2(Thr345)-1:1000; anti-rabbit-Lamin A/C-1:1000; anti-
rabbit-pLamin A/C(ser22)-1:100; anti-rabbit-pSmad3-1:1000; anti-rabbit-Smad3-1:1000; anti-
rabbit-SUV39H1-1:1000; anti-rabbit-Lamin B1-1:1000; anti-rabbit-Lamin B2-1:1000; anti-
rabbit-CyclinB1-1:1000; anti-rabbit-Snaill-1:1000; anti-rabbit-GRHL2-1:1000; anti-mouse-
pCDK1-1:1000; anti-rabbit-Twistl-1:1000; anti-rabbit-H3K27me3-1:1000; anti-rabbit-
H3K9me3-1:1000; anti-rabbit-H3-1:3000) diluted in blocking buffer. After washing with
IXTBST, membranes were incubated with HRP-conjugated secondary antibodies for 1h at RT
(Goat-anti-rabbit-HRP (#111-035-003)- 1:10000; and Sheep anti-mouse-HRP (#515-035-
003)- 1:10000 Jackson Labs). Protein bands were visualized using enhanced
chemiluminescence (ECL) substrate (Biorad clarity substrate (cat#1705061)) and imaged with
a LAS4000 (GE). Densitometric analysis was performed using ImagelJ software (Details and
dilutions of antibodies used in Appendix 4).

RT-qPCR
RNA Isolation

Cells (~0.3x10) were seeded in a 6-well plate. Cells were washed thrice with 1X PBS
(pH=7.5) for 5 mins each. Subsequently, 1mL of TRIzol reagent (Invitrogen, 15596018) was
added to the cells. Samples were vortexed briefly for 10 s, and 100 puL of chloroform was added
per 500 pL of TRIzol. The mixture was vortexed for 10 s and incubated for 10 min at RT. Phase
separation was achieved by centrifugation at 12,000 x g for 15 min at 4°C. The aqueous phase

was carefully transferred to fresh 1.5 mL microfuge tubes, and an equal volume of isopropanol
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was added. Samples were vortexed for 15 s, incubated at RT for 15 min, and centrifuged again
at 12,000 x g for 15 min at 4°C. The RNA pellet was washed with 70% ethanol, air-dried at
37°C for 5-10 min, and resuspended in nuclease-free water. The RNA solution was incubated
at 37°C for 5 minutes. RNA samples were stored at —80°C until further use. RNA concentration

and purity were assessed using a NanoDrop spectrophotometer.
c¢DNA Synthesis and Quantitative Real-Time PCR (RT-qPCR)

cDNA was synthesized from 1 pg of total RNA using Oligo (dT) primers (5 uM) and a Takara
cDNA synthesis kit (Cat#6110B). RNA (1 pg), dNTPs (40 mM), and Random hexamers
(5 uM) were mixed, heated at 65°C for 5 min, and chilled on ice. 5X PrimeScript Buffer (4uL)
and 1 pL of PrimeScript RTase (200 U/uL) were added, and the mixture was incubated at 42°C
for 30—60 min, heat-inactivated at 70°C for 15 min. Quantitative real-time PCR (qQRT-PCR)
was performed using the TB Green qPCR Master Mix (2x) (TAKARA#RR82WR) and gene-
specific forward and reverse primers (2uM). RT-PCR amplifications were carried out on a Bio-
Rad CFX96 Real-Time PCR Detection System (PCR conditions: initial denaturation at 95°C
for 30 seconds, followed by 40 cycles of denaturation at 95°C for 5 seconds and combined
annealing and extension at 60°C for 30 seconds). After amplification, a melt curve analysis
was performed by heating from 60°C to 95°C with a ramp rate of 0.3°C per second and
continuous fluorescence acquisition to confirm the specificity of amplification. Relative
transcript levels were calculated using the 2-+#<method, with GAPDH as the internal control

and untreated samples as the reference (Details of primer sequences used are given in Appendix

5).

2.2 Specific to Chapter 3

Cycloheximide (CHX) Chase Assay

To examine the stability of Lamin A/C protein during epithelial-mesenchymal transition
(EMT), a cycloheximide (CHX) chase assay was performed in MCF7 cells undergoing
TWIST1-induced EMT. MCF7 cells were seeded to achieve ~70-80% confluency at the time
of treatment. EMT was induced by transient overexpression of TWIST1, while cells transfected

with empty vectors served as controls.

After 48 hours of TWIST1 expression, cycloheximide (CHX, 10 pg/mL) was added to inhibit

de novo protein synthesis. Cells were harvested at the indicated time points (0, 2, 4, 8, 12, and
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24 hours) following CHX addition. For each time point, cells were washed twice with ice-cold
PBS (pH=7.4) and lysed directly in 8 M urea lysis buffer (8 M urea, 50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM DTT) supplemented with protease and phosphatase
inhibitor cocktails (Roche). The lysates were incubated on ice for 30 minutes with intermittent
vortexing and clarified by centrifugation (14,000 X g, 15 minutes, 4 °C). Protein concentration

was determined using the BCA assay (Thermo Fisher Scientific).

Equal amounts of protein (30ug) were resolved by SDS—PAGE and transferred onto PVDF
membranes (Millipore). Immunoblotting was carried out using antibodies against Lamin A/C
(Cell Signaling Technology), TWIST1, and B-actin. B-actin served as a loading control. Blots
were developed using enhanced chemiluminescence (ECL, Bio-Rad), and images were
acquired using the LAS4000 (GE). Band intensities were quantified using ImageJ software,

and the relative Lamin A/C signal at each time point was normalized to B-actin.

To assess whether Lamin A/C degradation was proteasome-dependent, parallel cultures were
treated with CHX (10 ug/mL) in the presence or absence of the proteasome inhibitor MG132
(1 uM). The relative Lamin A/C stability was plotted as a function of chase time.

RNA Sequencing (RNA-Seq)

MCF10A cells (~0.35 million) were plated in six-well plates or 35 mm dishes around 24 hours
before transfection. The cells were maintained in Opti-MEM and transfected with 50 nM
siRNA using 4 uL of RNAIMAX (Invitrogen #13778150). ~6 hours after transfection, the Opti-
MEM medium was replaced with DMEM supplemented with 10% FBS, and the cells were
incubated for approximately 48 hours. Following transfection, cells were collected for
immunofluorescence analysis, RT-PCR, or immunoblotting. Post-transfection (~48h),
MCF10A cells were collected in 1mL TRIzol, and RNA sequencing was outsourced to
Medgenome, Bangalore. Quality control checks for the two independent biological replicates

were confirmed through RIN number analysis (RIN = 10, for all samples) (Figure 2.2).
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Figure 2.2: Overview of the RNA Sequencing Protocol

This diagram illustrates the six sequential steps used for RNA Sequencing (RNA-Seq), a high-
throughput method for transcript analysis. The process begins with (1) isolation of RNA from
biological samples, followed by (2) fragmentation of the RNA into short segments. The
fragments are then (3) converted into complementary DNA (cDNA). Next, (4) sequencing
adapters are ligated, and the fragments are amplified to construct the sequencing library. This
library is then loaded into a machine to (5) perform Next-Generation Sequencing (NGS), which
generates millions of short sequence reads. Finally, these reads are (6) mapped to the known
transcriptome or genome to quantify gene expression and identify novel transcripts (image

from biorender).
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RNA Sequencing and Data Analysis

RNA sequencing libraries were prepared from total RNA using a poly(A) selection strategy to
enrich for mRNA transcripts, with concurrent depletion of ribosomal RNA. Libraries were
sequenced on the Illumina NextSeq 500 platform using a paired-end sequencing format (2 x

75 bp reads).

On average, ~30-50 million reads per sample were generated. Raw sequencing reads were
processed for quality control and adapter trimming using fastp (v0.20.1). High-quality reads
were subsequently aligned to the GRCh38 reference genome using the splice-aware aligner

HISAT2 (v2.2.1), achieving an average alignment rate of ~85-95% across samples.

Aligned reads were assembled into transcripts using StringTie (v2.1.5), and gene-level read
counts were computed. Expression values were normalized using the fragments per kilobase

of transcript per million mapped reads (FPKM) method.

Differential gene expression analysis was performed using the DESeq2 R package, with raw
read counts as input. Genes with a p-value < 0.05 were considered significantly differentially
expressed. A threshold of logz fold change > 1 was applied to classify genes as upregulated,
while a log: fold change < —1 was used to classify genes as downregulated in Lamin A/C

knockdown compared to control samples in MCF10A cells.

The RNA sequencing data generated in this study have been deposited in the Gene Expression
Omnibus (GEO) under accession number GSE289750.

Functional Enrichment Analysis

Functional enrichment analysis, including Gene Ontology (GO) and pathway enrichment, was
conducted using the DAVID Functional Annotation Tool (v6.8). GO plots were generated
using the WEGO software. Gene Set Enrichment Analysis (GSEA) was performed using the
WEB-based Gene Set Enrichment Analysis Toolkit (WEB-GESTALT). Enriched gene sets
were visualized using bubble plots, with the Gene Ratio representing the normalized
enrichment score (NES) from GSEA. A false discovery rate (FDR) threshold of < 0.05 was
applied to identify significantly enriched terms.

2.3 Specific to Chapter 4
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Co-Immunoprecipitation

Cells (~1107) were scraped and lysed using Co-IP buffer (50 mM Tris—HCI (pH 8.0), 300 mM
NacCl, 0.5% NP-40, and a 1% protease inhibitor cocktail, Roche#5892970001). The lysates were
incubated on ice for 15 min and centrifuged at 14,000 rpm for 15 min at 4°C. The total protein
concentration in the supernatant was quantified using the Bicinchoninic Acid (BCA) assay. For
each immunoprecipitation, 2 pug of specific primary antibody (as mentioned below) or normal
rabbit IgG as a control was pre-bound (~4 hours) to protein A sepharose beads (Roche#P3391)
in the Co-IP buffer. The following antibodies were used for immunoprecipitation: Rabbit anti-
Lamin A/C (ab108595; Abcam), Rabbit anti-EZH2 (D2C9; #5246; Cell Signaling
Technology), and normal rabbit IgG (Invitrogen#10500C). Equal amounts of lysate (500 pg of
total protein) were added to the antibody-coated beads, and the mixture was incubated
overnight at 4°C on a rotary shaker operating at ~6—7 rpm. After incubation, the beads were
washed 5-6 times with a chilled Co-IP buffer, with each wash performed for 10 min at 4°C on
a rotary shaker set to 12—13 rpm. The immune complexes were eluted by heating in 2x Laemmli
buffer at 95°C for 10 min. The eluted proteins were resolved by SDS-PAGE and analyzed via

immunoblotting.
Co-immunoprecipitation (Co-IP) and Mass Spectrometry Analysis

To analyze endogenous protein-protein interactions, an optimized co-immunoprecipitation
(Co-IP) protocol followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
was employed (Figure 2.3). Cell Culture and Lysis: MCF7-(Empty Vector (EV)),
MCF7+TWIST1 were cultured in DMEM (supplemented with 10% FBS), and MDA-MB-231-
Dox (-GRHL2), MDA-MB-231+Dox (+GRHL2) cells (~2.5%10¢) were cultured in RPMI
(supplemented with 10% FBS), until reaching ~80% confluence (~1x10- cells). The cells were
washed with ice-cold 1X phosphate-buffered saline (PBS; pH=7.5) and lysed in a Co-IP lysis
buffer (50 mM Tris—HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40 (NP-40)), and a 1x
protease inhibitor cocktail. The lysates were incubated on ice for 30 minutes with occasional
mixing and clarified by centrifugation at 14,000 x g for 15 minutes at 4°C.
Immunoprecipitation: The protein A (SureBeads Protein A Magnetic Beads #161-4013)
(transfer 100 pl (1 mg at 10 mg/ml)) magnetic beads used for immunoprecipitation are washed
thrice with ~ImL of 1x PBS-T (pH=7.5) and equilibrated in Co-IP lysis buffer. Primary
antibodies (2 pg) specific to Lamin A/C (ab#108595) or isotype control normal anti-rabbit IgG
(Invitrogen#10500C) were conjugated to protein A magnetic beads. The antibody-conjugated
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beads were incubated with 1 mg of cell lysates overnight at 4°C with gentle rotation at 7-12
rpm to facilitate antigen-antibody binding. Washing and Elution: The beads were washed
thrice for 5 minutes each with a lysis buffer (pH=7.5) to remove non-specifically bound
proteins. Bound proteins were eluted by heating the beads with a 2x Laemmli buffer at 95°C

for 10 minutes.
Sample Preparation for Mass Spectrometry

The eluants were resolved in a 12.5% SDS-PAGE gel for ~2 inches, stained with Coomassie
dye, and excised into ~1 mm? pieces. The gel pieces were washed with 50 mM ammonium
bicarbonate (pH=8.0). Proteins were reduced with 10 mM dithiothreitol (DTT) at 56°C for 30
minutes and alkylated with 55 mM iodoacetamide (pH=8.0) at RT in the dark for 30 minutes.
The samples were digested overnight at 37°C with sequencing-grade trypsin (Promega: V5111)
(100pg/mL of trypsin was diluted in 40 mM ammonium bicarbonate buffer (pH=8.0) ata 1: 50
enzyme-to-substrate ratio). Tryptic digests were eluted in 2% (v/v) formic acid in acetonitrile
by sequentially increasing the acetonitrile concentration from 10% (v/v) to 100% (v/v). LC-
MS/MS Analysis: Peptide mixtures were resuspended in 0.1% (v/v) trifluoroacetic acid in
acetonitrile and desalted by passing them through C18 disc columns and analyzed using a Sciex
TripleTOF6600 mass spectrometer interfaced with an Eksigent nano-LC 425. Data Analysis:
Raw data files were processed using ProteinPilot (version 2.0.1, Sciex) software for protein
identification and quantification. Database searches were performed against a human protein

database.

The mass spectrometry proteomics data are available via the PRIDE repository with the

dataset identifier PXD060831.
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Proteomics Workflow and Techniques
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Figure 2.3: Proteomics Workflow and Techniques

This figure outlines the six main stages of a typical proteomics workflow, used to study the
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entire complement of proteins expressed by a cell, tissue, or organism. The workflow begins

with (1) Co-immunoprecipitation, which includes IP-based techniques used to isolate target

proteins and their interaction partners. This is followed by (2) Detection methods like ELISA,

Western blotting, and protein microarray to verify the presence and quantity of specific

proteins. Next, (3) Characterization is performed using Gel-based approaches and Mass

spectrometry to identify the proteins. The sequence of the protein is determined in (4) Sequence

analysis via Protein Pilot analysis. (5) Quantification is achieved using techniques like iCAT,

SILAC, and iTRAQ, which measure relative protein abundance. Finally, (6) Structural analysis

employs methods like X-ray crystallography and NMR spectroscopy to determine the three-

dimensional structure of the identified proteins (image from biorender).
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Proximity Ligation Assay (PLA)

Chilled CSK buffer (10 mM Pipes (pH 6.8), 100 mM NaCl, 300 mM Sucrose, 3 mM MgCl., 1
mM EGTA) was used to digest the cytoplasm for ~4 minutes at RT. The nuclei were fixed in
4% PFA for 12 minutes. The cells were washed using 1X PBS (pH=7.4), permeabilized using
0.5% Triton X-100 for 10 minutes, and blocked using ~40ul of Duolink Blocking solution 1X
at RT for 30 minutes. Following three washes in 1x PBS (pH=7.4), nuclei were incubated with
primary antibodies diluted in Duolink antibody diluent, including Mouse anti-Lamin A/C (Jol2
ab40567, 1:50), Rabbit anti-EZH2 (D2C9; #5246; Cell Signaling Technology, 1:1000), and
Rabbit anti-Phospho-cdc2 (Thr161) (#9114; Cell Signaling Technology, 1:500) and incubated
at 4°C overnight. Subsequently, PLA probes - anti-mouse PLUS and anti-rabbit MINUS were
diluted in antibody diluent (1:5) and were incubated with the cells for 1 hour at 37°C. After
washing with 1X PBS (pH=7.4), the PLUS and MINUS strand DNAs were ligated by Duolink
ligase (1U/ul) diluted in ligation buffer (1:40), and the ligated concatemers were amplified
using polymerase (10U/pul) diluted in amplification buffer (1:80) (Sigma Duolink detection kit
#DUQO92008) according to the manufacturer’s instructions. Finally, the cells were washed in 1
ml of 1x PBS (pH=7.5) and mounted using Duolink® In Situ Mounting Medium with DAPI
(#DUO82040) (Figure 2.4).

Imaging and acquisition parameters

Confocal microscopy for PLA was performed using a Zeiss anisotropy microscope (Carl Zeiss,
Thornwood, NJ, USA) equipped with a 63x Plan-Apochromat 1.4 NA oil immersion objective
and an AxioCam MRm Rev.3 charge-coupled device camera (Zeiss). Images were acquired
with ZEN software, employing a scan zoom of 1.0. Images were acquired as Z-stacks at a
resolution of 512 x 512 pixels per frame with an 8-bit pixel depth per channel. Voxel size was
set to 0.105 pm x 0.105 pm X% 0.34 pm, and line averaging was 4.0 in sequential two-channel
mode. Samples were mounted in SlowFade Gold Antifade (Thermo Fisher Scientific), and
fluorescence signals were detected using DAPI and Alexa Fluor-568. Image processing and

analysis were performed using ImagelJ software.
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Proximity Ligation Assay
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Figure 2.4: Proximity Ligation Assay (PLA) Workflow

This diagram illustrates the seven sequential steps of the Proximity Ligation Assay (PLA), a
sensitive technique used to detect and visualize the interaction of two target proteins (Protein
A and Protein B) inside a fixed cell. The process begins with (1) the interaction of two target
proteins to form a complex. Next, (2) a primary antibody binds to this protein complex. This is
followed by the binding of (3) PLA probes (consisting of a 1 antibody and a DNA oligo) to the
primary antibody. (4) Connector DNA strands bind the two PLA probes, and a ligase closes
the gap, resulting in (5) a circular DNA molecule. This circular DNA then serves as a template
for (6) Rolling Circular PCR amplification by DNA polymerase, which creates a long, single-
stranded DNA molecule. Finally, (7) hybridization of fluorescently labeled oligo probes to the
amplified product allows the interaction to be visualized as distinct fluorescent foci within the

cell nucleus or cytoplasm (image from biorender).
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Generation of CRISPR/Cas9-mediated Indels at the TWISTI and CCNBI Promoter

Regions

CRISPR/Cas9-mediated genome editing was used to generate insertion—deletion (indel)
mutations within regulatory regions encompassing the SMAD3 binding site on the TWISTI
promoter and the TWIST1 binding site on the CCNBI promoter in MCF10A cells. Single-
guide RNAs (sgRNAs) targeting these transcription factor binding regions were designed using
established CRISPR design tools, selecting guides with high predicted on-target efficiency and
minimal off-target potential. sSgRNA oligonucleotides were cloned into the px458 vector
(Addgene #48138), which expresses Streptococcus pyogenes Cas9 and GFP to enable

enrichment of transfected cells.

MCF10A cells were cultured under standard conditions and transfected with the sgRNA-
containing px458 constructs using Lipofectamine 3000 according to the manufacturer’s
protocol. Cells were seeded to achieve approximately 70-80% confluency at the time of
transfection. Plasmid—lipid complexes were prepared in Opti-MEM, and cells were incubated

for 48 hours post-transfection to allow Cas9 expression and genome editing.

Transfected GFP-positive cells were isolated by fluorescence-activated cell sorting (FACS).
Single GFP-positive cells were sorted directly into individual wells of 96-well plates (one cell
per well) to establish monoclonal populations. Sorted cells were expanded under standard

growth conditions until sufficient cell numbers were obtained.

To functionally enrich for clones harboring disruptive indels, expanded clones were subjected
to negative selection using transforming growth factor-f§ (TGF-B). Disruption of the SMAD3
binding site on the TWIST promoter impairs canonical TGF-B/SMAD?3 signaling; therefore,
clones exhibiting attenuated TGF-f responsiveness were selectively enriched under these

conditions.

Genomic DNA from surviving clones was isolated, and the targeted promoter regions were

amplified by PCR. CRISPR-induced indels were confirmed by sequencing.

Cell Cycle Analysis

Cells (~0.3x10¢) were harvested by trypsinization, washed with 1X PBS (pH=7.5), and fixed
in 70% ice-cold ethanol at 4°C overnight. The fixed cell pellets were resuspended in 1X PBS
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(pH=7.5) and treated with RNase A (10 pg; Sigma, R6513-10MG) at 37°C for 45 minutes.
Subsequently, propidium iodide (PI; 10 pg; Sigma, P4170-10MG) was added to the samples
for DNA staining. The cell suspensions were passed through a 70 um cell strainer (Corning,
CLS431751) and transferred for further analysis. Cell cycle profiling was performed using a
fluorescence-activated cell scanner (BD FACSCalibur™, BD Biosciences) with approximately

10,000 events recorded per sample. Data were analyzed using FlowJO (V10.10) software.
2.3 Specific to Chapter 5
Chromatin Immunoprecipitation

Cells (~1x107) were fixed with 1% formaldehyde (v/v) in 1x Phosphate-Buffered Saline
(pH=7.5) for 10 min at RT to crosslink protein-DNA interactions. Cross-linking was quenched
by adding glycine to a final concentration of 125 mM and incubating for 5 min. Next, the cells
were washed twice for 5 minutes each with ice-cold 1X PBS (pH=7.5) and lysed in a lysis
buffer (1% SDS (w/v), 10 mM EDTA, 50 mM Tris—HCI, pH 8.1) containing 1x protease
inhibitors. The lysates were sonicated using the Covaris S220 series for 30 minutes, at 60%
duty cycle, 30 sec on and 30-sec off cycle time, to shear chromatin into fragments of ~200—

500 bp, and the efficiency of shearing was confirmed by agarose gel electrophoresis.

Chromatin equivalent to ~25 pg was diluted in ChIP dilution buffer (0.01% SDS (w/v), 1%
Triton X-100 (v/v), 1.2 mM EDTA, 16.7 mM Tris—HCI, pH 8.1, 167 mM NaCl) and incubated
overnight at 4°C. Primary antibody (4 pg) was used for the pulldown of histone modifications
(ChIP: H3K27me3, H3K36me3, and H3) and 8 pg of primary antibody for the pulldown of
non-histone antigens (ChIP: Lamin A/C, EZH2, RNA Pol II(Ser2p), and RNA Pol II). The
primary antibody (Lamin A/C (ab108595); EZH2 (CST#5246); H3K27me3 (Millipore#07-
449); H3K36me3 (#ab9050) and RNA Polymerase II (Ser2p) (Covance (HS) #MMS-129R) or
normal IgG (control) (Invitrogen#10500C) was pre-bound to protein A/G agarose beads (~4
hours). The beads were washed sequentially (~500uL) with a low-salt wash buffer (20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), a high-salt
wash buffer (20 mM Tris-HCI (pH 7.5), 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton
X-100), a LiCl wash buffer (10 mM Tris-HCI (pH 8.0), 250 mM LiCl, 1 mM EDTA, 1% NP-
40, 1% sodium deoxycholate), and a TE buffer (10 mM Tris-HCI (pH 8.0), 1 mM EDTA).
Chromatin was eluted from the beads using elution buffer (pH=8.5;1% SDS (w/v), 0.1 M
NaHCOs) and digested with 2pLL of 20 mg/mL proteinase K at 55°C for 30 min. Cross-links
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were reversed by incubating the samples at 65°C for ~4—6 hours. The DNA was purified using
PCR purification columns (Promega# A9281) and analyzed by RT-qPCR (Figure 2.5). Primer

sequences are given in Appendix 6.

Chromatin Immunoprecipitation (ChIP) Protocol
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Figure 2.5: Chromatin Immunoprecipitation (ChIP) Protocol

This diagram illustrates the sequential steps of the Chromatin Immunoprecipitation (ChIP)
technique, which is used to analyze protein-DNA interactions within the cell. The protocol
begins with Formaldehyde crosslinking of the cells to covalently link proteins to the DNA they
are bound to. The cells undergo Cell lysis followed by Sonication to shear the DNA into small
fragments, leaving the protein-DNA complexes intact. Immunoprecipitation is then performed,
which involves Antibody incubation with an antibody specific to the target protein to pull down
the desired protein-DNA complex. Following a Wash step, the protein-DNA complex is
isolated, and Crosslink reversal is performed to separate the protein from the DNA. Finally,
the recovered DNA fragments are subjected to DNA analysis (e.g., gqPCR or sequencing) to

identify the specific genomic regions where the protein was bound (image from biorender).

Flow Cytometry Analysis of CD104 and CD44
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Cells (~1 million) were trypsinized and centrifuged at 10°C for 10 minutes, and the supernatant
was aspirated. The cell pellet was resuspended in 0.5-1 mL of 1X PBS (pH=7.5), and
formaldehyde was added to a final concentration of 4% for fixation. Cells were incubated for
15 minutes at RT. Following fixation, cells were washed with 1 mL of 1X PBS (pH=7.5) by
centrifugation, and the supernatant was discarded. The pellet was resuspended in ~0.5—1 mL
of 1X PBS (pH=7.5). The pellet was resuspended in 100 puL of incubation buffer (1% (w/v)
BSA in 1X PBS) containing Rabbit anti-CD104 (1:1000; CST#14803T) and Mouse anti-CD44
(1:1000; CST#3570T) primary antibodies. Samples were incubated for 1 hour at RT. After
incubation, cells were washed by centrifugation with 1% (w/v) BSA in PBS to remove unbound
primary antibodies. Next, the cells were resuspended in 100 pL of diluted secondary antibodies,
including anti-Rabbit-Alexa Fluor 564 (Invitrogen#A10042) and anti-Mouse-Alexa Fluor 350
(Invitrogen#A11126) (1:1000, prepared in 1% BSA in PBS). Incubation with a secondary
antibody was carried out for 30 minutes at RT. Cells were washed with 1X PBS (pH=7.5),
resuspended, and analyzed using a BD FACS Aria (BD Biosciences) flow cytometer. Data

analysis was performed using FlowJo (V10.10) software.
Transwell Migration Assay

~0.35 million cells per well (MCF7 or MDA-MB-231) were seeded in a 6-well plate and either
subjected to stable overexpression of Lamin A or EZH2 or the phosphodeficient (S22 A-Lamin
A and T345A-EZH2) or phosphomimetic (S22D-Lamin A and T345D-EZH?2). The cells were
trypsinized, and ~50,000 cells were seeded into the upper chamber of a Transwell insert (§um
pore size, Corning#CLS3422) in serum-free media. Complete media (MCF7-DMEM or MDA-
MB-231-RPMI with 10% FBS) (~800 pL) was added to the lower chamber to create a serum
gradient for ~36 hours. Non-migrated cells on the upper surface of the membrane were gently
removed using a cotton swab. Migrated cells on the lower surface were fixed with 4%
paraformaldehyde (pH=7.4) for 10 minutes at RT. The cells are washed twice in 1X PBS
(pH=7.5) and stained with DAPI for 2 minutes. The cells were rewashed with 1X PBS (pH=7.5)
and visualized under an EVOS microscope at 10X magnification. The threshold was adjusted
manually using the Threshold function to isolate the nuclei. To separate closely positioned
nuclei, the Watershed function was applied. The total number of nuclei per field was then
determined using the “Analyze Particles” function with the following parameters: size = 50—
Infinity pixels?, circularity = 0.5-1.0. The average number of nuclei per field was calculated

for each condition, and data were analyzed statistically using GraphPad Prism.
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Wound Healing Assay

MCF10A cells (~0.35 million cells) were either subjected to stable overexpression of Lamin A
or EZH2 or the phosphodeficient (S22A-Lamin A and T345A-EZH2) or phosphomimetic
(S22D-Lamin A and T345D-EZH2). The cells are treated with 500 ng/mL doxycycline to
induce endogenous depletion of Lamin A/C or EZH2 for ~48 hours. EMT was induced by
treating the cells with 10 ng/mL of TGF-. Following ~48 hours of incubation with respective
manipulations, cells were trypsinized, and ~50,000 cells were seeded into each well of an ibidi
2-well insert (ibidi #81176) and placed in a 24-well Corning plate overnight. The insert was
removed after the cells were attached (~within 12h post-seeding) to create a wound gap, and
cell migration into the wound area was monitored for 36 hours using the Operetta High-Content
Imaging System. Wound closure was analyzed using the software integrated into the Operetta

system.
Animal Studies

All animal procedures were conducted following approval from the Institutional Animal Ethics
Committee (IISER-P IAEC) at the Indian Institute of Science Education and Research, Pune,
in compliance with the Committee for the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), Government of India. Mice were housed in the National Facility for
Gene Function in Health and Disease (NFGFHD), IISER Pune, under standard laboratory

conditions with unrestricted access to food and water.
Tumorigenicity Assay in NOD-SCID Mice

Female NOD-SCID mice (4—6 weeks old, Jackson Laboratory) were used for tumor formation
studies. MDA-MB-231 cells expressing either phosphodeficient (S22A-Lamin A and T345A-
EZH2) or phosphomimetic (S22D-Lamin A and T345D-EZH2) variants of Lamin A/C or
EZH2 were pre-treated with doxycycline (Dox) for 48 hours to induce the knockdown of
endogenous Lamin A or EZH2 before injection. Cells (~ 1 x 10¢) were resuspended in 100 pL.
of 1X PBS (pH=7.5) and were injected into the fourth mammary fat pad of each mouse. To
sustain knockdown, animals received drinking water supplemented with 1% sucrose and 500
ng/mL doxycycline. Fresh water was replenished every ~72 hours. Tumor growth was
monitored, and volume (mm?) was determined using the formula (width x width x length)/2.

After five weeks, mice were euthanized, and tumors were harvested for further analysis.
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Tumor Dissociation and Primary Cell Culture

Excised tumors were finely minced using sterile scalpels in Hank’s Balanced Salt Solution
(HBSS (pH=7.5)). Tumor digestion was carried out at RT using an enzymatic mixture
containing 1 mg/mL collagenase type IV (Sigma, C5138-1G), 0.1 mg/mL hyaluronidase type
V (Sigma, H6254-500MG), and 20 mg/mL DNase type IV (Sigma, D5025-15KU) in HBSS
(pH=7.5). The digestion was performed in a 50 mL non-vented tissue culture flask on a stir
plate. Following enzymatic dissociation, the cell suspension was passed through a 70 pm nylon
mesh, centrifuged at 1200 rpm for 5 minutes, and washed twice with HBSS (pH=7.5). The
resulting cell pellet was processed either by lysis in Co-IP lysis buffer (pH=7.5) for
immunoprecipitation assays or resuspended in a complete RPMI medium for establishing
primary cultures. Primary cells were plated onto glass coverslips for immunofluorescence

analysis and processed according to standard immunostaining protocols.
Rescue Experiments
Lamin A/C Rescue Experiments

MCF7: MCF7 cells (~1 million cells in a 100mm cell culture dish) were subjected to lentiviral
transduction of an inducible shRNA-based Lamin A/C knockdown system and selected using
2 ng/mL of puromycin for 2 days. Subsequently, the puromycin-selected cells were lentivirally
transduced with Lamin A-GFP resistant to the shRNA seed sequence of Lamin A. GFP-positive
cells were next FACS sorted using BD Aria (BD Biosciences). These cells were transiently
transfected with either 2ug of pEGFPNI1 (control vector) or TWISTI1-GFP for 48 hours.
Following transfection, the cells were selected using ~890 ug/mL of G418 for 24 hours. Forty-

eight hours post-overexpression, cells were collected for further assays.

MCF10A: MCF10A cells (~1 million cells in a 100 mm cell culture dish) were lentivirally
transduced with an inducible shRNA-based Lamin A/C knockdown system and selected using
2 pg/mL of puromycin for ~2 days. Subsequently, the puromycin-selected cells were
lentivirally transduced with Lamin A-GFP resistant to the shRNA seed sequence of Lamin A.
GFP-positive cells were then FACS sorted using BD Aria (BD Biosciences). Cells were treated
with 10 ng/mL of TGF- for 7 days to induce EMT. Cells were collected for further assays.

MDA-MB-231: Cells (~1 million cells in a 100mm cell culture dish) were lentivirally
transduced with an inducible shRNA-based Lamin A/C knockdown system and selected using
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2 pg/mL of puromycin until 100% cell death was observed in non-transduced cells.
Subsequently, the puromycin-selected cells were lentivirally transduced with GRHL2-GFP,
and positive cells were sorted using FACSAria. Finally, positive cells were lentivirally
transduced with Lamin A-GFP and selected by adding 50 pg/mL of hygromycin for 18 hours.

Cells were collected for further assays.
EZH2 Rescue Experiments

MCF7: Cells (~1 million cells in a 100mm cell culture dish) were lentivirally transduced with
an inducible shRNA-based EZH2 knockdown system and selected using 2 pg/mL of
puromycin for 2 days. Subsequently, the puromycin-selected cells were retrovirally transduced
with MSCV-EZH2-FLAG resistant to the shRNA seed sequence of EZH2. Selection was
performed by adding 50 pg/mL of hygromycin for 18 hours. These cells were transiently
transfected with 2pg either pEGFPNI1 (control vector) or TWIST1-GFP for 48 hours.
Following transfection, the cells were selected using 890 ug/mL of G418 for 24 hours. Forty-

eight hours post-overexpression, cells were collected for further assays.

MCF10A: Cells (~1 million cells in a 100mm cell culture dish) were lentivirally transduced
with an inducible shRNA-based EZH2 knockdown system and selected using 2 pg/mL of
puromycin for ~2 days. Subsequently, the puromycin-selected cells were retrovirally
transduced with MSCV-EZH2-FLAG resistant to the shRNA seed sequence of EZH2.
Selection was performed by adding 50 pg/mL of hygromycin for 18 hours. EMT was induced
by adding 10 ng/mL of TGF-B for 7 days. Additionally, 500 ng/mL of doxycycline was added

and replaced every 48 hours.

MDA-MB-231: Cells (~1 million cells in a 100mm cell culture dish) were lentivirally
transduced with an inducible shRNA-based EZH2 knockdown system and selected using 2
pg/mL of puromycin until 100% cell death was observed in non-transduced cells.
Subsequently, the puromycin-selected cells were lentivirally transduced with GRHL2-GFP,
and positive cells were sorted using the FACSAria cell sorter. Next, the cells were retrovirally
transduced with MSCV-EZH2-FLAG resistant to the shRNA seed sequence of EZH2. Cells
were further selected by adding 50 pg/mL of hygromycin for 18 hours.

2.5 Cloning of Constructs

Cloning of shEZH?2
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The seed sequence for EZH2 depletion was synthesized as oligos and cloned into a pLKO-Tet-
puro vector (Addgene #21915). The pLKO-Tet-puro vector (a gift from Dmitri Wiederschain;
Addgene plasmid #21915) was digested with Agel (R3552S) and EcoRI (R0101S) (20 U) and
purified using a gel extraction kit (Qiagen) according to the manufacturer’s protocol.
Complementary oligonucleotides encoding the shRNA sequence were denatured at 95°C,
annealed in a buffer containing 0.1 M NaCl and 10 mM Tris-HCI (pH 7.4), and allowed to cool
at RT slowly. The annealed oligonucleotides (4 ng) were ligated into 20 ng of digested and gel-
purified pLKO-Tet-puro vector using 350 U of T4 DNA ligase (TAKARA Cat. no. 2011A) at
37°C for 3 h. The ligation reaction was transformed into CaCl.-treated competent Escherichia
coli DH5a cells via heat shock at 42°C. Transformed bacteria were plated on LB agar
containing ampicillin (100 pg/ml) and incubated overnight at 37°C. Positive clones were
screened by restriction enzyme digestion with Xhol to confirm the presence of the insert and

further validated by Sanger sequencing. Cloning primer sequences are given in Appendix 7.
Site-Directed Mutagenesis

Lamin A S22D and S22A mutants were created by amplifying pLVX-EF1a-GFP-Lamin A-
IRES-Hygromycin (Addgene# 134867) using PCR with overlapping mutagenic primers to
generate phospho-mimetic and phospho-deficient mutants, as described previously. Similarly,
in MSCV-hygro-F-EZH2 (Addgene# 24926), Threonine at the 345+ position was mutated to
Alanine and Aspartate to generate phospho-deficient and phosphomimetic mutants,
respectively, by amplifying the entire plasmid with overlapping mutagenic primers. For
generating the shRNA-resistant Lamin A construct (pLVX-EFla-GFP-LaminA-IRES-
Hygromycin), we mutated 3 interspersed bases in the seed sequence by PCR amplifying the
pLVX-EFla-GFP-LaminA-IRES-Hygromycin plasmid with overlapping mutagenic primers.
Similarly, we introduced mutations in three bases within the seed sequence to generate the
Flag-EZH2 construct (MSCVhygro-F-EZH2) resistant to shRNA. This was achieved through
PCR amplification of the MSCV-hygro-F-EZH?2 plasmid using mutagenic primers. For all the
mutations mentioned above, the PCR reaction consisted of forward primer (0.3 pM), reverse
primer (0.3 uM), template DNA (5 ng), and 2X PCR mix (R047A) (5 uL) in a final volume of
10puL. Next, the reactions were incubated with 20 units of Dpnl (Cat. no. 1235A) for 3 hours
at 37 °C. 2uL of the reaction mixture was transformed into E. coli DH5a cells, and the clones

were further validated and confirmed using Sanger sequencing Appendix 7.

Cloning of Domain Deletion Mutants
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The AHead (1-29), ARod (31-387), AlgG (428-549), and ATail (550-664) mutants of Lamin
A/C were created by amplifying the parent construct, i.e., pPLVX-EF1a-GFP-Lamin A-IRES-
Hygromycin, using inverse PCR and back-to-back primers. The amplicons were further gel-
purified and subsequently incubated with 10U of Dpnl (Cat. no. 1235A). Next, 10U of T4 PNK
(Cat. no. 2021A) and 350U of T4 DNA Ligase (Cat. no. 2011A) were added. Post ligation, the
reactions were transformed into E. coli DH5a cells and were further screened using colony
PCR (95°C for 3 min; 30 cycles of 95°C for 30 sec, 55-60°C for 30 sec, 72°C for 1 min; final
extension at 72°C for 5 min; hold at 4°C). Similarly, the A1-300, A301-500, A501-746 deletion
mutants in Flag-EZH?2 were created using inverse PCR by amplifying MSCV-hygro-F-EZH2.
Further, the amplicons were processed for ligation and were later transformed and screened
using colony PCR. For all the mutations mentioned above, the PCR reaction volume was set
to 10uL. The reactions were incubated with 20 units of Dpnl (Cat. no. 1235A) for 3 hours at
37°C. The T4 PNK reactions were incubated at 37°C for 45 mins, utilizing 10 units/10ul
reaction volume of T4 PNK enzyme for 100ng of gel-extracted PCR amplified DNA.
Subsequently, SuL of the previous reaction was used for the ligation reaction. The ligation
reaction was carried out at 16°C overnight, using 350U of T4 DNA ligase. SuL of the reaction
mixture was transformed into E. coli DH5a cells and was further screened using colony PCR

and Sanger sequencing Appendix 7.
Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8.4 (GraphPad Software,
San Diego, CA, USA). Data are presented as mean = standard deviation (SD) unless otherwise
specified. Comparisons between the two groups were conducted using an unpaired two-tailed
Student’s t-test. For multiple-group comparisons, one-way or two-way analysis of variance
(ANOVA) followed by Tukey’s or Sidak’s post hoc test was used, as appropriate (normality
and variance were confirmed before applying ANOVA). Statistical significance was defined

as p < 0.05. Sample sizes and replicates for each experiment are detailed in the figure legends.
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Chapter 3: Decoding the Role of Nuclear Lamins
in EMT-MET Dynamics and Chromatin

Remodeling
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3.1 Introduction

Epithelial-mesenchymal plasticity (EMP) encompasses a dynamic and reversible spectrum of
phenotypic states that span the continuum between epithelial and mesenchymal identities. At
the two extremes lie epithelial-mesenchymal transition (EMT) and mesenchymal—epithelial
transition (MET), which enable cells to interconvert in response to developmental cues,
environmental stimuli, or pathological conditions (Derynck and Weinberg, 2019). EMT is a
fundamental developmental process that is co-opted during wound healing, fibrosis, and tumor
progression (Nakaya and Sheng, 2008). It enables epithelial cells to lose apico-basal polarity
and intercellular adhesion while gaining migratory and invasive capabilities. MET, conversely,
restores epithelial traits and is often crucial for metastatic colonization at secondary sites in
cancer (Kim et al., 2019). Together, these transitions bestow cells with phenotypic plasticity,
contributing to heterogeneity, drug resistance, and immune evasion in tumors (Dongre and

Weinberg, 2019).

While extensive research has elucidated the signaling pathways and transcriptional networks
orchestrating EMT and MET (Nieto et al., 2016), the role of nuclear architecture and chromatin
organization in modulating EMP is still emerging. In this context, A-type lamins, Lamin A and
Lamin C, have gained attention as key players linking nuclear structure to transcriptional
regulation (Gonzalez-Romero et al., 2008). These intermediate filament proteins, encoded by
the LMNA gene via alternative splicing, form a meshwork beneath the inner nuclear membrane
known as the nuclear lamina. In addition to their architectural role, lamins influence diverse
cellular processes including DNA repair, mechanotransduction, senescence, and epigenetic

regulation (McLaughlin-Drubin et al., 2013).

Recent findings suggest that lamins are not merely passive scaffolds but active participants in
maintaining cell identity and suppressing inappropriate plasticity (Stephens et al., 2018).
Perturbations in lamin levels, particularly Lamin A/C, are associated with altered nuclear
mechanics, chromatin remodeling, and transcriptional reprogramming—hallmarks of EMT
(Fudenberg et al., 2016). Significantly, lamins interface with chromatin-modifying enzymes
and contribute to the organization of lamina-associated domains (LADs), thereby modulating

large-scale gene expression programs (Kind et al., 2013).

Understanding how lamins influence EMT and MET has profound implications in cancer

biology. In epithelial tumors, loss or misregulation of Lamin A/C has been correlated with
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enhanced invasiveness, metastatic potential, and therapy resistance (Margueron et al., 2008).
Conversely, forced expression or stabilization of Lamin A/C can suppress EMT and impede
metastatic dissemination (Ibarra and Hetzer, 2015). These observations suggest that lamins act
as key gatekeepers of phenotypic stability, influencing the ability of cells to undergo and
reverse EMT.

Moreover, lamins regulate the nuclear availability and activity of transcription factors, and
physically interact with epigenetic repressors such as EZH2, the catalytic subunit of the
Polycomb Repressive Complex 2 (PRC2) (Deb et al., 2014). Through these interactions, lamins
may influence histone modification landscapes during EMT, thereby integrating mechanical,

structural, and transcriptional signals that guide cell fate transitions.

In this chapter, we explore the role of lamins in modulating epithelial-mesenchymal plasticity

by dissecting four significant aspects:

1. EMT and MET Induction — Validation of EMT (TWIST in MCF7 and TGF-f in
MCF10A) and MET (GRHL2 in MDA-MB-231).

2. Effect of EMT on Lamins — A discussion on how EMT alters the expression,

localization, and function of nuclear lamins.

3. Effect of Lamins on EMT — Examination of how changes in Lamin A/C levels

impact EMT transcriptional programs and phenotypic outcomes.

4. Chromatin Modifications — Insight into how lamin-associated changes in chromatin
organization and histone modifications contribute to transcriptional reprogramming

during EMT/MET.
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By integrating structural, transcriptional, and epigenetic dimensions, this chapter aims to
highlight the central role of lamins in maintaining cellular identity and regulating the

plasticity that underpins cancer progression and metastasis.

3.2 Results

3.2.1 Induction and Reversal of Epithelial-Mesenchymal Transition (EMT)

The epithelial-to-mesenchymal transition (EMT) and its reverse process, mesenchymal-to-
epithelial transition (MET), are fundamental biological programs that play pivotal roles not
only in embryonic development but also in cancer progression, particularly in carcinomas
(Youle and Strasser, 2008). EMT is a dynamic and reversible process in which epithelial cells
lose their cell—cell junctions, apico-basal polarity, and adhesion, and acquire a spindle-shaped,
motile mesenchymal phenotype (Wong et al., 2009; Gonzalo, 2014). This transition promotes
cellular migration, invasion into surrounding tissues, resistance to apoptosis, and immune
evasion (Schuettengruber and Cavalli, 2009; Boumendil et al., 2019). In contrast, MET enables
mesenchymal-like cells to reacquire epithelial characteristics, a step that is often essential for
colonization and outgrowth at metastatic sites (Towbin et al., 2012; Gdula et al., 2013). These
transitions are regulated by complex networks involving transcription factors, signaling
pathways, and chromatin-modifying enzymes that together govern epithelial-mesenchymal

plasticity (Lin et al., 2013; Briand and Collas, 2018).

To explore the molecular basis of EMT and MET in breast cancer, we utilized three breast cell
lines representing a spectrum of epithelial and mesenchymal states: MCF7 (luminal epithelial,
tumorigenic), MCF10A (non-tumorigenic epithelial), and MDA-MB-231 (basal-like, highly
mesenchymal and invasive). These cell lines provided robust models for inducing EMT and
MET under controlled experimental conditions. We authenticated the identity of these cell lines

by bright field imaging (Figure 3.1A) and karyotyping (Figure 3.1B).

Morphological characterization using phalloidin staining and confocal microscopy revealed
distinct differences across the cell lines. MDA-MB-231 cells displayed an elongated, spindle-
like morphology, indicative of mesenchymal characteristics, with a high aspect ratio (AR: 7.19
+ 1.80), reflecting cellular elongation. In contrast, MCF7 and MCF10A cells showed rounded,
compact, cobblestone-like epithelial morphology with significantly lower aspect ratios (MCF7:
AR: 1.06 £0.62; MCF10A: AR: 1.09 £ 0.59) (Figure 3.1D).
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At the molecular level, immunoblotting and immunofluorescence confirmed that MDA-MB-
231 cells expressed high levels of Vimentin—a mesenchymal cytoskeletal marker—and low
levels of E-cadherin, a hallmark of epithelial junctions. On the other hand, MCF7 cells
displayed strong E-cadherin expression with low or negligible Vimentin, consistent with their

epithelial identity (Figures 3.1C, 3.1E-3.1G).
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Figure 3.1 Characterization and authentication of MCF7, MCF10A, and MDA-MB-231 cell

systems.

(A) Brightfield images (scale bar ~160um) and metaphase spreads (scale bar, 10 um) of
MCF7, MCF10A4, and MDA-MB-231 cells. (B) Quantification of modal chromosome numbers
from metaphase spreads, showing modal chromosome numbers of 75, 46, and 58 for MCF'7,
MCF10A4, and MDA-MB-231, respectively. (C) Representative immunofluorescence images of
MCF7, MCF10A4, and MDA-MB-231 cells stained with Phalloidin (cyan) to visualize F-actin
and E-cadherin (red) and Vimentin (ved) to assess epithelial and mesenchymal characteristics.
Scale bar, ~10 um. (D) Quantification of cell aspect ratios based on Phalloidin staining in (C).
(E) Quantification of the integrated density of E-cadherin and Vimentin in MCF7, MCF 104,
and MDA-MB-231 cells (n=200) is shown in (C). (F) Immunoblot analysis of E-cadherin and
Vimentin protein levels in MCF7, MCF10A4, and MDA-MB-231 cells. GAPDH is used as the
loading control. (G) Densitometric quantification of relative E-cadherin and Vimentin protein
levels from immunoblots in (F). Data is presented as mean + SEM from two independent
biological replicates. Statistical significance was determined using an unpaired Student’s t-

test. P values are indicated where significant.
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To experimentally induce EMT in epithelial cells, MCF7 cells were transfected with a GFP-
tagged human TWISTI construct for 48 hours. TWIST1 is a master regulator of EMT that
suppresses epithelial genes and activates mesenchymal gene programs. Following TWIST1
expression, immunoblotting revealed a ~75% reduction in E-cadherin and a ~90% increase in
Vimentin, alongside upregulation of mesenchymal transcription factors Snaill, Twistl, and
Zebl (Figure 3.2A). Immunofluorescence imaging supported these findings, demonstrating

decreased E-cadherin and increased Vimentin expression (Figures 3.2B, 3.2D).

EMT was induced in MCF10A cells by treatment with TGF- (10 ng/mL) for seven days
(media and 10ng/mL of TGF-f replenished every 48h). TGF-f is a potent EMT inducer that
operates through both SMAD-dependent and -independent pathways. Treated cells exhibited
marked downregulation of E-cadherin (more than 70%) and increased Vimentin expression
(~60%) (Figure 3.2E). Immunofluorescence analysis showed morphological changes
consistent with EMT, and expression of transcription factors Snaill, Twistl, and Zebl

confirmed the mesenchymal reprogramming (Figures 3.2F, 3.2H).

To induce MET, we overexpressed GRHL2 in MDA-MB-231 cells. GRHL2 is an epithelial
lineage transcription factor known to oppose EMT and reinforce epithelial characteristics.
After ~48 hours of GRHL2 expression, MDA-MB-231 cells expressed E-cadherin at high
levels (>95% increase) and exhibited decreased levels of Vimentin (~50%) and mesenchymal
transcription factors (Figures 3.21-3.2L). The phenotypic shift was also evident
morphologically, with cells adopting a more epithelial, cobblestone-like architecture. These
results establish MCF7, MCF10A, and MDA-MB-231 cells as tractable systems for dissecting
EMT/MET dynamics.
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Figure 3.2: Induction and characterization of EMT and MET in breast cancer cell lines

(A) Immunoblot analysis of EMT induction in MCF7 cells transiently overexpressing TWISTI -
GFP for 48 hours. Control cells were transfected with pEGFPNI. (B) Immunofluorescence

analysis of EMT in MCF7 cells overexpressing TWISTI-GFP or control pEGFPNI. E-
cadherin and Vimentin are stained in red. Scale bar, 10 um. (C) Schematic representation of
the methodology of EMT induction in MCF7 cells. (D) Scatter plot showing relative changes
in the integrated density of E-cadherin and Vimentin in MCF'7 cells. Quantification for the data
in (B). (n = 242). Data represent mean + SD from three independent biological replicates.

Unpaired Student’s t-test was used to calculate p-values. (E) Immunoblot analysis of EMT
induction in MCF10A cells treated with 10ng/mL TGF-f for 7 days. (F) Immunofluorescence
analysis of EMT in MCF10A cells treated with TGF-p. E-cadherin is stained in green, and
Vimentin is stained in red. Scale bar, 10 um. (G) Schematic representation of the methodology
of EMT induction in MCF10A cells. (H) Scatter plot of the integrated density of E-cadherin
and Vimentin in MCF10A cells (data shown in (F)) following EMT induction (n > 200). Data
represent mean = SD from three independent biological replicates. Unpaired Student’s t-test
was used to calculate p-values. (I) Immunoblot analysis of MET induction in MDA-MB-231
cells following doxycycline-induced GRHL2 overexpression for 48 hours. (J)
Immunofluorescence analysis of MET in MDA-MB-231 cells overexpressing GRHL2. E-
cadherin and Vimentin are stained in red. Scale bar, 10 um. (K) Schematic representation of
the methodology of MET induction in MDA-MB-231 cells. (L) Scatter plot of the integrated
density of E-cadherin and Vimentin in MDA-MB-231 cells following MET induction (data
shown in (J)) (n = 215). Data represent mean + SD from three independent biological

replicates. Unpaired Student’s t-test was used to calculate p-values.
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We also validated by immunoblotting the EM profile of 11 breast cancer cell lines (lysates
only) spanning the EM spectra (Le et al., 2018). This revealed the reported EM marker
profile. (Figure 3.3A and B).
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Figure 3.3: EM profile of breast cancer cells: (4) 11 cells of breast origin were arranged
based on reported EM characteristics with increasing mesenchymal nature (loading control
same as figure 3.5J). (MDA 468: MDA-MB-468 and MDA 231: MDA-MB-231) (B) Report

showing breast cancer cell lines with epithelial and mesenchymal characteristics
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3.2.2 Impact of EMT Induction on Lamin A/C Expression

As cells undergo epithelial-to-mesenchymal transition (EMT), they experience not only a
dramatic reshaping of their external morphology and cytoskeletal framework but also profound
intracellular and nuclear alterations (Kim et al., 2019). While much attention has been directed
toward the reprogramming of transcriptional networks and cytoplasmic structures during EMT,
changes in nuclear architecture—particularly involving structural proteins such as lamins—are
increasingly recognized as integral to cellular plasticity (Liu et al., 2013; Ha et al., 2014).
Nuclear lamins, specifically Lamin A/C (encoded by the LMNA gene) and B-type lamins,
assemble into a dense fibrous meshwork known as the nuclear lamina, located just beneath the
inner nuclear membrane (Laberge et al., 2015; Ebrahimi et al., 2018). This lamina not only
provides mechanical support and maintains nuclear shape but also interfaces with chromatin to
regulate genome organization and gene expression programs (Eldholm et al., 2014; Laberge et

al., 2015).

Among the nuclear lamins, Lamin A/C is particularly sensitive to changes in cellular state and
identity. Its expression and post-translational modifications are dynamically regulated during
differentiation (Holwerda and de Laat, 2013), in response to mechanical cues (Puisieux et al.,
2014), and under pathological conditions such as cancer, where altered Lamin A/C levels have
been associated with tumor progression and metastasis (Watanabe et al., 2001; Shimi et al.,
2008; Dongre and Weinberg, 2019). Given this context, and considering the extensive cellular
and cytoskeletal remodeling intrinsic to EMT, we hypothesized that nuclear architecture—
particularly Lamin A/C abundance and organization—might be similarly altered during this
transition. Thus, to explore whether EMT induction has consequences for the nuclear lamina,
we specifically examined the expression levels and distribution of Lamin A/C during epithelial-

mesenchymal transitions.

First, we assessed nuclear morphology following EMT induction in MCF7 cells. Although total
nuclear area and volume remained relatively constant, significant reductions in nuclear
sphericity and circularity were observed in TWIST1-overexpressing cells (Sphericity: MCF7
= 0.94 £ 0.03; MCF7-TWIST1 = 0.50 + 0.09, p < 0.0001) (Figures 3.4A and 3.4D). These
changes reflect a transition to an irregular, elongated nuclear shape typical of mesenchymal
cells. By contrast, MET induction via GRHL2 in MDA-MB-231 cells restored nuclear
circularity (Sphericity: control = 0.45 + 0.08; GRHL2 = 0.94 + 0.03) (Figures 3.4C, 3.4F),

indicating reversibility of nuclear architecture alongside phenotypic state.
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To explore Lamin expression patterns across breast cancer subtypes, we profiled Lamin A/C,
Lamin B1, and B2 levels in 11 breast cancer cell lines with known EMT statuses. We observed
a clear trend with Lamin A/C expression progressively lowered in mesenchymal-like lines,
while Lamin B1 and B2 levels did not show any trend with increasing mesenchymal cell states
(Figure 3.5J). This differential expression points to a potential role of Lamin A/C in

maintaining epithelial nuclear architecture.

Subsequently, we analyzed Lamin A/C expression following EMT induction in MCF7 and
MCF10A cells. In both systems, EMT was associated with a significant reduction in Lamin
A/C protein levels (Figures 3.5A-F). Conversely, GRHL2-induced MET in MDA-MB-231
cells resulted in a robust increase in Lamin A/C (Figures 3.5G-I). Notably, B-type lamin levels
remained largely unaffected (Figures 3.4G-3.4J). Quantitative PCR showed that LMNA
transcript levels remained constant across EMT/MET conditions (Figure 3.5K), indicating that

Lamin A/C regulation is likely post-transcriptional.

These results highlight Lamin A/C as a dynamically regulated nuclear component that responds
to epithelial-mesenchymal transitions, reinforcing the notion that nuclear structure is intimately

tied to cell identity.
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Figure 3.4. Nuclear Architecture Remodeling and Lamin B Dynamics During EMT and
MET.

(A-C) 3D reconstruction of nuclei (DAPI) and mid-optic section of the cytoskeleton
(Phalloidin, cyan) in MCF7 cells overexpressing pEGFP-NI1 or TWISTI-GFP (4), MCF10A4
cells induced with 10 ng/mL TGF-§ (B), and MDA-MB-231 cells overexpressing GRHL2 (C)
(Scale bar ~5um). (D-F) Quantification of nuclear sphericity, surface area, volume,
circularity, and cell aspect ratio in MCF7 (D), MCF10A (E), and MDA-MB-231 (F) cells. Data

represent n>250 cells. An unpaired Student’s t-test was used for statistical analysis. (G, H)
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Immunoblot analysis of Lamin Bl and Lamin B2 levels following EMT induction by TWISTI
in MCF7 cells (G) and MET induction by GRHL2 in MDA-MB-231 cells (H). (I, J)
Quantification of relative Lamin Bl and Lamin B2 protein levels from (G, H). Data represent

mean £ SEM from two independent biological replicates. An unpaired Student’s t-test was used
for statistical analysis.
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MDA-MB-231 (G) cells undergoing EMT or MET. (B, E, H) Mean fluorescence intensity of
Lamin A/C quantified by line scan analysis across the nucleus in MCF7 (B), MCF10A (E), and
MDA-MB-231 (H) cells. Data represent mean + SD from three independent biological
replicates (n > 250). Unpaired Student’s t-test was used to calculate p-values. (C, F, 1)
Immunoblot analysis of total Lamin A/C protein levels in MCF7 (C), MCF10A (F), and MDA-
MB-231 (1) cells upon EMT (C, F) or MET (1) induction. GAPDH (C, F) and HSP70 (I) serve
as loading controls. (J) Immunoblot analysis of Lamin A/C, Lamin Bl, and Lamin B2 levels
across 11 breast cancer cell lines with increasing mesenchymal characteristics. Histone H3
serves as the loading control. (K) RT-qPCR analysis of LMNA transcript levels in MCF7 and
MCF10A cells undergoing EMT and in MDA-MB-231 cells undergoing MET. Data represent
mean £ SD from three independent biological replicates (N = 3, n = 9). Unpaired Student’s t-

test was used to calculate p-values.
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3.2.3 Stability of Lamin A/C upon EMT

During epithelial-mesenchymal transition (EMT), we observed a pronounced reduction in the
overall protein levels of Lamin A/C, while the corresponding LMNA transcript levels remained
essentially unchanged. This lack of concordance between mRNA and protein expression
strongly suggests that Lamin A/C downregulation occurs through post-transcriptional
mechanisms rather than through transcriptional repression. Given the central role of Lamin
A/C in maintaining nuclear architecture and chromatin organization, we next sought to

determine whether EMT influences the protein stability of Lamin A/C.

To investigate this, we performed a cycloheximide (CHX) chase assay to monitor Lamin A/C
degradation dynamics under epithelial and mesenchymal conditions. MCF7 cells stably
expressing TWIST1, a well-established EMT transcription factor, were used to induce a
mesenchymal phenotype, while cells transfected with the empty vector served as epithelial
controls. Both cell populations were treated with CHX (10 pg/mL) to inhibit de novo protein
synthesis, thereby allowing the assessment of Lamin A/C turnover solely as a function of
degradation. Whole-cell lysates were harvested with Urea buffer (8 M urea, 1% SDS, 50 mM
Tris-HCI pH 7.5, 150 mM NaCl, | mM EDTA, 1 mM DTT, and freshly added 1x protease and
phosphatase inhibitor cocktails) at 0, 2, 4, 8, 12, and 24 hours after CHX treatment, and Lamin

A/C levels were analyzed by immunoblotting and normalized to B-actin.

In epithelial control cells, Lamin A/C levels remained relatively stable throughout the 24-hour
time course, consistent with the long half-life and low basal turnover rate typically associated
with nuclear lamins under homeostatic conditions. In contrast, TWIST1-expressing cells
displayed a progressive and time-dependent reduction in Lamin A/C protein abundance, with
a marked decrease evident after 8 hours and a near-complete loss by 24 hours. This accelerated
decline in Lamin A/C levels under mesenchymal conditions indicates a substantial reduction
in protein stability, suggesting that EMT triggers mechanisms that actively promote Lamin A/C
degradation (Figure 3.6A and B).

To determine the pathway responsible for this enhanced turnover, we examined the effect of
proteasome inhibition on Lamin A/C stability. TWIST1-expressing MCF7 cells were co-
treated with MG132 (1 uM), a potent proteasome inhibitor, along with CHX. Remarkably, the
co-treatment prevented Lamin A/C degradation, with protein levels remaining comparable to

those observed in untreated controls even after 8 hours of CHX exposure. This rescue effect
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upon MG132 treatment clearly implicates the ubiquitin—proteasome system as the primary

route mediating Lamin A/C degradation during EMT (Figure 3.6C and D).

Together, these findings demonstrate that EMT induction by TWIST1 leads to a significant
destabilization of Lamin A/C through a proteasome-dependent degradation mechanism. The
selective targeting of Lamin A/C for proteasomal turnover during EMT likely represents an
adaptive process to remodel the nuclear lamina and alter chromatin organization, thereby
facilitating the transcriptional and structural reprogramming necessary for mesenchymal
transition. This post-translational regulation of Lamin A/C underscores the dynamic interplay
between nuclear architecture and cellular plasticity, providing mechanistic insight into how the
nuclear envelope contributes to the epigenetic and phenotypic remodeling associated with

EMT.

Stability of Lamin A/C upon EMT in MCF7 cells
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Figure 3.6 Cycloheximide (CHX) chase assay to evaluate Lamin A/C stability in MCF7 cells.

(A) Untreated control (—CHX/-MG132). (B) CHX treatment alone (+CHX/-MG132). (C)
MGI132 treatment alone (—CHX/+MGI132). (D) Combined CHX and MGI32 treatment
(+CHX/+MG132). MCF7 cells with or without TWISTI expression were treated with

cycloheximide (10 ug/mlL) in the presence or absence of MG132 (1 uM) and harvested at the

indicated time points. Protein lysates were subjected to immunoblotting for Lamin A/C,

GAPDH (loading control), and TWISTI. Representative immunoblots are shown along with

quantification of Lamin A/C levels normalized to GAPDH. Bar graphs represent the mean +

SD of three independent experiments.
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3.2.4 Effect of Lamin A/C Perturbation on EMT and MET

To dissect the functional role of Lamin A/C in regulating EMT and MET, we conducted RNA-
sequencing in MCF10A cells following siRNA-mediated depletion of Lamin A/C. Differential
gene expression analysis identified strong upregulation of genes associated with EMT, cell
migration, adhesion dynamics, and tumor progression. Gene Ontology (GO) analysis revealed
enrichment in biological processes related to cell-cell adhesion disassembly, cytoskeletal
reorganization, and secondary tumor formation (Figure 3.8C). GSEA showed enrichment of
hallmark gene sets, including epithelial-mesenchymal transition, wound healing, and focal

adhesion (Figures 3.8D).

Consistent with these analyses, Lamin A/C depletion led to increased expression of
mesenchymal markers such as VIM, SNAI1, TWIST1, and ZEB1. Simultaneously, epithelial
markers including CDH1 (E-cadherin), OCLN, and CLDN1 were significantly downregulated,
indicative of a complete EMT program (Figures 3.8A, 3.8B). These effects were recapitulated
in MCF7 cells, where Lamin A/C depletion also promoted mesenchymal gene expression and

suppressed epithelial gene expression (Figure 3.8E and 3.8H).

Protein-level validations confirmed the transcriptomic findings. Immunoblotting and
immunofluorescence demonstrated ~70% reduction in E-cadherin and ~65% increase in
Vimentin upon Lamin A/C knockdown in both MCF7 and MCF10A cells (Figures 3.8E,3.8F,
3.8H and 3.8I).

To evaluate whether restoring Lamin A expression could reverse mesenchymal traits, we
overexpressed Lamin A in MDA-MB-231 cells after knocking down endogenous Lamin A/C.
This intervention led to a dramatic re-expression of E-cadherin (>95%) and downregulation of
Vimentin and mesenchymal transcription factors (Figures 3.7K, 3.8G and 3.8J). The cells also
reverted to a more epithelial morphology, as reflected by reduced elongation and increased

nuclear circularity.

We further examined whether B-type lamins play a similar role. However, depletion of Lamin
B1 or B2 in MCF7 and MDA-MB-231 cells did not significantly alter EMT markers (Figures
3.7M, 3.7N), suggesting that A-type lamins have a unique role in regulating EMT/MET

dynamics.
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Collectively, these data underscore the pivotal function of Lamin A/C as a modulator of
epithelial-mesenchymal plasticity. Its expression is dynamically regulated during EMT and
MET, and its manipulation directly impacts cellular identity, morphology, and transcriptional
programs. These findings provide critical insights into how alterations in nuclear architecture

contribute to cancer cell plasticity and metastatic competence.
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Figure 3.7: Effects of A and B-type Lamin perturbation on nuclear morphology and EMT

marker expression.

(A, B) Representative 3D nuclear reconstructions and mid-optical sections of MCF'7 cells upon
Lamin A/C knockdown (4) and MDA-MB-231 cells upon Lamin A overexpression (B). (C, D)
Scatter plots quantifying the aspect ratio (C) and nuclear sphericity (D) in MCF'7 cells upon
Lamin A/C knockdown (n = 164). (E, F) Scatter plots quantifying the aspect ratio (E) and
nuclear sphericity (F) in MDA-MB-231 cells upon Lamin A overexpression (n > 150).
Statistical significance was determined using an unpaired Student’s t-test. (G, H) Scatter plots
showing the integrated density of E-cadherin and Vimentin in MCF7 upon Lamin A/C
knockdown (G) and MDA-MB-231 cells following Lamin A overexpression (H). Mean
Sfluorescence intensity of Lamin A/C is shown to indicate knockdown (G) or overexpression (H)
efficiency (n >150). Statistical significance was determined using an unpaired Student’s t-test
(G) or one-way ANOVA (H). (I) Scatter plot quantifying the integrated density of E-cadherin
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and Vimentin in MCF10A cells upon Lamin A/C knockdown. Mean fluorescence intensity of
Lamin A/C is shown to confirm knockdown efficiency. Statistical significance was determined
using an unpaired Student’s t-test. (J, K) RT-qPCR analysis of EMT marker transcript levels
in MCF7 upon Lamin A/C depletion (J) and MDA-MB-231 upon Lamin A overexpression (K).
(L) Principal component analysis (PCA) illustrates the reproducibility of RNA sequencing
datasets between control and Lamin A/C knockdown MCF10A4 samples from two independent
biological replicates. (M, N) RT-gPCR analysis of EMT marker transcript levels following
Lamin B1 and Lamin B2 knockdown in MCF7 (M) and MDA-MB-231 (N) cells.
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Figure 3.8: Effect of Lamin A/C perturbation on EMT and MET
(A) Volcano plot of differentially expressed genes in MCFI10A cells upon Lamin A/C
knockdown. Blue, red, and grey indicate downregulated, upregulated, and non-significant
genes, respectively. (B) Heatmap of the top differentially expressed genes in MCF10A cells
upon Lamin A/C knockdown. Blue and red indicate downregulated and upregulated genes,
respectively (n = 2 biological replicates). (C) GO enrichment analysis of differentially
expressed genes (p < 0.05), showing the most enriched biological processes. (D) GSEA plot
showing EMT pathway enrichment upon Lamin A/C knockdown (NES = 3.337). (E, F)
Immunofluorescence analysis of MCF7 (E) and MCFI10A (F) cells upon Lamin A/C
knockdown. Lamin A/C (green), E-cadherin or Vimentin (ved), and Phalloidin (Cyan). Scale
bars, 10 um. (G) Immunofluorescence analysis of MDA-MB-231 cells overexpressing Lamin
A*-GFP upon endogenous Lamin A/C depletion. E-cadherin (top panel) or Vimentin (bottom
panel) (red), and Lamin A/C (-Dox and +Dox panels only) (cyan). Scale bar, 10 um. (H-J)
Immunoblot analysis of EMT markers in MCF7 (H), MCFI10A cells upon Lamin A/C
knockdown (1), and MDA-MB-231 (J) cells upon Lamin A overexpression. RNA sequencing
was performed in two independent biological replicates. All other experiments were performed
in three biological replicates. Lamin A* denotes a wild-type Lamin A construct engineered to

be resistant to doxycycline-induced depletion of endogenous Lamin A/C.
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3.2.5 Lamin A/C Regulates Heterochromatin Organization During EMT and MET

Given our findings that Lamin A/C expression dynamically responds to epithelial—
mesenchymal transitions and that its depletion promotes mesenchymal gene expression
programs, we next examined whether these changes extend to chromatin-level regulation.
Nuclear lamins, particularly Lamin A/C, are not only architectural components of the nuclear
envelope but also key regulators of genome organization and gene expression. A growing body
of evidence suggests that Lamin A/C physically associates with specific regions of the genome
known as LADs. These LADs are typically enriched for transcriptionally repressive,
heterochromatic histone modifications such as H3K9me3 (trimethylation of histone H3 at
lysine 9) and H3K27me3 (trimethylation of histone H3 at lysine 27). These histone marks are
well-established indicators of compacted chromatin states and are crucial for maintaining

epigenetic silencing in differentiated epithelial cells.

To investigate whether EMT and MET modulate global heterochromatin levels, we first
assessed the abundance of H3K9me3 and H3K27me3 in epithelial cells undergoing
mesenchymal reprogramming. Immunoblotting of whole-cell lysates revealed that upon EMT
induction—either through TWIST1 overexpression in MCF7 cells or prolonged TGF-
treatment in MCF10A cells—there was a significant reduction in global heterochromatic
content. Specifically, the total levels of both H3K9me3 and H3K27me3 were reduced by
approximately 50%, suggesting a genome-wide relaxation of chromatin (Figures 3.9A(1) and
3.9B(i)). This decrease in repressive chromatin marks aligns with the observed transcriptional
activation of mesenchymal genes, which are typically silenced in epithelial cells through

heterochromatic repression.

In contrast, the process of MET led to an opposite trend. When GRHL2 was overexpressed in
MDA-MB-231 cells—driving a shift from a mesenchymal to an epithelial phenotype—we
observed a ~60% increase in H3K9me3 and H3K27me3 levels (Figure 3.9C(1)). This increase
in heterochromatic marks coincided with repression of mesenchymal transcription factors and
restoration of epithelial gene expression, suggesting that the re-establishment of epithelial

identity involves chromatin compaction and epigenetic silencing of mesenchymal programs.

To directly test whether Lamin A/C contributes to the observed changes in chromatin state, we
next examined the effect of Lamin A/C perturbation on heterochromatin levels in both

epithelial and mesenchymal contexts. Knockdown of Lamin A/C in epithelial MCF7 and
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MCF10A cells led to a substantial reduction in H3K27me3 and H3K9me3 levels, each by
approximately 50% (Figures 3.9A(ii) and 3.9B(i1)). This loss of heterochromatin mirrored the
changes observed during EMT induction, further supporting the notion that Lamin A/C is
essential for maintaining a compact chromatin landscape in epithelial cells. Given that LADs
are frequently enriched with these heterochromatic marks, it is plausible that Lamin A/C
depletion leads to detachment of LADs from the nuclear periphery and subsequent chromatin

decompaction.

To determine whether Lamin A/C is sufficient to restore heterochromatin in a mesenchymal
context, we overexpressed Lamin A in MDA-MB-231 cells, which generally exhibit low
endogenous Lamin A/C levels and reduced heterochromatic content. Remarkably, Lamin A
overexpression led to a significant increase in both H3K9me3 and H3K27me3 levels (Figure
3.9C(i1)), consistent with a more repressive chromatin environment. This suggests that Lamin
A/C does not merely correlate with heterochromatin levels but actively contributes to their
maintenance. B-Type Lamins do not show interaction with EZH2 while retaining their

interaction with other heterochromatin markers like G9a (Figure 3.9F and 3.9G)

Taken together, these results provide strong evidence that Lamin A/C plays a central role in
orchestrating chromatin organization during phenotypic transitions. By stabilizing
heterochromatin and preserving repressive histone modifications, Lamin A/C acts as a
gatekeeper of epithelial identity and epigenetic integrity. The loss of Lamin A/C during EMT
facilitates chromatin relaxation and activation of mesenchymal programs, while its re-
expression during MET re-establishes a silenced chromatin state conducive to epithelial
differentiation. These findings underscore the integral connection between nuclear lamina

composition, epigenetic architecture, and transcriptional plasticity in breast cancer progression.
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Figure 3.9 Regulation of repressive histone modifications during EMT and MET.

(A) Immunoblot analysis of H3K9me3 and H3K27me3 upon (i) TWISTI-induced EMT, (ii)
Lamin A/C knockdown in MCF7 (B) Immunoblot analysis of H3K9me3 and H3K27me3 upon
(i) TGF-p-induced EMT, (ii) Lamin A/C knockdown in MCF10A Cells (C) Immunoblot analysis
of H3K9me3 and H3K27me3 upon (i) GRHL2-induced MET (ii) Lamin A overexpression in
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MDA-MB-231 cells. Densitometric quantification of H3K9me3 and H3K27me3 relative to total
H3 in EMT (MCF7, MCF104) and MET (MDA-MB-231) is given alongside the immunoblot.
Data represent mean + S.D. from three independent biological replicates; P-values were
determined by unpaired Student’s t-test. (D, E) PCA plots of mass spectrometry datasets
showing replicate reproducibility upon EMT (MCF7) and MET (MDA-MB-231). (F, G) Co-
immunoprecipitation of Lamin Bl (F) and Lamin B2 (G) in MCF104 upon TGF-f-induced
EMT, followed by immunoblotting for EZH2, Suv39HI, and GYa.
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3.3 Discussion and Conclusion

The results presented in this chapter shed new light on the multifaceted role of Lamin A/C in
regulating epithelial-mesenchymal plasticity in breast cancer. Through an integrative approach
combining molecular, cellular, and genomic analyses, we establish Lamin A/C as a determinant
of cellular identity, chromatin architecture, and transcriptional state during EMT and MET.
The dynamic remodeling of the nuclear lamina and its profound influence on gene regulation
point to a deeper and more nuanced understanding of how intracellular structural components

govern cancer cell plasticity (Scheller et al., 2020; Wilson et al., 2020).

A cascade of morphological and molecular changes marks the induction of EMT. Our
experimental systems—employing TWIST1 overexpression and TGF-f treatment in epithelial
cells—consistently drove mesenchymal reprogramming, as evidenced by increased Vimentin,
decreased E-cadherin, and upregulation of EMT transcription factors. These results reinforce
the view that EMT is a transcriptionally regulated program, facilitated by external cues and
internal regulators that collectively dismantle epithelial architecture while constructing a
mesenchymal identity (Flavahan et al., 2016; Karoutas et al., 2019). Inversely, GRHL2-
induced MET demonstrated the reversibility of this transition, suggesting that epithelial

identity can be reinstated under suitable transcriptional influence (Cho et al., 2019).

Within this framework, the dynamic regulation of Lamin A/C emerged as a key feature of EMT
and MET. Lamin A/C levels decreased consistently with EMT induction and increased with
MET, highlighting their strong correlation with cellular phenotype (Lim and Thiery, 2012; Jolly
et al., 2019). Notably, changes in Lamin A/C were not accompanied by alterations in LMNA
transcript levels, suggesting post-transcriptional regulatory mechanisms, such as altered
protein stability or degradation, are at play (Nava et al., 2020). Nuclear morphology analyses
further revealed that Lamin A/C depletion contributes to nuclear deformation and loss of

circularity—hallmarks of mesenchymal cells—which are reversed upon MET (Kimura, 2013).

Importantly, functional perturbation of Lamin A/C had profound consequences on cell identity.
Depleting Lamin A/C in epithelial cells activated EMT-associated genes and suppressed
epithelial markers, as confirmed through transcriptomic profiling and protein validation (Shimi
etal., 2008). Conversely, reintroducing Lamin A in mesenchymal MDA-MB-231 cells restored

epithelial markers and reversed mesenchymal traits (Gil et al., 2020). These manipulations
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directly implicate Lamin A/C as not merely a marker of cellular state but a regulator of the

transcriptional programs that define it (Wong and Stewart, 2020).

At the chromatin level, our data elucidate a mechanistic link between Lamin A/C and
epigenetic regulation. Lamin A/C depletion led to a marked loss of heterochromatin-associated
histone modifications (H3K9me3 and H3K27me3), both of which are essential for
transcriptional silencing and maintenance of epithelial identity (Tzur et al., 2006). The
reconstitution of Lamin A restored these marks, indicating its functional role in preserving
epigenetic repression (Kadota et al., 2020). This underscores the idea that Lamin A/C not only
provides nuclear stability but also anchors chromatin domains and maintains the epigenetic

landscape required for proper gene regulation (Towbin et al., 2012; Kim et al., 2013).

The findings presented here align with and extend emerging literature on the role of the nuclear
lamina in cancer. Previous studies have shown that loss of Lamin A/C correlates with poor
differentiation and increased invasiveness in various cancers (Kim et al., 2012; Lu and Kang,
2019). Our work adds mechanistic depth to this observation by showing that Lamin A/C is an
active suppressor of EMT and a guardian of epithelial state via transcriptional and chromatin-

level mechanisms (Wilson et al., 2020).

Furthermore, these insights may have therapeutic implications. Given the reversibility of EMT
and the role of Lamin A/C in this plasticity, modulating Lamin A/C expression or function
could represent a strategy to curb metastatic progression or promote differentiation in
aggressive tumors (H. Kang et al., 2019). Future studies might explore how Lamin A/C
interacts with other chromatin modifiers or whether Lamin A/C levels could serve as a
biomarker for therapeutic response in epithelial cancers (Johnstone et al., 2020; Nacev et al.,

2020).
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In conclusion, this chapter delineates a comprehensive model wherein Lamin A/C acts as both
a sensor and effector of phenotypic plasticity in breast cancer. It integrates structural,
transcriptional, and epigenetic layers of regulation to maintain epithelial identity and repress
mesenchymal transformation. These findings provide a valuable foundation for understanding
how alterations in nuclear architecture contribute to tumor progression and open new avenues

for targeting cellular plasticity in cancer therapeutics.
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Chapter 4: Identification of the Unique interaction of

Lamin A/C in Epithelial vs Mesenchymal cell States
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4.1 Introduction

The architecture of the nucleus plays a central role in regulating various cellular functions,
including gene expression, chromatin organization, and mechanical stability. Among the
structural components of the nucleus, the nuclear lamina, composed predominantly of A-type
and B-type lamins, serves as a critical scaffold for maintaining nuclear integrity and organizing
the genome (Mitra et al., 2005; Nakaya and Sheng, 2008). Lamin A/C, encoded by the LMNA
gene, has been increasingly recognized not only for its structural roles but also for its
involvement in signal transduction, chromatin anchoring, and transcriptional regulation
(Taddei et al., 2006; Friedl and Gilmour, 2009). Dysregulation of Lamin A/C has been
implicated in a variety of human diseases, including muscular dystrophies, lipodystrophies,
and cancers (Rossi et al., 2007). In the context of cancer, particularly those of epithelial origin
such as breast cancer, alterations in Lamin A/C expression have emerged as pivotal modulators
of phenotypic plasticity, including the transitions between epithelial and mesenchymal states

(Jolly et al., 2019; Minchell et al., 2020).

Epithelial-to-mesenchymal transition (EMT) and its reverse, mesenchymal-to-epithelial
transition (MET), represent dynamic and reversible processes during which cells undergo
profound changes in morphology, adhesion, and gene expression. EMT endows epithelial cells
with migratory and invasive capabilities and contributes to metastasis, stemness, and resistance
to therapy (Flavahan et al., 2016; Cho et al., 2019). Conversely, MET is essential for metastatic
colonization and the re-establishment of epithelial traits at distant sites (Cho et al., 2019). This
bidirectional plasticity is orchestrated by a network of transcriptional regulators, signaling
pathways, and epigenetic modifications. Despite extensive characterization of EMT/MET
transcription factors such as SNAII, TWIST1, ZEB1, and GRHL2, relatively little is known
about how nuclear structural components, such as Lamin A/C, integrate with these pathways

to influence cell fate decisions (Ikegami et al., 2020).

Emerging evidence points to a close association between the nuclear lamina and the
transcriptional machinery that governs EMT and MET. Lamin A/C has been shown to
modulate nuclear stiffness and chromatin compartmentalization, two properties that undergo
substantial remodeling during EMT (Holwerda and de Laat, 2013; Kadota et al., 2020). Given
the differences in nuclear morphology between epithelial and mesenchymal cells—where
epithelial nuclei are generally more spherical and compact, while mesenchymal nuclei tend to

be elongated and deformed—it is plausible that changes in Lamin A/C expression and
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localization contribute to or are affected by the EMT process (Lim and Thiery, 2012). In
addition, LADs, which are enriched in repressive histone marks such as H3K27me3 and
H3K9me3 (Margueron et al., 2008; de Magalhdes, 2013). These heterochromatic regions
contribute to transcriptional silencing of lineage-inappropriate genes and are reorganized
during EMT and MET (Taddei et al., 2006; Kim et al., 2012). Thus, Lamin A/C may influence
gene expression patterns not only through physical nuclear structure but also by modulating

the epigenetic landscape (Earle et al., 2020).

In light of these observations, the central objective of this chapter is to characterize the unique
interaction of Lamin A/C in epithelial versus mesenchymal cell states. By integrating
morphological analysis, molecular assays, and transcriptomic profiling, we examine how
Lamin A/C expression and function are modulated during EMT and MET, and conversely, how
Lamin A/C depletion or overexpression influences cellular phenotype. We also investigate the
relationship between Lamin A/C and chromatin organization, particularly the regulation of
heterochromatic histone marks, to determine whether Lamin A/C contributes to the
maintenance of transcriptionally repressive environments characteristic of the epithelial state

(Nakaya and Sheng, 2008; Kong et al., 2012).

To this end, we utilize well-characterized breast cancer cell lines representing epithelial
(MCF7, MCF10A) and mesenchymal (MDA-MB-231) states. EMT is induced through
TWIST1 overexpression or TGF-B treatment, while MET is driven via GRHL2 expression.
These models provide a robust framework to dissect the role of Lamin A/C in controlling cell
identity and plasticity (Andronov et al., 2019). Our findings highlight that Lamin A/C levels
inversely correlate with mesenchymal traits and directly influence the transcriptional and
epigenetic states associated with EMT/MET (Khot et al., 2020; Scheller et al., 2020). Notably,
while Lamin A/C depletion promotes mesenchymal reprogramming, its reintroduction
reinstates epithelial characteristics, reinforcing its role as a master regulator of phenotypic

stability.

Furthermore, we address the specificity of Lamin A/C function by contrasting its role with that
of B-type lamins. Despite structural similarities and shared localization at the nuclear
periphery, B-type lamins do not exhibit the same regulatory effects on EMT markers or
heterochromatin status (Wong and Stewart, 2020), underscoring a distinct and non-redundant

role for Lamin A/C. This distinction reinforces the hypothesis that A-type lamins possess
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unique molecular interactions in epithelial versus mesenchymal contexts, which are essential

for maintaining cell state fidelity.

Collectively, this chapter aims to provide a comprehensive view of how Lamin A/C contributes
to epithelial-mesenchymal plasticity through structural, transcriptional, and epigenetic
mechanisms. By elucidating the unique interactions of Lamin A/C in different cellular states,
we uncover novel insights into the regulation of EMT/MET, with potential implications for

understanding metastatic progression and therapeutic resistance in breast cancer.
4.2 Results

Comprehensive Functional Analysis of Lamin A (LMNA) Interactors: Integration of GO
and KEGG Pathway Enrichment Studies

Lamin A (LMNA) serves as both a structural scaffold and a regulatory hub in nuclear
organization. While its role in maintaining nuclear integrity was first characterized in the 1980s
(Aebi et al., 1986), contemporary studies reveal its participation in diverse cellular processes,
including RNA metabolism (Brabletz et al., 2018) and mechanotransduction (Jiang et al.,
2015). This integrated analysis combines multiple omics approaches to elucidate multifaceted
roles of Lamin A functions.

Nuclear Architecture and Organization

The cellular component analysis revealed the critical role of Lamin A in nuclear architecture
organization. The enrichment of nuclear pore complex components (20-fold, p<10-*%) (Figure
4.1) aligns with super-resolution microscopy studies demonstrating direct LMNA-NUP153
interactions essential for nuclear transport competency (Boumendil et al., 2019). The
spliceosomal complex associations correlate with the ability of Lamin A to organize nuclear
speckles containing SRSF1 and other splicing factors (Flavahan et al., 2016).

The nuclear-ER membrane network enrichment supports biochemical evidence of LMNA -
mediated tethering between these organelles, facilitating calcium signaling (De Cecco et al.,
2019). Chromatin anchoring functions are evidenced by the direct binding of Lamin A/C to
LADs (lamina-associated domains), which maintains heterochromatin positioning (Youle and

Strasser, 2008).

Molecular Functions
Beyond structural roles, LMNA exhibits diverse biochemical activities. The nucleic acid

binding capacities (sSnRNA binding p<10*°) correlate with CLIP-seq data showing LMNA-
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RNA interactions (Lu and Kang, 2019). The unexpected SNARE binding activity (Fold
Enrichment=12.3) matches recent BioID studies identifying VAMP3 as a novel LMNA partner
(Figure 4.1) (Andronov et al., 2019).

Transcription factor binding enrichment supports ChIP-seq data demonstrating LMNA's
occupancy at regulatory regions of mechanosensitive genes (Bian et al., 2013). The DNA repair
functions align with the role of Lamin A/C in recruiting 53BP1 to double-strand breaks

(Redwood et al., 2011).
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Figure 4.1. Bubble plot summarizing the molecular function enrichment derived from Lamin
A/C proteomics data. Each bubble represents a significantly enrviched molecular function
category identified among Lamin A/C—A/C-associated proteins. Bubble size corresponds to the
number of proteins associated with each molecular function, while bubble color indicates the
level of statistical significance (adjusted p-value). This analysis highlights the functional
distribution of Lamin A/C—interacting proteins, with prominent enrichment in pathways related

to chromatin organization, transcriptional regulation, and structural molecular activity.
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Biological Processes

RNA processing enrichment (FDR<107%°) corresponds with transcriptomic studies showing
widespread splicing defects in LMNA mutants (Lund et al., 2015). The viral process
association matches proteomic evidence of interaction of Lamin A with viral capsid proteins

(Figure 4.2) (Bian et al., 2013).

NcRNA export from nucleus - =—
RNA export from nucleus -=——e
Nucleic acid transport -=—®

RNA transport -=—e N. of Genes
Establishment of RNA localization -=—e e &0

RNA localization -—e

RNA splicing, via transesterification reactions with bulged adenosine as nucleop -=—@ ® 100

MRNA splicing, via spliceosome -—@ ® 140
RNA splicing, via transesterification reactions -—@
Nuclear transport -=—@

Nucleocytoplasmic transport -=—@ -log10(FDR)

RNA splicing -=®

MRNA processing -=® ® 26

RNA processing -@ @ 28

MRNA metabolic proc. --@ @ 30
Protein localization to organelle -@

Viral proc. -@ @ 32

Intracellular transport -@
Cellular protein localization - @
Cellular macromolecule localization -@
0 51015
Fold Enrichment

Figure 4.2: Bubble plot depicting enriched biological process categories derived from Lamin
A/C proteomics data. Each bubble represents a significantly enriched biological process
associated with Lamin A/C—interacting proteins. Bubble size reflects the number of proteins
contributing to each process, while bubble color indicates statistical significance (false
discovery rate, FDR). Prominent enrichment of RNA processing—related processes (FDR <
1079 is consistent with reported splicing defects in LMNA mutant cells, and enrichment of

viral process—related terms aligns with known interactions between Lamin A and viral capsid

proteins.
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KEGG Pathway Analysis

The SNARE pathway enrichment (Fold=13.2) is supported by live-cell imaging showing the
requirement of Lamin A for nuclear envelope vesicle fusion (Olmos et al., 2022). DNA repair
pathway associations correlate with increased YH2AX foci in LMNA-deficient cells (Figure

4.3) (Jolly et al., 2015).
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Figure 4.3: Bubble plot illustrating significantly enriched KEGG pathways identified from
Lamin A/C proteomics data. Each bubble represents an enriched KEGG pathway associated
with Lamin A/C-A/C-interacting proteins. Bubble size corresponds to the number of proteins
mapped to each pathway, while bubble color denotes the level of statistical significance (false
discovery rate, FDR). The analysis highlights key cellular pathways linked to Lamin A/C
function, providing pathway-level insight into its roles in nuclear organization and regulatory

processes.
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Integrated Model

This explains how LMNA mutations cause diverse pathologies: transport defects (HGPS,
p.R527C), splicing errors (DCM, p.R190W), and genome instability (progeria, p.G608G)
(Johnstone et al., 2020).

Synthesizing these multi-omics analyses reveals LMNA as a central node in a complex cellular
network that integrates nuclear structure with diverse functional outputs. The protein serves as:
(1) a structural scaffold maintaining nuclear integrity; (2) an organizer of nuclear
subcompartments; (3) a regulator of gene expression through chromatin interactions and RNA
processing; and (4) a participant in novel processes such as membrane trafficking and host

defense. (Figure 4.4)
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Figure 4.4 This integrated model explains how LMNA mutations can lead to such diverse
clinical manifestations, as perturbations at any level of this network can have cascading effects

on cellular homeostasis. The tissue-specificity of laminopathy phenotypes likely reflects

differential dependence on these various LMNA functions across cell types.

Therapeutic Implications and Future Directions
The comprehensive functional mapping of LMNA interactions suggests several promising
therapeutic strategies. Targeting nuclear transport defects, correcting aberrant splicing patterns,

or enhancing DNA repair efficiency could potentially ameliorate disease phenotypes. The
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novel associations with membrane trafficking pathways identified in this analysis may inspire
innovative treatment approaches focused on maintaining nuclear envelope dynamics.

Future research should focus on elucidating the mechanistic basis of the newly identified roles,
particularly in vesicular transport and viral defense. Additionally, tissue-specific analyses of
LMNA interaction networks (Figure 4.5) may help explain the selective vulnerability of

specific cell types in different laminopathies.

This integrated multi-omics analysis significantly expands our understanding of LMNA
biology, moving beyond its classical structural role to reveal participation in diverse cellular
processes. The findings provide a framework for understanding laminopathy pathogenesis and
identify novel targets for therapeutic intervention. By connecting nuclear architecture to
functional outputs across multiple biological scales, this work establishes LMNA as a central

integrator of cellular homeostasis with far-reaching implications for human health and disease.
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Figure 4.5: Protein interaction network centered on Lamin A/C (LMNA).

This network visualizes the interaction landscape of Lamin A/C (LMNA) and its associated
host proteins. LMNA is shown as the central red node, with node size proportional to its
interaction degree. Direct LMNA interactors are displayed as larger yellow/orange nodes,
while secondary and tertiary interacting host proteins are represented as blue nodes arranged
toward the periphery. EZH?2 is highlighted in a dotted red circle. The radial layout highlights
LMNA as a significant structural and regulatory hub linked to multiple signaling, chromatin,
and cytoskeletal proteins, including TP53, MYC, BRD4, PARP1, and others. This visualization
underscores the extensive molecular network connected to Lamin A/C and its potential
influence on diverse cellular pathways relevant to nuclear architecture, gene regulation, and

disease-associated mechanisms.
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4.2.1 Lamin A/C Interactome Dynamics During EMT and MET Transitions

In light of established associations between nuclear lamins and chromatin-remodeling
complexes, we sought to investigate whether the interactome of Lamin A/C is differentially
regulated during epithelial-mesenchymal transition (EMT) and mesenchymal—epithelial
transition (MET). To this end, we performed co-immunoprecipitation (Co-IP) of Lamin A/C
followed by mass spectrometry (MS) analysis to profile its protein—protein interactors across

different cellular states.

In MCF7 epithelial control cells, MS identified 44 unique Lamin A/C interactors, including
EZH2, NUDT21, LIMAI1, EEF1G, CPSF6, and H2AFX. Upon EMT induction via TWIST1
overexpression (MCF7-TWIST1), the Lamin A/C interactome expanded to include 90 unique
interactors, such as CCNBI, phosphorylated CDK1 (pCDK1), PGK2, AMOT, EFHDI1, and
LDHB. A subset of 49 proteins, including LMNB1, LMNB2, EHMT2, SUV39H1, and
PRRX1, were common across both epithelial and mesenchymal MCF7 states (Figure 4.6A).

Similarly, in the basal-like mesenchymal MDA-MB-231 cell line, 103 unique Lamin A/C
interactors were detected in control conditions, including CCNB1, pCDK1, DDX17, LDHA,
and GOT2. Upon GRHL2-mediated MET induction, the interactome shifted to include 71
distinct proteins such as EZH2, H4C1, NONO, ILF2, and UBC. Notably, 72 proteins, including
LMNBI1, LMNB2, CBXS5, EHMT2, and SUV39H1, were shared between the mesenchymal
and MET-induced states (Figure 4.6B) (consistence between the replicates were assessed by

PCA plot mentioned in Figure3.9D and 3.9E).

Gene Ontology (GO) enrichment analysis revealed functional differences in the Lamin A/C
interactome across cellular states. In epithelial MCF7 cells, Lamin A/C interactors were
predominantly involved in gene expression regulation, mRNA metabolism, ribonucleoprotein
complex assembly, and mRNA stability. By contrast, EMT induction led to enrichment in
pathways related to cell cycle regulation, mitotic nuclear envelope disassembly, and DNA
damage repair (Figure 4.6C). Interestingly, GRHL2-induced MET in MDA-MB-231 cells
reinstated Lamin A/C interactions with gene regulatory proteins such as EZH2, consistent with
a reversion to epithelial-like functions (Figure 4.6D). These results collectively suggest that the
Lamin A/C interactome is subject to dynamic remodeling during EMT and MET, reflective of

the distinct transcriptional and functional landscapes characteristic of each cell state.
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A prominent observation emerging from our interactome analysis was the reversible interaction
between Lamin A/C and the histone methyltransferase EZH2. This interaction was detected in
epithelial MCF7 cells and re-established during GRHL2-driven MET in MDA-MB-231 cells,
but was absent in mesenchymal contexts—namely, TWIST1-induced EMT in MCF7 and
basal-like MDA-MB-231 cells. Conversely, interaction between Lamin A/C and pCDK1 was
prominent in mesenchymal cells but lost upon MET induction (Figures 4.6E and 4.6F). These
findings point to a reciprocal switch in Lamin A/C’s binding partners, wherein it associates
with chromatin regulators such as EZH2 in epithelial states, and cell cycle regulators like
pCDKI1 in mesenchymal states, highlighting a cell state-dependent reprogramming of the
Lamin A/C interactome linked to epithelial-mesenchymal plasticity (EMP).

To validate these interactions, we performed Lamin A/C Co-IP followed by immunoblotting
for EZH2 across EMT and MET transitions. Consistent with MS data, Co-IP confirmed a loss
of Lamin A/C-EZH?2 interaction upon EMT induction, and its restoration during MET (Figures
4.6G-I). Notably, neither Lamin B1 nor Lamin B2 interacted with EZH2, underscoring the
specificity of the Lamin A/C—EZH2 association. However, consistent with prior reports (49,
50), both B-type lamins retained interactions with methyltransferases G9a and SUV39H1,
which remained unchanged upon EMT in MCF10A cells (Figures 3.9F and 3.9G).

To further substantiate the Lamin A/C—EZH?2 interaction, we employed a proximity ligation
assay (PLA) under EMT and MET conditions. A significant (~10-fold) reduction in PLA foci
was observed upon EMT, indicating a disruption of the Lamin A/C—-EZH2 complex (Figures
4.6] and 4.6L). In contrast, GRHL2-induced MET led to a marked increase in PLA signals
(~10-fold) relative to control MDA-MB-231 cells, confirming the re-establishment of this
interaction (Figures 4.6K and 4.6M).

To understand the temporal dynamics of this interaction, we conducted a time-course
experiment using TGF-B to induce EMT, followed by TGF-f withdrawal to promote MET.
Immunoprecipitation of Lamin A/C at defined intervals (12 to 168 hours for EMT; 12 to 120
hours for MET) revealed a progressive loss of EZH2 interaction, culminating in complete
dissociation by ~72 hours post-EMT induction. Upon TGF-f3 withdrawal, the Lamin A/C—
EZH?2 interaction was progressively restored, with re-association evident after ~72 hours of
MET (Figure 4.6N). These results support the notion that the Lamin A/C-EZH?2 interaction is

both dynamic and reversible in response to cellular plasticity cues.
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Collectively, our findings demonstrate that EMT disrupts, while MET restores, the interaction
between Lamin A/C and EZH2, correlating with alterations in heterochromatin-associated
features. Moreover, the mutually exclusive interactions of Lamin A/C with EZH2 and pCDK1
underscore its dual role in epigenetic regulation and cell cycle control, depending on the cell’s
phenotypic state. This context-specific modulation of Lamin A/C interactions provides critical
mechanistic insight into how nuclear architecture contributes to the regulation of epithelial—
mesenchymal plasticity and highlights Lamin A/C as a central integrator of nuclear structure
and function during cancer progression.
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Figure 4.6: Dynamic Remodeling of the Lamin A/C Interactome During EMT and MET

(A, B) Venn diagrams showing unique and shared Lamin A/C interactors identified by IP-MS
in MCF7 vs. MCF7-TWISTI (A) and MDA-MB-231 vs. MDA-MB-231-GRHL?2 (B) cells. (C,
D) Gene Ontology (GO) pathway enrichment analysis of Lamin A/C interactors in MCF7 vs.
MCF7-TWISTI (C) and MDA-MB-231 vs. MDA-MB-231-GRHL?2 (D) cells, categorized by
molecular function and cellular process. (E, F) Representative STRING network analysis of
Lamin A/C interactors in MCF7 vs. MCF7-TWISTI (E) and MDA-MB-231 vs. MDA-MB-231-
GRHL?2 (F) cells. (G-1) Co-immunoprecipitation of Lamin A/C in MCF7 (G), MCF104 (H),
and MDA-MB-231 (1) cells upon EMT or MET induction, followed by immunoblotting for
EZH?2 and Lamin A/C. IgG serves as the isotype control and shows an approximately equal
amount of antibody is used for immunoprecipitation. (J, K) Proximity ligation assay (PLA)
detecting Lamin A/C-EZH?2 interaction in MCF7 (J) and MDA-MB-231 (K) cells upon EMT
or MET induction. PLA signal in red. Scale bar: 10 um. (L, M) Quantification of PLA signal
in MCF7 (L) and MDA-MB-231 (M) cells. Data represent mean + S.D. from three independent
biological replicates. p-values calculated by one-way ANOVA. (N) Time-course analysis of
Lamin A/C-EZH?2 interaction, by immunoprecipitation of Lamin A/C in MCF10A cells during
EMT progression (12 h to 168h (7 days) post-TGF-) and MET recovery (5 days post-TGF-f
withdrawal (WD)), assessed by co-immunoprecipitation and immunoblotting. IgG serves as

the isotype control.
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4.2.2 Structural Basis of Lamin A/C—EZH?2 Interaction

To delineate the molecular interface mediating the Lamin A/C—EZH2 interaction, we adopted
a combined computational and experimental approach designed to identify and validate
specific residues involved in this protein—protein interaction. Recognizing the potential
complexity and specificity of nuclear interactions, we first employed the High Ambiguity
Driven protein—protein DOCKing (HADDOCK) platform—an advanced, information-driven
molecular docking tool that integrates experimental data, biochemical constraints, and
structural information into the docking process. HADDOCK is particularly well-suited for
analyzing transient and partially flexible interactions like those expected between nuclear
proteins involved in chromatin organization and transcriptional repression. By incorporating
our knowledge of conserved domain architecture and charge complementarity, our in-silico
modeling predicted a specific interaction interface between the N-terminal head domain of

Lamin A/C and the 130-150 aa of EZH2.

More specifically, the simulations identified residues Arg25 and Arg28 in Lamin A/C’s N-
terminal head as forming a potential electrostatic interface with acidic residues Asp136 and
Asp140 on EZH2. These residues lie within functionally conserved domains—the coil 1A
region of Lamin A and the non-catalytic domain of EZH2—suggesting not only structural
compatibility but also potential functional relevance. These computational predictions were
visualized using molecular modeling software and ranked based on binding energy scores and
interface residue contacts (Figure 4.7A). The predicted residues are situated in regions known
to remain solvent-accessible and structurally flexible, supporting their capacity to mediate

specific interactions under physiological conditions.

To experimentally validate these predictions, we designed a panel of deletion constructs for
both Lamin A/C and EZH2, carefully preserving their nuclear localization signals (NLS) to
ensure faithful subnuclear targeting. These constructs were expressed in HEK293T cells, a
system chosen for its high transfection efficiency and suitability for biochemical co-
immunoprecipitation (Co-IP) assays. Lamin A was tagged with GFP to allow fluorescence-
based tracking and immunoprecipitation, while EZH2 constructs were FLAG-tagged for

reciprocal pull-downs.

Initial Co-IP experiments using full-length GFP-Lamin A and a series of FLAG-tagged EZH2

deletion mutants revealed that the central domain of EZH2, specifically the region spanning
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Ala301-Ala500, was necessary and sufficient for interaction with Lamin A (Figure 4.7C). This
region encompasses part of the pre-SET and SET domains of EZH2, which are known to
mediate interactions with nucleosomal substrates and regulatory partners. To confirm the
reciprocal nature of this binding, we performed reverse Co-IP using FLAG-EZH2 and a panel
of Lamin A truncation mutants. These experiments pinpointed the N-terminal head domain of
Lamin A (amino acids 1-70) as the critical region mediating interaction with EZH2 (Figure

4.7B).

Together, these results confirm a stable and specific interaction between Lamin A/C and EZH2,
mediated through structurally defined and conserved domains. This interaction provides a
mechanistic basis for the previously observed colocalization of Lamin A/C and EZH2 at the
nuclear periphery and supports the notion that Lamin A/C may serve as a structural scaffold
for epigenetic regulators. Given EZH2’s role as the catalytic subunit of the Polycomb
Repressive Complex 2 (PRC2), which deposits the transcriptionally repressive H3K27me3
mark, our findings raise the possibility that Lamin A/C facilitates the spatial sequestration or
targeting of PRC2 to specific heterochromatic regions. This interface thus represents a
convergence point between nuclear architecture and epigenetic silencing, with potential

implications for regulating gene expression during EMT/MET and in cancer-associated

phenotypic plasticity.
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Figure 4.7: (A) HADDOCK docking model of the Lamin A—EZH2 complex, highlighting
interactions between aspartate residues in EZH2 (D136, D140) and arginine residues in Lamin
A (R25, R28) (B) Co-immunoprecipitation of FLAG in HEK293T cells co-transfected with full-
length EZH2-FLAG and Lamin A-GFP deletion mutants (AHead 1-29, ARod 31-387, AlgG
428-549, ATail 550-664 of Lamin A). (C) Co-immunoprecipitation of GFP in HEK293T cells
co-transfected with full-length Lamin A-GFP and EZH2-FLAG deletion mutants (A1-300,
A301-500, A501-746 of EZH?2).
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Interaction with other PRC2 components

Among key regulators of transcriptional repression, the Polycomb Repressive Complex 2
(PRC2) plays a central role by catalyzing trimethylation of histone H3 at lysine 27
(H3K27me3) through its catalytic subunit EZH2, in conjunction with the structural components
SUZ12 and EED (Heaphy et al., 2011; Coschi et al., 2014). Given the emerging evidence that
Lamin A/C and PRC2 components may converge at repressive chromatin domains (Celeste et
al., 2002; Chin et al., 2006), we sought to determine whether Lamin A/C interacts with PRC2
components beyond EZH2, which we had previously shown to associate with Lamin A/C

(Figure 4.6G-I).

To address this, co-immunoprecipitation assays were performed using nuclear extracts from
MCF10A cells under basal epithelial conditions. Lamin A/C was immunoprecipitated, and the
presence of core PRC2 components EZH2, SUZ12, and EED in the immunoprecipitates was
assessed by immunoblotting. The results revealed a specific and robust interaction between
Lamin A/C and EZH2, while no detectable association was observed with SUZ12 or EED.
These findings indicate that Lamin A/C selectively interacts with the catalytic subunit of PRC2,
rather than forming a complex with the complete PRC2 machinery. This selective interaction
suggests that Lamin A/C may influence EZH2 function independently of its canonical PRC2
activity, potentially modulating EZH2 localization or stability at the nuclear periphery
(Margueron et al., 2008; H. Kang et al., 2019) (Figure 4.8A).

To further probe whether the integrity of the PRC2 complex is maintained during epithelial—
mesenchymal transition (EMT), we performed reciprocal co-immunoprecipitation experiments
in MCF10A cells treated with TGF-B to induce EMT. EZH2 was immunoprecipitated, and the
association with SUZ12 and EED was examined. Despite EMT induction, EZH2 remained
tightly associated with SUZ12 and EED, confirming that the PRC2 complex remains intact
under these conditions. This observation indicates that the Lamin A/C—EZH?2 interaction is
independent of the canonical PRC2 assembly, further supporting the notion of a distinct Lamin
A/C-EZH2 module that may function separately from the established PRC2 complex (Figure
4.8B).

Taken together, these results suggest that Lamin A/C forms a specific, independent association
with EZH2, without engaging other core PRC2 components. This interaction likely represents

a mechanism through which Lamin A/C contributes to the establishment of repressive
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chromatin domains at the nuclear periphery, potentially modulating gene expression programs
associated with epithelial-mesenchymal plasticity. By selectively engaging EZH2, Lamin A/C
may act as a spatial organizer of repressive chromatin, coordinating nuclear architecture with

epigenetic regulation during cellular transitions.

Interaction of Lamin A/C with PRC2 complex
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Figure 4.8: Lamin—chromatin regulator interactions

(A) ColP of Lamin A/C in MCF10A cells induced to undergo EMT by TGF-f treatment,
followed by IB for PRC2 subunits EED and SUZI12. (B) ColP of EZH2 in MCF10A cells
induced to undergo EMT by TGF-f treatment, followed by IB for PRC2 subunits EED and
SUZI2.
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4.2.3 Phosphorylation-Dependent Modulation by CDK1

Having identified the structural interface mediating the Lamin A/C—EZH2 interaction, we next
sought to elucidate the regulatory mechanisms governing the stability and dynamics of this
complex. Protein—protein interactions within the nucleus are often modulated by post-
translational modifications, which can influence binding affinity, complex formation,
subcellular localization, and protein turnover. Among these, phosphorylation stands out as a
highly versatile regulatory mechanism that responds rapidly to cellular cues and controls

numerous processes, including cell cycle progression, transcription, and chromatin remodeling.

Sequence analysis of both Lamin A/C and EZH2 revealed multiple conserved consensus motifs
for Cyclin-Dependent Kinase 1 (CDK1), a serine/threonine kinase that plays a central role in
cell cycle regulation and mitotic entry. Specifically, Ser22 on Lamin A/C and Thr345 on EZH2
were found within high-confidence CDK1 consensus sequences (Figure 4.9A), prompting the
hypothesis that CDK1-mediated phosphorylation might modulate the Lamin A/C-EZH2

complex.

To explore this hypothesis, we performed immunoprecipitation followed by mass spectrometry
(IP-MS) to identify kinases co-precipitating with Lamin A/C in mesenchymal-like cellular
models. Using Twistl-overexpressing MCF7 cells and untreated MDA-MB-231 cells—both
of which exhibit strong mesenchymal characteristics—we consistently detected strong
enrichment of CDK1 within Lamin A/C-associated protein complexes. This finding suggested
a functional interaction between CDK1 and Lamin A/C during EMT, possibly influencing its
interaction with EZH2 (Figures 4.9B-D).

To validate and spatially resolve this interaction in situ, we employed Proximity Ligation Assay
(PLA) in MCF10A cells undergoing TGF-B-induced EMT. This highly sensitive technique
confirmed a significant increase in the Lamin A/C-phospho-CDKI1 (T161) interaction
following EMT induction (Figures 4.9E), indicating that CDK1 activity is spatially coupled
with Lamin A/C in cells undergoing phenotypic plasticity.

Further support for this model came from Co-IP experiments performed across a panel of breast
cancer cell lines (MCF7, MCF10A, and MDA-MB-231) with varying degrees of epithelial or
mesenchymal traits. These assays showed that CDK1 physically associates with Lamin A/C
predominantly in mesenchymal-like cells, while this interaction is significantly diminished in

epithelial cells or in those undergoing MET (Figures 4.9B-D).
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To assess the phosphorylation status of relevant residues, we performed western blot analysis
using phospho-specific antibodies. EMT induction consistently led to elevated levels of
phospho-CDK1 (T161), phospho-Lamin A/C (S22), and phospho-EZH2 (T345), indicating
enhanced CDK1 kinase activity during the transition to a mesenchymal state. Quantitative
densitometric analysis revealed significantly increased ratios of pLMNA(S22)/LMNA and
pEZH2(T345)/EZH2 during EMT compared to control or MET conditions (Figures 4.91-4.9L).
This coordinated phosphorylation pattern correlated negatively with Lamin A/C—-EZH2
complex formation, suggesting a mechanistic model wherein CDKI-dependent

phosphorylation at these key regulatory residues disrupts their interaction.

Taken together, these results provide compelling evidence that CDKI1 acts as a post-
translational regulator of the Lamin A/C-EZH?2 complex. The phosphorylation of Lamin A/C
at Ser22 and EZH2 at Thr345 likely introduces structural or electrostatic changes that reduce
their binding affinity, thereby disassembling the nuclear complex. This mechanism may serve
as a molecular switch to modulate chromatin-associated repression complexes during EMT,
promoting transcriptional reprogramming and phenotypic plasticity. These findings add a
crucial layer of regulatory insight into the nuclear architecture—epigenetic interface and

underscore the importance of kinase signaling in modulating epithelial-mesenchymal
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Figure 4.9: Phosphorylation of Lamin A/C-EZH?2 by pCDK1
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(A) Schematic representation of pCDK1 (T161)-mediated phosphorylation sites (amino acids
in the interacting domain, with phosphorylation-sensitive residues marked in red) on Lamin
A/C and EZH2. (B-D) Co-immunoprecipitation of Lamin A/C following (B) Twistl-mediated
EMT induction in MCF7, (C) TGF-f-mediated EMT induction in MCF10A, and (D) GRHL2-
mediated MET induction in MDA-MB-231. Immunoprecipitates were analysed for Cyclin Bl
and pCDK1 (T161). Experiments were performed in three independent biological replicates.
(E) Proximity ligation assay (PLA) detecting Lamin A/C—pCDKI(T161) interaction in
MCF10A cells treated with 10 ng/mL TGF-p for 7 days. Scale bar, ~10 um. (F) PLA detecting
Lamin A/C-EZH?2 interaction in MCF10A cells treated with DMSO or 10 uM RO3306 for 18
h in the presence or absence of TGF-p for 7 days. Scale bar, ~10 um. (G, H) Immunoblot
analysis of phosphorylated EZH?2 (T345), Lamin A/C (S§22), and CDKI1 (T161) following (G)
EMTin MCF7 and (H) MET in MDA-MB-231. (I, J) Quantification of pEZH2:EZH2, pLMNA:
LMNA, and pCDK1:CDK] ratios in (I) MCF'7 following EMT and (J) MDA-MB-231 following

MET. Data are from three independent biological replicates.
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4.2.4 Functional Rescue of Lamin A/C—EZH2 Interaction by CDK1 Inhibition

To evaluate the functional consequences of CDK1-mediated phosphorylation on the interaction
between Lamin A/C and EZH2, we pharmacologically inhibited CDK1 activity in the context
of epithelial-mesenchymal transition (EMT). Given our earlier findings that phosphorylation
at specific residues (Lamin A/C Ser22 and EZH2 Thr345) disrupts their interaction and that
these modifications are upregulated during EMT, we hypothesized that inhibiting CDK1 would
stabilize the Lamin A/C-EZH2 complex and potentially restrain EMT progression.

We employed RO-3306, a selective small-molecule inhibitor of CDK1, to test this hypothesis
in a controlled EMT model. MCF10A cells were first treated with TGF-B for 150 hours to
induce EMT, a condition that results in robust mesenchymal reprogramming characterized by
loss of epithelial traits and upregulation of EMT-associated transcription factors. After EMT
induction, the cells were treated with RO-3306 (10 uM) for 18 hours to inhibit CDK1 activity.
Proximity Ligation Assay (PLA) was then performed to assess the in situ proximity between

Lamin A/C and EZH2, which serves as a readout for complex formation.

Strikingly, CDK1 inhibition led to a dramatic restoration of the Lamin A/C—EZH?2 interaction.
Quantitative analysis of PLA signal intensity revealed nearly a 10-fold increase in the number
of PLA puncta in RO-3306—treated cells compared to TGF-B-only controls (Figure 4.9E and
F). This result strongly supports the conclusion that CDK1 activity is a negative regulator of
the Lamin A/C—EZH2 complex. The rapid and robust recovery of the PLA signal following
CDK1 inhibition also implies that this regulatory mechanism is reversible and dynamic,

allowing cells to modulate chromatin-associated interactions in response to kinase signaling.

We next sought to determine whether disruption of CDKI activity would also affect the
progression of EMT at the molecular level (Schematic representation in Figure 4.10A). To this
end, we analyzed the expression of canonical EMT markers by immunoblotting and
immunofluorescence. As expected, TGF-B-treated MCF10A cells showed strong induction of
mesenchymal transcription factors ZEB1, SNAI1, and TWISTI, along with a pronounced
increase in Vimentin protein levels. Concomitantly, E-cadherin, a hallmark epithelial marker,
was markedly downregulated, consistent with EMT induction. However, upon treatment with
RO-3306, there was a substantial reversal of these changes: the expression levels of ZEBI,

SNAII, and TWIST1 were significantly reduced, and Vimentin protein levels declined.
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Notably, E-cadherin expression was either maintained at basal levels or modestly upregulated,

suggesting a partial reversal of EMT (Figures: 4.10C, 4.10E and 4.10K).

To assess the generalizability of this effect, we extended the analysis to a second EMT model
using Twistl-overexpressing MCF7 cells. Similar to the results observed in MCF10A cells,
inhibition of CDK1 in this model resulted in a suppression of mesenchymal phenotypes. Cells
exhibited decreased expression of mesenchymal markers and showed partial reversion to
epithelial-like morphology (4Figures: 4.10B, 4.10D, and 4.10F). These findings confirm that
the effects of CDKI1 inhibition are not restricted to a single model system but rather reflect a

broader regulatory role for CDK1 in maintaining EMT-associated transcriptional programs.

Taken together, these results establish a direct functional link between CDK1 activity and the
stability of the Lamin A/C-EZH2 complex. By phosphorylating key residues on both
interaction partners, CDK1 disrupts the complex, thereby allowing chromatin reorganization
and transcriptional reprogramming required for EMT. Inhibiting CDKI1 restores the Lamin
A/C-EZH?2 interaction and attenuates mesenchymal gene expression, effectively countering
EMT progression. These findings point to CDK1 not only as a cell cycle regulator but also as
a critical modulator of nuclear structure—epigenetic interactions and epithelial-mesenchymal
plasticity. This insight could have significant implications for therapeutic strategies aimed at

halting metastasis by targeting EMT at the level of nuclear architecture.
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Figure 4.10: (A) Schematic representation of the methodology of RO3306 and MGI32
experiment in MCF'7 cells. (B) Immunofluorescence of MCF'7 cells transiently transfected with
pEGFP-NI or Twistl-GFP and treated with 10uM RO3306 for 18 hours. E-cadherin or
Vimentin stained in red. Scale bar, ~10 um. (C) Immunofluorescence assay of MCF10A cells
to check the effect of RO3306 on EMT. E-Cadherin is stained in green and Vimentin in red.
Nucleus is visualized by DAPI (blue). Scale bar ~ 10um. (D) Immunoblotting for EMT markers
in MCF7 treated with RO3306 and Twistl-GFP in MCF?7. (E) Immunoblotting to check the
effect of RO3306 on EMT markers in the presence and absence of 10ng/mL TGF-p. (F)
Quantification for the data in (B). (G) Quantification for the data in (C).

4.2.5 Role of EZH2 Degradation in Disrupting the Interaction

CDKI1 has previously been reported to phosphorylate EZH2 at Thr345, a post-translational
modification that serves as a recognition cue for ubiquitin ligases, thereby targeting EZH2 for

proteasomal degradation. This regulatory axis is particularly relevant in proliferative and
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differentiation contexts where precise control of epigenetic silencing is required. In the context
of epithelial-mesenchymal transition (EMT), where EZH2 plays a key role in reinforcing
transcriptional repression of mesenchymal genes via H3K27 trimethylation, the
phosphorylation-dependent degradation of EZH2 may serve to loosen repressive chromatin

constraints and promote mesenchymal reprogramming.

To investigate whether CDK1-mediated degradation of EZH2 contributes to the disruption of
the Lamin A/C—EZH?2 interaction during EMT, we pharmacologically inhibited proteasomal
activity using MG132, a potent and reversible proteasome inhibitor. TGF-B-treated MCF10A
cells—undergoing robust EMT—were exposed to MG132 at a concentration of 1 uM for 18
hours. Following treatment, immunofluorescence staining was performed to assess the

subnuclear distribution and colocalization of Lamin A/C and EZH2.

Remarkably, MG132 treatment restored the proximity of Lamin A/C and EZH2 in TGF-B-
treated cells, as evidenced by enhanced nuclear colocalization (Figure 4.11A). In untreated
EMT conditions, EZH2 staining appeared more diffuse, consistent with degradation, whereas
MG132-exposed cells exhibited distinct perinuclear colocalization with Lamin A/C, similar to
patterns observed in epithelial states. This observation strongly supports the model wherein
proteasomal degradation of EZH2—triggered by CDK1-mediated phosphorylation—is a key
event that destabilizes the Lamin A/C—EZH2 complex during EMT.

To further probe the functional impact of EZH2 stabilization on EMT phenotypes, we
evaluated the expression of key epithelial and mesenchymal markers following MG132
treatment. TGF-B-treated MCF10A cells (and TWIST1 mediated EMT induction in MCF7)
demonstrated elevated expression of canonical mesenchymal markers such as Vimentin, ZEBI1,
and TWISTI, alongside downregulation of epithelial marker E-cadherin. However, upon
MG132 treatment, this gene expression profile was partially reversed: mesenchymal markers
declined, and epithelial features, including E-cadherin localization at cell—cell junctions, were
restored (Figure 4.11B-4.11F). These findings were corroborated by morphological changes,
wherein MG132-treated cells displayed more epithelial-like, cobblestone morphology
compared to the elongated and spindle-shaped appearance typical of EMT-induced cells.

The partial reversal of EMT upon EZH2 stabilization suggests that the degradation of EZH2 is
not merely a downstream consequence of EMT but may actively drive the transition by

dismantling chromatin-based repression mechanisms that maintain epithelial identity. Since
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EZH?2 is the catalytic subunit of the Polycomb Repressive Complex 2 (PRC2), its degradation
would impair global H3K27me3 deposition, leading to transcriptional derepression of genes

promoting mesenchymal states or inhibiting epithelial programs.

Collectively, these results reveal a multi-tiered regulatory mechanism wherein CDK1 not only
phosphorylates Lamin A/C and EZH2 to disrupt their interaction directly but also induces
proteasomal degradation of EZH2 to reinforce this dissociation. By destabilizing the Lamin
A/C-EZH2 complex, CDKI1 facilitates chromatin remodeling and transcriptional
reprogramming necessary for EMT progression. Importantly, inhibition of the proteasome is
sufficient to restore this interaction and partially revert EMT, highlighting a novel axis of

epigenetic regulation that couples nuclear architecture with proteostasis and kinase signaling.

These findings further position the Lamin A/C-EZH2 interaction as a critical node in
controlling cellular plasticity and underscore the potential of targeting the CDKI1-EZH2-

proteasome axis for modulating EMT in cancer therapy.
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Figure 4.11: (A) Immunofluorescence and quantification of colocalized voxels and Mander’s
coefficient for Lamin A/C (Red) and EZH2(Green) in MCF10A cells + TGF-p and 1 uM
MG132. (B) Immunoblotting for EMT markers in MCF7 cells treated with MG 132 and Twist -
GFP in MCF?7. (C) Immunofluorescence of MCF7 cells treated with MG132 and transiently
overexpressing hTWISTI1-GFP and stained for E-cadherin and Vimentin (red). Scale bar, ~10
um. (D) Immunofluorescence assay of MCF10A cells to check the effect of MG132 on EMT. E-
Cadherin is stained in green and Vimentin in red. Nucleus is visualized by DAPI (blue). Scale
bar ~ 10um. (E) Quantification of the data in (C). (F) Quantification of the data in (D).
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4.2.6 Dissecting the Role of CDK1 Activity Versus Cell Cycle Phase

Given that CDK1 is a mitotic kinase activated during G2/M transition, we questioned whether
EMT-associated CDK1 functions are due to its enzymatic activity or merely reflect G2/M cell
cycle accumulation. FACS analysis demonstrated that EMT induction increased the G2/M
population by ~30%, whereas MET induction via GRHL2 overexpression decreased G2/M
occupancy (Figure 4.12A).

To decouple CDKI1 activity from G2/M accumulation, we used nocodazole (10 uM, 18 h) to
arrest Twistl-overexpressing MCF7 cells in G2/M without inhibiting CDKI1 activity.
Nocodazole treatment failed to alter EMT markers, suggesting that G2/M accumulation alone
is insufficient to impact EMT progression (Figures 4.12B and 4.12C). Thus, CDK1 kinase

activity, not cell cycle phase, is necessary for EMT.

In summary, our study uncovers a critical regulatory axis involving Lamin A/C, EZH2, and

CDK1 that governs EMT progression in breast epithelial cells. The key insights are:

1. Lamin A/C and EZH2 form a direct complex via their conserved structural domains.

2. CDKI phosphorylates Lamin A/C and EZH?2 at specific sites, weakening their
interaction.

3. Phosphorylation of EZH2 by CDKI1 targets it for proteasomal degradation.

4. Dissociation of Lamin A/C-EZH2 complex alters chromatin structure and gene
expression patterns to favor EMT.

5. CDKI1 inhibition restores Lamin A/C-EZH?2 interaction and suppresses EMT,
offering potential therapeutic avenues.

6. CDKI1 enzymatic activity, rather than cell cycle phase alone, is essential for these

Processes.

These findings highlight the convergence of nuclear structural components and epigenetic
regulators under the control of cell cycle kinases in modulating dynamic cell state transitions.
Targeting this axis may serve as a novel strategy to counteract EMT-driven metastasis in breast

cancer and other malignancies.
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Figure 4.12: (A) FACS histogram showing cell cycle distribution following EMT (MCF7,
MCF104) and MET (MDA-MB-231). (B) Immunoblot analysis of EMT markers in MCF'7 cells
overexpressing TWISTI with G2/M arrest induced by 10 uM nocodazole for 18 h (N=1). (C)

Quantification for the data in (B).
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Epithelial-mesenchymal transition (EMT) is closely intertwined with cell cycle dynamics, as
progression through specific cell cycle phases may be required to coordinate chromatin
remodeling, transcriptional reprogramming, and cytoskeletal reorganization. Previous studies
have reported varying effects of EMT on cell cycle distribution. For instance, Vega et al., 2004
observed that EMT in MDCK cells was accompanied by a reduction in Cyclin D1 levels and
accumulation of cells in G1 phase, but they did not detect an enrichment in G2/M. This finding
highlights the potential context dependence of cell cycle regulation during EMT, which may
vary according to cell type and EMT subtype.

To systematically investigate the impact of EMT on the cell cycle in breast epithelial cells, we
performed a double-thymidine block and release experiment in MCF10A cells, followed by
EMT induction using TGF-B. In contrast to the observations reported by Vega et al., we found
that Cyclin D1 levels remained largely unaltered following EMT induction, indicating that
G1/S progression was not impaired. Notably, Cyclin Bl expression was substantially
upregulated, with approximately a 25-fold increase at the mRNA level and ~15-fold increase
at the protein level in mesenchymal cells. These results suggest an accumulation of cells in

G2/M rather than G1 (Figure 4.13A and B).

To complement these molecular analyses, we performed flow cytometry, which revealed a ~3-
fold increase in the G2/M fraction in TGF-B—treated MCF10A cells compared to controls.
BrdU incorporation assays demonstrated comparable DNA synthesis between untreated and
treated cells, further ruling out a G1/S block. Together, these data indicate that EMT induction
is not associated with G1/S arrest but instead promotes accumulation of cells in the G2 phase

of the cell cycle (Figure 4.13C and D).

To more precisely define the stage of accumulation within G2/M, we assessed phosphorylation
of histone H3 at serine 10 (H3S10p), a marker of late mitosis. Two complementary approaches
were used: (1) immunofluorescence in unsynchronized populations revealed that the fraction of
H3S10p-positive cells dropped dramatically from ~19% in untreated cells to ~0.67% in TGF-
B-treated cells; (i1)) western blotting of synchronized, FACS-sorted G2/M populations
confirmed a marked reduction in total H3S10p signal in mesenchymal cells. This pattern, when
considered alongside elevated Cyclin B1 and pCDK1(T161) levels, unchanged Cyclin D1 after
release from thymidine block, and unchanged BrdU incorporation, strongly indicates that EMT
induces accumulation in either late S or early G2, rather than G1/S or late mitosis (Figure

4.13E-G).
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These findings are consistent with previous reports suggesting that EMT-inducing transcription
factors, including TWIST1 and SNAII, can promote a G2/M delay to facilitate cellular
reprogramming (Lee et al., 2010; Laberge et al., 2015). We propose that the apparent
discrepancy with Vega et al. likely reflects differences in cellular context and EMT subtype:
Vega et al. studied Type 1 EMT in MDCK cells and neural plate development in mouse
embryos, whereas our study examines Type 3 EMT in human breast epithelial cells (Kalluri

and Weinberg, 2009).

In summary, EMT induction in MCF10A cells is characterized by an enrichment in early G2,
associated with active CDK1 signaling. This cell cycle context may provide a permissive
environment for Lamin A/C-EZH?2 dissociation, nuclear envelope remodeling, and chromatin
reorganization, thereby facilitating the transcriptional and structural changes required for the
mesenchymal phenotype. These observations underscore the close interdependence of cell

cycle dynamics and EMT-associated nuclear reprogramming.

EMT Involves Cell Cycle Stalling at Early G2 Phase
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Figure 4.13: TGFf treatment induces cell cycle arrest and inhibits cell proliferation in
MCFI10A cells. (4) Western blot analysis and quantification of Cyclin Bl and Cyclin DI
expression in MCF10A cells in the presence and absence of TGFp. Tubulin serves as a loading
control; bar graphs represent normalized protein levels (mean = SD, n=3). (B) RT-PCR
showing normalized mRNA levels of CCNB1 and CCND1 in the presence and absence of TGFf
(mean + SD, n=3). (C) Flow cytometry analysis of DNA content to assess cell cycle phases,
comparing untreated (UT) and TGFp-treated cells. (D) Quantification of cell population
distribution in G1, S, and G2/M phases following TGFp treatment (mean + SD, n=3). (E)

Representative immunofluorescence images and quantification of %cells that are BrdU-
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positive and BrdU-negative upon EMT induction by TGFp. Phalloidin stains the actin
cytoskeleton, and DAPI stains nuclei. Scale bar ~I10um (F) Immunofluorescence and
quantification of %cells that are positive for H3S10 phosphorylation upon TGFp treatment.
(G) Western blot analysis and quantification of H3S10p levels from FACS-sorted G2 cells in
MCF10A4 cells treated with TGF} (mean + SD, n=3). (H) Western blot for pCDK1 (T161) and
total CDK1 with quantification upon EMT in MCF10A cells. Data are expressed as mean +

SD from triplicate experiments, statistical significance was determined using Student’s t-test.
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4.2.7 pCDK1(T161): An Intermediate Player in EMT Progression in Breast Cancer Cells

We observed a notable increase in phosphorylated CDK1 at threonine 161 [pCDKI1(T161)]
levels during epithelial-mesenchymal transition (EMT), which was reversed upon
mesenchymal—epithelial transition (MET). This observation prompted us to investigate the
significance of elevated pCDKI levels during EMT. Given that CDK1 activity is tightly
regulated by Cyclin B1 (CCNBI1), we assessed CCNBI1 transcript and protein levels during
EMT and MET. Both mRNA and protein levels of CCNB1 were upregulated during EMT and
decreased upon MET, mirroring the pattern observed for pCDK1 (Figure 4.9G-I).

To explore the mechanism underlying transcriptional upregulation of CCNB1 during EMT, we
used ChIP-Atlas to identify potential transcription factors that may bind to the CCNBI1
promoter within the -1 kb region. This analysis revealed a putative TWIST1 binding site at the
-108 position of the CCNBI1 promoter, consistent with prior studies implicating TWIST1 in
CCNBI regulation (Kwok et al., 2007).

To test whether TWIST1 directly regulates CCNB1 transcription and thereby influences CDK1
activation, we overexpressed TWIST1 in the presence of SIS3, an inhibitor of Smad3
phosphorylation and TGF signaling. TWIST1 overexpression was able to rescue the inhibition
of TGFp signaling by SIS3, confirming that TWIST1 can bypass the requirement for Smad3
phosphorylation in promoting EMT. This result suggests that TWIST1 exerts its effects by
directly binding DNA and regulating the transcription of downstream genes (Figure 4.14A-C).

We then validated TWIST1 binding to the CCNB1 promoter using ChIP-PCR. Further, ChIP
assays revealed increased occupancy of transcriptional elongation marks H3K36me3 and RNA
Polymerase II (Ser2p) at the +1 kb transcription start site of CCNB1 upon TWISTI

overexpression, confirming transcriptional activation.

To directly test the functional relevance of TWIST1 binding to the CCNBI1 promoter, we
generated CRISPR-based indels specifically at the TWIST1 binding site (-108) on the CCNB1
promoter, while leaving TWIST1 binding at other genomic sites intact. ChIP-PCR confirmed
loss of TWIST1 binding at this specific site. When these CRISPR-edited MCF10A cells were
treated with TGFp, they failed to undergo EMT — mesenchymal markers were not
upregulated, and epithelial markers remained unchanged — unlike wild-type MCF10A cells,
which responded with canonical EMT marker shifts. These results underscore the critical role

of TWIST1-mediated CCNBI transcription in EMT induction (Figure 4.14D).
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Curious about the upstream regulation of TWISTI1, particularly its early activation during
EMT, we performed promoter motif analysis and identified a Smad Binding Element (SBE)
within the TWIST1 promoter, suggesting regulation by phosphorylated Smad3. Using
CRISPR, we introduced indels at the Smad3 binding site of the TWIST1 promoter. These cells
failed to upregulate TWIST1, CCNBI, or pCDKI1 in response to TGFp, indicating that Smad3
directly activates TWIST1 transcription, which in turn governs downstream CCNBI and

CDK1 activity (Figure 4.14E).

To delineate the signaling cascade, we treated MCF10A cells with either SIS3 (Smad3
inhibitor) or RO3306 (CDKI inhibitor), followed by TGFP stimulation. Both inhibitors
abrogated EMT induction. Interestingly, Twist] levels remained elevated upon TGF treatment
in RO3306-treated cells, whereas SIS3-treated cells did not upregulate Twistl. This confirms
that TWIST1 activation occurs upstream of CCNBI transcription and CDK1 activation, and
that Smad3 phosphorylation is essential for Twist] induction (Figure 4.14A).
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Figure 4.14: Mechanistic Insights into Chromatin-Mediated Regulation of EMT via Lamin
A-EZH?2 Interaction

(A) Immunoblotting analysis of epithelial-mesenchymal (EM) markers in MCF104 cells to
dissect upstream and downstream events leading to the disruption of the Lamin A—EZH?2
interaction during EMT. Cells were treated with CDKI inhibitor RO-3306 and Smad3
phosphorylation inhibitor SIS3 to assess their respective roles. (B) Functional assessment of

Twistl and a DNA-binding deficient mutant, Twistl(AbHLH), in rescuing EMT progression
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under TGF-p signaling. The assay demonstrates that chromatin binding of Twistl is essential
for EMT advancement. (C) CRISPR-based mutants targeting Smad3 binding sites on the Twist1
promoter and Twistl binding sites on the CCNBI promoter were generated to delineate
transcriptional regulatory dependencies in EMT progression. (D, E) ChIP-qPCR validating

the genomic promoter mutation in (D) Smad3 binding site in Twistl promoter (SBM/T) (E)
Twistl binding site in CCNB1 promoter (TBM)
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4.2.8 Preservation of Lamin A/C-EZH2 Interaction Following Disruption of Twistl—
CCNBI1 and Smad3-Twistl Promoter Binding

In the preceding section, we demonstrated that targeted CRISPR—Cas9-mediated indels
disrupting Twist1 binding at the CCNB1 promoter and Smad3 binding at the TWIST1 promoter
markedly attenuated EMT-associated phenotypes in MCF10A cells, despite sustained exposure
to TGF-B. These results indicate that canonical TGF-f signaling alone is insufficient to drive a
complete EMT program in the absence of intact transcription factor—promoter interactions
within the Smad3-Twistl—cell cycle regulatory axis. Thus, perturbation of these key
transcriptional nodes functionally uncouples upstream TGF- signaling from its downstream
transcriptional and phenotypic outputs. Given our earlier observations that TGF-B-induced
EMT is accompanied by disruption of the Lamin A/C-EZH2 complex, we next investigated
whether such promoter-specific disruptions also influence the status of the Lamin A/C-EZH2

interaction.

To directly address this question, we assessed Lamin A/C—EZH2 proximity using proximity
ligation assay (PLA) in MCF10A cells harboring CRISPR-induced indels at either (i) the
Twistl binding site within the CCNBI1 promoter or (ii) the Smad3 binding site within the
TWIST1 promoter. In control cells, TGF-f3 treatment led to a pronounced reduction in Lamin
A/C—EZH2 PLA signal, consistent with dissociation of this complex during EMT progression.
In striking contrast, cells bearing indels at either regulatory locus retained robust Lamin A/C—
EZH?2 proximity following TGF-B exposure. This preservation of interaction was reproducible
and comparable across both genetic perturbations, indicating that disruption of Twist1-CCNB1
or Smad3-Twistl promoter engagement is sufficient to block the TGF-f—dependent
disassembly of the Lamin A/C-EZH2 complex (Figure 4.15).

These findings suggest that loss of Lamin A/C—EZH?2 interaction is not a direct or inevitable
consequence of TGF-f receptor activation, but rather depends on the successful execution of
specific transcriptional programs downstream of Smad3 and Twistl. Intact Smad3 occupancy
at the TWIST1 promoter and Twistl binding at the CCNB1 promoter appear to act as critical
molecular checkpoints that link extracellular TGF-B signaling to nuclear architectural
remodeling. When these promoter-level interactions are disrupted, Lamin A/C remains stably
associated with EZH2, implying that the Lamin—PRC2 regulatory module becomes refractory

to upstream EMT-inducing signals.
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Importantly, the maintenance of Lamin A/C-EZH2 proximity in these CRISPR-edited cells
occurs in a context where EMT progression is attenuated, underscoring a close relationship
between transcriptional state and epigenetic organization. This observation supports a model
in which Lamin A/C-EZH2 dissociation is contingent upon productive transcriptional
reprogramming rather than serving as a purely upstream driver of EMT. At the same time, it
highlights a mechanistic separation between partial EMT-related responses and the broader

chromatin reconfiguration typically associated with a complete EMT.

Collectively, these data position the Lamin A/C-EZH?2 interaction as a sensitive integrator of
transcriptional competence within the TGF-B—Twist1 signaling network. Rather than acting as
a passive responder to extracellular cues, the Lamin A/C—dependent chromatin scaffold
appears to sense and respond to the integrity of specific transcription factor—promoter
interactions. Disruption of these interactions effectively insulates nuclear architecture from
TGF-B—driven remodeling, reinforcing the concept that Lamin A/C-mediated chromatin
organization functions as a regulatory checkpoint that coordinates transcriptional control with

epigenetic state during EMT.
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Figure 4.15: Lamin A-EZH?2 Interaction in CRISPR Mutants Targeting Smad3 and Twist]
Regulatory Sites

Proximity ligation assay (PLA) illustrating Lamin A—EZH?2 interactions in MCF10A4 wild-type
cells, Smad3 binding site mutants on the Twistl promoter, and Twistl binding site mutants on
the CCNB1 promoter, under control conditions and upon TGF-p treatment. The assay reveals
the requirement of intact Smad3—Twistl and Twist]I-CCNBI transcriptional axes for

preserving the Lamin A—EZH? interaction
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4.2.9 Role of CDK1 phosphorylation in Lamin A and EZH2 phosphorylation and EMT

progression

Cellular plasticity during epithelial-mesenchymal transition (EMT) is orchestrated by a
complex interplay between transcriptional regulators, chromatin modifiers, and structural
components of the nucleus. Lamin A/C, a key component of the nuclear lamina, has emerged
as a critical regulator of chromatin organization and gene expression through its interactions
with epigenetic modulators such as EZH2, the catalytic subunit of the Polycomb Repressive
Complex 2 (PRC2). While Lamin A/C-EZH?2 interactions contribute to the maintenance of
repressive chromatin domains, the mechanisms regulating the stability of this complex during
EMT remain unclear. Given that EMT is tightly linked to cell cycle progression and that CDK1
is a central mitotic kinase known to phosphorylate nuclear and chromatin-associated proteins,
we hypothesized that CDK1-mediated phosphorylation could influence Lamin A/C-EZH2

association and thereby modulate EMT progression.

To test this hypothesis, we first investigated whether CDK1 activity directly affects the Lamin
A/C-EZH2 interaction. Co-immunoprecipitation assays were performed in MCF10A cells
arrested at the G1/S boundary using thymidine. Lamin A/C was immunoprecipitated from cells
expressing either wild-type CDKI1, a phosphomimetic mutant (T161D), or non-
phosphorylatable mutants. In thymidine-arrested cells expressing wild-type or non-
phosphorylatable CDK1, the Lamin A/C-EZH?2 interaction remained intact, indicating that
basal Lamin A/C-EZH?2 binding is stable in the absence of mitotic phosphorylation events. In
contrast, expression of the phosphomimetic CDK1 (T161D) mutant led to a clear disruption of
the Lamin A/C-EZH2 interaction (Figure 4.16B). These results demonstrate that CDK1-
mediated phosphorylation is sufficient to weaken or destabilize the Lamin A/C-EZH2
complex, likely by inducing conformational or post-translational changes in one or both

proteins that reduce their binding affinity.

Having established that CDK1 activity can modulate Lamin A/C-EZH2 stability, we next
assessed the functional consequences of this regulation on EMT progression. Thymidine-
arrested MCF10A cells failed to undergo EMT upon TGF-B treatment, as evidenced by the
retention of epithelial morphology and persistent expression of epithelial markers. This
observation underscores the requirement of cell cycle progression for effective EMT induction.
Remarkably, ectopic expression of the phosphomimetic CDK1 (T161D) mutant in thymidine-

arrested cells restored EMT progression, resulting in characteristic mesenchymal
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morphological changes, including spindle-like cell shape, loss of cell-cell adhesion, and
upregulation of mesenchymal markers. These findings indicate that CDK1 activity is not only
sufficient to disrupt the Lamin A/C-EZH2 complex but also capable of driving EMT even in
the context of cell cycle arrest (Figure 4.16A).

Taken together, these results provide compelling evidence that CDK1 serves as a key regulator
linking cell cycle progression, Lamin A/C—EZH2 dynamics, and EMT. The disruption of the
Lamin A/C—EZH2 interaction by CDK 1-mediated phosphorylation likely facilitates chromatin
reorganization required for the transcriptional programs underlying EMT. This mechanistic
connection highlights how post-translational modifications by cell cycle kinases can integrate
nuclear architecture, epigenetic regulation, and phenotypic plasticity in epithelial cells

undergoing mesenchymal transition.
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Figure 4.16. Effect of CDKI1 phosphomutants on EMT and Lamin A/C- EZH2 complex.

(A) MCF10A cells synchronized at the G1 phase by double thymidine block were treated with
10 ng/mL TGFp to induce EMT. The role of CDKI phosphorylation site mutants (T161A4,
T161D) was assessed by doxycycline-inducible overexpression in thymidine-arrested cells.
(B) Co-immunoprecipitation in GIl-synchronized MCF10A cells treated with TGFf and
overexpressing CDKI phosphomutants to validate the interaction of Lamin A/C with EZH?.
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4.2.10 Regulatory Role of Phosphorylation in Lamin A/C-EZH2 Interaction

Post-translational modifications, particularly phosphorylation, are crucial modulators of
protein—protein interactions, often influencing structural conformation, subcellular
localization, and complex formation. Phosphorylation of nuclear lamins is known to regulate
nuclear architecture and chromatin organization, both of which are fundamental processes in
EMT and MET. Given the central roles of Lamin A/C and EZH2 in chromatin dynamics and
transcriptional regulation, we hypothesized that phosphorylation at specific residues might
influence their mutual interaction and, consequently, impact cell state transitions during

EMT/MET.

Cyclin-Dependent Kinase 1 (CDK1) has been previously implicated in phosphorylating
nuclear lamins, thereby disrupting the nuclear lamina during mitosis and remodeling chromatin
structure. To explore whether CDK1-mediated phosphorylation modulates the Lamin A/C—
EZH2 interaction, we focused on two well-characterized phosphorylation sites: Serine 22 (S22)
on Lamin A/C and Threonine 345 (T345) on EZH2—both of which fall within CDKI

consensus motifs and are reported to regulate protein—protein interactions.

Since deletion experiments had revealed that the N-terminal head domain of Lamin A interacts
with amino acids 301-500 of EZH2, we systematically examined known CDKI target sites
within these regions. Site-directed mutagenesis (SDM) was performed for T19 and S22 in
Lamin A, and for T345, T350, and T487 in EZH2. Among these, only Lamin A (S22) showed
interaction with EZH2 (T345), while no detectable binding was observed for any of the other
phospho-site combinations. This selective interaction further justified focusing on the S22 and

T345 sites for downstream mechanistic studies.

To functionally dissect the roles of these residues, we generated phospho-deficient (S22A and
T345A) and phosphomimetic (S22D and T345D) mutants of Lamin A and EZH2, respectively.
To assess the influence of Lamin A/C phosphorylation, we engineered stable, doxycycline-
inducible Lamin A/C knockdown MCF7 cell lines, subsequently rescued with shRNA-resistant
constructs expressing either wild-type Lamin A, the phospho-deficient S22A variant, or the
phosphomimetic S22D variant, all tagged with GFP for selection and visualization. To ensure
uniform expression, GFP-positive cells were isolated via FACS. EMT was induced by transient
overexpression of TWIST1-GFP for ~48 hours, followed by G418 selection to enrich TWIST1-
expressing populations (Figure 4.17A). Co-immunoprecipitation (Co-IP) of Lamin A/C
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followed by immunoblotting for EZH2 revealed that both wild-type Lamin A and the S22A
mutant retained their ability to interact with EZH2, regardless of EMT induction. Conversely,
the S22D variant failed to interact with EZH2 under any condition. These results suggest that
phosphorylation at S22 of Lamin A/C disrupts its binding to EZH2, highlighting the

requirement for an unphosphorylated state to maintain this interaction (Figure 4.17C).

We next tested the generalizability of this finding in a MET context using MDA-MB-231 cells
overexpressing GRHL2. Stable cell lines expressing shRNA-resistant versions of full-length
Lamin A, S22A, or S22D were generated. Consistent with our observations in MCF7 cells, the
wild-type and S22A Lamin A variants displayed robust interaction with EZH2, whereas the
S22D phosphomimetic did not. This reinforces the notion that S22 phosphorylation
consistently inhibits Lamin A/C-EZH2 complex formation during both EMT and MET
transitions (Figure 4.17D).

To assess whether EZH2 phosphorylation independently regulates this interaction, we
generated phospho-deficient (T345A) and phosphomimetic (T345D) EZH2 mutants. Co-IP
experiments were conducted in both MCF7 (+ TWIST1) and MDA-MB-231 (+ GRHL2)
backgrounds. In both cell types, full-length EZH2 and the T345A variant retained strong
interactions with Lamin A/C, irrespective of cell state. However, the T345D phosphomimetic
mutant failed to interact with Lamin A/C, indicating that phosphorylation at T345 impairs
complex formation (Figures 4.17E, 4.17F).

To evaluate the combinatorial impact of phosphorylation on both Lamin A/C and EZH2
simultaneously, we performed co-transfection experiments using combinations of wild-type,
phospho-deficient, and phosphomimetic forms of Lamin A and EZH2, followed by co-
immunoprecipitation of FLAG-tagged EZH2 to assess binding efficiency. These experiments
revealed that the interaction between Lamin A and EZH2 was abolished if either protein was
expressed in its phosphomimetic form, regardless of the phosphorylation status of the other. In
other words, a single phosphorylation-mimicking mutation—either Lamin A(S22D) or
EZH2(T345D)—was sufficient to disrupt the interaction, underscoring the sensitivity of the

complex to phosphorylation at either site as seen by immunofluorescence assay (Figure 4.17G-

n.

Together, these findings demonstrate that phosphorylation at either Lamin A/C S22 or EZH2
T345 is sufficient to abrogate the Lamin A/C—EZH2 interaction. This highlights the
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phosphorylation status of both proteins as a pivotal determinant in regulating the formation of
this nuclear complex. These results support a model in which CDK 1-mediated phosphorylation
of either component leads to disassembly of the Lamin A/C-EZH2 complex, facilitating

chromatin reorganization and gene expression changes that drive EMT.
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Figure 4.17 Phosphorylation-dependent regulation of Lamin A/C—-EZH2 binding in
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epithelial-mesenchymal and mesenchymal-epithelial transitions

(A, B) Schematic representation of the workflow for generating stable cell lines with inducible
knockdown of Lamin A (A) or EZH2 (B), followed by rescue with wild-type (WT),
phosphodeficient, or phosphomimetic mutants. (C, D) Co-immunoprecipitation of Lamin A in
MCF7 and MDA-MB-231 cells after doxycycline-induced Lamin A/C depletion and rescue with
WT, phosphodeficient (S22A4), or phosphomimetic (S22D) Lamin A. TWISTI-GFP was
transiently overexpressed in MCF7 cells, and GRHL2-GFP was stably overexpressed in MDA-
MB-231 cells. (E, F) Co-immunoprecipitation of EZH?2 in MCF7 and MDA-MB-231 cells after
doxycycline-induced EZH?2 depletion and rescue with WT, phosphodeficient (T345A4), or
phosphomimetic (T345D) EZH2. TWISTI1-GFP was transiently overexpressed in MCF'7 cells,
and GRHL2-GFP was stably overexpressed in MDA-MB-231 cells. (G) Immunofluorescence
images of MCFI0A cells showing the extent of colocalization between Lamin A (WT,
phosphodeficient (S22A4), or phosphomimetic (S22D)) and EZH?2 in the presence or absence of
TGF-p. Lamin A-GFP is shown in green, and EZH? is stained in red. Scale bar, ~10 um. (H)
Immunofluorescence images of MCF10A cells showing the extent of colocalization between
EZH2 (WT, phosphodeficient (S22A4), or phosphomimetic (S22D)) and Lamin A in the presence
or absence of TGF-f. EZH? is stained in red, and Lamin A is shown in green. Scale bar, ~10
um. (I, J) Quantification of Lamin A and EZH?2 colocalization in MCF10A cells using Mander’s

coefficient.
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4.2.11 CDK1-Mediated Phosphorylation Reveals S22 of Lamin A and T34S5 of EZH2 as

the Dominant Determinants of Their Interaction

The nuclear lamina protein Lamin A/C plays a central role in chromatin organization and
transcriptional regulation through its interactions with multiple epigenetic regulators, including
Polycomb group proteins. Enhancer of zeste homolog 2 (EZH2), the catalytic subunit of the
Polycomb repressive complex 2 (PRC2), mediates transcriptional repression via trimethylation
of histone H3 at lysine 27 (H3K27me3) and has been widely implicated in epithelial—-
mesenchymal transition (EMT), cellular plasticity, and cancer progression (Margueron and
Reinberg, 2011; Kim and Roberts, 2016). Our earlier findings established a phosphorylation-
dependent interaction between Lamin A/C and EZH2, centred on Lamin A serine 22 (S22) and
EZH?2 threonine 345 (T345), and demonstrated that disruption of this interaction promotes

epithelial-mesenchymal plasticity.

Cyclin-dependent kinase 1 (CDK1) is a well-characterized mitotic kinase known to
phosphorylate both Lamin A/C and EZH2 at multiple residues, thereby regulating nuclear
envelope dynamics, chromatin association, and protein—protein interactions (Peter et al., 1990;
Wei et al.,, 2011). In addition to Lamin A S22 and EZH2 T345, several other CDKI1
phosphorylation sites have been reported, including Lamin A S19 and EZH2 T350 and T487
(Heald and McKeon, 1990; Kaneko et al., 2010). Given the clustering of these residues within
or proximal to the Lamin A—-EZH?2 interaction interface, it remained unclear whether multiple
CDK1-dependent phosphorylation events collectively regulate this interaction or whether a
single dominant site governs complex stability and downstream epithelial-mesenchymal (EM)

phenotypes.

To address this, we systematically interrogated the contribution of additional CDK1
phosphorylation sites on Lamin A and EZH2 using phosphodeficient and phosphomimetic
mutants, and assessed their impact on Lamin A—EZH?2 interaction and epithelial-mesenchymal

status in non-transformed mammary epithelial cells.

Deletion mapping experiments revealed that Lamin A interacts with EZH2 within the 301-500
amino acid region, while EZH2 preferentially associates with the N-terminal head domain of
Lamin A. Sequence analysis of these interacting regions highlighted multiple consensus CDK1
phosphorylation motifs on both proteins, suggesting potential multilayered phosphoregulation

of the Lamin A—-EZH2 complex.
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In addition to the previously characterized Lamin A S22 and EZH?2 T345 sites, we focused on
Lamin A S19 and EZH2 T350 and T487, all of which have been reported as bona fide CDK1
targets in existing literature. To examine their functional relevance, phosphodeficient (alanine
substitution) and phosphomimetic (aspartate substitution) mutants were generated for Lamin
A (S19A and S19D) and EZH2 (T350A/D and T487A/D). These constructs were individually
expressed in MCF10A cells, followed by co-immunoprecipitation assays to assess their ability

to interact with the endogenous binding partner.

Co-immunoprecipitation experiments using Lamin A as the bait demonstrated that the
phosphomimetic Lamin A S19D mutant retained robust interaction with EZH2, comparable to
Lamin A wild-type. In contrast, the phosphodeficient Lamin A S19A mutant failed to interact
with EZH2, even upon TGF-f stimulation. Notably, Lamin A wild-type maintained interaction
under basal conditions, consistent with previous observations. These results indicate that
phosphorylation status at S19 does not function as a regulatory switch for Lamin A—EZH2
interaction, and that loss of interaction observed under EMT-inducing conditions is not

phenocopied by S19 phosphomutation alone (Figure 4.18A).

Parallel analyses with EZH2 mutants yielded similar conclusions. Neither phosphodeficient
nor phosphomimetic mutations at EZH2 T350 altered its interaction with Lamin A under basal
conditions. However, TGF- treatment resulted in a marked loss of interaction for both T350A
and T350D mutants, whereas EZH2 wild-type retained its association with Lamin A under
identical conditions. An analogous pattern was observed for EZH2 T487A and T487D mutants,
which displayed no intrinsic defects in Lamin A binding but exhibited interaction loss

specifically upon TGF-f stimulation, in contrast to EZH2 wild-type (Figures 4.18B and C).

To determine whether these phosphorylation events influence epithelial-mesenchymal
plasticity, we assessed the EM profiles of all mutant-expressing MCF10A cells. Across all
Lamin A S19 and EZH2 T350/T487 phosphomutants, no significant alterations in epithelial or
mesenchymal marker expression were observed relative to wild-type controls. Changes in EM
status were detected exclusively upon TGF-fB treatment, indicating that these additional
phosphorylation sites do not independently modulate epithelial-mesenchymal identity (Figures

4.18D - F).

Collectively, these data demonstrate that, despite the presence of multiple CDKI
phosphorylation sites within the Lamin A—EZH?2 interaction interface, only Lamin A S22 and
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EZH2 T345 act as functionally dominant residues governing complex stability and epithelial—

mesenchymal regulation.

This systematic phosphomutational analysis establishes that CDK 1-mediated phosphorylation
of Lamin A and EZH?2 is not globally permissive or redundant with respect to their interaction.
Instead, the Lamin A S22 and EZH2 T345 residues constitute a single, predominant
phosphoregulatory axis that dictates Lamin A-EZH2 complex integrity and epithelial—
mesenchymal plasticity. Additional CDK1 phosphorylation sites on Lamin A (S19) and EZH2
(T350 and T487), although biochemically validated, do not contribute to interaction dynamics
or EM phenotypic outcomes in MCF10A cells. These findings underscore a high degree of site
specificity in phosphorylation-dependent regulation of nuclear lamina—chromatin crosstalk and
reinforce the central role of the Lamin A(S22)-EZH2(T345) module in controlling EMT-

associated epigenetic remodeling.
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Figure 4.18: Relavance of other Lamin A and EZH?2 phosphomutants on Lamin A and
EZH? interaction and EM status in MCF10A cells: (A) ColP of Lamin A/C and immunoblot
of EZH2 in MCF'10A cells overexpressing Lamin A (S19) phosphomutants (B) ColP of EZH?2
and immunoblot of Lamin A/C in MCF 104 cells overexpressing EZH2 (T350) phosphomutants
(C) ColP of EZH2 and immunoblot of Lamin A/C in MCF10A cells overexpressing Lamin A
(T487) phosphomutants (D) EM status profiling of MCF10A cells overexpressing Lamin
A(S19) phosphomutants (E) EM status profiling of MCF 104 cells overexpressing EZH2(T350)
phosphomutants (F) EM status profiling of MCFI10A cells overexpressing EZH2(T487)

phosphomutants.
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4.2.12 Phosphorylation-Dependent Modulation of Lamin A/C and EZH2 Influences
CDK1 Activation and Cell Cycle Progression

To further investigate the functional impact of Lamin A/C and EZH2 phosphorylation on cell
cycle dynamics, we performed fluorescence-activated cell sorting (FACS)-based cell cycle
profiling in MCF10A cells expressing different phospho-mutants of these proteins. Both Lamin
A/C and EZH2 are known to participate in diverse cellular processes, including nuclear
architecture, chromatin organization, and transcriptional regulation. However, their role in
modulating cell cycle progression during epithelial-mesenchymal transition (EMT) remains
largely unexplored. Our earlier observations indicated that the phosphorylation status of Lamin
A at Ser22 and EZH?2 at Thr345 correlates with changes in the levels of phosphorylated CDK1
at threonine 161 [pCDKI1(T161)], a key marker of CDK1 activation that is required for G2/M
phase transition. To understand the mechanistic link between these post-translational
modifications and cell cycle progression, we systematically evaluated how various phospho-
deficient and phospho-mimetic mutants of Lamin A and EZH2 influence the distribution of

cells across different phases of the cell cycle.

We first validated the expression of the mutant constructs through immunoblotting and
confirmed that the wild-type, phospho-deficient (Lamin A S22A and EZH2 T345A), and
phospho-mimetic (Lamin A S22D and EZH2 T345D) forms were robustly expressed in
MCF10A cells. Immunoblot analysis revealed that cells expressing either wild-type or
phospho-deficient forms exhibited notably reduced levels of pCDKI1(T161) compared to
uninduced MCF10A controls. In contrast, overexpression of the phospho-mimetic Lamin
A(S22D) and EZH2(T345D) led to a significant increase in pCDK1(T161) levels, suggesting

that phosphorylation at these specific residues may play a role in enhancing CDK1 activation.

We next performed FACS-based cell cycle profiling to assess how these phosphorylation-
dependent changes in pCDKI1 levels influenced the progression through the cell cycle. Cells
were fixed, stained with propidium iodide, and analyzed for DNA content to determine their
distribution across G1, S, and G2/M phases. Strikingly, MCF10A cells treated with TGF-f, or
cells in which Lamin A/C and EZH2 were depleted using siRNA-mediated knockdown,
showed a pronounced accumulation in the G2/M phase, with approximately 30% of the
population residing in this compartment. Similarly, overexpression of the phospho-mimetic
Lamin A(S22D) and EZH2(T345D) mutants also resulted in a comparable enrichment of cells
in the G2/M phase. These data collectively point towards a role for phosphorylated Lamin A
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and EZH?2 in promoting progression toward mitosis, likely through the activation of the CDK1—
Cyclin B1 complex (Figures 4.13 and 4.14).

In contrast, cells overexpressing full-length Lamin A or EZH2, as well as their respective
phospho-deficient variants (S22A and T345A), showed a clear accumulation in the G1 phase,
with a lower proportion of cells transitioning into G2/M. These results indicate that the non-
phosphorylatable forms of Lamin A and EZH2 may inhibit CDKI1 activation and act as
suppressors of G2/M progression. Interestingly, the cell cycle profiles of these cells closely
resembled those of the uninduced MCF10A control population, suggesting that
phosphorylation at these specific residues acts as a molecular switch regulating CDK1 activity

and cell cycle transition (Figures 4.19 and 4.20).

Collectively, these findings underscore the importance of Lamin A/C and EZH?2
phosphorylation in modulating CDK1 activation and cell cycle dynamics during EMT.
Phosphorylation of Lamin A at Ser22 and EZH2 at Thr345 appears to facilitate the
accumulation of cells in G2/M, potentially preparing the cells for division and epigenetic
reprogramming associated with EMT. This cell cycle shift could also serve as a permissive
state for transcriptional and chromatin alterations that drive mesenchymal features, thereby
linking cell cycle regulation with cell fate transitions. Moreover, these results provide a
mechanistic basis for how post-translational modifications of nuclear and epigenetic regulators

converge on CDK1 activity to influence the EMT process in breast epithelial cells.

Future studies could explore how these phosphorylation events are temporally regulated during
EMT and whether CDK1 directly phosphorylates Lamin A/C or EZH2 in a feedback loop to
sustain the mesenchymal state. Additionally, pharmacological modulation of these pathways

may open new avenues for interfering with EMT-associated cancer progression and metastasis.
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Figure 4.19: FACS-based cell cycle profiling of Lamin A mutants: MCF10A cells - Wild-

type, phosphodeficient (S224), and phosphomimetic (S22D) were analyzed for any possible

changes in the cell cycle profile.
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4.2.13 Delineation of Cell Cycle Status by BrdU and H3S10p Staining in Lamin A/C and
EZH2 Phosphomutants

To complement the flow cytometry—based cell cycle analysis and to obtain finer resolution of
the specific cell cycle phases affected by phosphorylation status, we employed 5-bromo-2'-
deoxyuridine (BrdU) incorporation and phospho-histone H3 (Ser10) (H3S10p) staining assays
in MCF10A cells expressing phospho-deficient (S22A, T345A) and phospho-mimetic (S22D,
T345D) mutants of Lamin A/C and EZH2, respectively.

BrdU incorporation provides a sensitive and quantitative measure of DNA synthesis during the
S-phase of the cell cycle, allowing discrimination of cells actively engaged in replication from
those arrested in G1 or G2. Across all phospho-mutant and full-length constructs, we observed
comparable BrdU staining intensities, with no significant difference in the fraction of BrdU-
positive nuclei. This observation indicates that neither the phospho-deficient nor the phospho-
mimetic forms of Lamin A/C and EZH2 impede DNA synthesis or cause an arrest at the G1/S
transition. Thus, phosphorylation at these residues does not appear to interfere with S-phase

entry or completion (Figure 4.21A and B).

In contrast, H3S10p staining, which marks chromatin condensation during late G2 and mitosis,
revealed striking differences between mutant forms. Cells expressing full-length or phospho-
deficient (S22A/T345A) variants of Lamin A/C and EZH2 showed a robust population of
H3S10p-positive nuclei, consistent with active progression through mitosis. The presence of
distinct mitotic figures and condensed chromatin further confirmed regular cell cycle transit

into and through M phase.

However, cells expressing phospho-mimetic (S22D/T345D) mutants exhibited a pronounced
reduction in H3S10p-positive nuclei. Despite maintaining regular BrdU incorporation, these
cells displayed markedly fewer mitotic cells by immunofluorescence and reduced overall
H3S10p intensity by western blotting. This pattern suggests that although these cells complete
DNA synthesis, they fail to transition into mitosis, consistent with an accumulation in early G2

as identified by PI-FACS analysis (Figure 4.21C and D).

Collectively, these results provide a refined understanding of how phosphorylation status at
key regulatory residues on Lamin A/C and EZH2 impacts cell cycle progression. The
combination of BrdU incorporation and H3S10p staining offers complementary and precise

delineation of the cell cycle state, enabling us to distinguish between defects in S-phase entry
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and G2/M transition. Importantly, these findings demonstrate that phospho-mimetic activation
of Lamin A/C (S22D) or EZH2 (T345D) selectively impairs the G2-to-M transition, resulting

in early G2 accumulation without affecting DNA replication.

Mechanistically, this supports the hypothesis that CDK1-mediated phosphorylation of Lamin
A/C and EZH2 plays a functional role in coupling chromatin remodeling with cell cycle
progression. The inability of phospho-mimetic mutants to proceed into mitosis may reflect
premature or constitutive activation of phosphorylation-dependent dissociation events (such as
Lamin A/C-EZH2 complex disruption), leading to altered nuclear architecture or defective
checkpoint regulation. Together, these data establish that phosphorylation at Lamin A/C-S22
and EZH2-T345 is a critical determinant of cell cycle timing and nuclear reorganization during

EMT.
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Figure 4.21. Cell cycle analysis of MCF10A cells overexpressing Lamin A/C and EZH?2
phospho-mutants.
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(A) BrdU incorporation assay in MCF10A cells expressing Lamin A variants. (B) BrdU
incorporation assay in MCF10A cells expressing EZH?2 variants. (C) H3S10 phosphorylation
(H3S10p) staining to quantify the percentage of cells in G2/M phase for Lamin A variants. (D)
H3S810p staining to quantify the percentage of cells in G2/M phase for EZH?2 variants. All

experiments were performed in at least three independent biological replicates.
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4.14 PRMT1-Dependent Arginine Methylation of EZH2 and Its Context-Specific Role in
Epithelial-Mesenchymal Plasticity

Post-translational modifications (PTMs) of EZH2 play a critical role in fine-tuning its non-
canonical functions beyond Polycomb Repressive Complex 2 (PRC2)-mediated histone
methylation. In addition to phosphorylation, EZH2 is subject to arginine methylation, a
modification catalyzed predominantly by protein arginine methyltransferase 1 (PRMT1), the
primary type I PRMT responsible for the majority of asymmetric dimethylarginine marks in
mammalian cells. PRMT1-mediated methylation has been implicated in the regulation of
transcriptional control, RNA metabolism, DNA damage responses, and signal transduction

through modification of both histone and non-histone substrates (Blanc and Richard, 2017).

Li et al. (2020) reported that arginine methylation of EZH2 is required for mesenchymal cell
migration, suggesting that this modification may contribute to EMT-associated phenotypes.
However, whether EZH2 arginine methylation universally regulates epithelial-mesenchymal
plasticity across different cellular contexts, and how it integrates with other PTMs such as
phosphorylation, remains unclear. Given our findings that CDK1-dependent phosphorylation
of EZH2 at T345 disrupts its interaction with Lamin A/C and promotes EMT, we sought to
examine the contribution of PRMT1-mediated arginine methylation of EZH2 in our epithelial

and mesenchymal breast cancer model systems.

To assess the involvement of PRMTI1 in regulating EZH2 function during epithelial—
mesenchymal transitions, we first examined the interaction between EZH2 and PRMT1 by co-
immunoprecipitation assays in MCF7 cells undergoing EMT and in MDA-MB-231 cells
undergoing MET. In epithelial MCF7 control cells, EZH2 exhibited a detectable interaction
with PRMT1. Notably, this association was markedly reduced upon EMT induction by
TWIST1 overexpression, indicating that the EZH2-PRMT1 interaction is dynamically
regulated during epithelial-to-mesenchymal conversion. These observations suggest that
PRMT1-mediated methylation of EZH2 may be preferentially associated with an epithelial
cellular state (Figure 4.22A).

In contrast, in the mesenchymal MDA-MB-231 cell line, EZH2-PRMT1 interaction was
undetectable irrespective of the epithelial reprogramming status induced by GRHL2
expression. This finding indicates a strong cell-type dependency in EZH2-PRMT' association
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and suggests that PRMT1-mediated regulation of EZH2 may be dispensable in inherently

mesenchymal breast cancer cells (Figure 4.22B).

To directly interrogate the functional relevance of EZH2 arginine methylation, we analyzed the
effects of targeted EZH2 mutations in MCF7 cells. The arginine-to-lysine substitution at
residue R342 (R342K), designed to abrogate arginine methylation, did not alter the interaction
of EZH2 with Lamin A/C and did not promote EMT-associated phenotypic changes.
Importantly, cells expressing the R342K mutant retained epithelial characteristics comparable

to wild-type EZH2-expressing cells (Figure 4.22C).

In contrast, phosphomimetic EZH2 T345D variants, either alone or in combination with the
R342K substitution, failed to bind Lamin A/C and robustly promoted mesenchymal features.
These results demonstrate that phosphorylation at T345 is the dominant regulatory
modification controlling EZH2-Lamin A/C interaction and EMT progression in MCF7 cells.
The lack of phenotypic impact of the methylation-deficient R342K mutant further indicates
that EZH2 arginine methylation is not required for EMT induction in this epithelial breast
cancer context (Figure 4.22D).

Collectively, these findings suggest that while EZH2 can interact with PRMT1 in epithelial
cells, loss of this interaction during EMT does not appear to be a primary driver of epithelial—
mesenchymal plasticity. Instead, CDK1-mediated phosphorylation of EZH2 emerges as the
critical regulatory switch governing its dissociation from Lamin A/C and subsequent EMT

progression.

In summary, our data reveal that the interaction between EZH2 and PRMT1 is highly cell-type
and context dependent, being detectable in epithelial MCF7 cells but absent in mesenchymal
MDA-MB-231 cells. Functional disruption of EZH2 arginine methylation through the R342K
mutation does not impact Lamin A/C binding or EMT status in MCF7 cells, indicating that
PRMT1-mediated methylation of EZH2 is not essential for epithelial-mesenchymal plasticity
in this system. These findings contrast with earlier reports implicating EZH2 arginine
methylation in mesenchymal migration, underscoring the context-specific nature of EZH2

regulation.

Importantly, our results position phosphorylation of EZH2 at T345 as the dominant post-

translational modification governing its functional disengagement from Lamin A/C and its pro-
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EMT activity. This highlights a hierarchical regulation of EZH2 by distinct PTMs and
emphasizes that phosphorylation-dependent mechanisms, rather than arginine methylation,
drive EMT in epithelial breast cancer cells. These insights are integrated into the Discussion
section to reconcile differences with prior studies and to underscore the multifaceted, context-

dependent regulation of EZH2 during cancer cell plasticity.
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Figure 4.22: Co-immunoprecipitation and functional analysis of wild-type and EZH2
mutants in breast cancer cells. (1) MCF'7 cells in the presence and absence of TWISTI were
subjected to immunoprecipitation with EZH2 and immunoblotted for EZH2, Lamin A/C, and
PRMTI. (B) ColP analyses performed in MDA-MB-231 cells with or without GRHL?2
overexpression. (C) ColP analysis of wild-type EZH2 and EZH2 mutants (T345A4, T345D,
R342K, R342K+T345A4, R342K+T345D) in MCF7 cells, examining interactions with Lamin
A/C. (D) Western blot analysis of EMT markers (Zebl, E-cadherin, Vimentin, Snail, Twistl) in
MCF7 cells expressing wild-type or EZH2 mutants (T345A4, T345D, R342K, R342K+T3454,
R342K+T345D) to assess their effects on EMT regulation. GAPDH serves as a loading
control. (N=1)
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4.3 Discussion and Conclusion

Epithelial-mesenchymal transition (EMT) and its reversal, mesenchymal—epithelial transition
(MET), are highly dynamic processes central to developmental plasticity and metastatic
progression in carcinomas. While the roles of transcription factors, chromatin remodelers, and
signaling pathways in EMT/MET have been widely studied, how nuclear architectural
components, such as the nuclear lamina, integrate with epigenetic regulators to mediate this
plasticity remains poorly understood. In this chapter, we have explored a novel mechanistic
axis involving Lamin A/C and EZH2, unveiling how their interaction is modulated through
post-translational phosphorylation, ultimately impacting epithelial-mesenchymal plasticity

(EMP).
4.3.1 A Novel Regulatory Nexus: Lamin A/C-EZH2 Complex

One of the most significant findings from this work is the identification of a previously
underappreciated complex between Lamin A/C and EZH2, a catalytic subunit of the Polycomb
Repressive Complex 2 (PRC2). The nuclear lamina has conventionally been associated with
structural support and genome organization, whereas EZH2’s role has been primarily confined
to transcriptional repression through H3K27me3 deposition. Our results provide compelling
evidence that Lamin A/C and EZH2 physically interact in both epithelial (MCF7) and
mesenchymal (MDA-MB-231) contexts, linking structural and epigenetic regulators into a

functional complex.

Importantly, we show that this interaction is dynamically modulated during EMT and MET.
The disruption of the Lamin A/C-EZH?2 interaction upon EMT induction (via TWIST1) and
restoration upon MET (via GRHL2) highlights its potential role as a structural epigenetic
switch that fine-tunes the epithelial or mesenchymal identity of a cell. This adds a new layer of
complexity to EMP regulation, extending beyond transcriptional circuits and chromatin

remodeling to include the nuclear architectural landscape.
4.3.2 Phosphorylation as a Molecular Toggle

A significant novel insight of this chapter lies in delineating the role of CDKI-mediated
phosphorylation in regulating the Lamin A/C-EZH2 interaction. Using site-directed
mutagenesis, we uncovered that specific phosphorylation at Serine 22 (S22) on Lamin A and

Threonine 345 (T345) on EZH2—both canonical CDK1 sites—abrogates their binding. These
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modifications were not arbitrary: deletion mapping and focused mutagenesis showed that only
S22 (among T19/S22) and T345 (among T345, T350, T487) were functionally relevant for the

interaction.

Our co-transfection and co-immunoprecipitation experiment further revealed that even
phosphorylation at a single site on either Lamin A/C or EZH?2 is sufficient to prevent complex
formation, underscoring a finely tuned regulation mechanism. These findings establish
phosphorylation as a critical molecular toggle that switches the interaction on or off in response

to cellular signals, such as mitotic progression or EMT induction.

This has important implications: while CDK1 activity peaks during mitosis, its transient
activation during EMT has been reported in cancer cells. We propose that phosphorylation-
induced dissociation of the Lamin A/C-EZH2 complex may facilitate chromatin decompaction
and transcriptional reprogramming, creating a permissive state for mesenchymal gene

expression.

To further probe the functional consequences of CDK1 activity during EMT, we performed
FACS-based cell cycle profiling in MCF10A cells expressing wild-type, phosphodeficient, and
phosphomimetic mutants of Lamin A and EZH2. Interestingly, cells expressing
phosphomimetic Lamin A (S22D) or EZH2 (T345D) showed elevated pCDK1(T161) levels
and accumulated in the G2/M phase (~30%), comparable to cells treated with TGF-$ or
depleted for Lamin A/C and EZH2. In contrast, cells expressing wild-type or phosphodeficient
mutants (S22A or T345A) predominantly resided in the G1 phase, indicating low CDKI1
activity. These results suggest that phosphorylation of Lamin A/C and EZH2 not only disrupts
their interaction but also actively promotes CDK1-mediated cell cycle progression—an event

that may be critical for EMT-linked transcriptional reprogramming and chromatin remodeling.
4.3.3 Functional Relevance and Broader Implications

From a functional standpoint, the disruption of Lamin A/C-EZH2 interaction during EMT
likely contributes to global chromatin remodeling. Lamin A/C is known to tether lamina-
associated domains (LADs), many of which correspond to repressed heterochromatin. EZH2,
on the other hand, reinforces repressive states through H3K27 trimethylation. Their interaction
could thus serve to stabilize repressed genomic regions in epithelial states. Disassembly of this
complex during EMT might lead to the release of genomic loci from the nuclear periphery,

enabling the activation of mesenchymal genes.
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Additionally, we uncovered a novel regulatory cascade linking TGF-§ signaling to CCNB1
transcription via TWIST1, which directly impacts CDK1 activation and EMT progression.
Through ChIP-Atlas analysis and validation using ChIP-PCR and transcriptional occupancy
assays, we demonstrated that TWIST1 binds the -108 region of the CCNB1 promoter,
enhancing its transcription. The upregulation of CCNBI subsequently increases

pCDKI1(T161), linking transcriptional and cell cycle machinery in a unified EMT program.

CRISPR-mediated disruption of the TWIST1 binding site at the CCNB1 promoter abrogated
TGF-B-induced EMT in MCF10A cells, despite intact global TWIST1 expression and binding
at other loci. Cells harboring this mutation failed to upregulate mesenchymal markers or repress
epithelial genes and maintained their epithelial identity upon TGF-f treatment. Moreover, we
identified a Smad3 binding site upstream of the TWISTI promoter, and CRISPR-based
deletion of this region abolished TWIST1 induction and downstream CCNB1-CDKI1 axis
activation. These findings delineate a Smad3—-TWIST1-CCNB1-CDK1 regulatory axis that

integrates transcriptional and post-translational control to enforce EMT commitment.
4.3.4 Novel Perspectives and Future Directions

Nuclear Structural-Epigenetic Integration

The Lamin A/C—EZH2 interaction represents an important integration point between nuclear
mechanics and chromatin regulation. Future studies may uncover how changes in nuclear

stiffness, deformability, or mechanical stress affect this interaction and EMT progression.

Temporal Regulation During Cell Cycle and EMT

Our findings suggest a temporal axis of regulation in which CDK1 activity and Lamin A/C—
EZH2 complex formation are dynamically modulated in response to EMT signaling. The
discovery that phosphorylated Lamin A/C and EZH2 drive G2/M accumulation and CDK1
activation supports the existence of a cyclical regulatory loop involving mitotic kinases and

EMT-associated transcriptional programs.

Implications for Cancer Therapy
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EZH2 inhibitors are currently in clinical trials for various cancers. Our findings suggest that
the efficacy of these inhibitors might be modulated by Lamin A/C expression or
phosphorylation status. Conversely, targeting upstream kinases (e.g., CDK1 or Smad3) that
regulate this interaction could offer a new angle to suppress EMT and metastasis, especially in

tumors showing aberrant EMT plasticity or resistance to therapy.

Role in Aging and Laminopathies

Given that Lamin A mutations are central to progeroid syndromes and certain cancers, it would
be of interest to determine whether phosphorylation-mediated uncoupling from EZH2

contributes to ageing-related chromatin dysfunction or to tumor progression in laminopathies.
Conclusion

In conclusion, our study identifies and characterizes a dynamic and phosphorylation-sensitive
interaction between Lamin A/C and EZH2, with direct implications for epithelial—
mesenchymal plasticity. By elucidating how phosphorylation at CDK 1-specific sites on either
protein disrupts their complex formation, we uncover a novel regulatory mechanism that links
nuclear architecture, epigenetic repression, and phenotypic state transitions. Furthermore, we
define a transcriptionally coupled pathway—Smad3—TWIST1-CCNB1-CDK1—that
coordinates with Lamin A/C—EZH2 dynamics to control cell cycle status and EMT progression.
This work provides a conceptual framework for further dissecting the interplay between

structural and regulatory proteins in cancer progression and cell fate plasticity.
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Chapter 5: Functional Consequences of

Lamin A-EZH?2 Interaction
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5.1 Introduction

Epithelial-mesenchymal transition (EMT) and its reversal, mesenchymal—epithelial transition
(MET), represent fundamental biological processes that underlie diverse developmental and
pathological contexts, including embryogenesis, wound healing, fibrosis, and cancer
metastasis. In carcinomas, EMT facilitates the dissociation of epithelial tumor cells from the
primary tumor mass, endowing them with migratory and invasive capabilities essential for the
dissemination and colonization of distant organs. MET, on the other hand, enables re-
epithelialization at secondary sites, facilitating metastatic outgrowth. Importantly, these
transitions do not occur in a binary fashion but are instead regulated through a dynamic
continuum of intermediate or “hybrid” epithelial/mesenchymal (E/M) states. The molecular
underpinnings of this epithelial-mesenchymal plasticity (EMP) remain incompletely
understood, but accumulating evidence points to a coordinated interplay of transcriptional,

epigenetic, and post-translational mechanisms.

Among the emerging regulators of EMP are nuclear lamins and chromatin modifiers that
together orchestrate nuclear organization, epigenetic landscape, and transcriptional identity.
Lamin A/C, encoded by the LMNA gene, forms a key structural component of the nuclear
lamina and contributes to genome organization through chromatin tethering and nuclear
stiffness. Beyond its mechanical role, Lamin A/C interacts with epigenetic enzymes to
influence gene silencing and maintain cell identity. A particularly intriguing interaction is that
between Lamin A/C and Enhancer of Zeste Homolog 2 (EZH?2), the catalytic component of the
Polycomb Repressive Complex 2 (PRC2), which mediates histone H3 lysine 27 trimethylation

(H3K27me3) to repress transcription of developmental and differentiation-associated genes.

Recent studies, including our own, have revealed that Lamin A/C and EZH2 form a functional
complex that suppresses EMT and supports epithelial differentiation. However, this complex
is dynamically regulated by post-translational modifications, especially phosphorylation.
CDK1 phosphorylates both Lamin A/C and EZH2 at specific residues (S22 in Lamin A/C and
T345 in EZH2), which modulates their interaction and subcellular localization.
Phosphorylation at these sites disrupts their complex formation, resulting in derepression of
EMT transcription factors such as SNAII, ZEBI, and TWISTI1. This phosphorylation-
dependent switch may represent a key regulatory node in EMT plasticity and tumor

progression.
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This chapter seeks to unravel the functional consequences of Lamin A/C—EZH2 interaction
and its disruption by phosphorylation in regulating EMP in breast cancer models. Through a
combination of molecular, cellular, and in vivo approaches, we dissect how alterations in the
phosphorylation state of Lamin A/C and EZH2 affect chromatin organization, gene expression,

cell morphology, migration, invasion, and metastatic potential. Specifically, we explore:

Lamin A/C Promotes a Repressed Chromatin Microenvironment Suppressing EMT:
Here, we show that Lamin A/C supports a repressive chromatin environment enriched for
H3K27me3 and other heterochromatic markers. Loss of Lamin A/C or disruption of its
complex with EZH2 alters the nuclear epigenetic landscape and upregulates mesenchymal
transcriptional programs.

Phosphorylation-Dependent Modulation of the Lamin A/C-EZH2 Axis Regulates
Epithelial-Mesenchymal Plasticity: Through site-directed mutagenesis, we demonstrate
that CDK 1-mediated phosphorylation at S22 of Lamin A and T345 of EZH2 abolishes their
interaction, enabling mesenchymal transdifferentiation. Phosphomimetic mutants drive EMT
even in the absence of canonical inducers like TGF-f, while phosphodeficient variants sustain
epithelial identity.

Functional Impact of Lamin A/C—EZH2 Disruption on Cell Invasion and Migration: In
vitro transwell assays reveal that disruption of the Lamin A/C-EZH?2 axis enhances cellular
invasion and migration. This functional transition mirrors the phenotypic and molecular
hallmarks of EMT and suggests that loss of the Lamin A/C—EZH2 complex potentiates pro-
metastatic behavior.

Lamin A/C-EZH2 Axis Modulates TGF-p-Induced Migration in MCF10A Cells: TGF-
B is a well-characterized EMT inducer. In this section, we show that the Lamin A/C-EZH2
complex attenuates TGF-B-induced cell migration. Cells expressing phosphomimetic Lamin
A or EZH2 mutants exhibit an exaggerated migratory response, underscoring the sensitizing
effect of phosphorylation on EMT signaling.

Phosphorylation-Dependent Modulation of Hybrid Epithelial/Mesenchymal States by
Lamin A/C and EZH2: Using CD104/CD44-based flow cytometry, we delineate the hybrid
E/M population and demonstrate that phosphorylation of Lamin A and EZH2 stabilizes this
hybrid state. In contrast, phosphodeficient forms promote complete MET, effectively
bypassing the hybrid phenotype. This finding positions the Lamin A/C-EZH?2 interaction as

a critical determinant of EMP state transitions.
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Phosphorylation-Dependent Regulation of Tumorigenic Potential in Breast Cancer
Models: Orthotopic xenograft experiments show that phosphomimetic Lamin A and EZH2
mutants significantly increase tumor growth and volume. Tumors derived from
phosphodeficient mutants grow slowly and display more epithelial histology, supporting the
suppressive role of the Lamin A/C-EZH2 complex in tumorigenesis.

Phosphorylation-Dependent Regulation of Metastatic Spread in Breast Cancer Models:
Histopathological examination of lung tissues from tumor-bearing mice reveals that
phosphorylation of Lamin A and EZH2 enhances metastatic dissemination. The presence of
densely stained, pleomorphic nuclei in lung lesions correlates with phosphomimetic status,

further affirming the functional link between phosphorylation, EMT plasticity, and metastasis.

Collectively, the findings presented in this chapter illuminate a novel and critical regulatory
circuit wherein the phosphorylation state of Lamin A/C and EZH2 governs the epigenetic
suppression or activation of EMT programs. The phosphorylation-sensitive Lamin A/C-EZH?2
axis emerges as a master regulator of epithelial-mesenchymal fate decisions and metastatic
potential in breast cancer. Understanding this axis offers new insights into the chromatin-level
control of cellular plasticity and suggests potential therapeutic targets for modulating EMP and

limiting metastatic progression.
5.2 Results
5.2.1 Lamin A/C Promotes a Repressed Chromatin Microenvironment Suppressing EMT

Epithelial-mesenchymal transition (EMT) is a reversible and dynamic cellular program that
enables epithelial cells to acquire mesenchymal features, including enhanced motility,
invasiveness, and resistance to apoptosis. This process plays a central role in embryonic
development, tissue repair, fibrosis, and cancer metastasis. The transition from an epithelial to
a mesenchymal state involves widespread transcriptional reprogramming, changes in cell
morphology, and remodeling of the cytoskeleton. Central to this process is the activation of a
set of transcription factors known as EMT inducers—such as SNAI1, TWISTI, and ZEB1—
which orchestrate the repression of epithelial markers (e.g., E-cadherin) and activation of

mesenchymal genes.

While extensive research has delineated the roles of EMT-inducing transcription factors,
signaling cascades (e.g., TGF-B, WNT, Notch), and chromatin regulators in promoting EMT,

the role of nuclear architecture and structural nuclear proteins in restraining EMT remains

180



underexplored. The nuclear lamina, a filamentous meshwork underlying the inner nuclear
membrane, is composed primarily of A-type and B-type lamins. Lamin A/C, encoded by the
LMNA gene, has been traditionally viewed as a key structural protein maintaining nuclear
shape and mechanical stability. However, emerging evidence suggests that Lamin A/C also
plays an active role in chromatin organization and transcriptional repression by anchoring

heterochromatin domains at the nuclear periphery.

In this chapter, we investigate the role of Lamin A/C in maintaining a repressive chromatin
environment that suppresses the activation of EMT transcription factors and thereby preserves
epithelial identity. Building on our earlier observations that Lamin A/C interacts with EZH2—
the catalytic component of Polycomb Repressive Complex 2 (PRC2)—we sought to dissect
how this interaction functions in regulating the transcriptional silencing of EMT-associated
genes. EZH?2 mediates transcriptional repression by catalyzing the trimethylation of histone H3
at lysine 27 (H3K27me3), a hallmark of facultative heterochromatin. We hypothesized that
Lamin A/C anchors EZH2-enriched repressive chromatin at the promoters of mesenchymal
transcription factors and that this repression is dynamically regulated via CDKI1-mediated

phosphorylation.

To explore this hypothesis, we first depleted Lamin A/C in MCF7 epithelial breast cancer cells
and performed transcriptome-wide RNA sequencing. This analysis revealed a significant
upregulation of mesenchymal transcription factors, including SNAI1, TWIST1, and ZEBI,
upon Lamin A/C depletion. These findings suggest that Lamin A/C is critical for maintaining
the transcriptional repression of key EMT inducers. Given the known role of EZH2 in
mediating H3K27me3-dependent repression, we proposed a cooperative model in which
Lamin A/C, EZH2, and H3K27me3 converge at the promoters of mesenchymal genes to

enforce transcriptional silencing.

To wvalidate this model, we utilized ChIP-Atlas, a publicly available chromatin
immunoprecipitation (ChIP)-sequencing resource, and identified strong enrichment of Lamin
A and EZH2 binding at the -1 kb promoter regions of SNAI1, TWIST1, and ZEBI in epithelial
cell lines such as HepG2 and MCF7. We then established MCF7 cell lines stably expressing
phosphodeficient or phosphomimetic mutants of Lamin A (S22A and S22D, respectively) and
EZH2 (T345A and T345D, respectively). ChIP-PCR assays were performed on these cells to
quantify the enrichment of Lamin A/C, EZH2, and H3K27me3 at the -1 kb regions of the EMT-
TF promoters (Figure 5.1A).
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In wild-type MCF7 cells, we observed robust enrichment of Lamin A/C, EZH2, and
H3K27me3 at the promoters of SNAI1, TWIST1, and ZEB1, suggesting that these loci are
transcriptionally repressed. EMT induction via TWIST1 overexpression led to a marked
decrease in the binding of Lamin A/C and EZH2, as well as reduced H3K27me3 enrichment.
Notably, Lamin A/C knockdown alone was sufficient to reduce EZH2 and H3K27me3
occupancy at these loci, supporting the idea that Lamin A/C serves as a stabilizing scaffold for

PRC?2 at specific gene promoters.

To evaluate transcriptional activity, we performed ChIP-PCR for transcription elongation-
associated markers, including H3K36me3 and RNA Polymerase II phosphorylated at serine 2
(RNA Pol IT Ser2P), at the +1 kb regions of SNAI1, TWISTI, and ZEBI. In control cells, these
markers showed low enrichment, indicating a repressed transcriptional state. However, both
Lamin A/C depletion and TWIST1 overexpression significantly increased the occupancy of
H3K36me3 and RNA Pol II Ser2P, consistent with enhanced transcriptional elongation of
EMT-TFs.

We next investigated the role of CDK1-mediated phosphorylation in modulating Lamin A/C—
EZH2—chromatin interactions. Overexpression of full-length Lamin A or its phosphodeficient
mutant (S22A) preserved the repressive chromatin environment, as evidenced by sustained
binding of Lamin A/C, EZH2, and H3K27me3 at EMT-TF promoters, even in the presence of
EMT stimuli. In contrast, expression of the phosphomimetic Lamin A mutant (S22D) resulted
in a dramatic loss of these repressive marks, accompanied by increased H3K36me3 and RNA

Pol II Ser2P, indicating transcriptional activation (Figure 5.1B and D).

A similar regulatory pattern was observed for EZH2 phosphorylation. Overexpression of wild-
type or phosphodeficient EZH2 (T345A) retained Lamin A/C and H3K27me3 enrichment at
mesenchymal promoters. Conversely, expression of the phosphomimetic EZH2 mutant
(T345D) disrupted this occupancy, leading to elevated levels of transcription elongation
markers. These results demonstrate that phosphorylation at CDKI sites on either Lamin A/C
or EZH2 can disrupt their interaction and chromatin binding, resulting in the derepression of

mesenchymal gene expression (Figure 5.2A -B).

Together, these findings reveal a phosphorylation-sensitive regulatory axis in which Lamin
A/C and EZH2 collaboratively maintain a repressive chromatin landscape that silences

mesenchymal transcription factors in epithelial cells. The loss or post-translational
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modification of Lamin A/C or EZH2 compromises this repression, tipping the balance toward
EMT induction. This chapter thus uncovers a critical mechanistic link between nuclear
architecture, chromatin regulation, and epithelial-mesenchymal plasticity, offering new

insights into how cellular identity is epigenetically safeguarded against phenotypic

reprogramming.
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Occupancy of EZH2 Visualized on IGV
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Figure 5.2: ChlPAtlas data of MCF7 and MDA-MB-231 cells showing occupancy of EZH2 in
the -1kb region of (A) SNAII, (B) TWISTI and (C) ZEBI
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A Occupancy of H3K27me3 Visualized on IGV
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Figure 5.3: (A) ChlPAtlas data showing the occupancy of H3K27me3 on the -1kb region of
SNAII in MCF7 and MDA-MB-231 cells (B) ChIP-qPCR showing the occupancy of
H3K27me3 in phosphomutants of Lamin A/C in MCF7 (C) ChlPAtlas data showing the
occupancy of H3K36me3 on the +1kb region of SNAII in MCF7 and MDA-MB-231 cells (D)
ChIP-qPCR showing the occupancy of RNA polymerase (Ser2p) in phosphomutants of Lamin
A/C in MCF7.
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Figure 5.4: Lamin A/C and EZH?2 Cooperatively Regulate Chromatin to Suppress
Mesenchymal Transcription Factors and Maintain Epithelial Identity. (A) Schematic
representation of chromatin immunoprecipitation (ChIP) experiments performed in MCF7
cells overexpressing TWISTI-GFP, following knockdown (KD) of Lamin A/C or
overexpression (OE) of full-length Lamin A or phospho-mutant Lamin A (S22A: phospho-
deficient; S22D: phospho-mimetic). ChIP was performed using antibodies against Lamin
A/C, EZH2, H3K27me3 (-1kb of TSS), and RNA Polymerase Il (Ser2P) and H3K36me3
(+1kb of TSS) at the promoters of key mesenchymal transcription factors SNAII, TWIST],
and ZEB1. (B) Schematic representation of ChIP analysis in MCF7 cells with EZH2
knockdown or overexpression of full-length or phospho-mutant EZH2 (T345A: phospho-
deficient; T345D: phospho-mimetic) in the context of TWISTI1-GFP induction. Promoter
occupancy of Lamin A/C, EZH?2, and associated histone modifications (H3K27me3 and
H3K36me3), as well as RNA Pol II (Ser2P), was examined at the transcription start sites
(TSS) of SNAII, TWISTI, and ZEBI. Green and red arrows indicate primers for the gPCR
experiment. (C—E) Chromatin immunoprecipitation (ChIP) PCR analysis in MCF7 cells
stably transduced with full-length Lamin A, phosphodeficient (S22A), or phosphomimetic
(S22D) variants, followed by transient transfection with pEGFP-NI (control) or TWISTI-
GFP for 48 h. ChIP occupancy of (A) Lamin A, (B) EZH?2 at the -1 kb regions, and (C)
H3K36me3 at the +1 kb regions of SNAII, TWISTI, and ZEBI was assessed. DEFA3 (C),
MYTI (D), and GAPDH(E) served as positive controls, while Jun (4), GAPDH +1 kb (B),
and MYTI1(C) were negative controls for Lamin A/C, EZH?2, and H3K36me3,

respectively. (F—H) ChIP PCR analysis in MCF'7 cells stably transduced with full-length
EZH?2, phosphodeficient (T345A4), or phosphomimetic (T345D) variants, followed by
transient transfection with pEGFP-NI1 or TWISTI-GFP for 48 h. ChIP occupancy of (F)

Lamin A, (G) EZH?2 at the -1 kb regions, and (H) H3K36me3 at the +1 kb regions of SNAII,

TWISTI, and ZEBI was assessed. DEFA3 (F) and MYTI (G) and GAPDH(H) served as

positive controls, while Jun (F), GAPDH +1 kb (G), and MYT1(H) were negative controls for

Lamin A/C, EZH2, and H3K36me3, respectively. Data represent mean + SD from three

independent experiments.
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5.2.2 Phosphorylation-Dependent Modulation of the Lamin A/C-EZH2 Axis Regulates
Epithelial-Mesenchymal Plasticity

We next sought to determine how phosphorylation of Lamin A/C and EZH2 impacts their
interaction and its broader consequences on epithelial-mesenchymal (EM) plasticity. Given
that the Lamin A/C-EZH2 complex plays a critical role in chromatin organization and
transcriptional regulation, we hypothesized that phosphorylation at specific residues could act
as a molecular switch to disrupt this interaction, thereby facilitating EM transitions. To test this
hypothesis, we engineered stable cell lines with inducible knockdown of endogenous Lamin
A/C and EZH2, followed by overexpression of either full-length, phosphodeficient, or
phosphomimetic mutants of these proteins. Specifically, for Lamin A, the serine 22 residue
(S22) was mutated to alanine (S22A) to mimic a dephosphorylated state and to aspartate
(S22D) to mimic phosphorylation. Similarly, for EZH2, we used threonine 345 (T345) to
generate the phosphodeficient (T345A) and phosphomimetic (T345D) mutants.

To dissect the functional impact of these mutations, we established a model system wherein
Lamin A/C and EZH2 could be depleted and selectively reconstituted with these engineered
variants. Overexpression of the phosphomimetic Lamin A mutant (S22D) disrupted the
interaction with EZH2 and led to a robust mesenchymal phenotype. This was characterized by
significant upregulation of mesenchymal markers such as Vimentin, TWIST1, SNAII, and
ZEB1, along with a marked reduction in the epithelial marker E-cadherin. These changes
occurred in the absence of external EMT inducers, underscoring the sufficiency of Lamin A
phosphorylation at S22 in initiating EMT-like transitions. In contrast, cells expressing either
wild-type Lamin A or the phosphodeficient mutant (S22A), both of which retained the ability
to bind EZH2, maintained epithelial morphology and marker expression, even under conditions
that typically induce EMT, such as TGF-f treatment or TWISTI overexpression.
Immunofluorescence analyses (Figure 5.5A-E) and immunoblotting data (Figures 5.6A-B)
consistently demonstrated that the Lamin A-EZH2 complex acts as a repressor of
mesenchymal gene expression. Phosphorylation at S22 effectively dismantles this complex,

allowing EMT-promoting transcription factors to be expressed.

Supporting this model, we observed that overexpression of either full-length Lamin A or the
S22 A mutant was sufficient to enforce a robust epithelial state in MDA-MB-231 cells, which
are otherwise mesenchymal by default. These cells exhibited high E-cadherin levels and

repressed mesenchymal markers, even in the absence of GRHL2-mediated MET induction.
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Conversely, cells with Lamin A/C knockdown or overexpressing the S22D phosphomimetic
variant failed to undergo MET, maintaining high expression of mesenchymal factors. Notably,
even co-overexpression of GRHL2 and the Lamin A (S22D) mutant, or GRHL2 overexpression
in Lamin A/C knockdown backgrounds, only partially restored epithelial features. This was
evidenced by immunofluorescence, quantitative image analyses (Figure 5.5F-J), and
immunoblotting. These observations highlight the indispensable role of the Lamin A-EZH2

complex in facilitating MET and repressing mesenchymal transcriptional programs.

To further explore the phosphorylation-dependent regulation of this complex, we introduced
phosphodeficient (T345A) and phosphomimetic (T345D) EZH2 mutants into cells with EZH2
depletion. In epithelial cell lines such as MCF7 and MCF10A, overexpression of the T345D
mutant, which is unable to interact with Lamin A/C, resulted in EMT-like phenotypes. These
cells displayed decreased E-cadherin expression and elevated levels of mesenchymal markers,
even without EMT-inducing stimuli. On the other hand, cells overexpressing wild-type EZH2
or the phosphodeficient T345A variant retained epithelial characteristics and resisted EMT
induction by TGF-f or TWISTI1. This underscores the necessity of the Lamin A/C-EZH2

interaction in safeguarding epithelial identity and resisting mesenchymal transition.

In mesenchymal MDA-MB-231 cells, overexpression of wild-type or T345A EZH2 mutants
led to MET, marked by increased E-cadherin levels and decreased mesenchymal markers.
Remarkably, this MET occurred independent of GRHL2 overexpression, suggesting that the
reconstitution of Lamin A/C-EZH?2 interaction is itself sufficient to trigger epithelial gene
programs. In contrast, overexpression of T345D EZH2 or depletion of EZH2 resulted in the
persistence of mesenchymal features. Even when combined with GRHL2 overexpression, these
cells displayed only partial MET, maintaining a hybrid phenotype with co-expression of
epithelial and mesenchymal markers. These findings were validated through

immunofluorescence (Figure 5.50-R) and immunoblotting (Figure 5.6C and F).

In summary, these data provide compelling evidence that the Lamin A/C—-EZH2 complex
operates as a phosphorylation-sensitive regulatory module that suppresses mesenchymal gene
expression and facilitates epithelial identity. Disruption of this complex through CDKI-
mediated phosphorylation represents a key mechanistic event that enables cells to undergo
EMT. Conversely, inhibition or prevention of phosphorylation preserves this interaction and
supports MET, even in otherwise mesenchymal cell types. The precise nature of the S22—-T345

interaction axis, as demonstrated through mutational, co-transfection, and co-
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immunoprecipitation experiments, offers novel insights into how reversible post-translational
modifications fine-tune nuclear architecture and chromatin-based gene regulation. These
findings position the Lamin A/C-EZH2 complex as a critical molecular switch that governs
EM plasticity, with significant implications in understanding the mechanisms driving

metastatic progression and identifying potential therapeutic targets in cancer treatment.
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Figure 5.5: Phosphorylation state of EZH2 and Lamin A modulates epithelial and

mesenchymal marker expression.

(A) Representative mid-optical sections of MCF10A cells overexpressing phosphodeficient or
phosphomimetic forms of Lamin A (green), immunostained for E-cadherin and Vimentin (red)
in MCF10A cells in the presence or absence of TGF-p induction. The nucleus is visualized by
DAPI (blue). Scale bar ~10um. Scatter plots depict the integrated density of (B) E-cadherin
and (C) Vimentin signals in (A). (D) Mean fluorescence intensity of Lamin A validating
knockdown or overexpression. (E) Scatter plot representing the ratio of nucleoplasmic Lamin

A to nuclear peripheral Lamin A.

(F) Representative mid-optical sections of MDA-MB-231 cells overexpressing
phosphodeficient or phosphomimetic forms of Lamin A (green), immunostained for E-cadherin
and Vimentin (red). Nucleus is visualized by DAPI (blue). Scale bar ~10um. Scatter plots depict
the integrated density of (G) E-cadherin and (H) Vimentin signals in (F). (I) Mean fluorescence
intensity of Lamin A validating knockdown or overexpression. (J) Scatter plot representing the

ratio of nucleoplasmic Lamin A to nuclear peripheral Lamin A.
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(K) Representative mid-optical sections of MCF10A cells overexpressing phosphodeficient or
phosphomimetic forms of EZH2 (green), immunostained for E-cadherin and Vimentin (red).
Nucleus is visualized by DAPI (blue). Scale bar ~10um. Scatter plots depict the integrated
density of (L) E-cadherin and (M) Vimentin signals in (K). (N) Mean fluorescence intensity of

EZH?2 validating knockdown or overexpression

(0O) Representative mid-optical sections of MDA-MB-231 cells overexpressing
phosphodeficient or phosphomimetic forms of EZH2 (green), immunostained for E-cadherin
and Vimentin (red). Nucleus is visualized by DAPI (blue). Scale bar ~10um. Scatter plots depict
the integrated density of (P) E-cadherin and (Q) Vimentin signals in (O). (R) Mean

fluorescence intensity of EZH?2 validating knockdown or overexpression

Data represent mean £ S.D. (n = 110 cells, N = 3). Two-way ANOVA was used for statistical

analysis.
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Figure 5.6: Phosphorylation-dependent regulation of EZH2 and Lamin A/C during EMT
and MET.

(A, B) Western blot analysis of EMT marker expression in MCF7 and MCF10A cells upon
Lamin A/C knockdown and rescue with WT, phospho-deficient (S22A), or phospho-mimetic
(S22D) Lamin A-GFP. EMT was induced by TWISTI overexpression (~48 h) in MCF7 cells or
by 10ng/mL TGF-p (~7 days) in MCF10A4 cells (D, E). Western blot analysis of EMT marker
expression in MCF7 and MCF10A cells upon EZH?2 knockdown and rescue with WT, phospho-
deficient (T345A4), or phospho-mimetic (T345D) EZH2-FLAG. EMT was induced by TGF-f
(~7 days) in MCF10A cells or by TWISTI overexpression (~48 h) in MCF7 cells (C, F).
Western blot analysis of epithelial-mesenchymal (EM) marker expression in MDA-MB-231
cells following knockdown and rescue experiments. (C) EM marker expression in cells with
Lamin A/C knockdown was rescued with WT, phospho-deficient (S224), or phospho-mimetic
(S22D) Lamin A/C. MET was induced by GRHL?2 overexpression. (F) EM marker expression
in cells with EZH?2 knockdown was rescued with WT, phospho-deficient (T345A4), or phospho-
mimetic (T345D) EZH2. (G) Schematic representation of the effect of mutants on Lamin A-
EZH? association and the EM status of cells.
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5.2.3 Functional Impact of Lamin A/C-EZH?2 Disruption on Cell Invasion

To elucidate the functional consequences of Lamin A/C-EZH2 interaction in modulating
epithelial-mesenchymal plasticity, we systematically evaluated the invasive potential of cells
under conditions that disrupt or stabilize this interaction. Given the established role of
epithelial-mesenchymal transition (EMT) in enhancing the invasive capacity of tumor cells,
we hypothesized that disruption of the Lamin A/C—EZH2 complex via phosphorylation may
serve as a molecular mechanism enabling enhanced cellular invasiveness. To test this, we
employed a series of invasion and migration assays in both epithelial-like MCF7 and
mesenchymal-like MDA-MB-231 cell lines under various genetic perturbation models

designed to modulate the phosphorylation state of these key regulatory proteins.

In MCF7 cells, which are typically non-invasive and exhibit strong epithelial characteristics,
we transiently overexpressed human TWIST1 (hTWIST1), a canonical EMT-inducing
transcription factor. This allowed us to induce EMT and assess how different phosphorylation
states of Lamin A and EZH?2 influence the resulting phenotype. We generated multiple isogenic
MCEF7 cell lines with stable knockdown of endogenous Lamin A/C or EZH2 and subsequently
reconstituted them with either full-length, phosphodeficient, or phosphomimetic versions of
the proteins. Invasion assays using Matrigel-coated transwell inserts revealed that TWIST1
overexpression alone increased invasion potential, as expected. Notably, when Lamin A/C or
EZH2 were depleted, a further ~30% increase in cell invasion was observed, indicating that
these proteins usually act to suppress invasive behavior. This effect was phenocopied by the
overexpression of the phosphomimetic Lamin A (S22D) or EZH2 (T345D) mutants, both of
which disrupt the Lamin A/C-EZH2 interaction. In contrast, cells expressing the
phosphodeficient mutants (Lamin A: S22A and EZH2: T345A), which retain the interaction,
exhibited reduced invasion and migration compared to control cells, even under EMT-inducing
conditions. Quantitative analysis of the migration assays further supported these findings, with
phosphodeficient constructs reducing cell migration by approximately 20% relative to the

parental or TWIST1-transfected cells (Figure 5.8A and B).

These results underscore the inhibitory role of the Lamin A/C-EZH2 complex in governing
invasive potential in epithelial cancer cells. The phosphomimetic mutants, by disrupting this
interaction, likely derepress mesenchymal transcription programs and extracellular matrix
degradation, hallmark features of an invasive phenotype. These data highlight phosphorylation-
dependent destabilization of the Lamin A/C—-EZH2 complex as a key event promoting EMT-
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associated cell invasion. In a broader context, the modulation of cell behavior through specific
post-translational modifications of nuclear envelope components points to an intricate link
between nuclear architecture and dynamic cellular responses during cancer progression (Figure

5.7A and B).

To examine whether these findings were retained in a more mesenchymal background, we next
turned to MDA-MB-231 cells, which are intrinsically highly motile and invasive because of
their basal-like, mesenchymal phenotype. In this context, GRHL2 overexpression led to a
pronounced reduction in both cell migration and invasion, consistent with its established role
as a transcription factor that promotes MET and suppresses invasive behavior (Figure 5.7C).
These results confirmed that GRHL?2 is capable of driving a more epithelial-like state even in
a highly aggressive breast cancer cell line. However, this anti-invasive effect was significantly
attenuated when either Lamin A or EZH2 was depleted in GRHL2-overexpressing cells.
Despite the continued presence of GRHL?2, cells with reduced Lamin A or EZH2 expression
regained migratory and invasive capacity, indicating that GRHL?2 alone is not sufficient to fully
enforce the epithelial program. Rather, the Lamin A/C-EZH?2 axis appears to be required for

the complete execution of GRHL2-mediated suppression of invasion (Figure 5.7D).

These findings suggest that GRHL2 does not function in isolation, but instead cooperates with
a downstream chromatin regulatory module involving Lamin A/C and EZH?2. In this model,
GRHL2 likely initiates epithelial reprogramming, while the Lamin A/C-EZH2 complex
contributes to the stabilization and maintenance of that state through nuclear and chromatin-
associated mechanisms. The partial reversal of the GRHL2 phenotype upon Lamin A or EZH2
depletion implies that this axis acts as a necessary effector arm for GRHL2-driven MET. In
other words, GRHL2 may set the transcriptional direction toward epithelial identity, but the
Lamin A/C-EZH2 complex is needed to consolidate that shift and suppress the invasive

mesenchymal phenotype.

This interpretation is further supported by the fact that disruption of the Lamin A/C-EZH2
interaction enhances invasion even in the presence of GRHL2, underscoring a functional
interdependence between these factors. Thus, the data point to a model in which GRHL2 and
the Lamin A/C—EZH2 module operate in a coordinated manner to regulate epithelial plasticity.
GRHL2 serves as an upstream MET-promoting factor, whereas Lamin A/C-EZH2 functions
as a critical downstream or cooperative component that translates this transcriptional program

into a stable anti-invasive phenotype (Figure 5.7D). The inability of GRHL2 to fully suppress
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invasion in the absence of Lamin A or EZH2 highlights the importance of this regulatory axis
in maintaining epithelial integrity. Collectively, these observations support the idea that the
Lamin A/C-EZH2 complex is an essential participant in the GRHL2-mediated control of cell
invasiveness and that phosphorylation-sensitive regulation of this complex may represent a key

switch governing epithelial-mesenchymal plasticity.

A MCF7
Control LMNA KD LMNA OE 100 MCF7
-Dox +Dax +00x+EV  +Dax+LMNA" +DOx+S22A" +Dox+522D0° - - - [Comparicon ——
- 2 & e Dows. +Dox 0
z 8 i (F Dows. +DowpXGFP_ |0
& 3 ® -Doxt va. +DorLUNA" a
w s P - g:n. +DoneS22A" 0.5833]
g - - oy DEGFPN1 \=. +Dowe 5220 o007
& = b - $) 1 o -Dox vs. -Dax 0.0052|
9 . R Do vz, +Dox oot
N Do s, +DowELVA-GFF|<0.0001
5 ° ) X ; g Doz, +Dows LMNA" X
z 4 W Do vs. +DowsS22A" [
ofe‘" [TWiST 1-GFF{-Do va. +Dowv 220" oot
,a'
.o" oﬂ'
o
$OITPNY TWASTI-GFP
MCF7
B Control EZH2 KD EZH2 OE MCF7
-Dox +Dox +DOX+EV  +DOX+EZH2" +DOoX+T345A" +Dox+T345D" 100
- 80 - - Comparikon p-vales
-4 i FOux . D2 <0001
& ; L Do 5. ~DOKNBCYFLAG <0.0001
w oo ~OaeER T =
s | B N Do . +DaeT38EA" 0613
g ® 20 BEGFPN1 |-Dox s, +DoweT3450° <0.0001
& . e - - Do . -Dox (<0001
Fa ° - P RIS D . +Dax <0.0001
7 FI fﬂ’d” o0 (‘" Do 5. <O MBCV-FLAG | <0.0001
g O 4".’ b g&:‘;’ Do e ~DaeE2 T oy
FIES FIS T
& 7 [rwisT 1-GeP| Do <DenTae50" E
] TR
NDANB2at w  MDAMB231
C Control LMNA KD LMNA OE o —
-Dox +D0ox +DOX+EV  +DOX+LMNA" +DOx+S22A" +Dox+S522D" % 80 = : Foon v, +Dor %‘
° *| 1% ‘ Do vs. +DareplVX-GFF  |<0.0001
. 0
& 3 Doxz. +DorsLMNA" <0.0001
Q - G w % FDox . +Dora2zA’ [<2.0001
3 ,’ s 5 pPLVX-GFP [-Doxw. +Darazz0" <2.0001
2 2 2 FDox s Oox 0.0001
Do vs. +Dax 0.9835)
o .- = -
& o 5 - - FDox s, +DorplVx-GeP_| _0.50%7]
p D FDoxw sDorLWNA"__ [<0.0%01
g PSP PSS R T
& RV 4;,4' ,.}f;e’ |GRHL2GFP D e sDomezo” | oms
° 5P £
&
PGP GANL-GFP
MDAMB231
100 Jcomparicon }uim
D Control EZH2 KD EZH2 OE MDAMB231 -Dox s +Dox <0.0001
-Dox +DOX+EV  +DOX+EZH2" +DoxX+T345A" +DoxX+7345D" [ e +DaK-MEO/-AAG 0.0001 |

% - -
g o pFC : Do Don A |01
% . . pLVX-GFP [Dorva +Dow 380" |<0.0001
i o 2o -Dox va. -Dax <0.0001
o Doxa +Dox P
# » Doxa +DorNBCV-FLAG | 0.3321
- - Do +Dowen T <000t |
B o Dova +DowT3EAT|0.0001
GRHL2-GFP[-Dorva +Dow T340 07573
PRIy =
é' o+ & é'qﬂ'&
&

GRHIL2-GFP pLVX-GF

I

Figure 5.7: Lamin A and EZH?2 phosphorylation regulate migration. (A, B) Representative
DAPI images and quantification of MCF7 cell migration in a serum gradient upon
overexpression of Lamin A (A) or EZH2 (B) mutants, with or without TWISTI overexpression.
(C, D) Representative DAPI images and quantification of MDA-MB-231 cell migration in a
serum gradient upon overexpression of Lamin A (C) or EZH2 (D) mutants, with or without

GRHL? overexpression.
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5.2.4 Lamin A/C-EZH2 Axis Modulates TGF-p-Induced Migration in MCF10A Cells

To further dissect the mechanistic role of the Lamin A/C-EZH2 interaction in epithelial—
mesenchymal plasticity, we performed migration assays using the non-tumorigenic human
mammary epithelial cell line MCF10A. These cells represent a valuable model for studying
early EMT events, as they respond robustly to TGF-p—a well-characterized inducer of EMT
and cellular motility. The objective was to investigate whether the phosphorylation-dependent
disruption of the Lamin A/C—EZH2 complex contributes to the migratory phenotype observed
during TGF-p signaling.

In control conditions, MCF10A cells exhibited relatively low basal migration, consistent with
their epithelial character. Upon stimulation with TGF-f3, however, there was a marked increase
in cell migration, reflecting EMT induction. To explore the contribution of Lamin A/C and
EZH2 to this migratory shift, we employed siRNA-mediated depletion strategies and generated
overexpression constructs of both wild-type and phosphorylation mutants of Lamin A and
EZH2. Specifically, we used phosphodeficient (S22A for Lamin A and T345A for EZH2) and
phosphomimetic (S22D and T345D) variants to assess the functional relevance of CDK1-

mediated phosphorylation on this axis.

Depletion of Lamin A/C or EZH2 alone was sufficient to enhance cell migration, phenocopying
the effect of TGF-f treatment. Importantly, this increase in migration was not merely additive
when combined with TGF-B stimulation, suggesting that Lamin A/C and EZH2 function
downstream of or in convergence with the TGF-B signaling pathway to repress migratory
potential. These results underscore the repressive role of the Lamin A/C-EZH2 complex in
maintaining epithelial cell behavior and suggest that its disruption is a necessary event in the

acquisition of migratory capacity during EMT.

When full-length Lamin A or EZH2 was overexpressed in MCF10A cells, we observed a
significant reduction in basal cell migration, reinforcing their role as suppressors of motility.
Intriguingly, the phosphodeficient variants S22A and T345A exhibited an even more
substantial inhibitory effect on migration, indicating that the unphosphorylated forms of these
proteins are functionally competent in repressing motility and likely form a more stable
repressive complex. These effects were particularly notable in the presence of TGF-, where
full-length and phosphodeficient Lamin A or EZH2 significantly blunted TGF-B-induced

migration. This suggests that these unmodified forms actively counteract EMT signaling

198



cascades, maintaining the epithelial phenotype and restraining cellular motility even in the

presence of a potent EMT inducer.

Conversely, overexpression of phosphomimetic mutants Lamin A S22D or EZH2 T345D,
which are designed to mimic constitutive phosphorylation and disrupt interaction with one
another, exacerbated the migratory response. In the absence of TGF-f, these phosphomimetic
variants alone were sufficient to increase cell migration, indicating that phosphorylation-
dependent dissociation of the Lamin A/C-EZH2 complex removes an intrinsic barrier to
motility. When combined with TGF-B treatment, the effect was even more pronounced,
suggesting a synergistic interaction between external EMT signals and internal post-

translational modifications of nuclear lamins and chromatin modifiers.

These findings with quantitative data show statistically significant differences in migration
between control, knockdown, and overexpression conditions under both basal and TGF-f3-
stimulated states. These data clearly establish that the phosphorylation status of Lamin A/C
and EZH?2 is a critical determinant of epithelial cell migration, influencing the cell’s ability to

respond to external pro-migratory cues such as TGF-f (Figure 5.8A and B).

Collectively, these results support a model in which the Lamin A/C—-EZH2 complex acts as a
gatekeeper of epithelial identity, repressing migration through its influence on chromatin state
and transcriptional programming. Phosphorylation by CDK1 or other mitotic kinases likely
serves as a switch to disengage this complex, thereby sensitizing cells to EMT-inducing signals
and promoting motility. This mechanism links nuclear envelope dynamics and epigenetic
regulation to broader aspects of cellular behavior and may represent a targetable vulnerability

in epithelial-derived cancers with high migratory and metastatic potential.
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Figure 5.8: Lamin A and EZH?2 phosphorylation regulate migration.

(A) Bright-field images showing the migration of untreated or TGF-f-treated MCF104 cells
undergoing wound-healing assay following Lamin A/C depletion or overexpression of Lamin
A, Lamin A (S224), or Lamin A (S22D). (B) Bright-field images showing the migration of
untreated or TGF-p-treated MCF 104 cells undergoing wound-healing assay following EZH?2
depletion or overexpression of EZH2, EZH?2 (T345A), or EZH?2 (T345D).
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5.2.5 Phosphorylation-Dependent Modulation of Hybrid Epithelial/Mesenchymal States
by Lamin A/C and EZH2

To uncover the role of Lamin A/C and EZH2 phosphorylation in modulating epithelial-
mesenchymal plasticity, we investigated the dynamics of hybrid epithelial/mesenchymal (E/M)
phenotypes using surface marker-based flow cytometry. Hybrid states, typified by co-
expression of CD104 and CD44, represent transitional cell identities with high metastatic and
stem-like potential. We aimed to determine whether the phosphorylation state of Lamin A/C
and EZH2 influences the stabilization or bypassing of this hybrid population under EMT and
MET conditions.

Upon TWIST1-induced EMT in MCF7 cells, we observed a marked phenotypic transition from
epithelial (CD104+CD44-) to mesenchymal (CD104—CD44+) states via a hybrid intermediate
(CD104+CD44+). Flow cytometric analysis revealed a progressive accumulation of
CD104+CD44+ cells during EMT induction, confirming the intermediate nature of this
population during transition. However, overexpression of either full-length Lamin A or EZH2
in these TWIST1-overexpressing cells abrogated the formation of hybrid cells and directly
promoted a reversion to an epithelial phenotype (CD104+CD44—). These observations suggest
that Lamin A and EZH2, in their unmodified states, are potent repressors of mesenchymal gene
expression and can effectively override intermediate hybrid programs even under strong EMT-

inducing conditions.

In stark contrast, the phosphomimetic mutants Lamin A S22D and EZH2 T345D yielded an
accumulation of hybrid CD104+CD44+ cells even in the absence of exogenous EMT stimuli.
This accumulation suggests that phosphorylation at these specific sites impairs the ability of
Lamin A/C and EZH2 to enforce a complete epithelial or mesenchymal identity, thereby
stabilizing the cells in a hybrid state. These findings indicate that phosphorylation of Lamin A
at serine 22 and EZH?2 at threonine 345 disrupts their chromatin binding or repressor activity,
thereby partially de-repressing EMT transcription factors such as SNAI1, TWISTI, and ZEBI.
The inability of cells to fully commit to either epithelial or mesenchymal identities results in
their entrapment in a metastable hybrid state—a condition associated with heightened plasticity

and tumor aggressiveness.

We extended this investigation into the context of GRHL2-mediated MET in mesenchymal
MDA-MB-231 cells. GRHL2 overexpression led to a phenotypic shift toward CD104+CD44—
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epithelial cells, consistent with successful MET induction. Notably, co-expression of full-
length or phosphodeficient Lamin A (S22A) and EZH2 (T345A) synergized with GRHL2 to
entirely suppress the hybrid population and restore a robust epithelial identity. In contrast, the
presence of phosphomimetic Lamin A or EZH2 mutants in the GRHL2 background failed to
promote complete MET, resulting in persistent CD104+CD44+ hybrid cells (Figures 5.9C and
D). These data support a model in which the phosphorylation-sensitive repression activity of

Lamin A and EZH2 is necessary for the complete execution of MET.

Collectively, our results show that while GRHL2 acts as a transcriptional inducer of epithelial
fate, Lamin A and EZH?2 are required at the chromatin level to lock in this fate by repressing
mesenchymal gene programs. Importantly, the phosphorylation state of these proteins serves
as a molecular switch: the phosphodeficient mutants enforce epithelial commitment and
suppress hybrid states, while the phosphomimetic forms allow EMT-TFs to remain active,

thereby facilitating the persistence of plastic hybrid phenotypes.

Flow cytometric analysis performed under these various conditions further reinforced these
findings (Figures 5.9A and B). In conditions promoting hybrid phenotypes—either through the
presence of phosphomimetic Lamin A/EZH?2 or partial depletion of these proteins—there was
a consistent increase in CD104+CD44+ cells. This trend was observed regardless of the
presence of strong EMT or MET drivers, indicating that phosphorylation of Lamin A/C and

EZH2 is sufficient to modulate the balance between plasticity and lineage commitment.

These findings offer a mechanistic understanding of how Lamin A/C and EZH2 post-
translational modifications regulate epithelial-mesenchymal plasticity. The inability of
phosphorylated forms to enforce chromatin compaction and repression of EMT-TFs allows for
the stabilization of hybrid states, which are now understood to be more than just transient
intermediates. Instead, they represent a stable, selectable, and biologically significant

phenotype that supports tumor dissemination and therapeutic resistance.

In summary, this set of results highlights that the hybrid E/M state is not merely a passage
through EMT/MET but a regulated node within the plasticity network. The Lamin A/C-EZH2
complex emerges as a phosphorylation-sensitive epigenetic gatekeeper that governs the entry
into or exit from this hybrid state. Interventions that prevent the phosphorylation of these
proteins—or pharmacologically stabilize their chromatin-associated states—may provide a

powerful therapeutic strategy to curtail cancer plasticity and progression.
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Figure 5.9: Lamin A/C and EZH?2 perturbation alter CD104 and CD44 FACS distribution
profile in response to EMT and MET induction.

(A) FACS scatter representing the percentage of MCF'7 cells in each quadrant upon Lamin
A/C depletion or overexpression of mutants of Lamin A (S22A4 or S22D) in the presence and
absence of TWISTI-mediated EMT.

(B) FACS scatter representing the percentage of MCF7 cells in each quadrant upon EZH?2
depletion or overexpression of mutants of EZH2 (T3454 or T345D) in the presence and
absence of TWISTI-mediated EMT.

(C) FACS scatter representing the percentage of MDA-MB-231 cells in each quadrant upon
Lamin A/C depletion or overexpression of mutants of Lamin A (S224 or S22D) in the presence
and absence of GRHL2-mediated MET.

(D) FACS scatter representing the percentage of MDA-MB-231 cells in each quadrant upon
Lamin A/C depletion or overexpression of mutants of EZH2 (T345A or T345D) in the presence
and absence of GRHL2-mediated MET.
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5.2.6 Phosphorylation-Dependent Regulation of Tumorigenic Potential in Breast Cancer

Models

To explore the functional implications of phosphorylation on Lamin A/C and EZH?2 in the
context of breast cancer progression, we investigated the tumorigenic potential of their
phosphodeficient and phosphomimetic variants using an orthotopic xenograft model. Given
our previous findings that phosphorylation of Lamin A at serine 22 (S22) and EZH2 at
threonine 345 (T345) disrupts their interaction and promotes mesenchymal traits, we
hypothesized that these post-translational modifications would enhance tumor formation in
vivo. To test this, we utilized the highly aggressive triple-negative breast cancer cell line MDA -

MB-231, which exhibits an intrinsic mesenchymal phenotype and high metastatic potential.

We generated stable MDA-MB-231 cell lines overexpressing either phosphodeficient (Lamin
A: S22A and EZH2: T345A) or phosphomimetic (Lamin A: S22D and EZH2: T345D) forms
of Lamin A and EZH2. Approximately one million cells from each engineered line were
orthotopically injected into the mammary fat pad of immunodeficient female NOD-SCID mice,
aged six weeks. Tumor volume was measured every 3 days using calipers, and final tumor

burden was recorded at the termination of the study after five weeks.

Strikingly, mice injected with cells expressing phosphomimetic Lamin A (S22D) or EZH2
(T345D) developed significantly larger tumors compared to their phosphodeficient
counterparts. Quantitative analysis revealed an increase in both tumor volume and final tumor
weight in the phosphomimetic groups, suggesting enhanced tumorigenic capacity. In contrast,
mice bearing tumors derived from cells expressing phosphodeficient Lamin A (S22A) or EZH2
(T345A) showed significantly restrained tumor growth, reinforcing the suppressive role of the
Lamin A/C-EZH2 complex in vivo. These findings are consistent with in vitro assays showing
that phosphorylation of these proteins enhances mesenchymal traits, which are often associated
with increased invasiveness, metastatic potential, and poor prognosis in breast cancer (Figure

5.10A-F).

To further validate the molecular mechanisms underlying these phenotypic differences, we
isolated tumor-derived cells from each group and performed co-immunoprecipitation assays
following triple enzyme digestion to preserve chromatin—protein interactions. In tumors
derived from the S22A group, Lamin A/C maintained its interaction with EZH2, consistent

with its phosphodeficient state and ability to sustain chromatin repression at mesenchymal loci.
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In contrast, in tumors expressing Lamin A (S22D), this interaction was abrogated. Instead,
Lamin A was found to preferentially associate with phosphorylated CDK1 (pCDK1-T161),
suggesting that phosphorylation at S22 not only disrupts Lamin A/C—EZH?2 binding but also
redirects Lamin A to engage in CDK1-mediated regulatory pathways (Figure 5.10A, C, and
E).

A similar pattern was observed in immunoprecipitation assays for EZH2. The phosphodeficient
EZH2 (T345A) retained its interaction with Lamin A/C, whereas the phosphomimetic variant
(T345D) lost this binding and instead displayed enhanced interaction with pCDK1. These
reciprocal interaction profiles underscore a switch-like mechanism whereby phosphorylation
at specific residues redirects the molecular associations of Lamin A/C and EZH2, resulting in
divergent transcriptional programs and cellular behaviors. Such reprogramming may contribute
to increased plasticity, loss of epithelial integrity, and acquisition of stem-like and tumorigenic

properties (Figure 5.10B, D, and F).

To complement these biochemical findings, we performed immunofluorescence assays on
MDA-MB-231 cells expressing each variant. Cells overexpressing the phosphodeficient
variants (S22A and T345A) exhibited classical epithelial morphology characterized by
cobblestone appearance, increased cell—cell adhesion, and cortical localization of E-cadherin.
In contrast, cells expressing the phosphomimetic variants (S22D and T345D) retained
elongated, spindle-shaped morphology with reduced cell—cell contact and increased Vimentin
expression, consistent with mesenchymal features. These results directly link the
phosphorylation status of Lamin A and EZH2 to structural and molecular hallmarks of EMT
(Figure 5.11C and D).

Taken together, these data provide compelling in vivo and in vitro evidence that
phosphorylation at S22 of Lamin A and T345 of EZH2 enhances the tumorigenic potential of
breast cancer cells by disrupting their chromatin-associated repressive functions and promoting
mesenchymal properties. Notably, these findings extend the functional consequences of Lamin
A/C-EZH2 interactions beyond transcriptional regulation and chromatin remodeling to include

critical roles in tumor initiation and progression.

Importantly, these results offer a mechanistic basis for understanding how EM plasticity is
modulated in vivo and underscore the therapeutic potential of targeting the phosphorylation

machinery or stabilizing the Lamin A/C-EZH2 complex. Intervening at the level of post-
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translational modifications may prove to be a promising strategy to restore epithelial
characteristics, restrict EMT, and ultimately suppress tumor progression in aggressive breast
cancer subtypes. These insights not only reinforce the central role of nuclear architecture in

tumor biology but also open new avenues for translational applications in oncology.
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Figure 5.10: Tumour formation in NOD-SCID mice

(A) Comparison of tumour formation capabilities in MDA-MB-231 cells, in Lamin A/C
knockdown. Knockdown was induced by the addition of 500 ng/mL of doxycycline in drinking
water. (B) Comparison of tumour formation capabilities in MDA-MB-231 cells, in EZH2
knockdown. Knockdown was induced by the addition of 500 ng/mL of doxycycline in drinking
water. (C) Overexpression of full-length Lamin A in the presence of endogenous Lamin A/C
depletion. Graphs compare the volume (mm:) of tumours and the weight of tumours in (g). (D)
Overexpression of full-length EZH? in the presence of endogenous EZH?2 depletion. Graphs
compare the volume (mm:) of tumours and the weight of tumours in (g). (E) Overexpression of
phosphodeficient (S224) and phosphomimetic (S22D) in the presence of endogenous Lamin
A/C depletion. Graphs compare the volume (mm’) of tumours and the weight of tumours in (g).
(F) Overexpression of phosphodeficient (T345A4) and phosphomimetic (T345D) in the presence
of endogenous EZH?2 depletion. Graphs compare the volume (mm:) of tumours and the weight

of tumours in (g). Immunoblot validating the extent of knockdown and overexpression from

tumours(G) Lamin A (H) EZH?2.
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5.2.7 Post-Translational Control of Lamin A/C-EZH2 Binding Modulates Epithelial-
Mesenchymal Plasticity

To gain deeper insight into the regulatory significance of the Lamin A/C—EZH?2 interaction in
the context of epithelial-mesenchymal plasticity, we examined the impact of phosphorylation
at key regulatory residues through a combination of co-immunoprecipitation and phenotypic
assays. While our earlier findings established a dynamic interaction between Lamin A/C and
EZH?2 in vitro, we next sought to validate whether this interaction was preserved in primary
tumor-derived cells and whether post-translational modifications modulate their association

and downstream functional consequences.

We performed immunoprecipitation assays using lysates from primary tumor-derived cells
transfected with wild-type or phospho-mutant forms of Lamin A and EZH2. Lamin A
harboring a serine-to-alanine mutation at residue 22 (S22A), which renders it phosphodeficient
and mimics the dephosphorylated state, robustly co-precipitated with EZH2, suggesting that
phosphorylation at S22 negatively regulates Lamin A/C-EZH2 complex formation.
Conversely, the phosphomimetic Lamin A mutant (S22D), designed to mimic constitutive
phosphorylation, failed to associate with EZH2 and instead exhibited enhanced binding to
phosphorylated CDK1 (pCDKI1-T161), indicating a competitive shift in interaction partners
(Figure 5.11A and B). This supports the hypothesis that phosphorylation of Lamin A at S22 by
CDK1 disrupts its interaction with chromatin regulators such as EZH2 and facilitates
association with cell cycle kinases, potentially promoting mitotic chromatin reorganization and

loss of repressive chromatin marks.

A complementary pattern was observed when we immunoprecipitated EZH2. The
phosphodeficient EZH2 mutant (T345A), which cannot be phosphorylated at threonine 345,
retained its association with Lamin A/C. In contrast, the phosphomimetic mutant (T345D),
simulating a constitutively phosphorylated state, preferentially interacted with pCDK1 rather
than Lamin A/C. These results suggest a bidirectional phosphorylation-dependent mechanism
in which both Lamin A/C and EZH2 are modulated by CDK1-mediated phosphorylation to

dynamically regulate their interaction during the epithelial-mesenchymal transition (EMT).

To examine the phenotypic consequences of these molecular interactions, we assessed cellular
morphology by immunofluorescence in MDA-MB-231 cells expressing either wild-type or
mutant forms of Lamin A and EZH2. Cells expressing phosphodeficient Lamin A (S22A) or
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EZH2 (T345A) displayed an epithelial-like morphology, characterized by a cobblestone
appearance, increased cell—cell junctions (Figure 5.11C and D). In contrast, cells expressing
the phosphomimetic forms (S22D or T345D) retained a mesenchymal phenotype, marked by
elongated spindle-shaped morphology, disrupted cell—cell contacts, and prominent actin-rich
protrusions. These observations further support a model in which phosphorylation at specific
residues on Lamin A and EZH?2 disrupts their interaction, favoring a chromatin state permissive

to mesenchymal gene expression and metastatic traits.

Taken together, our findings highlight a phosphorylation-dependent regulatory axis involving
Lamin A/C, EZH2, and CDK1. Phosphorylation acts as a molecular switch that controls the
stability of the Lamin A/C-EZH2 complex, influencing nuclear architecture and epigenetic
repression during EMT. The preferential interaction of phosphomimetic mutants with pCDK1
suggests a role for mitotic signaling in reprogramming the nuclear lamina—chromatin interface,
thereby facilitating epigenetic plasticity essential for cancer progression. These insights reveal
a potential vulnerability that could be exploited to therapeutically stabilize the Lamin A/C—

EZH?2 complex and inhibit mesenchymal transition in aggressive breast cancers.
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Figure 5.11: Post-Translational Control of Lamin A/C-EZH2 Binding Modulates
Epithelial-Mesenchymal Plasticity
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(A) Immunoprecipitation of Lamin A/C from tumor lysates followed by immunoblotting for
EZH?2 and phospho-CDK.

(B) Immunoprecipitation of EZH2 from tumor lysates followed by immunoblotting for Lamin
A/C and phospho-CDK.

(C) Immunofluorescence of tumor-derived MDA-MB-231 cells stained for E-cadherin,
Vimentin (red), and Lamin A (GFP). Scale bar: 10 um. Quantification of integrated density of
E-Cadherin and Vimentin upon overexpression of phosphomutants of Lamin A. Data represent
mean = SD. Statistical significance was determined using an unpaired two-tailed Student’s t-

test.

(D) Immunofluorescence of tumor-derived MDA-MB-231 cells stained for E-cadherin,
Vimentin (red), and EZH?2 (green). Scale bar: 10 um. Quantification of integrated density of
E-Cadherin and Vimentin upon overexpression of phosphomutants of EZH2. Data represent
mean = SD. Statistical significance was determined using an unpaired two-tailed Student’s t-

test.
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5.2.8 Phosphorylation-Dependent Regulation of Metastatic Spread in Breast Cancer
Models

To assess whether these post-translational modifications influence not only primary tumor
growth but also the metastatic propensity of tumor cells, we conducted a comprehensive
histopathological evaluation of the lungs from xenografted mice approximately six weeks post-
fat pad inoculation of MDA-MB-231 cells. These cells were engineered to stably overexpress
either phosphodeficient (S22A and T345A) or phosphomimetic (S22D and T345D) forms of
Lamin A and EZH2, respectively. At the endpoint, lung tissues were harvested, formalin-fixed,
and paraffin-embedded for sectioning and hematoxylin and eosin (H&E) staining. The stained
tissue sections were systematically examined under a microscope to assess the presence,

distribution, and morphology of metastatic lesions.

Microscopic analysis revealed striking differences between the groups. In animals injected with
cells expressing phosphomimetic Lamin A (S22D) or EZH2 (T345D), the lungs showed
widespread metastatic involvement, with numerous tumor foci distributed throughout the lung
parenchyma. These metastatic foci were characterized by dense hematoxylin staining,
indicating high nuclear content, and featured abnormally shaped, pleomorphic nuclei—
hallmarks of malignant transformation and aggressive cellular proliferation. The tumor cells
infiltrated alveolar spaces extensively, forming irregular, poorly demarcated clusters that
disrupted the standard lung architecture. These histological features are indicative of high
metastatic efficiency and support a functional role for the phosphomimetic forms in promoting

systemic dissemination (Figure 5.12).

In stark contrast, lung tissues obtained from mice harboring tumors derived from cells
overexpressing phosphodeficient Lamin A (S22A) or EZH2 (T345A) exhibited either no
detectable metastases or sparse, well-contained foci. When present, these lesions were
significantly smaller in size, well circumscribed, and localized to limited regions of the lung
parenchyma. The nuclear morphology within these foci was comparatively more regular, and
the staining intensity was markedly reduced, reflecting a less aggressive histological
phenotype. These observations strongly support a model wherein the dephosphorylated states
of Lamin A and EZH2 act as metastasis-suppressive factors, likely through the maintenance of

epithelial features and repression of EMT-associated gene expression.
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Quantitative analysis of metastatic scores—derived from the number and size of metastatic foci
per lung section—further substantiated these findings. Mice in the phosphomimetic groups
consistently exhibited higher metastatic scores compared to their phosphodeficient
counterparts. This quantification aligns with the qualitative histological observations and
provides a robust statistical basis for concluding that phosphorylation of Lamin A and EZH2

facilitates the metastatic cascade.

Collectively, these data provide compelling in vivo evidence that phosphorylation at S22 of
Lamin A and T345 of EZH2 significantly enhances the tumorigenic and metastatic potential of
breast cancer cells by disrupting chromatin-associated repressive functions and promoting a
mesenchymal cellular phenotype. The phosphorylation events appear to functionally inactivate
the Lamin A—EZH2 complex, facilitating transcriptional de-repression of EMT drivers such as
TWISTI1, ZEB1, and SNAIL. This, in turn, primes the cells for increased invasion, migration,

and metastatic colonization.

Importantly, these findings underscore a mechanistic framework for understanding how
epithelial-mesenchymal plasticity is regulated in vivo and highlight the translational potential
of therapeutically targeting the phosphorylation machinery. Inhibiting kinases like CDK1 or
enhancing phosphatase activity to maintain Lamin A and EZH2 in their unphosphorylated,
interaction-competent states may represent novel strategies to suppress EMT, maintain
epithelial integrity, and restrict metastatic progression in aggressive breast cancer subtypes.
These insights extend the role of nuclear architecture proteins from structural regulators to
dynamic modulators of cell fate and malignant behavior, offering new avenues for clinical

intervention.
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Figure 5.12: Dependence on Lamin and EZH?2 phosphorylation for breast to lung metastasis
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(A) H&E staining of female NOD-SCID mice with MDA-MB-231 cells (Lamin A phospho-
mutants) injected in the mammary fat pad and scored for metastatic nodules in the entire lung

section ~6 weeks post injection (taken under 1x).

(B) H&E staining of female NOD-SCID mice with MDA-MB-231 cells (EZH2 phospho-
mutants) injected in the mammary fat pad and scored for metastatic nodules in the entire lung

section ~6 weeks post-injection (taken under Ix).

(C) H&E staining of female NOD-SCID mice with MDA-MB-231 cells (Lamin A phospho-
mutants) injected in the mammary fat pad and the extent of tumour infiltration in the lung

parenchyma (taken under 20x).

(D) H&E staining of female NOD-SCID mice with MDA-MB-231 cells (EZH2 phospho-
mutants) injected in the mammary fat pad and the extent of tumour infiltration in the lung

parenchyma (taken under 20x).
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5.2.9 Resistance to Cisplatin

Resistance to platinum-based chemotherapy remains a major clinical challenge in breast
cancer, particularly in tumors exhibiting epithelial-mesenchymal plasticity and heightened
epigenetic adaptability. Cisplatin exerts its cytotoxic effects primarily through the formation of
DNA intra- and interstrand crosslinks, leading to replication stress, DNA damage response
activation, and ultimately apoptosis. However, cancer cells frequently evade cisplatin-induced
cell death through alterations in chromatin organization, DNA repair capacity, and

transcriptional reprogramming (Galluzzi et al., 2012; Kelland, 2007).

Nuclear architecture proteins and epigenetic regulators have emerged as key modulators of
therapy response. Lamin A/C, a core component of the nuclear lamina, plays a critical role in
maintaining nuclear integrity, chromatin tethering, and genome stability. Alterations in Lamin
A/C expression or post-translational modifications have been linked to cancer progression,
altered mechanotransduction, and resistance to genotoxic stress (Swift et al., 2013; Bell and
Lammerding, 2016). Similarly, EZH2, the catalytic subunit of the Polycomb Repressive
Complex 2 (PRC2), mediates trimethylation of histone H3 at lysine 27 (H3K27me3) and is
frequently overexpressed or hyperactivated in aggressive cancers, where it promotes
transcriptional repression programs associated with stemness, EMT, and drug resistance (Kim

and Roberts, 2016; McCabe et al., 2012).

Recent studies, including our own, indicate that phosphorylation of Lamin A/C at serine 22
and EZH2 at threonine 345—both CDKI-targeted residues—functionally alters their
chromatin association and protein—protein interactions. Given the established link between
epigenetic plasticity and chemoresistance, we investigated whether phosphorylation-
mimicking versus phosphorylation-deficient forms of Lamin A/C and EZH2 differentially

regulate cellular sensitivity to cisplatin.

To assess the impact of Lamin A/C and EZH2 phosphorylation on chemotherapeutic response,
cells expressing phosphomimetic mutants Lamin A(S22D) or EZH2(T345D) were compared
with cells expressing their corresponding phosphodeficient counterparts Lamin A(S22A) and
EZH2(T345A). Cell viability following cisplatin treatment was quantified using standard

metabolic viability assays across a range of drug concentrations.
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Cells expressing the phosphomimetic Lamin A(S22D) mutant exhibited significantly higher
viability upon cisplatin exposure compared with Lamin A(S22A)-expressing cells. This
enhanced survival was evident across multiple cisplatin doses, indicating a robust shift in drug
sensitivity rather than a dose-specific effect. Similarly, expression of EZH2(T345D) conferred
a pronounced resistance to cisplatin-induced cytotoxicity relative to the EZH2(T345A) mutant,
which showed markedly reduced viability under identical treatment conditions. Notably, cells
harboring the phosphodeficient mutants displayed increased susceptibility to cisplatin,

consistent with impaired adaptive stress responses (Figure 5.13A and B).

These findings suggest that phosphorylation at Lamin A serine 22 and EZH2 threonine 345
promotes a cellular state permissive to chemoresistance. Mechanistically, the phosphomimetic
forms are associated with reduced Lamin A/C—EZH?2 interaction, as shown earlier in this study,
potentially facilitating redistribution of EZH2 away from lamina-associated heterochromatin
toward more dynamic chromatin regions. Such redistribution may enable rapid transcriptional
reprogramming and enhanced DNA damage tolerance. In line with this, EZH2 phosphorylation
has been previously implicated in non-canonical, PRC2-independent functions, including

regulation of DNA damage response genes and cell cycle progression (Cha et al., 2017).

Moreover, phosphorylation-dependent weakening of Lamin A/C—chromatin interactions may
increase nuclear deformability and alter chromatin compaction, features that have been linked
to resistance against DNA-damaging agents (Gonzalez-Sandoval et al., 2015). Together, these
effects likely converge to enhance cellular survival following cisplatin treatment by modulating

both epigenetic repression programs and nuclear structural constraints.

In summary, our data demonstrate that phosphomimetic forms of Lamin A(S22D) and
EZH2(T345D) confer a clear survival advantage under cisplatin treatment compared with their
phosphodeficient counterparts. These results identify phosphorylation of Lamin A/C and EZH2
as a critical regulatory node linking nuclear architecture, epigenetic plasticity, and
chemotherapeutic response. Notably, the heightened cisplatin resistance observed in the
phosphomimetic context supports a model in which CDK1-driven phosphorylation disrupts the
Lamin A/C-EZH2 axis, enabling adaptive chromatin reorganization and transcriptional
flexibility. This phosphorylation-dependent mechanism may contribute to therapy resistance
in aggressive breast cancers and highlights potential opportunities for targeting cell cycle—

epigenetic crosstalk to overcome chemoresistance.
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Figure 5.13: Drug sensitivity assay for cisplatin in phosphomutants of MCF10A cells: (4)
%ocell viability in MCF 104 cells treated with various concentrations of cisplatin expressing
phosphomutants of Lamin A (N=1); (B) %cell viability in MCF10A cells treated with various
concentrations of cisplatin expressing phosphomutants of EZH2 (N=1)
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5.3 Discussion and Conclusion

The intricate balance between epithelial and mesenchymal states—commonly referred to as
epithelial-mesenchymal plasticity (EMP)—is increasingly recognized as a central feature of
cancer progression, particularly in aggressive and therapy-resistant breast cancer subtypes.
This study identifies a pivotal, phosphorylation-sensitive regulatory module involving Lamin
A/C and EZH2, which orchestrates chromatin remodeling, gene repression, and phenotypic
transitions during EMT and MET. Through a combination of biochemical, cellular, and in vivo
approaches, this work uncovers novel mechanistic insights into how Lamin A/C and EZH2
jointly suppress mesenchymal programs, and how their phosphorylation-dependent disruption

contributes to tumor invasiveness and metastatic competence.

5.3.1 Lamin A/C-EZH2 Interaction as a Chromatin-Associated Repressor Module

One of the fundamental discoveries of this study is the identification of a direct and dynamic
interaction between Lamin A/C and the histone methyltransferase EZH2, mediated through the
head domain of Lamin A and the 301-500 amino acid region of EZH2. This interaction is
tightly regulated by phosphorylation, particularly at S22 in Lamin A and T345 in EZH2—sites
targeted by CDK1. The Lamin A/C—EZH2 complex associates with heterochromatic regions
and appears to function as an epigenetic repressor of EMT-promoting transcription factors such
as TWISTI1, ZEBI, and SNAII. This complex is preferentially stabilized in epithelial cells and
reestablished during MET, suggesting that it plays a functional role in maintaining epithelial

integrity.

5.3.2 Phosphorylation as a Molecular Switch Driving EMP

Phosphorylation at specific residues—S22 in Lamin A and T345 in EZH2—emerges as a
critical regulatory mechanism that controls the assembly and disassembly of the Lamin A/C—
EZH2 complex. Our data show that the phosphomimetic mutants (S22D and T345D), which
mimic constitutive phosphorylation, abolish Lamin A/C-EZH2 interaction and promote
mesenchymal characteristics in multiple in vitro and in vivo systems. Conversely,
phosphodeficient mutants (S22A and T345A) maintain this interaction, repress mesenchymal
markers, and stabilize epithelial identity even in the presence of strong EMT inducers such as
TGF-B or TWIST1. These findings provide a compelling model in which phosphorylation acts

as a reversible switch toggling chromatin accessibility and EMT/MET transitions.
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5.3.3 Implications for Cell Migration, Invasion, and Hybrid E/M States

Functionally, disruption of the Lamin A/C—EZH?2 axis through phosphorylation enhances cell
migration and invasion. This is not only evident in traditional EMT contexts but also extends
to TGF-B—driven migration in non-transformed epithelial cells such as MCF10A. Furthermore,
our data reveal that phosphorylation-sensitive disruption of the Lamin A/C—EZH2 complex
promotes the stabilization of hybrid epithelial/mesenchymal (E/M) states—transcriptionally
and functionally distinct subpopulations that are now known to contribute to metastasis, tumor

heterogeneity, and drug resistance.

Interestingly, while canonical EMT inducers promote a continuum of E/M states, the
expression of phosphomimetic Lamin A or EZH2 traps cells in these intermediate states,
preventing complete reversion to epithelial identity even under MET-inducing conditions. This
suggests that phosphorylation of Lamin A/C and EZH2 not only activates mesenchymal gene
expression but also blocks epigenetic remodeling needed for MET, thereby reinforcing a

metastable, plastic phenotype.

5.3.4 In Vivo Relevance: Tumorigenicity and Metastatic Potential

In orthotopic xenograft models, phosphomimetic Lamin A and EZH2 variants resulted in
significantly higher tumor volumes and more aggressive histopathological features compared
to their phosphodeficient counterparts. Lung metastasis studies further confirmed that
phosphorylation promotes systemic dissemination, with dense, pleomorphic metastatic lesions
observed in animals injected with cells expressing the phosphomimetic forms. These in vivo
findings strongly validate the concept that post-translational modifications of nuclear structural

and chromatin-regulatory proteins serve as master regulators of cancer aggressiveness.

5.3.5 Translational Outlook

This study has uncovered a potential vulnerability in breast cancer progression—namely, the
phosphorylation-sensitive disassembly of a chromatin-bound, tumor-suppressive complex.
Inhibiting kinases such as CDK1 or boosting the activity of specific phosphatases to maintain
Lamin A and EZH2 in their dephosphorylated, interaction-competent states may offer
therapeutic benefit. Such strategies could stabilize epithelial phenotypes, prevent metastasis,

and reduce intratumoral heterogeneity by eliminating hybrid E/M populations.
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Furthermore, Lamin A and EZH2 phosphorylation status could serve as predictive biomarkers
for EMT status and metastatic risk, providing clinical tools for disease stratification and therapy
customization. Future research should explore the regulatory networks upstream of CDKI in
various breast cancer subtypes and identify pharmacological agents that can modulate this axis

with specificity.

5.3.6 Conclusion

In summary, this chapter delineates a novel, phosphorylation-sensitive regulatory axis that
governs epithelial-mesenchymal plasticity in breast cancer. The Lamin A/C-EZH2 complex
acts as a repressor of mesenchymal gene expression, and its disruption through CDKI-
mediated phosphorylation promotes EMT, invasion, hybrid E/M states, tumor growth, and
metastasis. These findings extend the functional landscape of nuclear lamins and polycomb
group proteins from structural and epigenetic regulators to central modulators of cancer
plasticity and malignancy. Targeting the phosphorylation machinery associated with this axis
opens up new avenues for anti-metastatic therapies and underscores the importance of nuclear

architecture in cancer progression.
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Chapter 6: Discussion and Future Outlook
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6.1 Summary of Key Results

Cancer progression is not merely a function of uncontrolled proliferation, but a complex
interplay of genetic, epigenetic, and post-translational modifications that dynamically regulate
cellular states. In the context of breast cancer, epithelial-to-mesenchymal transition (EMT) and
its reverse, mesenchymal-to-epithelial transition (MET), have emerged as central processes
underpinning metastasis, therapy resistance, and cellular plasticity. This thesis delves into the
molecular mechanisms regulating epithelial-mesenchymal plasticity (EMP) in breast cancer,
with a focus on the nuclear lamina protein Lamin A/C and the Polycomb group protein EZH2,
elucidating a novel phosphorylation-dependent axis that governs the transition between

epithelial, mesenchymal, and hybrid cellular states.

In this study, we uncover a novel, phosphorylation-sensitive interaction between the inner
nuclear envelope protein Lamin A/C and the histone methyltransferase EZH2, revealing its
pivotal role in regulating epithelial-mesenchymal (EM) plasticity. Using a combination of
models of epithelial-to-mesenchymal transition (EMT) and its reversal (MET), we show that
Lamin A/C interacts with EZH2 in epithelial cells, establishing a repressive chromatin
environment over the SNAI1, TWISTI, and ZEB1 loci, which encode key mesenchymal
transcription factors (EMT-TFs). This interaction is disrupted upon EMT induction via CDK1-
mediated phosphorylation of both Lamin A/C and EZH2, thereby facilitating the activation of
EMT-TFs. Through gain- and loss-of-function studies wusing phosphomimetic and
phosphodeficient variants of Lamin A (S22D/S22A) and EZH2 (T345D/T345A), we define the
critical regulatory role of phosphorylation in modulating EMT. In vivo, phosphomimetic forms
of these proteins significantly promote tumor growth and mesenchymal traits, while
phosphodeficient forms maintain epithelial characteristics, resulting in an approximately five-
fold reduction in tumor volume. These findings position the Lamin A—EZH2 complex as a

crucial epigenetic checkpoint regulated by phosphorylation during cancer progression.

6.2 Rewiring the Lamin A Interactome During EMT and MET

Proteomic analyses further demonstrate a remodeling of the Lamin A interactome in response
to EMT and MET. In epithelial states, Lamin A/C preferentially binds chromatin repressors
(EZH2, EHMT?2), RNA splicing regulators (NUDT21, CPSF6), and chromatin compaction
proteins (LIMA1). During EMT, these associations shift toward cell cycle regulators (pCDK1,
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CCNBI), implying a switch from transcriptional repression to proliferative signaling. These
dynamic interaction profiles position Lamin A as a sensor that toggles between genome

stability and proliferation in a phosphorylation-dependent manner (Celeste et al., 2002).

Importantly, these interactions are specific to Lamin A/C and not recapitulated by B-type
lamins, which instead interact with alternate methyltransferases (e.g., G9a, SUV39H1) in a
phosphorylation-independent fashion. This underscores the unique regulatory capacity of

Lamin A/C in modulating EMP (Sciacovelli and Frezza, 2017).

6.3 Rewiring Chromatin Repression through the Lamin A/C-EZH2 Complex

Historically regarded as a static structural component of the nucleus, Lamin A/C has gained
attention as a dynamic modulator of gene expression, nuclear mechanics, and lineage
commitment. This thesis provides compelling evidence that Lamin A/C functions beyond its
architectural role, anchoring epigenetic regulators at the nuclear periphery to repress lineage-
inappropriate transcriptional programs (Goldman et al., 2002). The direct interaction between
Lamin A/C and EZH2 enables the spatial sequestration and recruitment of PRC2 to repressive

domains, promoting chromatin compaction and epithelial stability.

A central finding of this work is the identification of a previously uncharacterized interaction
between Lamin A/C and EZH2 that functions as a chromatin-associated repressive complex.
This interaction is anchored by specific residues within the head domain of Lamin A (Arg25,
Arg28) and the central domain of EZH2 (amino acids 301-500), validated by both in silico
docking and co-immunoprecipitation experiments. Functionally, this interaction is essential for
repressing mesenchymal genes, preserving epithelial identity, and facilitating MET (Lukasova

et al., 2017).

Importantly, this complex is sensitive to CDK1-mediated phosphorylation at conserved sites—
S22 in Lamin A and T345 in EZH2. Phosphorylation at these sites disrupts their interaction
and triggers a cascade of transcriptional and phenotypic changes that favor EMT. This post-
translational modification represents a key molecular switch, integrating cell cycle progression

and chromatin state to coordinate cellular plasticity (Mitra et al., 2005).

During EMT, phosphorylation of Lamin A/C and EZH2 disrupts this repressive complex.
Phosphomimetic variants of Lamin A (S22D) and EZH2 (T345D) not only impair Lamin A/C—

EZH2 binding but also trigger chromatin relaxation, enhanced EMT-TF expression, and
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mesenchymal phenotypes. Conversely, phosphodeficient forms preserve repressive chromatin
landscapes and suppress mesenchymal transition even under pro-EMT stimuli such as TGF-
and TWIST1. This demonstrates that phosphorylation operates as a molecular gatekeeper for

epigenetic plasticity and state transitions.
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Figure 6.1: Heatmap illustrating co-relation of extent of Lamin A/C expression with CDHI
(E-cadherin), TWISTI1, SNAIl and ZEB1 expression across various cancers

6.4 Phosphorylation-Dependent Modulation of EMP

One of the most significant contributions of this study lies in demonstrating how
phosphorylation regulates EMP in a context-dependent manner. Using phosphomimetic and
phosphodeficient mutants of Lamin A and EZH?2, it was shown that phosphorylation abrogates
their interaction, promoting mesenchymal traits, while dephosphorylated forms restore
epithelial features and suppress EMT. These findings were consistent across multiple models,
including MCF7, MCF10A, and MDA-MB-231 cell lines, and corroborated by in vivo tumor

xenograft studies.

This work also provides mechanistic insight into how EMT is modulated not just by
transcription factors but also by nuclear structure and chromatin dynamics. It shifts the focus
from classical signaling pathways to epigenetic and nuclear architectural regulators, offering a

new lens through which to understand tumor plasticity.

Epithelial-to-mesenchymal transition (EMT) and its reverse, mesenchymal-to-epithelial

transition (MET), are tightly regulated, reversible processes that orchestrate cellular transitions
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during development, wound healing, and disease. In cancer, the plasticity of EMT/MET
enables tumor cells to dynamically acquire phenotypic features that facilitate invasion,
survival, and metastatic colonization. This thesis identifies and characterizes a novel epigenetic
regulatory axis governed by the inner nuclear envelope protein Lamin A/C and the chromatin
modifier EZH2, which acts as a phosphorylation-sensitive molecular switch for epithelial—

mesenchymal plasticity (EMP) in breast cancer.

Through an integrated set of biochemical, transcriptomic, epigenomic, and in vivo approaches,
this work reveals that Lamin A/C physically interacts with EZH?2 in epithelial cells, forming a
nuclear lamina-associated repressive complex that silences EMT transcription factors (SNAI1,
TWISTI1, ZEB1) via deposition of the heterochromatic mark H3K27me3. This interaction is
shown to be phosphorylation-sensitive—specifically modulated by CDKI-mediated
phosphorylation at S22 of Lamin A and T345 of EZH2. Loss of interaction via phosphorylation
destabilizes the chromatin-bound EZH2 complex, leading to transcriptional de-repression of
mesenchymal programs. This post-translational regulation creates a mechanistically
compelling model that links cell cycle progression with nuclear structure, chromatin state, and

transcriptional plasticity.

6.5 Functional Consequences on Migration, Invasion, and Tumorigenicity

Beyond the molecular interactions, the Lamin A/C—EZH2 axis was shown to have profound
functional consequences on cell behavior. Disruption of this complex through phosphorylation
enhanced cell invasion, migration, and anchorage-independent growth. These phenotypes were
not merely in vitro artifacts but translated into significant increases in tumor size and metastatic

burden in orthotopic mouse models.

Furthermore, CDK1 activity and its effect on Lamin A and EZH2 were found to promote the
accumulation of hybrid epithelial/mesenchymal (E/M) states—transcriptionally distinct
subpopulations with high metastatic and stem-like potential. These findings support a model
wherein phosphorylation acts not only as a molecular off-switch for chromatin repression but

also as a selector of intermediate phenotypic states that are functionally poised for metastasis.
6.6 Tumor Growth and Metastasis: Phosphorylation Drives Malignancy

In vivo xenograft experiments validate the role of Lamin A/C—EZH2 phosphorylation in tumor

progression. Phosphomimetic mutants exhibit larger tumor volumes, increased invasiveness,
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and elevated metastatic burden, while phosphodeficient forms suppress tumorigenicity and
restore epithelial features. Histopathological analysis of lung metastases reveals extensive
dissemination, nuclear pleomorphism, and hyperchromasia in phosphomimetic groups—

hallmarks of high-grade malignancy.

This confirms that post-translational disruption of Lamin A-EZH?2 interaction is not merely a
cellular phenotype but a driver of systemic cancer progression. The phosphorylation-dependent
axis thus serves as a critical regulatory node linking nuclear architecture, chromatin

remodeling, and metastatic competence.

6.7 EMP and the Hybrid State: A Selectable Metastatic Intermediate

Another novel insight provided by this work is the identification of the hybrid E/M state as a
selectable and regulated phenotype, rather than a passive transition. Overexpression of
phosphomimetic Lamin A or EZH2 stabilized the CD104+CD44+ population—a hallmark of
hybrid identity. Even under pro-MET conditions induced by GRHL?2, these phosphomimetic
variants resisted reversion to a fully epithelial phenotype, highlighting the dominant influence

of Lamin A/C-EZH?2 phosphorylation status in maintaining plasticity (Krdéger et al., 2019).

This has substantial implications for metastasis and therapy resistance. Hybrid states have been
linked to enhanced survival under stress, immune evasion, and chemoresistance. By revealing
a regulatory mechanism that maintains or resolves hybrid identity, this thesis provides a

potential therapeutic target for intercepting plasticity-driven tumor evolution (Johnstone et al.,

2020).
6.8 Hybrid E/M States: Lamin A/C-EZH2 Axis as a Regulator of Phenotypic Stability

The hybrid epithelial/mesenchymal (E/M) state has emerged as a functionally distinct,
metastable phenotype that confers adaptive advantages such as collective migration, stemness,
and drug tolerance. This work uncovers that the Lamin A/C-EZH?2 complex regulates not only
the binary EMT/MET switch but also the maintenance or resolution of hybrid states. In the
absence of Lamin A—EZH2 interaction (via phosphorylation or knockdown), cells accumulate
in a CD104+CD44+ hybrid state, which is poorly responsive to MET-inducing signals. This is
particularly evident in GRHL2-mediated MET, where phosphomimetic mutants fail to drive
complete epithelial transition (Heaphy et al., 2011).
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This finding challenges the notion of hybrid states as passive intermediates and positions them
as actively regulated, selectable configurations governed by chromatin modifiers and nuclear
lamina dynamics. The interplay between CDKI1 activity, Lamin A/C-EZH2 interaction, and

EMT-TF expression thus defines an axis that balances cellular plasticity and commitment.

6.9 Intrinsic Heterogeneity in EMT and MET Model Systems

Epithelial-mesenchymal plasticity (EMP) encompasses a spectrum of phenotypic states
between the epithelial and mesenchymal poles, often giving rise to heterogeneous cell
populations with varying degrees of marker expression and functional attributes. To investigate
this phenomenon, we employed three widely used human breast cell models representing
distinct positions along the epithelial-mesenchymal spectrum: MCF7, MCF10A, and MDA-
MB-231, and induced EMT or MET through different stimuli—TWIST1 overexpression in
MCF7, TGF-p treatment in MCF10A, and restoration of MET in mesenchymal MDA-MB-231
cells. Across these systems, we observed substantial intra-population heterogeneity in the
expression of canonical epithelial (E-Cadherin) and mesenchymal (Vimentin) markers, as well

as in surface marker profiles based on CD104 (B4-integrin) and CD44.
6.10 Baseline Heterogeneity in Untreated States

At baseline, MCF7 cells exhibited a predominantly epithelial phenotype, with uniform E-
Cadherin membrane localization and negligible Vimentin expression, consistent with their
luminal epithelial origin. However, immunofluorescence and immunoblotting revealed a small
subset of cells with reduced E-Cadherin and faint cytoplasmic Vimentin, suggestive of a pre-
existing hybrid or primed state. This subtle heterogeneity was further reflected in flow
cytometry, where CD104 expression showed a unimodal but broad distribution, and CD44
expression, while generally low, showed a tail of intermediate-expressing cells (Lu and Kang,
2019). Hybrid E/M cells exhibit intermediate activation of Snail/Zebl/Twistl (2-5x E
baseline, 30-70% M levels), enabling coexistence of epithelial/mesenchymal markers through

partial Lamin A/C-EZH?2 disruption and miR-200/Zeb1 oscillation.

In contrast, MCF10A cells—although non-tumorigenic and often classified as epithelial—
demonstrated more evident heterogeneity in both marker expression and surface phenotype.
Immunostaining revealed a mosaic pattern of E-Cadherin, with some cells showing strong
junctional localization and others displaying cytoplasmic or patchy membrane staining.

Vimentin was detectable at low levels in a significant fraction of cells even under basal
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conditions, indicative of their basal-like plasticity. FACS analysis confirmed a bimodal
distribution of CD104, and a continuum of CD44 expression, supporting their intermediate or

poised EMP status.

MDA-MB-231 cells, by contrast, displayed hallmarks of a fully mesenchymal phenotype with
high, uniform expression of Vimentin and loss of E-Cadherin. However, both protein and
transcript analysis identified rare cell subsets expressing low but detectable levels of E-
Cadherin, suggesting potential for MET under appropriate cues. CD104 was nearly absent
across the population, whereas CD44 levels were uniformly high, consistent with a
mesenchymal and stem-like phenotype. Nonetheless, a minor fraction of CD44"low cells was

consistently observed, indicating residual phenotypic variability.
6.11 Induced Heterogeneity Upon EMT and MET

Upon TWISTI-induced EMT in MCF7 cells, we observed a graded loss of E-Cadherin and
concomitant induction of Vimentin. Notably, this transition was not binary; instead, the
population split into multiple intermediate states. Immunofluorescence revealed the
coexistence of cells with retained E-Cadherin but cytoplasmic Vimentin, alongside cells with
complete E-Cadherin loss and high Vimentin expression. FACS analysis mirrored this with a
substantial increase in CD44"high/CD104*ow cells, but also revealed CD44"int/CD104"int
populations that may represent partial or hybrid EMT states. These observations emphasize
that TWIST1 does not enforce a uniform EMT program but instead promotes a spectrum of

epithelial-to-mesenchymal transition states.

Similarly, TGF-B—induced EMT in MCF10A cells amplified pre-existing heterogeneity. While
a significant fraction of cells lost E-Cadherin and gained Vimentin, a substantial subpopulation
retained partial epithelial characteristics, showing E-Cadherin-Vimentin co-expression. This
was paralleled by the emergence of a CD44"high/CD104"low population, though a CD44
/CD104 subset persisted, further supporting a continuum of EMT states rather than a terminal
mesenchymal conversion. These results align with recent studies demonstrating that TGF-f3

signaling can promote stable intermediate EMT phenotypes rather than a complete transition.

In MDA-MB-231 cells subjected to MET-inducing conditions, a gradual gain of epithelial
features was observed in a subset of cells. Specifically, re-expression of E-Cadherin was
evident in small clusters, accompanied by a moderate reduction in Vimentin expression. These

cells frequently re-expressed CD104 and exhibited reduced CD44 levels, giving rise to a
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CD104%/CD44"°Y population that had been virtually absent at baseline. Importantly, this
population remained minor, underscoring the inefficiency and heterogeneity of MET induction

in this aggressive mesenchymal background.
6.12 Implications of Heterogeneity in EMP Models

These findings collectively reveal that EMP, whether spontaneous or induced, is rarely uniform
across a cell population. Instead, EMT and MET transitions are marked by intrinsic cellular
heterogeneity, reflected both in classical epithelial/mesenchymal markers and in cell surface
marker expression. The presence of hybrid E/M states—cells that co-express E-Cadherin and
Vimentin, or cells with intermediate CD44 and CD104 levels—suggests plasticity and the
ability to transition between phenotypes reversibly. This has profound implications for
interpreting functional assays, drug response, and in vivo behavior, as subpopulations may

differentially contribute to invasion, stemness, and metastasis.

The observed FACS profiles support a continuum model of EMP, rather than discrete states.
Importantly, CD104 and CD44 serve as effective surrogate markers for tracking these
transitions, and their co-expression patterns can help resolve mixed populations where
canonical markers like E-Cadherin and Vimentin alone are insufficient. In particular,
CD44/int/CD104”int populations may represent metastable or plastic states, highly relevant
for studying epigenetic and transcriptional regulation of EMT/MET.

In summary, our model systems capture diverse trajectories and outcomes of EMT/MET, and
the cellular heterogeneity uncovered here underlines the need for high-resolution analysis in
EMP research. Understanding and harnessing this heterogeneity may be key to targeting

phenotypically plastic cancer cell subsets that escape conventional therapies.

6.13 Lamin A/C and EZH2 as Integrators of Nuclear Structure and Transcriptional

Repression

This work extends the role of Lamin A/C from a structural scaffold to a dynamic regulator of
transcription and chromatin state. Similarly, EZH2 is redefined here not just as a histone
methyltransferase but as a phosphorylation-sensitive component of a nuclear repressor
complex that interacts with nuclear lamina architecture. Together, these findings expand the
functional repertoire of nuclear envelope proteins and Polycomb group proteins in cancer

biology.
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Moreover, the study emphasizes the dual regulation of Lamin A/C and EZH2 through cell cycle
machinery—particularly CDK1—highlighting the intersection of mitotic signaling and long-
term transcriptional reprogramming. This positions Lamin A/C and EZH2 as nodes in a
regulatory network that senses proliferative signals and modulates chromatin architecture

accordingly, influencing cell fate decisions in both development and disease.
6.14 Translational Implications: Targeting the Lamin A—-EZH2—-CDK1 Axis

The findings presented here offer new avenues for diagnostic and therapeutic interventions.
Phosphorylated forms of Lamin A (S22) and EZH2 (T345) emerge as potential biomarkers of
EMT status and metastatic capacity. Analysis of clinical proteomic datasets (e.g., CPTAC)
supports these findings, revealing increased pLMNA(S22) and pEZH2(T345) levels in tumor

tissues across breast cancer stages.

Functionally, restoring Lamin A-EZH2 interaction—either through CDKI1 inhibition,
proteasomal stabilization, or phosphatase modulation—may reinforce epithelial identity and
suppress metastasis. However, therapeutic strategies involving global EZH2 inhibition must be
approached cautiously, as disrupting Lamin A—EZH2-mediated repression may inadvertently
promote EMP in some contexts. Stratified approaches targeting upstream kinase activity or
selectively stabilizing Lamin A/C-EZH2 complexes may offer a more precise means of

reprogramming tumor cell identity.
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Figure 6.2: Proteomic, transcriptomic, and co-immunoprecipitation analysis of Lamin A/C,

EZH?2, CCNBI1, and CDK1 in normal and tumor conditions.

(A) Clinical Proteomic Tumor Analysis Consortium (CPTAC)-based proteomic analysis of
total Lamin A/C expression in normal and tumor tissues (i) and its stratification across tumor
stages (Stage I-11l) (ii). Analysis of phosphorylated Lamin A/C (Ser22) levels in normal versus
tumor tissues (iii) and across tumor stages (iv). (B) Comparative analysis of total EZH?2 protein
expression in normal versus tumor tissues (i) and its stage-specific distribution (Stage I-I1I)
(ii). Quantification of phosphorylated EZH?2 (Thr345) in normal and tumor tissues (iii) and
across tumor stages (iv). (C) TCGA-based differential expression analysis of CCNBI1 mRNA in
normal versus tumor tissues (i) and across tumor stages (Stage I-1V) (ii). (D) CPTAC-based
proteomic analysis of phosphorylated CDKI (Thr161) in normal versus tumor tissues (i) and

across tumor stages (Stage I-111) (ii).
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6.15 Conclusion and Future Perspectives

This thesis establishes a phosphorylation-sensitive Lamin A/C-EZH2 complex as a novel
epigenetic module that governs epithelial-mesenchymal plasticity in breast cancer. By
modulating chromatin accessibility at EMT-TF loci, this complex orchestrates phenotypic
transitions, cellular invasiveness, and metastatic spread. Phosphorylation by CDK1 disrupts

this complex, promoting mesenchymal traits, hybrid states, and tumor progression.

The body of work presented in this thesis uncovers a critical phosphorylation-sensitive axis
involving Lamin A/C and EZH2 that governs epithelial-mesenchymal plasticity in breast
cancer. This axis acts as a repressive checkpoint that must be overcome for EMT to proceed.
Its disruption via phosphorylation facilitates mesenchymal gene expression, hybrid state

stabilization, and ultimately promotes tumor progression and metastasis.
These findings lay the groundwork for several promising research directions:

1. Therapeutic Targeting of the Phosphorylation Machinery: CDK1 emerges as a
candidate kinase whose activity modulates EMP via Lamin A and EZH2
phosphorylation. Inhibitors targeting CDKI1 or strategies that enhance phosphatase
activity may help stabilize the epithelial state and curb metastasis.

2. Biomarker Development: Phosphorylation status of Lamin A and EZH2 could serve
as a prognostic marker for EMP, tumor aggressiveness, or response to therapy. Future
work should validate these markers in clinical breast cancer samples.

3. Hybrid E/M State as a Therapeutic Vulnerability: Given its role in metastasis and
resistance, targeting the hybrid state directly—by enforcing Lamin A/C-EZH2
interaction or repressing mesenchymal genes—may be a viable strategy to limit tumor
plasticity.

4. Role in Other Cancers and Systems: While this thesis focuses on breast cancer, the
Lamin A/C-EZH2 axis may function similarly in other epithelial cancers. Comparative
studies in additional models could broaden the applicability of these findings.

5. Nuclear Mechanics and Chromatin Architecture: Given Lamin A's role in nuclear
stiffness and chromatin organization, further studies could integrate mechanical and
epigenetic perspectives to understand better how cellular microenvironments influence

EMP.
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6. Phosphatase Identification: Identifying phosphatases that reverse Lamin A and EZH2
phosphorylation could reveal novel drug targets and regulators of EMP reversibility.

7. Temporal Dynamics and Therapy Resistance: Longitudinal tracking of Lamin A—
EZH2 phosphorylation status during chemotherapy could clarify its role in therapy-
induced plasticity and resistance.

8. Organoid and Patient-Derived Models: Incorporating 3D organoid systems and
patient-derived xenografts will enhance translational relevance and validate therapeutic

strategies targeting this axis.

In summary, this work highlights a previously unrecognized axis of nuclear epigenetic control
in breast cancer plasticity and metastasis. Targeting the phosphorylation status of Lamin A and
EZH?2 or their regulatory kinases may offer a potent strategy to constrain tumor heterogeneity,
suppress metastatic dissemination, and enhance therapeutic response in aggressive breast

cancers.
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Appendix 1

Sequences of siRNA

Gene Sequence

si LMNA 5’ CAGUCUGCUGAGAGGAACA 3
si LacZ 5> CGUACGCGGAAUACUUCGA 3°
siLMNBI 5> AGACAAAGAGAGAGAGAUG 3’
siLMNB2 5> GAGCAGGAGAUGACGGAGA 3’
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Appendix 2

List of plasmids
Addgene
Plasmid Number Vector
Transient
pEGFPNI1-hTwist]-GFP This thesis transfection
pBP-mTWISTI 1783 Retroviral vector
Ruby Yun-Ju
pLVX-GRHL2-GFP Huang Lentiviral vector
Ruby Yun-Ju
pLKO-Tet-on-GRHL?2 Huang Lentiviral vector
pLKO-Tet-on-shLMNA This thesis Lentiviral vector
pLKO-Tet-on-shEZH2 This thesis Lentiviral vector
pLVX-LMNA-GFP(shResistant) | This thesis Lentiviral vector
pLVX-LMNA(S22A)-
GFP(shResistant) This thesis Lentiviral vector
pLVX-LMNA(S22D)-
GFP(shResistant) This thesis Lentiviral vector
MSCV-EZH2-
FLAG(shResistant) This thesis Retroviral vector
MSCV-EZH2(T345A)-
FLAG(shResistant) This thesis Retroviral vector
MSCV-EZH2(T345D)-
FLAG(shResistant) This thesis Retroviral vector
psPAX?2 12260 Lentiviral vector
pMD2G 12259 Lentiviral vector
Gag.Pol 14887 Retroviral vector
VSV-G 8454 Retroviral vector
AHead-LMNA-GFP This thesis Lentiviral vector
Acentral helical rod-LMNA-GFP | This thesis Lentiviral vector
AlgG-LMNA-GFP This thesis Lentiviral vector
Atail-LMNA-GFP This thesis Lentiviral vector
A1-300-EZH2-FLAG This thesis Retroviral vector
A301-500-EZH2-FLAG This thesis Retroviral vector
A501-756-EZH2-FLAG This thesis Retroviral vector
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Appendix 3

List of antibodies used

IMMUNOFLOURSCENCE ASSAY

Host | Antibody | Vendor Cat No Dilution
Mouse | E-Cadherin | Abcam ab1416 1:1000
Rabbit | Vimentin Abcam ab92547 | 1:1000
Rabbit | Lamin A/C | Abcam ab108595 | 1:1000
Mouse | Lamin A/C | Abcam ab40567 | 1:50
Rabbit | EZH2 Cell Signaling Technology | 5246S 1:1000
Rabbit | pCDK1 Cell Signaling Technology | 9114S 1:1000
Mouse | BrdU Abcam ab8955 1:1000
Rabbit | H3S10p Cell Signaling Technology | 3377S 1:1000
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Appendix 4

List of antibodies
IMMUNOBLOTTING
Host | Antibody Vendor Cat No Dilution
Cell Signaling
Rabbit | Zebl Technology 3396T 1:1000
Cell Signaling
Rabbit | EZH2(Thr345p) | Technology 451538 1:1000
Cell Signaling
Rabbit | EZH2 Technology 52468 1:1000
Mouse | E-Cadherin Abcam abl416 1:1000
Rabbit | Vimentin Abcam ab92547 1:1000
Rabbit | pSmad3 Abcam ab52903 1:1000
Rabbit | Smad3 Abcam ab28379 1:1000
Lamin Cell Signaling
Rabbit | A/C(Ser22p) Technology 13448T 1:1000
Rabbit | Lamin A/C Abcam ab108595 1:1000
Cell Signaling
Rabbit | Cyclin Bl Technology 122318 1:1000
Cell Signaling
Rabbit | CDKI1(Thrl161p) | Technology 9114S 1:1000
Cell Signaling
Mouse | CDK1 Technology 9116S 1:1000
Rabbit | Lamin B1 Abcam ab20396 1:1000
Mouse | Lamin B2 Abcam ab8983 1:1000
Cell Signaling
Rabbit | Suv39H1 Technology 8729T 1:1000
Cell Signaling
Rabbit | G9a Technology 68851T 1:1000
Rabbit | HSP70 Abcam ab181606 1:1000
Rabbit | GAPDH Sigma-Aldrich G9545 1:7000
Cell Signaling
Rabbit | Snaill Technology 3879S 1:1000
Mouse | Twistl Abcam ab50887 1:1000
Rabbit | H3K27me3 Millipore 07-449 1:1000
Rabbit | H3K9me3 Abcam ab176916 1:1000
Rabbit | H3 Abcam ab1791 1:3000
Rabbit | N-terminal GFP | Sigma-Aldrich G1544 1:1000
Cell Signaling
Rabbit | Anti-FLAG Technology 14793T 1:1000
Rabbit | GRHL2 Sigma-Aldrich HPA004820 | 1:1000
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Appendix 5

List of primers used for RT-qPCR

Gene Forward Primer Reverse Primer

E-Cadherin | TGGTACCTGGCAAGATGCAG GGGGGCTTCATTCACATCCA
Vimentin CTCTGGCACGTCTTGACCTT TTGCGCTCCTGAAAAACTGC
Zebl GAGAGGATCATGGCGGATGG | TTACACCCAGACTGCGTCAC
Snaill CTCGGACCTTCTCCCGAATG AAAGTCCTGTGGGGCTGATG
Twistl GCGCTGGGGAAGATCATC GGTCTGAATCTTGCTCAGCTT
Lamin A/C | CTCCACTGGGGAAGAAGTGG | CCCATCTCTTGTATGATGCTGC
Lamin B1 AGCTAAGTGCAGGGAGCTATG | TCATGCGGCTTTCCATCAGT
Lamin B2 TTTTCCACCAACAGGGGGAC ACGTTCTGGCAGTTCGCTTA
GAPDH CGAGATCCCTCCAAAATCAAG | GCAGAGATGATGACCCTTTTG
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Appendix 6

List of primers used for ChIP-qPCR

Gene Forward Primer Reverse Primer

SNAIl -1kb AAAGGCCGTGGCATTTCAAG | CATTGACGAGGGAAACGCAC
TWIST1 -1kb | TGGGTCGTTGTAGAGGGGAA | CCTTGGAGTTCCAAAGGCCA
ZEB1 -1kb TTGCTGGCTTGTGGACATGA | GTGACAGGGGAAATCAGGCA
DEFA3 -1kb | TCTCACATTGGCACGTCCTC | TAACACAAGAGAGTGCGCGT
GAPDH +1kb | GGGCTTGTGTCAAGGTGAGA | CGAAGCAAGCAAGGCTGTTT
MYTI1 +1kb | AGCCATGTCTGAAGGCACTC | TGCATTGGCTTTTTGGCCTT
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Appendix 7

List of primers used in cloning

Plasmid

Cloning Primer sequence

Lamin A shRNA resistant F

AAAGAATTCatggagaccccgteccag

Lamin A _shRNA
resistant R

aaaggatccttacatgatgctgcagt

EZH2 shRNA resistant 1F

gacagctcaaacggttcagaag

EZH2 shRNA resistant 1R

cttctgaaccgtttgagetgtc

EZH2T345A F

CTGAGCGGATAAAGGCACCACCTAAACGC

EZH2T345A R

GCGTTTAGGTGGTGCCTTTATCCGCTCAG

EZH2T345D F

TGCTGAGCGGATAAAGGACCCACCTAAACGCCCAG

EZH2T345D R

CTGGGCGTTTAGGTGGGTCCTTTATCCGCTCAGCA

Lamin A S22A F

CACTCCGCTGGCGCCCACCC

Lamin A S22A R

CGGGTGGGCGCCAGCGGAGTG

Lamin A S22D F

CTCCACTCCGCTGGATCCCACCCGCAT

Lamin A S22D R

ATGCGGGTGGGATCCAGCGGAGTGGAG

AHead (1-29) R ctgcagccgggtgatgeg
AHead (1-29) F caggagaaggaggacctgcaggagetc
ARod (31-387) R ctgcagccgggtgatgeg
ARod (31-387) F cgcctgtececccagecect
AlgG (428-549) R tgcgtgctgtgagaaget

AlgG (428-549) F

gttgaggacgacgaggatgag

ATail (550-664) R

ctcatcctegtegtectcaaccacagt

ATail (550-664) F

ggatcccgececcteteect

EZH2 del(1-300) R

ggtggccaggatctaattc

EZH2 del(1-300) F

tatgactgcttcctacatcce

EZH2 del(301-500) R

atacttaaaacatcgtcgacagaagag

EZH2 del(301-500) F

aaaaggaaacatcggtigtgg

EZH2 del(501-746) R

tttcttctttcttggaggagtgtc

EZH2 del(501-746) F

ggcatcgaacgagaaatggaa
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Abstract

Epithelial-to-mesenchymal transition (EMT) is essential for normal development and cancer progression. However, how nuclear Lamins regulate
EMT is unclear. Here, we show that Lamin A/C modulates the epithelial-mesenchymal (E-M) plasticity of cells through its interaction with
the chromatin organizer, EZH2. The overexpression of Lamin A reinforces an epithelial identity, while its depletion promotes a mesenchymal
phenotype. This positions Lamin A/C as a crucial modulator of Epithelial-Mesenchymal plasticity. Furthermore, CDK1-mediated phosphorylation
of Lamin A/C (Ser22) and EZH2 (Thr345) disrupts Lamin A/C-EZH2 interaction, destabilizing EZH2, with a concomitant decrease in the occupancy
of the heterochromatin mark (H3K27me3) on the SNA/1, TWIST1, and ZEB1 promoters, thereby facilitating a transition towards mesenchymal
transcriptional programs. Conversely, phosphodeficient Lamin A/C (S22A) and EZH2 (T345A) mutants restore epithelial identity, highlighting a
regulatory role of the Lamin A/C-EZH2 axis in maintaining epithelial homeostasis. In vivo, xenograft assays in NOD-SCID mice reveal that while
phosphorylated Lamin A/C or EZH2 promote tumor growth and metastasis, phospho-deficient mutants markedly suppress it. Lamin A/C-EZH2
interaction regulates the expression of E-M-associated transcription factors, highlighting the role of this interaction in modulating transcriptional
plasticity, thereby serving as a potential therapeutic target for regulating metastasis in breast cancers.
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Introduction

Epithelial-to-Mesenchymal =~ Transition (EMT) and
Mesenchymal-to-Epithelial Transition (MET) are fundamen-
tal biological processes that play critical roles in embryonic
development, wound healing, and tissue homeostasis [1].
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EMT is essential for gastrulation, somite formation and neu-
ral crest cell migration, while the converse of EMT i.e. MET is
essential for organogenesis, such as kidney development and
the formation of epithelial somites surrounding the core of
mesenchymal cells [2, 3]. During EMT, epithelial cells show
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loss of polarity and cell—cell adhesion, which confer migratory
and invasive characteristics that are typical of mesenchymal
cells [4]. Conversely, MET induces enhanced cell-cell adhe-
sion, decreases motility, restoring epithelial characteristics,
enabling tissue differentiation and organogenesis [5]. While
these processes are essential for normal physiology, they are
subverted during cancer progression, fibrosis, and organ dys-
function [6]. EMT facilitates cells to invade the surrounding
tissues and MET is crucial for the colonization of metastatic
cells and integration into the secondary tissue. Rather than
representing a binary switch, epithelial-to-mesenchymal
plasticity (EMP) encompasses hybrid epithelial-mesenchymal
(E-M) states that confer metastatic competence and survival
advantages. Lineage-tracing and single-cell studies reveal
that these hybrid states often underlie tumor dissemination,
metastatic colonization, resistance to chemotherapy and
recurrence, making it imperative to understand how tumor
cells dynamically modulate EMP during cancer progression
[7-10]. The transition between these phenotypic states (E and
M) involves an intricate coordination among transcription
factors, signalling pathways, and epigenetic mechanisms.
However, the underlying mechanisms on how each of these
processes crosstalk with one another are not fully understood
[11].

During EMT, epithelial factors such as E-cadherin are
downregulated, while mesenchymal markers—Vimentin, N-
cadherin, and fibronectin—are upregulated, driven by tran-
scription factors TWIST1, SNAI1, and ZEB1 [12]. Conversely,
during MET, the activity of these transcription factors is atten-
uated, re-expressing epithelial factors, and suppressing mes-
enchymal properties [13]. However, the crosstalk between nu-
clear architecture and chromatin organization in regulating
EM plasticity is unclear.

Lamin A/C, a core component of the nuclear lamina, pro-
vides structural support to the nucleus and maintains genome
organization. It regulates chromatin architecture and gene ex-
pression, and its depletion increases nuclear deformability, al-
ters chromatin accessibility, and enhances cellular plasticity
[14-18]. Despite these broad nuclear functions, its direct role
in EMT or MET remains unclear.

Lamin A/C regulates transcriptional programs through
interactions with chromatin modifiers and transcriptional
repressors. Notably, the Polycomb Repressive Complex 2
(PRC2), a histone methyltransferase, silences target genes via
deposition of the repressive mark H3K27me3 [19, 20]. This
connection suggests that Lamin A/C could modulate EM plas-
ticity by coordinating with PRC2 components, such as EZH2
(the catalytic subunit of PRC2), thereby linking integrity of
nuclear lamina to epigenetic regulation and transcriptional
control. EZH2 is a well-established epigenetic regulator im-
plicated in EMT [21]. However, the mechanisms by which
Lamin A/C modulates EZH2 activity and if this interaction
impacts E-M plasticity are largely unknown. Considering the
central importance of epigenetic regulation in cancer initiation
and progression, understanding the interplay between nuclear
and chromatin organizers, namely Lamin A/C and EZH2 re-
spectively, will uncover novel therapeutic targets to modulate
EMT and MET dynamics in aggressive malignancies.

Here, we systematically investigate the role of Lamin
A/C and EZH2 in EMT and MET using well-characterized
paradigms of mammary breast epithelial cells and breast can-
cers. We demonstrate that depletion of Lamin A/C or EZH2
facilitates EMT, whereas its overexpression promotes MET,

underscoring its role in maintaining epithelial identity. Fur-
thermore, we identify that CDK1-mediated phosphorylation
regulates the interaction between Lamin A/C-EZH2 altering
their chromatin occupancy during EMT and MET. Integra-
tive analyses involving transcriptomic, proteomic, and func-
tional data, collectively provide crucial mechanistic insights
into how nuclear Lamins contribute to EM plasticity. By eluci-
dating the interplay between Lamin A/C and EZH2, this study
elucidates the functional relevance of the interactome of nu-
clear Lamins in cancer progression. Our findings highlight the
regulatory role of the phosphorylation of Lamin A/C in modu-
lating EMT and implicate the Lamin A/C-EZH2 axis as a key
target for novel therapeutic interventions in metastatic breast
cancers.

Materials and methods

Cell culture

Immortalized human breast epithelial cell line MCF10A
(CRL-10317) and cancer cell lines MCF7 (HTB-22), and
MDAMB231 (HTB-26) were obtained from ATCC. MCF10A
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (1:1) supplemented with 5% horse serum, EGF
(20 ng/ml), hydrocortisone (0.5 mg/ml), cholera toxin (0.1
mg/ml), insulin (10 mg/ml), and 1% penicillin-streptomycin.
MCF7 and MDAMB231 cells were cultured in DMEM and
Roswell Park Memorial Institute (RPMI), respectively, supple-
mented with 10% fetal bovine serum (FBS), 1% L-glutamine,
and 1% penicillin-streptomycin. All cells were grown at 37°C
with 5% CO,. The cell types were validated based on mor-
phology (Supplementary Fig. S1A), chromosome numbers
(Supplementary Fig. S1B), and profile of key E and M markers
(Supplementary Fig. S1C-G). Furthermore, 4',6-diamidino-2-
phenylindole (DAPI) staining did not show any visible ex-
tranuclear staining, negating mycoplasma contamination.

EMT induction in MCF7 upon TWIST1
overexpression

MCEF7 cells (~0.35 million) were seeded in six-well plates
and allowed to adhere for ~10-12 h, to attain a conflu-
ency of ~50%. Cells were independently transfected with
2 ug of pEGFPN1 (Empty vector) or TWIST1 in Opti-
MEM using polyethyleneimine (PEI; Sigma #408727-100ML)
at a ratio of 1:3 plasmid: branched PEIL After ~6 h post-
transfection, Opti-MEM was replaced with DMEM contain-
ing 10% FBS. Transfected cells were selected with G418 (890
pg/ml, Roche #4727878001) for 24 h. Cells were harvested
for reverse transcriptase-polymerase chain reaction (RT-PCR),
immunofluorescence assay, or immunoblotting at ~48 h post-
transfection to assess for expression of E and M marks, re-
spectively [22, 23].

TGF-$ mediated EMT induction

MCF10A cells (~0.15 million) were seeded at a confluency of
(~30%—-40%) in each well of a six-well plate and allowed to
adhere overnight (~16 h). MCF10A cells were treated with
recombinant human TGF-B1 (10 ng/ml, PeproTech, #100-21)
to induce EMT in complete growth medium. Media contain-
ing fresh TGF-p1 was replenished every ~48 h for a total du-
ration of 7 days. Control cells were maintained in complete
media without TGF-§ [24, 25].
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GRHL2 mediated MET induction

MET was induced by overexpression of GRHL2 using the
lentiviral vector pLVX-TetOn-Puro-GRHL2 (gift from Dr
Ruby Yun-Ju Huang, National Taiwan University). Lentivi-
ral particles were generated by transfecting HEK293T cells
(~1 x 10°) with 8 ug plasmid DNA using branched PEI
(1:3 DNA:PEI ratio). Viral supernatants collected at 48
and 72 h, were filtered using a 0.45 um filter and used
to transduce MDAMB231 cells (~1 x 10°) in the pres-
ence of 8 pg/ml polybrene (Sigma #H9268). Cells were
selected with puromycin (2 pg/ml, 2 days) and GRHL2
overexpression was validated by immunoblotting (Fig. 11)
[26,27].

small interfering RNA (siRNA) transfection

MCF7, MCF10A, and MDA-MB-231 cells (~0.35 million)
were seeded in six-well plates or 35 mm dishes ~24 h prior
to transfection. Cells were cultured in Opti-MEM and trans-
fected with 50 nM siRNA using 4 ul of RNAIMAX (Invitro-
gen #13778150). After ~6 h, Opti-MEM was replaced with
DMEM with 10% FBS for a total duration of ~48 h. Cells
were harvested for immunofluorescence assay, RT-PCR, or im-
munoblotting post-transfection.

Retroviral transduction

HEK293T cells (~1 million) were transfected with ~8 pg of
the retroviral plasmid of interest (Supplementary Table 4), 4
ug of packaging plasmid Gag-Pol (Plasmid #14887), and VSV-
G (2 pg, Plasmid #14888) using PEI (~42 ul), in the ratio of
DNA:PEI = 1:3 (w/v). Viral supernatant (~8 ml) was collected
~48 h post-transfection from HEK293T cells and added to
~0.35 million cells (~1.5 ml; seeded at ~0.35 million cells
per well in a six-well plate). Polybrene (10 pg/ml ~10 ul Sigma
#H9268) was added to facilitate viral attachment and entry.
This procedure was repeated at ~72 h post-transfection. Cells
were selected using puromycin (2 pg/ml, Gibco #A1113802;
for pBabe-Puro constructs) for ~48 h or hygromycin (50
ug/ml, Gibco #10687010; for MSCV-F-Hygro constructs) for
~24 h [28].

Lentiviral transduction

HEK293T cells were co-transfected with the transfer vec-
tor (8 ug), packaging plasmid psPAX2 (4 ug; Addgene
#12260), and envelope plasmid pMD2.G (2 pg; Addgene
#12259) using PEI (DNA:PEI = 1:3, w/v). Viral supernatants
were collected at 48 and 72 h post-transfection and used
to transduce target cells (~3.5 x 10° cells/well in a six-
well plate) in the presence of 10 pg/ml polybrene. Trans-
duced cells were selected with 2 pg/ml puromycin for 2 days

[29].

Immunofluorescence

Cells (~3.5 x 10°) were seeded on 22 x 22 mm coverslips and
fixed with 4% paraformaldehyde in 1x phosphate buffered
saline (PBS; pH 7.4) for 15 min at room temperature (RT),
followed by permeabilization with 0.5% Triton X-100 for 10
min. After blocking with 1% bovine serum albumin (BSA) in
1x PBS for 30 min, cells were incubated with primary an-
tibodies for 90 min at RT. Cells were incubated with Alexa
Fluor-conjugated secondary antibodies (488 or 568; Invitro-
gen, 1:1000) for 1 h, followed by DAPI counterstaining (0.05
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pg/ml, 2 min). Coverslips were mounted in SlowFade Gold
Antifade Reagent (Invitrogen, S36937) and stored at 4°C un-
til imaging. Dilutions and Catalogue numbers of antibodies
used are listed in Supplementary Table 4.

Imaging and acquisition parameters

Confocal microscopy was performed using a Zeiss LSM 710
microscope (Carl Zeiss, Thornwood, NJ, USA) equipped with
a 63 x Plan-Apochromat 1.4 NA oil immersion objective
and an AxioCam MRm Rev.3 charge-coupled device camera
(Zeiss). Images were acquired at a zoom of 1.0 as Z-stacks
at a resolution of 512 x 512 pixels per frame with an 8-bit
pixel depth per channel. Voxel size was set to 0.105 um x
0.105 pm x 0.34 pum, with line averaging of 4.0 in sequential
three-channel mode. Fluorescence signals were detected ap-
propriately with filters for DAPL, Alexa Fluor-488, and Alexa
Fluor-568. Image processing and analysis were performed us-
ing Image] software.

Immunoblotting

Cells were lysed in Radioimmunoprecipitation Assay (RIPA)
buffer [S0 mM Tris-HCI, pH 7.4-8.0, 150 mM NaCl,
1% NP-40, 0.1% sodium dodecyl sulphate (SDS), 0.5%
sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid
(EDTA)] supplemented with protease and phosphatase in-
hibitors (Roche) for 10 min at 4°C. Protein concentration was
determined using the Bicinchoninic Acid (BCA) assay. Equal
amounts of protein were resolved on 12.5% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to Polyvinylidene Fluoride (PVDF) membranes
(0.45 um; Millipore #IPVH00010) at 100 V for 2 h at 4°C.
Membranes were blocked in 5% milk or 5% BSA in TBST
(20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Tween-20)
for 1 h and incubated overnight at 4°C with primary anti-
bodies (1:1000 unless stated otherwise) against E-Cadherin,
Vimentin, ZEB1, EZH2, pEZH2(T345), Lamin A/C, pLamin
A/C(S22), pSmad3, Smad3, SUV39H1, Lamin B1, Lamin B2,
Cyclin B1, Snail1, GRHL2, pCDK1, Twist1, GAPDH (1:7000)
H3K27me3, H3K9me3, and H3 (1:3000). After washing,
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (anti-rabbit #111-035-003;
anti-mouse #515-035-003; Jackson Labs; 1:10 000) for 1
h at RT. Bands were visualized using ECL substrate (Bio-
Rad #1705061) and imaged on LAS4000 (GE). Densitomet-
ric quantification was performed using Image]. Dilutions and
Catalogue numbers of primary antibodies used are listed in
Supplementary Table 4.

RT-PCR

RNA isolation

Cells (~3 x 10°) were seeded in six-well plates and lysed in 1
ml TRIzol reagent (Invitrogen #15596018). Chloroform (100
ul per 500 ul TRIzol) was added, and samples were vortexed,
incubated for 10 min at RT, and centrifuged at 12 000 x g for
15 min at 4°C. The aqueous phase was mixed with an equal
volume of isopropanol, incubated for 15 min, and centrifuged
at 12 000 x g for 15 min at 4°C. RNA pellets were washed
with 70% ethanol, air-dried, and resuspended in nuclease-free
water. RNA concentration and purity were measured using a
NanoDrop spectrophotometer.
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Complementary DNA synthesis and quantitative
real-time PCR

Complementary DNA was synthesized from 1 pg total RNA
using the PrimeScript RT Reagent Kit (Takara #6110B) with
oligo(dT) and random hexamer primers. Quantitative PCR
was performed using TB Green Premix Ex Taq II (Takara
#RR820W) on a Bio-Rad CFX96 system under the following
conditions: 95°C for 30 s, followed by 40 cycles of 95°C for
5 sand 60°C for 30 s. Melt-curve analysis (60-95°C, 0.3°C/s)
confirmed amplicon specificity. Relative gene expression was
calculated using the 2-22Ct method with GAPDH as the in-
ternal control and untreated samples as the reference.

Co-immunoprecipitation

Cells (~1 x 107) were lysed in co-immunoprecipitation
(Co-IP) buffer (50 mM Tris-HCI, pH 8.0, 300 mM NaCl,
0.5% NP-40) supplemented with protease inhibitors (Roche
#5892970001) and incubated on ice for 15 min. Lysates were
cleared by centrifugation at 14 000 rpm for 15 min at 4°C,
and protein concentration was determined by BCA assay. For
each reaction, 2 pg of antibody or normal rabbit IgG (control)
was pre-bound to Protein A-Sepharose beads (Roche #P3391)
for 4 h at 4°C. Equal amounts of lysate (~500 pg total pro-
tein) were added and incubated overnight at 4°C with rota-
tion. Beads were washed 5-6 times with a cold Co-IP buffer
and eluted in 2 x Laemmli buffer at 95°C for 10 min. Eluates
were resolved by SDS-PAGE and analyzed by immunoblot-
ting. Antibodies used: anti-Lamin A/C (Abcam #ab108595),
anti-EZH2 (CST #5246), and normal rabbit IgG (Invitrogen
#10500C).

Chromatin immunoprecipitation

Cells (~1 x 107) were crosslinked with 1% formaldehyde
in 1x PBS (pH 7.5) for 10 min at RT, and the reaction was
quenched with 125 mM glycine for 5 min. Cells were washed
twice with cold PBS and lysed in a buffer containing 1% SDS,
10 mM EDTA, and 50 mM Tris—HCI (pH 8.1) supplemented
with protease inhibitors. Chromatin was sonicated (Covaris
$220; 60% duty cycle, 30 s on/off for 30 min) to ~200-500
bp fragments, verified by agarose gel electrophoresis.

For each IP, 25 pg of chromatin was diluted in ChIP dilu-
tion buffer (0.01% SDS, 1% Triton X-100, 1.2 mM EDTA,
16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl) and incubated
overnight at 4°C with antibody-bound Protein A/G agarose
beads. The following antibodies were used: Lamin A/C (Ab-
cam #ab108595), EZH2 (CST #5246), H3K27me3 (Milli-
pore #07-449), H3K36me3 (Abcam #ab9050), RNA Pol II
(Ser2p; Covance #MMS-129R), and control IgG (Invitrogen
#10500C). Beads were sequentially washed with low-salt,
high-salt, LiCl, and TE buffers and eluted in 1% SDS, 0.1 M
NaHCOj;. Eluates were treated with proteinase K (2 ul, 20
mg/ml, 55°C, 30 min), and crosslinks were reversed at 65°C
for 4-6 h. DNA was purified using PCR purification columns
(Promega #A9281) and analyzed by qPCR [30, 31].

Co-IP and mass spectrometry analysis

Endogenous Lamin A/C-interacting proteins were identi-
fied by Co-IP followed by Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS) analysis [32, 33]. Briefly,
MCE7-TWIST1(EV), MCF7+TWIST1, MDAMB231—-Dox
(—GRHL2), and MDAMB231+4+Dox (+GRHL2) cells (~1 x

107) were lysed in Co-IP buffer (50 mM Tris—-HCI, pH 7.5;
150 mM NaCl; 1% NP-40) containing protease inhibitors.
Clarified lysates (1 mg) were incubated overnight at 4°C
with Protein A magnetic beads (SureBeads, Bio-Rad #161-
4013) pre-bound to anti-Lamin A/C antibody (2 pg, Abcam
#ab108595) or control IgG (Invitrogen #10500C). Immuno-
complexes were washed, eluted in 2 x Laemmli buffer at
95°C, and resolved by SDS-PAGE.

Coomassie-stained gel bands (~2 cm) were excised, re-
duced (10 mM Dithiothreitol (DTT)), alkylated (55 mM
iodoacetamide), and digested with sequencing-grade trypsin
(Promega #V5111). Peptides were extracted, desalted on C18
columns, and analyzed on a Sciex TripleTOF 6600 mass spec-
trometer coupled to an Eksigent nano-LC 425 system. Data
were processed using ProteinPilot (v2.0.1, Sciex) and searched
against the human UniProt database.

The Lamin A/C interactome under EMT and MET condi-
tions is provided in Supplementary Tables 2 and 3, respec-
tively. The mass spectrometry (MS) data are available in the
PRIDE repository (Dataset ID: PXD060831).

RNA sequencing

MCF10A cells (~0.35 million) were plated in six-well plates
or 35 mm dishes around 24 h before transfection. The cells
were maintained in Opti-MEM and transfected with 50 nM
siRNA using 4 pl of RNAIMAX (Invitrogen #13778150).
Transfection (was for ~6 h), after which the Opti-MEM
medium was replaced with complete media, and the cells were
incubated for ~48 h. Following transfection, MCF10A cells
were collected in 1 ml TRIzol, and RNA sequencing (RNA-
Seq) was outsourced to Medgenome, Bangalore. Quality con-
trol checks for the two independent biological replicates were
confirmed through RNA Integrity Number (RIN) number
analysis (RIN = 10, for all samples). RNA-Seq data are pro-
vided in Supplementary Table 1. The datasets have been de-
posited in Gene Expression Omnibus under accession number
GSE289750.

Cell cycle analysis

Cells (~0.3 million) were harvested by trypsinization, washed
with 1x PBS (pH = 7.5), and fixed in 70% ice-cold ethanol
at 4°C, overnight. The fixed cell pellets were resuspended in
1x PBS and treated with RNase A (10 ug; Sigma, R6513-
10MG) at 37°C for 45 min. Subsequently, propidium iodide
(PI; 10 pg; Sigma, P4170-10MG) was added to the samples
for DNA staining. The cell suspensions were passed through
a 70 um cell strainer (Corning, CLS431751) and processed
for further analysis. Cell cycle profiling was performed using
a fluorescence-activated cell scanner (BD FACSCalibur™, BD
Biosciences) with approximately 10,000 events recorded per
sample. Data were analyzed using Flow]O (V10.10) software.

Transwell migration (Boyden-chamber assay)

Cells (~3.5 x 10°) were seeded in six-well plates and sub-
jected to overexpression of Lamin A or EZH2, or their phos-
phodeficient (S22A-Lamin A, T345A-EZH2) or phospho-
mimetic (S22D-Lamin A, T345D-EZH2) variants. Approxi-
mately 5 x 10* cells were seeded in the upper chamber of
8 um pore Transwell inserts (Corning #CLS3422) in serum-
free media. Complete media (DMEM for MCF7 or RPMI for
MDAMB231, 10% FBS) was added to the lower chamber
and cells were allowed to migrate for ~36 h. Nonmigrated
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cells were removed, and migrated cells were fixed with 4%
paraformaldehyde for 10 min, washed, and stained with DAPI
for 2 min. Nuclei were imaged at 10x on an EVOS micro-
scope. Images were processed using the Threshold and Water-
shed functions, and nuclei were quantified with the “Analyze
Particles” function (size 50 — oo pixels?, circularity 0.5-1.0).
Average nuclei per field were calculated and analyzed using
image].

Wound healing (scratch wound assay)

MCF10A cells (~3.5 x 10%) were subjected to overexpres-
sion of Lamin A or EZH2, or their phosphodeficient (S22A-
Lamin A, T345A-EZH2) or phosphomimetic (S22D-Lamin A,
T345D-EZH2) variants. Cells were treated with 500 ng/ml
doxycycline for ~48 h to induce endogenous Lamin A/C or
EZH2 depletion, and EMT was induced with 10 ng/ml TGF-
B. After ~48 h, ~5 x 10* cells were seeded per well in ibidi
two-well inserts (ibidi #81176) in a 24-well plate overnight.
Inserts were removed to create a wound gap, and migration
into the wound area was monitored for 36 h (in assay media)
using the Operetta High-Content Imaging System. Snapshots
of wound closure was quantified with the integrated software
in the Operetta Imaging System.

Animal studies

All animal procedures were conducted following approval
from the Institutional Animal Ethics Committee (IISER-
Pune/TAEC/2024-01/08) at the Indian Institute of Science Ed-
ucation and Research, Pune, in compliance with the Com-
mittee for the Purpose of Control and Supervision of Exper-
iments on Animals (CPCSEA), Government of India. Mice
were housed in the National Facility for Gene Function in
Health and Disease (NFGFHD), IISER Pune, under standard
laboratory conditions with unrestricted access to food and
water.

In vivo tumor formation assay in NOD-SCID Mice

Female NOD-SCID mice (4-6 weeks old; Jackson Laboratory)
were used for in vivo tumor formation studies. MDAMB231
cells expressing full-length (Lamin A or EZH2) or phosphod-
eficient (S22A-Lamin A, T345A-EZH2) or phosphomimetic
(S22D-Lamin A, T345D-EZH2) variants were pre-treated
with doxycycline for 48 h to deplete endogenous Lamin A/C
or EZH2. Approximately 1 x 10° cells in 100 ul PBS were
injected into the fourth mammary fat pad of each mouse.
Knockdown was maintained via drinking water containing
1% sucrose and 500 ng/ml doxycycline, replenished every 72
h. Tumor growth was monitored, and volumes were calculated
as (width? x length)/2. Mice were euthanized after 5 weeks,
and tumors were harvested for analysis.

Tumor dissociation and primary cell culture

Excised tumors were minced using a scalpel and enzymati-
cally digested in Hank’s Balanced Salt Solution (HBSS) (Gibco,
#14025050) containing collagenase IV (1 mg/ml, Sigma
#C5138-1G), hyaluronidase V (0.1 mg/ml, Sigma #H6254-
500MG), and DNase IV (20 mg/ml, Sigma #D5025-15KU)
at RT. The suspension was filtered through a 70 pm mesh,
centrifuged (1200 rpm, 5 min), and washed twice with HBSS.
Cells were either lysed for Co-IP or plated in RPMI (Gibco,
#11875093) for primary culture.
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Proximity ligation assay

PLA was performed using the Duolink in Situ Detection Kit
(Sigma #DU092008) following the manufacturer’s protocol.
Cells were treated with cytoskeletal (CSK) buffer (10 mM
PIPES, pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM
MgCl,, 1 mM Ethylene Glycol Tetraacetic Acid (EGTA)),
fixed in 4% Paraformaldehyde (PFA) (pH 7.4, 12 min), per-
meabilized with 0.5% Triton X-100 (10 min), and blocked
with Duolink Blocking Solution (30 min, RT). Primary
antibodies—Mouse anti-Lamin A/C (Jol2, Abcam #ab40567,
1:50), Rabbit anti-EZH2 (D2C9, CST #5246, 1:1000), and
Rabbit anti-Phospho-cdc2 (Thr161, CST #9114, 1:500)—
were applied overnight at 4°C.

PLA probes (anti-Mouse PLUS and anti-Rabbit MINUS,
1:5) were added and incubated at 37°C for 1 h, followed
by ligation (Duolink ligase, 1 U/ul, 1:40) and amplifica-
tion (Duolink polymerase, 10 U/ul, 1:80). Nuclei were coun-
terstained with DAPI using Duolink Mounting Medium
(#DUO82040).

Imaging and acquisition parameters

PLA images were acquired on a Zeiss anisotropy microscope
(Carl Zeiss, Thornwood, NJ, USA) with a 63x/1.4 NA oil
objective and AxioCam MRm Rev.3 camera using ZEN soft-
ware. Z-stacks (512 x 512 pixels, 8-bit) were captured with a
voxel size of 0.105 x 0.105 x 0.34 um and line averaging of
4 in sequential two-channel mode. Fluorescence was detected
for DAPI and Alexa Fluor-568. Images were processed and
analyzed using Image].

Statistical analysis

All statistical analyses were performed using GraphPad Prism
version 8.4 (GraphPad Software, San Diego, CA, USA). Data
are presented as mean =+ standard deviation (SD) unless oth-
erwise specified. Comparisons between the two groups were
conducted using an unpaired two-tailed Student’s ¢-test. For
multiple-group comparisons, one-way or two-way analysis of
variance (ANOVA) followed by Tukey’s or Sidak’s post hoc
test was used, as appropriate. Statistical significance was de-
fined as P <0.05. Sample sizes and replicates for each experi-
ment are detailed in the figure legends.

Results

Induction and reversal of EMT

EMT is a dynamic and reversible cellular process that plays
a pivotal role in cancer progression [34]. EMT is involved
in ~90% of cancers of epithelial origin, which increases cell
migration while MET facilitates colonization and metastasis
[35].

To elucidate the mechanisms that regulate EMT and MET,
we selected three well-established cell types derived from the
human breast, namely MCF7, MCF10A, and MDAMB231
[36]. The authenticity of these cell lines was validated by eval-
uating modal chromosome numbers (Supplementary Fig. STA
and B). We also performed phalloidin staining, followed by
confocal imaging (Supplementary Fig. S1C), which showed
an increased aspect ratio (AR) of mesenchymal [MDAMB231
cells (AR: 7.19+1.80)], as compared to epithelial cells
[MCE7 (AR: 1.06+0.62) and MCF10A (AR: 1.09+0.59);
Supplementary Fig. S1D]. Furthermore, immunoblotting and
immunofluorescence assays at the single-cell level underscore
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the epithelial nature of MCF7 cells, characterized by high E-
cadherin expression and low Vimentin levels. In sharp con-
trast, MDA-MB-231 cells are mesenchymal, with relatively
higher Vimentin and lower E-cadherin levels (Supplementary
Fig. S1C and E-G).

We induced EMT in MCF7 cells by overexpressing
hTWIST1-GFP for ~48 h. Immunoblotting analysis revealed
a ~75% reduction in E-cadherin and a ~90% increase in
Vimentin levels. Additionally, key mesenchymal transcription
factors—Snaill, Twist1l, and Zebl—were significantly upreg-
ulated at the protein level (Fig. 1A). We corroborated these
findings with immunofluorescence staining, which showed a
decrease in E-cadherin and an increase in Vimentin expres-
sion in MCF7 cells overexpressing hTWIST1-GFP (Fig. 1B
and D, methodological illustration in Fig. 1C), consistent with
the immunoblot data. We treated MCF10A cells with TGF-3
(10 ng/ml) for 7 days, which resulted in a striking reduction
in E-cadherin expression (>70%) and a concomitant increase
in Vimentin (~60%; Fig. 1E), consistent with EMT induction
[24]. Immunofluorescence staining of these cells also showed
a significant upregulation of Vimentin and downregulation
of E-cadherin (Fig. 1F and H, methodological illustration in
Fig. 1G). Furthermore, transcription factors that mark mes-
enchymal cells (Snaill, Twist1, and Zeb1) were significantly
upregulated at the protein level (Fig. 1E).

We next overexpressed the transcription factor GRHL2
in the mesenchymal MDAMB231 cells for ~48 h [26, 27].
GRHL2 is a transcription factor that suppresses EMT by
directly activating E-cadherin and repressing mesenchymal
programs, thereby promoting MET, which makes it a useful
model to study the reversibility of EMT [37, 38]. Overex-
pression of GRHL2 showed a striking increase in E-cadherin
(>95%), decrease in Vimentin and mesenchymal transcription
factors levels, leading to a transition in epithelial phenotype
(Fig. 11-L). Taken together, these representative cell lines de-
rived from the E-M spectrum, serve as suitable models for
studying EMT and its reversibility MET, offering a framework
to investigate their regulatory mechanisms in the context of
mammary epithelial and breast cancer respectively.

Impact of EMT induction on nuclear topology and
Lamin A/C expression

EMT is accompanied by significant changes in cellular mor-
phology and cytoskeletal organization. Altered cytoskele-
tal organization directly impacts nuclear morphology [39].
We examined the extent of changes in nuclear morphology
upon EMT by overexpressing TWIST1 in MCF7 cells. This
showed a significant decrease in the circularity and spheric-
ity [from 0.94 4 0.03 to 0.50 & 0.09 in MCF7-TWIST1 cells
(P < 0.0001)] of the nucleus, with no significant changes in
either surface area or volume (Supplementary Fig. S2A-D).
In contrast, GRHL2-mediated MET induction, restored nu-
clear shapes consistent with epithelial-like cells, with increased
sphericity (from 0.45 + 0.08 to 0.94 £+ 0.03 in MDAMB231
+GRHL2 cells; Supplementary Fig. S2E and F). Taken to-
gether, these data reveal significant changes in nuclear mor-
phology upon EMT or MET induction.

We next assessed the protein levels of Lamin A/C and B-
type lamins, as lamins define nuclear structure and function
[39, 40]. While EMT induction in the epithelial cells (MCF7
and MCF10A) showed a marked reduction in Lamin A/C lev-
els (Fig. 2A-F), the levels of B-type Lamins were relatively

unaltered (Supplementary Fig. S2G, H). Conversely, Lamin
A/C levels were upregulated upon GRHL2-driven MET in
MDAMB231 cells (Fig. 2G-I), without any significant changes
in the expression levels of B-type lamins (Supplementary Fig.
S2T and J).

We quantified the levels of A- and B-type lamins across a
panel of 11 breast cancer cell lines spanning the EM spectrum
[36]. Interestingly, Lamin A/C showed a progressive decline
with increasing mesenchymal characteristics, whereas B-type
lamin levels did not display such a trend (Fig. 2]), suggesting
a selective downregulation of Lamin A/C during EMT.

Importantly, transcript levels of LMNA remained un-
changed upon both EMT and MET (Fig. 2K), indicating that
Lamin A/C is post-transcriptionally regulated [41]. To fur-
ther determine if EMT impacts the stability of Lamin A/C,
we performed a time-course cycloheximide (CHX) chase as-
say in MCF7 cells. TWIST1 overexpression, followed by
CHX treatment (10 pg/ml) showed a temporal reduction in
Lamin A/C protein levels, whereas Lamin A/C remained un-
altered in control cells (Empty vector) over the same du-
ration (Supplementary Fig. S3A and B). Furthermore, co-
treatment with 1 pM MG132 and CHX restored the stability
of Lamin A/C protein after ~8 h upon TWIST1 overexpres-
sion (Supplementary Fig. S3C and D), suggesting that EMT
induces Lamin A/C degradation via a proteasome-dependent
pathway.

Collectively, these results demonstrate that EM plasticity
is associated with changes in Lamin A/C expression and nu-
clear morphology, with Lamin A/C being regulated by post-
translational degradation during EMT.

Lamin A/C determines EM identity

To investigate the role of Lamin A/C in EM plasticity, we
performed RNA-Seq analysis upon Lamin A/C depletion in
MCF10A cells. Differential gene expression analysis (DESeq2)
revealed a robust upregulation of mesenchymal-associated
genes including VIM, SNAI1, TWIST1, and ZEB1, which
were among the top 50 upregulated genes, accompanied
by downregulation of epithelial markers such as CLDNI,
OCLN, and CDHI1 (Fig. 3A and B) [42]. Consistent with these
observations, Gene Ontology (GO) analysis showed a signifi-
cant enrichment (P <.05) of genes associated with EMT reg-
ulation, cell migration, secondary neoplasms, cell—cell adhe-
sion, and regulation of mitotic nuclear division (Fig. 3C) [43].
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis revealed modulation of signalling pathways im-
plicated in ECM-receptor interaction, TGF-f signalling path-
way and regulation of actin cytoskeleton, while GO Cellu-
lar Component analysis highlighted ECM organization and
cell migration (Supplementary Fig. S4A and B) [44]. Fur-
thermore, Gene Set Enrichment Analysis (GSEA) enriched
for cell adhesion and migration-related gene sets, both hall-
marks of EMT (Fig. 3D; Principal Component Analysis (PCA)
analyses of RNA seq data between independent replicates
Supplementary Fig. S4C).

To validate these results in an independent epithelial con-
text, Lamin A/C was depleted in MCF7 cells. Lamin A/C de-
pletion showed an increase in the AR of MCF7 cells [si Lamin
A/C: mean 4= SD = 5.49 + 2.09, si LacZ (control) mean 4 SD
= 1.02 £ 0.58] [Supplementary Fig. S5A, A(i), and A(ii)]. In
contrast, overexpression of Lamin A in MDAMB231 cells, re-
vealed the acquisition of cobblestone-like epithelial morphol-
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Figure 1. Induction and characterization of EMT and MET in breast cancer cell lines. (A) Immunoblot analysis of EMT induction in MCF7 cells transiently
overexpressing TWIST1-GFP for 48 h. Cells were transfected with 2 pug of pEGFPN1 or hTWIST1-GFP (B) Immunofluorescence analysis of EMT in MCF7
cells overexpressing TWIST1-GFP or control pEGFPN1. E-cadherin and Vimentin (red), nucleus (DAPI, blue). Scale bar ~10 um (C) Schematic
representation of EMT induction in MCF7 cells (D) Scatter plot of immunofluorescence assay, showing relative changes in the integrated density of
E-cadherin and Vimentin in MCF7 cells. Quantification for panel (B) (n = 200). Data represent mean =+ standard deviation (SD) from N = 3 independent
biological replicates. (E) Immunoblot analysis of EMT induction in MCF10A cells treated with 10 ng/ml TGFf3 for 7 days (F) Immunofluorescence
analysis of EMT in MCF10A cells treated with TGF-3. E-cadherin (green); Vimentin (red); nucleus (blue, DAPI). Scale bar ~10 um (G) Schematic
representation of EMT induction in MCF10A cells (H) Scatter plot of immunofluorescence assay, showing relative changes in the integrated density of
E-cadherin and Vimentin in MCF10A cells [data shown in panel (F)] following EMT induction (n = 200). Data represent mean + SD from N =3
independent biological replicates (I) Immunoblot analysis of MET induction in MDAMB231 cells following doxycycline-induced GRHL2 overexpression
for 48 h (J) Immunofluorescence analysis of MET in MDAMB231 cells overexpressing GRHL2. E-cadherin and Vimentin (red), nucleus (blue, DAPI).
Scale bar ~10 um (K) Schematic representation of MET induction in MDAMB231 cells (L) Scatter plot of immunofluorescence assay, showing relative
changes in the integrated density of E-cadherin and Vimentin in MDAMB231 cells following MET induction [data shown in panel (J)] (n = 200). Data
represent mean + SD from three independent biological replicates. Unpaired Student's t-test was used to compute the P-value.
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Figure 2. Impact of EMT induction on Lamin A/C expression. (A, D, G) Immunofluorescence analysis of Lamin A/C (red) in MCF7 (A), MCF10A (D), and
MDAMB231 (G) cells upon EMT (A, D) or MET (G) nucleus (DAPI, blue). Scale bar ~10 um. (B, E, H) Mean fluorescence intensity of Lamin A/C
quantified by line scan analysis across the nucleus in MCF7 (B), MCF10A (E), and MDAMB231 (H) cells. Data represent mean + SD from N =3
independent biological replicates (n = 250). Unpaired Student's t-test was used to calculate P-values. (C, F, 1) Immunoblot analysis of total Lamin A/C
protein levels in MCF7 (C), MCF10A (F), and MDAMB231 (l) cells upon EMT (C, F) or MET (I) induction. GAPDH (C, F) and HSP70 (I) are loading
controls. (J) Immunoblot analysis of Lamin A/C, Lamin B1, and Lamin B2 levels across 11 cell lines of breast origin with increasing mesenchymal
characteristics. Loading control: Histone H3 (K) RT-gPCR analysis of LMNA transcript levels in MCF7 and MCF10A upon EMT and MET in MDAMB231
cells. Data represent mean £ SD (N = 3, n = 9). Unpaired Student's t-test was used to compute the P-values. Means are compared between (B)
—Twist1 (control) and +Twist1; (E) —TGF 3 (control) and (H) +TGF3; —GRHL2 (control) and +GRHL2, statistical significance, P-value <0.05.
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Figure 3. Effect of Lamin A/C perturbation on EMT and MET. (A) Volcano plot showing differentially expressed genes in MCF10A cells upon Lamin A/C
knockdown. Downregulated, upregulated, and nonsignificant genes. (B) Heatmap of the top 50 [P <0.05; log, Fold Change (FC) > 2] differentially
expressed genes in MCF10A cells upon Lamin A/C knockdown. Downregulated and upregulated genes, respectively (N = 2 biological replicates). (C) GO
enrichment analysis of differentially expressed genes (P <0.05), showing the most enriched biological processes. (D) GSEA plot showing enrichment for
EMT upon Lamin A/C knockdown (normalized enrichment score = 3.337). (E, F) Immunofluorescence analysis of MCF7 (E) and MCF10A (F) cells upon
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<0.05.
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ogy. This was corroborated by quantifications of AR, which
showed a shift towards an epithelial-like architecture of cells
[Supplementary Fig. S5B, B(i), and B(ii)].

Immunofluorescence analyses in both MCF10A and MCF7
cells showed a ~70% reduction in E-cadherin and a ~65% in-
crease in Vimentin upon Lamin A/C loss (Fig. 3E and F; quan-
tification: Supplementary Fig. S5C and D). Transcriptional up-
regulation of mesenchymal factors (VIM, SNAI1, TWIST1,
and ZEB1) and decreased CDH1, was consistent with the
mesenchymal morphology in MCF7 cells upon Lamin A/C de-
pletion (Supplementary Fig. S5F). Immunoblotting showed a
decrease in E-cadherin and increase in the levels of Vimentin,
Snaill, Twist1, and Zeb1 in Lamin A/C—depleted cells (Fig. 3H
and I).

In contrast, Lamin A overexpression in MDAMB231 cells
(upon endogenous Lamin A/C depletion) showed a signifi-
cant upregulation in the transcript levels of E-cadherin (~95%
increase), and downregulation of mesenchymal regulators
(VIM, SNAI1, TWIST1,and ZEB1; Supplementary Fig. S5G).
Immunoblotting and immunofluorescence analyses reiterate
these effects, showing enhanced E-cadherin expression and
suppression of mesenchymal markers (Fig. 3G and J; quan-
tification: Supplementary Fig. S5E).

We also determined the EM status in MCF7 and
MDAMB231 cells upon depleting B-type Lamins (Lamin B1
and Lamin B2). Depletion of B-type Lamins did not sig-
nificantly alter the expression of EM markers underscoring
a specific role of Lamin A/C in regulating EM plasticity
(Supplementary Fig. SSH and I).

Impact of EMT or MET induction on the lamin
interactome

Nuclear Lamins play a critical role in the maintenance of
nuclear integrity, chromatin organization and gene regula-
tion [45]. Lamina-associated domains (LADs) are genomic
regions enriched for nuclear Lamins and are marked by hi-
stone marks H3K9me3 and H3K27me3 associated predomi-
nantly with heterochromatin [46, 47]. We next performed im-
munoblotting upon EMT induction, which showed a decrease
(~50%) in the total levels of H3K9me3 and H3K27me3,
suggesting a marked decrease in inactive histone marks
[Supplementary Fig. S6A(i) and B(i)]. In contrast, MET induc-
tion increased levels of these heterochromatic marks by ~60%
[Supplementary Fig. S6C(i)]. Notably, Lamin A/C knockdown
in the epithelial cells (MCF7 and MCF10A) also showed a
significant reduction (~50%) in H3K27me3 and H3K9me3,
reinforcing the functional association between Lamin A/C
and chromatin compaction [Supplementary Fig. S6A(ii) and
B(ii)]. Furthermore, Lamin A overexpression, showed an in-
crease in H3K27me3 and H3K9me3 in MDAMB231 cells
[Supplementary Figure S6C(ii)], consistent with the role of
Lamin A/C in the maintenance of heterochromatin [48].
Given the dynamic changes in heterochromatin markers
during EMT and MET, we next examined whether the in-
teractors of Lamin A/C are differentially enriched across E
and M states [19, 49, 50]. We performed Co-IP followed
by MS to identify the sub-interactome of Lamin A/C in
the epithelial and mesenchymal states. While, MS analy-
ses identified 44 unique protein-protein interactors, includ-
ing EZH2, in Lamin A/C pull-downs from epithelial MCF7
cells, 90 unique interactors including CCNB1 and pCDK1,
among others were detected upon EMT induction in MCF7-

TWIST1 cells. A total of 49 interactions (LMNB1, LMNB2,
EHMT2, SUV39H1, PRRX1) were common to both the
control and Twistl overexpressing MCF7 cells (Fig. 4A;
PCA analysis Supplementary Fig. S6D). In contrast, MET
induction in MDA-MB-231 cells markedly reconfigures the
Lamin A/C interactome. In control cells, 103 unique inter-
actors were identified involving (CCNB1 and pCDK1). In
contrast, GRHL2 mediated MET-induction revealed 71 dis-
tinct interactors, including (EZH2). Notably, 72 proteins,
including (LMNB1, LMNB2, CBXS, EHMT2, SUV39H1)
were consistently associated with Lamin A/C in both control
and GRHL2-overexpressing MDAMB231 cells (Fig. 4B; PCA
analysis Supplementary Fig. S6E).

GO pathway enrichment analysis of the Lamin A/C inter-
actome in epithelial MCF7 cells revealed that its interacting
partners are primarily involved in the regulation of gene ex-
pression, messenger RNA (mRNA) metabolic processes, ri-
bonucleoprotein complex assembly, and regulation of mRNA
stability. In contrast, Twistl-mediated EMT shows a shift in
the Lamin A/C interactome, enriching for pathways related to
cell cycle regulation, nuclear envelope disassembly and DNA
damage repair (Supplementary Fig. S7A and B). Remarkably,
GRHL2-mediated MET re-established interactions between
Lamin A/C and proteins involved in gene expression regula-
tion, such as EZH2 (Supplementary Fig. S7C and D). These
findings suggest that the Lamin A/C interactome is dynam-
ically reprogrammed during EMT and MET, reflecting the
functional requirements of epithelial versus mesenchymal cell
states [51].

A key finding from the mass spectroscopy studies unrav-
elled dynamic Lamin A/C interactome as it showed a re-
versible association with histone methyltransferase EZH2,
which was enriched in MCF7 and upon MET induction in
MDAMB231 cells. Interestingly, Lamin A/C-EZH?2 interac-
tion was undetectable in (i) MDAMB231 cells (ii) upon Twist1
induction in MCF7 cells. In contrast, Lamin A/C interacts with
phosphorylated CDK1 (pCDK1) predominantly in the mes-
enchymal cells (MCF7-TWIST1 and control: MDAMB231).
However, this interaction was undetectable upon MET induc-
tion (Fig. 4C and D). Taken together, these findings suggest
a switch in the interactions of Lamin A/C, consistent with
the cellular state, with Lamin A/C involved in chromatin-
modifying functions via EZH2 in epithelial cells, while in mes-
enchymal states, Lamin A/C facilitates cell cycle regulation
through its interaction with pCDK1.

To validate these findings, we performed Co-IP of Lamin
A/C followed by immunoblotting for EZH2 upon EMT and
MET induction. Co-IP results showed a loss of the Lamin
A/C-EZH2 interaction upon EMT induction and its restora-
tion during MET (Fig. 4E-G). Furthermore, immunoprecipi-
tation with either of the B-type Lamins (Lamin B1 or B2), did
not show an interaction with EZH2, indicating that this as-
sociation with EZH2 is specific to Lamin A/C. However, both
the B-type Lamins interact with the methyltransferases G9a
and SUV39H1, consistent with previous studies [52]. Of note,
these interactions with the B-type Lamins were unaltered upon
EMT induction in MCF10A cells (Supplementary Fig. S7E
and F).

To further determine if Lamin A/C interacts with PRC2
components other than EZH2, we performed Co-IP of Lamin
A/C, followed by immunoblotting for PRC2 components—
EED and Suz12—in MCF10A cells. This showed a specific
association with EZH2, but not with other PRC2 components
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Figure 4. Dynamic Remodeling of the Lamin A/C Interactome During EMT and MET. (A, B) Venn diagrams showing unique and common interactors of
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(J) and —Dox (GRHL2) and +Dox (GRHL2) (K). (L) Time-course analysis of Lamin A/C-EZH2 interaction by immunoprecipitation of Lamin A/C in
MCF10A cells during EMT progression [~12 to ~168 h (~7 days) post-TGF-f3 treatment] and MET recovery [5 days post-TGF-3 withdrawal (WD)],
assessed by Co-IP and immunoblotting. IgG: isotype control, statistical significance, P-value <0.05.
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such as SUZ12 or EED (Supplementary Fig. S7G). To assess
the integrity of the PRC2 complex upon EMT, EZH2 was im-
munoprecipitated from TGF-3-treated MCF10A cells, where
it retained its association with SUZ12 and EED, indicating
that the Lamin A/C-EZH2 interaction is independent of the
PRC2 complex (Supplementary Fig. S7TH).

To further substantiate the interaction between Lamin A/C
and EZH2, we performed PLA upon EMT and MET induc-
tion. We detected a striking decrease (~10-fold) in the num-
ber of PLA foci upon EMT induction, suggesting a loss of
Lamin A/C-EZH2 interaction (Fig. 4H and ]). In contrast,
GRHL2-mediated MET induction re-established the interac-
tion between Lamin A/C and EZH2, as demonstrated by a
significantly higher number (~10-fold) of PLA foci (Fig. 41
and K).

To investigate the temporal dynamics of the Lamin A/C-
EZH2 interaction, we performed a time-course assay fol-
lowing EMT induction via TGF-B treatment and subse-
quent MET induction by withdrawal of TGF-B. Immuno-
precipitation of Lamin A/C at different time points [~12~
168 h (~7 days)] revealed a progressive loss of interac-
tion with EZH2, with complete dissociation at ~72 h post-
EMT induction. Conversely, withdrawal of TGF-$ [~12-120
h (~5 days)] restored Lamin A/C-EZH2 interaction after
~72 h (Fig. 4L). These findings further corroborate a dy-
namic and reversible association between Lamin A/C and
EZH2. In summary, these studies reveal that EMT induc-
tion disrupts the Lamin A/C-EZH2 interaction, with a con-
comitant decrease in heterochromatin marks, while MET
promotes this interaction and re-establishes heterochromatin
marks.

CDK1-mediated phosphorylation regulates Lamin
A/C-EZH2 interaction and EMT progression

To address the molecular basis of Lamin A/C-EZH?2 inter-
action, we performed HADDOCK, which predicted an inter-
face between the head domain of Lamin A/C (Arg2$5, Arg28)
and EZH2 (Asp136, Asp140; Supplementary Fig. S8A) [53].
We co-overexpressed GFP-tagged Lamin A and FLAG-tagged
EZH2 deletion constructs into HEK293T cells. Co-IP revealed
that Lamin A binds to EZH2 at the Ala301-Ala500 region,
whereas reverse Co-IP (using Lamin A deletion constructs)
shows that EZH2 interacts with the head domain of Lamin
A (Fig. 5A and B).

Putative CDK1 phosphorylation sites were identified to be
the region of interaction (through deletion experiments) be-
tween Lamin A/C and EZH2 (Supplementary Fig. S8B), sug-
gesting CDK1 regulation. IP-MS also showed CDK1 enrich-
ment with Lamin A/C in Twistl-overexpressing MCF7 and
untreated MDAMB231 cells. PLA demonstrated that EMT in-
duction in MCF10A cells enhanced the interaction of Lamin
A/C with phosphorylated CDK1 (pCDK1-T161; Fig. 5C and
F), which was further corroborated by Co-IP. In contrast, in-
duction of MET in MDAMB231 cells abolished this interac-
tion (Supplementary Fig. S§C-E).

Since CDK1 phosphorylates Lamin A/C and EZH2 in-
dependently, immunoblotting revealed increased ratios of
pLMNA(S22)/LMNA and pEZH2(T345)/EZH2 along with
elevated pCDK1-T161 levels during EMT, whereas MET in-
duction markedly decreased these phosphorylation events
(Supplementary Fig. S8F-I) [54, 55]. To address the effect of
altered CDK1 activity during EMT/MET on cell cycle, we per-

formed FACS profiling, which showed an increase in cell num-
bers in G2/M upon EMT (in MCF7 and MCF10A) and de-
creased cell numbers in G2/M upon MET (in MDAMB231;
Supplementary Fig. S8] and K). We surmised that increased
CDKT1 activity could destabilize Lamin A/C-EZH?2 binding
during EMT. To validate this finding, we performed PLA,
which showed a loss of Lamin A/C-EZH2 interaction upon
EMT induction, which was restored upon CDK1 inhibition
with RO-3306 (~10-fold increase in PLA signal; Fig. 5D
and G).

MCF10A cells treated with TGF- showed an increase in
mesenchymal markers (ZEB1, SNAI1, TWIST1, Vimentin)
and reduction in E-cadherin. To determine if CDK1 inhibition
alters the dynamics of EMT markers, EMT-induced cells were
treated with the CDK1 inhibitor (RO-3306). This showed
the attenuation of mesenchymal markers, while E-cadherin
expression was sustained (Supplementary Fig. S9A and C-
E). A similar effect was observed in Twistl-overexpressing
MCEF?7 cells, where CDK1 inhibition suppressed EMT induc-
tion (Fig. SH and K, and Supplementary Fig. S9I).

Since CDK1 phosphorylates EZH2 at Thr345, leading to
its proteasomal degradation, we asked if phosphorylation
contributes to the dissociation of EZH2 from Lamin A/C.
Upon EMT induction, Lamin A/C levels were markedly re-
duced, resulting in the loss of colocalization with EZH2. How-
ever, this interaction was restored when cells were treated
with the proteasomal inhibitor MG132 (Fig. 5I). Interest-
ingly, MG132 treatment also attenuated EMT-associated phe-
notypic changes (Fig. 5] and L, and Supplementary Fig. S9B,
F-H, and ]).

To further assess the consequence of increased CDK1 ac-
tivity in regulating cell cycle and EM status of cells, we syn-
chronized MCF10A cells by double-thymidine block followed
by release and treated cells with TGF-f. While Cyclin D1 lev-
els remained unaltered, Cyclin B1 was upregulated at both
mRNA (~25-fold) and protein (~15-fold) levels in mesenchy-
mal cells (Supplementary Fig. SI0A and B). Flow cytome-
try showed a ~3-fold increase in the G2/M sub-population
(Supplementary Fig. S10C and D). BrdU incorporation assays
showed no changes in the intensity of BrdU, negating a G1
arrest (Supplementary Fig. S10E).

To determine the state of cells at G2/M, we examined the
levels of H3S10p - a marker of late mitosis [56]. Immunoflu-
orescence showed a marked reduction of H3S10p-positive
cells in TGF-B-treated cells (~0.67 & 0.08%; control: ~19 +
7.8%; Supplementary Fig. S10F). Consistently, immunoblot-
ting of synchronized, and FACS-sorted G2/M cells revealed
reduced H3S10p in EMT-induced cells (Supplementary Fig.
S10G). These results collectively indicate that the cells under-
going EMT are arrested at the late S-to-early G2 transition.

We next asked whether CDK1 activity per se, rather than
cell cycle arrest, is essential for EMT. In Twist1-overexpressing
MCF7 cells, nocodazole-induced prometaphase arrest did
not impair EMT, whereas CDK1 inhibition with RO-3306
markedly suppressed EMT (Supplementary Fig. S11A). Sim-
ilarly, TGF-B did not induce EMT in thymidine-arrested
MCF10A cells, but ectopic overexpression of a phospho-
mimetic CDK1 mutant (T161D) restored EMT progression
(Supplementary Fig. S11B).

To directly test whether CDK1 activity regulates Lamin
A/C-EZH2 stability, we performed Co-IP assays in thymidine-
arrested MCF10A cells expressing CDK1 phosphomu-
tants. The Lamin A/C-EZH2 interaction was disrupted
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Figure 5. CDK1-mediated phosphorylation regulates Lamin A/C-EZH2 interaction and EMT progression. (A) Co-IP of FLAG in HEK293T cells
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co-transfected with full-length EZH2-FLAG and Lamin A-GFP deletion mutants (AHead 1-29, ARod 31-387, AlgG 428-549, ATail 550-664 of Lamin A).

(B) Co-IP of GFP in HEK293T cells co-transfected with full-length Lamin A-GFP and EZH2-FLAG deletion mutants (A1-300, A301-500, A501-746 of
EZH2). (C) PLA detects Lamin A/C-pCDK1(T161) interaction in MCF10A cells treated with 10 ng/ml TGF-[3 for ~7 days. Nucleus (DAPI), PLA signal in

red. Scale bar ~10 um (D) PLA detects Lamin A/C— EZH2 interaction in MCF10A cells treated with DMSO or 10 pM RO3306 for ~18 h in the + TGF3

for ~7 days, nucleus (DAPI). PLA signal in red. Scale bar ~10 um. (E) Schematic representation of RO3306 and MG132 treatment in MCF7 cells (F)
Quantification of PLA foci/nucleus of the data in (C). P-values were calculated using ANOVA. Means are compared between +TGF 3 and -TGF[3
(control) conditions with the single antibody control. (G) Quantification of PLA foci/nucleus of the data in (D). Statistical significance was determined
using unpaired Student’s t-tests. Means are compared between +TGF 3 and =TGF 3 (control) conditions within each group (DMSO and RO-3306). (H)
Immunofluorescence of MCF7 cells transiently transfected with pEGFP-N1 or Twist1-GFP and treated with 10 uM RO3306 for 18 h. nucleus (DAPI).

Scale bar ~10 um (I) Immunofluorescence and quantification of colocalized voxels and Mander's coefficient for Lamin A/C and EZH2 in MCF10A cells +

TGFB and T uM MG132. Nucleus (DAPI). Scale bar ~10 um. Statistical significance was determined using unpaired Student’s t-tests. Means are

compared between +TGF 3 and ~TGF 3 (control) conditions within each treatment group (DMSO and RO-3306). (J) Immunofluorescence of MCF7 cells

treated with MG132 and transient overexpression of hnTWIST1-GFP and stained for E-cadherin and Vimentin ; nucleus (DAPI). Scale bar ~10 um. (K)
Immunoblotting for EMT markers in MCF7 treated with RO3306 and Twist1-GFP in MCF7 (L) Immunoblotting for EMT markers in MCF7 cells treated
with MG132 and Twist1-GFP in MCF7. For all experiments, data are represented as mean £+ SD from N = 3 three independent biological replicates,

statistical significance, P-value <0.05.
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upon expression of the phosphomimetic mutant (T161D;
Supplementary Fig. S11C).

In summary, these findings suggest that EMT progression is
driven by elevated CDK1 activity leading to late S-to-early G2
arrest. CDK1 phosphorylates Lamin A/C and EZH2, disrupts
the Lamin A/C-EZH2 complex and promotes EZH2 degra-
dation, thereby facilitating EMT [57-59].

Regulatory role of phosphorylation in the
interaction of Lamin A/C-EZH2

Phosphorylation of nuclear lamins regulate nuclear organi-
zation and chromatin dynamics [60, 61]. Since Lamin A/C
and EZH2 are involved in chromatin organization and tran-
scriptional regulation, we surmised that perturbing their phos-
phorylation sites could modulate EMT/MET. Furthermore,
CDK1-mediated phosphorylation impacts lamin organiza-
tion, prompting an in-depth analysis of how CDK1 phospho-
rylation affects Lamin A/C-EZH2 binding. Specifically, Ser-
ine 22 (S22) in Lamin A/C and Threonine 345 (T345) in
EZH2—both established CDK1 phosphorylation sites with
roles in protein—protein interactions and nuclear dynamics—
were selected for site-directed mutagenesis to mimic either
a phosphorylated (phosphomimetic: Lamin A-S22D, EZH2~
T345D) or nonphosphorylated (phospho-deficient: Lamin A-
S22A, EZH2-T345A) state [62].

Lamin A/C knockdown lines (doxycycline-inducible) of
MCEF?7 cells were generated, followed by ectopic overexpres-
sion of (i) GFP-Lamin A (shRNA resistant), (ii) S22A, and
(iii) S22D constructs. To ensure homogeneity, GFP-positive
cells were FACS-sorted. Additionally, TWIST1-GFP was tran-
siently overexpressed (~48 h) and selected with G418 to en-
rich TWIST1-expressing cells [(Fig. 6A), schematic for gen-
eration of EZH2 mutants (Fig. 6B)]. Immunoprecipitation of
Lamin A/C followed by immunoblotting for EZH2 showed
that full-length Lamin A and S22A retained their interaction
with EZH2, independent of TWIST1-induced EMT, whereas
the S22D variant did not bind to EZH2, irrespective of EMT
status. These results indicate that phosphorylation at S22 dis-
rupts Lamin A/C-EZH2 interaction (Fig. 6C).

We adopted a similar strategy in MDAMB231 cells sta-
bly expressing GRHL2 to induce MET. Consistent with find-
ings in MCF7, full-length Lamin A and S22A interacted with
EZH2, while the S22D variant did not (Fig. 6D). Thus, phos-
phorylation at Ser22 consistently inhibits Lamin A/C-EZH?2
interaction during both EMT and MET.

To further delineate the role of EZH2 phosphorylation,
T345A and T345D mutants were tested in MCF7 (£ TWIST1)
and MDAMB231 (£GRHL2) cells. In both contexts, full-
length EZH2 and T345A retained their interaction with
Lamin A/C, whereas the T345D variant failed to bind Lamin
A/C (Fig. 6E and F).

Taken together, these data demonstrate that phosphoryla-
tion at either S22 in Lamin A/C or T345 in EZH2 prevents
complex formation. We further validated the interaction be-
tween the mutants of Lamin A/C and EZH2 through im-
munofluorescence studies and found that the full length (con-
trol) and phosphodeficient mutants interact with each other
(Lamin A/C and EZH2), while phosphomimetic mutants lost
the interaction irrespective of the presence of TGF-f (Fig. 6G-
J)-

To determine if there is a requirement for dual phospho-
rylation of Lamin A and EZH2, we co-transfected HEK293T

cells with combinations of Lamin A-GFP and EZH2-FLAG
(wild-type, phospho-deficient, or phospho-mimetic). Co-IP re-
vealed robust binding only when both proteins are in their
unphosphorylated or phospho-deficient forms. Notably, phos-
phorylation of either Lamin A or EZH2 alone was sufficient
to weaken or abolish this interaction. Lamin A/C-EZH2 com-
plex is sensitive to phosphorylation of either partner. There-
fore, the disruption of this interaction does not require both
interacting partners to be phosphorylated (Supplementary Fig.
S12A). Importantly, the localization of the Lamin A and EZH2
mutants was validated by immunofluorescence assays, which
predominantly showed a nuclear localization (Supplementary
Fig. S12B and C).

Since phosphorylation impacts cell cycle dynamics, we
next examined how phosphomutants of Lamin A/C and
EZH2 affect cell cycle progression. MCF10A cells express-
ing Lamin A or EZH2 mutants were synchronized by double-
thymidine block and released (for ~18 h), followed by
FACS profiling. Notably, phosphomimetic mutants (~25%-—
30%) showed an increased number of cells in G2/M com-
pared with full-length and phospho-deficient forms (~6%—
9%; Supplementary Fig. S13A and B). To further exam-
ine the effect of phosphomutants of Lamin A and EZH2
on cell cycle, we performed PI-FACS, BrdU incorporation,
and H3S10p staining. BrdU incorporation was comparable
across full-length, phospho-deficient, and phospho-mimetic
constructs (~85% BrdU positive cells), which excluded G1
arrest (Supplementary Fig. S13C and D). However, H3S10p
staining revealed that full-length and phospho-deficient mu-
tants progressed normally through mitosis (~10% H3S10p-
positive cells), whereas phospho-mimetic mutants (S22D,
T345D) stalled at G2/M as indicated by PI-FACS, but dis-
played markedly reduced H3S10p positivity (<2 %), suggest-
ing an arrest in late S-to early G2 phase of the cell cycle
(Supplementary Fig. S13E and F).

Lamin A and EZH2 phosphorylation determines the
dynamics of EMT

We next sought to determine the effect of Lamin A-EZH2
phosphorylation on EM plasticity. To address this question,
we generated cell lines expressing either phosphodeficient or
phosphomimetic mutants of Lamin A (S22A or S22D) and
EZH2 (T345A or T345D) in the background of endogenous
protein depletion.

Remarkably, the overexpression of the phosphomimetic
Lamin A mutant (S22D) disrupts the Lamin A-EZH2 inter-
action, showing a pronounced mesenchymal phenotype, char-
acterized by the upregulation of Vimentin, TWIST1, SNAI1,
and ZEB1, and downregulation of E-cadherin, notwithstand-
ing the absence of EMT inducers. In contrast, cells express-
ing either full-length Lamin A or the phosphodeficient mutant
(S22A) retain their interaction with EZH2 and their epithelial
features, even under EMT-inducing conditions such as TGF-$
or TWIST1 overexpression (Fig. 7A, E, and F; quantification
in Supplementary Fig. S14A-E).

Similarly, overexpression of full length or the phosphod-
eficient Lamin A (S22A) mutant (both capable of binding
EZH2), was sufficient to induce a robust epithelial state,
marked by high E-cadherin levels and reduced mesenchy-
mal markers, even without GRHL2-mediated MET induc-
tion. In contrast, knockdown of Lamin A/C or overexpression
of Lamin A (522D)—which does not interact with EZH2—
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Figure 6. Phosphorylation-dependent regulation of Lamin A/C-EZH2 binding in EMT and MET. (A, B) Schematic representation of the workflow for
generating stable cell lines with inducible knockdown of Lamin A (A) or EZH2 (B), followed by rescue with full-length, phosphodeficient, or
phosphomimetic mutants. (C, D) Co-IP of Lamin A in MCF7 and MDAMB231 cells after doxycycline-induced Lamin A/C depletion and rescue with
full-length, phosphodeficient (S22A), or phosphomimetic (S22D) Lamin A. TWIST1-GFP was transiently overexpressed in MCF7 cells, and GRHL2-GFP
was stably overexpressed in MDAMB231 cells. (E, F) Coimmunoprecipitation of EZH2 in MCF7 and MDAMB231 cells after doxycycline-induced EZH2
depletion and rescue with full-length, phosphodeficient (T345A), or phosphomimetic (T345D) EZH2. TWIST1-GFP was transiently overexpressed in
MCF7 cells, and GRHL2-GFP was stably overexpressed in MDAMB231 cells. (G) Immunofluorescence images of MCF10A cells showing the extent of
colocalization between Lamin A [full-length, phosphodeficient (S22A), or phosphomimetic (S22D)] and EZH2 + TGF3. Nucleus (DAPI). Scale bar ~10
pum. (H) Immunofluorescence images of MCF10A cells showing the extent of colocalization between EZH2 [full-length, phosphodeficient (T345A), or
phosphomimetic (T345D)] nucleus (DAPI). Scale bar ~10 um. (I, J) Quantification of Lamin A and EZH2 colocalization in MCF10A cells using Mander's
coefficient. Unpaired Student’s t-test was used to compute the P-value. Means are compared between (1) LMNA-GFP (UT, control) versus LMNA-S22D
(UT) and LMNA-GFP (TGF 3; control) versus LMNA-S22D (TGF 3). (J) EZH2-FLAG (UT; control) versus EZH2-T345D (UT) and EZH2-FLAG (TGF f3; control)
versus EZH2-T345D (TGF[3). Statistical significance, P-value <0.05.
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Figure 7. Phosphorylation-dependent regulation of EZH2 and Lamin A/C during EMT and MET. Representative mid-optical sections of
immunofluorescence images showing the effect of Lamin A and EZH2 mutants on EMT (in MCF10A) and MET (in MDAMB231). MCF10A (A, C) and
MDAMB231 (B, D). Cells were transduced with full-length, phospho-deficient, or phospho-mimetic constructs of Lamin A (A, B) or EZH2 (C, D)
following doxycycline-induced knockdown (0.5 pg/ml, 48 h) of endogenous Lamin A/C or EZH2. EMT was induced in MCF10A cells by TGF-[3 treatment
(10 ng/ml, ~7 days), while MET was induced in MDAMB231 cells by stable, constitutive overexpression of GRHL2. EZH2 was immunostained in green;
E-cadherin and Vimentin were immunostained in red. Lamin A constructs were GFP-tagged. Nucleus (blue, DAPI). Scale bar ~10 um. (E, F) Immunoblot
analysis of EMT marker expression in MCF7 and MCF10A cells upon Lamin A/C knockdown and rescue with full-length, phospho-deficient (S22A), or
phospho-mimetic (S22D) Lamin A-GFP EMT was induced by TWIST1 overexpression (~48 h) in MCF7 cells or by 10ng/ml TGF-[3 (~7 days) in MCF10A
cells. (G) EM marker expression in cells with Lamin A/C knockdown was rescued with full-length, phospho-deficient (S22A) or phospho-mimetic (S22D)
Lamin A/C. MET was induced by GRHL2 overexpression. (H, I) Immunoblot analysis of EMT marker expression in MCF7 and MCF10A cells upon EZH2
knockdown and rescue with full-length, phospho-deficient (T345A), or phospho-mimetic (T345D) EZH2-FLAG. EMT was induced by TGF3 (~7 days) in
MCF10A cells or by TWIST1 overexpression (~48 h) in MCF7 cells. (J) EM marker expression in cells with EZH2 knockdown rescued with full-length,
phospho-deficient (T345A), or phospho-mimetic (T345D) EZH2. MET was induced by GRHL2 overexpression.
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resulted in the persistence of mesenchymal characteristics (Fig.
7B and G). Notably, MDAMB231 cells exhibited partial MET
upon co-overexpression of GRHL2 and Lamin A (S22D), or
GRHL2 overexpression combined with Lamin A/C depletion
(Supplementary Fig. S14F-]). This reinforces the significance
of the Lamin A-EZH2 interaction in facilitating MET and re-
pressing mesenchymal genes.

To delineate the role of EZH2 phosphorylation in this reg-
ulatory axis, we introduced phosphodeficient (T345A) and
phosphomimetic (T345D) EZH2 mutants in the background
of EZH2 depletion in epithelial (MCF7, MCF10A) and
mesenchymal (MDAMB231) cells. In MCF7 and MCF10A
cells, overexpression of the phosphomimetic EZH2 mutant
(T345D)—deficient in Lamin A/C binding—shows an EMT-
like phenotype, including loss of E-cadherin and induction of
mesenchymal markers, independent of external EMT induc-
tion. Conversely, overexpression of full length EZH2 or the
phosphodeficient EZH2 mutant (T345A), which retains its
interaction with Lamin A/C, maintained epithelial properties
and resists EMT induction, even in the presence of TWIST1
or TGF-B (Fig. 7C, H, and [; quantification: Supplementary
Fig. S14K-N).

Overexpression of full length or phosphodeficient EZH2
(T345A) promoted MET in MDAMB231 cells, consistent
with elevated E-cadherin and suppression of mesenchymal
markers, independent of GRHL2 overexpression. However,
overexpression of the phosphomimetic EZH2 (T345D) or
EZH2 knockdown (both of which abrogate Lamin A/C in-
teraction), exacerbated mesenchymal properties. Overexpres-
sion of EZH2 (full length) or EZH2 (T345A) in the back-
ground of GRHL2 overexpression, facilitates transition of
MDAMB231 cells to an epithelial-like phenotype [EZH2(OE)
and EZH2(T345A)—E-cadherin (integrated density): 2108 +
516 and 3560 + 532, respectively|, whereas EZH2 (T345D)
or EZH2 depletion only partially reversed cells to an epithe-
lial phenotype [EZH2(T345D)—E-cadherin (integrated den-
sity): 320 &+ 58] as it maintains mesenchymal marker expres-
sion and a hybrid phenotype [Fig. 7D and J; quantification:
Supplementary Fig. S140-R).

Collectively, these data demonstrate that phosphorylation
at Lamin A (S22) or EZH2 (T345) disrupts Lamin A/C-
EZH?2 interaction, activating mesenchymal transcription fac-
tors, thereby promoting EMT. In contrast, phosphodeficient
mutants that preserve this interaction sustain epithelial iden-
tity and enable MET.

Lamin A/C promotes chromatin compaction
suppressing EMT
To investigate the functional consequences of Lamin A/C-
EZH2 interaction, we examined the effects of CDKI1-
mediated phosphorylation of Lamin A/C or EZH2 on the
expression of mesenchymal transcription factors SNAII,
TWIST1, and ZEB1. RNA-Seq following Lamin A/C deple-
tion in MCF10A cells showed a significant upregulation of
these transcription factors, indicating a role of Lamin A/C in
their transcriptional repression. This indicates that Lamin A/C
and repressive chromatin factors work in coordination, which
may arise from spatial-epigenetic coupling, whereby Lamin
A/C anchors PRC2-enriched chromatin at the nuclear periph-
ery, promoting robust H3K27me3 deposition and enforcing
transcriptional repression at key EMT-regulatory loci.
Analysis of publicly available ChIP-seq data sets from
ChIP-Atlas revealed an enrichment of Lamin A, EZH2, and
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H3K27me3 at the —1 kb regions of the SNAI1, TWIST1,
and ZEB1 promoters in epithelial MCF7 cells, and a loss
of this occupancy in mesenchymal MDAMB231 cells (Lamin
A/C: Supplementary Fig. S15A-C; EZH2: Supplementary Fig.
S16A-C, H3K27me3: Supplementary Fig. S17A) [63]. We
overexpressed phosphodeficient or phosphomimetic mutants
of Lamin A or EZH2 in MCF7 cells and performed ChIP-
qPCR at the —1 kb regions of SNAI1, TWIST1, and ZEB1
(Fig. 8A and B). Twist mediated EMT induction showed a
marked reduction of Lamin A/C, EZH2, and H3K27me3 oc-
cupancy on SNAI1, TWIST1, and ZEB1 promoters, but were
otherwise enriched on these promoters in untreated MCF7
cells (control). Lamin A/C depletion markedly reduced EZH2
and H3K27me3 occupancy, while control regions (MYT1,
positive control; GAPDH, negative control) showed no differ-
ences in their occupancy (Fig. 8C and D, and Supplementary
Fig. S17B).

ChIP-qPCR for transcriptional elongation markers revealed
reduced occupancy of H3K36me3 and RNA polymerase II
Ser2P at the +1 kb regions of SNAI1, TWIST1, and ZEB1
in control MCF7 cells, consistent with a reduced expression
of mesenchymal genes in epithelial cells. However, Lamin A/C
depletion and TWIST1 overexpression significantly increased
the enrichment of H3K36me3 and RNA Pol II Ser2P on the
promoters of mesenchymal transcription factors (Fig. 8E and
Supplementary Fig. S17C and D).

We next analyzed the effect of Lamin A phosphoryla-
tion. Overexpression of full-length Lamin A or the phos-
phodeficient mutant S22A preserved Lamin A/C, EZH2, and
H3K27me3 occupancy at the —1 kb regions of SNAI1,
TWIST1, and ZEB1, even under EMT-inducing conditions.
In contrast, the phosphomimetic mutant S22D showed re-
duced enrichment of Lamin A (Fig. 8C), EZH2 (Fig. 8D),
and H3K27me3 (Supplementary Fig. S17B) at these loci, ac-
companied by increased H3K36me3 (Fig. 8E) and RNA Pol
IT Ser2P (Supplementary Fig. S17D) at the +1 kb regions
of SNAI1, TWIST1, and ZEB1. A similar regulatory mecha-
nism was observed for EZH2 phosphorylation. Overexpres-
sion of full-length EZH2 or the phosphodeficient mutant
T345A enhanced Lamin A/C, EZH2, and H3K27me3 occu-
pancy at the —1 kb regions of SNAI1, TWIST1, and ZEB1.
Conversely, the phosphomimetic mutant T345D reduced this
enrichment, with a corresponding increase in H3K36me3 and
RNA Pol II Ser2P occupancy at the +1 kb regions (Fig. 8F-H,
and Supplementary Fig. S18A and B). This was corroborated
by analysis of primer efficiency profiles (Supplementary Fig.
S18C-F).

Taken together, these findings demonstrate that Lamin
A/C facilitates EZH2 mediated deposition of H3K27me3 on
mesenchymal gene promoters. Furthermore, CDK1-mediated
phosphorylation of either protein disrupts this repression,
thereby facilitating EMT.

Impact of Lamin A/C-EZH2 phosphorylation on
cancer progression

To investigate the functional role of Lamin A/C-EZH2 inter-
action in EM plasticity, we performed cell migration, and tu-
mor induction assays. We performed Boyden-chamber assay
(transwell to quantify migration) for MCF7 and MDAMB231
cells. In MCF7 cells, transient overexpression of hTwist1 fol-
lowed by depletion of Lamin A/C or EZH2 increased mi-
gration by ~30%. Similarly, overexpression of the phospho-
mimetic mutants Lamin A (S22D) or EZH2 (T345D) en-
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Figure 8. Lamin A/C promotes chromatin compaction suppressing EMT. (A) Schematic representation of chromatin immunoprecipitation (ChIP)
experiments performed in MCF7 cells overexpressing TWIST1-GFP, following knockdown (KD) of Lamin A/C or overexpression (OE) of full-length Lamin
A or phospho-mutant Lamin A (S22A: phospho-deficient; S22D: phospho-mimetic). ChIP was performed using antibodies against Lamin A/C, EZH2,
H3K27me3 [—1 kb of transcription start sites (TSS)], and RNA Polymerase Il (Ser2P) and H3K36me3 (+1 kb of TSS) at the promoters of key
mesenchymal transcription factors SNAI1, TWIST1, and ZEB1. (B) Schematic representation of ChIP analysis in MCF7 cells with EZH2 knockdown or
overexpression of full-length or phospho-mutant EZH2 (T345A: phospho-deficient; T345D: phospho-mimetic) in the context of TWIST1-GFP induction.
Promoter occupancy of Lamin A/C, EZH2, and associated histone modifications (H3K27me3 and H3K36me3), as well as RNA Pol Il (Ser2P), was
examined at the TSS of SNAI1, TWIST1, and ZEB1. Green and red arrows indicate primers for the gPCR experiment. (C-E) ChIP PCR analysis in MCF7
cells stably transduced with full-length Lamin A, phosphodeficient (S22A), or phosphomimetic (S22D) variants, followed by transient transfection with
PEGFP-N1 (control) or TWIST1-GFP for 48 h. ChIP occupancy of (C) Lamin A, (D) EZH2 at the —1 kb regions, and (E) H3K36me3 at the +1 kb regions of
SNAI1, TWIST1, and ZEB1 were assessed. DEFA3 (C), MYT1 (D), and GAPDH (E) served as positive controls, while Jun (C), GAPDH +1 kb (D), and
MYT1 (E) were negative controls for Lamin A/C, EZH2, and H3K36me3 respectively. (F-H) ChIP PCR analysis in MCF7 cells stably transduced with
full-length EZH2, phosphodeficient (T345A), or phosphomimetic (T345D) variants, followed by transient transfection with pEGFP-N1 or TWIST1-GFP for
48 h. ChIP occupancy of (F) Lamin A, (G) EZH2 at the —1 kb regions, and (H) H3K36me3 at the +1 kb regions of SNAI1, TWIST1, and ZEB1 was
assessed. DEFA3 (F), MYT1 (G), and GAPDH (H) served as positive controls, while Jun (F), GAPDH +1 kb (G), and MYT1 (H) were negative controls for
Lamin A/C, EZH2, and H3K36me3 respectively. Data represent mean + SD from three independent experiments.
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hanced migration, whereas overexpression of the full-length
proteins or their phosphodeficient mutants (Lamin A S22A,
EZH2 T345A) reduced migration by ~20% (Supplementary
Fig. S19A and B). In MDAMB231 cells, GRHL2 overex-
pression reduced migration, while depletion of Lamin A or
EZH?2 increased migration. When GRHL2 was overexpressed
in cells lacking Lamin A or EZH2, migration was further
elevated compared to GRHL2 overexpression alone. Con-
sistently, the phosphomimetic Lamin A (522D) and EZH2
(T345D) variants enhanced migration than their full-length
or phosphodeficient counterparts (Supplementary Fig. S19C
and D). We performed wound healing assays to determine
the migratory ability of MCF10A cells. Depletion of Lamin
A/C or EZH2 increased cell migration, comparable to that in-
duced by TGF-B. While, overexpression of full-length Lamin
A or EZH2, as well as their phosphodeficient mutants (S22A,
T345A), suppressed migration in both untreated and TGF-p-
treated cells. In contrast, the phosphomimetic mutants (S22D,
T345D) enhanced migration, even in the absence of TGF-$
(Supplementary Fig. S20A and B).

To investigate the i1 vivo implications of Lamin A (S22A
and S22D) and EZH2 (T345A and T345D) mutants to
form tumors, we orthotopically injected MDA-MB-231 cells
(~1 x 10°), overexpressing (i) full length (Lamin A or
EZH2 - control), (ii) phospho-deficient (Lamin A S22A;
EZH2 T345A) (iii) phospho-mimetic (Lamin A S22D; EZH2
T345D) forms into the mammary fat pad of female NOD-
SCID mice (~6 weeks old). Tumour volume was monitored,
and the experiment was terminated after ~5 weeks (Valida-
tion of Lamin A and EZH2 knockdown and overexpression
are shown in Supplementary Fig. S21A and B). Both phospho-
mimetic Lamin A (522D) and EZH2 (T345D) exhibited a
marked increase in tumor growth, as reflected by both tu-
mor volume and final tumor weight (Fig. 9A-F), as compared
to their full-length and phospho-deficient counterparts (full
length control in Supplementary Fig. S21C-H).

Previous studies have consistently shown that the lungs
are a frequent site of metastasis in breast cancers. We there-
fore performed H&E staining of lung sections and quan-
tified metastatic nodules to determine whether Lamin A
and EZH2 phosphomutants (with respect to the full-length
control) affect metastatic dissemination [64, 65]. Mice in-
jected with phospho-mimetic mutants (S22D-Lamin A and
T345D-EZH2) showed a significantly higher metastatic bur-
den, whereas full length (LMNA-WT and EZH2-WT) and
phospho-deficient mutants (S22A-Lamin A and T345A-
EZH2) did not form detectable lung metastases. These find-
ings demonstrate that CDK1-dependent phosphorylation of
Lamin A/C and EZH2 promotes both primary tumor growth
and in vivo metastatic dissemination of breast cancer cells
(Fig. 9G and H; full length control in Supplementary Fig.
$211-L).

To further address the significance of the Lamin A/C-
EZH2 interaction, we performed triple enzyme diges-
tion followed by immunoprecipitation on primary tumor-
derived cells. Phosphodeficient Lamin A (S22A) main-
tained its interaction with EZH2, whereas the phospho-
mimetic Lamin A (S22D) preferentially interacted with phos-
phorylated CDK1 (pCDK1-T161; Fig. 9I). Similarly, im-
munoprecipitation of EZH2 revealed that the phosphode-
ficient EZH2 (T345A) interacted with Lamin A/C, while
phosphomimetic EZH2 (T345D) interacted with pCDK1
(Fig. 9]).
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We performed immunofluorescence assays in cells (cultured
for ~72 h) derived from the tumors (the EM state could not
be examined i situ, as the subsequent assays necessitated cul-
turing and expansion of cells). These assays also reveal mor-
phological characteristics since the cells expressing phospho-
deficient Lamin A or EZH2 mutants showed an epithelial-like
morphology, whereas those expressing phosphomimetic mu-
tants retained a mesenchymal phenotype (Fig. 9K-N).

In summary, these findings underscore a crucial role for
Lamin A and EZH2 phosphorylation in modulating EM
plasticity. Phosphomimetic modifications favour mesenchy-
mal properties, whereas phosphodeficient or full-length vari-
ants reinforce epithelial characteristics.

Discussion

Summary of key results

In this study, we uncover a phosphorylation-sensitive interac-
tion between the inner nuclear envelope protein Lamin A/C
and the histone methyltransferase EZH2, revealing its piv-
otal role in regulating EM plasticity. Using a combination of
models of EMT and its reversal (MET), we show that Lamin
A/C interacts with EZH2 in epithelial cells, which renders a
repressive chromatin environment on SNAI1, TWIST1, and
ZEB1 loci that encode for mesenchymal transcription factors
(EMT-TEF). To ensure comparable expression of empty vec-
tor and TWIST1 (in MCF7) or GRHL2 overexpression (in
MDAMB231 cells; EGFP panel is included in Supplementary
Fig. S25A-D). This interaction is disrupted upon EMT in-
duction through CDK1-mediated phosphorylation of both
Lamin A/C and EZH2, facilitating EMT-TF activation (Fig.
10). Phosphomimetic and phosphodeficient variants of Lamin
A (S22D/S22A) and EZH2 (T345D/T345A) reveal their reg-
ulatory role of phosphorylation in controlling EMT. In vivo,
phosphomimetic forms promote tumor growth and metasta-
sis, whereas phosphodeficient forms maintain epithelial char-
acteristics, decreasing tumor growth potential. These findings
implicate Lamin A—-EZH?2 interaction as a critical epigenetic
checkpoint modulated by phosphorylation in cancer progres-
sion.

Lamins and EMT: contributions of A- and B-type
lamins

Nuclear lamins regulate nuclear architecture with genome or-
ganization and transcriptional control, and their altered ex-
pression or modification profoundly impacts cancer cell be-
havior by modulating nuclear mechanics and chromatin ac-
cessibility [66].

Lamin A/C restricts EMT by reinforcing nuclear stiffness
and limiting chromatin openness. Its reduction decreases nu-
clear rigidity, increases chromatin accessibility, and promotes
invasion by enhancing mesenchymal gene expression [67, 68].

Lamin B1, in contrast, acts as a context-dependent EMT
regulator. Its loss in lung cancer cells suppresses E-cadherin,
elevates fibronectin and N-cadherin, and activates rearranged
during transfection proto-oncogene and MAPK/PI3K-AKT
signaling, suggesting an EMT-restraining role [69]. Lamin B1
enrichment at TAD boundaries supports EMT programs, and
its depletion disrupts them in NMuMG cells [70]. However,
in our study, Lamin B1 levels remained stable, and depletion
of Lamin B1 or B2 had no effect on EMT, indicating cell-type-
specific variability. While Lamin B2 contributes to nuclear in-
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Figure 9. Impact of Lamin A/C-EZH2 phosphorylation on tumor progression. (A, B) Representative images of excised tumors from NOD-SCID female
mice injected with MDAMB231 cells expressing either phospho-mutant Lamin A (A) or EZH2 (B). N = 5 mice per group. (C, D) Quantification of tumor
volume (C) and tumor weight (D) from Lamin A phospho-mutant xenografts. (E, F) Quantification of tumor volume (E) and tumor weight (F) from EZH2
phosphomutant xenografts. (G) Representative Hematoxylin and Eosin (H&E) images (2x, 50x) of lung metastases from MDA-MB-231 cells expressing
phosphodeficient (S22A) or phosphomimetic (S22D) Lamin A. (H) Representative H&E images (2x, 50x) of lung metastases from MDA-MB-231 cells
expressing phosphodeficient (T345A) or phosphomimetic (T345D) EZH2. Quantification of the number of nodules per lung is given alongside the H&E
images. (I) Immunoprecipitation of Lamin A/C from tumor lysates followed by immunoblotting for EZH2 and phospho-CDK1 (J) Immunoprecipitation of
EZH2 from tumor lysates followed by immunoblotting for Lamin A/C and phospho-CDK1 (K) Immunofluorescence of tumorderived MDAMB231 cells
stained for E-cadherin, Vimentin (red), and Lamin A (GFP). Nucleus (blue, DAPI). Scale bar ~10 um. (L) Quantification of the integrated density of
E-Cadherin and Vimentin upon overexpression of phosphomutants of Lamin A. Data represent mean + SD. Statistical significance was determined
using an unpaired two-tailed Student's t-test, P-value <0.05 (M) Immunofluorescence of tumor-derived MDAMB231 cells stained for E-cadherin,
Vimentin and EZH2. Nucleus (DAPI). Scale bar ~10 um. (N) Quantification of the integrated density of E-Cadherin and Vimentin upon overexpression of
phosphomutants of EZH2. Data represent mean =+ SD. Statistical significance was determined using an unpaired two-tailed Student's t-test. Means are
compared between phosphodeficient (control) and phosphomimetic mutants.
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Lamin A/C-EZH2 interaction modulates Epithelial-Mesenchymal Plasticity
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Figure 10. Lamin A/C-EZH2 interaction modulates EM plasticity. This schematic illustrates the dynamic regulation of EMT and MET by Lamin A/C-EZH2
signaling. In epithelial cells (top), high Lamin A/C levels promote the sequestration of EZH2 at the nuclear lamina, diminishing the transcriptional
activation and expression of key EMT transcription factors (SNAI1, TWIST1, ZEB1) by enforcing H3K27me3-mediated repression at their promoters.
Reduced CDK1 activity leads to reduced phosphorylation on both Lamin A/C (Ser22) and EZH2 (Thr345), limiting EZH2 degradation and further stabilizing
chromatin repression. During EMT, increased CDK1 activity and phosphorylation of Lamin A/C (Ser22) and EZH2 (Thr345), results in proteasomal
degradation of EZH2 which releases the repressive chromatin state, recruits active RNA polymerase Il to EMT gene promoters, and upregulates EMT
transcription factors, promoting mesenchymal properties. Created in BioRender. Sengupta, K.

(Schematic illustration of EMT and MET regulation by Lamin A/C-EZH2).

920z Atenuer g uo Jasn aund Y3SII AQ 685 | ¥8/v9 LIBNB/L/PS/0IME/IBU/WOD dNO-0WapEoE)/:SARY WO POPECIUMOQ


https://app.biorender.com/profile/template/details/t-6947f091c3b390a12a839a81-akbfinal-figureversion

22  Balaji et al.

tegrity and metastasis in other cancers, it did not impact EMT
in breast cancer [45, 71].

Overall, Lamin A/C consistently functions as a repressive
scaffold maintaining epithelial identity, whereas B-type lamins
show context-dependent roles. Loss or modification of Lamin
A/C represents a critical step enabling EMT and invasiveness
of cancer cells.

Coordination of Lamin A/C-PRC2 Interactions
regulate EM Plasticity

Previous studies have reported divergent patterns of EZH2
expression during EMT, suggesting that its regulation may be
context dependent [72]. While some reports did not observe
a reduction of EZH2 in mesenchymal-like cells, our data re-
veal a modest but consistent decrease in EZH2 upon EMT in-
duction and restoration during MET. This aligns with recent
studies indicating that attenuation of PRC2/EZH2 function
accompanies mesenchymal transition. Specifically, loss or dys-
function of PRC2 promotes a quasi-mesenchymal trajectory
and enhance metastatic traits, implicating PRC2 as an orga-
nizer of the epithelial state [73]. In lung carcinoma cells, inhi-
bition or knockout of EZH2 induces mesenchymal gene ex-
pression and a shift toward the mesenchymal phenotype [74],
while in breast cancer models, EZH?2 sustains epithelial iden-
tity by repressing mesenchymal programs [75]. Reduction in
EZH2 levels, was undetected in other studies [76], underscor-
ing that the relationship between EZH2 expression and EMT
may vary across cellular contexts and experimental systems.

Since EZH2 levels are modulated during EMT, we next ex-
plored whether changes in the sub-interactome of Lamin A/C
could explain these dynamics, focusing on Lamin A/C as a
potential scaffold coordinating PRC2 activity and chromatin
organization.

Lamin A/C-mediated chromatin reorganization
during EMT and MET

Beyond its structural role, Lamin A/C serves as a dynamic
scaffold that coordinates chromatin modifiers and transcrip-
tional regulators to control EM plasticity. In epithelial MCF7
cells, Lamin A/C interacts with EZH2—the catalytic subunit
of PRC2 responsible for H3K27 trimethylation—as well as
other chromatin organizers such as NUDT21, LIMA1, and
EHMT?2 [67, 68]. During EMT, this interaction is lost, co-
inciding with Lamin A/C association with phosphorylated
CDK1 and CCNBI, indicating a potential shift in the func-
tional role of Lamin from chromatin organization to prolifer-
ative signaling [67].

A-type lamins associate with both euchromatin and het-
erochromatin, and loss of LAP2« redistributes Lamin A/C
toward heterochromatin with altered histone modifications
[77]. Similarly, reduced Lamin A/C decreases H3K27me3
levels and reorganizes, activating mesenchymal genes. Thus,
Lamin A/C preserves a repressive chromatin environment, and
its loss promotes chromatin relaxation and mesenchymal gene
activation.

The Lamin A/C-EZH2 interaction is re-established upon
MET, restoring PRC2 scaffolding and epithelial identity. [78].
Unlike A-type lamins, B-type lamins interact with G9a and
SUV39H1, unaffected during EMT, emphasizing their distinct
functional roles [45, 71].

Overall, Lamin A/C functions as a phosphorylation-
dependent hub linking chromatin organization and cell cy-

cle signaling. Its dynamic interaction with PRC2 and post-
translationally modified EZH2 integrates nuclear architecture
and epigenetic regulation to control EM plasticity, with MET-
driven restoration of the Lamin A/C-EZH2 complex reinstat-
ing epithelial chromatin states.

pCDK1, Lamin A/C, and EMT-MET dynamics

During EMT, Lamin A/C associates with pCDK1 (T161), co-
inciding with loss of Lamin A/C-EZH2 interaction. BrdU in-
corporation in MCF10A cells undergoing EMT did not show
G1 arrest, while decreased H3510 phosphorylation indicated
EMT-associated cell cycle arrest occurs between late S and
early G2 phase.

Mechanistically, pCDK1 phosphorylates Lamin A/C and
EZH2, disrupting their interaction, relieving PRC2-mediated
H3K27me3 repression at mesenchymal loci, and activating
EMT transcriptional programs. Upon MET, Lamin A/C-
EZH2 interactions are restored, reinstating epithelial chro-
matin and transcriptional repression [67, 76].

These results are consistent with the finding that CDK1
phosphorylation modulates EMT, and frequently correlates
with cell cycle stalling at late S/early G2 transition, coupling
proliferative signalling with transcriptional reprogramming
[57-59]. In line with recent studies highlighting the role of
EMT-inducing transcription factors in late S/early G2-phase
regulation, replication stress, and DNA damage responses
[79-83], certain partial or metastatic EMT states are associ-
ated with transient G1 arrest or reduced proliferation, under-
scoring the temporal and contextual plasticity of EMT—cell
cycle coupling [84, 85].

Collectively, our data suggest that cells undergoing EMT
show cell cycle arrest at late S or early G2 phase, enabling
pCDK1-dependent remodeling of Lamin A/C scaffolds, dis-
sociation and degradation of EZH2, leading to activation of
mesenchymal programs. Restoration of the Lamin A/C-EZH2
complex during MET underscores the reversible coupling be-
tween cell-cycle state, nuclear organization, and EM plasticity.

Decoding EMT plasticity through Lamin A and
EZH2 phosphorylation

EMT and MET occur along a continuum, with hybrid ep-
ithelial/mesenchymal (E/M) states serving as key intermediates
in tumor progression and metastasis. This hybrid population,
marked by CD104 and CD44 co-expression [86].

During  TWIST1-induced  EMT, cells  acquire
a mesenchymal-like (CD104*tCD44) phenotype
(Supplementary Fig. S22A and B), whereas overexpres-
sion of Lamin A or EZH2, with or without TWIST1, restores
epithelial identity (CD104*CD447), bypassing the hybrid
state. In contrast, phospho-mimetic mutants (Lamin A S22D,
EZH2 T345D) enrich hybrid populations in MCF7 cells,
indicating that phosphorylation disrupts chromatin binding
and repression of EMT-TFs such as SNAI1, TWIST1, and
ZEB1. Under GRHL2-driven MET in MDA-MB-231 cells,
these mutants maintain hybrid populations despite epithelial
cues (GRHL2 overexpression).

Rescue experiments reveal that a complete commitment
to an epithelial state requires unphosphorylated Lamin A
and EZH2. Phospho-deficient mutants (S22A, T345A) restore
epithelial identity (CD104*CD44~), while phospho-mimetic
forms sustain hybrid states (Supplementary Figs S22C and D,
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and S23A-D), consistent with Lamin A phosphorylation pro-
moting nuclear softening and chromatin decondensation [87].

Overall, the hybrid E/M state is a regulated phenotype gov-
erned by post-translational modifications of Lamin A and
EZH?2. Phosphorylation-dependent disruption of their inter-
action enhances EM plasticity and sustains hybrid popula-
tions linked to metastasis.

Implications for diagnosis and treatment

The Lamin A-EZH2 interaction and their phosphorylation
states offer potential diagnostic and therapeutic avenues.
Phosphorylated Lamin A (522) and EZH2 (T345) may serve
as markers of mesenchymal transition and metastatic poten-
tial, detectable by mass spectrometry or immunohistochem-
istry to refine EMT-based prognosis.

CPTAC proteomics showed increased pLMNA(Ser22)
and decreased total LMNA with tumor progres-
sion (Supplementary Fig. S24A), paralleled by el-
evated pEZH2(T345) and reduced total EZH2
(Supplementary Fig. S24B). TCGA data further revealed pro-
gressive CCNB1 upregulation and increased pCDK1(T161)
across tumor stages, linking CDK1-CCNB1 activity to
malignancy (Supplementary Fig. S24C and D) [88, 89].

Therapeutically, inhibiting CDK1 or stabilizing the Lamin
A-EZH2 complex could restore heterochromatin and sup-
press EMT-TFs, promoting a less aggressive phenotype. How-
ever, broad PRC2 inhibition may disrupt Lamin A-EZH2
tumor-suppressive functions, emphasizing patient-tailored ap-
proaches. The reversibility of this interaction highlights tumor
plasticity and its potential as a target to drive cells toward a
more differentiated, less malignant state.

Limitations and future perspectives

This study identifies a phosphorylation-dependent Lamin A—
EZH2 mechanism regulating EMT, but several aspects remain
unresolved. The universality of this pathway beyond breast
and liver carcinoma (HepG2; Supplementary Fig. S24E) needs
validation, as tissue-specific factors may influence its function.

Although in wvivo data support a phosphorylation-
dependent Lamin A-EZH2 interaction in primary tumors, its
role during metastasis and under therapeutic stress remains
unclear. Determining whether EMT involves cell-cycle arrest
specifically in late S or early G2 phases will further refine our
understanding of this mechanism. Future studies employing
high-resolution cell-cycle mapping approaches, such as short
BrdU/EdU pulse labeling, combined DNA-content analysis
with replication and mitotic markers, or single-cell cell-cycle
indexing will be essential to definitively distinguish late S
from early G2 states and clarify their contribution to EMT
regulation.

Additionally, the phosphatases responsible for Lamin A and
EZH2 dephosphorylation are yet to be identified. These en-
zymes are likely to mediate complex disassembly and chro-
matin reorganization, influencing EMT reversibility. Elucidat-
ing these regulatory layers will be key to fully defining the
Lamin A-EZH2-CDK1 axis and its therapeutic relevance in
tumor progression and chemoresistance.
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Fibrillarin regulates epithelial integrity via EZH2-
mediated modulation of scribble expression
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In brief

Saha et al. reveal that fibrillarin, a
nucleolar protein, safeguards epithelial
integrity by preventing EZH2-driven
repression of Scribble. Fibrillarin loss
disrupts cell-cell junctions, induces
epithelial-to-mesenchymal transition
(EMT), and enhances cell migration,
uncovering a crucial link between
nucleolar function and cancer
progression.
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SUMMARY

Fibrillarin (FBL) is a nucleolar protein critical for rRNA biogenesis. We show that FBL is essential for the main-
tenance of epithelial integrity through its regulation of cell-cell adhesion proteins. RNA-seq analyses upon
FBL depletion revealed deregulation of adhesion- and apical membrane organization-associated pathways.
FBL loss deregulates cell polarity via increased deposition of H3K27me3 on the SCRIB promoter, driven by
the localization of a subpopulation of EZH2 from the nucleolus to the nucleoplasm. Disrupting the FBL-EZH2
interaction increases cell migration, underscoring a requirement for retaining EZH2 also in the nucleolus.
Furthermore, FBL depletion induces EMT in breast epithelial cells, owing to increased levels of mesenchymal
factors (Snail1, Twist1, and Zeb1) and activation of Akt. Since Scribble tethers PHLPP1 and PTEN to antag-
onize Akt, repression of Scribble induces EMT. In summary, FBL safeguards epithelial integrity, by regulating

the expression of Scribble, uncovering an FBL-EZH2 axis in EMT and metastasis.

INTRODUCTION

The nucleolar protein fibrillarin (FBL) is a highly conserved 2'-O-
methyltransferase involved in ribosomal RNA (rRNA) biogenesis.1
As a core component of the C/D box small nucleolar
ribonucleoprotein (snoRNP) complex, FBL catalyzes 2’-O-
methylation of ribose in rRNA, which enhances ribosomal stability
and function.? This modification occurs through the base pairing
of C/D box snoRNAs with rRNA, positioning FBL at target sites, to
transfer a methyl (-CH3) group from S-adenosyl methionine (SAM)
to the 2'-hydroxyl (-OH) of ribose.” Methylation imparts stability to
rRNA, facilitating ribosome assembly while ensuring translational
fidelity and adaptation to cellular stress.® FBL also methylates his-
tone H2A (H2AQ104me) at glutamine residues. This H2AQme
modification plays a role in epigenetic regulation, impacting the
transcription of ribosomal DNA (rDNA) by altering its interaction
with the FACT complex, which facilitates nucleosome reorganiza-
tion at the rDNA promoter.® FBL also mediates 2’-O-methylation
of peroxidasin (Pxdn) mRNAs, especially at the 5’ cap (Cap 0 to
Cap 1/Cap 2), enhancing their stability.” Elevated FBL expression
is implicated in aggressive cancers such as breast cancer, hepa-
tocellular carcinoma, and colorectal cancer® ' where it drives
aberrant ribosome biogenesis, correlating with enhanced cell pro-
liferation and poor prognosis.® Mechanistically, elevated FBL
levels enhance 2’-O-methylation of rRNA, which increases the ef-
ficiency of internal ribosome entry site (IRES)-mediated transla-
tion of oncogenic mRNAs FGF1, FGF2, MYC, and VEGFA.® In
contrast, reduced levels of FBL are associated with poor prog-
nosis of patients with early-stage breast cancer."”

L)
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Emerging evidence suggests that the oncogenic functions of
FBL extend beyond ribosome biogenesis to influence gene
expression programs that govern cell identity and behavior. One
such critical process is the epithelial-to-mesenchymal transition
(EMT), a cell state transition that reshapes epithelial identity and
function, closely associated with cancer progression and metas-
tasis. EMT is characterized by a gradual loss of epithelial
morphology and the acquisition of mesenchymal properties, facil-
itating increased motility and invasiveness. The epithelial
morphology is characterized by prominent cell-cell adhesion,
apico-basal polarity, and the organization of cells into structured,
functional sheets. Central to these functions are cell adhesion
molecules and junctional complexes, particularly E-cadherin
(epithelial cadherin, CDH1), tight junction complexes, and crucial
polarity regulators such as Scribble, which function synergistically
to maintain epithelial integrity. E-cadherin, a calcium-dependent
transmembrane glycoprotein, mediates homophilic interactions
between adjacent cells and forms a key component of adherens
junctions. Its cytoplasmic domain binds to f-catenin and p120-
catenin, anchoring the complex to F-actin (filamentous actin).'*"*
E-cadherin functions as a key determinant of epithelial organiza-
tion, and its decrease or altered localization facilitates EMT. While
type 1 EMT is associated with normal development, type 3 EMT is
associated with cancer progression.'*'® Complementing adhe-
rens junctions, tight junctions occupy the most apical position in
the junctional complex. They are composed of transmembrane
proteins such as claudins, occludin, and junctional adhesion mol-
ecules (JAMs). These proteins interact with scaffold proteins,
including ZO-1, ZO-2, and ZO-3, which in turn connect the
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junctions to the actin cytoskeleton. These structures are crucial in
establishing epithelial polarity and paracellular permeability. The
key polarity protein Scribble, a keystone component of the
Scribble-Lgl-Dlg complex, localizes to the basolateral membrane
and is critical for maintaining epithelial architecture by suppress-
ing apical polarity signals and promoting the formation of adhe-
rens and tight junctions.'®'” Disruption of Scribble function re-
sults in the loss of polarity and induction of EMT. The physical
and functional interplay between E-cadherin-mediated adherens
junctions, tight junctions, and Scribble is critical for epithelial ho-
meostasis, and their dysregulation is a common feature of tissue
remodeling, inflammation, and tumorigenesis.'®'®

Here, we have unraveled a novel role of FBL in the mainte-
nance of epithelial integrity, thereby preventing cell migration
and EMT. Our study uncovers a previously unrecognized role
of FBL in the maintenance of epithelial homeostasis beyond its
canonical function in ribosome biogenesis. We demonstrate
that FBL depletion induces a striking loss of the classical cobble-
stone morphology of epithelial cells, characterized by the desta-
bilization of adherens and tight junctions in two independent
epithelial cell lines, namely, DLD-1 (colorectal cancer) and
MCF10A (breast epithelial). This is driven by the mislocalization
of E-cadherin via endocytosis, which disrupts cell-cell adhesion.
Mechanistically, we uncover a direct link between FBL and the
epigenetic regulation of cell adhesion genes. Loss of FBL tran-
scriptionally represses Scribble expression (a key polarity pro-
tein) via enhanced deposition of the inactive histone mark
(H3K27me3) on the SCRIB promoter. This is mediated by the
translocation of a subpopulation of EZH2 from the nucleolus to
the nucleoplasm. Notably, pharmacological inhibition of EZH2
rescues Scribble expression, restoring epithelial integrity and es-
tablishing FBL as a key regulator of epithelial stability. Concom-
itant with the loss of cell-cell adhesion, FBL depletion induces
EMT, with the upregulation of Snail, Twist1, Zeb1, and pAkt.
Strikingly, disruption of the FBL-EZH2 interaction for prolonged
duration induces EMT in MCF10A(p53DN) breast cells, under-
scoring the functional significance of this interaction in retaining
a nucleolar pool of EZH2 that safeguards epithelial integrity.
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Taken together, these findings uncover a novel role of FBL in
restraining EMT, preserving epithelial identity by maintaining
cell-cell junction proteins. Our study, for the first time, highlights
a novel function of FBL as a therapeutic target in cancers of
epithelial origin, crucial for maintaining the integrity of epithelial
cells and preventing metastasis.

RESULTS

FBL depletion disrupts cell-cell adhesion and alters cell
morphology

FBL is a highly conserved nucleolar protein localized within the
dense fibrillar compartment (DFC) of the nucleolus.?° Increased
levels of FBL enhance cell proliferation and chemoresistance in
breast and colorectal cancer cells.®° In contrast, reduced levels
of FBL correlate with poor prognosis in breast cancers."

We depleted FBL in two independent epithelial cell lines: colo-
rectal cancer DLD-1 (TP53Y1/S24F) and breast epithelial
MCF10A (TP53VTWT) cells. Since FBL is involved in rRNA
biogenesis and maturation,*“ disrupting rRNA biogenesis stabi-
lizes p53, enhancing cell death.”’>* FBL depletion in MCF10A
cells showed a significant increase in cell death (~60%), owing
to the wild-type status of TP53 in MCF10A cells (TP53WTWT),
We therefore created MCF10A cells stably expressing domi-
nant-negative p53 (hereafter MCF10A(p53DN)) by transducing
cells with a pBabe-Hygro-p53DD construct, which maintained
cell viability of ~95%, upon FBL depletion (Figure S3B).>>™?"

Remarkably, FBL depletion caused a loss of the classical
cobblestone morphology of epithelial cells (Figure 1A). Indepen-
dent depletion of FBL showed a ~70%-80% knockdown in both
epithelial cell types (Figure S1C(i-iii)), along with a significant in-
crease in cell elongation, with an increased aspect ratio in both
cell lines (DLD-1 [~5.8-fold + 1.0] and MCF10A(p53DN)
[~2.35-fold + 0.5]; Figure 1B). Furthermore, FBL knockdown
significantly altered the subcellular localization of the cell adhe-
sion protein E-cadherin. Specifically, E-cadherin was internal-
ized into the cytoplasm of cells (~72.5% + 12.5%), resulting in
loss of cell-cell adhesion (Figures 1C and S1A(i-ii); Videos S1

Figure 1. FBL depletion leads to loss of cell-cell junctions and enhanced cell migration

(A) Phase-contrast images of siLacZ (control) and siFBL-transfected DLD-1 and MCF10A(p53DN) cells for ~48 and ~36 h, respectively, showing elongated,
spindle-shaped cells and loss of cobblestone morphology. Scale bar, ~150 um. Scale bar for insets, 150 pm (N = 3).

(B) Quantification of the aspect ratio of cells upon FBL depletion in (1) DLD-1 (knockdown for ~48 h) and (2) MCF10A(p53DN) (knockdown for ~48 h) cells (N = 3).
Unpaired t test was performed to calculate the p values. The data were pooled from n = 331 (DLD-1) and n = 336 (MCF10A(p53DN)) cells from N = 3 independent
biological replicates.

(C) Representative images of immunofluorescence showing FBL (green), E-cadherin (red), and nucleus (DAPI; blue) in DLD-1 and MCF10A(p53DN) cells,
respectively, upon FBL depletion (n > 90), for ~48 and 36 h, respectively. FBL depletion shows distinct relocalization of E-cadherin. The data were pooled from
DLD-1 (n = 180) and MCF10A (n = 181) cells from N = 3 independent biological replicates. Scale bar, ~20 pm. Quantification in Figure S1A(i-ii).

(D) Representative immunofluorescence staining of E-cadherin (Ecad; green), FBL (red), and nucleus (DAPI; blue) in control and FBL-depleted cells (FBL depletion
for ~48 h; n > 339), pooled from N = 3 independent biological replicates, with DMSO control and 16 um Dynasore. Scale bar, ~20 pm. Quantification in
Figure S1D(ji).

(E) Representative phase-contrast images showing scratch wound assays performed on DLD-1 and MCF10A(p53DN) cells in control (siLacZ) and FBL-depleted
(N = 3) cells. Scale bar, ~100 pm.

(F) Quantification of Figure 1E showing a significant increase in wound closure upon FBL depletion in both DLD-1 and MCF10A(p53DN) cells. Unpaired t test was
performed to calculate the p values.

(G) Invasion assays using Boyden chambers (pore size, ~8 pm) to quantify cell migration in DLD-1 and MCF10A(p53DN) cells in control (siLacZ) and FBL-depleted
(N = 3) cells. Scale bars for DLD-1 (~400 pm) and MCF10A(p53DN) cells (~200 pm).

(H) Quantification of invasion assays for data in Figure 1G showing a significant increase in the number of migrated DLD-1 and MCF10A(p53DN) cells. The data
were pooled from N = 3 biological replicates.

p values were computed from unpaired Student’s t tests in (B), (F), and (G). Error bars indicate SD. *p < 0.1, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Cell Reports 44, 116608, December 23, 2025 3



¢ CellP’ress Cell Reports

OPEN ACCESS

A DAPI E-Cadherin GM-130 Merged Molecular functions
Structural constituent of ribosome - I
Single-stranded DNA binding - N
Cadherin binding - IR
Catalytic activity, acting on DNA - N
Cell adhesion molecule binding - I
RNA binding - I
RNA binding - I i
Protein heterodimerization activity - NS log10(FDR)
Protein kinase binding - NN 10
- Kinase binding - NS 20
! Actin binding - N
a Cytoskeletal protein binding - [N 30
- Protein domain specific binding - I 40
@] Structural molecule activity - I
Transferase activity - I
Adenyl nucleotide binding - N
Adenyl ribonucleotide binding - I
Kinase activity - N
ATP binding -
Protein-containing complex binding - N
h v '
0 1 2
Fold Enrichment
Cellular Component
MHC protein complex
um') exemalside ofplasmamembrane |
& lumenal side of membrane I:l
g imenslsdeof ER membrane [
- component of umensl dde ot ER [
[T membrane
(E) collagen-containing extracellular matrix :l
apicalpartofeal |
phagocytc vesice membrane [ |
0 1 2 3 4
EnrichmentScore (-logso(pvalue))

Down regulated (274) Not sig (13349) Up regulated (303)

Enrichment plot:

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 10 * g .DDFH
. G e v e
Sea T )
Bos Rocand suani 8 * ¢
= [ — ¥
2oz ° % B
Soa S
Em] ot ma § 5 “ B
% el !
TR O ¢ = — I \:E
ém aved o . S o 8‘,—4 o 4 OKRT72
g - L 4 . ’i
g0 Era——y ... Sis %S
; " Nuctookss " L2 2 hG1
B 0w v i i e e vk aier ao >% J
Rank in Ordered Dataset Spinde
Moot ofoskelon Aocramghncion
10 -8 6 -4 2 0 2 4 6 8
log,(Fold Change)
G H DLD-1 MCF10A(p53 DN)
N — - -Dox |2
it & - 40ox|?
D [ 100 sxwx DX [3E
3 S +Dox| 23
o Q <
250 kDa— n Scribble ' 2
3 60
o
37kDa - Sa
; H
x {520
- LS g
0
D 0 12 24 36
Time (h)
75 kDa—}
— e |HSP70 I N=3 LD

ek

-+ pBabe Puro siLacZ
-a- pBabe Puro siFBL

-+ pBabe SCRIB siLacZ
~+- pBabe SCRIB siFBL

siLacZ
siFBL

PBABE-PURO

250 kDa—| _— Scribble

12 T_Z4 " 36
37 kDa—] ime
- - GAPDH MCF10A(p53 DN)
~100- N=3 ek
37 kDa © 804 -+ pBabe Puro siLacZ

-=-pBabe Puro siFBL
-+ pBabe SCRIB siLacZ
. ~*pBabe SCRIB siFBL

| — FBL

MCF10A (p53DN)
PBABE-PURO-SCRIB
V!;ound Closur. (%)

50 kDa—| - - B-Tubulin

36

12 24
Time (h)

(legend on next page)

4 Cell Reports 44, 116608, December 23, 2025



Cell Reports

and S2). Notably, the total protein levels of E-cadherin remained
unaltered (Figure S1C(i—iii)). To further ascertain the nature of the
internalization of E-cadherin, we co-immunostained E-cadherin
with two independent endosomal markers: EEA1 (early endo-
some antigen 1, an early endosome marker) and Rab11 (a recy-
cling endosome marker).?®?° Notably, E-cadherin showed a
striking increase (~8-fold) in its colocalization with both early
(EEA-1) and recycling (Rab11) endosomes, corroborating
the internalization of E-cadherin upon FBL depletion
(Figures S4A(i-ii) and S4B(i-ii)). Collectively, these findings un-
derscore an enhanced internalization and trafficking of
E-cadherin upon the depletion of FBL.

To assess whether FBL depletion-mediated E-cadherin inter-
nalization is due to altered endocytic trafficking, we monitored
alterations in global endocytosis using a transferrin uptake
assay.’® We did not detect a significant difference in the extent
of transferrin uptake upon FBL depletion (Figure S3A(i-ii)),
revealing that E-cadherin internalization is not a manifestation
of alterations in overall endocytosis. We further determined if
E-cadherin internalization can be rescued upon the inhibition of
dynamin (a large GTPase critical for clathrin-mediated endocy-
tosis).®’ We treated DLD-1 cells with Dynasore (an inhibitor of
the GTPase domain of dynamin) in an FBL-depleted back-
ground. This showed a significant rescue of clathrin-mediated
endocytosis of E-cadherin (Figures 1D and S1D(i-ii)),*** sug-
gesting a dynamin-dependent internalization of E-cadherin.

In addition to the adherens junction protein E-cadherin, FBL
depletion perturbed the localization of tight junction proteins
Z0-1 and occludin (Figures S2C (i—ii) and S3C(i-ii)), revealing a
redistribution of key cell-cell adhesion proteins. To assess the
effect of E-cadherin internalization on the integrity of tight junc-
tions, we treated cells with EGTA (3 mM for 1 h), which
showed internalization of E-cadherin and ZO-1 (Figure S2A).%°
Taken together, these results suggest that internalization of
E-cadherin and ZO-1 collectively disrupts cell-cell junctions.

¢? CellPress

OPEN ACCESS

We next asked if the FBL depletion-mediated disruption of cell
adhesion impacts cell migration. We performed scratch wound
assays on a monolayer of cells to monitor cell migration, while
we independently assessed the effect of FBL depletion on cell
invasiveness, using the Boyden chamber assay. FBL depletion
showed a significant increase in (1) cell migration (~80% =+
10%) and (2) cell invasion (~2.65-fold + 0.3; Figures 1E and
1F). Furthermore, FBL depletion also increased cell invasion
through relatively narrow pores (~8 pm), as monitored by Boy-
den chamber assays (Figures 1G and 1H(i-ii)).

In summary, FBL maintains cell-cell adhesion by regulating the
localization of adherens and tight junction proteins, such as
E-cadherin, occludin, and ZO-1, respectively. FBL depletion dis-
rupts cell-cell adhesion, facilitating enhanced cell migration and
invasiveness, highlighting a novel and unreported function of
FBL in the maintenance of the integrity and morphology of
epithelial cells.

FBL depletion downregulates Scribble expression,
enhancing cell migration
We next examined the pattern of E-cadherin internalization upon
FBL depletion using immunofluorescence assays (IFAs). Inter-
estingly, the internalized E-cadherin showed distinct co-localiza-
tion with the Golgi marker GM130, establishing the association
of E-cadherin with the Golgi (Figures 2A and S5A(i-iii) and
S5B(i-iii). This striking phenotype of E-cadherin internalization
into the Golgi is consistent with the depletion of Scribble, a baso-
lateral cell polarity protein.*®

To address the molecular underpinnings of FBL function, we
performed RNA sequencing (RNA-seq) upon FBL depletion in
DLD-1 colorectal cancer cells. Analyses of the RNA-seq data-
sets using GO (Gene Ontology) enrichment and GSEA (Gene
Set Enrichment Analysis)®” revealed genes that were deregu-
lated in cellular and molecular functions such as (1) structure of
ribosome, (2) cell-cell adhesion, (3) apical plasma membrane,

Figure 2. Depletion of FBL shows a significant decrease in Scribble levels, which promotes cell migration

(A) Representative images of immunofluorescence assay performed for E-cadherin (green), GM130 (red), and nucleus (DAPI; blue) from DLD-1 and
MCF10A(p53DN) cells transfected with siLacZ (control) and siFBL for ~48 h from N = 3 independent biological replicates. The GM130 and E-cadherin panels in
siLacZ-transfected cells are from different optical sections of the same confocal image stack. Scale bar, ~20 pm. Quantification in Figures S5A(i-iii) and S5B(jii).
(B) Bar plot representing the top deregulated molecular functions obtained from Gene Ontology (GO) analysis of RNA-seq data from FBL-depleted DLD-1 cells
(~72 h). Bar height represents the number of genes; FDR cutoff = 0.05.

(C) Bar plot showing the top deregulated cellular components obtained from GO analysis of RNA-seq data. Bar height represents the number of genes; FDR
cutoff = 0.05.

(D) Enrichment plot obtained from Gene Set Enrichment Analysis (GSEA) of RNA-seq data showing enrichment of genes involved in epithelial-to-mesenchymal
transition (EMT); FDR = 0; normalized enrichment score (NES) = 3.33.

(E) Network analysis of the key dysregulated cellular pathways derived from RNA-seq data upon FBL depletion in DLD-1 cells. Edge cutoff = 0.3.

(F) Volcano plots for differentially expressed genes derived from RNA-seq analysis of cells transfected with siLacZ (control) and siFBL for ~72 h. Blue, down-
regulated; orange, upregulated; gray, unchanged. Log,(fold change cut-off) = 2.0; —log4o(p value) = 2. Data were pooled from N = 2 independent biological
replicates; siLacZ (control).

(G) Representative western blots showing a decrease for Scribble along with expression levels of FBL in DLD-1 and MCF10A(p53DN) cells transfected with
siLacZ (control) and siFBL for ~48 and ~36 h, respectively. Loading controls: GAPDH, p-tubulin, and HSP70. Data were pooled from N = 3 independent biological
replicates. Quantifications shown in Figure S5C(i-ii).

(H) Representative phase-contrast images from scratch wound assays performed independently on DLD-1 and MCF10A(p53DN) cells upon SCRIB depletion
using induced expression of shSCRIB, in —Dox and +Dox conditions, obtained from N = 3 biological replicates. Two-way ANOVA with Bonferroni correction was
used to perform multiple comparisons. Scale bar, ~100 pm.

(I) Representative images of scratch wound assay of DLD-1 and MCF10A(p53DN) cells transduced with pBabe-Puro and pBabe-SBRIB in siLacZ- and siFBL-
transfected backgrounds (N = 3). Two-way and one-way ANOVA with Bonferroni correction were used to perform multiple comparisons for DLD-1 and MCF10A,
respectively. Scale bar, ~100 pm.

Error bars indicate SD. *p < 0.1, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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and (4) EMT, among others (Figures 2B-2E). Notably, Scribble
showed a significant downregulation upon FBL depletion
(Figure 2F), as corroborated by RT-gPCR (Figure S5D) and
immunoblotting (Figures 2G and S5C(i-ii)). Interestingly, Scribble
depletion also showed a significant increase in the extent of
wound closure (~65% + 5%), consistent with the role of Scribble
depletion in promoting cell migration (Figure 2H).*® In contrast,
overexpression of Scribble in FBL-depleted cells decreased
cell migration (Figure 2l). Taken together, these data implicate
Scribble as a key molecular determinant of regulating cell migra-
tion upon FBL depletion.

FBL loss increases the occupancy of repressive histone
marks (H3K27me3) on the Scribble promoter

We found that Scribble expression was transcriptionally downre-
gulated upon FBL knockdown (Figure S5D). We therefore
analyzed the occupancy profiles of histone modifications on
the SCRIB promoter in DLD-1 colorectal cancer cells using pub-
licly available data from ChIP-ATLAS.*® Surprisingly, this anal-
ysis showed an enrichment of H3K4me3 (active), H3K27me3
(repressive) histone marks, and H2AK119Ub (repressive mark)
upstream of the transcription start site (TSS; —0.5 kb). Similarly,
inactive (H3K27me3) histone marks were enriched on the SCRIB
promoter in (1) breast epithelial (MCF10A), (2) human embryonic
stem cells (hESCs), and (3) breast cancer (MCF-7 and T-47D;
Figure 3A).

We next examined the occupancy of H3K27me3 on the
SCRIB promoter upon FBL depletion using ChIP-gPCR, since
H3K27me3 is indicative of PRC2 occupancy.“® ChIP-qPCR ana-
lyses showed increased enrichment of EZH2 and H3K27me3 on
the SCRIB promoter upon FBL depletion (—500 bp from TSS;
Figures 3A and S4A), although the total protein levels of EZH2
were unaltered (Figures S4B(i-ii) and S4D). To ascertain the ef-
fect of increased EZH2 and H3K27me3 deposition on the
SCRIB promoter upon FBL depletion, we treated cells with the
EZH2 inhibitor GSK126 (10 uM for 48 h).*' This showed a signif-
icant reduction in the levels of the inactive histone mark
H3K27me3 and a concomitant rescue of SCRIB levels even in
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the FBL-depleted background (Figures 3B and S6B(i-ii)).
Remarkably, GSK126-treated cells showed a significant
decrease in cell migration as quantified by scratch wound assays
(Figures 3C and S7B). We next performed IFAs to monitor the
localization of E-cadherin upon inhibition of EZH2 activity. Inter-
estingly, in contrast to FBL depletion, GSK126 treatment
showed a significant decrease in the extent of E-cadherin inter-
nalization in DLD-1 cells (Figure 3D). To further assess the
impact of EZH2 on Scribble regulation, we overexpressed
EZH2. Interestingly, EZH2 overexpression led to internalization
of E-cadherin into the cytoplasm (Figures 3E and S7A(i-ii)).
Furthermore, scratch wound assays showed increased cell
migration rates upon EZH2 overexpression (Figures 3F and
S7C). Consistent with these observations, immunoblotting re-
vealed that EZH2 overexpression showed a significant decrease
in the levels of Scribble (Figures 3G and S6D and S7A(i-ii)).

To determine whether EZH2/H3K27me3 recruitment upon
FBL depletion is a general phenomenon or is restricted to spe-
cific gene promoters, we selected ten candidate genes showing
varied extents of differential deregulation upon FBL depletion
from the RNA-seq data and performed ChIP-gPCR to assess
the occupancy of EZH2 and H3K27me3 on these genes. We de-
tected increased occupancy of both EZH2 and H3K27me3 on
the promoters (—1 kb of TSS) of the downregulated genes
(logoFC —3.0 to —7.0; Figures S10C and S10D). In contrast, no
significant changes were detected on the promoters of the upre-
gulated genes (logoFC +3.0 to +10.0; Figures S10E and S10F).
This indicates that enhanced EZH2 recruitment upon FBL deple-
tion is not limited to the SCRIB promoter. ChlP-Atlas analyses
further showed that the downregulated genes were pre-enriched
for H3K27me3 (Figures S8A-S8D, S9A, S9C, S9D, and S10Aand
S10B), indicating the presence of PRC2, suggesting that the re-
localized EZH2 was preferentially recruited to the promoters
with pre-existing H3K27me3 marks, consistent with a potential
epigenetic memory mediated by PRC2.°

In summary, FBL depletion downregulates Scribble by
increasing EZH2/H3K27me3 occupancy on its promoter. EZH2
inhibition restores Scribble expression, reduces E-cadherin

Figure 3. FBL depletion increases the occupancy of the inactive histone mark H3K27me3 on the Scribble promoter

(A) Schematic representation of the SCRIB promoter with primer locations. Bar plot shows significant enrichment of EZH2 and H3K27me3 occupancy on the
SCRIB promoter in DLD-1 cells in control (siLacZ) and FBL-depleted (~48 h) cells. Data from N = 3 independent biological replicates. Statistical analysis was
performed using unpaired t tests.

(B) Immunoblotting performed upon FBL depletion (~48 h) and inhibition of EZH2 (using GSK126) shows rescue of Scribble levels. Loading controls: HSP70, H3,
and GAPDH. Data pooled from N = 3 independent biological replicates. Quantification in Figure S6B(i-ii).

(C) Representative phase-contrast images of scratch wound assay from DLD-1 cells upon EZH2 inhibition after treatment with GSK126 in siLacZ (control) and
siFBL-transfected cells. Data pooled from N = 3 independent biological replicates. Scale bar, ~100 pm. Quantification in Figure S7B.

(D) Immunofluorescence assay showing the rescue of E-cadherin localization to the cell border upon the inhibition of EZH2 using GSK126. E-cadherin (green),
FBL (red), and nucleus (DAPI; blue) in GSK126-treated cells (10 um, for 48 h) and control siLacZ and FBL-depleted cells (~48 h). Data were pooled from N = 3
independent biological replicates. Scale bar, ~20 pm. Quantification in Figure S7E.

(E) Immunofluorescence analysis displaying E-cadherin (green), FBL (red), and nucleus (DAPI; blue) localization in DLD-1 cells overexpressing either Flag or Flag-
EZH2, as well as in EZH2-overexpressing MCF10A(p53DN) cells under a doxycycline (Dox)-inducible promoter. Data were pooled from N = 3 independent
biological replicates. Scale bar, ~20 pm. Quantification in Figure S6F (i-ii).

(F) Representative phase-contrast images of scratch wound assays of DLD-1 cells transduced with Flag and Flag-EZH2 overexpression constructs and EZH2-
overexpressing MCF10A(p53DN) cells under a Dox-inducible promoter. Data were pooled from N = 3 independent biological replicates. Scale bar, ~100 pm.
Quantification in Figure S7C.

(G) Representative immunoblots showing EZH2 overexpression downregulates Scribble levels in EZH2-overexpressing MCF10A(p53DN) cells under a Dox-
inducible promoter, with cells transfected with siLacZ and siFBL (~36 h). Loading controls: HSP70, GAPDH, and H3. Data were pooled from N = 3 independent
biological replicates.

*p < 0.1, *¥p < 0.01, **p < 0.001, and ***p < 0.0001. Quantification in Figure S7A(i-ii).
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internalization, and suppresses cell migration. In contrast, EZH2
overexpression directly downregulates SCRIB expression by
increased deposition of H3K27me3 on the SCRIB promoter.

EZH2 translocates from the nucleolus to the
nucleoplasm upon FBL depletion

We found that FBL depletion caused a significant increase in the
enrichment of EZH2 (~0.11% + 0.01%; Figure 3A) on the SCRIB
promoter, while the total levels of EZH2 were unaltered. We next
asked if FBL depletion impacts the subcellular localization of
EZH2, using two independent approaches: (1) immunoblotting
to determine total protein levels by subcellular fractionation
and (2) immunofluorescence staining at the single-cell level.
Interestingly, FBL depletion hardly showed any localization of
EZH2 in the nucleolus in both cell lines. This was accompanied
by a concomitant and significant increase (~16% + 1%) in the
nucleoplasmic fraction of EZH2 (Figures 4A(i-ii) and S12E).
Furthermore, IFAs showed a significant reduction of EZH2 in
the nucleolus (demarcated by nucleolin [NCL]) upon FBL deple-
tion (Figures 4B(i-iii) and S11A(i-ii) and S11B(i—ii); Videos S3
and S4).

FBL has an RNA-binding domain (RBD) that interacts with the
CXC domain of EZH2.%? We therefore generated an FBL mutant
with a deletion of the RBD domain to investigate if the abrogation
of FBL-EZH2 interaction impacts the relocalization of EZH2 into
the nucleoplasm. We expressed an RBD-deleted, siRNA-resis-
tant mutant of FBL tagged with GFP (GFP-ARBD FBL) in a back-
ground of endogenous FBL depletion, which showed a striking
displacement of EZH2 from the nucleolus (~50% + 10%;
Figures 4C and S13A and S13B; Videos S5, S6, S7, and S8).
The disruption of FBL-EZH2 interaction was further validated us-
ing co-IP (Figure S12C). Consistent with this finding, the levels of
H3K27me3 showed a concomitant increase upon FBL depletion,
as monitored by IFA (~6-fold) and immunoblotting assay
(~60% + 10%; Figures 4D and S12A, S12B(i-ii), and S12D(i-ii)).

Interestingly, the total levels of EZH2 were unaltered upon FBL
depletion. On closer inspection of cells labeled by IFA, nucleolar
EZH2 showed a decrease by ~30% + 7%, while the amount of
nucleoplasmic EZH2 increased by ~27% + 4%, further support-
ing the translocation of EZH2 from the nucleolus to the nucleo-
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plasm (Figure S11C(i-iii)). Taken together, these results reveal
that FBL plays a crucial role in sequestering a subpopulation of
EZH2 within the nucleolus.

FBL-mediated nucleolar retention of EZH2 sustains
Scribble expression

It is well established that EZH2 interacts with the PRC2 compo-
nents SUZ12 and EED1.%*~*° Upon FBL depletion, the EZH2 that
is released from the nucleolus (henceforth, “nucleolar EZH2”) in-
teracts with the nucleoplasmic PRC2 complex. Consistent with
the enrichment of H3K27me3 and EZH2 on the SCRIB promoter,
we investigated the contribution of nucleolar EZH2 to the down-
regulation of SCRIB expression. To this end, we utilized BiolD2
ChIP-gPCR to tag and monitor nucleolar EZH2 upon FBL knock-
down.® Cells stably expressing BiolD2-FBL (WT) were supple-
mented with 50 pM biotin. The cells were harvested upon FBL
knockdown (for ~24 h), followed by ChIP. The sonicated chro-
matin was used for pull-down using streptavidin Dynabeads, fol-
lowed by ChIP-gPCR analysis. We validated the pull-down of
EZH2 using immunoblotting (Figure S14C). Interestingly, the
ChIP-gPCR results showed increased occupancy of biotinylated
EZH2 on the SCRIB promoter upon FBL depletion (Figures 5A
and S15E).

Since we observed that the abrogation of FBL-EZH2 interac-
tion increased nucleoplasmic EZH2, and BiolD2 ChIP-gPCR re-
vealed enrichment of the translocated EZH2 on the SCRIB pro-
moter, we determined the impact of abrogating FBL-EZH2
interaction on cell-cell adhesion. We performed IFAs, which re-
vealed a striking internalization of E-cadherin in GFP-ARBD
FBL(siRes) or vector control (GFP) overexpressing cells, in a
background of endogenous FBL depletion (Figures 5B and
S14B(i-ii)). Immunoblotting showed a downregulation of
Scribble expression due to the loss of FBL-EZH2 interaction
(Figures 5C and S14A(i-ii)). Remarkably, the abrogation of
FBL-EZH2 interaction also showed an increase in cell migration
rates, as quantified from scratch wound assays (Figures 5D and
5E). Taken together, loss of FBL-EZH2 interaction translocates
EZH2 from the nucleolus to the nucleoplasm, downregulating
Scribble expression, accompanied by the concomitant internal-
ization of E-cadherin and the consequent elongation and loss of

Figure 4. EZH2 translocates from the nucleolus to the nucleoplasm following fibrillarin depletion

(A) (i) Representative immunoblots of cell fractions derived from siLacZ- and siFBL-transfected DLD-1 cells (~48 h), showing whole-cell lysate (WC), cytoplasmic,
nuclear, and nucleolar fractions. IB: lamin B1 and nucleophosmin1 (NPM1) serve as nuclear and nucleolar loading controls, respectively. (i) Quantification of IB
(DLD-1 and MCF10A) shows a significant increase in nucleoplasmic EZH2. Data were pooled from N = 3 biological replicates. p values were derived from an
unpaired t test.

(B) (i) Representative images of immunofluorescence showing a depletion of nucleolar EZH2, with NCL (red) demarcating the nucleolus from the nucleoplasm, in
DLD-1 and MCF10A(p53DN) cells transfected with siLacZ and siFBL for ~48 and ~36 h, respectively. The nucleus is visualized via DAPI staining. EZH2: green and
NCL: red. Data were pooled from N = 3 independent biological replicates. Scale bar, ~20 pm. (i) Scatterplot (bar overlaid) showing reduction in levels of nucleolar
EZH2 upon transfecting DLD-1 cells with siFBL- compared to siLacZ-transfected (control) cells (for ~48 h). The data were pooled from n = 233 nucleoli across N =
3 independent biological replicates. p values were pooled using an unpaired t test. (jii) Scatterplot (bar overlaid) showing reduction in levels of nucleolar EZH2
upon transfecting MCF10A(p53DN) cells with siFBL- (for ~36 h) compared to siLacZ-transfected (control) cells. The data were pooled from n = 794 nucleoli across
N = 3 independent biological replicates. p values were pooled using an unpaired t test.

(C) Representative immunofluorescence images for EZH2 (red) and nucleus (DAPI; blue) from GFP-FBL(siRes)- and ARBD-GFP-FBL(siRes)-overexpressing
DLD-1 cells transfected with siLacZ and siFBL (for ~48 h; n > 120 nucleoli). Data were pooled from N = 3 independent biological replicates. Scale bar, ~20 pm.
Quantification of colocalization of EZH2 and GFP is in Figure S11B(ji).

(D) Representative western blots showing a significant increase in H3K27me3 levels in siLacZ- (control) and siFBL-transfected DLD-1 and MCF10A(p53DN) cells
for ~48 and ~36 h, respectively. Loading control: H3 and B-tubulin in siLacZ- and siFBL-transfected MCF10A(p53DN) cells. Data were pooled from N = 3 in-
dependent biological replicates. Scale bar, ~20 pm. Quantification is in Figure S12D(i-ii).

Error bars indicate SD. *p < 0.1, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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the cobblestone morphology that define epithelial cells
(Figure S15C).

We next performed ChIP-gPCR to examine the occupancy of
EZH2 on the SCRIB promoter. Loss of FBL-EZH2 interaction in
an endogenous FBL-depleted background showed an
increased occupancy of EZH2 on the SCRIB promoter, which
downregulates Scribble expression (Figure 5C and S15D).
Downregulation of Scribble manifests as mislocalization
of E-cadherin and enhanced cell migration. Additionally, we
performed a graded overexpression of EZH2 under a doxycy-
cline (Dox)-inducible promoter, which caused an increase in
EZH2 levels and downregulation of Scribble (Figures S15A
and S15B).

Taken together, the interaction between FBL and EZH2 regu-
lates Scribble expression and cell migration. Disrupting this
interaction induces the translocation of nucleolar EZH2 into the
nucleoplasm, thereby increasing H3K27me3 deposition on the
SCRIB promoter and its consequent downregulation. Collec-
tively, this results in the mislocalization of E-Cadherin, enhancing
cell migration, which suggests that the FBL-EZH2 interaction
plays a crucial role in the maintenance of the epithelial state of
cells.

FBL depletion induces EMT by downregulating Scribble
levels
FBL depletion showed a significant reduction in Scribble levels.
Decreased Scribble levels induce EMT in the epithelial breast cell
line MCF10A.%” This transition is facilitated by the inactivation of
the Hippo signaling pathway and the subsequent stabilization of
TAZ, since TAZ promotes the expression of Snail and FOXC2,
which are associated with EMT.*® Furthermore, Scribble inter-
acts with PHLPP1 to inhibit the phosphorylation or activation
of Akt.*® Activated Akt phosphorylates EZH2 at Ser21, altering
the binding affinity of EZH2 for histone H3, resulting in the loss
of methylating activity of EZH2 on histone H3.%°

Since Scribble depletion induces EMT in breast epithelial cells
(MCF10A), we examined whether FBL depletion induces EMT in
MCF10A(p53DN) cells. Surprisingly, while FBL depletion hardly
showed any alteration in the levels of EMT markers at the end
of ~36 h, prolonging FBL depletion for ~72 h caused a signifi-
cant increase in the levels of mesenchymal markers Snaill,
Twist1, and Zeb1 (master transcription factors that promote
EMT).°">? This was accompanied by decreased levels of cell
adhesion proteins E-cadherin and occludin (Figures 6A and
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S19D). Furthermore, a reduction in H3K27me3 levels correlated
with Akt activation (Figures 6A and S16A()). The levels of
E-cadherin (decreased) and vimentin (increased) were further
corroborated by IFA and immunoblotting, respectively
(Figures 6B and S16E(i-ii)). Scribble levels were relatively lower
in FBL-depleted cells (~36-h post-transfection), which, interest-
ingly, recovered upon prolonged FBL depletion (~72 h). ChIP-
gPCR showed a significant reduction in the occupancy of
EZH2 and H3K27me3 on the SCRIB promoter after ~72 h
of FBL depletion (Figure S16D), correlating with global
H3K27me3 reduction and recovery of Scribble expression
(Figure BA). IFA revealed that Scribble was predominantly local-
ized in the cytoplasm rather than the cell membrane at ~72 h
(Figures 6C and S16B).

Since we previously identified that the interaction between
FBL-EZH2 sustains the levels of Scribble, we abrogated FBL-
EZH2 interaction by overexpressing GFP-ARBD FBL(siRes) in
a background of endogenous FBL depletion (~72 h) in
MCF10A(p53DN). Remarkably, immunoblotting showed upregu-
lated levels of mesenchymal markers vimentin, Snail, Twist,
Zeb1, and TAZ, with a concomitant decrease in the levels of
epithelial markers E-cadherin and occludin upon GFP-ARBD-
FBL(siRes) overexpression in an FBL-depleted background
(Figures 6D and S16C(i-ii)). IFAs further showed elevated levels
of vimentin and reduced levels of E-cadherin and occludin
(Figures 6F and S17A(i-ii)).

Since pAkt was activated upon FBL depletion and Scribble is
an antagonist of Akt activation,*® we examined the role of pAkt in
EMT in the context of FBL depletion in MCF10A(p53DN) cells.
We inhibited Akt by treating cells with the Akt inhibitor
GSK690693°° at 2 nM for ~72 h. This further curtailed EMT pro-
gression, as it decreased Snail, Twist, Zeb1, and vimentin levels
and rescued epithelial markers E-cadherin and occludin
(Figures 6E and S17C).

Taken together, these studies establish that FBL depletion in-
duces EMT in breast epithelial cells (MCF10A (p53DN)) by collec-
tively (1) disrupting the presence of Scribble at the cell mem-
brane, (2) activating Akt, and (3) reducing EZH2 activity. These
events synergistically upregulate Snail, Twist, and Zeb1, while
decreasing epithelial markers. However, overexpression of
GFP-ARBD-FBL(siRes) does not rescue EMT in an endogenous
FBL-depleted background, underscoring a requirement for an
interaction between FBL-EZH2 for the maintenance of the
epithelial state of cells. Furthermore, Akt inhibition rescues

Figure 5. FBL-mediated nucleolar retention of EZH2 is crucial for maintaining Scribble expression

(A) Bar plot representing BiolD2-ChIP-gPCR enrichment of EZH2 (biotinylated and non-biotinylated) on the SCRIB promoter in DLD-1 and MCF10A(p53DN)
cells in siLacZ- and siFBL-transfected cells (N = 3) for ~24h. p values derived from an unpaired t test. The schematic represents the steps involved in BiolD2-
ChIP-gPCR.

(B) Representative images of immunofluorescence for E-cadherin (red) upon overexpression of GFP, GFP-FBL(siRes), and ARBD-GFP-FBL(siRes) in DLD-1 and
MCF10A(p53DN) cells transfected with siLacZ and siFBL for ~48 and ~36 h respectively. GFP or GFP-tagged proteins are shown in green. Nucleus (blue) stained
with DAPI. Data were pooled from N = 3 independent biological replicates. Scale bar, ~20 pm. Quantification shown in Figure S14B(i) and (ii).

(C) Representative immunoblots showing Scribble, E-cadherin, FBL, and H3K27me3. Loading controls: HSP70, p-tubulin, H3, and GAPDH from GFP-, GFP-
FBL(siRes)-, and ARBD-GFP-FBL(siRes)-overexpressing DLD-1 and MCF10A(p53DN) cells transfected with siLacZ and siFBL for ~48 and ~36 h respec-
tively. Data were pooled from N = 3 independent biological replicates. Quantification in Figure S12A(i-ii).

(D) Representative phase-contrast images of scratch wound assay performed on DLD-1 and MCF10A(p53DN) cells expressing GFP, GFP-FBL(siRes), and
ARBD-GFP-FBL(siRes) transfected with siLacZ- and siFBL-transfected cells. Data were pooled from N = 3 independent biological replicates.

(E) Quantitative analysis of scratch wound assay from Figure 5D. Two-way ANOVA with Sidak’s test was performed to calculate the p value.

Error bars indicate SD. *p < 0.05, **p < 0.01, and ***p < 0.0001.
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EMT, highlighting the role of Akt activation in EMT induction upon
FBL depletion.

FBL depletion increases tumorigenicity and lung
metastasis

We next investigated the contribution of FBL depletion to
tumorigenesis. To this end, we subcutaneously injected FBL-
depleted DLD-1 cells (stably expressing shFBL under a Tet-
ON inducible promoter) into NOD-SCID mice. FBL depletion
was sustained by administering Dox supplemented in drinking
water, replaced every ~72 h. Tumor growth was monitored un-
til harvest on day 35 post-injection, which showed a significant
increase in tumor growth in FBL-depleted mice (Dox-treated
[+Dox] mice, ~40%, compared to control mice [—Dox];
Figure 7B). Consistently, volumes and weights of tumors
showed a significant increase upon FBL depletion (+Dox
mice; Figure 7C(i-ii)).

To further investigate the crosstalk between FBL and EZH2 in
primary cells, the tumors were enzymatically digested using a tri-
ple enzyme mix to isolate tumor cells. Notably, FBL depletion
upon Dox induction in mice showed a significant decrease
(~4-fold) in the localization of EZH2 in the nucleolus, as moni-
tored by its colocalization with NCL, a key marker of the granular
component (GC) of the nucleolus (Figures 7D and S20C). Addi-
tionally, analysis of tumor lysates revealed a significant decrease
in the levels of Scribble and increased H3K27me3 (Figures 7E
and S20B), reinforcing that FBL loss decreases Scribble levels,
as determined in cultured cells. These findings present a crucial
role for FBL depletion in enhancing tumorigenesis.

Since we established that FBL knockdown increases cell
migration, we also asked if FBL depletion increases cell invasion
and metastasis. We therefore performed tail vein injections of
FBL-depleted DLD-1 cells (stably expressing shFBL under a
Tet-ON inducible promoter) in immunocompromised NOD-
SCID mice. FBL depletion was sustained by administering
Dox, supplemented in drinking water, replaced every ~72 h.
The mice were sacrificed ~60 days post-injection. We per-
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formed a careful visual inspection of the organs, closely exam-
ining the lungs, the primary site for metastasis of trapped circu-
lating tumor cells and a known colonization site for DLD-1 upon
tail vein injection, making them a preferable organ for assessing
metastatic burden.>* We harvested and processed the lungs for
hematoxylin-eosin staining. FBL depletion (+Dox) showed
enhanced lung metastasis in mice. Further quantification of met-
astatic nodules in the lung sections revealed increased metasta-
tic burden upon FBL depletion in +Dox mice (Figures 7F(i-ii) and
S20E). This implies that FBL depletion induces the cells to be
more invasive and metastatic in nature.

In summary, FBL depletion increases cell invasiveness, as
corroborated by xenograft models, which showed increased
tumorigenic burden and metastasis, highlighting a novel role
for FBL in the regulation of tumorigenesis.

DISCUSSION

FBL is a nucleolar protein required for post-transcriptional mod-
ifications and stability of rRNA. Here, we show that FBL plays a
critical role in the maintenance of the integrity of the epithelial
cells by regulating cell-cell adhesion. FBL depletion disrupts
E-cadherin localization, leading to its internalization via cla-
thrin-mediated endocytosis, compromising the stability of tight
junctions. The destabilization of cell-cell adhesion is accompa-
nied by the downregulation of Scribble, a key protein that deter-
mines apico-basal cell polarity,®>°°® repressed by increased oc-
cupancy of the inactive histone mark (H3K27me3), deposited by
EZH2 upon FBL loss. Furthermore, FBL depletion translocates
EZH2 from the nucleolus to the nucleoplasm, promoting tran-
scriptional silencing of SCRIB, which enhances cell migration.
Prolonged downregulation of Scribble stabilizes TAZ and de-
creases the deposition of H3K27me3 and SNAI1, ZEB1, and
TWIST1 expression, synergistically, contributing to EMT in
breast epithelial cells MCF10A(p53DN), as evidenced by the
upregulation of mesenchymal markers. Taken together, our find-
ings establish FBL as a crucial regulator of epithelial

Figure 6. FBL depletion induces EMT by modulating Scribble expression levels

(A) Representative immunoblots showing Scribble, occludin, E-cadherin, vimentin, Snail, Zeb1, Twist, pAkt, TAZ, FBL, and H3K27me3. Loading controls: 1st
HSP70 is the loading control for Zeb1, E-cadherin, vimentin, and occludin, 2"® HSP70 is the loading control for pAkt, p-tubulin, H3, and GAPDH from
MCF10A(p53DN) cells transfected with siLacZ and siFBL for 36 and 72h. Data were pooled from N = 3 independent biological replicates. Quantification shown in
Figure S16A(i-ii).

(B) Representative immunofluorescence images showing FBL (green), E-cadherin (red), F-actin (phalloidin; cyan), and nucleus (DAPI; blue) upon FBL depletion
(~72 h) lead to decreased E-cadherin and increased levels of vimentin. Data were pooled from n = 416 cells and N = 3 independent biological replicates.
Quantification shown in Figure S16E(i-ii).

(C) Representative immunofluorescence images showing the internalization of SCRIB transfected with siLacZ and siFBL for 72 h (n = 211 cells) show the nucleus
via DAPI staining, Scribble (red), and FBL (green). Data were from N = 3 independent biological replicates. Scale bar, 20 pm. Quantification is shown in
Figure S16B.

(D) Representative immunoblots showing induction of EMT by ~72 h upon abrogating the FBL-EZH2 interaction in GFP-, GFP-FBL(siRes)-, and ARBD-GFP-
FBL(siRes)-overexpressing MCF10A(p53DN) cells transfected with siLacZ and siFBL. IB: Scribble, occludin, E-cadherin, vimentin, Snail, Zeb1, Twist, pAkt,
TAZ, FBL, and H3K27me3 using HSP70, p-tubulin, H3, AKt, and GAPDH as loading controls. Data were from N = 3 independent biological replicates. Scale bar,
20 pm. Quantification shown in Figure S16C(i-ii).

(E) Representative immunoblots show rescue of EMT upon the inhibition of Akt. IB: Scribble, E-cadherin, vimentin, Snail, Zeb1, Twist, pAkt, TAZ, FBL, and
H3K27me3. Loading controls: HSP70, B-tubulin, H3, AKt, and GAPDH as loading controls from MCF10A(p53DN) cells transfected with siLacZ and siFBL for ~36
and ~72h, respectively, upon treatment with GSK690693 (2 nM) with DMSO (control). Data were pooled from N = 3 independent biological replicates. Quan-
tification shown in Figure S17C.

(F) Representative images of immunofluorescence for E-cadherin (red) and vimentin (red), F-actin (phalloidin; cyan), and nucleus (DAPI; blue) for MCF10A(p53DN)
cells from GFP-, GFP-FBL(siRes)-, and ARBD-GFP-FBL(siRes)-overexpressing MCF10A(p53DN) cells transfected with siLacZ and siFBL for 72h (N = 3). Data
were pooled from N = 3 independent biological replicates. Quantification shown in Figure S17A(i-ii).
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homeostasis, as FBL loss drives cell migration and EMT, regu-
lated by Scribble and EZH2 dynamics.

FBL depletion disrupts cell-cell adhesion and enhances
migration

Our study, for the first time, demonstrates that the depletion of
FBL profoundly alters cell-cell adhesion in epithelial cells,
enhancing cell migration in two independent epithelial cell types:
(1) colorectal cancer (DLD-1) and (2) breast epithelial cells
(MCF10A(p53DN)). We independently validated the internaliza-
tion of E-cadherin upon FBL depletion using a proteinase K pro-
tection assay (Figure S2E). The generalizability of FBL depletion-
mediated E-cadherin internalization was further validated in lung
cancer A549 cells (Figure S4C(i-ii)).

While a direct loss of lamins typically manifests as an increase
in cell migration in most cancer cells,’”°® FBL depletion did not
show any significant alterations in lamin levels, as determined by
RNA-seq analysis.®® This suggests that FBL depletion promotes
cell migration while potentially bypassing nuclear lamins. We
surmise that FBL loss reorganizes indirect interactions of LINC
complex proteins with cell-cell adhesion molecules, likely
creating differential tension on the nuclei of migrating cells.®”

FBL is required for rRNA biogenesis and modification, and its
depletion is likely to impact rates of rRNA and protein synthe-
sis.?>?? Interestingly, the SUnSET assay did not show a significant
difference in protein synthesis rates (Figure S2F).°" We surmise
that (1) the residual levels of FBL post depletion are sufficient for
processing nascent 45S rRNA, since FBL depletion does not
show a significant effect on 28S and 18S rRNA (Figure S3D), and
(2) decreased Scribble on the cell membrane activates the Akt/
mTOR/S6K signaling pathway, upregulating global translation,®”
compensating for potential disruptions in protein homeostasis.

FBL depletion downregulates Scribble expression,
leading to cell migration

FBL depletion not only affects E-cadherin localization but also
results in its accumulation in the Golgi, as it colocalizes with
the Golgi marker GM130 (Figure 2A). E-cadherin has a ubiquiti-
nation site at the cytoplasmic domain, which is protected by
p120 protein, thereby sustaining the localization and integrity
of E-cadherin on the cell membrane. Scribble, a key apical-basal
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polarity protein, further stabilizes the p120 and E-cadherin inter-
action at the cell membrane.>® Decrease in Scribble levels upon
FBL depletion led to increased cell elongation, along with
concomitant fragmentation of Golgi (Figure 2A), potentially an in-
direct effect of actin remodeling during cell elongation®®
although a direct role of FBL in modulating Golgi fragmentation
and function remains unclear.

It is well established that a multifactorial process maintains the
stability of E-cadherin at the cell membrane, such as Discs
large homolog 5 (DLG5),°* CTNND1 (delta-catenin),®® Epsin3
(EPN3),%° VANGL planar cell polarity protein 2 (VANGL2),%” Dis-
coidin domain receptor family member 1 (DDR1),°® and Scribble
(SCRIB).*® Transcriptome analyses of FBL depletion in DLD-1
cells did not show a significant decrease in the transcript levels
of DLG5 and DDR1, otherwise implicated in the internalization
of E-cadherin (Figure 2F). Interestingly, RNA sequencing re-
vealed a significant downregulation of Scribble, which regulates
E-cadherin trafficking (Figure 2F). Collectively, our study un-
ravels a fundamental mechanistic link between FBL and Scribble
in maintaining and regulating the integrity of epithelial cells.

FBL loss enhances H3K27me3 enrichment and silences
SCRIB expression

It is well established that EZH2 occupancy and its histone meth-
yltransferase activity modulate its interactions with PRC2 com-
ponents EED and SUZ12. Notably, SUZ12 interacts with either
EZH1 or EZH2, resulting in a transition of the SET domain
(Su(var)3-9, enhancer-of-zeste, and trithorax) from an autoinhibi-
tory to an active configuration, which enhances its methyltrans-
ferase activity.*>°® The SCRIB promoter is potentially bivalent
due to the co-occupancy of H3K27me3 and H3K4me3 in differ-
entiated hESCs (5 days post-differentiation; Figure S5D). Such
a bivalent state maintains robust expression and dynamic turn-
over of SCRIB, despite the pre-occupancy of H3K27me3. These
findings implicate EZH2 in the regulation of Scribble upon FBL
depletion.

EZH2 translocates to the nucleoplasm and represses
Scribble upon FBL depletion

We show that the depletion of FBL relocalizes EZH2 from the
nucleolus to the nucleoplasm, which correlates with an

Figure 7. FBL depletion promotes tumorigenesis

(A) Schematic representation of xenograft assays performed in NOD/SCID mice showing tumor induction, harvest, and further processing forimmunoblotting and

immunofluorescence assays.

(B) Quantification of tumor volumes across 35 days in +/— doxycycline (Dox)-administered mice (n = 5). Error bars indicate SD; *p < 0.5.

(C) (i) Representative images of tumors harvested from mice 35 days post-injection (n = 5). (ii) Weight of tumors after harvesting from mice (n = 5). Error bars
indicate SD. **p < 0.001.

(D) Representative images of immunofluorescence for EZH2 and NCL from MCF10A(p53DN) and DLD-1 cells transfected with siLacZ and siFBL (n > 90) show the
nucleus via DAPI staining, EZH2 via green fluorescence, and NCL via red fluorescence. Scale bar, 20 pm, (N = 3). Quantification of colocalization analysis of EZH2
and nucleolin (NCL) in Figure 20C.

(E) Representative immunoblots of Scribble, E-cadherin, FBL, and H3K27me3 using p-tubulin and H3 as loading controls from cells harvested from tumors.
Quantification in Figure S20B.

(F) (i) Representative hematoxylin and eosin (H&E)-stained lung sections from NOD-SCID mice 60 days after tail vein injection of DLD-1 cells expressing shRNA
targeting FBL (shFBL) under the Dox-inducible promoter. Lungs from Dox-administered (+Dox) mice exhibited numerous, well-defined metastatic nodules
distributed across the lung parenchyma, whereas shFBL-expressing mice displayed markedly fewer and smaller metastatic lesions. Scale bars, 100 pm. (ji)
Quantification of metastatic burden in lungs from NOD-SCID mice following tail vein injection of DLD-1 cells expressing Dox-inducible shFBL. Data are shown as
mean + SEM, with each dot representing each lung sample.

*p < 0.05, unpaired t test.
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increased deposition of H3K27me3 on the SCRIB promoter, re-
pressing Scribble expression.

We examined the generalizability of FBL depletion in two addi-
tional colorectal cancer cell lines, HCT116 and SW480. These
cell lines showed a decrease in the levels of nucleolar EZH2
(Figures S13C and S13D(i-ii)). EZH2 showed a significant
decrease in the nucleoli upon FBL depletion, consistent with ob-
servations in DLD-1 and MCF10A(p53DN) (Figure 4B). This
further demonstrates that FBL depletion causes relocalization
of EZH2 from the nucleoli to the nucleoplasm.

Elevated expression of EZH2 has been implicated in promot-
ing metastasis across various cancer types. In breast cancers,
increased EZH2 levels are significantly associated with invasive
carcinomas and metastasis.”® Similarly, in prostate cancer,
EZH2 overexpression correlates with advanced stages and met-
astatic progression. Increased EZH2 expression positively cor-
relates with aggressive forms of bladder cancer, endometrial
cancer, and melanoma, where it is linked to enhanced metastatic
potential.”"*"? In ovarian cancers, EZH2 enhances metastasis
through TGF-p signaling.”® EZH2 regulates tumor suppressors
by transcriptionally silencing adenosylmethionine decarboxy-
lase 1 (AMD-1).”? Collectively, these findings underscore the crit-
ical role of EZH2 in facilitating cancer metastasis across multiple
cancer subtypes. Our study unravels Scribble as a key target of
EZH2 overexpression.

FBL depletion induces EMT and enhances tumor growth
FBL depletion induces EMT by downregulating Scribble, stabiliz-
ing TAZ, and enhancing Akt activation, which reduces EZH2 ac-
tivity. In MCF10A(p53DN) cells, FBL loss increased mesen-
chymal markers and reduced epithelial markers. Scribble
levels declined by ~36 h and partially recovered by ~72 h but re-
mained cytoplasmic. Using membrane anchoring-deficient
Scribble mutants (C4S, C10S, and P305L), we found that cyto-
plasmic retention alone elevated pAkt (S473), corroborating its
sufficiency for Akt activation (Figures S19A, S19B, and
S19C).%” We propose that Snail, which appears by ~72 h, drives
cytoplasmic retention of Scribble, consistent with elevated levels
of Snail-high triple-negative breast cancer cells (MDAMB231).”*
Thus, prolonged FBL depletion promotes EMT by sustaining
mislocalization of Scribble and activating Akt signaling.

FBL depletion-mediated downregulation of Scribble, the
consequent disruption of PTEN proximal to the cell membrane,
and decreased levels of PTEN in tumor cells (Figure S20F),”>7®
further function as key targets of FBL-dependent
tumorigenesis.””"®

Gain-of-function mutations in EZH2, particularly in B cell lym-
phomas, enhance its methyltransferase activity, leading to aber-
rant gene repression and oncogenesis. The well-characterized
Y641 mutation in the SET domain increases H3K27 trimethyla-
tion, promoting malignant transformation.”® Similarly, the
AB687V mutation, also in the SET domain, alters substrate spec-
ificity and enhances methylation activity, further contributing to
lymphoma development.®® Additionally, the W113C mutation in
the SET activation loop stabilizes the active conformation of
EZH2, amplifying its catalytic function and driving oncogen-
esis.?’ Collectively, these studies show that a hyperactive muta-
tion of EZH2 mediates excessive deposition of H3K27me3, play-
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ing a critical role in cell proliferation and tumor progression,
consistent with our finding that the enhanced deposition of
H3K27me3 upon FBL depletion enhances tumorigenesis.

Future directions

Consistent with elevated levels of FBL and its association with
increased chemoresistance and proliferation in cancer cells,
therapeutic interventions that modulate FBL expression are
key. Among the various approaches for regulating protein levels,
proteolysis-targeting chimeras (PROTACs) have emerged as
promising therapeutic agents. However, our findings indicate
that targeting FBL for degradation via PROTACs may not be a
viable therapeutic strategy, as reduced FBL levels can compro-
mise epithelial integrity. A potential therapeutic strategy is to
develop small molecule-based stabilizers of the FBL-EZH2 inter-
action, likely to promote greater retention of EZH2 within the
nucleolus rather than the nucleoplasm (Figure 4B). Such stabi-
lizers include small molecules or peptide chimeras with high
binding affinity to the FBL-EZH2 interface. Recently, the devel-
opment of LOCKTACs—compounds that slow dissociation to
stabilize natural protein interactions without generating new
ones—has opened new avenues in drug design.?> LOCKTACs
function by binding directly within or adjacent to a protein-pro-
tein interface or by acting as heterobifunctional molecules that
stabilize complexes without directly engaging the interface. Un-
like allosteric drugs, which act at distal sites to induce conforma-
tional changes, LOCKTACs operate by reinforcing native inter-
actions. To enable intracellular delivery, such stabilizers could
be conjugated to cell-penetrating peptides (CPPs), short, posi-
tively charged sequences that facilitate membrane translocation
via endocytosis or direct penetration.®® Cyclic peptides gener-
ated via click chemistry provide an additional delivery route, of-
fering improved stability and, in some cases, passive cell entry.®*
Delivering these interaction-stabilizing molecules, particularly
during early stages of cancer, could preserve epithelial organiza-
tion and suppress EMT-like phenotypic transitions without per-
turbing the canonical role of FBL in ribosome biogenesis, thereby
preventing metastatic spread. In parallel, enzymatic inhibition of
FBL activity also presents a therapeutic opportunity, as disabling
its enzymatic function does not significantly affect cell prolifera-
tion.? Optimized use of FBL enzymatic inhibitors in cancers with
elevated FBL levels could reduce rRNA methylation and subse-
quently limit cap-independent translation of key oncogenes,
including IGF1R, MYC, and VEGFA.?®° Importantly, previous
findings are consistent with ours, which reveal that FBL knock-
down does not alter 28S or 18S rRNA levels by more than
~10% (Figure S3D).%° Moreover, cells can tolerate substantial
reductions in FBL levels (>60%) without compromising ribosome
production or viability.®°®” Furthermore, this is consistent with
our data, which indicate that when the p53-p21 axis is disabled,
FBL depletion does not significantly affect cell viability
(Figure S3B). Furthermore, SUnSET assays did not reveal any
change in the global protein synthesis rates upon FBL depletion.

Limitations of the study

The molecular mechanisms by which FBL regulates nucleolar
retention of EZH2 and the temporal control of its redistribution
to the nucleoplasm are incompletely understood and require
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detailed investigation across cancers. Mechanistically, it is
crucial to map the epigenomic consequences of EZH2 relocali-
zation to determine its direct and indirect targets and, conse-
quently, the pathways altered upon FBL loss. Complementary
to chromatin mapping, focused studies of membrane trafficking
are essential to determine the underlying mechanisms by which
E-cadherin internalizes but fails to recycle back to the cell mem-
brane, impacting epithelial integrity. Furthermore, the study of
tumorigenesis and metastasis needs to be expanded to addi-
tional paradigms of cancer progression employing iRFP-
labeled®® cells for in vivo imaging for a more comprehensive un-
derstanding of the role of FBL in metastasis. Since FBL is
involved in rBRNA synthesis, the finding that 45S pre-rRNA de-
creases while mature 18S and 28S levels remain stable implies
compensatory homeostasis, which can potentially modulate
cell polarity proteins. Consistent with the role of FBL in rRNA
methylation, RiboMethSeq® would be a useful approach to pro-
file rRNA methylation, and ribosome profiling could elucidate
downstream consequences on translation to uncover the effect
of modulating nucleolar proteins such as FBL in cancers. Collec-
tively, these studies aim to address the underlying mechanisms
by which FBL constrains epithelial plasticity and metastatic
progression.
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HEK293T ATCC CRL-3216
Experimental models: Organisms/strains

NOD-SCID male/female mice syngeneic Animal House facility, IISER, Pune, India N/A
Recombinant DNA

pLKOMCS-GFP This paper N/A
pLKOMCS-GFP-FBL(siRes) This paper N/A
pLKOMCS-GFP-ARBD FBL(siRes) This paper N/A
pBabe-SCRIB-Puro This paper N/A
pBABE-hygro p53 DD Addgene Addgene #9058
Tet-pLKO-shFBL-puro This paper N/A
Tet-pLKO-shSCRIB-puro This paper N/A
MSCVhygro-F-Ezh2 Addgene Addgene #24926
pCW57.1 F-EZH2; FBL-BiolD2-HA pBabe- This paper N/A

puro

MSCV Puro SCRIB P305L This paper N/A

MSCV Puro SCRIB C4S This paper N/A

MSCV Puro SCRIB C10S This paper N/A

Software and algorithms

Graphpad prism V.8.0 N/A https://www.graphstats.net/graphpad-

prism

ImagedJ Schneider et al. https://imagej.nih.gov/ij/

Galaxy The Galaxy Community https://doi.org/10.1093/nar/gkae410
T-scratch Gebéck et al. (2018) https://doi.org/10.2144/000113083
Imaris N/A RRID:SCR_007370

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice

In vivo experiments were carried out using NOD-SCID syngeneic male/female mice at the Animal House Facility of ISER Pune, India,
with the approval of Institutional Animal Ethics Committee (IAEC) (ISER_Pune/IAEC/2022_01/01) and all experiments conform to
IAEC guidelines. Mice aged six to eight weeks were selected, and their body weights were recorded prior to injections. Each mouse
received a subcutaneous injection of ~7 million DLD-1 cells into a single flank for tumorigenesis studies. On day 35 post-injection, the
tumors were excised and processed for subsequent analyses. For tumor infiltration studies each mouse was injected with ~1 million
DLD-1 cells via tail vein injection. On day 60 post-injection, lungs were excised and processed for subsequent analyses.

Cell lines

DLD-1 colorectal adenocarcinoma cells were maintained in RPMI-1640 supplemented with 10% FBS, L-glutamine, and antibiotics.
MCF10A mammary epithelial cells were cultured in DMEM/F-12 with horse serum, EGF, hydrocortisone, cholera toxin, insulin, and
antibiotics. HCT116, SW480, and A549 cells were grown in DMEM (Gibco, Brazil) with 10% FBS and antibiotics. All cultures were
maintained at 37°C in a humidified incubator with 5% CO..

METHOD DETAILS

Cell culture and treatment

DLD-1 human colorectal adenocarcinoma cells were cultured in RPMI-1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen, 6140-079 Carlsbad, USA), 2 mM L-glutamine (Gibco), and 1% penicillin-streptomycin (100 U/mL
penicillin and 100 pg/mL streptomycin), and maintained at 37°C in a humidified incubator with 5% CO,. MCF10A human mammary
epithelial cells were cultured in DMEM/F-12 (1:1) medium (Gibco, Thermo Fisher Scientific) supplemented with 5% horse serum
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(Sigma-Aldrich), 20 ng/mL epidermal growth factor (EGF) (PeproTech), 0.5 pg/mL hydrocortisone (Sigma-Aldrich), 100 ng/mL cholera
toxin (Sigma-Aldrich), 10 pg/mL insulin (Sigma-Aldrich), and 1% penicillin-streptomycin, and maintained under the same conditions.
HCT116, SW480, and A549 cells were cultured in DMEM (Gibco, Brazil) supplemented with 10% FBS (Gibco, Brazil) and 1% peni-
cillin-streptomycin, and maintained at 37°C in a humidified incubator with 5% CO,.

Generation of constructs

FBL CDS was available in the pEGFP-C1-Fibrillarin construct (gift from Sui Huang, Northwestern University). We created an siRNA-
resistant GFP-FBL by mutating the seed sequence by PCR amplifying the pEGFP-C1-Fibrillarin construct with partially overlapping
mutagenic primers, as described previously.? The PCR reaction was subjected to Dpn/ (20 units) digestion for digesting parental
plasmid, at 37°C for 3h and was transformed into E.coli DH5a. Subsequently the colonies were screened using Sanger sequencing.

The mutated GFP-FBL (siRes) was PCR amplified with BamHI and Sall flanking sites. The PCR reaction was incubated with Dpnl/
(20 units) at 37°C for 3h. The amplicon was gel purified using commercially available kits (Qiagen) and 1pg of the purified amplicon
was double-digested with BamHI(10U) and Sall(10U) overnight, at 37°C. The reaction was terminated by heat inactivation at 65°C for
20 min. Subsequently, for ligation reaction, 5uL of the double-digested amplicon was incubated with 30ng of double-digested pLKO-
MCS vector (Addgene #185594) and 350U of T4 DNA Ligase, overnight at 16°C. Ultimately, 4pL of the ligation mixture was trans-
formed into E.coli DH5a and the colonies were screened using colony PCR and Sanger sequencing. Similarly, FBL(WT) was cloned
into MCS-BiolD2-HA pBabe-puro (Addgene #120308, gift from Kyle Roux, University of South Dakota) by PCR amplifying FBL from
pEGFP-C1-Fibrillarin plasmid and was cloned using BamHI and EcoRI ends. For cloning, Flag-EZH2 into pCW57.1 N-term GFP tTA
(Addgene #107551), Flag-EZH2 was amplified from MSCVhygro-F-Ezh2 plasmid (Addgene #24926) with primers flanking Nhel and
EcoRl sites and was used for digestion and ligation as mentioned previously. Colonies were screened using colony PCR and Sanger
sequencing.

SCRIB CDS was obtained from RNA purified from DLD-1. 2ug of the extracted RNA was converted to cDNA using Invitrogen
SuperScript || Reverse Transcriptase. The reaction was set up by incubating the following components in a nuclease-free microcen-
trifuge tube: 1 pL of Oligo(dT)12-18 (500 pg/mL), along with 2pg of total RNA. Then, 2 pL of ANTP Mix (10 mM each) and sterile,
distilled water were added to a final volume of 12 uL. Since SCRIB CDS is 4.8kb long, using usual cDNA synthesis protocols would
yield fragmented CDS instead of a complete stretch of SCRIB CDS, therefore/We added 4mM (Final concentration) of dNTP mix, as
mentioned previously.?' The mixture was heated to 65°C for 5 min and immediately chilled on ice. After a brief centrifugation, 4 uL of
5X First-Strand Buffer, 2 pL of 0.1 M DTT, and 1 pL of RNaseOUT (40 units/puL) were added. The contents of the tube were gently
mixed. The mixture was incubated at 42°C for 2 min. Following this, 1 pL (200 units) of SuperScript Il RT was added and mixed gently
by pipetting, and the volume was adjusted to 20 pL with Nuclease Free Water. The reaction was incubated at 42°C for the first 40 min,
temperature was gradually increased to 55°C for the last 10 min, followed by inactivation through heating at 70°C for 15 min. SCRIB
CDS was PCR amplified with BamHI and EcoRl site flanking primers. The amplicon was purified from the gel using commercially
available Qiagen kits. Next, 3 pg of the purified amplicon was subjected to double digestion with BamHI (20U) and EcoR/ (20U) over-
night at 37°C. Enzyme denaturation at 65°C for 20 min was used to terminate the reaction. For the ligation step, 5 pL of the double-
digested amplicon was incubated overnight at 16°C with 30 ng of double-digested pBABE (Plasmid #21836) and 350 U of T4 DNA
Ligase. Finally, 4 pL of the ligation mixture was transformed into E.coli DH5a, and the resulting colonies were screened using colony
PCR and Sanger sequencing.

shSCRIB and shFBL sequences were synthesized as oligos were cloned into Tet-pLKO-puro vector (Addgene #21915). The
shRNA oligos were designed and synthesized according to the siRNA sequence. Equimolar amounts of the sense and antisense ol-
igonucleotides were then mixed for phosphorylating the 5’ ends of the oligos, using T4 PNK (10U) in a 10 pL reaction. The reaction
was incubated at 37°C for 45 min, and subsequently exposed to 95°C for 5 min, and was gradually cooled to 25°C using step-down
PCR. The above reaction conditions simultaneously achieved 5 end phosphorylation and annealing of the oligonucleotides with
overhangs compatible with the restriction sites in the vector. The Tet-pLKO-puro vector was prepared by digesting it with the appro-
priate restriction enzymes, Agel and EcoRl, to linearize it and generate ends compatible with the annealed shRNA insert. The an-
nealed shRNA inserts (5 pL from the PNK reaction) were then ligated into the digested pLKO-Tet-On vector (30ng) using T4 DNA
ligase (350U), with the ligation reaction incubated at 16°C overnight. The ligation mixture was subsequently introduced into E.coli
DH5a. Individual colonies were screened using Xhol digestion of extracted plasmid and Sanger sequencing.

FBL(WT) was cloned into MCS-BiolD2-HA pBabe-puro (Addgene #120308, gift from Kyle Roux), FBL CDS was amplified from
pEGFP-C1-Fibrillarin plasmid and was cloned using BamHI and EcoRI ends. Flag-EZH2 was cloned into pCW57.1 N-term GFP tTA
(Addgene #107551) after amplifying the amplicon with Nhel and EcoRI ends from the MSCVhygro-F-Ezh2 plasmid (Addgene #24926).

siRNA-mediated knockdown

siRNA-mediated gene knockdown was carried out using siRNA oligonucleotides (AGGAGAACATGAAGCCGCAdTAT) obtained
from Sigma and Dharmacon, USA. DLD-1 and MCF10A(p53DN) cells (~0.2 x 10°) were seeded in six-well plates 24 h before trans-
fection (till 50-60% confluency is attained). Transfection was performed using RNAiMax transfection reagent (Invitrogen, 13778) in
Opti-MEM reduced serum medium (Gibco, 31985), with a final siRNA concentration of 75nM. After 6 h, the transfection medium
was replaced with complete RPMI. MCF10A(p53DN) Cells were collected at 36 h and 72 h post-transfection for RNA extraction
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or immunofluorescence, or western blot analysis. DLD-1 was incubated for 48- or 72-h post-transfection. siLacZ
(CGUACGCGGAAUACUUCGAJTAT) was used as a negative control in RNA interference (RNAIi) experiments.

Generation and transduction of viral particles

Lentiviral transduction was performed by generating lentiviral particles through the co-transfection of HEK293T cells with Lentiviral
transfer plasmid constructs, along with second-generation lentiviral packaging plasmids psPAX2 (Addgene #12260) and pMD2.G
(Addgene plasmid #12259), in 4:3:1 ratio, with total 20pg DNA being transfected, in a 65% confluent 100 mm dish. Seventy-two hours
post-transfection, the viral supernatant was harvested, mixed with Polybrene (12 pg/mL) and used to transduce DLD-1 and
MCF10A(p53DN) cells, followed by selection with Puromycin (4 pg/mL, Invitrogen, A1113802) or FACS sorting for fluorophore-tagged
cells. To verify the expression of the transduced gene, RT-PCR or immunoblotting was performed. FBL and SCRIB depletion was
induced with 1200 ng/mL and 1000 ng/mL Dox, respectively, for 48 h, a condition consistently applied across experiments unless
specified otherwise.

Retroviral transduction was carried out by generating retroviral particles through the co-transfection of HEK293T cells with retro-
viral transfer plasmid constructs, in combination with second-generation lentiviral packaging plasmids pBS-CMV-gagpol (Addgene
#35614) and pCAG-VSVG (Addgene #35616), in 4:3:1 ratio, with total 20pg DNA being transfected, in a 65% confluent 100mm dish.
Seventy-two hours post-transfection, the viral supernatant was collected, mixed with Polybrene (10 pg/mL) and subsequently used
to transduce DLD-1 and MCF10A(p53DN) cells, followed by selection with Puromycin (4 pg/mL, Invitrogen, A1113802) or Hygromycin
(50 pg/mL, Invitrogen, 10687010). To confirm the expression of the transduced gene, RT-PCR or immunoblotting was performed.

RNA sequencing

DLD-1 cells (~0.6 million) were transfected and incubated for ~72h. Isolation of total RNA from cells was performed by using a
commercially available kit (Qiagen). Library preparation was carried out using the NEBNext Ultra Il Directional RNA Library Prepara-
tion Kit, following the manufacturer’s instructions. Paired-end reads of 51 bp were generated on the lllumina platform. RNA-Seq data
submission GEO accession number: GSE289801.

Data Analyses: Quality control and preprocessing of raw sequencing reads involved filtering based on quality scores and adapter
trimming using FastQC and Trimmomatic, respectively. The processed reads were aligned to the Homo sapiens GRCh38 reference
genome using the splice-aware aligner HISAT2 on the Galaxy platform. Transcript assembly was performed using StringTie, which
also quantified read counts and normalized gene expression levels using the Fragments Per Kilobase of transcript per Million mapped
reads (FPKM) metric. Differential expression analysis was conducted with DESeq2, where raw read counts served as input. Genes
with a p-value below 0.05 were considered significantly differentially expressed between the control and FBL knockdown conditions
in DLD-1 cells. Upregulated genes were defined as those with a log,FC > 1, while downregulated genes had a log,FC < —10.

To identify differentially regulated pathways, gene ontology and pathway enrichment analyses were performed using Gene Set
Enrichment Analysis (GSEA) on the GSEA desktop application, and key enriched gene sets were visualized through enrichment plots.
The Gene Ratio corresponds to the Normalized Enrichment Score (NES) obtained from GSEA. Enrichment results are presented as
the NES in GSEA. A false discovery rate (FDR) threshold of 0.05 was applied to ensure the inclusion of significantly enriched gene
sets. Further details on RNA sequencing analysis are provided in key resources table. The GO (Gene Ontology) analysis of enriched
Cellular components, Molecular functions, and Pathway network were performed on SR Plot®* and ShinyGO,’® respectively, with
FDR = 0.05.

ChIP PCR

Chromatin crosslinking and cell lysis

Cells were cultured to approximately 80% confluency and crosslinked with 1% formaldehyde for 10 min at room temperature to pre-
serve protein-DNA interactions. The reaction was quenched by adding glycine to a final concentration of 0.125 M, followed by a 5-min
incubation at room temperature. Cells were subsequently washed twice with ice-cold phosphate-buffered saline (PBS, pH 7.4), har-
vested by scraping, and collected by centrifugation at 1,000 x g for 5 min at 4°C. The supernatant was discarded, and the cell pellet
was resuspended in lysis buffer supplemented with protease inhibitors and incubated on ice for 10 min to facilitate nuclear extraction.

Chromatin fragmentation
Chromatin was sheared by sonication to generate DNA fragments ranging from 200 to 1000 bp. Chromatin shearing was performed
using a Covaris focused ultrasonicator. DLD-1 cell lysates were prepared in 130 pL of lysis buffer and transferred to Covaris micro-
TUBEs. Sonication was carried out at 6°C-7°C to prevent overheating. For Covaris M220, samples were processed at 75 W peak
incident power, 60% duty factor, and 200 cycles per burst for 30 min, 30 s on 30 s off. Following sonication, samples were centrifuged
at 16,000g for 10 min at 4°C, and the supernatant was collected for downstream ChIP assays. Chromatin fragmentation was as-
sessed by agarose gel electrophoresis to confirm a fragment size range of 100-500 bp, and conditions were adjusted as necessary
to achieve optimal shearing efficiency.

For MCF10A(p53DN), chromatin was sheared using a Covaris M220 focused ultrasonicator. 130 pL of cell lysate was put in Covaris
microTUBEs. Sonication was performed at 75 W peak incident power, 60% duty factor, and 200 cycles per burst for 25 min, 30 s on
30 s off. The sample temperature was maintained at 6°C-7°C using a chiller. Following sonication, samples were centrifuged at
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16,0009 for 10 min at 4°C, and the supernatant was collected for further processing. DNA fragment size (100-500 bp) was assessed
by agarose gel electrophoresis. The extent of shearing was assessed by agarose gel electrophoresis.

Immunoprecipitation

Sheared chromatin was pre-cleared by incubation with protein A/G Dynabeads for 1 h at 4°C with continuous rotation to reduce
nonspecific binding. The pre-cleared chromatin was then incubated overnight at 4°C with an antibody specific to the target protein
- 2ug for Histones and 5pug for EZH2, while an IgG control at similar quantities to that of specific antibodies was included to assess
nonspecific interactions. The following day, protein A/G Dynabeads were added to captured immune complexes, followed by an
additional 1-2 h of incubation at 4°C with rotation. Immunoprecipitates were sequentially washed with low-salt wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA (pH 8.0), 20 mM Tris-HCI (pH 8.0), 150 mM NacCl), high-salt wash buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA (pH 8.0), 20 mM Tris-HCI (pH 8.0), 500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deox-
ycholate, 1 mM EDTA (pH 8.0), 10 mM Tris-HCI (pH 8.0)), and TE buffer (pH 8.0) to eliminate nonspecific binding.

Reverse crosslinking and DNA purification

Chromatin complexes were eluted using an elution buffer containing 1% sodium dodecyl sulfate (SDS) and proteinase K (200 pg/mL),
followed by incubation at 65°C for 4-6 h to reverse crosslinking. DNA was purified using phenol-chloroform extraction or a commer-
cially available DNA purification kit (Qiagen), followed by ethanol precipitation. The resulting DNA was resuspended in nuclease-free
water and stored at —20°C for subsequent analysis.

PCR amplification and analysis

Purified ChlP-derived DNA (5ng) was subjected to PCR to amplify target genomic regions using specific primer pairs. PCR reactions
were performed in a total volume of 10 pL containing template DNA, 2XTB Green Tag DNA polymerase mix (Takara), and gene-spe-
cific primers (0.3uM). Thermal cycling parameters were optimized for each target sequence. PCR products were resolved by agarose
gel electrophoresis, stained with a nucleic acid dye, and visualized using a gel imaging system. Input DNA, representing a fraction of
total chromatin before immunoprecipitation, and IgG controls were included to confirm the enrichment specificity.

BiolD2 ChIP PCR

Cells (~4 million) constitutively expressing FBL(WT)-BirA* and EV were seeded on 100mm dishes and incubated with 50uM Biotin (for
at least 16h) before being treated with siLacZ (Control) and siFBL with a final concentration of 75 nM. Cells were harvested 36h after
siRNA transfection and were subjected to crosslinking with 1% formaldehyde for 10 min at room temperature to preserve protein-
DNA interactions. The crosslinking reaction was terminated by the addition of glycine to a final concentration of 0.125M, followed by
incubation at room temperature for 5 min. Cells were subsequently washed twice with ice-cold phosphate-buffered saline (PBS, pH
7.4), detached from the culture surface by scraping, and collected by centrifugation at 1,000 x g for 5 min at 4°C. The resulting cell
pellet was resuspended in lysis buffer (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA (pH 8), 1% Triton X-100, 0.1% Sodium
Deoxycholate, 0.1% SDS) supplemented with protease inhibitors and incubated on ice for 10 min to facilitate nuclear extraction. To
achieve chromatin fragmentation, sonication was performed under optimized conditions to generate DNA fragments within the range
of 200-600 bp while maintaining protein-DNA interactions. The efficiency of chromatin shearing was assessed by agarose gel elec-
trophoresis. Fragmented chromatin was incubated with Streptavidin Dynabeads(100pL) at 4°C overnight with continuous rotation to
minimize nonspecific binding.

The Dynabeads were isolated using a magnetic stand and subjected to sequential washes. Initially, they were washed twice with a
2% (wt/vol) SDS solution. This was followed by a wash with a buffer containing 0.1% deoxycholate, 1% Triton X-100, 500 mM NaCl,
1 mM EDTA, and 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.5. Subsequently, precipitates were
subjected to sequential washes using low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA (pH 8.0), 20 mM Tris-HCI
(pH 8.0), 150 mM NaCl), high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA (pH 8.0), 20 mM Tris-HCI (pH 8.0),
500 mM NaCl), LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA (pH 8.0), 10 mM Tris-HCI (pH
8.0)), and TE buffer (pH 8.0) to eliminate nonspecific binding. Precipitated chromatin was eluted using a buffer containing sodium
dodecyl sulfate (SDS) and proteinase K, followed by incubation at 65°C for 4-6 h to reverse protein-DNA crosslinking. DNA was
then extracted using a commercial purification kit (Qiagen). The purified DNA was resuspended in nuclease-free water and stored
at —20°C for subsequent analysis.

To assess target DNA enrichment, PCR amplification was performed using ChlP-derived DNA (5ng) as a template. Each PCR re-
action was conducted in a final volume of 10 pL containing template DNA, 2X TB Green Taq DNA polymerase mix (Takara), and gene-
specific primers (0.3uM). PCR conditions were optimized based on the target sequence requirements. Amplified products were
resolved by agarose gel electrophoresis, stained with a nucleic acid dye, and visualized using an imaging system. To confirm spec-
ificity, input DNA, representing total chromatin prior to immunoprecipitation, was included as an experimental control.

Immunofluorescence assay

0.2 million cells were cultured on 22 mm x 22 mm coverslips. Cells were subjected to two washes with 1x phosphate-buffered saline
(PBS) (pH 7.4) for 5 min each and then fixed using 4% paraformaldehyde (PFA) in 1x PBS (pH 7.4) or for nuclear antigens cells were

Cell Reports 44, 116608, December 23, 2025 27




¢? CelPress Cell Reports

OPEN ACCESS

pre-permeabilized with CSK buffer (100 mM NaCl, 300 mM Sucrose, 3 mM MgCl,, 10 mM PIPES(pH 7.4), 0.5% Triton X-100) for
4mins on ice prior to PFA fixation. Cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min and blocked with 1% Bovine
Serum Albumin (BSA) for 30 min to reduce non-specific binding. The cells were incubated with primary antibodies for 2 h, followed by
incubation with secondary antibodies for 60 min. Cells were counterstained with DAPI (0.05 pg/mL solution of 4’,6-diamidino-2-phe-
nylindole (DAPI)) for 2 min at RT, followed by washes with 1X PBS. The cells were mounted using SlowFade Gold Antifade and stored
at 4°C. For imaging, Zeiss LSM 710 and Zeiss LSM 780 confocal microscopes (Carl Zeiss, Thornwood, NJ, USA) were utilized, both
equipped with a 63 x Plan-Apochromat 1.4 NA oil immersion objective. Images were acquired using a zoom factor of 1.0-2.0, with a
voxel size of 0.07 pm x 0.07 pm x 0.34pm and a frame resolution of 1912 x 1912 pixels, recorded at a pixel depth of 8-bit per channel.
Line averaging was set to 4.0, and imaging was conducted in three/four-channel sequential mode.

Western blotting

Cell lysates were extracted utilizing Radio Immuno-Precipitation Assay (RIPA) Buffer and protein concentration was estimated with
the Bicinchoninic Acid (BCA) Kit (Pierce, 23225). Subsequently, the samples were denatured by heating in 5x Laemmli Buffer before
their separation on either a 12.5% or 15% acrylamide-bisacrylamide gel. Following electrophoresis, proteins were transferred onto a
pre-activated polyvinylidene difluoride (PVDF) membrane at a constant voltage of 80 V for 180 min. The membrane was then sub-
jected to blocking with 5% non-fat dried milk powder dissolved in 1x Tris-Buffered Saline with Tween 20 (0.1% v/v) (1x TBST). Pri-
mary and secondary antibodies were diluted in 0.5% milk in 1x TBST for 120 min and 60 min, respectively. The visualization of protein
bands was accomplished using a chemiluminescent substrate (BioRad, Clarity Western ECL Substrate, Cat. no.1705061), with im-
ages captured at 10-s incremental exposures using the LAS4000 chemiluminescence system (GE). For molecular weight estimation,
Precision Plus Protein Dual Color Standards (250-10kDa, Biorad, Cat. No. 161-0374) were utilized as molecular weight markers. An-
tibodies have been mentioned in the Supplementary Table.

Cell fractionation

Cytoplasmic and nuclear fraction isolation

Cytoplasmic and nuclear fractions had been prepared from 10 million cells. The cells were first rinsed with ice-cold phosphate-buff-
ered saline (PBS) adjusted to pH 7.4. They were then detached on ice using a plastic cell scraper and collected into 1.5 mL micro-
centrifuge tubes containing 1 mL of ice-cold PBS. Brief centrifugation was performed for 10 s at 7500 rpm, after which the superna-
tant was discarded. The resulting cell pellets were resuspended in 900 pL of ice-cold 0.1% NP-40 in PBS and subjected to five rounds
of mixing using a P1000 micropipette. From this lysate, 300 pL had been set aside as the “whole cell lysate”. This fraction was mixed
with 100pL of 5x Laemmli sample buffer and maintained on ice until sonication. The remaining 600uL was centrifuged for an addi-
tional 10 s, allowing for the collection of 300uL of the supernatant as the “cytosolic fraction,” which was then combined with 100pL of
5x Laemmli sample buffer and boiled for 1 min. The remaining supernatant was discarded, and the pellet was resuspended in 1 mL of
ice-cold 0.1% NP-40 in PBS. Following another centrifugation for 10 s, the supernatant was removed, and the final pellet, approx-
imately 20 pL in volume, was resuspended in 180uL of 1x Laemmli sample buffer, designating this as the “nuclear fraction”. Both the
nuclear fractions and whole cell lysates containing DNA subsequently underwent sonication using microprobes set to level 2 for two
cycles of 5 s each, followed by boiling for an additional minute. Finally, 10uL of whole cell lysate, 10pL of the cytoplasmic fraction, and
5uL of the nuclear fraction were loaded onto an SDS-PAGE gel for electrophoresis and were then transferred onto nitrocellulose
membranes for further analysis.**

Nucleolar fraction isolation- Nucleolar isolation was performed as mentioned previously [4]. DLD-1 and MCF10A(p53DN) cells
(~10") were thoroughly rinsed and harvested using an ice-cold solution composed of 0.5 mL of 0.5 M sucrose, 3 mM magnesium
chloride (MgCl,), and a 1x protease inhibitor cocktail (PIC). The collected cells were subjected to sonication on ice with a Sonics
Vibracell, utilizing a protocol of five cycles, each consisting of 10 s of sonication followed by 10 s of rest, set at 50% amplitude.
Following sonication, the resulting cell lysate was carefully layered onto 0.7 mL of Solution Il, which contained 1.0 M sucrose and
3 mM MgCl, and was subsequently centrifuged at 1,800 x g for 5 min at 4°C. The supernatant was meticulously removed, and
the resulting nucleolar pellet was then resuspended in RIPA buffer for immunoblotting.®*%®

Proteinase K protection assay
Proteinase K protection assays were performed to assess the internalization of E-cadherin. DLD-1 cells were transfected with siLacZ
(control) or siFBL for ~48 h. Cells were washed twice with ice-cold 1XHBS and incubated on ice with Proteinase K (100 pg/mL, final
concentration) in 1XHBS containing 1 mM CaCl, for 30 min. Triton X-100 (0.5% final concentration) was added to the mentioned wells
to permeabilize cells for Proteinase K. Lysates were cleared by centrifugation (14,000 x g, 10 min, 4°C), and equal amounts of protein
were subjected to SDS-PAGE followed by immunoblotting for E-cadherin.

To enhance specificity toward the extracellular domain of E-cadherin, we optimized the protocol by using Rat anti-E-cadherin
(DECMA-1) monoclonal antibody (during immunoblotting), which binds specifically to the extracellular domain of E-cadherin.®”

Transferrin uptake assay

~0.2 million DLD-1 cells were seeded on a coverslip and transfected with siLacZ and siFBL for ~48h. Subsequently, cells were incu-
bated with 50 pg/mL Texas Red-conjugated transferrin (Invitrogen) for 10, 20, and 30 min. For the negative control, siLacZ and siFBL
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transfected cells were incubated at 4°C for 30 min. Following incubation with Texas Red-conjugated transferrin, unbound transferrin
was removed by thorough acid wash (3X, 2 min each). Cells were fixed with 4% formaldehyde and further processed for confocal
imaging after counterstaining with DAPI.

Scratch wound
Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 and Dulbecco’s Modified Eagle Medium-F12 (DMEM-F12)
following transfection with small interfering RNA (siRNA) or subsequent drug treatment. Twelve hours post-transfection, cells
were reseeded in 24-well tissue culture plates at a density optimal for establishing a confluent monolayer. After another 12-h incu-
bation, a sterile 200 pL pipette tip was utilized to meticulously create a linear scratch in the center of each well, ensuring the tip was
held perpendicular to the substrate. Detached cells were then removed by gently washing the wells twice with phosphate-buffered
saline (PBS), after which fresh medium was added. The assay was conducted using 0.5% serum-supplemented RPMI for DLD-1 cells
and DMEM-F12 without epidermal growth factor (EGF), and Assay media for MCF10A(p53DN) cells. Following this, the cells were
incubated for 48 h, or a modified duration as warranted by the specific cell type being examined. Imaging was carried out under
consistent microscopic parameters, with the extent of wound closure or gap distance quantified for further analysis. The formula
for measuring wound healing percentage used was-

Wound Closure % = (Initial Wound Area- Current Wound Area) x100.

Where:

Initial Wound Area = the area of the wound at the beginning of observation (um?). Current Wound Area = the area of the wound at a
later time (after treatment).

Wound Closure% represents the percentage of wound healing.

Invasion assay

To assess cell migration, 5X10* cells per well were seeded in the upper chambers of Transwell inserts without a Matrigel coating,
using serum-free media. The lower chamber contained 0.6 mL of RPMI or DMEM-F12 with 10% FBS or 5% Horse serum, acting
as a chemoattractant. The plate was then incubated at 37°C for 36h hours (after transfection) to allow cell movement. After the in-
cubation period, cells that had traversed to the lower membrane surface were fixed using 4% formaldehyde, and the nuclei were
stained using DAPI.

Image analysis

Colocalization analysis

Colocalization analysis was performed using the Coloc module in Imaris (Bitplane, Oxford Instruments). Image datasets were im-
ported into Imaris, and individual fluorescence channels were assigned to their respective markers. For analyses restricted to specific
subcellular regions, a three-dimensional region of interest (ROI) was defined using the Surpass ROI tool. Colocalization between the
two channels of interest was quantified using the Coloc wizard. Intensity thresholds for each channel were determined either auto-
matically using the Costes method or set manually to exclude background signal. Voxels exceeding both thresholds were defined as
colocalized, and a colocalization channel mask was generated for visualization. Quantitative colocalization metrics, including Pear-
son’s correlation coefficient (PCC), Manders’ overlap coefficients (M1 and M2), colocalized volume, and total number of colocalized
voxels, were computed by the software. The resulting colocalization masks were rendered in 3D for qualitative assessment, and nu-
merical data were exported for statistical analysis.

Segmentation analysis

Segmentation of fluorescence images was performed using the Surfaces module in Imaris. Image datasets were imported into Imaris,
and each fluorescence channel was assigned to its corresponding marker. Segmentation was conducted on the channel of interest
using either automatic thresholding based on the absolute intensity values or manual adjustment to exclude background signal. A
surface creation wizard was used to generate 3D reconstructions, with background subtraction applied to improve object separation.
Where necessary, smoothing filters were applied to reduce noise, and the “Split Touching Objects” function was used to separate
adjacent structures. The minimum object size was defined to exclude spurious detections. For each segmented object, quantitative
parameters including volume, surface area, mean fluorescence intensity, and total voxel count were computed. Segmented surfaces
were rendered in 3D for qualitative visualization, and all statistical outputs were exported for further analysis.

Subcutaneous xenograft assay in NOD-SCID mice

To assess the tumorigenic impact of Fibrillarin (FBL) depletion, subcutaneous xenografts were established in NOD-SCID mice
(NOD.CB17-PrkdcSci¥Nere) - Al procedures were performed in accordance with institutional ethical guidelines and approved by
the Institutional Animal Ethics Committee (IAEC).

DLD-1 cells stably expressing shFBL under a Tet-ON promoter were harvested at ~70-80% confluency, washed with sterile 1X
PBS, and resuspended in a 1:1 mixture of 1X PBS at 1 x 107 cells/mL. A total of ~7 x 108 cells (100 pL) were injected subcutaneously
into the right flank of each mouse using a 26-gauge syringe. FBL knockdown was induced by administering doxycycline (2 mg/mL in
drinking water supplemented with 5% sucrose), with water bottles changed every 72 h. Control mice received sucrose water without
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doxycycline. Mice were monitored biweekly for tumor growth and general health. The formula for calculating the tumor size is given
below-

V= (LxW?) /2

V = Tumor volume (in cubic millimeters, mm?®).
L = Tumor length (the longest dimension of the tumor measured with calipers).
W = Tumor width (the shortest dimension perpendicular to the length).

Tail vein injection assay

To evaluate the metastatic potential of FBL-depleted cells, experimental lung colonization assays were performed by tail vein injec-
tion in NOD-SCID mice. Briefly, DLD-1 cells stably expressing Tet-ON-inducible shFBL were harvested at ~70-80% confluency,
washed with sterile PBS, and resuspended at a density of 1 x 107 cells/mL in ice-cold PBS. A total of 1 x 10° cells (100 uL) were
injected into the lateral tail vein of each mouse using a 29-gauge insulin syringe under brief isoflurane anesthesia. FBL knockdown
was induced by doxycycline administration (2 mg/mL in 5% sucrose water, replaced every 72 h), while control animals received su-
crose water alone. Mice were monitored for health and body weight throughout the study. After 6-8 weeks, lungs were harvested,
fixed in 10% neutral-buffered formalin, paraffin-embedded, and subjected to H&E staining for histological assessment of metastatic
burden.

Hematoxylin and eosin (H&E) staining of paraffin-embedded lung and tumor tissues
Formalin-fixed, paraffin-embedded (FFPE) lung and subcutaneous tumor tissues from NOD-SCID mice were subjected to
standard H&E staining to assess tissue morphology and metastatic infiltration. Briefly, tissues were fixed in 10% neutral-buffered
formalin (24-48 h, room temperature), dehydrated through graded ethanol, cleared in xylene, and embedded in paraffin. Sections
(4-5 pm) were cut using a rotary microtome, floated on a 42°C water bath, mounted on charged slides, and baked at 60°C for 1 h.
For staining, slides were deparaffinized in xylene, rehydrated through graded ethanol, and rinsed in water. Nuclei were stained with
Harris or Mayer’s hematoxylin (4-5 min), differentiated in 0.3% acid alcohol, blued in 0.1% ammonia water, and rinsed. Cytoplasmic
and extracellular components were counterstained with eosin Y (0.5-1%, 1-2 min). Sections were dehydrated through ascending
ethanol, cleared in xylene, and mounted with a permanent medium (DPX). Stained slides were imaged under a brightfield
microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was assessed using an unpaired Student’s t test, performed in GraphPad Prism version 8.0. Data are pre-

sented as mean + SE with error bars, and a p value <0.05 was considered statistically significant. Details of the statistical tests, sam-
ple sizes, number of replicates, and definition of error bars are provided in the figure legends.
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Nuclear envelope, chromatin
organizers, histones, and DNA:
The many achilles heels exploited
across cancers

A. K. Balaji', Santam Saha', Shruti Deshpande', Darshini Poola
and Kundan Sengupta*

Chromosome Biology Lab (CBL), Indian Institute of Science Education and Research, Pune,
Maharashtra, India

In eukaryotic cells, the genome is organized in the form of chromatin
composed of DNA and histones that organize and regulate gene expression.
The dysregulation of chromatin remodeling, including the aberrant
incorporation of histone variants and their consequent post-translational
modifications, is prevalent across cancers. Additionally, nuclear envelope
proteins are often derequlated in cancers, which impacts the 3D
organization of the genome. Altered nuclear morphology, genome
organization, and gene expression are defining features of cancers. With
advances in single-cell sequencing, imaging technologies, and high-end
data mining approaches, we are now at the forefront of designing
appropriate small molecules to selectively inhibit the growth and
proliferation of cancer cells in a genome- and epigenome-specific manner.
Here, we review recent advances and the emerging significance of aberrations
in nuclear envelope proteins, histone variants, and oncohistones in deregulating
chromatin organization and gene expression in oncogenesis.

KEYWORDS

lamins, heterochromatin, genome organization, nuclear envelope, oncohistones,
histone variants

1 Introduction

Each chromosome occupies a unique sub-volume in the interphase nucleus, referred
to as a chromosome territory (Cremer and Cremer, 2001). A chromosome territory
encompasses intra- and inter-chromatin interactions, further fine-tuned by histone
modifications. Analyses of chromatin interactions have revealed the organization of
chromatin into two distinct compartments—A and B. Compartment A is composed of
gene-rich, open chromatin localized toward the nuclear interior. In contrast,
compartment B is gene-poor, has a compact conformation, and is localized toward
the nuclear periphery. Closer inspection using variants of chromosome conformation
capture assays, such as 3C, 4C, and Hi-C, reveals that the 3D genome architecture of a
nucleus is intricately organized into Topologically Associating Domains (TADs), where
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stretches of chromatin physically interact in a regulated manner
to modulate gene expression within the TAD (Figure 1) (Szabo
etal., 2019). The loop extrusion model of chromatin organization
forms the basis of TAD-mediated genome organization, where
chromatin loops are extruded by chromatin organizers and
cohesin complexes and are delimited by CCCTC-binding
factor (CTCF), another chromatin organizer (Fudenberg et al.,
2016; Nuebler
sequences ~1 Mb (in mammals) apart within close proximity,

et al., 2018). TADs organize looping-in of
enabling enhancer-promoter contacts for the spatiotemporal
2017).
Interestingly, chromatin stretches with the same type of

regulation of gene expression (Chetverina et al,

histone modifications show a propensity to interact and
compartmentalize in the 3D space of the nucleus, thus
revealing  CTCF-cohesin-independent  chromatin  folding
mechanisms. For instance, H3K27me3 histone modifications
function as a signal for long-range chromatin interactions
during hematopoietic stem cell differentiation (Zhang X et al,,
2020). Notably, in addition to CTCF, genome organizers such as
cohesin and condensin are required for the recruitment of
transcription cofactors. Cohesin and CTCF function as
boundary that
architecture, which is prudently rigid and guardedly dynamic

2013).

elements collectively maintain  genome

(Phillips-Cremins et al., Furthermore, chromatin
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remodelers alter local chromatin dynamics in response to cell
signaling events. The maintenance of TADs is critical since
of TAD
developmental diseases and cancers (Lupidfiez et al,
Akdemir et al.,
cell signaling pathways relays erratic signals to the nucleus,

associated  with
2015;
2020). In cancers, the aberrant activation of

disruption organization s

which alters chromatin organization and transcriptional
outputs of the cell. It remains to be examined how chromatin
and its organizers respond to aberrant oncogenic signaling in
cancer cells.

The double-membraned nucleus functions as the primary
protector of the genome. In metazoans, the nucleus not only
harbors the genome but also works in tandem with the
differentially-compacted chromatin to regulate its tissue-
specific spatial and functional organization. The nuclear
envelope comprises the nuclear lamina that maintains nuclear
integrity and regulates gene expression and is interspersed with
Nuclear Pore Complexes (NPCs), whose primary function is to
2018). Though the
chromatin in contact with the nuclear lamina is frequently

regulate nuclear transport (Lin et al,

repressed, NPCs additionally contribute to the regulation of
gene expression. Furthermore, owing to the role of NPCs in
chromatin organization and function, Nucleoporins (Nups), the
class of proteins that comprise the NPC, are also involved in
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regulating stemness and cell fate determination (D’Angelo et al.,
2012). Interestingly, nucleoporins crosstalk with the chromatin
organizer CTCF, which functions as a boundary element between
TADs, while facilitating intra-TAD interaction. For instance, the
nucleoporins Nup153 and Nup93, along with CTCF, regulate the
transcriptional activity of the HOX gene cluster during early
development and differentiation (Kadota et al., 2020; Labade
et al., 2021).

In metazoans, type V intermediate filament proteins, the
lamins, maintain the structural and functional integrity of the
nucleus (Aebi et al., 1986; Gruenbaum and Foisner, 2015). The
nuclear lamina is predominantly composed of two lamin sub-
types—the A-type lamins that include lamins A and C (a spliced
variant of lamin A), and the B-type lamins that comprise
separately-encoded lamins Bl and B2 (in vertebrates). Each
lamin sub-type harbors post-translational modifications
(PTMs), exponentially increasing the functional diversity of
lamins. Nuclear lamins regulate replication-dependent cell
cycle progression, DNA damage repair, genome stability, and
3D organization of the genome (Moir et al., 2000; Bronshtein
et al., 2015; Earle et al., 2020). Nuclear lamina interacts with
stretches of chromatin that are in proximity to the nuclear
periphery, referred to as Lamina-Associated Domains (LADs).
LAD:s are typically repressed, barring exceptions where a subset
of euchromatin interacts with lamin Bl and are categorized as
euchromatic LADs (eLADs) (Guelen et al., 2008; Pascual-
Reguant et al., 2018).

Chromatin in eukaryotes is organized as DNA wrapped
around histone octamers, forming nucleosomes. Further, the
linker histone H1 is incorporated with the nucleosomes
constituting the fundamental units of the chromatin fiber—the
chromatosomes (Zhang and Li, 2017). Histones are among the
most widely modified proteins, and each modification has the
unique ability to regulate gene expression (Turner, 1993; Millan-
Zambrano et al., 2022). Actively transcribing genomic regions
localized away from the nuclear periphery are often associated
with active histone marks such as H3K4me3, H3K9ac, and
H3K27ac, deposited by histone remodelers such as KMT2,
CBP, and p300, respectively (Ogryzko et al, 1996; Rao and
Dou, 2015). On the other hand, histone modifications such as
H3K9me2/3, H3K27me3, and H4K20mel are associated with
transcriptional repression. The combination of active and
inactive marks fine-tunes transcriptional output (Kimura,
2013; Talbert and Henikoff, 2021). Of note, repressive histone
marks such as H3K9me2/3 and H3K27me3, deposited by INM-
interacting histone-remodeling complexes such as SUV39H1/
2 and the Polycomb Repressor Complex 2 (PRC2) complex, are
often enriched on LADs (Shumaker et al., 2006; Cesarini et al.,
2015; Harr et al, 2015). These histone-remodeling complexes
interact with lamins and maintain the associated chromatin in a
state of repression (Marullo et al., 2016; Salvarani et al., 2019;
Bianchi et al.,, 2020; Siegenfeld et al., 2022).
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Cancer cells exhibit a remarkable interplay between aberrant
genome organization and deregulated transcription. The cancer
genome harbors mutations in both coding and non-coding
regions, selectively providing tumorigenic cells with a proliferative
advantage to outcompete normal cells (Moreno and Basler, 2004;
Pon and Marra, 2015; Bailey et al., 2021). For instance, incorporating
non-canonical histone variants alters nucleosome stability, often
resulting in altered replication and transcription (Bonisch et al,
2012; Henikoff and Smith, 2015; Buschbeck and Hake, 2017). In
solid tumors, mutant chromatin remodelers differentially recruit
histone modifiers that confer chemoresistance (Drosos et al., 2022).
These cancer-associated mutant histones are referred to as
oncohistones, which are now emerging as a class of prominent
biomarkers of cancers (Bockaj et al., 2021). In this review, we address
the molecular and mechanistic underpinnings of nuclear envelope
factors, their crosstalk with chromatin, and their pivotal role in
cancer initiation and progression.

2 Nuclear envelope and lamins

The nuclear envelope is a crucial barrier between the cytoplasm
and the nucleus and functions as a protector of the genome. The
nuclear envelope consists of an outer and inner nuclear membrane
(ONM and INM, respectively) and NPCs. The INM is lined on the
inner side by a protein meshwork referred to as the nuclear lamina,
which is composed of type V intermediate filament proteins—the A-
and B-type lamins. The A-type lamins, lamin A/C, are produced as
two somatic isoforms of prelamin A by alternative mRNA splicing at
exon 10 of the LMNA gene (Machiels et al., 1996). Lamin A bears a
CaaX motif at its C-terminal end, which is farnesylated, in contrast
to lamin C, which does not contain the CaaX motif or undergo
farnesylation (Vorburger et al, 1989). Notably, mature lamin A is
formed by the loss of farnesylation inside the nucleus. On the other
hand, the predominant B-type lamins—lamins Bl and B2 are
permanently-farnesylated ~ products ~ of  two  separate
genes—LMNB1 and LMNB2. Lamins interact with chromatin,
either directly or through transmembrane proteins of the
INM—lamin B receptor (LBR), MANI, and Emerin (Ye and
Worman, 1996; Holaska and Wilson, 2007; Demmerle et al.,
2012). Apart from biochemical cues, the nucleus directly
perceives mechanical signals through the LINC complex,
involving Nesprin and SUN proteins (Figure 2). Nesprins, which
extend from the ONM to the perinuclear space, directly interact with
cytoskeletal proteins such as vimentin, actin, and microtubules
(Ketema et al, 2013; Gimpel et al, 2017; Li et al, 2021).
Mechanical cues are subsequently propagated via the interaction
with the SUN and KASH domain proteins (Starr and Fischer, 2005;
Tzur et al, 2006). These lines of evidence suggest that the
coordinated functioning of nuclear lamins, nucleoporins, and
LINC complex factors is central to the functional organization of
the nucleus and the genome.
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Nuclear envelope architecture and its role in genome organization. A schematic model showing the INM proteome involved in maintaining
genome organization. Nesprins communicate external mechanical cues to the nucleus via the SUN1/2 complex. The regions of the genome
contacting the nuclear lamina, the LADs, are maintained in a heterochromatic state. Phosphorylated lamin A binds to active enhancers in the nuclear
interior. LAP2a interacts with intra-nuclear lamin A/C and could be regulating its functioning. Chromatin remodelers such as HDACs and sirtuins

are often associated with the INM proteins such as emerin, MAN1, LAP2, lamins, and LBR. NPCs are also associated with chromatin. LAP2a - lamina
Associated Peptide 2a, LBR - lamin B receptor, BE - Barrier Element, HP1—Heterochromatin Protein 1, HDAC—histone deacetylase, SUN1/2—Sad1l/

unc-84 protein-like 1/2 and MeCP2—methyl CpG-binding protein 2.

Aberrations in nuclear morphology, such as invaginations,
blebs, and micronuclei, serve as histological markers for grading
tumor progression and often correlate with carcinogenesis. For
instance, Haematoxylin-Eosin (HE) staining of papillary thyroid
carcinoma cells and colon adenocarcinoma revealed enlarged
nuclei with irregular morphology compared to normal cells with
smaller and spherical nuclei (Fischer, 2020). Furthermore, nearly
90% of solid tumors are characterized by aneuploidy, which
predominantly involves deletions and amplifications at the whole
chromosomal and sub-chromosomal levels (Holland and
Cleveland, 2012). CIN leads to transcriptional imbalances in a
cell- and tissue-specific manner (Bakhoum et al., 2018; Benhra
etal., 2018). Here, we focus on the mechanisms by which defects
in the nuclear envelope manifest themselves, resulting in
genomic instability and thereby contributing to cancer
progression.

2.1 Role of aberrant nuclear envelope
factors in cancers

The stability and integrity of LINC complex proteins and
nuclear lamins are crucial for maintaining chromatin
organization and genome stability, aberrations of which are

Frontiers in Cell and Developmental Biology

associated with various cancers (Sur et al.,, 2014). For instance,
immunohistochemistry showed decreased expression of LMNA
and LMNBI in 7/8 primary gastric cancers and 6/8 gastric
cancers, respectively (Moss et al., 1999). In addition, nuclear
envelope proteins regulate chromosomal stability as they
participate in cell cycle progression, chromosome segregation,
and nuclear envelope assembly post-mitosis (Dechat et al., 2007;
Kuga et al,, 2014; Dubinska-Magiera et al., 2019).

Remarkably, nuclear morphology plays a vital role in
modulating cell fate in the continuum of cancer progression
(Capo-Chichi et al., 2016; Smith et al., 2018; Fischer, 2020). In
particular, the loss of emerin and lamin A show aberrations in
nuclear morphology, accompanied by an increased
aggressiveness of cancer cells (Reis-Sobreiro et al., 2018; Bell
et al., 2022). Consistent with this finding, ovarian cancers show
decreased emerin and lamin A/C levels, accompanied by a
progressive destabilization of the nuclear envelope (Capo-
chichi et al., 2011). Lamin A/C-emerin co-depletion alters
chromatin  mobility, suggestive of their role in the
maintenance of genome organization and function (Ranade
et al, 2019). Intriguingly, depletion of lamin A/C mislocalized
emerin, resulting in altered nuclear morphology and increased
invasiveness of DU145 prostate cancer cells (Kong et al., 2012;

Reis-Sobreiro et al., 2018).
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The nuclear lamina is composed of three lamin sub-types and
interacts with the LINC complex genes, and this confers a
molecular redundancy on lamin function, which counters
abrupt alterations in the lamina—predominantly in response
to external cues. For instance, keratinocytes and fibroblasts of the
skin derived from lamin A/C-knockout mice showed prolonged
expression of LBR as compared to wild-type cells (Solovei et al.,
2013). Similar buffering mechanisms were uncovered in EMD-
and LMNA-null mice during development. While LAP2a was
upregulated in myogenic cells derived from LMNA™" mice, cells
derived from EMD-null mice showed a compensatory increase in
lamin A expression (Melcon et al, 2006). However, the
mechanistic basis of the transcriptional feedback circuits
between lamin A/C and the nuclear envelope factors remains
to be examined in greater detail.

The nuclear lamina functions as a docking site for anchoring
LADs enriched in heterochromatin. For example, LBR tethers
heterochromatin to the nuclear envelope in actively proliferating
cancer cells during the early stages of mammalian development,
while lamin A/C is a chromatin anchor in differentiated cells
(Solovei et al., 2013; Lukasova et al., 2017). It is interesting to note
that the loss of both LBR and lamin A/C results in the inversion
of chromatin with heterochromatin toward the nuclear interior
(Solovei et al., 2013), reiterating the significance of the nuclear
lamina in chromatin organization and function. Furthermore,
lamin B1 loss significantly increases nuclear bleb formation,
while the depletion of lamin A/C shows morphological
aberrations such as nuclear atypia, in addition to aneuploidy
and CIN (Lammerding et al., 2006; Capo-chichi et al., 2011).
Furthermore, destabilization of the nuclear envelope shows
enhanced nuclear blebbing and micronuclei formation, which
contribute to chromosomal losses and aneuploidy (Capo-Chichi
et al,, 2016). In addition to A and B-type lamins, peripheral
additional
the
contributing to the formation of nuclear blebs (Stephens et al.,

heterochromatin ~ provides stiffness, and its

deregulation foreseeably weakens nuclear envelope,
2018). In summary, a stable nuclear envelope composition is
required for genome organization facilitated by the maintenance
of nuclear integrity by reinforcing nuclear stiffness.
Interestingly, the loss of lamin Bl shows CIN and DNA
damage by destabilizing key Homologous Recombination (HR)
pathway proteins such as Rad51 in U20S cells (Liu et al., 2015).
Correspondingly, A-type regulate HR through
transcriptional co-regulation of RAD51 and BRCA1 while
modulating Non-Homologous End Joining (NHE]) through
53BP1 in breast cancer cells (Redwood et al,, 2011). Lamin A
also regulates DNA damage repair (DDR) via its direct

lamins

interaction with Hsp90—a molecular chaperone involved in
protein folding and stability in ovarian cancer cells (Wang
2021). whether the differential
stoichiometry of the A and B-type lamins modulates NHE] or

et al, Furthermore,

HR pathways to repair damaged DNA in a cell-type- and cancer-
specific manner remains an open question.
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2.2 Role of nucleoporins in genome
organization and cancers
Nuclear are ~120 nm-wide

(NPCs)
structures in the nuclear envelope, which mediate selective

pore complexes
transport in and out of the nucleus. In vertebrates, NPCs
comprise nucleoporins (Nups), a group of ~30 proteins, to
form a ~125MDa protein complex (Cronshaw et al, 2002;
Cohen et al, 2012). In addition to nuclear transport, the
NPCs regulate chromatin interaction and function (Zhou and
Panté, 2010; Kadota et al., 2020). Further, Nups are classified into
1) on-pore Nups that are associated with the NPC and 2) off-pore
Nups that exist both in the NPC and nucleoplasm. Nups that
interact with and regulate essential genes in the genome include
Nup93 (on-pore) and Nupl53 (off-pore), which interact with
super-enhancers, and function as major chromatin regulators
(Baumann, 2016; Ibarra et al., 2016). Nup153 and Nup98, present
near the nuclear basket of the NPC, communicate with a wide
range of poised genes through interactions with CTCF (Pascual-
Garcia et al, 2017). Certain on-pore Nups, such as Nup93,
interact with and repress HOXA genes which are essential for
early development (Labade et al., 2016). In the context of cancer
progression, Nup93 facilitates metastasis by enhancing p-catenin
import and upregulating EMT target genes, thus inducing
epithelial-to-mesenchymal transition (EMT) in breast and
hepatocellular cancers (Lin et al., 2022; Nataraj et al., 2022).
The on-pore Nup2l0 interacts with SUN2 to regulate the
expression of prometastatic by
impeding the spread of heterochromatin (Amin et al.,, 2021).

mechanosensitive genes

Intriguingly, a non-canonical extranuclear function of the
Nup107-160
arrangement and prevent aneuploidy during each cell division,

complex is to stabilize bipolar spindle
thus maintaining genome integrity (Orjalo et al., 2006).

Nups contribute to cancer progression by forming fusion
proteins. For instance, the off-pore Nup98 is involved in multiple
fusion proteins with transcriptional coactivators, histone
methyltransferases, helicases, and in some instances, even
orphan proteins (Wang et al., 2007; Yassin et al., 2010; Gough
et al, 2011). During hematopoietic stem cell differentiation,
HoxA7, HoxA9, and HoxAl0 levels are upregulated, which
progressively decrease as the hematopoietic cells differentiate
further into various lineages. The Nup98 fusion protein alters
gene expression resulting in Acute Myeloid Leukemia (AML).
Intriguingly, in Nup98-NSD1 fusion protein-mediated AML, the
fusion protein is recruited to the HoxA7, HoxA9, and
HoxA10 gene loci. The FG-repeat (originating from Nup98)
of the fusion protein interacts with HAT CBP/p300, leading to
overexpression of the aforementioned Hox genes, contributing to
AML. Nup98-PHD fusion proteins

progression via a similar mechanism (Wang et al, 2007,

also promote AML
2009). Thus, the aberrant localization and expression of Nups

impact genome organization, contributing to oncogenesis. Taken
together, the cellular machinery effectively copes with aberrant
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FIGURE 3
Analysis of genetic alterations in nuclear envelope genes in cancer patients using cBioPortal data (ICGC/TCGA Pan-Cancer Analysis of Whole
Genomes Consortium 2020) CNAs in (A) LMNA (B) LMNB (B1 and B2) (C) Oncoprint of 10 nuclear envelope genes across 10967 cancer patient
samples arranged in descending order based on the frequency of missense mutations (D) Localization and frequency of SYNEL mutations in cancer
patients using lollipop plot of cBioPortal (Cerami et al,, 2012; Gao et al., 2013).

gene expression—a major target for future therapeutic

approaches.

2.3 Lamins modulate copy number
alterations in cancers

Assessing alterations in chromosome numbers is a key
method for cancer diagnostics. Tumorigenesis often involves
the progressive acquisition of genetic alterations in specific
genes. Copy Number Alterations
identified and characterized across a wide range of cancer

Frontiers in Cell and Developmental Biology

types using high-density single nucleotide polymorphism
(SNP) arrays (Chen et al., 2013). Determining therapeutic
strategies in the case of deep deletions becomes especially
difficult owing to the absence of the gene in the cancer cell
genome, with its functional redundancy prepending an
added layer of complexity. Teasing apart whether CNAs
serve as drivers of cancers or silent passengers of its
effects remains an area of active investigation. Here, we
review the most recent advances in our understanding of
the interplay between CNAs and cancer progression through
(CNAs)

have been data curated from cBioportal Figure 3 (Cerami et al., 2012;

Gao et al.,, 2013).
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2.3.1 Amplifications

It is well established that CIN and aneuploidy involving
whole chromosomal and focal amplifications and deletions in
the genome are defining features of cancer initiation and
progression (Watanabe et al,, 2001; Zhou et al., 2002; Kops
et al, 2004). Interestingly, genes that encode for lamins are
strikingly amplified as compared to the other nuclear envelope
genes, implying that the very mechanisms that protect genomic
integrity aberrate in cancers. TCGA analyses of nuclear envelope
genes across patient samples revealed CNAs of the LMNA-
coding sequence in ~13% of cancers. Breast cancer patient
samples show the maximum extent of CNAs in LMNA in
~40% of the 211 patient samples (Figure 3A). However, the
extent to which gene amplifications in LMNA correlate with
changes in its transcript level remains unclear. An intriguing
possibility is that transcriptional deregulation of lamin A/C
potentially impacts expression levels of B-type lamins or LINC
genes as a consequence of copy number amplifications of lamins
and the stability of their interacting partners in a cell-type-
specific manner.

2.3.2 Deletions

Interestingly, the LMNBI1 gene shows a significant number of
deletions across cancers. It is unique that LMNBI1 and
LMNB?2 genes showed only deep deletions in ovarian cancers
(Figures 3B,C). In ovarian cancer cells (HO-8910PM), decreased
expression levels of lamin A/C correlate with increased cell
migration and poor prognosis (Wang et al., 2019). Moreover,
the lamin A:B stoichiometric ratio shows a dominance of A-type
lamins in stiffer cartilaginous tissues, while B-type lamins are
more prominent in softer tissues such as the brain (Swift et al.,
2013). Nevertheless, if lamin A:B stoichiometry does modulate
the malignant potential of cancer cells, the extent of
complementation and the mechanisms that regulate the
altered sub-interactome of the A- and B-type lamins remain
to be uncovered.

2.3.3 Mutations in nuclear envelope
genes—Nesprin (SYNE1)

We examined the status of mutations in genes that encode
the nuclear envelope proteins across cancers using cBioPortal.
This analysis revealed recurrent mutations in the Nesprin-1
gene—SYNE1 (Figure 3D). Markedly, the SYNEI gene
accumulates the highest number of missense mutations (271),
followed by truncating (41) and splice mutations (12). A
mutation in exon 33 of the SYNEI gene modifies a conserved
residue in spectrin repeat 11, showing aberrant mitotic
phenotypes such as altered distance between the centrosome
and the nucleus, potentially contributing to CIN in human
(Sur-Erdem et al, 2020).
Furthermore, mutation analysis of SYNEI revealed frequent
of T8362M across three different
cancers—medulloblastoma, pancreatic adenocarcinoma, and

hepatoma-derived Huh7 cells

missense mutations
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ovarian  epithelial tumor. However, the physiological
significance of these mutations remains to be elucidated. Do
mutations in  SYNE1  destabilize or  hyperactivate

mechanochemical signals into the nucleus and chromatin as a
consequence of its altered interaction with LINC complex factors
This could further contribute to
communication with the
consequent proliferation of cancer cells.

increased
the

and actin?

microenvironment and

3 Chromatin organizers in
carcinogenesis

The genome is a highly dynamic collection of genes, their
regulators, and massive stretches of DNA whose function is yet to
be discovered. Maintenance of genome organization involves the
concerted function of numerous proteins required for the
regulation of chromatin organization and gene expression.
The aberrant function of chromatin organizers is associated
with cancers (Table 1). Here, we examine the contribution of
major chromatin organizers, namely CTCF, cohesins, and

condensins, to cancer progression.

3.1 CTCF

CCCTC-binding factor (CTCF) is a conserved zinc-finger
protein that functions as a chromatin organizer and transcription
factor. In association with cohesin, CTCF regulates the
organization of gene loci and alternative splicing primed by its
sequence-specific binding to CTCF sites. In addition, CTCF
functions as an insulator to restrict the expansion of
repressive marks (Dixon et al, 2012; Holwerda and de Laat,
2013). The human genome has ~55,000-65,000 CTCF binding
sites, amongst which around ~5,000 are highly conserved across
species (Yusufzai et al., 2004; Chen et al., 2012; Holwerda and de
Laat, 2013), though CTCF occupancy remains tissue- and
cancer-specific (Hanssen et al, 2017; Debaugny and Skok,
2020). As per the loop extrusion model for TAD formation,
the cohesin complex moves along the chromatin, establishing a
loop until it encounters an oriented CTCF dimer. Consequently,
further advancement of the cohesin complex is aborted, thus
demarcating TAD boundaries enriched in CTCF binding sites
(Sanborn et al., 2015; Fudenberg et al., 2016). CTCF also prevents
non-specific promoter-enhancer interaction by delimiting the
loop size, thus augmenting enhancer-blocking mechanisms
(Amankwaa et al, 2022). The Yin Yang 1 (YY1) protein
interacts with cohesin and is enriched near enhancer-
promoter contact sites, thus assisting CTCF in augmenting
enhancer-promoter interaction (Figure 1) (Weintraub et al,
2017).

Aberrant expression or occupancy of CTCF is associated with
breast, lung, endometrial, gastrointestinal, prostate, and skin
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TABLE 1 Role of chromatin organizers in cancers.

10.3389/fcell.2022.1068347

Chromatin Gene Cancer  Effect of dysregulation of gene Reference
organizer
Cohesin STAG2 | Glioblastoma = Mutation in STAG2 leads to aneuploidy while its rescue enhances the chromosomal stability = Solomon et al.
(2011)
RAD21 Breast Overexpression of RAD21 in MDA-MB-231 cells leads to poor prognosis and Xu et al. (2011)
chemoresistance, while its knockdown reduces chemoresistance
Condensin NCAPH Colorectal In HCT116, NCAPH depletion decreases cell migration, arrests the cells in G2/M, and Yin et al. (2017)
enhances apoptosis
NCAPG Liver NCAPG has a pro-proliferative effect in adenocarcinoma patients Zhang et al.
(2022)
NCAPH Prostate Upregulation of NCAPH in prostate cancers promotes cell proliferation and helps in Kim et al. (2019)
bypassing replication checkpoints, which might hinder cancer progression
CTCF Breast CTCF and EGRI reduce cell migration in TNBC cell line MDA-MB-231 by inducing the = Wong et al.
expression of Nm23-H1 (2021)

Mutations in genes that encode for chromatin organizers are implicated in carcinogenesis and impact chromosome organization, stability and transcriptional regulation.

cancers (Eldholm et al,, 2014; Kemp et al., 2014; Poulos et al,,
20165 Guo et al., 2018; Hoflmayer et al., 2020). Of note, multiple
mutations map to the DNA-binding zinc finger domain of CTCF
across cancers (Bailey et al., 2021). CTCF binding to its target
sites is sensitive to their methylation states. For instance,
hypermethylation of CTCF binding sites shows a loss of
insulation in isocitrate dehydrogenase (IDH) mutant gliomas
(Flavahan et al, 2016). This further leads to the ectopic
interaction of the IDH enhancer with PDGFRA (platelet-
receptor alpha),
constitutive expression and the development of gliomas

derived growth factor leading to its
(Figure 1). However, not all cancer-specific mutations in
CTCEF affect its binding. For instance, stop codon mutations
in its N- and C-terminals, as well as in the zinc finger domain,
may exhibit a dominant-negative effect by hindering interactions
with functionally important cofactors, thus impeding CTCF
function (Debaugny and Skok, 2020).

Analyzing patient data sets from TCGA reveals frequent loss of
the CTCF gene in breast and prostate cancer patients, correlating
with hypermethylation of CpG islands and hypomethylation of
other parts of the genome. CTCF depletion in a prostate cancer cell
line, HPECE6/E7, shows hypermethylation of CTCF binding sites,
further downregulating respective gene expression (Damaschke
et al,, 2020). This indicates that CTCF binding to its target sites
prevents CpG hypermethylation and safeguards chromatin
architecture, not just by organizing the chromatin but also by
maintaining it. This study further reveals that drug-induced
hypomethylation using 5-aza-2 deoxycytidine (5dAza) rescued
chromatin organization, reaffirming the importance of CTCF
and its binding sites in cancers. However, 5dAza interacts with
a wide range of targets and fails to act precisely on distinct TADs,
thus raising the question of specificity in cancer therapies.

CTCF functions as a double-edged sword, acting both as an
oncogene as well as a tumor suppressor in a cancer subtype-specific
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manner. Ovarian cancers exemplify the oncogenic potential of
CTCF, where display elevated CTCF
expression. Further, the depletion of CTCF in ovarian cancer cell
lines (SKOV3 and A2780) decreased cell migration by consistently
downregulating three metastasis-associated genes, including CTBP1,
SRC, and SERPINE (Zhao et al., 2017). In contrast, CTCF positively
regulates the expression of the metastatic suppressor, Nm23-H1, in
breast cancers. Studies in the highly invasive MDA-MB-231 and the
less invasive MCF-7 cells show that CTCF-dependent Nm23-H1
levels inversely correlate with cancer aggressiveness (Wong et al,
2021). The mechanism by which CTCF functions in a cancer-
specific manner remains poorly understood.

metastatic  lesions

Overall, changes in genome organization due to altered levels or
aberrant recruitment of chromatin organizers contribute to cancer
progression However, experiments performed in cell culture models
need to be complemented with insights from animal models and
patient-derived tumor samples. Since adherent cell culture studies
are usually performed on a monolayer of cells, these approaches do
not mimic the tumor microenvironment, discounting factors such as
nutrient accessibility, barrier tissue formation, and variation in drug
response, among others. What effects chemotherapeutic agents have
on TAD organization and gene expression in vivo remains an area of
active study. Moreover, it is intriguing that environmental factors,
such as diet and social interaction, also impinge on CTCF function
and, therefore, chromatin organization and function (Davis et al,,
2022; Wang R et al, 2022)—an interesting finding, given that
extraneous environmental factors considerably contribute to an
increase in the incidence of cancers.

3.2 Cohesin

Cohesins are multi-protein complexes essential for mitosis
and meiosis, conserved from yeast to humans. The canonical
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function of cohesins is to clasp sister chromatids together during
the the
aforementioned function, cohesin plays a vital role in

metaphase-to-anaphase transition. Apart from
maintaining inter-TAD and intra-TAD boundaries by looping
chromatin in the interphase nucleus, allowing for regulated inter-
and intra-TAD interactions (Matthews and Waxman, 2018;
Barrington et al, 2019). This promotes enhancer-promoter
contacts in a cell type-specific manner.

Through genome-wide sequencing, it is now apparent that
cohesin accumulates a number of mutations in the coding region
that alter the way it binds the chromatin and promotes aberrant
genomic contacts leading to anomalous expression of various
genes. Depletion of RAD21, a component of the cohesin
complex, promotes enhanced expression of mesenchymal
ITGA5 and TGF-B1 by altering the

intrachromosomal chromatin contacts and creating active

genes such as
transcriptional units (Yun et al, 2016). Recent exome
sequencing revealed that the STAG2 protein of cohesin is
frequently mutated in cancers (Lawrence et al, 2014). It is
interesting to note that STAG2 is involved in promoting
regulated chromosomal contacts, the depletion of which
enhances the loop extrusion and promotes aberrant genomic
contacts (Adane et al, 2021; Richart et al., 2021). It remains
unclear how the mutated STAG2 functions in cancer, elucidation
of which might uncover a new therapeutic candidate. Moreover,
the loss of cohesin function in cancers leads to increased
replication stress and genomic instability (Leylek et al., 2020;
Minchell et al,, 2020). We surmise that cohesin mutations
enhance genomic instability, facilitate clonal expansion, or
enhance tumorigenic potential, eventually leading to cohesin
loss of function in the clonal population. However, various
lines of evidence suggest that mutations in the cohesin genes
contribute to cancer initiation and progression by disrupting
chromosome organization and transcriptional regulation
(Table 1) (Leeke et al., 2014; Kojic et al., 2018; Antony et al.,
2021).

3.3 Condensin

Like cohesins, condensins are multi-protein complexes

required for chromosome assembly, condensation, and
segregation during mitosis and meijosis. While cohesin clasps
the sister chromatids together, condensin facilitates mitotic
chromosome compaction by uniting the two distant portions
of a single chromatid. Condensin isoforms have conserved
structural maintenance of chromosome (SMC) proteins,
SMC2 and SMC4, but differ in their non-SMC components.
Interestingly, decreased condensin expression triggers CIN,
consequently driving colorectal cancer progression (Baergen
et al., 2019). In addition, mutations in the C-terminal residues
R551 and S556 of CAPH2, a condensin II subunit, lead to

genomic instability in the human retinal pigment epithelial
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(RPE1) cell line (Weyburne and Bosco, 2021). Another line of
evidence shows the involvement of the condensin complex in
maintaining chromosomal stability via its recruitment to the
pericentromeric regions. The binding of cell cycle regulators pRB
and E2F1 to the pericentromeric regions cause replication stress.
Studies reveal that these factors recruit condensin II to form a
complex in the pericentromeric chromatin, thus regulating
replication fidelity and cell ploidy (Coschi et al, 2014). This
agrees with an increase in the yH2A.X marker at the
pericentromeric region, accompanied by enhanced repeat
instability, on depletion of condensin (Samoshkin et al., 2012).
However, the precise function of condensin II and the
of
replicative stress remains to be deciphered.

mechanistic  basis its safeguarding function against

Apart from chromatin compaction, condensins also play
moonlighting roles that include facilitating enhancer RNA
transcription and enhancer-promoter looping in condensin-
bound ERa (Estrogen Receptor a)-sensitive enhancers in
breast cancers by recruiting p300 and RIP140 (Li et al., 2015).
of condensins
Rapid

spectrometry of endogenous proteins (RIME) during dynamic

Immunoprecipitation followed by mass

spectroscopy ~ or immunoprecipitation ~ mass
processes such as cell transformation may reveal other non-
canonical functions (Mohammed et al.,, 2016). Considering the
limited number of therapeutic approaches available to combat
triple-negative breast cancers (TNBC), it is encouraging that the
knockdown of condensin I complex protein NCAPD2 curtailed
cell proliferation and invasion. These lines of evidence implicate
NCAPD?2 expression as a prognostic marker of TNBC patients
suggesting a potential therapeutic candidate (Zhang Y et al,
2020). An in-depth biochemical and molecular characterization
assumes significance as condensins emerge as potential
therapeutic targets for human cancers (Wang et al., 2018).

4 Impact of non-canonical histones
and oncohistones on chromatin
organization in cancers

Non-canonical histone variants occasionally replace
canonical histones in the genome, often serving two main
purposes. First, histone variants are dynamically incorporated
throughout the interphase with the regular nucleosomal turnover
of canonical histones to sustain nucleosomal stability. Secondly,
additional regulatory domains, interactors, and PTMs in non-
canonical histones offer supplementary mechanisms for the
of

characterized by large-scale remodeling of their epigenetic

control epigenetic  regulation. Since cancers are
landscape, canonical histones in cancers are occasionally
interchanged with histone variants (Vardabasso et al., 2015).
Structurally, histones are composed of amino- and carboxy-
terminal tails and a globular histone fold domain (HEFD).

Specific mutations in histone genes tend to confer oncogenic

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068347

Balaji et al.

properties to cells, and these mutant histones are referred to as
oncohistones (Mohammad and Helin, 2017). Mutations occur
both in the tail and globular domains, with different
consequences. While tail domain mutants cause a global loss
of both active and inactive histone marks, the globular domain
destabilizes the nucleosome. Here, we review the functional
diversity and regulatory mechanisms involved in genome
organization by some non-canonical and oncohistones while
discussing the scope for further research in the field.

4.1 H3 variants

The histone variant H3.3 functions as a space-filling histone
when canonical H3 is evicted from the nucleosome, thus
maintaining nucleosomal stability (Ray-Gallet et al., 2011).
The incorporation of histone H3.3 facilitates the enrichment
of active marks on chromatin associated with dynamic histone
turnovers, such as transcriptionally active promoters and
enhancers of active genes (Lin et al, 2013; Ha et al, 2014).
Contrastingly, histone H3.3 is also incorporated in repeat-rich
and repressed telomeres, where H3.3 is incorporated into the
nucleosomes and further methylated to H3.3K9me3. The
H3.3K9me3 mark is vital for maintaining the integrity of
constitutively heterochromatinized telomeres (Udugama et al,,
2015). Specific chaperone complexes facilitate the incorporation
of the histone H3.3 into different regions in the genome. In the
euchromatin, H3.3 is incorporated by the HIRA complex (Shi
etal,2017; Yuetal, 2021; Yang et al., 2022), while DAXX/ATRX
complexes incorporate H3.3 in the telomeric and pericentric
heterochromatin (Goldberg et al., 2010; Lewis et al, 2010;
Heaphy et al, 2011). Of note, DAXX/ATRX is mutated in
classes of gliomas, sarcomas, and pancreatic neuroendocrine
tumors and is involved in differential H3.3 deposition, thereby
deregulating gene expression profiles (Heaphy et al., 2011; Yuen
and Knoepfler, 2013; Ren et al., 2018). Deposition of the
H3.3 variant in the telomeric regions might potentially
contribute to the maintenance of cancer stem cells within
tumors by activating embryonic stem cell dynamics and
promoting alternative lengthening of telomeres (ALT) (Wong
et al., 2009; Gulve et al,, 2022). Moreover, the H3.3 recruiter
ATRX is also localized to the nuclear periphery with the lamins,
suggesting a possible interaction between H3.3, the telomere
complex, and lamins, which collectively regulate telomere
organization (Pennarun et al,, 2021; Teng et al., 2021).

Histone composition in the nucleosome, especially the
incorporation of oncohistones, affects the expression of a wide
range of genes. For instance, H3/H3.3K27M tail domain
by
dysregulating neural development genes in diffuse intrinsic
pontine gliomas (DIPGs) (Mohammad and Helin, 2017;
Larson et al, 2019; Nacev et al, 2019). H3G34V/R and
H3.3G34W/L histone tail domain mutations are found in

mutations accelerate neural stem cell self-renewal
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pediatric high-grade gliomas and giant cell tumors of the
bone, respectively. Several in vitro and in vivo studies reveal
that both the oncohistones, H3.3K27M and H3.3G34W/L/V/R,
reduce H3K27me3 levels, resulting in the aberrant expression of
Polycomb-group (PcG)-mediated heterochromatinized genes,
though the results are more promising in in vitro systems
(Mohammad and Helin, 2017). H3.3K27M tumors have
enhanced

expression of genes associated with neural

development, where H3K27me3 loss released bivalent
promoters from their poised state (Larson et al, 2019).
Likewise, the H3.3K36M mutation, found in 90% of

chondroblastomas, shows a parallel trend of decreasing
H3K36 di- and tri-methylation, PTMs involved in RNA
polymerase elongation (Jha and Strahl, 2014; Fang et al., 2016;
Sahu and Lu, 2022). A possible mechanism is reducing
methylation levels by the selective sequestration of histone
methyltransferases, NSD2, SETD2, and PRC2, creating a
dominant negative effect (Figure 4D). Intriguingly, these
oncohistones affect multiple histone marks. For instance, the
H3.3K36M mutation, despite decreasing H3K36 methylation,
increases the deposition of H3K27me3 marks. This leads to the
mobilization of the polycomb repressor complex 1 (PRC1) away
from its target sites, resulting in aberrations of PcG-regulated
heterochromatin and an altered epigenetic profile (Bjerke et al.,
2013; Chan et al,, 2013; Lu et al, 2016). It remains an open
question as to why the tail domain mutants of H3.3 are spatially
confined in a hindbrain tissue-specific manner. Surprisingly, the
H3.3K27M mutant promotes CIN and induces NHE]J-mediated
DNA damage response through the DNA end-processing
enzyme 3'-Phosphatase  (PNKP)
(Rondinelli et al, 2022). The rationale underlying the
deposition of H3.3 mutants on stalled forks despite the
presence of other

Polynucleotide ~ Kinase

canonical histones remains unclear.
Although oncohistones function as discrete entities, the
their

crosstalk would be a tantalizing finding to unravel.

mechanistic basis underlying potential regulatory

4.2 H2A and H2B variants

All histones exist as multiple variants that modulate gene
expression, barring histone H4, which has only one variant.
Histone H2A and H2B cumulatively have 15 non-canonical
histone variants, out of which 11 are H2A variants—H2A.X,
H2A.Z.1, H2A.Z2.1, H2A.Z22, H2A.Bbd, H2AJ, H2A.B,
TH2A, H2A.P, macroH2A.1.1, macroH2A.2, and
macroH2A1.2, and four are H2B variants—H2BE, H2B.S.M,
TH2B, and H2B.W (Oberdoerffer and Miller, 2022), which
are often dysregulated in cancers (Figure 4A). YH2AX, a
histone H2A subclass phosphorylated at S139, functions as a
molecular beacon that detects DNA damage in the genome (Mah
et al,, 2010). Of note, the lack of H2A.X causes lethality in mice
exposed to y-irradiation, establishing its importance in
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FIGURE 4

Histone variants and mutants in cancer (A) A heatmap representing various non-canonical histones across 31 different cancers; data curated
from GEPIA2. Genes H2AFX, H2AFZ, and H2AFY code for H2A.X, H2A.Z.1, and macroH2A, respectively (B) Difference in the recruitment of non-
canonical histones in normal versus cancer cells. cHC—Constitutive heterochromatin (C) Comparison between canonical H2A and non-canonical
histone H2A.B (D) Mutations in the globular domain of core histones (H2B, H2A, and H4) to enhance dimer exchange and chromatin
remodeling. This further dysregulates the expression of genes involved in differentiation (E) Oncohistones, mutations in the tail and globular domains
are found in different cancers. Tail domain mutations sequester histone methyltransferases, while globular domain mutants destabilize the
nucleosome, altering the expression of various genes.
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maintaining genome stability (Celeste et al., 2002). Surprisingly,
H2A X is also involved in sustaining the self-renewal capacity of
pluripotent stem cells (Turinetto et al., 2012). We speculate an
H2A X-dependent mechanism involved in the sustenance and
regulation of cancer stem cells (Kim et al., 2012). As the guardian
of the genome, the significance of H2A.X in facilitating
metastasis was demonstrated when the knockdown of H2A.X
induced EMT through the upregulation of transcription factors
Twistl, ZEB, and SLUG
HCT116 colorectal cancer and MCFI0A non-tumorigenic

(mesenchymal markers) in
breast epithelial cell lines (Weyemi et al., 2016). This strongly
suggests alternate functions of H2A.X in various aspects of gene
regulation in addition to its role in the DNA damage response
machinery.

Both H2A.Z and H3.3 maintain an open conformation of
chromatin in nucleosome-depleted regions of the promoter for
transcription factors to interact with gene promoters resulting in
their transcriptional upregulation (Jin et al., 2009). Consistent
with the requirement to transcribe genes, H2A.Z facilitates access
to transcribing genomic regions by destabilizing the nucleosome,
which is important in regulating stem-cell renewal and
differentiation (Buschbeck and Hake, 2017).
canonical H2A is often replaced by its non-canonical variants
H2A.Z.1.1 and H2A.Z.2. Remarkably, these isoforms are
upregulated and positively correlate with resistance to

In cancers,

chemotherapy in malignant stages of melanoma and
pancreatic ductal adenocarcinoma (Vardabasso et al., 2015;
Avila-Lépez et al, 2021). Furthermore, overexpression of
H2A.Z correlates with poor prognosis in estrogen receptor-
positive breast cancer (Hua et al., 2008). The non-canonical
histone variant, macroH2A (mH2A), has a macro-domain and is
involved in the inactivation of the X chromosome in mammals
(Chadwick et al., 2001). In contrast to other histones, mH2A has
a stabilizing effect on the nucleosome and can mediate both gene
activation and repression. Notably, the depletion of mH2A
dysregulates gene expression in at least nine cancers (Zink
and Hake, 2016). However, the recruitment mechanism of
mH2A is yet to be completely elucidated.

H2A.Bbd, a member of the short H2A family, is a testis and
brain-specific histone variant overexpressed predominantly in
Diffuse Large B-cell Lymphomas (DLBCLs) (Chew et al., 2021).
Interestingly, H2A.B harbors multiple H2A mutations in its
sequence. These include R29Q (DNA binding site mutant)
and E92L (acidic-patch mutant) (Figure 4C). Furthermore,
H2A.B’s tail

nucleosomal compaction and, if expressed ectopically, might

truncated ~ C-terminal compromises  its
cause dysregulated gene regulation (Gonzédlez-Romero et al,
2008; Bagert et al., 2021; Chew et al, 2021; Kohestani and
Wereszczynski, 2021). From a vantage point, wild-type H2A.B
has already evolved into an oncohistone with the ability to
promote nucleosomal instability (Bagert et al, 2021). H2B,

another histone H2 variant, has the highest number of
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nucleosome-destabilizing mutations in the globular domain at
E71 and E76 (Nacev et al,, 2019; Bagert et al., 2021).

Essentially, tail-domain mutants are well-characterized, but
not limited to, H3.3. The same is true for globular domain
mutations, which are better documented for histone H2
(Nacev et al, 2019). Mutation data shows that 80% of the
most frequent mutations in histones occur in their globular
domain (Nacev et al., 2019). Many of these mutations in the
globular domain enhance chromatin remodeling and histone
dimer exchange, which correlates with the altered expression of
genes involved in differentiation across patients with different
cancers (Bagert et al, 2021). However, the mechanism and
contribution of these mutations to cancers remain largely
uncharacterized. We surmise that mutations in the globular
domain of histones induce nucleosomal instability, which
affects chromatin compaction both during mitosis and
interphase. Moreover, histones bearing mutations in their
globular domains mutant histones can increase the chances of
incorporating histone variants, potentially altering gene
expression. The temporal preference for the incorporation of
histones, both dependent on and independent of replication,
adds an additional layer of complexity (Figure 4E). Interestingly,
47% of the missense mutations in histones H2A, H2B, H3, and
H4 show a conversion of glutamic acid residues to lysine or
glutamine (Nacev et al,, 2019), suggestive of 1) altered DNA-
histone interactions 2) aberrations in PTM patterns of histones
owing to an increase in the number of lysine and glutamine
residues. Such a contribution of novel histone PTMs to
carcinogenesis remains to be elucidated.

4.3 CENP-A

Apart from the role of histones in regulating transcription,
histones are essential for modulating DNA damage response,
genome organization, and chromosome maintenance. CENP-A,
a centromere-specific H3 variant, is necessary and sufficient to
ensure the structural and functional organization of the
centromere. Heterochromatinization at the centromere is
achieved by recruiting RNAi-based DICER machinery and
SUV methyltransferases (Peters et al., 2003; Folco et al., 2008).
Moreover, heterochromatic regions are associated with the
nuclear envelope components, contributing to an additional
layer of regulation (Towbin et al., 2012; Solovei et al., 2013;
Ebrahimi et al.,, 2018; Iglesias et al., 2020). For instance, LBR and
B-type lamins are involved in the organization of the pericentric
heterochromatin in the interphase nucleus (Shimi et al., 2008;
Dechat et al., 2010; Lukasova et al., 2018). Centromeres and
telomeres are enriched in constitutive heterochromatin marks
that frequently localize to the LADs in the genome (Haaf and
Schmid, 1991; Weierich et al., 2003; Raz et al., 2008; Bloom,
2014), with a subset of heterochromatic domains clustering
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around nucleoli as perinucleolar heterochromatin (Alcobia et al.,
2000; Gdula et al., 2013).

The two fundamental functions of CENP-A include 1)
centromere formation and maintenance and 2) nucleation of
checkpoint assembly proteins involved in chromosomal
segregation. The organization of the centromere is dynamic
during the various cell cycle stages, contributing to chromatin
reorganization. During the early G1 phase, CENP-A molecules
form a rosette-like structure nucleated by HJURP, facilitating a
3D ring-like organization during the G1 phase (Figure 4B).
During mitosis, this structure is reoriented to form a rod-like
pattern (Andronov et al., 2019). Elevated levels of CENP-A form
the

misorientation of

mislocalization
chromosomal arms, in the
microtubule fibers on the kinetochore. This leads to the
of
chromosomal translocations and breakage (Barnhart et al,
2011; Sun et al, 2016). It is now established that CENP-A is
recruited to DNA double-strand breaks, and its depletion leads to
an impaired DDR (Zeitlin et al., 2009; Lawrence et al., 2015;
Stirpe and Heun, 2022). This highlights that CENP-A is recruited
to sites other than the centromeric regions, although the exact

neo-centromeres due to its along

resulting
abnormal chromosomes,

segregation resulting in

role of CENP-A in DDR remains to be characterized. The ectopic
overexpression of CENP-A increases the tolerance limit to DNA
insults and enhances chemoresistance (Lacoste et al., 2014). The
mechanism of CENP-A recruitment to DNA breakage sites and
the consequent molecular signals required for its residence and
dislodgement remains to be elucidated.

5 Chromatin organization during
senescence

Cellular senescence is a state of dormancy where the cell
ceases to divide. Senescence involves shortened telomeres,
stalled
deformities, mitochondrial dysfunction, and aberrant genome

increased DNA  damage, replication,  nuclear
organization (Di Micco et al., 2021). After a somatic cell crosses
the Hayflick limit, it reaches replicative senescence because of the
end replication problem, i.e., progressive shortening of telomeres
with each division cycle due to the inherent inability of DNA
polymerases to correctly replicate the cytosine-rich telomere
lagging-strand (Hayflick and Moorhead, 1961; Harley et al,
1990). Interestingly, this limit is often bypassed by neoplastic
cells, making them immortal (Autexier and Greider, 1996). As
aging progresses, the DDR machinery is compromised,
the

prostate, lung, and colon cancers (Rossi et al, 2007; de

predominantly increasing predisposition to breast,
Magalhdes, 2013). Normally, these functions are tightly
regulated, and the activation of oncogenes leads to aberrant
replication fork progression, resulting in Oncogene-Induced
Senescence (OIS) (Serrano et al., 1997; Di Micco et al., 2006;

Rocha et al., 2022). It is noteworthy that cancer cells often evade

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2022.1068347

OIS by altering cellular levels of p16™***, a cell cycle blocker
(McLaughlin-Drubin et al., 2013).

Remarkably, extensive topological changes in chromatin
compartmentalization accompany senescence, obfuscating the
spatial separation between the A and B compartments.
Microscopy and polymer modeling of chromatin reveals that
the spatial organization of chromatin compartments is drastically
altered in tumor cells. Following this finding, an additional
intermediate Compartment I has been proposed that interacts
with both A and B compartments in normal tissue and inclines
toward the B compartment in cancerous tissue (Johnstone et al.,
2020). Cells undergoing OIS show dramatic changes in
chromatin architecture, with the formation of Senescence
Associated Heterochromatin Foci (SAHF), characteristically
enriched with facultative heterochromatic marks such as
H3K9mel/2, H3K20me3, along with high-mobility group
proteins and non-canonical histones such as mH2A (Narita
et al, 2003; Zhang et al, 2007; Nelson et al, 2016).
Chromatin polymer modeling suggests that SAHF can
mobilize specific loci adjacent to heterochromatic domains in
close proximity to each other in the 3D space of the nucleus,
enhancing their activity in cell adhesion and cancer-related
signaling (Sati et al.,, 2020). Alongside activating specific genes,
the SAHF also affects cell proliferation by epigenetically
repressing E2F target genes through the recruitment of pRB
and heterochromatin factors (Narita et al., 2003). Moreover,
SAHFs are not found in cells going through quiescence (Aird
and Zhang, 2013). In agreement with this, the silencing of E2F-
and the formation of SAHF are
characteristic of only irreversibly arrested cells, thus hinting

responsive elements

towards an Rb-mediated mechanism for stabilizing the
senescent phenotype.

The induction of senescence in cancer cells serves as a
traditional therapeutic approach by targeting p53, mTOR,
PI3K, and BCL-2 family proteins using senolytic agents (Lee
et al., 2010; Munoz-Espin et al., 2013; Laberge et al., 2015).
However, challenges in targeting cancer cells are contributed to
by tumor heterogeneity since aged patients have higher numbers
of senescent cells, which can lead to fatal off-target effects by
senolytic agents (Wang L et al,, 2022).

6 Perspectives

6.1 Effect of lamin mutations on genome
organization during cancer progression
and senescence

The LADs are parts of chromatin domains that are largely
in a state of repression. Surprisingly, the simultaneous loss of
all lamin forms in mouse embryonic stem cells did not change
the overall TAD structure but reorganized the inter- and
intra-TAD

interactions, further altering transcriptional
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FIGURE 5

Lacunae in the field of genome organization and nuclear envelope (A) Lamin B1 is upregulated in most cancers, as per TCGA data, and
overexpression of Lamin B1 expression sequesters 53BP1, a major orchestrator of NHEJ pathway. The precise mechanisms as to how cancer cells
overcome 53BP1 sequestration is unknown (B) Incorporation of both tail and globular domain mutants leads to dysregulated gene expression
through various mechanisms, though it remains unclear whether nuclear lamina has any role in either mitigating or worsening it. Globular
domain mutations, when associated with the LADs, could be altering the spatial localization of gene loci. (C) The nuclear envelope maintains
heterochromatin. LADs form a significant portion of the human genome and are regulated by the lamina and its associated complexes, the
deregulation of which often leads to HGPS and cancer (D) Furthermore, in EMT and cancer progression, phosphorylated lamin A/C and B1 are
associated with enhancer sequences, but the role of this association remains to be elucidated.

Sequesters

_______ Sy, Nucleoplasmic
N Lamin A/C/B1
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e Histone
Methyltransferases

Pediatric high grade gliomas
Diffuse intrinsic pontine gliomas

Chondroblastoma
Hutchinson-Gilford Progeria Syndrome
Giant cells tumors of bone
Cancer

Diffuse large B cell lymphoma

output (Zheng et al, 2018). It is interesting to note that the nuclear interior (Pascual-Reguant et al., 2018; Tkegami
although lamins are known to organize heterochromatin et al., 2020).

proximal to the nuclear border, they also modulate the Ovarian cancers harbor homozygous deletion in the
organization of transcriptionally-active euchromatin within LMNBI1 gene, while the loss of lamin A/C leads to poor
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prognosis and enhanced metastatic potential of cells (Capo-
chichi et al,, 2011). In the context of senescence, lamin A/C
directly interacts with the telomeric protein TRF2, which
facilitates the insertion of 3’ overhangs into telomeric DNA,
resulting in T-loop formation that protects the telomere ends and
slows cellular senescence in a cell-type specific manner.
Mutations in LMNA, like those found in Hutchinson-Gilford
(HGPS), destabilize
A/C-TRF2 interaction, further leading to telomere loss and

progeria syndrome lamin
accelerated cellular aging (Wood et al., 2014).

Additionally, TCGA data retrieved from GEPIA2 shows that
most of the cancers show upregulated levels of lamin B1. It is
known that lamin B1 overexpression sequesters 53BP1, a crucial
mediator of the NHE] pathway (Etourneaud et al, 2021). It
remains to be elucidated how a majority of the cancers
overexpressing lamin Bl manage to steer the DDR to specific
NHE] pathways 2010) (Figure 5A).

Furthermore, activation of mobile

(Bouwman et al,
the
transposable elements that trigger chromosomal instability

lamins repress
(Andrenacci et al, 2020). During the later stages of cellular
aging, the association of lamin with transposable elements
declines, coupled with the loss of heterochromatin, leading to
aberrant gene expression and type-I interferon response (De
Cecco et al,, 2019; Cenni et al., 2020). The mechanisms by which
chromatin organizers function in cancer cells will facilitate the
design of specific small molecule inhibitors.

6.2 Interactors of LMNA during cancer
progression

Lamin A regulates gene expression by interacting with
various chromatin modifiers, the deregulation of which
promotes cancers. For instance, lamin A directly interacts
with and prevents the proteasomal degradation of SUV39H1,
the writer of the H3K9me3 inactive mark (Liu et al., 2013),
the dysregulation of which results in HGPS (Figure 5C).
that deposit the
H3K27me3 inactive mark interact with lamins (Cesarini
et al., 2015; Marullo et al., 2016). Notably, lamin loss leads
to an anomalous distribution of PcG proteins, eventually

Correspondingly, the PcG proteins

resulting in dysregulated gene expression and accelerated
cancer progression. HDAC2 also plays an active role in
heterochromatinization by interacting with LMNA at the
nuclear periphery (Mattioli et al., 2018; Santi et al., 2020;
Murray-Nerger and Cristea, 2021). However, the molecular
mechanisms involving lamin-mediated regulation of inactive
H3K9me3 and H3K27me3 and active H3K4me3 marks are yet
to be uncovered.

In cancers, chromatin organizers harbor mutations in
various domains, resulting in their deregulated activity and
altered binding to chromatin or lamins. For instance, sarcomas
harbor high-frequency H3.3G34R and H3.3K36M mutations
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that directly prevent the binding of H3K36me2/3 writer NSD1/
2, thus reducing PRC2-H3K36me2 interaction and increasing
H3K27me3 levels (Lu et al.,, 2016). The interaction between
SMARCBI1 and NSDI is essential for the deposition of
H3K36me2 in the genome, which is a marker for better
prognosis in sarcoma. Mutated SMARCBI is unable to bind
to NSDI but binds to PRC2, leading to an increase in
H3K27me3 with poor prognosis in cancer patients (Drosos
et al,, 2022). Such atypical deposition of inactive histone marks
dilutes their
reorienting the genomic regions localized to the nuclear

occupancy in normally-repressed genes,
periphery. As a result, genes typically localized to the
nuclear periphery, such as the mesenchymal progenitor
genes in the facultative LADs, become de-repressed (Lu
et al., 2016). Hence, we surmise a potential crosstalk between
the nuclear lamins, chromatin regulators, and oncohistones in
the initiation and sustenance of cancer progression.

6.3 Crosstalk between the nuclear
envelope and oncohistones

The nuclear lamina is primarily associated with inactive
histone marks at the nuclear periphery. However, lamins also
modulate active euchromatin (Zheng et al., 2018). How the
peripheral and nucleoplasmic pools of lamins engage in
chromatin dynamics and impinge on the transcriptional
regulation mediated by oncohistones such as H3.3K27M/I,
H3.3G34W/V/L/R, H3.3K36M, or sH2A is
(Figure 5B). In addition, components
envelope, namely Nups and LINC complex factors, also

unclear

of the nuclear

participate in chromatin organization. Moreover, lamins are
required for chromatin organization, although their potential
role in the incorporation of oncohistones by chaperones
remains unclear (Figure 5B). The extent of lamin A/C
phosphorylation correlates with lamin A/C levels in the
DU145 prostate cancer cell line, though this remains to be
verified experimentally across cancers (Kong et al, 2012).
Phosphorylated lamin A/C and unphosphorylated, probably
nucleoplasmic lamin B1, associate with active enhancers and
which the
conventional function of LADs in gene repression (Guelen
et al., 2008; Tkegami et al., 2020). However, the exact role of
phosphorylated Lamin A/C in modulating enhancer regions

transcribing genes, respectively, contradicts

remains an enigma. In addition, the association of lamin
Bl with eLADs and higher expression of fibronectin,
vimentin, and twist highlight the role of lamin Bl in
metastasis (Pascual-Reguant et al., 2018), although its exact
purpose of lamin Bl in compartment A remains to be
elucidated (Figure 5D). Interestingly, lamin Bl has been
shown to localize to the TAD borders of eLADs, opening the
possibility of its interaction with border elements such as CTCF
and cohesin.
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7 Conclusion

In summary, it is beyond any doubt that genetic mutations,

aberrations in chromatin organization, incorporation of
oncohistones, deregulated transcription, and defects in nuclear
envelope organization and function collectively deregulate the
cellular and molecular processes of cancers. Novel therapeutic
targets will be identified by leveraging high-resolution single-cell
approaches, such as sc-ChIP-seq, sc-ATAC-seq, and sc-Hi-C,
with high-content imaging, including high-resolution FISH.
Furthermore, molecular and biochemical assays remain the
mainstay for the elucidation of molecular mechanisms.
Collectively, these lines of evidence reveal that aberrant
genome architecture serves as a precursor and promoter of

cancer initiation and progression.
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