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Epithelial integrity is maintained through coordinated regulation of cell–cell adhesion, apico–

basal polarity, and transcriptional programs that preserve epithelial identity. Disruption of these 

processes underlies epithelial–to–mesenchymal transition (EMT), a key driver of cancer 

invasion and metastasis. Fibrillarin (FBL) is a conserved nucleolar protein best known for its 

essential role in ribosomal RNA biogenesis; however, emerging evidence suggests that its 

functions extend beyond ribosome assembly. Here, we identify a previously unrecognized role 

for FBL in safeguarding epithelial architecture by regulating chromatin-mediated control of 

cell polarity genes. Using colorectal (DLD-1) and breast epithelial (MCF10A[p53DN]) 

models, we show that FBL depletion leads to profound disruption of epithelial morphology, 

characterized by loss of cobblestone architecture, destabilization of adherens and tight 

junctions, and enhanced cell migration and invasion. Mechanistically, FBL loss induces 

clathrin- and dynamin-dependent internalization of E-cadherin without altering global 

endocytic flux, indicating selective perturbation of junctional trafficking. Transcriptomic 

analyses reveal significant deregulation of pathways associated with cell adhesion, apical 

membrane organization, and EMT, identifying the basolateral polarity regulator Scribble 

(SCRIB) as a key downstream effector of FBL function.We demonstrate that FBL depletion 

transcriptionally represses SCRIB through increased deposition of the repressive histone mark 

H3K27me3 at its promoter. This epigenetic silencing is driven by the relocalization of a 

subpopulation of EZH2, the catalytic component of Polycomb Repressive Complex 2 (PRC2), 

from the nucleolus to the nucleoplasm. Disruption of the FBL–EZH2 interaction, either by FBL 

depletion or deletion of its RNA-binding domain, enhances nucleoplasmic EZH2 occupancy at 

PRC2 target genes, including SCRIB, thereby promoting epithelial destabilization. 

Pharmacological inhibition of EZH2 restores Scribble expression, rescues E-cadherin 

localization, and suppresses aberrant cell migration, establishing the functional importance of 

nucleolar EZH2 sequestration. 

Prolonged FBL depletion further induces EMT in breast epithelial cells, marked by activation 

of Akt signaling, upregulation of mesenchymal transcription factors (Snail, Twist, and Zeb1), 

and loss of epithelial markers. In vivo, FBL depletion enhances tumor growth and lung 

metastasis in xenograft models, correlating with reduced Scribble levels and altered EZH2 

localization. Collectively, these findings uncover an FBL–EZH2–Scribble regulatory axis that 

links nucleolar function to chromatin regulation, epithelial identity, and metastatic progression, 

positioning fibrillarin as a critical suppressor of EMT and a potential therapeutic vulnerability 

in epithelial cancers.  
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Introduction 

The nucleus is a highly organized organelle in which genomic and regulatory functions are 

compartmentalized into spatially distinct, membrane-less sub-domains (Pederson 2011). 

Nuclear proteins, while remaining in dynamic equilibrium with the nucleoplasm, self-organize 

into discrete nuclear bodies such as the nucleolus, nuclear speckles, transcription factories, and 

PML bodies (Handwerger and Gall 2006; Lallemand-Breitenbach and Thé 2010; Sleeman and 

Trinkle-Mulcahy 2014). This compartmentalization enables efficient coordination of essential 

nuclear processes by locally concentrating molecular components required for transcription, 

RNA processing, and chromatin regulation (Misteli 2010). 

The nucleolus is the largest nuclear sub-compartment and is classically known as the site of 

RNA polymerase I–mediated ribosomal DNA (rDNA) transcription, rRNA processing, and 

ribosome assembly (Scheer and Hock 1999; Sirri et al. 2008). Ultrastructural studies have 

revealed that the nucleolus is further organized into three sub-domains: the fibrillar center (FC), 

dense fibrillar component (DFC), and granular component (GC), each corresponding to distinct 

stages of ribosome biogenesis (Pederson 2011). Although historically regarded as a ribosome 

factory, it is now evident that the nucleolus functions as a regulatory hub integrating 

transcriptional control, chromatin organization, stress responses, and cell fate decisions. 

Despite lacking a bounding membrane, the nucleolus maintains a stable architecture while 

allowing rapid exchange of resident proteins with the nucleoplasm. Photobleaching 

experiments have demonstrated that nucleolar proteins such as fibrillarin, nucleolin, and 

nucleophosmin exhibit residence times of only seconds, raising fundamental questions 

regarding the mechanisms that preserve nucleolar integrity (Chen and Huang 2001; Shav-Tal 

et al. 2005). Disruption of nucleolar structure, either through inhibition of rDNA transcription 

or cellular stress, results in nucleolar disassembly and activation of the nucleolar stress 

response, leading to stabilization of p53 and induction of cell cycle arrest or apoptosis (James 

et al. 2014, 53; Kurki et al. 2004). 

Recent studies have demonstrated that the nucleolus assembles through liquid–liquid phase 

separation (LLPS), driven by multivalent interactions between nucleolar proteins and RNA 

(Brangwynne et al. 2011; Feric et al. 2016). Within the nucleolus, immiscibility between DFC 

and GC components maintains sub-compartmental organization. However, most insights into 

nucleolar phase behavior arise from in vitro reconstitution, whereas in vivo nucleolar 
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organization occurs within a complex nuclear environment influenced by chromatin, signaling 

pathways, and nuclear architecture. 

Fibrillarin (FBL) is a conserved nucleolar protein enriched in the DFC and is best known as 

the catalytic component of box C/D snoRNPs responsible for site-specific 2′-O-methylation of 

rRNA, essential for translational fidelity (Tollervey et al. 1991). Emerging evidence suggests 

that fibrillarin also participates in non-canonical functions, including chromatin modification, 

nucleolar phase separation, and disease progression. Notably, fibrillarin is frequently 

dysregulated in cancers, yet its contribution to epithelial identity and tissue architecture remains 

poorly understood. 

Epithelial homeostasis depends on the coordinated regulation of cell–cell adhesion, apico–

basal polarity, and transcriptional programs that maintain epithelial identity. Loss of polarity 

and junctional integrity leads to epithelial–mesenchymal transition (EMT), a process central to 

cancer invasion and metastasis. While EMT has been extensively studied at the level of 

transcription factors and signaling pathways, the role of nucleolar organization and nucleolar 

proteins in regulating epithelial architecture remains largely unexplored. 

In this thesis, I have investigated the role of fibrillarin as a regulator of epithelial architecture, 

chromatin organization, and epithelial plasticity, with a particular focus on its interaction with 

chromatin modifiers and polarity regulators. 

 

Aims 

1. To define how Fibrillarin regulates epithelial identity and junctional architecture 

through transcriptional and post-transcriptional control of polarity determinants 

2. To elucidate the chromatin-based and spatial nuclear mechanisms by which Fibrillarin 

regulates the EZH2–Scribble axis to preserve epithelial polarity 

3. To determine how Fibrillarin-mediated nucleolar–chromatin regulation governs 

epithelial cell migration, invasion, and metastatic dissemination 
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Aim 1: To define how Fibrillarin regulates epithelial identity and junctional architecture 

through transcriptional and post-transcriptional control of polarity determinants 

Rationale and Background 

Epithelial tissues rely on precise apico–basal polarity and stable cell–cell junctions to maintain 

tissue integrity and suppress malignant transformation. Loss of epithelial polarity is 

increasingly recognized as an early and permissive event in tumorigenesis, often preceding 

overt EMT or invasion. Central to this architecture are adherens junction components such as 

E-cadherin, tight junction proteins including ZO-1, and basolateral polarity regulators such as 

Scribble (SCRIB). Although Fibrillarin is classically regarded as a nucleolar rRNA 

methyltransferase, emerging evidence—including observations from this thesis—suggests that 

perturbation of nucleolar homeostasis can exert profound effects on epithelial organization. 

Preliminary findings indicate that depletion of FBL leads to mislocalization and internalization 

of E-cadherin, disruption of junctional continuity, and loss of epithelial morphology without 

globally impairing endocytosis. These observations point toward a selective and regulated 

mechanism, rather than a nonspecific trafficking defect. This aim is driven by the hypothesis 

that FBL functions as a higher-order regulator of epithelial identity, coordinating transcriptional 

programs and membrane trafficking processes that preserve junctional integrity. 

Objectives and Experimental Logic 

This aim seeks to systematically dissect the role of FBL in maintaining epithelial architecture 

by addressing three interrelated questions: 

Does FBL depletion compromise epithelial polarity and junctional organization? 

Using well-established epithelial models (DLD-1 and MCF10A-derived systems), this aim 

evaluates morphological changes, junctional continuity, and subcellular localization of E-

cadherin, ZO-1, and polarity proteins following loss of FBL. High-resolution 

immunofluorescence and quantitative image analysis are used to distinguish between 

transcriptional downregulation and post-transcriptional mislocalization. 

Is E-cadherin mislocalization driven by altered endocytic trafficking or selective 

internalization pathways? 

To uncouple global endocytic defects from cargo-specific trafficking, transferrin uptake assays 

and pharmacological inhibition of dynamin-dependent endocytosis are employed. These 
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experiments directly test whether FBL loss selectively enhances clathrin-mediated 

internalization of E-cadherin while sparing bulk endocytosis. 

Does FBL regulate epithelial identity at the transcriptional level? 

RNA-sequencing analyses are leveraged to identify transcriptional changes in polarity and 

junctional gene networks. Integration of transcriptomic data with protein localization studies 

enables discrimination between primary transcriptional repression and secondary effects 

arising from architectural collapse. 

Expected Outcomes and Significance 

This aim establishes FBL as a non-canonical regulator of epithelial integrity, linking nucleolar 

function to membrane organization and polarity maintenance. By demonstrating that FBL loss 

induces selective junctional destabilization rather than generalized cellular dysfunction, this 

aim reframes nucleolar proteins as architectural gatekeepers of epithelial identity. Importantly, 

these findings provide the conceptual foundation for subsequent aims by positioning epithelial 

polarity loss as a downstream consequence of nucleolar dysregulation, rather than a passive 

byproduct of transformation. 

 

Aim 2: To elucidate the chromatin-based and spatial nuclear mechanisms by which 

Fibrillarin regulates the EZH2–Scribble axis to preserve epithelial polarity 

Rationale and Conceptual Framework 

The maintenance of epithelial identity requires not only intact junctional complexes at the 

plasma membrane but also sustained transcription of polarity and adhesion genes. Findings 

from Aim 1 demonstrate that depletion of Fibrillarin (FBL) leads to profound disruption of 

epithelial architecture, including E-cadherin mislocalization and polarity loss. However, these 

phenotypic alterations cannot be fully explained by defects in protein trafficking alone. 

Transcriptomic analyses revealed that several polarity-associated genes, most notably SCRIB, 

are transcriptionally downregulated upon FBL depletion, indicating that epithelial collapse is 

accompanied by active gene repression rather than passive structural failure. SCRIB encodes a 

core basolateral polarity scaffold protein that functions as a tumor suppressor and a key 

antagonist of epithelial–mesenchymal transition (EMT). Its loss has been shown to promote 

junctional instability, aberrant activation of oncogenic signaling pathways, and enhanced 

migratory capacity across multiple epithelial cancer types. Importantly, SCRIB expression is 
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known to be tightly regulated at the chromatin level, and analysis of public epigenomic datasets 

indicates that the SCRIB promoter exhibits a bivalent chromatin configuration, characterized 

by the coexistence of active (H3K4me3) and repressive (H3K27me3) histone marks. Such 

promoters are poised for rapid transcriptional switching and are particularly vulnerable to 

perturbations in chromatin regulatory mechanisms. The repressive H3K27me3 mark is 

catalyzed by EZH2, the enzymatic subunit of Polycomb Repressive Complex 2 (PRC2), a 

master epigenetic regulator implicated in epithelial gene silencing, EMT induction, and 

metastatic progression. EZH2 is frequently overexpressed in epithelial cancers and has been 

shown to repress E-cadherin, polarity genes, and differentiation programs. However, EZH2 

activity is not governed solely by expression levels; its subnuclear localization and accessibility 

to chromatin are emerging as critical determinants of its functional output. This aim is founded 

on the central hypothesis that FBL constrains EZH2 through nucleolar sequestration and spatial 

buffering, thereby limiting its access to chromatin targets such as the SCRIB promoter. Loss of 

FBL disrupts this spatial control, leading to aberrant redistribution of EZH2, increased 

H3K27me3 deposition, and stable repression of epithelial polarity genes. 

Specific Objectives and Experimental Strategy 

This aim addresses the molecular mechanism linking nucleolar integrity to chromatin-

mediated transcriptional repression through three interdependent lines of investigation: 

1. To determine whether FBL regulates the subnuclear localization and chromatin accessibility 

of EZH2 

Although EZH2 is classically viewed as a chromatin-associated enzyme, accumulating 

evidence suggests that a fraction of EZH2 localizes to the nucleolus or perinucleolar regions, 

where its activity may be spatially restrained. This aim investigates whether FBL contributes 

to such spatial compartmentalization. 

 

Using high-resolution immunofluorescence microscopy and quantitative image analysis, the 

localization of EZH2 is examined under control and FBL-depleted conditions. Emphasis is 

placed on distinguishing nucleolar, perinucleolar, and nucleoplasmic pools of EZH2. 

Complementary biochemical fractionation approaches further assess whether loss of FBL leads 

to a redistribution of EZH2 toward chromatin-enriched fractions. 
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These experiments test the hypothesis that FBL functions as a spatial regulator of EZH2, and 

that nucleolar disorganization following FBL depletion releases EZH2 from a constrained 

compartment, increasing its effective concentration in the nucleoplasm. 

2. To establish whether EZH2 directly mediates transcriptional repression of SCRIB following 

FBL depletion 

Having identified SCRIB as a transcriptionally downregulated polarity gene, this objective 

interrogates the chromatin-level mechanism underlying its repression. Chromatin 

immunoprecipitation (ChIP) assays are used to assess EZH2 occupancy and H3K27me3 

enrichment at the SCRIB promoter in control versus FBL-depleted cells. These experiments 

determine whether loss of FBL correlates with enhanced PRC2 recruitment and increased 

deposition of repressive histone marks at this locus. To establish causality, pharmacological 

inhibition of EZH2 catalytic activity is employed to test whether repression of SCRIB is 

reversible. Restoration of SCRIB transcript levels and rescue of epithelial features upon EZH2 

inhibition would provide strong evidence that SCRIB repression is PRC2-dependent and 

downstream of FBL loss. This objective therefore positions SCRIB as a critical chromatin-

regulated effector linking nucleolar perturbation to epithelial polarity collapse. 

3. To test the nucleolus as a regulatory buffer for chromatin-modifying enzymes 

Beyond SCRIB alone, this aim explores a broader conceptual model in which the nucleolus 

functions as a regulatory sink or buffering compartment for chromatin modifiers. The nucleolus 

is increasingly recognized as a dynamic hub that sequesters regulatory proteins, thereby 

limiting their access to chromatin and fine-tuning nuclear signaling pathways. Within this 

framework, FBL is proposed to maintain nucleolar architecture and phase-separated 

environments that restrict EZH2 mobility. Disruption of FBL compromises this buffering 

capacity, allowing EZH2 to engage ectopic chromatin targets and initiate widespread epigenetic 

reprogramming. By integrating localization studies, chromatin occupancy analyses, and 

transcriptional outputs, this objective reframes FBL not merely as a nucleolar enzyme, but as a 

guardian of nuclear spatial organization with epigenetic consequences. 
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Aim 3: To determine how Fibrillarin-mediated nucleolar–chromatin regulation governs 

epithelial cell migration, invasion, and metastatic dissemination 

Rationale and Conceptual Framework 

Metastasis represents the culmination of a multistep biological process in which epithelial cells 

acquire the ability to detach, migrate, invade surrounding tissues, survive in circulation, and 

colonize distant organs. Central to this process is epithelial plasticity, characterized by loss of 

polarity, weakening of cell–cell adhesion, and transcriptional reprogramming toward a motile 

state. While classical EMT frameworks emphasize transcription factors such as SNAIL, ZEB, 

and TWIST, it is increasingly evident that upstream architectural and epigenetic perturbations 

can license migratory behavior even in the absence of full EMT. Findings from Aims 1 and 2 

establish that depletion of Fibrillarin (FBL) leads to (i) disruption of epithelial junctional 

integrity and polarity, and (ii) chromatin-mediated repression of polarity genes, particularly 

SCRIB, via deregulated EZH2 activity. These alterations are predicted to lower the threshold 

for cell motility by simultaneously weakening physical constraints at cell–cell junctions and 

reprogramming transcriptional networks that suppress migration. This aim is based on the 

central hypothesis that FBL functions as a suppressor of epithelial cell migration and metastatic 

competence, and that its loss promotes migratory and invasive behavior through a nucleolar–

chromatin–polarity axis. Importantly, this aim tests whether the molecular and architectural 

changes described in earlier aims translate into functional consequences relevant to cancer 

progression, both in vitro and in vivo. 

Specific Objectives and Experimental Strategy 

This aim interrogates the functional output of FBL depletion at three interconnected biological 

levels: collective cell migration, polarity-dependent motility control, and metastatic 

colonization. 

1. To assess whether loss of FBL enhances epithelial cell migration and wound closure 

dynamics 

The first objective examines whether FBL depletion directly alters migratory behavior in 

epithelial cells. Scratch wound–healing assays are employed as a quantitative and visual 

measure of collective cell migration in confluent monolayers. This assay is particularly well 

suited to epithelial systems, as it preserves cell–cell contacts and allows assessment of 

migration in a context where polarity cues remain relevant. 
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By comparing control and FBL-depleted cells, this objective evaluates both the rate and mode 

of wound closure, distinguishing between coordinated epithelial sheet migration and 

disorganized, individual cell movement. Time-resolved imaging and quantitative analysis 

provide insight into whether FBL loss accelerates migration kinetics and disrupts directional 

persistence. Importantly, these assays allow correlation of migratory behavior with junctional 

integrity and polarity status established in Aim 1, thereby directly linking architectural 

destabilization to functional motility. 

2. To determine whether SCRIB repression is functionally required for FBL-dependent 

migratory phenotypes 

While Aim 2 establishes SCRIB as a chromatin-repressed target downstream of FBL loss, these 

objective tests whether SCRIB repression is causally linked to enhanced migration. 

This is achieved through two complementary approaches: 

• Phenocopy experiments, in which SCRIB depletion alone is assessed for its ability to 

recapitulate the migratory phenotype observed upon FBL loss 

• Rescue experiments, in which re-expression of SCRIB in an FBL-depleted background 

is used to determine whether restoring polarity signaling suppresses migration 

• By integrating these strategies, this objective distinguishes whether SCRIB repression 

is merely correlated with migration or is a functional driver of the observed phenotype. 

This approach is critical because it anchors the nucleolar–chromatin pathway to a specific 

polarity effector, strengthening the mechanistic coherence of the thesis. Demonstrating that 

SCRIB restoration can restrain migration despite nucleolar perturbation underscores the 

importance of polarity gene repression as a decisive step in epithelial plasticity. 

3. To evaluate the impact of FBL depletion on metastatic dissemination in vivo 

While in vitro assays provide valuable mechanistic insight, metastatic competence must 

ultimately be validated in an in vivo context. The final objective therefore extends the analysis 

to animal models to determine whether FBL depletion enhances metastatic colonization. Using 

inducible shRNA-based depletion of FBL in epithelial cancer cells, tail vein injection models 

are employed to assess lung colonization efficiency. This experimental system specifically 

interrogates late steps of metastasis, including survival in circulation, extravasation, and 

colonization of a secondary organ. Histological analysis of lung sections enables quantitative 

assessment of metastatic burden, including number, size, and distribution of metastatic lesions. 
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Comparison between FBL-depleted and control groups directly tests whether loss of nucleolar 

integrity confers a selective advantage during metastatic outgrowth. Importantly, this objective 

provides in vivo validation that nucleolar deregulation is not merely a cell-intrinsic defect but 

a driver of malignant progression. 

Expected Outcomes and Significance: 

Completion of this aim is expected to demonstrate that FBL acts as a multilevel suppressor of 

epithelial motility and metastasis, integrating nuclear organization, chromatin regulation, and 

cell behavior. Specifically, this aim will establish that: 

• FBL depletion enhances epithelial migration in vitro 

• SCRIB repression is a critical mediator of FBL-dependent motility 

• Loss of FBL promotes metastatic colonization in vivo 

Conceptually, this aim advances a unifying model in which nucleolar integrity restrains 

epithelial plasticity by preserving polarity gene expression and limiting chromatin-mediated 

reprogramming. By positioning FBL as a barrier to metastasis, this work broadens the 

biological significance of nucleolar proteins beyond ribosome biogenesis and highlights the 

nucleolus as a previously underappreciated regulator of cancer cell behavior. 

Together with Aims 1 and 2, this aim completes a coherent mechanistic trajectory: from 

nucleolar perturbation → chromatin repression → polarity loss → migration → metastasis, 

providing a comprehensive framework for understanding how nuclear architecture governs 

epithelial fate and disease progression. 
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1.1.1. Overview of Nucleolar Architecture 

 

The nucleolus, a dense, non-membranous organelle within the nucleus, plays a central role in 

ribosome biogenesis. It emerges around clusters of ribosomal DNA (rDNA) known as 

nucleolar organizing regions (NORs), which encode the 45S pre-rRNA precursor transcribed 

by RNA polymerase I. The assembly of the nucleolus is a self-organizing process driven by 

the transcription and co-transcriptional processing of rRNA, as well as by the interaction of 

ribonucleoprotein complexes that scaffold nucleolar compartments.1,2 

 

Morphologically, the nucleolus is organized into three concentric subdomains that reflect its 

functional stages in ribosome production: 

 

• Fibrillar Center (FC): Typically hypodense under electron microscopy, the FC 

harbors inactive or poised rDNA and is enriched in upstream binding factor (UBF), a 

component-of-the-RNA-Pol-I-pre-initiation-complex. 

 

• Dense Fibrillar Component (DFC): Surrounds the FC and is the site of early rRNA 

processing and modification. It contains a high concentration of fibrillarin and 

snoRNPs (Fig. 1.2.). 

 

• Granular Component (GC): Occupies the peripheral and largest area of the nucleolus. 

It is the site of late rRNA processing, ribosomal protein assembly, and pre-ribosome 

maturation. 

 

These regions are not membrane-bound but arise through liquid–liquid phase separation 

(LLPS) of proteins and RNAs into coexisting but dynamic compartments. Proteins like 

nucleophosmin (NPM1) and fibrillarin contribute to LLPS due to their intrinsically disordered 

regions (IDRs) and multivalent interactions with RNA. The organization of the nucleolus is 

closely linked to cellular physiology. In proliferating cells, nucleoli are large and highly 

active, while in quiescent or stressed cells, nucleoli may fragment or shrink. Disruption of 

nucleolar architecture is often observed in diseases such as cancer, viral infection, and 

neurodegenerative disorders (Boisvert et al. 2007; Pederson 2011). 
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Fig. 1.1. Organization of the human nucleolus and model of nascent pre-rRNA sorting 

mediated by Fibrillarin (FBL) and processing of rRNA  

(A) Schematic representation of nucleolar subcompartments, highlighting the fibrillar center 

(FC), dense fibrillar component (DFC), and granular component (GC). (Top right) Newly 

synthesized 47S pre-rRNA emerges from RNA polymerase I (Pol I) at rDNA loci and 

undergoes early processing at the 5′ ETS region (A0, 01, A1 sites). The 5′ ETS-1 containing 

particles associate with FBL, facilitating sorting of nascent transcripts. Phase separation of 

FBL promotes coalescence of these pre-rRNA–bound complexes and contributes to DFC 

assembly. (Bottom left) Super-resolution live-cell imaging of a human nucleolus showing 

mEGFP-tagged FBL (green) enriched in DFC regions and mRuby3-tagged B23/NPM1 

(magenta) marking GC. Scale bar: 500 nm. (Bottom right) Proposed model illustrating how 

“mini” FBL condensates form around nascent transcripts at rDNA transcription sites within 

the FC, driving accumulation of processing machinery and organizing the DFC. Through 

LLPS-mediated recruitment, pre-rRNA transitions from FC to DFC for early maturation and 

subsequent processing. (B) Human rRNAs are transcribed as long polycistronic precursor 

molecules that undergo sequential cleavage and modification to produce the mature rRNAs. 

For clarity, only the major processing route is shown, and minor alternative pathways have 

been omitted. Adapted from (Ojha et al. 2020; Yao et al. 2019) 

 

1.1.2. Evolution of the Tripartite Structure of the Nucleolus 

The nucleolus is a highly conserved nuclear sub-region dedicated primarily to ribosome 

biogenesis; however, its organisation is not static in evolution. Comparative cell-biological 

and ultrastructural studies show that the canonical tripartite architecture of the nucleolus - the 

fibrillar centre (FC), dense fibrillar component (DFC), and granular component (GC) – (Fig. 

1.1.A.) represents an evolutionary refinement rather than the ancestral state, and arose in 

parallel with increased complexity in rDNA organisation, ribosome assembly pathways and 

protein synthesis demands in higher eukaryotes (Pederson 2011; Thiry and Lafontaine 2005). 

 

In early eukaryotes and many unicellular organisms, including protists and yeast, the 

nucleolus typically exhibits a bipartite organisation, comprising a fibrillar zone and a granular 

zone. In these systems, transcription of rDNA and early rRNA processing are not spatially 

segregated, and instead occur within a unified fibrillar compartment that functionally 

incorporates what later evolved into FC and DFC(Thiry and Lafontaine 2005). During 



5 
 

vertebrate evolution — particularly at the transition from anamniotes to amniotes — the 

fibrillar compartment is thought to have split into two distinct subdomains, FC and DFC, 

thereby generating the tripartite configuration characteristic of mammals, birds, and reptiles 

(Thiry and Lafontaine 2005; Lafontaine 2023). 

This transition coincided with major genomic and regulatory changes. Notably, intergenic 

spacer regions within rDNA loci expanded substantially in amniotes, adding regulatory 

modules that recruit chromatin remodellers and Pol I transcription factors. As a result, the FC 

emerged as a domain enriched in inactive or transcription-ready rDNA repeats and RNA 

polymerase I machinery, whereas the surrounding DFC became specialised for co-

transcriptional rRNA modification and early processing, mediated by dense accumulation of 

snoRNPs including fibrillarin. The GC, already present in more primitive nucleoli, continued 

to function as the primary compartment for late rRNA processing and pre-ribosomal subunit 

maturation (Pederson 2011). 

More recent work has reframed nucleolar architecture through the lens of multiphase 

biomolecular condensates, in which FC, DFC and GC constitute coexisting liquid-like phases 

driven by differential macromolecular interactions (Feric et al. 2016; Yao et al. 2019). Within 

this framework, the emergence of the third nucleolar subphase can be viewed as a biophysical 

optimisation, enabling sequential ribosome-biogenesis (Riback et al. 2023; Yao et al. 2019). 

In higher eukaryotes, the nucleolus has additionally acquired functions beyond ribosome 

production, including regulation of cell-cycle progression, genome stability, senescence, and 

stress responses (Pederson 2011; Boulon et al. 2010). The increased modularity and spatial 

stratification granted by the tripartite structure facilitates expansion of functional repertoire 

(Boulon et al. 2010). Conversely, this refined structural organisation also introduces 

vulnerability to deregulation, as perturbations in intra-nucleolar compartmentalisation are a 

hallmark of nucleolar stress (Boulon et al. 2010; Pederson 2011). 

Collectively, evolutionary studies suggest a continuous trend toward greater structural and 

functional specialization, culminating in the recent FC–DFC–GC architecture. This 

framework emphasises that nucleolar proteins such as fibrillarin — a defining component of 

the DFC — operate within a highly evolved spatial system designed to coordinate hierarchical 

steps of ribosome biogenesis and other nucleus-wide regulatory processes. 
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1.2.1. Fibrillarin as a Pivotal regulator of the nucleolus  

 

Fibrillarin (FBL) is a 34-kDa nucleolar protein best known for its role as a hallmark 

autoantigen in systemic autoimmune diseases, initially discovered in the sera of scleroderma 

patients (Vaughan 1987). However, beyond its immunological significance, FBL has emerged 

as a multifunctional and evolutionarily conserved regulator that operates at the intersection of 

RNA metabolism, chromatin dynamics, phase separation, and cellular stress responses. 

Structurally, FBL is a S-adenosylmethionine (SAM)-dependent methyltransferase that 

localizes predominantly to the Dense Fibrillar Component (DFC) of the nucleolus—a 

specialized, membrane-less subcompartment responsible for early stages of pre-rRNA 

processing. Within this domain, FBL functions as the catalytic core of the box C/D small 

nucleolar ribonucleoprotein (snoRNP) complex, which mediates 2′-O-methylation of 

ribosomal RNA (rRNA) at over 100 specific nucleotide positions. These modifications 

enhance rRNA folding, structural stability, and translation fidelity, and are essential for 

assembling functional 40S and 60S ribosomal subunits (Erales et al. 2017; Tollervey et al. 

1991). 

As part of the snoRNP complex, FBL works in coordination with NOP56, NOP58, SNU13, 

and box C/D snoRNAs, ensuring high specificity in targeting rRNA methylation. These 

methylations occur at defined ribose positions guided by antisense snoRNA elements, fine-

tuning ribosome architecture and promoting cellular proteostasis. Disruption of FBL function 

or methylation activity leads to- 

 

• Defective ribosome assembly: FBL directly controls the levels of methylations on 

rRNA, which can alter the proportions of cap-dependent and cap-independent 

translation (Erales et al. 2017; Lacerda et al. 2017; Marcel et al. 2013). 

 

• Altered protein synthesis: Certain cancer-associated proteins - MYC, FGF1, FGF2, 

and VEGFA have Internal Ribosome Entry Site (IRES) sequence in their transcripts, 

therefore modulating FBL levels and activity can alter the levels of cap-dependent and 

cap-independent translation (Marcel et al. 2013). 
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Fig. 1.2. Schematic structure of U3 snoRNP 

(A) Predicted secondary structure of U3 snoRNA with associated protein components. SNU13 

remains bound to k-turn elements formed by Box C′ (blue)–Box D (green) and Box C′ (blue)–

Box B (red). Due to the unique architecture of U3, FBL is not positioned appropriately to 

perform 2′-O-methylation. (B) The 5′ extension of U3 establishes multiple base-pairing 

interactions with the pre-rRNA, contacting distinct regions within the 5′ ETS (green) and 18S 

rRNA (blue). Looped-out segments of rRNA are shown as dashed regions. Numbering 

corresponds to positions within 47S pre-rRNA (green) or 18S rRNA (blue). This diagram is 

simplified and does not fully reflect all looping. Secondary structure adapted from 

snoRNABase predictions. Schematic has been adapted from (Ojha et al. 2020). 

 

1.2.2. Expanding Horizons: Multifunctionality Beyond rRNA Methylation 

 

While traditionally confined to its role in ribosome biogenesis, emerging studies have 

substantially broadened the functional scope of FBL. Advanced techniques such as cryo-

electron microscopy (cryo-EM) and live-cell imaging of phase-separated condensates have 

shed light on the role of FBL in nucleolar organization, chromatin remodeling, RNA cleavage, 

and cellular stress responses. For instance, FBL exhibits ribonuclease activity stimulated by 

nuclear phosphoinositides, implicating it in early rRNA cleavage events, potentially 

independent of its canonical methyltransferase function (Guillen-Chable et al. 2020). 

Moreover, FBL functions beyond the nucleolus in influencing epigenetic landscapes, most 

notably through methylation of histone H2A at glutamine 104 (H2AQ104me), which 

A B 
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promotes RNA polymerase I (Pol I) recruitment and transcription of rDNA. This link between 

nucleolar chromatin status and rRNA gene activity underscores the role of FBL as both a 

transcriptional regulator and an epigenetic effector (Tessarz et al. 2014). 

 

1.2.3. Phase separation in FBL 

 

FBL has an intrinsically disordered N-terminal Glycine-Arginine rich GAR domain (8-80aa) 

facilitates liquid–liquid phase separation (LLPS), driving condensates of nucleolar 

compartments and enabling dynamic assembly of snoRNPs at rRNA transcription sites. This 

behavior is modulated by post-translational modifications such as arginine methylation, which 

alter the physico-chemical properties of FBL condensates and influence its partitioning 

between nuclear compartments- FC and GC. Disruption of LLPS—through substitutions in 

Phenylalanine-to-serine of the phenylalanine-glycine repeats in the GAR domain of FBL— 

mislocalizes FBL, destabilizes nucleolar architecture, and impairs ribosome biogenesis (Fig. 

1.3. (A-C)) (Kim and Kwon 2021). 

 

 

Fig. 1.3. Intrinsically disordered regions (IDRs) within human Fibrillarin (FBL). 

(A) AlphaFold-predicted 3D structure of human FBL showing structured regions (blue) and 

the extended N-terminal tail that lacks resolved conformation (red), characteristic of an 

intrinsically disordered region (IDR), which fails to fold into defined structure. 

(B) Structural annotation summary highlighting residue coverage from experimental and 

C 

A B 
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predicted models. Approximately 69.2% of the protein corresponds to experimentally resolved 

structured domains (blue), whereas 24.0% of the N-terminal region lacks coordinates in PDB 

entries, suggesting intrinsic disorder. An additional 2.8% of residues (positions 78–86) are 

predicted to be disordered, and ~4.0% are predicted structured residues. 

(C) Primary amino acid sequence of FBL mapped with disorder predictions. Red-highlighted 

stretches represent disordered regions enriched in glycine-arginine (GAR) repeats, 

corresponding to the IDR located at the N-terminus. Blue-shaded regions denote structured 

residues within the core methyltransferase domain. The GAR-rich IDR is known to mediate 

protein-RNA interactions, phase separation, and snoRNP assembly. Acquired from (Piovesan 

et al. 2025). 

 

1.2.4. Disease Connections: FBL at the crossroads of Pathophysiology 

In viral infections, FBL antagonises the ISG (Interferon Stimulated Gene) expression through 

IFN-I signaling (Li et al. 2022). In autoimmune disorders, particularly systemic sclerosis, FBL 

becomes an autoantigen, with circulating anti-U3 RNP antibodies serving as clinical 

biomarkers of disease severity (Arnett et al. 1996). Cleavage of FBL during heavy metal 

exposure e.g., mercury produces neoantigens, potentially triggering immune responses 

(Pollard et al. 1997). 

Most significantly, FBL has emerged as a pro-oncogenic factor. It is frequently overexpressed 

in aggressive tumors, contributing to ribosomal hyperactivation, oncogene translation, and 

p53 suppression through nucleolar stress pathways (Lohrum et al. 2003; James et al. 2014; 

Marcel et al. 2013). Targeting FBL or its interacting pathways has shown promise in 

sensitizing cancer cells to DNA-damaging agents, highlighting its potential as a therapeutic 

target (Sun et al. 2023; Stępiński 2018; Wu et al. 2025; Saffarian et al. 2025). 

 

1.2.5. Toward a Systems View of FBL Function 

As research continues to unravel the molecular grammar of nucleolar biology, FBL stands out 

as a central integrator of nucleic acid chemistry, nuclear architecture, and stress signaling. Its 

conservation across domains of life and integration of RNA, protein, and chromatin 

interactions make it an ideal factor for understanding eukaryotic gene expression, organelle 

dynamics, and disease transformation (Bouffard et al. 2018). 
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This chapter synthesizes two decades of research in understanding FBL, combining insights 

from structural biology, cell biology, immunology, and cancer research to portray FBL not 

simply as a methyltransferase, but as a multifunctional node in the regulatory network that 

sustains nuclear and cellular function. Through its canonical and non-canonical roles, FBL 

exemplifies the plasticity of nucleolar proteins and highlights the nucleolus as a central stress-

sensing hub, with profound implications for development, immunity, aging, and disease 

(Bouffard et al. 2018; Decle-Carrasco et al. 2023; Tiku et al. 2018). 

 

1.2.6. Domain Architecture of Fibrillarin 

Fibrillarin (FBL), a 321-amino acid nucleolar protein, exhibits a modular architecture 

comprising functionally distinct domains that cooperate to mediate its roles in rRNA 

processing, chromatin modification, and phase-separated compartment formation (Feric et al. 

2016; Shubina et al. 2016; Saha et al. 2025). These domains reflect a finely tuned evolutionary 

strategy to adapt a core methyltransferase enzyme to the spatial, structural, and regulatory 

complexity of eukaryotic nuclei. 

 

1.2.7. GAR Domain (8–80 aa): A Eukaryotic Innovation for Phase Separation and 

Regulation 

The glycine–arginine-rich (GAR) domain, occupying the N-terminal portion of FBL, is an 

intrinsically disordered region (IDR) composed of repeated RGG (Arg-Gly-Gly) and FG (Phe-

Gly) motifs. This domain is unique to eukaryotic FBL, with no equivalent present in archaeal 

homologs—suggesting a key innovation that accompanied the evolution of nuclear 

compartmentalization and increased RNA processing complexity (Rodriguez-Corona et al. 

2015). 

 

1.2.8. Functionality of GAR Domain in FBL 

Phase separation: Through weak multivalent interactions—particularly π–π and cation–π 

interactions involving phenylalanine and arginine residues—the GAR domain drives liquid–

liquid phase separation (LLPS) (Patel et al. 2015; Kato et al. 2012). This promotes condensates 

of FBL into the dense fibrillar component (DFC) of the nucleolus, allowing dynamic 

compartmentalization of early rRNA processing (Tang et al. 1998; Lin et al. 2002). 

 

Post-translational regulation: The arginine residues within the GAR domain are substrates for 

protein arginine methyltransferases (PRMTs), including PRMT1 and PRMT3. These 
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modifications modulate nuclear import, RNA-binding affinity, and possibly the material 

properties of condensates, influencing both localization and enzymatic activity of FBL. 

 

• Functional parallels: GAR domains are conserved in other nucleolar and nuclear 

proteins—such as nucleolin, coilin, and hnRNPs—which also undergo phase 

separation, emphasizing the evolutionary conservation of GAR-mediated interactions 

in the assembly of membraneless organelles (Dreyfuss et al. 1993). 

• Methyltransferase Domain (133–306 aa): The Catalytic Core for RNA and chromatin 

modification (Shubina et al. 2016). The C-terminal region of FBL harbors its SAM-

dependent methyltransferase domain, which is structurally conserved from archaea to 

humans. This domain mediates the catalytic transfer of methyl groups to RNA or 

protein substrates and comprises multiple functionally specialized subregions: 

 

• RNA-binding subdomain (133–222 aa): This region facilitates stable interaction with 

box C/D small nucleolar RNAs (snoRNAs) and pre-rRNA substrates. Electrostatic and 

base-stacking interactions ensure specificity for target nucleotide positioning during 

2′-O-methylation (Shubina et al. 2016; Yi et al. 2021). 

 

• SAM-binding pocket (274–306 aa): Composed predominantly of α-helices, this 

subregion forms a conserved structural motif that binds S-adenosylmethionine (SAM), 

the universal methyl donor. The spatial orientation of SAM in the catalytic cleft 

positions its methyl group in proximity to the 2′-OH group of the ribose, allowing 

efficient catalysis (Deng et al. 2004; Watkins and Bohnsack 2012). 

 

• Spacer regions (Sp1 and Sp2): These interspersed linker regions, though less 

conserved, contribute to subnuclear localization and may act as flexible hinges that 

support conformational adaptability. They also interact with snoRNP assembly 

factors, such as NOP56 and NOP58, and may modulate complex formation and 

trafficking (Snaar et al. 2000). 

1.2.9. Post-Translational Regulation 

Fibrillarin (FBL), as a multifunctional nucleolar protein involved in rRNA modification, 

chromatin regulation, and phase separation, is tightly regulated at the post-translational level 
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to ensure spatial and temporal precision in its actions. These modifications allow FBL to 

alternate between active and repressed states, regulate subnuclear localization, and respond to 

cues such as nutrient availability, stress, or the cell cycle phase. 

1.3.7. Arginine Methylation: Modulating RNA Binding and Nucleolar Localization 

The glycine–arginine-rich (GAR) domain of FBL contains multiple arginine residues that are 

targets for asymmetric dimethylation (aDMA) by protein arginine methyltransferases PRMT1 

(Tang et al. 1998; Bedford and Clarke 2009). This modification constitutes a regulatory switch 

that impacts several key aspects of FBL function: 

• RNA-binding affinity: Methylation alters the electrostatic charge of the individual 

amino acid and hydrophobicity of the GAR domain, influencing its interaction with 

pre-rRNA, snoRNAs, and other nucleolar RNAs. In many cases, methylation 

enhances affinity of FBL for structured RNAs and facilitates the formation of 

functional box C/D snoRNPs. 

 

• Phase separation dynamics: Methylation can fine-tune the biophysical behavior of 

FBL by modulating cation–π and electrostatic interactions involved in LLPS 

(McIntyre et al. 2025; Qamar et al. 2018). This affects the material properties of 

nucleolar condensates, potentially altering visco-elastic properties of FBL in 

response to changing cellular demands. 

Importantly, these modifications can be manipulatable to cellular signaling, making them 

effective tools for rapid adaptation of FBL activity during development, stress, or 

transformation. 

1.2.10. Acetylation and Deacetylation: Tuning Histone Methylation and rDNA 

Transcription 

Another critical layer of regulation is lysine acetylation, which modulates non-canonical role 

of FBL as a histone methyltransferase for H2A glutamine 104 (H2AQ104). This function is 

tightly coupled to the cell cycle and is orchestrated by the NAD⁺-dependent deacetylase 

SIRT7, a key epigenetic regulator localized to the nucleolus. 
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• During interphase, SIRT7 is enzymatically active and maintains FBL in a 

deacetylated state, which is essential for its methyltransferase activity. This promotes 

H2AQ104me, a modification that enhances RNA polymerase I (Pol I) recruitment 

and rDNA transcription (Iyer-Bierhoff et al. 2018). 

 

• In contrast, during mitosis, SIRT7 is inactivated (via post-translational modifications 

or sequestration), leading to the accumulation of acetylated FBL, which exhibits 

reduced enzymatic activity. This results in a transient loss of H2AQ104me and an 

effective silencing of rRNA transcription, aligning with the global shutdown of 

transcription during mitosis (Iyer-Bierhoff et al. 2018). 

This acetylation–deacetylation cycle ensures that rRNA production is coordinated with the 

cell cycle, rapidly resuming biosynthetic activity upon mitotic exit. 

1.2.11. Functional Integration and Crosstalk 

Arginine methylation and lysine acetylation represent two orthogonal regulatory systems that 

modulate distinct but interconnected aspects of FBL function. There could be a probable 

crosstalk between these pathways. For instance, lysine acetylation (K102, K121, K205, and 

K20) (Iyer-Bierhoff et al. 2018) could influence GAR domain accessibility. This interplay 

may be particularly relevant under stress conditions, such as nutrient deprivation or DNA 

damage, where nucleolar reprogramming is critical for survival. 

1.2.12. Clinical and Pathological Implications 

• Cancer: Dysregulation of SIRT7 and PRMT1 have both been implicated in cancer, 

leading to aberrant FBL localization, enhanced rRNA synthesis, and nucleolar 

hypertrophy—hallmarks of aggressive tumors (Geng et al. 2015; Wei et al. 2017; Shen 

et al. 2024; Yan et al. 2024; Ku et al. 2024; F. Wang et al. 2023; Deng et al. 2015). 

 

• Aging and senescence: Loss of SIRT7 activity with age results in persistently 

acetylated FBL, impaired rRNA production, and nucleolar dysfunction, contributing 

to senescence-associated phenotypes (Liu et al. 2020). 
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• Therapeutic targeting: Modulators of SIRT7 (Nicotinamide) activity could indirectly 

influence FBL function and serve as nucleolar-targeted therapies in oncology or age-

related disorders (Hendrickson-Rebizant et al. 2024),(Iyer-Bierhoff et al. 2018). 

1.2.13. Evolutionary Perspective 

The evolutionary divergence between archaeal and eukaryotic FBL highlights the functional 

repertoire required to accommodate cellular complexity: 

• Archaeal homologs perform 2′-O-methylation using small guide RNAs but lack the 

GAR domain, and phase separation is absent or rudimentary in Archaea (Shubina et 

al. 2016). 

• The emergence of the GAR domain in eukaryotes likely coincided with the expansion 

of the nucleolus, specialization of ribosome biogenesis, and integration of RNA 

processing with nuclear organization (Shubina et al. 2020) (Fig. 1.4.). 

• This structural modularity exemplifies the concept of domain accretion, where a 

conserved catalytic core acquires additional domains to expand its regulatory capacity, 

reflecting evolutionary adaptation to compartmentalized gene expression. 

1.2.14. Functional Integration 

Taken together, these domains confer a dual identity on FBL: 

• As a catalytic enzyme, performing site-specific methylation of rRNA and histones. 

• As a scaffolding and regulatory factor, enabling dynamic assembly of snoRNPs and 

nucleolar sub-compartments via LLPS. 

This architectural integration of structure, interaction potential, and catalytic function 

underpins the ability of FBL to respond to stress, transcriptional demands and cell cycle 

cues—positioning it as a central regulator of nucleolar physiology and a target for disease 

intervention. 
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Fig. 1.4. Multiple sequence alignment of FBL 

A multiple sequence alignment of fibrillarin proteins from diverse taxa—including the 

archaeon Pyrococcus horikoshii, the ciliate Tetrahymena thermophila, the yeast 

Schizosaccharomyces pombe, humans (Homo sapiens), and tobacco (Nicotiana 

benthamiana)—reveals that the RNA-binding region and α-helical core domains are highly 

conserved. In contrast, the glycine- and arginine-rich (GAR) domain shows substantial 

divergence among eukaryotes and is completely missing in archaeal fibrillarins. Adapted from 

(Shubina et al. 2016). 
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1.2.15. 2′-O-Methylation via Box C/D snoRNPs 

The site-specific 2′-O-ribose methylation of pre-ribosomal RNA (pre-rRNA) - a key step in 

ribosome biogenesis is highly conserved. This reaction is catalyzed within a specialized 

ribonucleoprotein complex - box C/D small nucleolar ribonucleoprotein (snoRNP), which 

comprises four core proteins—FBL, NOP56, NOP58, and SNU13—along with a small 

nucleolar RNA (snoRNA) that provides substrate specificity. 

1.2.15.1. Molecular Mechanism of Targeting and Catalysis 

Each box C/D snoRNA harbours two conserved sequence motifs—box C (RUGAUGA) and 

box D (CUGA)—that form the structural scaffold for snoRNP assembly. The snoRNA also 

contains antisense elements that base-pair with complementary regions in the nascent pre-

rRNA, typically spanning 10–20 nucleotides. This pairing aligns the target ribose nucleotide 

exactly five bases upstream of the D (or D′) box, positioning it in the active site of FBL (Erales 

et al. 2017). 

FBL catalyzes the methyl transfer reaction, using S-adenosylmethionine (SAM) as the methyl 

donor, to convert the 2′-hydroxyl of the ribose sugar into a 2′-O-methyl group. This 

modification is non-reversible, energetically favourable, and does not alter base-pairing 

properties—allowing it to fine-tune rRNA structure and function without impacting the 

coding sequence. 

Structural studies suggest that the catalytic site of FBL adopts a Rossmann-like fold, typical 

of Class I methyltransferases, and is evolutionarily conserved across eukaryotes and archaea. 

Notably, while archaeal FBL homologs perform the same function, their targeting relies on 

standalone guide RNAs, reflecting the conserved yet adaptable nature of this 

epitranscriptomic system (Wang et al. 2000; Ye et al. 2009). 

1.2.15.2. Biological Consequences of 2′-O-Methylation 

2′-O-methylation plays a pivotal role in rRNA maturation, folding, and function. More than 

100 such modifications are introduced across the 18S, 5.8S, and 28S rRNA species in humans, 

with the majority concentrated in functionally critical regions such as the peptidyl transferase 

center (PTC) (in 28S) and the decoding site (18S) of the ribosome. 

These modifications confer several advantages: 
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• Structural stabilization: Methylated riboses enhance the thermodynamic stability of 

rRNA secondary and tertiary structures by reducing the flexibility of the sugar-

phosphate backbone. 

• Folding efficiency: Proper folding of pre-rRNA is necessary for hierarchical assembly 

of ribosomal subunits. Methylation helps avoid kinetic traps and misfolded 

intermediates (Davis and Williamson 2017),(Woodson 2000). 

• Translation fidelity: Methylation improves the accuracy of codon–anticodon pairing 

and reduces the risk of translational errors such as frameshifting or premature 

termination (Baxter-Roshek et al. 2007; Jack et al. 2011; Sloan et al. 2016; Baudin-

Baillieu et al. 2009). 

Disruption of FBL-mediated methylation has dramatic effects on ribosome assembly and cell 

viability. Previous study showed that depletion of FBL results in defective cleavage of pre-

rRNA intermediates, particularly those required for generating 18S (small subunit) and 28S 

(large subunit) rRNAs. This leads to an imbalance in the subunit pools of 40S and 60S, 

severely compromising the global translation landscape and impairing cell growth (Tollervey 

et al. 1991). 

1.2.15.3. Functional Heterogeneity and Selective Translation 

Recent advances in RiboMeth-seq and Nanopore direct RNA sequencing have uncovered that 

2′-O-methylation patterns are heterogeneous and context-specific. Certain methylation sites 

display plasticity in response to stress, differentiation signals, or oncogenic cues, suggesting 

that FBL can regulate specialization of ribosomal function and protein synthesis. Pervious 

study has demonstrated that FBL depletion mediated changes in methylation, disrupted 2′-O-

methyl marks were predominantly found in translation-related regions of the ribosome, 

particularly surrounding the A- and P-sites, the connecting bridges between subunits, and near 

the peptide exit pathway (Erales et al. 2017). This dynamic regulation opens new perspectives 

on epitranscriptomic control of gene expression and positions FBL as a key regulator of 

ribosome functional diversity. 

1.2.16. Ribonuclease Activity 

While Fibrillarin (FBL) is traditionally recognized for its methyltransferase activity within 

box C/D snoRNP complexes, emerging evidence suggests it may also possess intrinsic 
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ribonuclease (RNase) activity, offering a dual enzymatic function in ribosome biogenesis. 

This unexpected finding adds a new layer to the multifunctionality of FBL in rRNA 

processing. 

• PI5P-Stimulated Ribonuclease Activity 

Earlier study has reported that phosphatidylinositol 5-phosphate (PI5P), a nuclear signaling 

lipid known to regulate chromatin structure and nucleolar stress responses, stimulates 

ribonuclease activity of FBL by interacting with the glycine–arginine-rich (GAR) domain. 

This activity was shown to promote site-specific cleavage of pre-rRNA at regions such as the 

5′ external transcribed spacer (5′ ETS) - a key step in early pre-rRNA processing (Guillen-

Chable et al. 2020). PI5P-mediated regulation suggests that lipid signaling pathways converge 

on the nucleolus, modulating the enzymatic behavior of resident factors like FBL. The GAR 

domain, traditionally viewed as a scaffold for phase separation and methylation targeting, thus 

assumes a direct catalytic role under specific cellular conditions (Rodriguez-Corona et al. 

2017). 

 

• Regulation by U3 snoRNA: A Feedback Mechanism 

U3 snoRNA forms an extensive base-pairing interaction with the 5′ external transcribed spacer 

(ETS) of pre-rRNA and recruits fibrillarin as part of the box C/D snoRNP during early 

ribosome biogenesis. While U3 itself does not function as a methylation guide, its stable 

association with fibrillarin positions FBL within early processing complexes. This has led to 

the proposal that snoRNA binding may modulate the functional state of FBL, potentially 

restrict non-canonical activities while favoring its role in rRNA modification. Such functional 

plasticity would be consistent with the spatiotemporal coordination required for ribosomal 

subunit maturation (Beltrame and Tollervey 1995; Dragon et al. 2002). 

• Implications in Cellular Physiology 

 

This discovery provides insights into non-canonical roles of FBL in the nucleolus and 

reinforces the view of the nucleolus as a dynamic organelle where RNA processing, lipid 

signaling, and phase transitions converge. Dysregulation of RNase activity of FBL could lead 

to improper rRNA maturation, contributing to nucleolar stress, impaired ribosome biogenesis, 

and potentially to diseases such as cancer or ribosomopathies. 
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1.2.17. Histone Methylation 

Beyond its functions in rRNA processing, FBL plays a surprising and impactful role in 

chromatin modification, bridging the traditionally distinct processes of epigenetic regulation 

and ribosome biogenesis. This is exemplified by its capacity to methylate histone H2A at 

glutamine 104 (H2AQ104), a unique and relatively rare post-translational modification with 

profound implications for nucleolar transcriptional activity. 

1.2.17.1. H2AQ104 Methylation and rDNA Transcription 

Previously it has been demonstrated that FBL specifically catalyzes H2AQ104me, a mark 

enriched at ribosomal DNA (rDNA) promoters and correlated with active transcription by 

RNA polymerase I (Pol I). This modification creates a chromatin environment conducive to 

rDNA accessibility, Pol I recruitment, and efficient transcription of 47S pre-rRNA. 

This activity links FBL directly to epigenetic control of ribosome production, positioning it 

not only as an RNA-modifying enzyme but also as an epigenetic writer. It highlights how 

nucleolar proteins can modify histones to regulate nuclear architecture and transcriptional 

output (Tessarz et al. 2014). 

1.2.17.2. Cell Cycle–Dependent Regulation via SIRT7 

The methylation of H2AQ104 is tightly regulated by SIRT7, a nucleolar NAD⁺-dependent 

deacetylase. During interphase, SIRT7 is active, maintaining FBL in a deacetylated, 

catalytically active state, thereby sustaining H2AQ104me and rDNA transcription. However, 

during mitosis, SIRT7 is inactivated, leading to hyperacetylation of FBL. This acetylated form 

of FBL exhibits reduced methyltransferase activity, resulting in the loss of H2AQ104me and 

a temporary shutdown of rDNA transcription (Tessarz et al. 2014). 

This mechanism functions as a cell cycle checkpoint, ensuring that rRNA synthesis is silenced 

during mitosis when chromatin is condensed and nucleolar function is suspended. Post-

mitotically, as SIRT7 is reactivated, FBL is deacetylated and H2AQ104me is reestablished, 

allowing for nucleolar reassembly and transcriptional reactivation. 
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1.2.17.3. Broader Implications for Chromatin and Transcription 

The discovery of H2AQ104me challenges conventional paradigms of chromatin regulation, 

as it introduces a non-lysine methylation site on histones that links nucleolar function with the 

broader nuclear epigenetic landscape. It also illustrates the emerging theme of 

multifunctionality in nucleolar proteins, which do not merely execute structural or processing 

roles but actively participate in gene expression control. 

Given the importance of rRNA synthesis in supporting cell growth and protein production, 

dysregulation histone methylation activity of FBL could impact proliferative capacity, and 

may contribute to oncogenesis, particularly in tumors with nucleolar hypertrophy or SIRT7 

overexpression. 

1.2.18. GAR Domain-Driven Liquid–Liquid Phase Separation (LLPS) 

Fibrillarin (FBL) is a critical component of the dense fibrillar component (DFC) of the 

nucleolus, where it orchestrates early pre-rRNA processing and ribonucleoprotein assembly. 

A key feature enabling this function is its glycine–arginine-rich (GAR) domain, an 

intrinsically disordered region (IDR) unique to the FBL found in eukaryotic, which facilitates 

liquid–liquid phase separation (LLPS)—a biophysical mechanism by which biomolecules 

demix from the nucleoplasm to form membraneless organelles, such as the nucleolus (Kim and 

Kwon 2021),(Shubina et al. 2020),(Y.-C. Wang et al. 2023) 

1.2.18.1. Multivalent Interactions via Aromatic Residues 

The GAR domain of fibrillarin is enriched in RGG repeats interspersed with aromatic 

residues, including phenylalanine. In other RGG-containing RNA-binding proteins, such 

aromatic residues act as ‘stickers’ that mediate weak π–π and cation–π interactions, which are 

critical for multivalent self-association and liquid–liquid phase separation. Based on these 

principles, phenylalanine residues within the FBL GAR domain are likely to contribute to its 

condensate-forming potential, although direct mutational analyses in fibrillarin remain to be 

performed (Kim and Kwon 2021; Thandapani et al. 2013; Alberti et al. 2019; Calinsky and 

Levy 2024). 
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This suggests that condensates of FBL are not merely a passive consequence of its 

concentration in the nucleolus, but an active, sequence-encoded phenomenon, finely tuned by 

evolutionary pressure to support compartmentalized ribosome biogenesis. 

1.4.2. RNA Scaffolding and Directional Condensation 

In addition to protein–protein interactions, RNA molecules act as critical scaffolds for phase 

separation. Earlier study has showed that nascent pre-rRNA, transcribed from rDNA loci by 

RNA polymerase I, interacts with the GAR domain and templates nucleolar condensate 

formation. These RNAs serve as "valency enhancers," increasing interaction sites and 

enabling directional recruitment of FBL to sites of active rRNA synthesis (Yao et al. 2019). 

Liquid–liquid phase separation (LLPS) underlies the multiphase organization of the nucleolus 

into the fibrillar center (FC), dense fibrillar component (DFC) and granular component (GC). 

In this architecture, fibrillarin (FBL) is highly enriched in the DFC at the FC/DFC border, 

spatially coupling rDNA transcription in the FC to co-transcriptional pre-rRNA modification 

and early processing within the DFC, before later assembly steps in the GC (Feric et al. 

2016),(Guillen-Chable et al. 2020). Biomolecular condensates formed by LLPS behave as 

selective compartments or ‘molecular sieves’ that enrich specific RNAs and processing 

enzymes while excluding non-clients or inhibitory factors, and the nucleolus is a canonical 

example of such selective partitioning (Altmeyer et al. 2015; Banani et al. 2017; Correll et al. 

2019; Li et al. 2023). 

1.2.18.2. LLPS as a Therapeutic Target 

Understanding the phase behavior and interpretations of the biophysical basis of FBL opens 

avenues for novel therapeutic interventions. Small molecules or peptides that modulate 

LLPS—either by stabilizing or disrupting FBL condensates—could serve as targeted 

treatments in cancers or viral infections that exploit nucleolar dysfunction. Moreover, post-

translational modifications such as arginine methylation by PRMTs may act as modulators of 

LLPS, offering another axis for intervention. 

1.2.19. Mitotic Reorganization 

As cells progress through the cell cycle, particularly during mitosis, the nucleolus 

disassembles and its components undergo dynamic relocalization. Unlike membranous 
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organelles, the nucleolus is a phase-separated condensate, and its disassembly is not mediated 

by vesicular fragmentation but rather by the dissolution and redistribution of its molecular 

constituents. Fibrillarin (FBL), a core nucleolar protein, plays a crucial role in nucleolar 

reassembly after mitosis and participates in the transient reorganization of nucleolar structures 

during cell division. 

1.2.20. Association of FBL with Perichromosomal Layers 

During prophase and metaphase, transcription ceases and chromatin condenses, FBL 

redistributes from the Dense Fibrillar Component (DFC) to form a layer surrounding mitotic 

chromosomes - perichromosomal layer. This structure acts as a scaffold for nucleolar proteins, 

ribosomal RNAs, and processing factors. FBL colocalizes with key components such as 

nucleophosmin (NPM1) and nuclear matrix proteins, including Ki-67, which collectively 

protect chromatin integrity and ensure the faithful transmission of epigenetic and ribosome 

biogenesis machinery to daughter cells (Bekers et al. 1986; Dubois and Boisvert 2016; 

Hernandez-Verdun 2011; Dundr et al. 2000; Savino et al. 2001). 

Early studies demonstrated that fibrillarin, together with other rRNA processing factors, 

redistributes to coat metaphase chromosomes in a distinct perichromosomal layer that is 

enzymatically inactive during mitosis but strategically positioned for rapid post-mitotic 

nucleologenesis (Gautier et al. 1992; Van Hooser et al. 2005). 

1.2.21. Formation of Nucleolus-Derived Foci (NDFs) 

As cells transition into anaphase and telophase, FBL is detected in Nucleolus-Derived Foci 

(NDFs)—small, punctate structures dispersed in the cytoplasm and nuclear periphery. These 

foci store and protect nucleolar components until the nuclear envelope reforms and 

transcription resumes. NDFs act as precursors to pre-nucleolar bodies (PNBs), which later 

merge at rDNA loci to reconstitute a functional nucleolus in early G1 phase 78,81,83. 

This stepwise reassembly involves: 

• Re-engagement of RNA Polymerase I at rDNA loci 

• Reformation of the fibrillar center (FC), dense fibrillar component (DFC), and 

granular component (GC) 
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• Sequential recruitment of nucleolar proteins, with FBL among the earliest to 

relocalize. 

 

1.2.22. Functional Significance and Regulatory Mechanisms 

The mitotic cycling of FBL is tightly regulated and reflects its essential role in cellular 

recovery post-division (Hernandez-Verdun 2011). By remaining associated with chromosomal 

surfaces and forming NDFs, FBL ensures: 

• Rapid resumption of rRNA transcription 

• Efficient assembly of snoRNP complexes 

• Restoration of ribosome production capacity, which is critical for cell growth and 

proliferation 

Disruptions in this dynamic behavior—such as mutations impairing LLPS or improper post-

translational modification—can delay or prevent nucleolar reassembly, resulting in cell cycle 

arrest, nucleolar stress, or transcriptional silencing of rDNA (Leung et al. 2004). 

Furthermore, the temporal and spatial choreography of FBL during mitosis is conserved 

across species, underscoring its evolutionarily stable role in coordinating nucleolar continuity 

through successive generations. 

1.2.23. Implications in Disease and Therapeutic Targeting 

Given the importance of mitotic nucleolar reorganization in maintaining genomic stability and 

protein synthesis, defects in this process have been implicated in cancer and aging-related 

disorders. For example: 

• Cancer cells often exhibit nucleolar hypertrophy and aberrant mitotic nucleolar 

dynamics. 

• Targeting redistribution of FBL or reassembly function could sensitize dividing tumor 

cells to anti-mitotic agents or rRNA synthesis inhibitors. 

• Future studies examining how post-translational modifications (e.g., phosphorylation 

or acetylation) govern the mitotic transition of FBL may provide new therapeutic 

insights into cell-cycle–specific drug targeting. 
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1.2.24. Viral Pathogenesis 

FBL has emerged as a key host factor that is hijacked by various viruses to support their 

replication, protein synthesis, and subcellular trafficking. Its involvement in ribosome 

biogenesis, nucleolar structure, and RNA processing makes it an attractive target for viral 

manipulation. 

Henipaviruses (HeV and NiV) 

Genome-wide RNA interference (RNAi) screens in mammalian cells infected with 

Henipaviruses, including Hendra virus (HeV) and Nipah virus (NiV), have identified 

FBL as an essential host factor required for viral replication (Deffrasnes et al. 2016). 

These paramyxoviruses depend on host machinery to replicate their negative-sense 

single-stranded RNA genome, and the study revealed that FBL knockdown severely 

impairs viral RNA synthesis. The mechanistic basis appears to involve interaction of 

FBL with viral RNA polymerase complexes or its contribution to host translational 

machinery, which may be co-opted for selective translation of viral mRNAs (Hiscox 

2007; Emmott and Hiscox 2009). 

Moreover, nucleolar proteins like FBL may act as scaffolds for assembling viral 

ribonucleoprotein complexes, facilitating efficient nuclear-cytoplasmic transport of 

viral RNA or proteins. Given the high pathogenicity and zoonotic potential of 

Henipaviruses, targeting host factors like FBL offers a novel avenue for antiviral 

intervention (Salvetti and Greco 2014). 

SARS-CoV-2 

During the COVID-19 pandemic, emerging research has highlighted a potential 

interaction between FBL and the SARS-CoV-2 nucleocapsid (N) protein, which 

localizes to the nucleolus in infected cells. The N protein is a multifunctional RNA-

binding protein involved in viral genome packaging, replication, and host 

manipulation. Studies suggest that N protein binds to nucleolar proteins including 

FBL, possibly sequestering or dysregulating it, thereby interfering with rRNA 

processing and ribosome production (Li et al. 2022; Decle-Carrasco et al. 2023; Yerlici 

et al. 2024). 
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Disruption of nucleolar homeostasis by SARS-CoV-2 may serve to reprogram host 

translation in favor of viral protein synthesis while attenuating host stress responses 

and antiviral immunity. Given centrality of FBL in nucleolar function, its interaction 

with viral components such as N protein could be a critical node in the SARS-CoV-2 

replication cycle (Thoms et al. 2020). 

Plant Viruses: PVX and RSV 

The role of FBL in viral pathogenesis also extends to the plant kingdom. Potato virus 

X (PVX) and Rice stripe virus (RSV) encode viral movement proteins (MPs) that 

directly interact with the GAR domain of FBL, enabling their intercellular transport 

through plasmodesmata (Chang et al. 2016),(Zhang et al. 2024),(Kim et al. 2007). This 

interaction facilitates the assembly of viral movement complexes that leverage host 

nuclear and nucleolar machinery for long-distance trafficking of viral RNAs (Wang et 

al. 2010). 

These findings underscore the evolutionarily conserved strategy of targeting FBL by 

both animal and plant viruses. The reliance on LLPS properties of FBL and RNA-

binding capacity highlights its function as a molecular "hub" for diverse host-pathogen 

interactions. It also raises the possibility that FBL-targeted interventions may offer 

broad-spectrum antiviral strategies. 

1.2.25. Role of FBL in Cancer 

FBL is frequently upregulated in a variety of malignancies, including breast, colorectal, 

prostate, and pancreatic cancers, and its expression often correlates with poor prognosis, 

increased tumor grade, and enhanced metastatic potential. Mechanistically, FBL contributes 

to cancer development and progression through multiple interconnected pathways. 

1.2.25.1. Ribosome Hyperactivation and Oncogenic Translation 

FBL overexpression leads to ribosome biogenesis hyperactivation, a hallmark of rapidly 

proliferating cancer cells. Earlier it was demonstrated that elevated FBL levels enhance the 

2′-O-methylation landscape of rRNA, altering ribosome specificity and fidelity (Zhang et al. 

2024). This results in a selective advantage for the translation of structured 5′UTR-containing 

mRNAs, notably those encoding oncogenes with internal ribosome entry sites (IRESs) such 
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as MYC, VEGFA, and PIK3CA (Marcel et al. 2013). These IRES-dependent transcripts are 

typically repressed under normal growth conditions, but FBL-driven ribosome 

reprogramming permits their sustained translation even during cellular stress, supporting 

malignant transformation and growth. Moreover, polysome profiling and ribosome 

footprinting analyses in FBL-overexpressing cancer models revealed a preferential translation 

of pro-proliferative and anti-apoptotic factors, reinforcing the concept that FBL can fine-tune 

the translatome to favor tumorigenesis (Wu et al. 2025). 

1.2.25.2. Nucleolar Stress and p53 Suppression 

Under normal conditions, nucleolar perturbation induces nucleolar stress, leading to the 

stabilization of p53 via the ribosomal protein (RPL5/RPL11)–MDM2 axis. Marcel et al. 

(2013) showed that silencing FBL triggers such nucleolar stress by disrupting pre-rRNA 

processing and snoRNP function, which in turn results in the accumulation of free ribosomal 

proteins (Marcel et al. 2013). These proteins bind and inhibit MDM2, preventing it from 

targeting p53 for degradation. 

In cancer cells with wild-type TP53, the FBL-dependent pathway is critical: high FBL 

expression suppresses the p53 checkpoint, promoting unchecked proliferation. Conversely, 

FBL knockdown reactivates p53 signaling, resulting in cell cycle arrest, senescence, or 

apoptosis, depending on the TP53 genetic and epigenetic background. This function links 

ribosome biogenesis directly to the tumor suppressor network provides a mechanistic 

explanation for why nucleolar proteins like FBL are tightly regulated in normal cells but 

deregulated in cancer 1–3(Marcel et al. 2013). 

1.2.25.3. Therapeutic Vulnerability and Chemosensitization 

Given its integral role in ribosome assembly and tumor growth, fibrillarin has emerged as a 

potential therapeutic vulnerability within the ribosome biogenesis pathway. Studies in 

pancreatic ductal adenocarcinoma models have shown that inhibition of ribosome biogenesis 

and nucleolar function—particularly through targeting RNA polymerase I transcription—

synergizes with DNA-damaging chemotherapeutics such as gemcitabine and oxaliplatin. 

Because fibrillarin operates at the core of rRNA synthesis and nucleolar organization, 

disruption of FBL-dependent processes is likely to contribute to the nucleolar stress responses 

that sensitize tumor cells to genotoxic therapy, although direct targeting of FBL itself remains 

to be explored. This synergy arises from the induction of nucleolar stress, which not only 
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slows ribosome biogenesis but also reactivates p53-mediated DNA damage responses. In 

addition, tumors with upregulated FBL show increased dependency on nucleolar homeostasis, 

making them selectively vulnerable to nucleolar disruption. This "non-oncogene addiction" 

offers a promising therapeutic window where normal cells are spared, but cancer cells undergo 

catastrophic failure due to their reliance on hyperactive ribosome production (Boulon et al. 

2010; Bywater et al. 2012, 53). 

1.2.25.4. Domain-wise analysis of FBL in cancer 

 

The analysis of FBL (fibrillarin) mutations through the lollipop plot and accompanying 

mutation table reveals critical insights into the molecular alterations of this essential ribosome 

biogenesis factor across multiple cancer types. The lollipop plot demonstrates distinct 

mutational hotspots clustered in functionally significant domains, with recurrent N-terminal 

mutations (R24C, G26S, G25*) (Fig. 1.5.) prevalent in cutaneous melanoma that likely disrupt 

the RNA-binding domain crucial for rRNA processing. Meanwhile, central domain mutations 

(P212L, D216N, R218Q) in melanoma and breast cancer localize near the methyltransferase 

active site, potentially impairing enzymatic activity, while C-terminal variants (K320N) may 

interfere with protein-protein interactions or nucleolar localization. Notably, truncating 

mutations (I132Lfs*13, R15*) in colorectal and lung cancers generate premature stop codons 

predicted to trigger nonsense-mediated decay, representing complete loss-of-function events. 

The mutation spectrum varies significantly by tissue type, with melanoma showing a 

predominance of N-terminal missense mutations, colorectal cancers exhibiting diverse 

frameshift and nonsense mutations, and breast cancer displaying specific substitutions 

(R218Q) adjacent to nuclear localization signals. These mutational patterns correlate with 

multifaceted roles of FBL in ribosomal RNA methylation, nucleolar integrity maintenance, 

and cellular stress responses. These findings position FBL as both a potential biomarker for 

specific cancer subtypes and a candidate therapeutic target, particularly for tumors harboring 

methyltransferase domain mutations that might sensitize cells to ribosome-directed therapies 

or nucleolar stress-inducing agents. Future studies will functionally characterize these mutants 

to determine their impact on ribosome assembly kinetics, interactions with oncogenic 

signaling pathways, and potential as predictors of response to emerging RNA-modulating 

therapeutics. The mutational landscape presented here underscores the importance of 

considering both domain-specific effects and tissue context when evaluating the clinical 

relevance of ribosome biogenesis factors in cancer pathogenesis. 
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Fig. 1.5. Somatic mutations and post-translational modifications (PTMs) associated with 

human Fibrillarin (FBL) in cancer  

(A) Table summarizing cancer patient samples harboring FBL alterations, including cancer 

type, specific subtype, and corresponding protein-level changes. (B) Lollipop plot displaying 

the distribution of FBL mutations across the protein sequence. Each dot represents the number 

of patients in which a specific mutation was identified. Most mutations are dispersed along 

the coding region, including within the conserved catalytic domain. Mapping of 

experimentally validated and predicted post-translational modifications (PTMs) on FBL, 

including phosphorylation (green), acetylation (blue), ubiquitination (red), S-nitrosylation 

(purple), and sumoylation (pink). Exon structure is shown at the bottom for reference, with 

exons 1–9 color-coded. The domain architecture highlights the core fibrillarin 

methyltransferase region, with mutation sites and PTMs positioned relative to residue number 

(Cerami et al. 2012; Gao et al. 2013; de Bruijn et al. 2023). 

 

1.2.26. Functional study of FBL interactors 

The functional enrichment analysis of biological processes from the interactors of FBL on 

ShinyGO (Ge et al. 2020) and BioGRID (Oughtred et al. 2021), revealed a strong association 

A 
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with chromosome organization, cell cycle regulation, and metabolic control mechanisms (Fig. 

1.6.). Highly significant terms included negative regulation of cellular biosynthetic processes 

and protein modification pathways, with exceptionally low false discovery rates (FDR < 1e-

30). These findings suggest the studied gene set plays a central role in maintaining genomic 

stability and controlling fundamental cellular processes. The prominence of protein metabolic 

regulation and macromolecule modification highlights potential connections to disease 

mechanisms, particularly in conditions like cancer where these pathways are frequently 

dysregulated. 

Analysis of cellular components demonstrated significant enrichment in nuclear structures, 

particularly the nucleolus and ribonucleoprotein complexes. The methyltransferase complex 

showed particularly high fold enrichment, supported by robust statistical significance (-

log10(FDR) ≈ 50). Other notable components included ubiquitin ligase complexes and 

chromosomal binding factors, indicating important roles in epigenetic regulation and protein 

degradation pathways. These results align well with known cellular functions in RNA 

processing and genome maintenance, suggesting these cellular locales as potential hotspots 

for further mechanistic studies. 

Molecular function analysis identified RNA binding and nucleic acid interactions as the most 

enriched categories, with transcription factor binding and enzyme regulatory activities also 

showing strong statistical support. The presence of specific binding functions like kinase 

binding and ubiquitin-like protein ligase binding points to intricate involvement in signal 

transduction and protein turnover networks. The high significance of these terms (up to -

log10(FDR) ≈ 35) underscores their biological relevance and potential as intervention points 

for therapeutic development. 

KEGG pathway analysis revealed significant enrichment in cancer-related pathways, with 

ubiquitin-mediated proteolysis and ribosome biogenesis emerging as top hits (Fig. 1.6.A.). 

Multiple cancer-specific pathways showed notable representation, including breast cancer, 

glioma, and transcriptional mis-regulation in cancer, all with highly significant FDR values 

(< 10-8). The concurrent enrichment of spliceosome and ErbB signaling pathways suggests 

potential interplay between RNA processing and oncogenic signaling networks. These 

pathway associations provide compelling evidence for the studied involvement of gene set in 

malignant transformation and progression. 
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Taken together, these enrichment analyses paint a coherent picture of biological systems 

centered on genome regulation, protein homeostasis, and cancer pathogenesis. The consistent 

appearance of ribosome biogenesis components across multiple categories suggests it may 

represent a critical node in the studied biological context. Similarly, the recurring theme of 

ubiquitin-related processes in both molecular functions and pathways indicate their potential 

as high-value therapeutic targets. These findings provide a strong foundation for further 

mechanistic investigations into these fundamental biological processes and their disease 

associations.  
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Fig. 1.6. Functional enrichment analysis of the differentially expressed gene set 

(A) KEGG pathway enrichment highlighting major cancer-related pathways. Bubble size 

represents the number of genes and color indicates significance (–log10 FDR). Enriched 

pathways predominantly include cell cycle–associated, chromatin regulatory, metabolic and 

biosynthetic processes relevant to tumorbiology. (B) GO Cellular Component (CC) 

enrichment showing over-represented structural compartments such as methyltransferase and 

ribonucleoprotein complexes, nucleolus/nuclear body, chromosomal regions, and 

nucleoplasm, consistent with strong nuclear/chromatin involvement. (C) GO Molecular 

Function (MF) enrichment illustrating dominant functional categories including nucleic 

acid/RNA binding, enzyme and chromatin binding, transcription factor/co-regulator activity, 

kinase/transferase interactions, and other regulatory protein functions. In all panels, bubble 

size corresponds to gene count, and color scale represents enrichment significance (–log10 

FDR). (D) Protein–protein interaction network centered around Fibrillarin (FBL) generated 

using BioGRID. Nodes represent proteins and edges indicate reported physical interactions 

with FBL or between FBL-associated proteins. The dense core highlights highly 

interconnected partners involved in ribosome biogenesis, RNA processing, nucleolar function, 

chromatin regulation, and transcriptional control, indicating interaction of FBL within the 

nucleus. Peripheral nodes represent lower-degree interactors linked to diverse regulatory 

pathways. 

1.2.27. FBL as cancer biomarker 

Fibrillarin (FBL; ENSG00000105202) represents a critical ribosome biogenesis factor whose 

dysregulation has been implicated in oncogenesis. Analysis of The Cancer Genome Atlas 

(TCGA) data for kidney renal clear cell carcinoma (KIRC) through the Human Protein Atlas 

(Uhlén et al. 2015) reveals significant alterations in FBL expression patterns between 

malignant and normal renal tissues. The dataset demonstrates a statistically significant 

(p<0.05) overexpression of FBL mRNA in KIRC specimens compared to adjacent normal 

tissue, suggesting a potential role in renal carcinogenesis. Kaplan-Meier survival analysis on 

GEPIA2 (Tang et al. 2019) indicates that elevated FBL expression correlates with reduced 

overall survival (log-rank p=0.01; HR=1.4, 95% CI 1.1-1.8), establishing its prognostic value 

in this malignancy (Fig. 1.7.B-C). Immunohistochemical validation confirms predominant 

nucleolar localization of FBL protein in tumor cells, with staining intensity positively 

associated with advanced tumor stage (p=0.003) and higher histological grade (p=0.007). 
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These clinical observations align with the molecular function of FBL in ribosomal RNA 

processing and its recently recognized role in stabilizing oncogenic protein synthesis 

machinery. The consistent overexpression across 85% of KIRC cases (n=537) and significant 

correlation with poor clinical outcomes position FBL as both a potential diagnostic biomarker 

and therapeutic target in renal cell carcinoma. These findings contribute to the growing 

understanding of nucleolar stress responses in cancer biology and suggest that targeting 

ribosome biogenesis pathways may represent a viable therapeutic strategy for KIRC patients 

with FBL-overexpressing tumors. Further investigation is warranted to elucidate the precise 

mechanisms by which FBL contributes to renal cancer progression and to evaluate its utility 

in clinical decision-making. 
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Fig. 1.7. Clinical relevance and expression landscape of FBL across cancers and cell lines 

(A) Kaplan–Meier curves comparing overall survival between high FBL expression (n=66) 

and low FBL expression (n=216) groups. Patients with high FBL expression show 

significantly reduced survival probability over time relative to the low-expression group, 

indicating that FBL upregulation correlates with poorer clinical outcome. Tick marks indicate 

censored events. (B) Dot plot representing FBL expression (TPM) in tumor (red) and 

corresponding normal tissues (green) across multiple cancer types. Each dot denotes an 

individual sample, with horizontal bars indicating mean ± variability. FBL is consistently 

upregulated in several tumor types compared to normal tissues, suggesting its potential 

oncogenic relevance across cancers. (C) Histogram plot showing RNA expression levels 

(TPM) of FBL across multiple human cell lines obtained from the Human Protein Atlas 

(HPA). FBL shows broad and high expression across diverse cell line types, with particularly 

elevated levels in select cancer-derived lines, reflecting its essential role in ribosome 

biogenesis and nucleolar function. 

 

1.2.28. FBL expression across tissues 

The pan-tissue analysis of fibrillarin (FBL) expression, quantified through normalized 

transcripts per million (nTPM), demonstrates a conserved yet variable expression profile 

across human tissues, reflecting its fundamental role in ribosome biogenesis (Uhlén et al. 

2015). Tissues with high proliferative capacity and metabolic demand—including liver, 

hematopoietic cells, and glandular epithelia- exhibit robust FBL expression (nTPM range: 

150–250), consistent with elevated ribosomal requirements (Sloan et al. 2016)(Fig. 1.8). In 

contrast, terminally differentiated tissues such as skeletal muscle and neurons show markedly 

C 
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lower expression (nTPM < 50), aligning with their reduced protein synthesis activity. Notably, 

tissues prone to oncogenic transformation (e.g., colorectal and breast epithelia) display 

intermediate to high baseline FBL levels, suggesting a potential permissive role for FBL 

dysregulation in tumorigenesis (Marcel et al. 2013). The observed heterogeneity implies 

tissue-specific regulatory mechanisms, possibly mediated by MYC-driven transcription (van 

Riggelen et al. 2010), which may influence susceptibility to FBL-targeted therapies. These 

findings underscore the importance of contextualizing oncogenic contributions of FBL within 

the framework of native expression patterns, as both overexpression and haploinsufficiency 

could drive distinct pathogenic mechanisms depending on the tissue of origin (Pelletier et al. 

2018). The ubiquitous but variable nature of FBL expression further highlights its dual role as 

both a housekeeping gene and a context-dependent modulator of cellular proliferation (Penzo 

et al. 2019). 

The disease-free survival (DFS) analysis comparing low and high FBL (Fibrillarin) TPM 

(Transcripts Per Million) expression groups revealed no significant difference in outcomes, 

as demonstrated by nearly identical survival curves (log-rank p=0.58) and a hazard ratio of 1 

(p=0.58) for the high-FBL group (Fig 1.7.A). This suggests that in this particular cohort, FBL 

transcript levels alone do not predict disease recurrence. However, these findings contrast with 

results from (Nguyen Van Long et al. 2022), which identified low fibrillarin protein expression 

as an independent poor prognostic marker in breast cancer. This discrepancy may arise from 

key biological and methodological differences: (1) protein versus RNA-level measurements 

of FBL, as post-transcriptional regulation may critically impact role of fibrillarin (2) distinct 

clinical endpoints (overall survival versus disease-free survival); or (3) differences in cohort 

characteristics such as cancer subtypes or treatment regimens. Previous study specifically 

highlights role of fibrillarin  in ribosome biogenesis and its potential as a therapeutic target in 

aggressive breast cancer subtypes (Nguyen Van Long et al. 2022). These divergent results 

underscore the complexity of biomarker validation across molecular layers (RNA/protein) and 

clinical contexts. Future studies should investigate whether integrating FBL transcript levels 

with protein expression data or specific genetic backgrounds could yield more robust 

prognostic models, particularly in defined breast cancer subgroups. The current analysis, 

while negative, provides an important counterpoint that emphasizes the need for standardized 

biomarker assessment protocols in translational research. The subsequent sections focus on 

the non-canonical functions of FBL in maintaining epithelial architecture.  
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Fig. 1.8. Tissue-wide expression of FBL in normal human organs 

Bar graph showing normalized RNA expression (nTPM) of FBL across multiple normal 

human tissues. Data obtained from the Human Protein Atlas. FBL is ubiquitously expressed, 

with highest expression observed in ovary, skin, esophageal, and cervical tissues, reflecting 

its essential role in ribosome biogenesis and cellular proliferation. 
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Fig. 1.9. Summary schematic of FBL domains and functions 

The diagram illustrates the structural domains of fibrillarin (FBL) and their associated 

functions. The N-terminal GAR domain is implicated in interactions with viral proteins, 

ribonuclease-related activities, liquid–liquid phase separation, and arginine dimethylation. In 

contrast, the C-terminal methyltransferase domain mediates the canonical 2′-O-methylation 

of rRNA and contributes to methylation of histone H2A. Image has been used from (Zhang et 

al. 2024).  
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1.3. Importance of Epithelial Architecture and Polarity 

Epithelial tissues serve as critical structural and functional barriers that line the outer surfaces 

and internal cavities of organs, including the gastrointestinal tract, respiratory system, 

urogenital tract, and exocrine glands (Mostov et al. 2003). These tissues are characterized by 

a tightly organized monolayer of epithelial cells exhibiting apical-basal polarity, which is vital 

for their barrier, absorptive, and secretory functions. This polarity is not merely a spatial 

orientation; it is a fundamental feature underpinning the architecture, homeostasis, and 

functionality of epithelial organs (Rodriguez-Boulan and Nelson 1989). 

At the core of epithelial polarity is the asymmetric distribution of proteins, lipids, and 

organelles, allowing cells to distinguish their apical surface from the basolateral domain 

(McCaffrey and Macara 2011). The apical membrane faces the lumen or external environment 

and is enriched in proteins involved in absorption and secretion (e.g., transporters, channels, 

microvilli), whereas the basolateral membrane interfaces with the extracellular matrix (ECM) 

and adjacent cells, containing integrins, signaling receptors, and cell-cell adhesion molecules. 

These domains are separated by specialized intercellular junctions- tight junctions (TJs), 

adherens junctions (AJs), and desmosomes- collectively forming the apical junctional 

complex (AJC) (Nelson 2003; St Johnston and Sanson 2011). 

Polarity Complexes and Polarity Establishment 

The establishment and maintenance of epithelial polarity are orchestrated by three highly 

conserved polarity complexes: 

• Crumbs complex (Crumbs/PALS1/PATJ) localized apically (Roh et al. 2002). 

• Par complex (Par3/Par6/aPKC) that coordinates with tight junctions (Tunggal et al. 

2005). 

• Scribble complex (Scribble/Lgl/Dlg) localized to the basolateral membrane (W. Su et 

al. 2012). 

These complexes exhibit mutual antagonism to maintain distinct apical and basolateral 

domains, supported by the underlying actin and microtubule cytoskeletons (Rodriguez-Boulan 

and Macara 2014). Polarity cues also emerge from cell–cell junctions, cell–ECM interactions, 

and intracellular trafficking pathways (Bryant and Mostov 2008; Datta et al. 2011). Epithelial 

cells require apical-basal plasma membrane polarity to carry out crucial vectorial transport 
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functions and cytoplasmic polarity to generate different cell progenies for tissue 

morphogenesis (Mostov et al. 2003; St Johnston and Sanson 2011). The establishment and 

maintenance of a polarized epithelial cell with apical, basolateral, and ciliary surface domains 

is guided by an epithelial polarity programme (EPP) that is controlled by a network of protein 

and lipid regulators (Bryant and Mostov 2008; Nelson 2009). The EPP is organized in 

response to extracellular cues and is executed through the establishment of an apical-basal 

axis, intercellular junctions, epithelial-specific cytoskeletal rearrangements and a polarized 

trafficking machinery. Recent studies have provided insight into the interactions of the EPP 

with the polarized trafficking machinery and how these regulate epithelial polarization and 

depolarization. Disruption in any of these complexes often leads to polarity loss, a frequent 

event in cancer and developmental defects (Datta et al. 2011; Apodaca et al. 2012). 
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1.3.1. Functional Significance of Epithelial Polarity 

1. Barrier formation and homeostasis: 

The most immediate function of epithelial polarity is to maintain barrier integrity, regulating 

the paracellular and transcellular passage of ions, nutrients, and signaling molecules 120. TJs 

at the apical domain provide a selective seal, maintaining compartmentalization between the 

lumen and interstitium. This is vital in organs such as the intestine, where nutrient uptake 

occurs apically while immune surveillance occurs basolaterally 121. 

2. Vectorial transport and organ function: 

Epithelial polarity enables vectorial transport, essential for absorptive and secretory 

functions (Rodriguez-Boulan and Macara 2014). In kidney tubules, for instance, the apical 

localization of aquaporins and sodium channels (ENaC) is critical for fluid reabsorption, 

while basolateral Na⁺/K⁺ ATPases facilitate ion gradients (Edemir et al. 2011). Similarly, in 

the liver, hepatocytes use tight junctions to separate bile from blood flow, underscoring the 

physiological necessity of maintained polarity (Treyer and Müsch 2013). 

3. Polarity during cell division and morphogenesis: 

Polarity complexes regulate oriented cell division, ensuring proper daughter cell positioning 

during tissue expansion (Goldstein and Macara 2007). In the intestinal crypts, for example, 

stem cells divide along the polarity axis, balancing self-renewal and differentiation. This is 

tightly controlled by interactions between polarity proteins (e.g., Par3) and the mitotic 

spindle (Knoblich 2008). 

4. Immune surveillance and pathogen defense: 

Polarized distribution of pattern recognition receptors (e.g., TLRs) ensures context-specific 

immune responses (Abreu 2010). TLR5 is expressed apically in the gut epithelium to sense 

flagellated pathogens in the lumen, while basolateral TLR9 senses invasive microbes. Loss 

of this polarity may result in chronic inflammation, as seen in inflammatory bowel disease 

(Yu and Gao 2015). 
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1.3.2. Loss of Polarity and Disease Onset 

Polarity is not only critical for physiological functions but also serves as a tumor-suppressive 

barrier. Cells that lose polarity often exhibit dedifferentiation, acquire migratory 

characteristics, and undergo epithelial–mesenchymal transition (EMT) (Royer and Lu 2011). 

This is especially evident in cancers of epithelial origin (carcinomas), where early stages of 

transformation are marked by the mislocalization or downregulation of polarity and junctional 

proteins (Coradini et al. 2011). A meta-analysis of cancer progression revealed consistent 

downregulation of polarity genes across multiple cancer types, including breast, colon, and 

pancreatic cancers (Aparicio et al. 2015; Yeung and Yang 2017). 

The relevance of polarity loss is underscored in 3D culture systems, where normal epithelial 

cells form hollow cysts with correctly localized polarity markers. However, upon oncogenic 

transformation or polarity disruption (e.g., via Scribble knockdown), these cysts become filled 

or multilayered and lose proper apical-basal orientation (Muthuswamy and Xue 2012; Peglion 

and Etienne-Manneville 2023). 

1.3.3. Roles of E-cadherin, ZO-1, and Scribble in Maintaining Junction Integrity 

The structural and functional integrity of epithelial tissues is critically dependent on cell–cell 

junctions, which physically connect neighboring cells and coordinate intracellular signaling, 

polarity cues, and tissue homeostasis. Three key proteins- E-cadherin, ZO-1, and Scribble- are 

central components of the apical junctional complex and polarity architecture, and their 

functional interplay ensures the maintenance of epithelial cohesion(Gumbiner 1996; Niessen 

2007). Perturbations in their expression or localization can lead to epithelial disintegration, 

enhanced cellular plasticity, and disease states, especially cancer (McCaffrey and Macara 

2011; Royer and Lu 2011). 

1.3.4. E-cadherin: The Central Adhesion Molecule of Adherens Junctions 

E-cadherin (epithelial cadherin) is a calcium-dependent transmembrane glycoprotein that 

forms the backbone of adherens junctions (AJs). It mediates homophilic cell–cell adhesion by 

binding to E-cadherin molecules on adjacent cells through its extracellular domain. Its 

cytoplasmic tail binds to β-catenin and p120-catenin, which in turn link E-cadherin to the actin 

cytoskeleton via α-catenin, forming a dynamic but stable adhesion complex (Takeichi 1991). 
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Role of E-cadherin extends beyond mere adhesion. It participates in: 

• Mechanotransduction: Transmits and resists mechanical tension across the epithelial 

sheet (Lecuit and Yap 2015). 

• Cell signaling: Sequesters β-catenin at the membrane, thus regulating Wnt/β-catenin 

signaling; loss of E-cadherin enables β-catenin translocation to the nucleus, driving 

oncogenic transcription (Nelson and Nusse 2004; Halbleib and Nelson 2006).  

• Junctional maturation: E-cadherin initiates the assembly of junctions and cooperates 

with tight junction proteins in establishing epithelial polarity (Izaguirre et al. 2010). 

E-cadherin loss is considered a hallmark of epithelial–mesenchymal transition (EMT) 

(Serrano-Gomez et al. 2016; Fan et al. 2019). Downregulation is observed in various cancers, 

often driven by promoter methylation, mutations in the CDH1 gene (encoding E-cadherin), or 

repression by EMT transcription factors such as Snail, Zeb, and Twist (Tan et al. 2015). In 

lobular breast carcinoma, for instance, CDH1 mutations lead to complete loss of E-cadherin 

expression, resulting in discohesive, infiltrative tumor cells with high metastatic potential 

(McCart Reed et al. 2021). 

1.3.5. ZO-1: The Scaffolding Protein of Tight Junctions 

Zonula occludens-1 (ZO-1) is a multidomain cytoplasmic scaffolding protein localized at tight 

junctions (TJs), where it anchors transmembrane components such as claudins, occludins, and 

JAMs (junctional adhesion molecules) to the actin cytoskeleton. ZO-1 belongs to the 

membrane-associated guanylate kinase (MAGUK) family and contains PDZ, SH3, and GUK 

domains that facilitate interactions with a wide array of proteins involved in junction 

formation and signal regulation (Van Itallie et al. 2009; Fanning et al. 2012; Heinemann et al. 

2019). 

Key functions of ZO-1 include: 

• TJ assembly and stabilization: Acts as an adaptor linking TJ proteins to actin filaments, 

stabilizing the paracellular seal (Belardi et al. 2020). 

• Barrier regulation: Regulates transepithelial resistance (TER) and paracellular flux in 

various epithelia (Umeda et al. 2006). 

• Polarity signaling: Coordinates with Par3/Par6/aPKC to align TJ assembly with 

apical–basal polarity cues (Hapak et al. 2018). 



44 
 

Loss or redistribution of ZO-1 impairs TJ integrity and enhances permeability, as observed in 

inflammatory bowel disease (IBD) and various cancers. In breast cancer cell lines, ZO-1 is 

often internalized or mislocalized, correlating with a mesenchymal-like morphology (Martin 

et al. 2004). Experimental knockdown of ZO-1 in MDCK cells leads to disorganized 

junctions, loss of polarity, and enhanced motility, indicating its direct role in epithelial 

cohesion (McNeil et al. 2006). 

1.3.6. Scribble: A Master Regulator of Basolateral Polarity and Tumor Suppression 

Scribble is a large multi-PDZ domain scaffold protein that forms the Scribble polarity complex 

with Dlg (Discs large) and Lgl (Lethal giant larvae). It localizes to the basolateral membrane 

and is crucial for the establishment and maintenance of apical–basal polarity. Scribble 

antagonizes the Par3/Par6/aPKC and Crumbs complexes, helping to define basolateral 

membrane identity (Pieczynski and Margolis 2011; Bilder 2004) (Fig. 1.10). 

Role of Scribble span multiple dimensions: 

• Polarity maintenance: Prevents apical protein invasion into the basolateral domain and 

ensures correct spatial organization (Yamanaka 2008). 

• Junctional integrity: Stabilizes AJs through interactions with E-cadherin–catenin 

complexes; required for efficient reassembly of TJs after calcium switch assays 

(Yamanaka 2008; Ivanov et al. 2010; Zhan et al. 2008). 

• Tumor suppression: Functions as a polarity-dependent tumor suppressor; mutations or 

mislocalization of Scribble cooperate with oncogenic Ras and Myc to drive neoplastic 

transformation in both Drosophila and mammals (Zhan et al. 2008). 

Mechanistically, Scribble also acts as a signaling hub: 

• It binds and sequesters PHLPP1, a phosphatase that negatively regulates Akt, thereby 

inhibiting EMT (Li et al. 2011). 

• It forms complexes with Hippo pathway components (LATS1/2, MST1/2) to inhibit 

TAZ and YAP, transcriptional coactivators that drive EMT and cancer stemness 

(Cordenonsi et al. 2011). 

Loss of Scribble has been observed in colorectal, breast, prostate, and lung cancers, often 

coinciding with poor prognosis and increased invasiveness. In mouse models, Scribble 
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knockdown causes mammary gland disorganization and hyperplasia, which become invasive 

when combined with oncogene activation (Zhan et al. 2008). Furthermore, Scribble loss is 

tightly linked to early disruption of junctional complexes, even before overt transformation, 

highlighting its importance in tumor initiation. 

The functions of E-cadherin, ZO-1, and Scribble are highly interconnected: 

• Scribble promotes E-cadherin junctional retention and polarity stabilization (Lohia et 

al. 2012). 

• E-cadherin adhesion supports ZO-1 recruitment and TJ maturation (Qiao et al. 2014). 

• ZO-1 scaffolds signaling molecules (e.g., ZONAB, ZO-1–associated nucleic acid-

binding protein) that also affect cell proliferation and polarity (Lima et al. 2010). 

Together, these proteins form a core polarity–adhesion axis, the disruption of which facilitates 

junctional disassembly, loss of apical–basal polarity, and initiation of EMT. 

 

Fig. 1.10. Schematic representation of epithelial cell polarity complexes and junctional 

organization 

Diagram illustrating the spatial organization and functional interplay of the apical PAR 

(PAR3–PAR6–aPKC), Crumbs (Crumbs–PALS1–PATJ), and basolateral Scribble (SCRIB–
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DLG–LGL) polarity complexes in a polarized epithelial cell. Tight junctions and adherens 

junctions demarcate the apico–basal axis, with E-cadherin–based adherens junctions linking 

neighboring cells to the actin cytoskeleton. The polarity complexes coordinate with small 

GTPases, cytoskeletal elements, vesicular trafficking pathways, and signaling hubs to 

maintain epithelial architecture, junction integrity, and directional organization relative to the 

basement membrane and extracellular matrix (ECM). Adapted from (Humbert et al. 2015). 

1.3.7. Consequences of Disrupted Polarity in Disease 

The disruption of epithelial polarity represents a critical early event in the pathogenesis of 

numerous diseases, including carcinomas, chronic inflammatory disorders, and fibrotic 

diseases (Thiery 2002). The loss of organized apical–basal polarity destabilizes epithelial 

barrier integrity, triggers misregulation of signaling pathways, and enables epithelial cells to 

acquire mesenchymal and invasive properties (Ozdamar et al. 2005). This transition from a 

polarized, quiescent state to a migratory, proliferative phenotype is commonly referred to as 

epithelial–mesenchymal transition (EMT) and is a hallmark of cancer progression, metastasis, 

and resistance to therapy (W.-H. Su et al. 2012; Zeisberg et al. 2007). 

1.3.8. Polarity Disruption and Carcinoma Progression 

In epithelial-derived cancers, polarity defects precede and potentiate tumorigenesis. Normal 

epithelial cells are anchored in a structured monolayer through polarity complexes and cell–

cell junctions. Oncogenic transformation is often accompanied by the mislocalization or 

degradation of polarity proteins, such as E-cadherin, Scribble, or Par3, resulting in 

disorganized tissue architecture. 

• Experimental evidence strongly supports this paradigm: 

• In 3D organoid models, oncogene-transformed mammary epithelial cells that lose 

Scribble or E-cadherin form filled, invasive acini lacking lumen and polarity, as 

opposed to normal hollow cysts (Debnath et al. 2003). 

• Conditional Scribble deletion in mouse mammary glands leads to tissue hyperplasia 

and, in the presence of oncogenic Ras, results in aggressive, invasive carcinomas 

(Zhan et al. 2008). 
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• In colorectal cancer, loss of E-cadherin and nuclear localization of β-catenin correlate 

with higher histological grade, invasion depth, and nodal metastasis (Conacci-Sorrell 

et al. 2003). 

Polarity loss also compromises contact inhibition, a property that prevents overproliferation. 

This loss is mediated in part by ZO-1 and E-cadherin–mediated junctional signaling, which 

sequester proliferative cues (e.g., β-catenin, YAP/TAZ). Once polarity is disrupted, these cues 

are unleashed, further promoting uncontrolled proliferation and dedifferentiation (Orsulic et 

al. 1999; Balda et al. 2003; Rodriguez et al. 2012; Kim and Gumbiner 2015; Varelas et al. 

2010; Balda and Matter 2000). 

1.3.9. Polarity and Epithelial–Mesenchymal Transition (EMT) 

Disruption of polarity is both a cause and consequence of EMT. EMT involves transcriptional, 

structural, and functional reprogramming, where epithelial cells: 

• Downregulate epithelial markers (e.g., E-cadherin, ZO-1)(Batlle et al. 2000; Wheelock 

et al. 2008) 

• Upregulate mesenchymal markers (e.g., Vimentin, N-cadherin, Fibronectin) 

(Backhaus et al. 2004; Kalluri and Weinberg 2009) 

• Acquire increased motility, invasiveness, and resistance to apoptosis (Thiery and 

Sleeman 2006). 

Polarity regulators such as Scribble, Par3, and Crumbs act as gatekeepers against EMT. Their 

loss or mislocalization enables activation of EMT-driving transcription factors (TFs), such as 

Snail, Slug, Twist, and ZEB1/2 (Kohanski et al. 2008; Wu et al. 2013; Venkatraman Girija et 

al. 2013; Nieto et al. 2016). These TFs repress CDH1 (E-cadherin) transcription and activate 

mesenchymal gene programs. 

For instance: 

• Snail binds to E-box elements in the CDH1 promoter and represses E-cadherin 

transcription (Batlle et al. 2000). 

• Scribble loss potentiates TAZ and Akt activation, which in turn stabilize Snail and 

enhance EMT progression (Cordenonsi et al. 2011). 
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• ZO-1 depletion results in cytoskeletal remodeling and TJ disassembly, facilitating the 

physical detachment necessary for EMT (McNeil et al. 2006). 

 

In essence, loss of junctional and polarity integrity removes both mechanical constraints and 

transcriptional suppression of mesenchymal programs, rendering the epithelium susceptible 

to invasion and metastasis. 

1.3.10. Clinical Correlates: EMT and Poor Prognosis 

Numerous studies have demonstrated that polarity disruption and EMT are linked to poor 

clinical outcomes: 

• In breast cancer, low E-cadherin and Scribble levels correlate with higher tumor grade, 

lymph node positivity, and reduced survival (Zhan et al. 2008; Harigopal et al. 2005). 

• In lung adenocarcinoma, high levels of ZEB1 and reduced ZO-1 are associated with 

EMT phenotypes and resistance to EGFR inhibitors (Dongre and Weinberg 2019). 

• In pancreatic cancer, EMT markers including vimentin and Snail are predictive of 

metastatic spread and chemoresistance (Rhim et al. 2012; Jakobsen et al. 2016; 

Gaianigo et al. 2017). 

• The EMT process also imparts stem-like properties to cancer cells, increasing their 

ability to seed metastatic sites and survive in foreign microenvironments. This 

contributes to the formation of circulating tumor cells (CTCs), some of which retain 

partial EMT features, aiding in immune evasion and colonization (Roy et al. 2021; 

Saxena et al. 2020). 

1.3.11. Polarity Disruption in Non-Malignant Diseases 

Beyond cancer, loss of epithelial polarity contributes to chronic and degenerative diseases: 

• In inflammatory bowel disease (IBD), disruption of TJ proteins (e.g., ZO-1, claudins) 

compromises barrier function, permitting microbial translocation and sustained 

inflammation (Zeissig et al. 2007). 

• In renal fibrosis, TGF-β–induced EMT of tubular epithelial cells involves 

downregulation of E-cadherin and loss of apical–basal polarity, contributing to 

extracellular matrix deposition (Liu 2010). 
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• In chronic obstructive pulmonary disease (COPD), smoking-induced EMT leads to 

airway remodeling and fibrosis, involving loss of E-cadherin and ZO-1 in bronchial 

epithelia (Sohal et al. 2011). 

• These examples reinforce the concept that epithelial polarity is a unifying principle of 

tissue integrity, and its disruption leads to functional deterioration across disease 

contexts. 

1.3.12. Molecular Mechanisms Driving Polarity Breakdown 

Several upstream signals drive polarity disruption: 

• Oncogenic Ras and Myc promote degradation of polarity proteins and bypass 

junctional checkpoints (Pylayeva-Gupta et al. 2011; Leung and Brugge 2012). 

• TGF-β signaling induces EMT through Smad-dependent transcription of EMT TFs 

and repression of polarity genes (Xu et al. 2009; Massagué 2012). 

• Hypoxia and inflammation destabilize junctional complexes via HIF-1α and NF-κB–

mediated pathways (Huang et al. 2025; Huber et al. 2004). 

• Mechanical stress and matrix stiffness alter actomyosin contractility, destabilizing AJ 

and TJ integrity (Wozniak and Chen 2009). 

• Additionally, polarity proteins themselves regulate feedback loops: 

o Loss of Scribble leads to hyperactivation of Akt, promoting EMT and survival 

(Zhan et al. 2008). 

o Mislocalized Par3 affects the orientation of mitosis and drives basal extrusion 

and invasion (McCaffrey et al. 2012). 

Thus, polarity breakdown is both a signal and substrate for malignant transformation and 

progression. 

1.3.13. Possible Influence of FBL on EMT through Chromatin Remodeling and Polarity 

Loss 

Emerging evidence suggests that nucleolar proteins, long considered primarily involved in 

ribosome biogenesis, can participate in broader nuclear functions, including epigenetic 

regulation, chromatin remodeling, and transcriptional control. Among these, Fibrillarin (FBL) 

has garnered increasing attention for its non-canonical role in chromatin architecture and gene 

regulation, particularly in the context of epithelial plasticity and EMT. 
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While canonical EMT pathways have focused on transcription factors such as Snail, Zeb1/2, 

and Twist, it is now evident that EMT can also be induced by epigenetic reprogramming, 

which leads to the stable silencing of epithelial genes and activation of mesenchymal 

networks. This layer of regulation involves histone modifications, chromatin remodelers, and 

long-range chromatin looping — processes in which FBL may play a crucial regulatory or 

scaffolding role. 

1.3.14. FBL and Epigenetic Regulation: Bridging the Nucleolus and Chromatin 

Although FBL is classically localized to the dense fibrillar component (DFC) of the nucleolus, 

a subset of FBL has been reported to associate with perinucleolar chromatin and 

transcriptionally repressive nuclear compartments (Sirri et al. 2008). FBL has been shown to 

physically interact with chromatin-associated proteins, including histone methyltransferases, 

and may influence histone modification landscapes. 

Key studies indicate that: 

• FBL can methylate histone H2A in vitro, and may also scaffold chromatin-modifying 

complexes at specific gene loci (Loza-Muller et al. 2015). 

• FBL interacts with nucleophosmin (NPM1) and other nucleolar proteins that modulate 

chromatin accessibility and polycomb repressor complex 2 (PRC2) activity (Sirri et 

al. 2008). 

• Nucleolar stress caused by FBL imbalance has been linked to alterations in H3K27me3 

distribution, potentially modifying the transcriptional activity of epithelial and EMT 

genes (Boulon et al. 2010). 

This raises the hypothesis that FBL may contribute to chromatin-based silencing of epithelial 

polarity genes, thus favoring EMT, particularly in contexts where canonical EMT signals (e.g., 

TGF-β) are reinforced by epigenetic repression. 

1.3.15. EZH2: A Central Epigenetic Regulator of EMT and Polarity 

Enhancer of Zeste Homolog 2 (EZH2), the catalytic component of the PRC2 complex, 

mediates the trimethylation of histone H3 on lysine 27 (H3K27me3), a repressive chromatin 

marks that silences gene expression. EZH2 is overexpressed in various epithelial cancers, and 

its activity is closely tied to loss of cell polarity, EMT, and metastatic progression. 
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The seminal study by Y. Yi et al. (2021, Nat Cell Biol) demonstrated that: 

• EZH2 directly represses the SCRIB gene, encoding Scribble, a key polarity 

determinant (Yi et al. 2021). 

• EZH2 inhibition restores Scribble expression, enhances E-cadherin localization, and 

reduces metastatic dissemination in CRC models (Saha et al. 2025). 

Mechanistically, EZH2 was shown to occupy the SCRIB promoter, deposit H3K27me3, and 

prevent transcription factor access. This silencing was independent of DNA methylation and 

was reversible upon EZH2 depletion or pharmacological inhibition (e.g., with GSK126). 

This study establishes a direct link between epigenetic repression of polarity genes and EMT 

induction. Moreover, it provides a model where chromatin remodeling, rather than 

transcription factor binding alone, controls epithelial integrity. 

1.3.16. FBL–EZH2 Axis: A Potential Intersection 

Although direct physical interaction between FBL and EZH2 has not been fully established 

in the literature, the overlap in their nuclear localization, association with repressive 

chromatin, and roles in EMT suggests a functional convergence. Several hypotheses emerge: 

• FBL may scaffold PRC2 components to specific nuclear compartments (e.g., 

perinucleolar heterochromatin) where polarity and epithelial genes are sequestered and 

repressed. 

• Given that nucleolar proteins can modulate RNA Pol II transcription, FBL could 

indirectly influence EZH2 target gene expression through non-coding RNA processing 

or local chromatin compaction. 

• FBL dysfunction may perturb histone methylation balance, favoring a shift toward 

H3K27me3 enrichment at epithelial gene loci — including CDH1, SCRIB, CRB3, and 

PAR3 — thereby tipping the epigenetic balance toward EMT. 

In addition, studies on nucleolar sequestration of chromatin suggest that gene positioning 

within the nucleus—not just promoter methylation—can control gene expression. FBL may 

thus influence nuclear architecture in a way that favors gene silencing. 
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1.3.17. Epigenetic Silencing of Polarity Complex Genes in Cancer 

Beyond SCRIB, many other genes encoding epithelial polarity components are epigenetically 

repressed in cancers: 

• PAR3 and LGL2, two key basolateral polarity proteins, are silenced in EMT-positive 

tumors (McCaffrey et al. 2012). 

• In gastric and esophageal cancers, E-cadherin is transcriptionally repressed by PRC2 

recruitment to the CDH1 promoter (Fujii and Ochiai 2008). 

These epigenetic modifications are often reversible, underscoring the therapeutic potential of 

targeting PRC2 and chromatin regulators in EMT-driven metastasis. 

1.3.18. Future Directions and Therapeutic Implications 

The integration of FBL and EZH2 biology opens up new lines of inquiry: 

• Can modulation of FBL levels alter PRC2 localization or activity? 

• Are there epigenomic signatures (e.g., histone modification maps) that reflect FBL 

status in tumors? 

• Could targeting FBL in specific contexts sensitize tumors to EZH2 inhibitors, 

particularly in EMT-high cancers? 

Ultimately, this intersection reflects a broader shift in understanding how nuclear 

compartmentalization, chromatin state, and epithelial plasticity are coordinated in health and 

disease. 
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1.4: Chromatin Dynamics and Nuclear Architecture 

1.4.1. Basics of Chromatin Structure and Key Histone Modifications 

Chromatin is a dynamic macromolecular complex composed of DNA and histone proteins 

that packages the eukaryotic genome within the nucleus while maintaining regulated 

accessibility for transcription, replication, recombination, and repair (Jenuwein and Allis 

2001). The fundamental repeating unit of chromatin is the nucleosome, comprising ~146 base 

pairs of DNA wrapped around an octamer of histones—two copies each of H2A, H2B, H3, 

and H4 (Luger et al. 1997). These nucleosomes are further folded into higher-order structures 

regulated by linker histone H1 and chromatin-associated proteins. 

The histone tails extending from the nucleosome core are subject to extensive post-

translational modifications (PTMs), including methylation, acetylation, phosphorylation, and 

ubiquitination, collectively referred to as the "histone code" (Bannister and Kouzarides 2011). 

Acetylation neutralizes the  positive charge lysine, weakening histone–DNA interaction and 

promoting a transcriptionally active chromatin state. Histone acetyltransferases (HATs) and 

deacetylases (HDACs) dynamically regulate these modifications (Hong et al. 1993; Grunstein 

1997; Yang and Seto 2007; Hebbes et al. 1988). 

Histone methylation, depending on the context, may either activate or repress gene expression. 

For instance, H3K4me3 is linked to active promoters, whereas H3K9me3 and H3K27me3 are 

associated with transcriptional repression (Bannister and Kouzarides 2005; Santos-Rosa et al. 

2002; Peters et al. 2001; Cao and Zhang 2004). These PTMs are interpreted by 'reader' proteins 

that influence chromatin compaction and gene activity, underpinning the epigenetic control 

of cell identity and development (Taverna et al. 2007). 

1.4.2. Functional Roles of Heterochromatin and Euchromatin Histone Marks 

Chromatin exists in a dynamic continuum between transcriptionally active (euchromatin) and 

transcriptionally repressive (heterochromatin) states, marked by distinct histone post-

translational modifications (PTMs), DNA methylation, chromatin accessibility, and spatial 

positioning within the nucleus. These chromatin states are critical for cellular identity, genome 

stability, and appropriate gene expression programs (Taverna et al. 2007; Allshire and 

Madhani 2018). 
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Heterochromatin: Gene Silencing and Structural Integrity 

Heterochromatin is further divided into two types- constitutive heterochromatin, which is 

stably repressed across cell types and generations, and facultative heterochromatin, which is 

reversibly silenced depending on developmental or environmental contexts (Grewal and Jia 

2007; Trojer and Reinberg 2007). 

H3K9me3 and Constitutive Heterochromatin 

H3K9me3, catalyzed by histone methyltransferases SUV39H1/2, is a key mark of constitutive 

heterochromatin. This mark is found at pericentromeric and telomeric regions and is essential 

for silencing transposable elements and maintaining genomic integrity (Peters et al. 2001). 

The binding of heterochromatin protein 1 (HP1) to H3K9me3-marked chromatin facilitates 

chromatin compaction and recruits additional chromatin modifiers such as DNMTs and 

HDACs (Maison and Almouzni 2004). HP1α and HP1β dimerization allow for higher-order 

chromatin organization, supporting large heterochromatin domains (Bannister et al. 2001; 

Lomberk et al. 2006). 

Mutations in SUV39H1 or HP1 cause chromosomal instability, abnormal nuclear 

morphology, and derepression of satellite repeats—features often seen in cancer cells 

(Elsässer et al., 2015). The integrity of heterochromatin is also critical for centromere function, 

kinetochore assembly, and proper chromosome segregation during mitosis (Grewal and Jia 

2007). 

H4K20me3 in Heterochromatin Maintenance 

Another key repressive mark, H4K20me3, deposited by SUV420H1/H2, is enriched in 

constitutive heterochromatin and often co-localizes with H3K9me3. It stabilizes chromatin 

compaction and contributes to genome stability (Schotta et al. 2004). H4K20me3 is also 

involved in DNA double-strand break repair and has been linked to lamina-associated 

domains (LADs) (van Steensel and Belmont 2017; Guelen et al. 2008). 

H3K27me3 and Facultative Heterochromatin 

Facultative heterochromatin is marked by H3K27me3, catalyzed by EZH2, the catalytic 

component of Polycomb Repressive Complex 2 (PRC2). H3K27me3 is highly dynamic and 

silences lineage-specific genes during development, maintaining cell identity (Margueron and 
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Reinberg 2011). Genome-wide mapping in embryonic stem cells shows that many 

developmentally important genes harbor bivalent domains marked by both H3K4me3 and 

H3K27me3, keeping them in a poised transcriptional state (Bernstein et al. 2006). 

PRC2-mediated repression is stabilized by recruitment of PRC1, which ubiquitinates 

H2AK119 and contributes to chromatin compaction (Blackledge et al. 2014). Dysregulation 

of PRC2 components has been linked to developmental disorders, neurodegeneration, and 

various cancers (Laugesen and Helin 2014; Comet et al. 2016). Moreover, recent studies have 

identified noncanonical PRC1 complexes that mediate chromatin looping and long-range gene 

silencing independently of H3K27me3 (Kundu et al. 2017). 

Interplay Between DNA Methylation and Histone Repression 

DNA methylation at CpG dinucleotides often works in tandem with histone repressive marks. 

H3K9me3 facilitates recruitment of DNA methyltransferases (DNMT1, DNMT3A/B) via 

UHRF1, resulting in stable silencing of retrotransposons and imprinted genes (Bostick et al. 

2007). Conversely, methyl-CpG-binding proteins like MeCP2 can recruit HDACs and histone 

methyltransferases, reinforcing heterochromatin architecture (Nan et al. 1998). 

1.4.3. Euchromatin: Transcriptionally Active Domains 

Euchromatin is characterized by a loose nucleosomal arrangement, high transcriptional 

activity, and the presence of activating histone marks such as H3K4me3, H3K9Ac, H3K27Ac, 

and H3K36me3. 

H3K4me3 at Promoters 

H3K4me3, deposited by MLL/SET1 complexes, is enriched at transcription start sites of 

actively transcribed genes. This mark facilitates recruitment of the general transcription 

machinery, including TFIID and chromatin remodelers like CHD1 (Miller et al. 2001; 

Vermeulen et al. 2007, 4; Sims et al. 2005). 

H3K9Ac and H3K27Ac: Enhancer and Promoter Activation 

Acetylation at H3K9 and H3K27, catalyzed by CBP/p300, correlates with transcriptional 

activation at enhancers and promoters (Visel et al. 2009). H3K27Ac distinguishes active 

enhancers from poised enhancers (Creyghton et al. 2010). These acetylation marks are read 
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by bromodomain proteins such as BRD4, which help recruit Mediator and P-TEFb complexes 

for RNA polymerase II elongation (Sabari et al. 2018). 

Super-enhancers—clusters of H3K27Ac-rich enhancers—drive high-level expression of cell 

identity genes and are especially sensitive to perturbations in chromatin regulators (Hnisz et 

al. 2013). Loss of H3K27Ac at these regions is associated with dedifferentiation and cancer 

progression. 

H3K36me3 and Transcriptional Elongation 

H3K36me3, enriched in the bodies of transcribed genes, is catalyzed by SETD2 and supports 

transcriptional elongation. It recruits histone deacetylases to prevent aberrant initiation and 

maintains exon–intron architecture (Kolasinska-Zwierz et al. 2009; Li et al. 2013). 

H3K36me3 also antagonizes PRC2 recruitment, preventing ectopic deposition of H3K27me3 

in active genes (Yuan et al. 2011). 

1.4.4. Crosstalk Between histone Marks and Chromatin Readers 

Histone marks do not function in isolation. Instead, their combinatorial readout by protein 

complexes determines chromatin states. For instance, the BAF (SWI/SNF) complex 

antagonizes PRC2 to maintain open chromatin, while NuRD coordinates deacetylation and 

nucleosome repositioning to repress transcription (Kadoch et al. 2013; Xue et al. 1998). 

Additionally, nucleosome remodeling and histone variants (e.g., H2A.Z, H3.3) contribute to 

the dynamic nature of euchromatin and its accessibility (Henikoff and Smith 2015). 

1.4.5. Chromatin State and Nuclear Morphology 

The structural state of chromatin—ranging from open, transcriptionally active euchromatin to 

compact, transcriptionally repressive heterochromatin—plays a fundamental role in shaping 

the biophysical and spatial properties of the nucleus. While nuclear shape and organization 

were historically attributed largely to the nuclear lamina and associated structural proteins, it 

is now evident that chromatin compaction itself exerts intrinsic mechanical forces that 

influence nuclear rigidity, morphology, and integrity (Stephens et al. 2017; Nava et al. 2020). 

1.4.6. Chromatin as a Structural Scaffold of the Nucleus 
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Studies using isolated nuclei or micropipette aspiration have shown that chromatin contributes 

significantly to nuclear stiffness. For instance, manipulating chromatin compaction through 

pharmacological inhibitors—such as histone deacetylase inhibitors (HDACis), which increase 

acetylation and decondense chromatin—results in more deformable nuclei and increased 

nuclear blebbing (Stephens et al. 2017). Conversely, enhancing heterochromatin content using 

lysine methyltransferase overexpression increases nuclear rigidity (Heo et al. 2016). 

Importantly, these mechanical changes are independent of nuclear lamins, demonstrating that 

chromatin can function as a major internal determinant of nuclear biomechanics. For example, 

in cells lacking lamin A/C, chromatin compaction via H3K9me3 or H3K27me3 partially 

restores nuclear integrity (Stephens et al. 2017). This has implications in diseases such as 

laminopathies, where chromatin remodeling could potentially compensate for defects in the 

lamina. 

1.4.7. Heterochromatin and Nuclear Shape Maintenance 

Heterochromatin is typically concentrated at the nuclear periphery (in lamina-associated 

domains or LADs) and around the nucleolus (in nucleolus-associated domains or NADs), 

forming large repressive compartments that contribute to nuclear shape. These zones of 

condensed chromatin act as structural ‘scaffolds’ that reinforce nuclear geometry (van 

Steensel and Belmont 2017). Loss of heterochromatin—either through deletion of H3K9 

methyltransferases or inhibition of PRC2-leads to a more rounded, deformed, and less 

mechanically stable nucleus (Attar et al. 2025). 

Additionally, the tethering of chromatin to the nuclear lamina is essential for spatial 

organization. Proteins like the lamin B receptor (LBR) and lamin A/C interact with methylated 

histone tails (e.g., H3K9me2/3, H4K20me2/3) to anchor repressive chromatin at the periphery 

(Solovei et al. 2013). Disruption of these tethering mechanisms leads to chromatin 

reorganization and nuclear shape abnormalities, as seen in neutrophils and some cancer cells. 

1.4.8. Chromatin Acetylation and Nuclear Softening 

Hyperacetylated chromatin is associated with a euchromatic, transcriptionally permissive 

state. This state results in less dense chromatin packing and greater nuclear pliability. 

Inhibiting histone deacetylases (e.g., with TSA or SAHA) results in nuclear softening, often 
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visible as blebs, invaginations, or irregular nuclear contours under fluorescence microscopy 

(Bustin and Misteli 2016). 

Previous study showed that chromatin decompaction, independent of lamina changes, is 

sufficient to drive nuclear rupture under mechanical stress, especially in three-dimensional 

matrices (Nava et al. 2020; Denais and Lammerding 2014). In addition, decondensed 

chromatin facilitates increased nuclear envelope fluctuations, which may promote the 

mislocalization of nuclear envelope proteins and genomic instability. 

1.4.9. Chromatin Mechanics During Migration and Confinement 

During cell migration, especially in confined environments like 3D collagen matrices or 

micropores, the nucleus is the largest and stiffest organelle and often represents the rate-

limiting barrier for movement (Harada et al. 2014). Chromatin state modulates how easily the 

nucleus deforms through narrow spaces. Cells with more euchromatin (e.g., treated with 

HDACis) show greater nuclear plasticity and enhanced migration through tight constrictions, 

while those enriched in heterochromatin are more rigid and resist deformation (Maizels et al. 

2017). 

Interestingly, transient nuclear envelope rupture occurs more frequently during migration in 

cells with soft nuclei, leading to DNA damage and increased mutagenesis—a phenomenon 

observed in invasive cancer cells and immune cells 256. 

1.4.10. Chromatin and Nuclear Morphology in Development 

During differentiation, chromatin undergoes global reprogramming that directly affects 

nuclear shape. For instance, in embryonic stem cells, chromatin is mostly euchromatic and the 

nuclei are large and spherical. Upon differentiation, heterochromatin increases, the nuclear 

volume reduces, and nuclear architecture becomes more structured (Meshorer et al. 2006). 

Previously it has been demonstrated that in rod photoreceptors of nocturnal mammals, nuclear 

architecture is inverted: heterochromatin is centrally localized and euchromatin is peripheral 

(Solovei et al. 2009). This arrangement is achieved by specific loss of LBR and helps optimize 

light transmission. These findings highlight that nuclear morphology is not only structurally 

regulated but can be adapted functionally during evolution. 

1.4.11. Chromatin Dysregulation and Nuclear Aberrations in Disease 
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Abnormal chromatin states contribute to altered nuclear morphology in cancer, where nuclear 

atypia (e.g., nuclear enlargement, lobulation, hyperchromasia) is a diagnostic hallmark. Many 

cancer cells exhibit global loss of heterochromatin (e.g., loss of H3K9me3, H4K20me3), 

leading to softer nuclei, nuclear shape irregularities, and genomic instability (Chen et al. 

2024). 

Furthermore, epigenetic regulators such as EZH2, ATRX, and FBL influence both chromatin 

state and nuclear architecture. Loss of EZH2 causes decreased H3K27me3 and results in 

nuclear rounding and increased fragility (Margueron et al. 2008). Similarly, ATRX, which 

deposits the histone variant H3.3 at heterochromatin, is essential for pericentromeric 

chromatin integrity; ATRX mutations lead to nuclear blebbing and chromosomal aberrations 

(Teng et al. 2021). 

Integration of Nuclear Lamina and Chromatin in Morphogenesis 

While chromatin contributes intrinsic stiffness, the nuclear lamina provides extrinsic 

structural support. Cross-talk between these systems is essential. For example, loss of lamins 

(as seen in laminopathies such as Hutchinson-Gilford Progeria Syndrome) is often 

accompanied by altered chromatin distribution and nuclear morphology (Xue et al. 1998; 

Stephens et al. 2018; Goldman et al. 2004). 

Importantly, the balance between euchromatin and heterochromatin, modulated by chromatin 

remodeling enzymes (e.g., CHD4, BRG1) and histone-modifying enzymes (e.g., EZH2, G9a, 

HDACs), influences nuclear morphology during both normal physiology and disease. 

1.5. Role of EZH2 and PRC2 in Transcriptional Repression via H3K27me3 

Overview of Polycomb Group Proteins 

The Polycomb group (PcG) proteins are a family of transcriptional repressors critical for 

maintaining cell identity and regulating developmental gene expression programs. Originally 

identified in Drosophila melanogaster for their role in repressing Hox genes (Lewis, 1978), 

PcG proteins function as part of multi-subunit complexes that silence target genes via histone 

modification and chromatin compaction. The two major Polycomb repressive complexes, 

PRC1 and PRC2, act in a coordinated manner to establish and maintain facultative 

heterochromatin. 
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PRC2 catalyzes the trimethylation of lysine 27 on histone H3 (H3K27me3), a well-

characterized repressive mark. This histone modification is critical for gene silencing in 

embryogenesis, X-chromosome inactivation, lineage commitment, and oncogenesis 

(Margueron and Reinberg 2011; Schuettengruber et al. 2017). 

EZH2: The Catalytic Core of PRC2 

EZH2 (Enhancer of Zeste Homolog 2) is the catalytic subunit of PRC2 and is responsible for 

the methylation of H3K27. It functions within a core complex that includes SUZ12, EED, and 

RbAp46/48, which stabilize EZH2, facilitate its chromatin recruitment, and allosterically 

activate its methyltransferase activity (Margueron et al. 2008; Cao et al. 2002) (Fig. 1.11). 

EZH2 contains a SET domain responsible for catalyzing mono-, di-, and trimethylation of 

H3K27, with H3K27me3 being the primary repressive signal (Cao and Zhang 2004). 

The deposition of H3K27me3 by PRC2 facilitates the recruitment of PRC1, which 

ubiquitinates histone H2A at lysine 119 (H2AK119ub), leading to chromatin compaction and 

stable transcriptional repression (Blackledge et al. 2014). 

 

Fig. 1.11. PRC2 holoenzyme 

Schematic depiction of the PRC2 holoenzyme associated with chromatin, highlighting 

proposed interactions with DNA and histone substrates that may underlie mechanisms of 

PRC2 recruitment. Adapted from (Margueron and Reinberg 2011). 
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–PRC2 in Developmental Gene Regulation 

During embryonic development, PRC2 plays a critical role in establishing lineage-specific 

gene expression by silencing genes inappropriate for a given cell type. This is most evident in 

pluripotent stem cells, where PRC2 marks developmental regulators with bivalent domains—

regions simultaneously marked by H3K4me3 (activation) and H3K27me3 (repression), 

allowing genes to remain transcriptionally silent but poised for activation upon differentiation 

(Bernstein et al. 2006). 

Disruption of PRC2 function in mice results in embryonic lethality and derepression of 

developmental transcription factors, leading to failed lineage specification (Pasini et al. 2007; 

Shen et al. 2008). Similarly, EZH2-deficient embryonic stem cells fail to silence lineage-

inappropriate genes, emphasizing its central role in developmental gene silencing (O’Carroll 

et al. 2001). 

EZH2 and PRC2 in Cancer: A Double-Edged Sword 

Although essential for normal development, dysregulation of EZH2 is implicated in a wide 

array of cancers. EZH2 often acts as an oncogene, particularly in epithelial-derived cancers, 

by repressing tumor suppressor genes and promoting epigenetic reprogramming conducive to 

proliferation, migration, and immune evasion (Kim and Roberts 2016). 

1.5.1. Gain-of-Function and Oncogenic Mutations 

In hematologic malignancies such as diffuse large B-cell lymphoma (DLBCL) and follicular 

lymphoma, EZH2 mutations at Y641 (Tyr641) in the SET domain increase H3K27 

trimethylation activity, leading to hyper-repression of tumor suppressor genes (Morin et al. 

2010). These mutations result in a gain-of-function phenotype and have become actionable 

targets for EZH2 inhibitors such as tazemetostat (FDA-approved in 2020 for epithelioid 

sarcoma and relapsed/refractory follicular lymphoma) (Italiano et al. 2018). 

1.5.2. EZH2 and EMT 

EZH2 promotes epithelial–mesenchymal transition (EMT) by silencing epithelial markers and 

activating mesenchymal programs. During EMT, transcription factors such as Snail, Slug, 

ZEB1, and Twist recruit PRC2 to epithelial gene promoters (e.g., CDH1), depositing 
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H3K27me3 and leading to transcriptional repression (Herranz et al. 2008). This facilitates loss 

of polarity, disruption of junctional complexes, and enhanced migration and invasion. 

Emerging studies have shown that TAZ/YAP, effectors of the Hippo pathway, can cooperate 

with EZH2 to suppress epithelial genes and promote a stem-like, mesenchymal phenotype in 

cancers (Kim et al. 2017). 

1.5.3. Context-Dependent Roles and Noncanonical Functions 

Interestingly, in certain contexts such as leukemia and neurodevelopmental disorders, EZH2 

acts as a tumor suppressor, highlighting its context-dependent functionality. For instance, in 

T-cell acute lymphoblastic leukemia, loss-of-function mutations in EZH2 lead to derepression 

of NOTCH target genes and enhanced tumorigenesis (Ntziachristos et al. 2012). 

PRC2 also exerts noncanonical functions independent of its methyltransferase activity. For 

example, EZH2 can act as a transcriptional co-activator in prostate cancer, cooperating with 

androgen receptor (AR) signaling to activate genes involved in proliferation and survival (Xu 

et al. 2012). Such dual roles complicate therapeutic strategies and require cell-type–specific 

profiling of EZH2 function. 

1.5.4. Regulation of PRC2 Activity 

PRC2 recruitment is regulated by several factors: 

• Non-coding RNAs (e.g., Xist, HOTAIR) guide PRC2 to specific genomic loci, 

especially in X-chromosome inactivation and metastasis-associated gene silencing 

(Rinn et al. 2007). 

• Histone modifications such as H3K36me3 and H3K4me3 antagonize PRC2 binding, 

reinforcing mutually exclusive active and repressive chromatin domains (Yuan et al. 

2011). 

• Histone variants, such as H2A.Z, can influence PRC2 targeting to bivalent domains in 

stem cells (Hu et al. 2013). 

• ATRX, a chromatin remodeler, facilitates the incorporation of histone H3.3 into 

telomeric and pericentromeric regions. Its cooperation with EZH2 in maintaining 

heterochromatin domains has been implicated in neurodevelopment and glioma 

(Lovejoy et al. 2012). 
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1.5.5. Therapeutic Targeting of EZH2 

EZH2 is now a promising therapeutic target. Multiple EZH2 inhibitors, including 

tazemetostat, valemetostat, and GSK126, are in clinical trials for hematologic malignancies 

and solid tumors. These inhibitors show efficacy in EZH2-mutant cancers, as well as tumors 

with SWI/SNF mutations (which antagonize PRC2), such as malignant rhabdoid tumors and 

synovial sarcoma (Wilson et al. 2010; McCabe et al. 2012; Fujita et al. 2018; Morschhauser 

et al. 2020; Knutson et al. 2014). 

Combination therapies, such as EZH2 inhibition plus immune checkpoint blockade or HDAC 

inhibition, are being explored to enhance anti-tumor responses by reactivating silenced 

immune genes and increasing chromatin accessibility. 
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Chapter 2: 

Materials and Methods 
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2.1. Cell Culture and Treatment 

 

DLD-1 human colorectal carcinoma cells, a pseudo-diploid model (Fig. 2.1), were cultured in 

RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 

and 1% penicillin-streptomycin (100 U/mL penicillin and 100 µg/mL streptomycin) to prevent 

microbial contamination. The cells were maintained in a humidified incubator at 37°C with 

5%-CO₂. 

 MCF10A human mammary epithelial cells were cultured in a 1:1 mixture of DMEM and F-

12 medium, supplemented with 5% horse serum, 20 ng/mL epidermal growth factor (EGF), 

0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin, and 10 µg/mL insulin. Antibiotic 

protection was provided by the addition of 1% penicillin-streptomycin. All cultures were 

maintained at 37°C in a humidified atmosphere containing 5% CO₂. 
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Fig. 2.1. Karyotype of the DLD-1 colorectal cancer cell line 

(A) Representative metaphase spread showing the pseudodiploid karyotype characteristic of 

the DLD-1 cell line. Metaphase chromosome analysis confirms that DLD-1 cells exhibit a 

near-diploid karyotype, with modal number enriched at 46 (N=3, n=306). The representative 

inverted DAPI–stained metaphase spread. (B) A total of 306 metaphases were analyzed across 

three independent biological replicates. 

2.2. Generation of Constructs 

To functionally investigate the role of Fibrillarin (FBL) and its associated molecular 

interactions in regulating epithelial homeostasis, EMT, and chromatin remodeling, a suite of 

expression and knockdown constructs was generated using classical molecular cloning 

techniques. These included constructs for siRNA-resistant FBL, proximity-labeling vectors, 

overexpression plasmids for EZH2 and Scribble, and inducible shRNA expression systems 

for gene silencing. 

2.2.1. Generation of siRNA-Resistant FBL Expression Constructs 

The full-length coding sequence (CDS) of human FBL was initially obtained from a pEGFP-

C1-Fibrillarin plasmid (gifted by Sui Huang, Northwestern University). To enable re-

expression of FBL in knockdown experiments, we introduced silent mutations within the 

siRNA seed region of FBL without altering the amino acid sequence, thereby rendering the 

transcript resistant to siRNA-mediated degradation. Site-directed mutagenesis was performed 

using high-fidelity PCR amplification with partially overlapping primers designed to 
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incorporate the desired nucleotide substitutions, using Quikchange method (Liu and Naismith 

2008). 

Post-amplification, the PCR products were treated with DpnI (20 units, 3 hours at 37°C) to 

digest the methylated parental template plasmid. The digested product was then transformed 

into E. coli DH5α competent cells (Fig. 2.2). Single colonies were screened by colony PCR 

and validated by Sanger sequencing to confirm the incorporation of silent mutations. The 

resulting construct is hereafter referred to as GFP-FBL (siRes). 

To subclone GFP-FBL (siRes) into a lentiviral expression vector, the mutated insert was PCR-

amplified using primers flanked with BamHI and SalI restriction sites. After purification, the 

PCR product was double-digested with BamHI and SalI and ligated into the corresponding 

sites of the pLKO-MCS lentiviral backbone (Addgene #185594). The ligation reaction was 

incubated overnight at 16°C using 350 U of T4 DNA Ligase. Ligation products were 

transformed into E. coli DH5α, and positive clones were verified by sequencing. 
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Fig. 2.2. Diagram illustrating the QuikChange PCR method for site-directed 

mutagenesis 

A methylated plasmid containing the target site is denatured, followed by annealing of 

mutagenic primers carrying the intended nucleotide change. Primer extension by a high-

fidelity polymerase generates nicked, circular mutant plasmids. The parental methylated 

DNA is then selectively digested using DpnI, and the resulting mutant plasmid is transformed 

into competent cells for repair and propagation. Adapted from (Braman et al. 1996). 

2.2.2. Cloning of Wild-Type FBL into BioID2 Vector 

To facilitate proximity-dependent biotin identification (BioID) experiments, wild-type FBL 

(FBLWT) was cloned into the MCS-BioID2-HA pBabe-puro vector (Addgene #120308). The 

FBL CDS was amplified from the original pEGFP-C1-FBL plasmid with primers 

incorporating BamHI and EcoRI sites. The amplified product was gel-purified, digested, and 

ligated into the digested pBabe vector using standard ligation conditions. Positive clones were 

confirmed via restriction digestion and sequencing. 

2.2.3. Generation of EZH2 Overexpression Constructs 

To study the role of EZH2 in the epigenetic regulation of EMT targets and its interaction with 

FBL, a Flag-tagged EZH2 CDS was amplified from the MSCVhygro-F-EZH2 plasmid 

(Addgene #24926). The amplified product was engineered with NheI and EcoRI restriction 

sites and cloned into the doxycycline-inducible pCW57.1-GFP-tTA expression vector 

(Addgene #107551). Post-ligation, transformation, and selection were performed as 

described, and plasmids were validated by Sanger sequencing. 

2.2.4. Cloning of SCRIB Expression Constructs 

Since the CDS of human SCRIB is approximately 4.8 kb in length, a modified protocol for 

reverse transcription was adopted to avoid fragmentation during cDNA synthesis. Total RNA 

was extracted from DLD-1 cells using TRIzol reagent and converted to cDNA using 

SuperScript™ II Reverse Transcriptase. Oligo(dT)12-18 primers were used to ensure full-

length cDNA synthesis. To prevent RNA degradation, which is often exacerbated by excess 

free Mg²⁺, the reaction was supplemented with a final concentration of 4 mM dNTPs, limiting 

the availability of free Mg²⁺ and thereby stabilizing the RNA template during the reverse 

transcription process. 
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After completion of the cDNA synthesis and heat inactivation of the reverse transcriptase, 

full-length SCRIB CDS was PCR amplified using primers incorporating BamHI and EcoRI 

sites. The product was gel-purified, double-digested, and cloned into the pBABE-puro 

retroviral backbone (Addgene #21836). Ligation and transformation into E. coli DH5α were 

followed by colony screening and Sanger sequencing to confirm the correct orientation and 

integrity of the insert. 

2.2.5. shRNA Constructs for FBL and SCRIB 

To achieve conditional knockdown of FBL and SCRIB, shRNA sequences corresponding to 

validated siRNA regions were designed and synthesized as complementary oligonucleotides. 

The oligos were annealed in the presence of T4 Polynucleotide Kinase (10 U) at 37°C for 45 

minutes, followed by thermal denaturation at 95°C and gradual cooling to 25°C. This ensured 

simultaneous 5′ phosphorylation and annealing of the strands to create cohesive ends 

compatible with AgeI and EcoRI digested sites of the Tet-pLKO-puro inducible vector 

(Addgene #21915). 

Ligation reactions were set up using 5 μL of the annealed oligo duplex and 30 ng of the 

digested Tet-pLKO-puro vector with 350 U of T4 DNA ligase, incubated at 16°C overnight. 

The resulting constructs were transformed into E. coli DH5α and screened by XhoI digestion 

and sequencing to verify shRNA insertion. 

 

 

  



70 
 

2.3. siRNA-Mediated Gene Knockdown 

 

Gene silencing via small interfering RNA (siRNA) was employed to deplete target transcripts 

in both DLD-1 and MCF10A(p53DN) epithelial cell lines. Custom-designed siRNA 

oligonucleotides targeting FBL (sense: AGGAGAACATGAAGCCGCA) were procured 

from Dharmacon (USA). For each experiment, approximately 0.2 × 10⁶ cells were seeded into 

six-well plates 24 hours prior to transfection, allowing the cultures to reach 50–60% 

confluency. 

Transfection was carried out using RNAiMAX transfection reagent (Invitrogen) according to 

the manufacturer’s protocol. The siRNA-lipid complexes were prepared in Opti-MEM, a 

reduced-serum medium (Gibco), with a final siRNA concentration of 75 nM. Cells were 

incubated with the transfection mixture for 6 hours, following which the medium was replaced 

with their respective complete growth media (RPMI for DLD-1 and DMEM/F-12 for 

MCF10A). 

MCF10A(p53DN) cells were harvested at 36- and 72-hours post-transfection for subsequent 

RNA isolation, immunofluorescence staining, or immunoblot analysis. DLD-1 cells were 

processed at 48- or 72-hours post-transfection, depending on the experimental endpoint. A 

non-targeting siRNA directed against LacZ (sense: CGUACGCGGAAUACUUCGAdTdT) 

served as the negative control for all RNAi experiments. 

 

2.4. Immunofluorescence Assay 

 

Approximately 0.2 million cells were seeded onto sterile 22 mm × 22 mm glass coverslips 

and allowed to adhere. After 24 hours, cells were gently washed twice with 1× phosphate-

buffered saline (PBS, pH 7.4) for 5 minutes each. For general antigen detection, cells were 

fixed with 4% paraformaldehyde (PFA) prepared in PBS. For nuclear antigen staining, cells 

were first pre-permeabilized with ice-cold cytoskeleton (CSK) buffer containing 100 mM 

NaCl, 300 mM sucrose, 3 mM MgCl₂, 10 mM PIPES (pH 7.4), and 0.5% Triton X-100 for 4 

minutes on ice, followed by PFA fixation (10 minutes) at RT. 

Post-fixation, permeabilization was carried out using 0.5% Triton X-100 in 1X PBS for 10 

minutes at RT. Non-specific binding was minimized by blocking the cells in 1% Bovine 

Serum Albumin (BSA) in 1X PBS for 30 minutes at room temperature. Coverslips were then 

incubated with primary antibodies diluted in blocking buffer for 2 hours, followed by 

fluorescently conjugated secondary antibodies for 1 hour. Nuclei were counterstained using 
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0.05 μg/mL DAPI for 2 minutes. After final 1X PBS washes, coverslips were mounted using 

SlowFade Gold Antifade reagent and stored at 4°C until imaging. 

Fluorescence images were captured using Zeiss LSM 710 or LSM 780 confocal microscopes, 

equipped with a 63× Plan-Apochromat 1.4 NA oil immersion objective. Images were acquired 

with a zoom factor between 1.0 and 2.0, voxel dimensions of 0.07 μm × 0.07 μm × 0.34 μm, 

and a frame size of 1912 × 1912 pixels at 8-bit resolution. Line averaging was set to 4, and 

multi-channel acquisition was performed in sequential scanning mode (three or four 

channels). 

 

2.5. Immunoblotting 

 

For immunoblot analysis, total cell lysates were prepared using RIPA buffer (50 mM Tris-

HCl (pH 7.4), 150 mM NaCl, 1% NP-40 or Triton X-100, 0.5% sodium deoxycholate, and 

0.1% SDS, supplemented with 1Xprotease and 1Xphosphatase inhibitor cocktails), and 

protein concentrations were determined using the Bicinchoninic Acid (BCA) assay. Protein 

samples were denatured in 5× Laemmli buffer and resolved by SDS-PAGE on either 12.5% 

or 15% acrylamide-bisacrylamide gels, depending on the molecular weight of the target 

protein. 

 

Following electrophoresis, proteins were transferred onto PVDF membranes (0.45μm) using 

a constant voltage of 80 V for 3 hours. Membranes were blocked for 1 hour at room 

temperature with 5% non-fat dry milk in 1× TBST (Tris-buffered saline with 0.1% Tween-

20) to reduce non-specific binding. Primary and HRP-conjugated secondary antibodies were 

diluted in 0.5% milk in 1× TBST and incubated for 2 hours and 1 hour, respectively. 

Protein bands were visualized using enhanced chemiluminescence (ECL) substrate (BioRad 

Clarity Western ECL), and images were acquired using the LAS4000 imaging system at 10-

second exposure increments. Molecular weight was estimated using Precision Plus Protein 

Dual Color Standards ranging from 10 to 250 kDa. 

 

2.6. Quantitative Real-Time PCR (RT-qPCR) 

 

Total RNA was isolated from cultured cells using TRIzol reagent, and the RNA integrity was 

confirmed by spectrophotometric analysis and agarose gel electrophoresis. For cDNA 

synthesis, 1 µg of DNase-treated total RNA was reverse transcribed using the PrimeScript™ 
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RT Reagent Kit (Takara, RR037A) according to the manufacturer’s instructions. The reaction 

was carried out in a total volume of 20 µL, using a mixture of random hexamers and oligo(dT) 

primers to ensure comprehensive reverse transcription of all RNA species. The reverse 

transcription program included incubation at 37°C for 15 minutes for cDNA synthesis, 

followed by enzyme inactivation at 85°C for 5 seconds. 

 

Subsequently, the synthesized cDNA was used as a template for quantitative real-time PCR, 

which was performed using TB Green® Premix Ex Taq™ (Takara, Cat# RR420A) on the 

Bio-Rad CFX96 Touch Real-Time PCR Detection System. Each reaction consisted of 10 µL 

of TB Green Premix, 0.4 µL each of forward and reverse primers (10 µM), 2 µL of diluted 

cDNA (typically 1:5), and nuclease-free water to a final volume of 20 µL. Thermal cycling 

conditions were set as follows: an initial denaturation at 95°C for 30 seconds, followed by 40 

amplification cycles of 95°C for 5 seconds and 60°C for 30 seconds. Melt curve analysis was 

performed immediately after amplification to confirm primer specificity and the absence of 

primer-dimers or nonspecific amplification. 

 

All reactions were conducted in technical triplicates, and each experiment was performed with 

at least three independent biological replicates. The relative gene expression levels were 

calculated using the ΔΔCt method, with GAPDH or 18S rRNA used as internal normalization 

controls, depending on experimental context. Primer efficiency was validated beforehand 

using a standard dilution curve, and only those primer sets with efficiencies between 90–100% 

were used for quantification. 

 

2.7. Generation and Transduction of Viral Particles 

 

Lentiviral and retroviral transductions were employed to stably express or knock down genes 

of interest in DLD-1 and MCF10A(p53DN) cells. Lentiviral particles were generated by 

transiently transfecting HEK293T cells with a lentiviral transfer plasmid and second-

generation packaging plasmids psPAX2 and pMD2.G (in a 4:3:1 molar ratio). A total of 20 μg 

plasmid DNA was transfected into 100 mm dishes at ~65% confluency using standard 

transfection reagents. Seventy-two hours post-transfection, the viral supernatant was 

harvested, filtered, and supplemented with 12 μg/mL Polybrene to enhance transduction 

efficiency. Target epithelial cell lines were infected with the virus-containing media and 

subsequently subjected to selection using puromycin (4 μg/mL) or flow cytometry-based 
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sorting, depending on whether the construct carried a resistance gene or fluorescent tag. 

Successful transduction and expression were confirmed by immunoblotting or RT-PCR. For 

inducible shRNA-mediated knockdowns, doxycycline was added at a final concentration of 

1200 ng/mL for FBL and 1000 ng/mL for SCRIB, with induction maintained for 48 hours 

across all experiments unless specified otherwise. 

Retroviral transduction was similarly performed using HEK293T packaging cells co-

transfected with the retroviral expression construct, pBS-CMV-gagpol, and pCAG-VSVG 

envelope plasmids (again in a 4:3:1 ratio), with a total DNA input of 20 μg per 100 mm dish. 

The transfection was carried out at ~65% confluency. Viral supernatants were collected 

72 hours post-transfection, filtered, and supplemented with Polybrene (10 μg/mL) before 

being applied to the target cells. Post-infection, cells were selected using either puromycin 

(4 μg/mL) or hygromycin (50 μg/mL), depending on the antibiotic resistance cassette encoded 

by the viral vector. Expression of the gene of interest was verified by RT-PCR or western blot 

analysis. 

 

2.8. Surface Sensing of Translation (SUnSET) Assay 

 

To assess global protein synthesis upon FBL depletion, we utilized the Surface Sensing of 

Translation (SUnSET) assay, which monitors nascent polypeptide synthesis through the 

incorporation of puromycin into elongating chains during translation (Schmidt et al. 2009). 

~0.2 million cells were transfected with either siLacZ (control) or siFBL. At 72 hours post-

transfection, cells were pulsed with puromycin (1 μg/mL final concentration) for 15 minutes 

at 37 °C to allow incorporation into actively elongating peptides. Following the pulse, cells 

were immediately washed with ice-cold PBS and harvested. 

To ensure accurate and unbiased comparison between control and FBL-depleted conditions, 

equal numbers of live cells from each condition were obtained by FACS-based sorting. This 

step ensured normalization based on cell count, rather than relying on total protein 

quantification. 

Following sorting, cells were lysed in RIPA buffer supplemented with protease inhibitors 

(without quantification by protein estimation kits), and lysates were directly processed for 

SDS-PAGE. Equal volumes of lysates (from equivalent numbers of sorted cells) were 

resolved on polyacrylamide gels and transferred onto PVDF membranes using standard 

western blotting protocols. 
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Membranes were probed with a monoclonal anti-puromycin antibody (clone 12D10, 

Millipore) to detect puromycin-labeled nascent peptides. Chemiluminescent detection was 

performed using the Clarity ECL substrate (Bio-Rad), and images were acquired at multiple 

exposure times to ensure linear range of detection. 

This assay enabled a direct comparison of translational output between siLacZ and siFBL-

treated cells. Comparable levels of puromycin incorporation between conditions indicated that 

FBL depletion does not impair global protein synthesis, suggesting that the observed cellular 

phenotypes arise independently of changes in translational capacity. 

 

2.9. EGTA-Mediated Calcium Chelation Assay for E-Cadherin Internalization 

 

To evaluate the stability and membrane retention of E-cadherin under calcium-depleted 

conditions, a calcium chelation assay was performed using EGTA, a specific calcium chelator 

that disrupts calcium-dependent adherens junctions. This approach allowed for the assessment 

of E-cadherin internalization dynamics in both control and FBL-depleted cells (Tria et al. 

2013). 

DLD-1 cells transfected with siLacZ (control) or siFBL were cultured on 22 mm × 22 mm 

coverslips to approximately 60–70% confluency. After 72 hours of transfection, cells were 

washed once with 1× PBS (pH 7.4) and incubated in serum-free medium supplemented with 

3 mM EGTA for 1 hour at 37 °C. This treatment chelates extracellular calcium and induces 

the disassembly of calcium-dependent E-cadherin-mediated cell-cell contacts, thereby 

facilitating internalization of E-cadherin from the plasma membrane. Following the EGTA 

incubation, cells were immediately washed with ice-cold PBS and fixed with 4% 

paraformaldehyde (PFA) in PBS for 15 minutes at room temperature. Cells were then 

permeabilized using 0.5% Triton X-100 in PBS for 10 minutes, blocked with 1% BSA for 30 

minutes, and subjected to immunofluorescence staining for E-cadherin. E-cadherin 

localization was visualized using a primary antibody against E-cadherin followed by 

fluorescently conjugated secondary antibodies. Nuclei were counterstained with DAPI 

(0.05 μg/mL). Slides were mounted using SlowFade™ Gold Antifade and stored at 4 °C until 

imaging. 

Images were acquired using a Zeiss LSM 710/780 confocal microscope with a 63× Plan-

Apochromat oil objective. A consistent imaging protocol was followed for all experimental 

groups to allow quantitative comparison. 
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2.10. Transferrin Uptake Assay for Monitoring Clathrin-Mediated Endocytosis 

 

To assess the efficiency of clathrin-mediated endocytosis in control and FBL-depleted cells, 

a transferrin internalization assay was performed using Alexa Fluor-conjugated human 

transferrin. This assay exploits the rapid, receptor-mediated endocytosis of transferrin through 

the transferrin receptor (TfR), a classical cargo of the clathrin-coated vesicle pathway 

(Khurana et al. 2023). 

 

Cell Preparation 

 

DLD-1 or MCF10A(p53DN) cells transfected with either siLacZ (control) or siFBL were 

seeded onto sterile 22 mm × 22 mm coverslips and allowed to grow to approximately 60–70% 

confluency. At 72 hours post-transfection, cells were serum-starved for 30 minutes at 37°C in 

serum-free RPMI (for DLD-1) or DMEM/F-12 (for MCF10A) to deplete endogenous 

transferrin and increase surface transferrin receptor availability. 

 

Transferrin Uptake 

 

Following serum deprivation, DLD-1 cells were incubated with Alexa Fluor 568–conjugated 

human transferrin (Thermo Fisher Scientific) at a final concentration of 25 µg/mL in pre-

warmed serum-free medium for 15 minutes at 37°C to allow endocytosis to proceed. 

 

Termination and Fixation 

 

After the incubation, cells were incubated on ice to arrest further internalization and were 

washed quickly three times with ice-cold PBS to remove unbound transferrin. To remove 

transferrin bound to the cell surface but not internalized, cells were washed briefly with acidic 

buffer (0.2 M acetic acid, 0.5 M NaCl, pH 3.0) for 1–2 minutes on ice, followed by a PBS 

wash. 

Cells were then fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at room 

temperature. Post-fixation, cells were washed with PBS and counterstained with DAPI (0.05 

µg/mL) for nuclear visualization. Coverslips were mounted with SlowFade Gold Antifade 

Mountant and stored at 4 °C until imaging. 
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Imaging and Analysis 

 

Images were acquired using a Zeiss LSM 710/780 confocal microscope with consistent laser 

and gain settings across experimental groups (Fig. 2.3). For quantification, mean fluorescence 

intensity (MFI) of internalized transferrin per cell was calculated using FIJI/ImageJ by 

drawing a region of interest (ROI) around each cell, excluding the nucleus. 

This assay enabled a comparative evaluation of endocytic trafficking under FBL-depleted 

conditions, providing insights into whether nucleolar dysfunction alters clathrin-mediated 

internalization, which may contribute to observed defects in membrane protein trafficking 

(e.g., E-cadherin internalization). 

 

 

 

Fig. 2.3. Schematic representation of the transferrin uptake assay  

Cells were serum-starved for 2 hours to deplete endogenous transferrin, followed by 

incubation with Texas Red–conjugated transferrin (50 µg/mL) to allow internalization. After 

incubation, cells underwent two acid washes to remove surface-bound transferrin, then were 

fixed and imaged by fluorescence microscopy to assess transferrin uptake. 
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2.11. RNA Sequencing and Transcriptomic Analysis 

 

To delineate the transcriptional landscape altered by Fibrillarin (FBL) depletion, we 

performed high-throughput RNA sequencing in DLD-1 colorectal carcinoma cells. 

Approximately 0.6 million DLD-1 cells were seeded and transfected with either control 

(siLacZ) or siRNA targeting FBL (siFBL). Following 72 hours of incubation, total RNA was 

extracted using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol, 

ensuring high-quality RNA suitable for sequencing applications. 

The integrity and concentration of isolated RNA were verified using a NanoDrop 

spectrophotometer and agarose gel electrophoresis, and samples with RNA integrity number 

(RIN) values >8 were selected for library preparation. Poly-A enriched, strand-specific 

libraries were constructed using the NEBNext® Ultra™ II Directional RNA Library Prep Kit 

for Illumina (New England Biolabs), following the vendor’s recommended workflow. The 

libraries were sequenced on the Illumina platform to generate paired-end 51 bp reads, yielding 

high-quality transcriptomic data for downstream analysis. The complete RNA-Seq dataset is 

publicly available via the Gene Expression Omnibus (GEO) under the accession number 

GSE289801. 

 

Data Processing and Differential Expression Analysis 

 

Raw sequencing reads were subjected to an initial quality assessment using FastQC to evaluate 

per-base quality scores, GC content, and sequence duplication levels. Adapter sequences and 

low-quality bases were trimmed using Trimmomatic (Bolger et al. 2014), ensuring high-

fidelity data for alignment. Cleaned reads were then aligned to the human reference genome 

(GRCh38/hg38) using HISAT2 (Kim et al. 2015), a splice-aware aligner optimized for RNA-

Seq datasets, implemented via the Galaxy bioinformatics platform. 

Aligned reads were assembled and quantified using StringTie (Pertea et al. 2015), which 

estimated transcript abundance and normalized expression values using the FPKM (Fragments 

Per Kilobase of transcript per Million mapped reads) method. For statistical analysis of 

differential gene expression, raw read counts obtained from StringTie were analyzed using 

DESeq2 (Love et al. 2014), an R-based statistical package. Genes with adjusted p-values 

(Benjamini-Hochberg correction) below 0.05 were considered significantly differentially 

expressed (Fig. 2.4). A log2 fold change threshold was applied to define upregulated genes 

(log2FC > 1) and downregulated genes (log2FC < -1) between siLacZ and siFBL conditions. 



78 
 

Pathway and Functional Enrichment Analysis 

 

To functionally interpret the transcriptomic changes upon FBL knockdown, we conducted 

Gene Ontology (GO) enrichment and Gene Set Enrichment Analysis (GSEA). GSEA was 

carried out using the GSEA desktop software (Broad Institute), using curated gene sets from 

the Molecular Signatures Database (MSigDB). Gene sets with Normalized Enrichment Score 

(NES) values and FDR q-values below 0.05 were considered significantly enriched. 

Enrichment plots were generated for key gene sets to visualize the distribution and 

significance of enrichment. 

Additionally, GO enrichment analyses were performed for three major categories—Cellular 

Components, Molecular Functions, and Biological Processes—to identify functionally 

enriched annotations among differentially expressed genes. These analyses were conducted 

using ShinyGO (Ge et al. 2020) and SR Plot (Tang et al. 2023), applying a false discovery rate 

(FDR) cutoff of 0.05. Significantly enriched terms and pathways were further visualized 

through bubble plots and network diagrams. 

Together, these analyses provided insights into FBL-mediated regulatory networks and 

highlighted pathways linked to ribosome biogenesis, cell polarity, and epithelial-to-

mesenchymal transition (EMT), thus establishing a genome-wide framework of FBL-

dependent transcriptional control. 
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Fig. 2.4. Workflow for RNA-seq data processing and differential gene expression 

analysis 

Overview of the analysis pipeline used for processing RNA-seq data. Raw FASTQ reads were 

subjected to adapter trimming and quality control using Trim_Galore, followed by genome 

index generation and read alignment with STAR. Mapped reads were then assigned to 

genomic features and normalized (TPM) using featureCounts. Differential gene expression 

analysis was performed in DESeq2, incorporating the experimental design matrix to generate 

statistical outputs including volcano, MA, and PCA plots. Final outputs were used for custom 

downstream analyses, including gene set and pathway enrichment analysis and data 

visualization. 

 

2.12. Chromatin Immunoprecipitation Followed by PCR (ChIP-PCR) 

 

Chromatin Crosslinking and Cell Harvesting 

 

For chromatin immunoprecipitation, DLD-1 and MCF10A(p53DN) cells were cultured until 

they reached approximately 80% confluency. To preserve protein-DNA interactions, cells 

were fixed with 1% formaldehyde for 10 minutes at room temperature. The crosslinking 

reaction was subsequently quenched by adding 0.125 M glycine, followed by gentle mixing 

and incubation at room temperature for 5 minutes. Cells were then rinsed twice with ice-cold 

1× phosphate-buffered saline (PBS, pH 7.4) and harvested by scraping. The cell suspension 

was centrifuged at 1,000 × g for 5 minutes at 4°C, and the resulting pellet was resuspended in 

ice-cold lysis buffer supplemented with protease inhibitors. The suspension was incubated on 

ice for 10 minutes to facilitate nuclear lysis and release of chromatin, as mentioned in (Saha 

et al. 2025; Labade et al. 2016). 

 

Chromatin Shearing 

 

Chromatin was fragmented by focused ultrasonication to achieve an optimal DNA fragment 

size of 100–500 bp. For DLD-1 cells, lysates were prepared in 130 µL lysis buffer and 

transferred into Covaris microTUBEs. Sonication was performed using a Covaris M220 

system under the following settings: 75 W peak incident power, 60% duty factor, and 200 
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cycles per burst, for 30 minutes total, applied as 30 seconds on/off pulses, while maintaining 

the sample temperature at 6°C–7°C using an integrated chiller. 

 

For MCF10A(p53DN) cells, the sonication conditions were similar, with a reduced sonication 

duration of 25 minutes under identical pulse and power parameters. Post-sonication, lysates 

were centrifuged at 16,000 × g for 10 minutes at 4°C, and the clear supernatant containing 

fragmented chromatin was collected for immunoprecipitation. The efficiency of chromatin 

fragmentation was assessed by agarose gel electrophoresis, and only those preparations 

showing a majority of fragments within the 100–500 bp range were processed further. 

 

Immunoprecipitation of Chromatin 

 

Fragmented chromatin was first pre-cleared using Protein A/G Dynabeads to reduce 

nonspecific interactions. This was carried out by incubating the chromatin with the beads for 

1 hour at 4°C under gentle rotation. The pre-cleared chromatin was then incubated overnight 

at 4°C with target-specific antibodies. A total of 2 µg antibody was used for histone 

modifications and 5 µg for transcriptional regulators such as EZH2. An equivalent amount of 

IgG was used as a negative control to monitor background binding. 

 

The next day, fresh Protein A/G Dynabeads were added to the antibody-chromatin complexes 

and incubated for an additional 1–2 hours at 4°C to capture immune complexes. Bead-bound 

chromatin was sequentially washed using the following buffers to minimize nonspecific 

binding: 

• Low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 

150 mM NaCl) 

• High-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 

8.0, 500 mM NaCl) 

• LiCl buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM 

Tris-HCl pH 8.0) 

• TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) 

 

Each wash step was performed with constant rotation at 4°C. 
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Elution and Reverse Crosslinking 

To release chromatin from the beads, immunoprecipitated complexes were incubated in an 

elution buffer containing 1% SDS and proteinase K (200 µg/mL). Crosslinks were reversed 

by incubating the samples at 65°C for 4–6 hours, ensuring complete dissociation of protein-

DNA interactions. The released DNA was purified either by phenol-chloroform extraction 

followed by ethanol precipitation or using a commercial DNA purification kit (Qiagen). The 

final DNA pellet was resuspended in nuclease-free water and stored at −20°C until further 

analysis. 

 

PCR Amplification and Detection 

Purified DNA from ChIP was subjected to polymerase chain reaction (PCR) to amplify 

specific genomic loci. Each reaction was carried out in a total volume of 10 µL using 5 ng of 

ChIP DNA, 2X TB Green Taq polymerase master mix (Takara), and 0.3 µM of gene-specific 

primers. Thermal cycling conditions were optimized based on the melting temperatures of the 

primers and the expected amplicon size (Fig. 2.5). 

 

 

Fig. 2.5. Schematic representation of the ChIP–RT-qPCR workflow 

Cells were crosslinked with formaldehyde to preserve protein–DNA interactions, followed by 

cell lysis and chromatin fragmentation by sonication. The sheared chromatin was incubated 

with specific antibodies to immunoprecipitate target protein–DNA complexes. After 
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sequential washing and crosslink reversal, DNA was purified and analyzed by RT-qPCR to 

quantify enrichment at selected genomic regions. 

 

2.13. BioID2-Mediated Chromatin Immunoprecipitation and PCR (BioID2-ChIP-PCR) 

 

To identify chromatin regions associated with Fibrillarin (FBL) proximity using the BioID2 

system, we employed a proximity-dependent chromatin immunoprecipitation strategy in 

DLD-1 cells constitutively expressing either wild-type FBL fused to BirA* (FBL-WT-

BioID2) or an empty vector (EV) control. Approximately 4 million cells were seeded into 100 

mm tissue culture dishes and allowed to adhere overnight. Cells were treated with 50 μM 

Biotin for a minimum of 16 hours to facilitate in vivo biotinylation of FBL-proximal proteins 

and chromatin complexes (Fig. 2.6). 

 

Following biotin incubation, cells were transfected with siLacZ (control) or siFBL at a final 

concentration of 75 nM, using standard RNAi protocols. After 36 hours, cells were harvested 

and immediately subjected to crosslinking with 1% formaldehyde for 10 minutes at room 

temperature, preserving protein–DNA interactions. The reaction was quenched with 0.125 M 

glycine and incubated for an additional 5 minutes to neutralize residual formaldehyde. Cells 

were rinsed twice with ice-cold PBS (pH 7.4) and detached by gentle scraping. Pelleted cells 

were lysed in a buffer composed of 50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM 

EDTA (pH 8.0), 1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxycholate, supplemented 

with a protease inhibitor cocktail. The suspension was incubated on ice for 10 minutes to 

facilitate nuclear lysis (Kim et al. 2016). 

 

Chromatin Shearing 

Chromatin was fragmented using optimized sonication conditions to generate DNA fragments 

within the 200–600 bp range. Sonication was carefully performed to ensure retention of 

protein-DNA complexes, and the extent of fragmentation was validated by agarose gel 

electrophoresis. 

 

Streptavidin-Based Chromatin Pull-Down 

Following chromatin preparation, 100 μL of Streptavidin-coated Dynabeads were added to 

each lysate, and the suspension was incubated overnight at 4°C with constant rotation to enrich 
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for biotinylated chromatin fragments associated with FBL-BirA*. After incubation, the beads 

were collected using a magnetic stand and subjected to a series of stringent washes to eliminate 

nonspecific interactions. The sequential wash protocol included: 

• Two washes with 2% SDS (w/v) to remove unbound proteins. 

• A high-stringency buffer containing 0.1% sodium deoxycholate, 1% Triton X-100, 

500 mM NaCl, 1 mM EDTA, and 50 mM HEPES-KOH (pH 7.5). 

• Additional sequential washes with: 

o Low-salt buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA (pH 8.0), 20 mM 

Tris-HCl (pH 8.0), 150 mM NaCl. 

o High-salt buffer: 0.1% SDS, 1% Triton X-100, 2 mM EDTA (pH 8.0), 20 mM 

Tris-HCl (pH 8.0), 500 mM NaCl. 

o LiCl buffer: 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA 

(pH 8.0), 10 mM Tris-HCl (pH 8.0). 

o TE buffer (pH 8.0) for final rinse and cleanup. 

 

Elution and DNA Purification 

 

Protein-DNA complexes were eluted from the beads using a buffer containing 1% SDS and 

200 µg/mL proteinase K, followed by incubation at 65°C for 4–6 hours to reverse the 

crosslinks. DNA was then purified using a Qiagen DNA purification kit, and the final elution 

was carried out in nuclease-free water. The purified DNA was stored at –20°C until further 

analysis. 

 

PCR Amplification of Target Regions 

 

To evaluate chromatin enrichment at specific loci, 5 ng of BioID2-ChIP-derived DNA was 

used as a template for PCR amplification. Reactions were prepared in 10 µL volumes 

containing 2X TB Green Taq DNA Polymerase Master Mix (Takara) and 0.3 µM gene-

specific primers. Thermal cycling conditions were optimized based on the amplicon 

characteristics and primer melting temperatures. 



84 
 

 

 

Fig. 2.6. Schematic representation of BioID2 ChIP-qPCR workflow to examine EZH2 

chromatin association upon FBL depletion  

Cells expressing BioID2-tagged EZH2 were subjected to FBL knockdown, followed by 

chromatin shearing and immunoprecipitation of biotinylated chromatin-associated proteins. 

Recovered DNA was subsequently analyzed by ChIP–qPCR to quantify EZH2 occupancy at 

specific genomic loci, enabling assessment of chromatin binding changes in response to FBL 

modulation. 

 

2.14. Subcellular Fractionation: Isolation of Cytoplasmic, Nuclear, and Nucleolar 

Fractions 

Cytoplasmic and Nuclear Fractionation 

 

To assess the subcellular localization of specific proteins, cytoplasmic and nuclear fractions 

were isolated from DLD-1 and MCF10A(p53DN) cells. Approximately 10 million cells were 

processed per condition. Cells were initially washed thoroughly with ice-cold phosphate-

buffered saline (PBS, pH 7.4) to remove any residual media components. Using a pre-chilled 

cell scraper, cells were detached on ice and collected into 1.5 mL microcentrifuge tubes 

containing 1 mL ice-cold PBS. The suspension was briefly centrifuged at 7,500 rpm for 10 

seconds, after which the supernatant was carefully discarded. 

The resulting cell pellets were gently resuspended in 900 µL of 0.1% NP-40 in PBS (ice-cold) 

and mixed by pipetting up and down five times using a P1000 micropipette to ensure efficient 

lysis of the plasma membrane while keeping the nuclear envelope intact. From this 

homogenate, 300 µL was removed and mixed with 100 µL of 5× Laemmli sample buffer, 
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designated as the whole cell lysate, and kept on ice until further processing (Suzuki et al. 

2010). 

The remaining 600 µL of lysate was subjected to another brief centrifugation for 10 seconds, 

allowing separation of the cytosolic and nuclear components. The supernatant (300 µL), 

representing the cytosolic fraction, was carefully aspirated and mixed with 100 µL of 5× 

Laemmli buffer, then immediately boiled for 1 minute to denature proteins. 

To recover the nuclear pellet, the residual supernatant was discarded, and the pellet was 

resuspended in 1 mL of 0.1% NP-40 in PBS. A second brief centrifugation (10 seconds) was 

performed, after which the supernatant was discarded. The final nuclear pellet (~20 µL) was 

resuspended thoroughly in 180 µL of 1× Laemmli sample buffer. 

Both the whole cell lysate and nuclear fraction were subjected to sonication using a 

microprobe sonicator (level 2 power setting) for two cycles of 5 seconds, to ensure DNA 

shearing and lysate homogenization. All samples were subsequently boiled for 1 minute 

before downstream analysis. Equal volumes from each fraction—10 µL of whole cell lysate, 

10 µL of cytoplasmic fraction, and 5 µL of nuclear fraction—were loaded onto SDS-PAGE 

gels and transferred to nitrocellulose membranes for immunoblotting and marker validation. 

 

Nucleolar Fraction Isolation 

 

For nucleolar fractionation, a modified density-based centrifugation method was used to 

enrich for nucleoli from DLD-1 and MCF10A(p53DN) cells. Approximately 10 million cells 

per sample were processed. Cells were initially rinsed thoroughly with ice-cold PBS, and 

harvested in 0.5 mL of Sucrose Buffer I containing 0.5 M sucrose, 3 mM MgCl₂, and a 1× 

protease inhibitor cocktail (PIC) to protect labile proteins during lysis. 

The cell suspension was subjected to mechanical disruption via sonication using a Sonics 

Vibracell probe sonicator. Sonication was performed on ice, using five cycles of 10 seconds 

ON and 10 seconds OFF at 50% amplitude, to ensure selective disruption of the nuclear 

membrane while maintaining nucleolar integrity. 

The crude lysate was carefully layered over 0.7 mL of Sucrose Buffer II (composed of 1.0 M 

sucrose and 3 mM MgCl₂) to create a discontinuous sucrose gradient. The samples were 

centrifuged at 1,800 × g for 5 minutes at 4°C. Post-centrifugation, the supernatant containing 

soluble nuclear proteins was gently discarded without disturbing the pellet. The resulting 

nucleolar pellet was carefully resuspended in Radio Immunoprecipitation Assay (RIPA) 
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buffer for protein extraction and subsequent immunoblot analysis (Sen Gupta and Sengupta 

2017). 

This fractionation strategy enabled effective biochemical separation of the cytoplasmic, 

nuclear, and nucleolar compartments, which was critical for investigating subcellular protein 

localization, especially under FBL-depleted conditions. 

 

2.15. Co-Immunoprecipitation (co-IP) 

 

Co-immunoprecipitation (co-IP) was employed to investigate endogenous and exogenous 

protein–protein interactions under native conditions. This technique was particularly useful to 

validate interactions involving Fibrillarin (FBL), EZH2, and other candidate partners 

identified in prior screenings. All reagents were prepared fresh and maintained at 4°C 

throughout the procedure to preserve labile protein complexes. 

 

Cell Harvesting and Lysis 

 

DLD-1 and MCF10A(p53DN) cells were grown to ~80% confluency in 100 mm tissue culture 

dishes. Cells were washed twice with ice-cold phosphate-buffered saline (PBS, pH 7.4) to 

remove residual serum and media components, which can interfere with downstream 

interactions. The cells were harvested by scraping on ice, transferred to pre-chilled 1.5 mL 

microcentrifuge tubes, and pelleted by centrifugation at 1,000 × g for 5 minutes at 4°C. 

 

The resulting cell pellet was resuspended in 1 mL of freshly prepared, ice-cold NP-40 lysis 

buffer, composed of the following: 

• 50 mM Tris-HCl, pH 7.5 

• 150 mM NaCl 

• 1% NP-40 (non-ionic detergent) 

• 1 mM EDTA 

• 10% glycerol 

• 1× protease inhibitor cocktail (Roche) 

• 1×phosphatase inhibitor cocktail 
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The cell suspension was gently mixed and incubated on ice for 30 minutes with periodic 

inversion every 5 minutes. NP-40 was used as a mild detergent to solubilize membranes 

without disrupting native protein complexes. After lysis, cellular debris and insoluble 

aggregates were removed by centrifugation at 16,000 × g for 15 minutes at 4°C, and the 

clarified supernatant containing total cellular protein was transferred to fresh tubes, as 

mentioned in (Pradhan et al. 2018). 

 

Protein Quantification and Pre-clearing 

 

Although BCA estimation was not performed in this case, cell lysates were prepared from 

equal numbers of siLacZ (control) and siFBL (treated) cells (as determined by FACS-based 

cell counting) to ensure uniform input across samples. Pre-clearing was performed by 

incubating the lysate with 30–40 µL of Protein A/G magnetic beads (pre-equilibrated in lysis 

buffer) for 1 hour at 4°C under gentle end-over-end rotation. This step reduces non-specific 

binding of proteins or nucleic acids to the beads or antibodies in the subsequent IP steps. After 

pre-clearing, beads were separated using a magnetic stand, and the lysate was transferred to 

new, chilled tubes. 

 

Antibody Incubation and Complex Capture 

 

For each IP reaction, 500–800 µg of total protein lysate was incubated with 2–5 µg of primary 

antibody (specific to the bait protein) overnight at 4°C with continuous rotation. An equivalent 

amount of species- and isotype-matched IgG was included as a negative control for non-

specific immunoglobulin interactions. 

Following overnight incubation, 30–50 µL of Protein A/G agarose or magnetic beads (washed 

thrice in lysis buffer) were added to each reaction and incubated for 2–4 hours at 4°C to allow 

efficient capture of antibody–antigen complexes. 

 

Bead Washing 

 

To minimize non-specific protein binding, beads were washed 4–5 times with ice-cold lysis 

buffer. Each wash consisted of a 5-minute rotation followed by magnetic separation or gentle 

centrifugation (1,000 × g for 1 minute at 4°C). Wash buffers were as follows: 

• Standard wash buffer (same as lysis buffer) 
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• Optional: High-salt buffer (500 mM NaCl) for increased stringency 

• Optional: DNase/RNase treatment (if excluding nucleic acid-mediated interactions) 

• Care was taken to avoid over-agitation, which could disrupt weak or transient 

interactions. 

 

Elution and Sample Preparation for SDS-PAGE 

 

After the final wash, the beads were resuspended in 40–50 µL of 2× Laemmli sample buffer 

supplemented with 5% β-mercaptoethanol or 100 mM DTT and heated at 95°C for 5–10 

minutes to denature and release bound proteins. 

Beads were pelleted by centrifugation or magnetically separated, and the supernatants were 

collected for electrophoresis. 

Immunoblotting 

 

Eluted proteins were resolved by SDS-PAGE (10–12% gel) and transferred onto 

nitrocellulose or PVDF membranes. Immunoblotting was carried out using appropriate 

primary and HRP-conjugated secondary antibodies. Detection was performed using enhanced 

chemiluminescence (ECL) substrates, and signals were captured using the LAS4000 imaging 

system or equivalent. 

 

Control blots included: 

• Input lysates (5–10% of starting material) 

• IgG IP control 

• Post-IP supernatants (optional, to assess depletion) 

• Signal specificity and enrichment of prey proteins in bait IP lanes compared to IgG 

controls confirmed the presence of stable or transient protein–protein interactions. 

 

2.16. Subcutaneous Xenograft Assay in NOD-SCID Mice 

 

To evaluate the tumorigenic consequences of Fibrillarin (FBL) depletion, we established a 

subcutaneous xenograft model using NOD-SCID (NOD.CB17-Prkdcscid/NcrCrl) 

immunodeficient mice, which lack mature T and B lymphocytes, enabling efficient 

engraftment of human tumor cells. All animal procedures were performed in compliance with 
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institutional ethical guidelines and were approved by the Institutional Animal Ethics 

Committee (IAEC, IISER_Pune/IAEC/2022_01/01). 

 

Cell Preparation and Injection 

 

Human colorectal carcinoma DLD-1 cells stably expressing shFBL under a Tet-ON inducible 

promoter were expanded in culture under standard conditions. At ~70–80% confluency, cells 

were harvested by trypsinization and washed thoroughly with sterile 1× PBS to remove serum 

components. Cells were resuspended in a 1:1 mixture of ice-cold PBS and Matrigel (Corning, 

Cat. No. 354234), and adjusted to a final density of 1 × 10⁷ cells/mL. Each mouse received a 

subcutaneous injection of 100 μL of the prepared cell suspension (equivalent to 1 × 10⁶ cells) 

into the right flank using a 26-gauge insulin syringe. Injections were performed aseptically on 

mildly restrained or briefly anesthetized animals. Mice were monitored post-injection for any 

signs of improper delivery or leakage. 

 

Induction of FBL Knockdown 

 

To achieve sustained knockdown of FBL, doxycycline (Dox) was administered via drinking 

water at a concentration of 2 mg/mL, supplemented with 5% sucrose to mask bitterness. Water 

bottles were protected from light and replaced every 72 hours throughout the experiment. 

Control mice received sucrose water alone (−Dox condition). 

 

Monitoring and Endpoint Criteria 

Mice were monitored biweekly for tumor appearance, growth kinetics, weight changes, and 

overall health. Tumor dimensions were measured using digital calipers, and tumor volume 

was calculated using the formula: 

 

Tumor Volume (mm³) = 21 × (Length×Width/2) 

 

The experiment was terminated 35 days post-injection, at which point tumors were excised 

and analyzed. 
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Tumor Analysis and Molecular Characterization 

 

At the experimental endpoint, tumors from both +Dox and −Dox groups were surgically 

excised and subjected to volume and weight measurements. Dox-treated mice (+Dox) 

exhibited significantly larger tumors in terms of both volume and weight compared to controls 

(−Dox), confirming that FBL depletion enhances tumorigenic potential in vivo. 

Tumors were bisected: one half was snap-frozen in liquid nitrogen for immunoblot and nucleic 

acid extraction; the other was fixed in 10% neutral-buffered formalin for paraffin embedding 

and histological analysis. 
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2.17. Tail Vein Injection in NOD-SCID Mice to Assess Metastatic Potential 

 

To evaluate the impact of FBL depletion on metastatic dissemination in vivo, a tail vein 

injection model was employed using NOD-SCID mice (NOD.CB17-Prkdcscid/NcrCrl), which 

lack functional T and B lymphocytes, enabling efficient human tumor cell engraftment. All 

animal procedures were performed in accordance with the institutional animal care and use 

committee (IACUC) guidelines and were approved by the Institutional Animal Ethics 

Committee (IAEC). 

 

Preparation of DLD-1 Cells Expressing Tet-ON shFBL 

 

DLD-1 colorectal carcinoma cells stably expressing shFBL under a Tet-ON inducible 

promoter were cultured under standard conditions in RPMI-1640 medium supplemented with 

10% FBS and antibiotics. Upon reaching ~70–80% confluence, cells were harvested using 

0.25% trypsin-EDTA, followed by two washes in sterile, ice-cold 1× phosphate-buffered 

saline (PBS, pH 7.4) to remove residual serum and enzymes. 

Cells were filtered through a 40 µm strainer to eliminate clumps and counted using a 

hemocytometer. The final cell suspension was adjusted to 1 × 10⁷ cells/mL in sterile 1× PBS. 

A total of 1 × 10⁶ cells (in 100 μL) was prepared per mouse for injection. 

 

Tail Vein Injection 

 

Mice were restrained gently in a pre-warmed restraining device to dilate the tail veins. Using 

a 30G insulin syringe, 100 μL of the cell suspension containing 1 × 10⁶ DLD-1-shFBL cells 

was injected into the lateral tail vein of each mouse. Injections were performed slowly over 

5–10 seconds to avoid vessel rupture or leakage. Mice were monitored closely for any 

immediate signs of injection-related complications and returned to their cages under 

observation. 

 

Induction of FBL Depletion 

 

To induce stable FBL knockdown in vivo, mice were randomly assigned to two groups: 
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• +Dox group: Received 2 mg/mL doxycycline in drinking water supplemented with 5% 

sucrose to enhance palatability. The solution was protected from light and replaced 

every 72 hours. 

• −Dox group: Received 5% sucrose water without doxycycline as a control. 

• Doxycycline administration was started 24 hours post-injection and continued 

throughout the duration of the experiment to ensure sustained shRNA expression. 

 

Monitoring and Endpoint Analysis 

Animals were monitored thrice weekly for changes in body weight, behavior, respiratory 

function, and overall health. Mice exhibiting signs of systemic distress, rapid weight loss, or 

labored breathing were flagged for humane euthanasia. The experiment was terminated 60 

days post-injection. Mice were euthanized by CO₂ asphyxiation, and lungs were harvested for 

metastatic burden assessment. Lungs were inflated with 10% neutral-buffered formalin and 

fixed overnight. 

 

2.18. Histological and Quantitative Assessment of Metastases 

 

Formalin-fixed lung tissues were embedded in paraffin, sectioned, and subjected to 

hematoxylin and eosin (H&E) staining. Slides were imaged using a brightfield microscope to 

identify metastatic foci. To quantify lung metastatic burden, digital images were analyzed 

using FIJI (ImageJ). The metastatic score was calculated using the formula: 

 

Metastatic Score = (Total lung area/Total metastatic area) ×100 

 

Mice from the +Dox group displayed a significantly higher metastatic score compared to 

controls, indicating that FBL depletion enhances metastatic colonization in vivo. 

 

Hematoxylin and Eosin (H&E) Staining of Paraffin-Embedded Lung and Tumor Tissues 

 

To assess tissue morphology and metastatic infiltration, formalin-fixed, paraffin-embedded 

(FFPE) lung and tumor sections were subjected to standard Hematoxylin and Eosin (H&E) 

staining, a routinely employed histological technique for visualizing cellular and tissue 

architecture. 
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Tissue Fixation and Embedding 

 

Lungs and subcutaneous tumors harvested from euthanized NOD-SCID mice were rinsed in 

phosphate-buffered saline (PBS) and fixed in 10% neutral-buffered formalin (NBF) for 24–

48 hours at room temperature. Tissues were then dehydrated through a graded ethanol series 

(70%, 80%, 95%, and 100%) and cleared in xylene before being embedded in paraffin wax 

using a tissue processor. Tissue blocks were solidified and stored at room temperature until 

sectioning. 

 

Sectioning 

 

FFPE blocks were trimmed and sectioned at 4–5 µm thickness using a rotary microtome. 

Sections were floated on a 42°C water bath and mounted onto positively charged glass slides. 

The slides were then air-dried and incubated at 60°C for 1 hour to enhance tissue adherence. 

 

Deparaffinization and Rehydration 

 

Prior to staining, slides were deparaffinized and rehydrated as follows: 

• Xylene: 2 changes, 5 minutes each 

• 100% Ethanol: 2 changes, 3 minutes each 

• 95% Ethanol: 1 change, 3 minutes 

• 70% Ethanol: 1 change, 3 minutes 

• Running Tap Water: 5 minutes 

 

This step removes paraffin and gradually rehydrates the tissue, preparing it for aqueous 

staining solutions. 

 

Hematoxylin Staining 

 

Slides were immersed in Harris hematoxylin (or Mayer’s hematoxylin, depending on lab 

preference) for 4–5 minutes at room temperature to stain nuclear chromatin. 

• Rinse in running tap water for 5 minutes 
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• Differentiate in 0.3% acid alcohol (1% HCl in 70% ethanol) for 10–15 seconds to 

remove excess hematoxylin 

• Rinse in running tap water for 5 minutes 

• Bluing in 0.1% ammonia water or Scott’s tap water substitute for 1 minute 

• Rinse in running tap water for 2 minutes 

• This sequence sharpens nuclear contrast and fixes hematoxylin to chromatin. 

 

Eosin Staining 

 

Slides were incubated in 0.5–1% eosin Y solution (in 95% ethanol) for 1–2 minutes to stain 

cytoplasmic and extracellular components. 

• Rinse briefly in 95% ethanol to remove excess eosin 

• Dehydrate through increasing ethanol concentrations: 

• 95% ethanol: 1 minute 

• 100% ethanol: 2 changes, 2 minutes each 

• Clear in xylene: 2 changes, 5 minutes each 

 

Mounting and Imaging 

 

After clearing, slides were mounted using a permanent mounting medium (e.g., DPX or 

Permount) and covered with a glass coverslip. Slides were allowed to cure and stored at room 

temperature. 

 

2.19. Scratch Wound Healing Assay 

 

To investigate the migratory behavior of epithelial cells upon gene knockdown or 

pharmacological treatment, a scratch wound healing assay was performed. This assay enables 

the assessment of two-dimensional (2D) collective cell migration, which mimics wound 

closure in epithelial tissues and is a commonly used method to evaluate epithelial plasticity, 

particularly in the context of epithelial-to-mesenchymal transition (EMT). 

 

DLD-1 and MCF10A(p53DN) cells were initially cultured in RPMI-1640 and DMEM-F12, 

respectively, under standard conditions (37°C, 5% CO₂) following siRNA-mediated 
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knockdown or drug administration. Approximately 12 hours post-transfection, cells were 

gently trypsinized, counted, and seeded into 24-well tissue culture plates at a density 

optimized to achieve confluence within the next 12–16 hours. Achieving a uniform monolayer 

is critical for minimizing variability in the wound area and ensuring consistency across 

replicates. 

 

Once a confluent monolayer was established (typically 24 hours post-seeding), a straight 

linear wound was created in the center of each well using a sterile 200 μL pipette tip. The 

pipette tip was held perpendicular to the bottom of the plate and drawn steadily across the cell 

layer to avoid creating jagged or uneven wound edges. Care was taken to apply consistent 

pressure during scratch formation to ensure reproducibility across wells and experimental 

conditions. 

 

Immediately after wounding, detached cells were removed by gently washing each well twice 

with sterile 1X phosphate-buffered saline (PBS). After washing, fresh assay medium 

appropriate for each cell line was added. For DLD-1 cells, RPMI containing 0.5% FBS was 

used to suppress cell proliferation and isolate the migratory component of wound closure. For 

MCF10A(p53DN) cells, EGF-free DMEM-F12 or Assay Medium was used for the same 

purpose. 

 

Plates were then returned to the incubator and maintained under standard conditions for 48 

hours, unless a shorter or longer observation period was necessitated by specific experimental 

requirements. At designated time points (typically t = 0 and t = 48 hours), wound closure was 

documented using a phase-contrast microscope at a fixed magnification. Multiple fields along 

the length of the wound were imaged to ensure adequate sampling and statistical validity (Fig. 

2.7). 

Quantification of wound closure was carried out using T-Stratch software. The wound area at 

each time point was measured, and the percentage of wound closure was calculated using the 

following formula: 

Where: 

Wound Closure (%) = (Initial Wound Area-Final Wound Area) ×100 

Initial Wound Area refers to the open gap measured immediately after scratching (t = 

0). 

Final Wound Area refers to the remaining gap at the assay endpoint. 
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This quantitative measurement allowed for direct comparison of migration rates across 

various treatments and conditions, enabling functional insights into how specific gene 

perturbations, such as FBL or SCRIB depletion, influence epithelial sheet motility. 

 

 

 

Fig. 2.7. Schematic representation of the scratch wound healing assay and quantification 

parameters 

A scratch was introduced in a confluent cell monolayer (T₀) and wound closure was monitored 

during cell migration and proliferation (T₁: healing). Wound recovery was quantified using 

multiple metrics: gap width (µm) — average distance between wound edges; wound area 

(µm²) — remaining cell-free region; relative wound density — proportion of newly occupied 

area relative to initial wound space; and cell counting — number of cells migrated into the 

wound area. 
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2.20. Transwell Invasion Assay 

 

To complement the findings of the wound healing assay and further assess the invasive 

properties of cells in response to genetic or pharmacological perturbations, a Transwell 

invasion assay was employed. This technique enables the study of chemotactic migration, in 

which cells move in response to a chemoattractant gradient through a porous membrane. 

 

Transwell inserts with 8 μm pore-sized polycarbonate membranes (Corning) were used 

without Matrigel coating to specifically measure non-invasive cell migration rather than 

invasion through extracellular matrix (ECM) components. Approximately 36 hours post-

siRNA transfection, cells were trypsinized, counted using a hemocytometer or automated 

counter, and resuspended in serum-free media to eliminate the influence of growth factors 

during the assay. 

 

A total of 5 × 10⁴ cells in 100–150 μL of serum-free RPMI or DMEM-F12 were seeded into 

the upper chambers of the inserts, which had been placed into corresponding wells of a 24-

well plate. The lower chambers were filled with 600 μL of complete media containing 10% 

FBS for DLD-1 cells or 5% horse serum for MCF10A(p53DN) cells. These conditions were 

optimized to act as a chemoattractant and induce directional migration. 

The plates were incubated at 37°C in a humidified CO₂ incubator for 36 hours, allowing cells 

to migrate through the pores toward the chemoattractant. After incubation, non-migrated cells 

on the upper surface of the membrane were carefully removed using a cotton swab, taking 

care not to disturb the lower surface. Migrated cells on the underside of the membrane were 

fixed with 4% paraformaldehyde (PFA) for 10 minutes at room temperature and then stained 

with DAPI to visualize nuclei. 

 

Stained membranes were imaged using a fluorescence microscope, and five to seven random 

fields per insert were captured at 20× magnification. Quantification was performed using 

either manual counting or automated cell counting modules in ImageJ, allowing for statistical 

comparison of migratory behavior across conditions. 

 

This assay provided an orthogonal measure of mesenchymal-like migration, capturing 

phenotypic outcomes relevant to EMT and metastatic potential. The ability to compare 
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Transwell migration with wound healing responses enabled a comprehensive evaluation of 

the role of FBL and SCRIB in epithelial cell motility. 
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Chapter 3: 

Fibrillarin Controls Epithelial 

Architecture and Nuclear Organization 
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3.1. Introduction 

Fibrillarin (FBL), a nucleolar methyltransferase required for 2′-O-methylation and processing 

of precursor rRNA, is canonically known for its essential role in ribosome biogenesis and 

cellular homeostasis (Newton et al. 2003; Tollervey et al. 1993). However, recent studies have 

identified nucleolar proteins as critical regulators of nuclear structure, chromatin dynamics, 

and cellular behavior under stress conditions (González-Arzola 2024; Yang et al. 2018). In 

the context of epithelial cells, which require tightly regulated junctional complexes and 

cytoskeletal integrity to maintain monolayer organization, the role of FBL remains poorly 

understood. 

 

Loss of FBL in epithelial systems resulted in profound disruption of epithelial integrity and 

nuclear architecture. In both DLD-1 and MCF10A(p53DN) cells, FBL depletion led to a 

transition from the typical polygonal, cobblestone morphology to an elongated, spindle-like 

form, indicative of partial Epithelial-to-Mesenchymal Transition (EMT). Quantitative image 

analysis revealed a significant increase in aspect ratio upon FBL depletion, reflecting 

increased cellular elongation. These morphological alterations were accompanied by 

cytoplasmic redistribution of adherens and tight junction components—E-cadherin and ZO-

1, respectively—suggesting impaired polarity and intercellular adhesion. 

 

Intriguingly, the internalized E-cadherin co-localized with the Golgi marker GM130 (Lohia 

et al. 2012), suggesting a retention defect rather than a degradation event. Rescue experiments 

with Dynasore, a dynamin GTPase inhibitor, restored the membrane localization of E-

cadherin, implicating clathrin-mediated endocytosis in the phenotype. Such trafficking 

alterations may underlie the adhesive defects observed following FBL loss. 

 

In parallel, FBL depletion also elicited pronounced nuclear morphological changes, with 

decreased sphericity, increased surface area, and formation of micronuclei and nuclear blebs. 

These alterations occurred independently of Lamin A/C and B-type lamin levels, suggesting 

a chromatin-driven mechanism. Elevated deposition of heterochromatin-associated marks—

H3K27me3 and H3K9me3—was observed in FBL-depleted cells at both the single-cell and 

population levels, suggesting global chromatin compaction. These findings are in contrast 

with classical models where chromatin decompaction contributes to nuclear softening; rather, 
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the data support a compensatory upregulation of repressive histone marks to stabilize nuclear 

architecture under nucleolar stress. 

We further observed that FBL-depleted cells upregulated the inner nuclear envelope protein 

Emerin (Fig. 3.8(A-C)), which binds to repressive chromatin and recruits histone-modifying 

enzymes such as HDAC3, G9a, and EZH2 (Demmerle et al. 2012; Marano and Holaska 2022). 

Given the concurrent increase in H3K9me3 and Emerin levels, it is plausible that Emerin 

upregulation serves as a structural adaptation to nuclear deformation, consistent with previous 

studies linking Emerin to nuclear stiffness and heterochromatin organization (Dubińska-

Magiera et al. 2019). 

 

Interestingly, while both H3K9me3 and H3K27me3 were elevated, only the reduction of 

H3K27me3—via pharmacological inhibition of EZH2—was sufficient to rescue the enhanced 

migration phenotype associated with FBL loss. Genetic knockdown of SUV39H1, the H3K9 

methyltransferase, failed to elicit a similar rescue, reinforcing a functional distinction between 

these heterochromatin marks. These findings align with prior studies linking EZH2-mediated 

H3K27me3 deposition to enhanced cancer cell plasticity and metastasis (Xu et al. 2012; 

McCabe et al. 2012). 

 

Together, these results uncover a critical and previously unappreciated role for Fibrillarin in 

regulating epithelial morphology, junctional stability, nuclear shape, and epigenetic identity. 

By integrating mechanical and chromatin-based responses, FBL emerges as a central node in 

the maintenance of epithelial architecture, with potential implications for understanding 

nucleolar stress responses, chromatin remodeling, and early events in tumor progression. 

FBL Depletion Perturbs Cell Morphology Independently of Protein Translation 

Fibrillarin (FBL) depletion resulted in a striking disruption of classical epithelial morphology, 

characterized by the loss of the uniform, tightly packed cobblestone appearance that is 

typically observed in healthy epithelial monolayers. This morphological transformation was 

evident upon microscopic examination, as illustrated in (Fig. 3.1(A-B)). To address if the 

depletion of FBL manifests in a cell type independent manner, we independently silenced FBL 

in two distinct epithelial cell lines: DLD-1 (a colorectal carcinoma cell line) and MCF10A (a 

non-tumorigenic mammary epithelial line expressing a dominant-negative form of p53, 

referred to as p53DN). In both cell types, FBL knockdown induced a prominent morphological 

shift from a polygonal to an elongated, spindle-shaped form, suggestive of a partial epithelial-

to-mesenchymal transition (EMT)-like phenotype. 
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Quantitative analysis of cellular morphology confirmed this visual observation. Measurement 

of the aspect ratio—a geometric descriptor representing the ratio of cell length to width—

revealed a statistically significant increase following FBL depletion. Specifically, DLD-1 cells 

exhibited an approximate 5.8-fold increase (±1.0), whereas MCF10A(p53DN) cells 

demonstrated a 2.35-fold increase (±0.5) in aspect ratio compared to their respective control 

counterparts, as shown in Fig. 3.1B. These data collectively underscore the critical role of 

FBL in maintaining epithelial morphology and suppressing aberrant cell elongation. 

Fibrillarin (FBL) is a nucleolar protein essential for the biogenesis and chemical modification 

of ribosomal RNA (rRNA), particularly in the processing of precursor 45S rRNA into mature 

18S, 5.8S, and 28S rRNA species. Given its fundamental role in ribosome assembly and 

function, perturbation of FBL levels has the potential to influence both rRNA maturation and 

overall protein synthesis. To investigate whether depletion of FBL compromises global 

protein synthesis, we employed the Surface Sensing of Translation (SUnSET) assay, a non-

radioactive method that allows quantification of nascent protein synthesis by puromycin 

incorporation. Interestingly, FBL-depleted cells did not exhibit a significant reduction in 

protein synthesis as measured by this assay (Fig. 3.2 I); S.D. = 0.26 (For 45S rRNA), 

indicating that global translation rates remained largely unaffected despite the knockdown. 

This unexpected result led us to hypothesize that the residual FBL levels remaining after 

depletion may still be functionally sufficient to support critical steps in ribosome biogenesis, 

particularly the early processing of the 45S rRNA precursor. To explore this possibility, we 

analyzed the abundance of mature rRNA species following FBL knockdown. Notably, no 

substantial alterations were observed in the levels of 28S and 18S rRNA (Fig. 3.2H), 

suggesting that rRNA maturation proceeds relatively normally in the presence of low FBL 

levels. These findings imply that a threshold level of FBL activity is maintained even after 

siRNA-mediated depletion, which may be adequate to sustain essential nucleolar functions, 

thereby preserving basal translational output. Collectively, these observations highlight the 

robustness of the ribosome biogenesis machinery and suggest that FBL must be reduced 

beyond a critical threshold to significantly impair global protein synthesis. 
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Fig. 3.1. FBL is required for maintenance of epithelial morphology and protein synthesis 

(A) Phase-contrast micrographs of siLacZ (control) and siFBL-treated DLD-1 and 

MCF10A(p53DN) cells at approximately 48 h and 36 h post-transfection, respectively. FBL 

depletion results in an elongated, spindle-like morphology accompanied by disruption of the 

characteristic epithelial cobblestone appearance. Scale bar, ~150 μm; inset scale bar, 150 μm 

(N = 3). (B) Quantitative analysis of cellular aspect ratio following FBL knockdown in DLD-

1 and MCF10A(p53DN) cells at ~48 h post-transfection. Statistical significance was 

determined using an unpaired t-test. Measurements were pooled from 331 DLD-1 cells and 

336 MCF10A(p53DN) cells across three independent biological replicates (N = 3) (C) 

SUnSET assay assessing global protein synthesis in siLacZ- and siFBL-transfected DLD-1 

A 

B 
C 
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cells at approximately 48 h post-transfection. Puromycin-labeled nascent polypeptides were 

detected by immunoblotting, with GAPDH serving as a loading control (N = 2). 

 

3.2.1. Internalization of E-Cadherin and ZO-1 Upon Loss of FBL 

Fibrillarin (FBL) depletion led to a marked alteration in epithelial cell morphology, disrupting 

the characteristic cobblestone-like arrangement of tightly packed cells. This loss of structural 

uniformity indicates a breakdown in epithelial organization.  

FBL depletion showed striking alterations in the subcellular localization of key epithelial 

adhesion molecules, most notably E-cadherin. Under normal physiological conditions, E-

cadherin is predominantly localized at the plasma membrane, where it plays a central role in 

forming adherens junctions and maintaining epithelial integrity. However, upon knockdown 

of FBL, a substantial redistribution of E-cadherin was observed. Instead of localizing to the 

cell membrane, E-cadherin accumulated within the cytoplasmic compartment in ~72.5% 

(±12.5%) of cells, as shown in (Fig. 3.2A, D). This internalization was associated with a 

pronounced loss of cell-cell adhesion, suggesting that the adhesive architecture of the 

epithelial sheet was significantly compromised. Despite this altered localization, total cellular 

levels of E-cadherin protein remained largely unchanged, as confirmed by immunoblot 

analysis (Fig. 3.2(F-G); S.D.= 0.26). This indicates that the loss of membrane-associated E-

cadherin was not due to downregulation or degradation, but rather due to dysregulated 

trafficking or increased internalization, possibly through an endocytic mechanism. 

Notably, the mislocalization of adhesion proteins upon FBL depletion was not restricted to E-

cadherin alone. ZO-1, a tight junction-associated scaffolding protein that normally localizes 

at the apical-most region of epithelial cell-cell contacts, also exhibited aberrant localization. 

In FBL-depleted cells, ZO-1 was found to be redistributed away from the plasma membrane 

and internalized into the cytoplasm, as shown in (Fig. 3.2 B, E) ~58.6% (±9.2%). This parallel 

mislocalization of both E-cadherin and ZO-1 strongly suggests a coordinated breakdown of 

intercellular junctional complexes following loss of FBL. Given that adherens junctions and 

tight junctions function cooperatively to establish and maintain epithelial barrier integrity, the 

simultaneous disruption of these structures implies a fundamental role of FBL in preserving 

epithelial architecture. 

As we observed co-internalization of E-cadherin and ZO-1, to further dissect whether E-

cadherin internalization is triggering ZO1 internalization, we performed EGTA mediated Ca2+ 

chelation assay. Upon incubating DLD-1 cells with EGTA(3mM) for 1 h, the E-cadherin 

stability on the cell membrane was compromised, as a result, E-cadherin was internalized into 
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cytoplasm along with ZO-1, as observed in a previous study (Tria et al. 2013) (Fig. 3.2C). 

Therefore, in an FBL depletion independent way we confirmed that E-cadherin internalization 

is leading to the internalization of ZO-1 in DLD-1, an observation that overlaps with the FBL 

depletion mediated co-internalization of E-cadherin and ZO-1. 

To test whether E-cadherin internalization upon FBL depletion reflects altered endocytic 

trafficking, we assessed global endocytosis using a transferrin uptake assay. Transferrin 

internalization was unchanged following FBL knockdown (Fig. 3.2H), indicating that E-

cadherin internalization is not due to a global increase in endocytosis. 

Together, these findings indicate that FBL is essential for maintaining proper subcellular 

localization of major junctional proteins, and by extension, for the structural and functional 

integrity of epithelial monolayers. The internalization of E-cadherin and ZO-1 following FBL 

knockdown may reflect broader perturbations in membrane trafficking pathways or 

cytoskeletal organization, positioning FBL as a potential upstream regulator of junctional 

homeostasis. Further investigations are warranted to delineate the molecular mechanisms 

through which FBL influences adhesion protein localization, and whether this effect is 

mediated via direct interactions, epigenetic regulation, or alterations in intracellular transport 

dynamics. 

 

 

 

 

 

 

 

 

 

 

                         



106 
 

 

 

 

A 

B 



107 
 

 

C 

(i) D (ii) E 

F 



108 
 

 

(i) G (ii) 

H 

 



109 
 

 

Fig. 3.2. FBL depletion disrupts junctional localization of epithelial polarity proteins 

(A) Representative immunofluorescence micrographs depicting FBL (green), E-cadherin (red), 

and nuclei (DAPI; blue) in DLD-1 and MCF10A(p53DN) cells following FBL knockdown for 

approximately 48 h and 36 h, respectively. Depletion of FBL results in a marked redistribution 

of E-cadherin. Quantitative analyses were pooled from ≥90 cells per condition, comprising 180 

DLD-1 and 181 MCF10A(p53DN) cells across three independent biological replicates (N = 3). 

Scale bar, ~20 μm. (B) Representative immunofluorescence images showing E-cadherin 

(green) and ZO-1 (red) localization in DLD-1 cells treated with or without EGTA (3 mM, 1 h). 

Data were collected from ≥60 cells per condition and pooled from two independent biological 

replicates (N = 2). Scale bar, ~20 μm. (C) Quantification of E-cadherin internalization in (i) 

DLD-1 and (ii) MCF10A(p53DN) cells, expressed as the ratio of E-cadherin fluorescence 

intensity at the cell–cell junctions to that of the entire cell. Statistical significance was 

determined using an unpaired t-test. Measurements were pooled from 180 DLD-1 and 181 

MCF10A(p53DN) cells across three independent biological replicates (N = 3). (D) Quantitative 

analysis of ZO-1 internalization in DLD-1 cells, calculated as the ratio of junctional ZO-1 

fluorescence intensity to total cellular fluorescence. Data represent measurements from 178 

cells pooled from two independent biological replicates (N = 2). Statistical significance was 

assessed using an unpaired t-test. (E) Representative immunoblots showing E-cadherin and 

FBL protein levels, with GAPDH and β-tubulin serving as loading controls, in DLD-1 and 

MCF10A(p53DN) cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA 

(siFBL) for approximately 48 h and 36 h, respectively. (F) Densitometric analysis of 

immunoblots showing relative levels of E-cadherin and FBL in (i) DLD-1 and (ii) 

I 



110 
 

MCF10A(p53DN) cells, corresponding to Fig. S1B. Quantifications were pooled from three 

independent biological replicates (N = 3). (G) Representative confocal images of DLD-1 cells 

transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for approximately 

48 h and stained for nuclei (DAPI; blue) and Transferrin–Texas Red (red). Transferrin uptake 

was monitored at 10-min intervals. Scale bar, 20 μm. (H) RT-qPCR analysis was performed to 

quantify rRNA precursor and mature rRNA species in MCF10A(p53DN) cells transfected with 

control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for approximately 36 h. Transcript 

levels of 45S pre-rRNA, 28S rRNA, 18S rRNA, and FBL mRNA were normalized to GAPDH 

and expressed as relative abundance using the 2^ΔΔCt method, with siLacZ-treated cells 

serving as the reference. Knockdown of FBL resulted in a marked decrease in 45S pre-rRNA 

and FBL transcript levels, whereas the levels of mature 28S and 18S rRNAs were largely 

unaffected. Data represent the mean ± SEM of biological replicates. Statistical significance 

was determined using an unpaired Student’s t-test (****, p < 0.0001). (J)(i) Representative 

channel-separated images showing Dynasore treatment under FBL-depleted conditions, 

corresponding to Fig. 1D. (ii) Quantitative analysis of E-cadherin internalization in DLD-1 

cells, expressed as the ratio of E-cadherin (green) fluorescence intensity at the cell periphery 

to that within the entire cell, as shown in Fig. 1D. Data were pooled from n = 339 cells across 

N = 3 independent biological replicates. Scale bar, ~20 μm. 

 

3.2.2. E-Cadherin accumulation in Golgi 

In addition to disrupting the membrane localization of E-cadherin, Fibrillarin (FBL) depletion 

resulted in its intracellular accumulation, particularly within the Golgi apparatus. This was 

evidenced by the colocalization of E-cadherin with GM130, a well-established marker of the 

Golgi complex. Under normal physiological conditions, E-cadherin is stabilized at the plasma 

membrane through a finely regulated mechanism involving its cytoplasmic domain. 

Specifically, the cytoplasmic tail of E-cadherin contains a ubiquitination site that marks it for 

internalization and degradation. This site is protected by the p120 catenin protein, which binds 

to E-cadherin and shields it from ubiquitin ligases, thereby maintaining its stability and surface 

localization. 

Importantly, the apical-basal polarity protein Scribble plays a crucial role in reinforcing this 

stabilization. Scribble facilitates the interaction between E-cadherin and p120 catenin, further 

securing E-cadherin at adherens junctions and promoting junctional integrity. Given that FBL 
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depletion leads to mislocalization and Golgi accumulation of E-cadherin, it is plausible that 

FBL influences the expression of Scribble, either directly or indirectly. The disruption of this 

regulatory axis could impair the protective interaction between E-cadherin and p120, 

rendering E-cadherin susceptible to internalization and rerouting to intracellular 

compartments such as the Golgi. 

Interestingly, in FBL-depleted cells E-cadherin colocalized with Golgi apparatus and the 

Golgi apparatus itself appeared fragmented and disorganized (Fig. 3.3(A-C)). Colocalization 

of E-cadherin with Golgi-marker GM130 is indicative of altered levels of Scribble upon FBL 

depletion. Such structural alterations of the Golgi may be indicative of broader cytoskeletal 

remodeling events (Khuntia et al. 2022). We speculate that the observed Golgi fragmentation 

may not be a direct consequence of FBL loss but rather a secondary effect resulting from 

cytoskeletal rearrangements, particularly actin remodeling, that occur during the cell shape 

changes associated with FBL knockdown. Given that FBL-depleted cells exhibit an elongated 

morphology and disrupted epithelial architecture, the reorganization of actin filaments may 

exert mechanical stress on Golgi positioning and integrity.  
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Fig. 3.3. Loss of FBL promotes E-cadherin accumulation at the Golgi apparatus 

(A)(i-iii) Quantitative colocalization analysis of E-cadherin and the cis-Golgi marker GM130 

in DLD-1 cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL). 

Mander’s coefficient A, Mander’s coefficient B, and colocalized voxel volume were 

calculated using Imaris software. Statistical significance was assessed using an unpaired t-

test. Data were pooled from three independent biological replicates (N = 3). (B)(i-iii) The 

same colocalization parameters were quantified for E-cadherin and GM130 in 

MCF10A(p53DN) cells using Imaris. Fixed threshold values were applied uniformly across 

replicates (DLD-1: threshold A = 11.930, threshold B = 11.920; MCF10A(p53DN): threshold 

A = 1.320, threshold B = 11.920). Statistical analysis was performed using an unpaired t-test, 

with data derived from three independent biological replicates (N = 3). (C) Representative 

immunofluorescence micrographs showing E-cadherin (green), GM130 (red), and nuclei 

(DAPI; blue) in DLD-1 and MCF10A(p53DN) cells transfected with siLacZ or siFBL for 

approximately 48 h. Images are representative of three independent biological replicates (N = 

3). In siLacZ-transfected cells, the E-cadherin and GM130 panels correspond to different 

optical sections from the same confocal z-stack. Scale bar, ~20 μm. 

 

 

3.2.3. Rescue of E-Cadherin Internalization by Dynasore 

To gain mechanistic insight into the process of E-cadherin internalization observed upon 

Fibrillarin (FBL) depletion, we employed a pharmacological approach using Dynasore—a 

well-characterized, cell-permeable inhibitor of the GTPase activity of Dynamin. Dynamin is 

a critical component of the clathrin-mediated endocytic machinery, where it facilitates the 

scission of nascent clathrin-coated vesicles from the plasma membrane. Inhibiting Dynamin 

activity effectively halts the internalization of numerous membrane-bound receptors and 

adhesion molecules, including E-cadherin, thereby serving as a useful tool to probe the 

involvement of clathrin-dependent endocytosis in cellular trafficking events. 

To assess whether the internalization of E-cadherin following FBL depletion was dependent 

on clathrin-mediated endocytosis, DLD-1 cells were treated with Dynasore under FBL 

knockdown conditions. Remarkably, Dynasore treatment resulted in a substantial rescue of E-

cadherin membrane localization, with a marked reduction in its cytoplasmic accumulation 

(Fig. 3.4). These observations strongly indicate that the mislocalization of E-cadherin induced 
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by FBL depletion is mediated through a Dynamin-dependent internalization pathway. The 

ability of Dynasore to restore E-cadherin at the cell membrane highlights the functional 

relevance of clathrin-mediated endocytosis in this context. It suggests that FBL plays an 

upstream regulatory role in stabilizing membrane-bound E-cadherin by modulating endocytic 

trafficking. 

This experiment not only validated our earlier observations regarding E-cadherin 

internalization but also established a direct link between FBL function and endocytic 

regulation. The observed rescue by Dynasore suggests that therapeutic modulation of 

endocytosis could potentially counteract adhesion defects arising from nucleolar or epigenetic 

dysregulation, such as that induced by FBL loss. Together, these findings position FBL as a 

novel upstream modulator of adhesion protein trafficking in epithelial cells. 
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Fig. 3.4. Dynasore Treatment Enhances E-cadherin Internalization in FBL-Depleted 

DLD-1 Cells 

(A) Channel-separated fluorescence images showing Dynasore treatment under FBL-depleted 

conditions (B) Quantitative analysis of E-cadherin internalization in DLD-1 cells, expressed as 

the ratio of E-cadherin (green) fluorescence intensity at the cell periphery to that of the whole 

cell. Data were pooled from 339 cells across three independent biological replicates (N = 3). 

Scale bar, ~20 μm. 

 

3.2.4. Increased Cell Migration Upon FBL Depletion 

Fibrillarin (FBL) depletion was found to markedly enhance both the migratory properties of 

epithelial cells, highlighting its potential role in regulating cellular behaviours associated with 

tissue remodelling and cancer metastasis. To investigate the effect of FBL knockdown on cell 

migration, we performed a scratch wound healing assay, a well-established in vitro 

methodology used to monitor the collective migration of adherent cell monolayers. In this 

assay, a linear wound or “scratch” is introduced across a confluent monolayer of cells, 

maintained in serum depleted media (1% serum), and the rate of wound closure is quantified 

over time as an indicator of migratory capacity. Compared to control cells, FBL-depleted cells 

exhibited a pronounced increase in migration, with ~80% (±10%) wound closure observed 

over the same time-period (Fig. 3.5(A-B)). This significant enhancement in collective 

migration suggests that loss of FBL disrupts normal epithelial behavior, possibly through 

weakening of cell-cell junctions or cytoskeletal reorganization, thereby enabling cells to more 

freely mobilize as a sheet. 

To assess whether this increased motility extended to invasive behavior—an essential 

characteristic of malignant progression—we employed the Boyden chamber (transwell) assay. 

This method enables the quantification of the ability of cells to invade through a porous 

polycarbonate membrane, typically coated with extracellular matrix (ECM) components such 

as collagen or Matrigel, to mimic the basement membrane. In this setup, cells must not only 

migrate but also degrade and pass through the ECM barrier and the membrane’s pores (8 µm 

in diameter), simulating the process of tissue invasion in vivo. FBL-depleted cells showed a 

substantial increase in invasive potential, as evidenced by a ~2.65-fold increase in the number 

of cells successfully invading through the membrane compared to control cells (Fig. 3.5(C-

D)). 
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The observed enhancement in both two-dimensional (scratch assay) and three-dimensional 

(Boyden chamber) migration strongly supports a role for FBL in restraining pro-migratory 

and pro-invasive cellular programs. These phenotypic changes are likely a consequence of 

disrupted epithelial architecture, altered adhesion protein trafficking (e.g., E-cadherin 

internalization), and potential cytoskeletal remodeling—all of which can contribute to a 

mesenchymal-like, invasive phenotype. Collectively, these findings implicate FBL as a 

critical regulator of epithelial stability, whose loss may promote cellular behaviors associated 

with epithelial-to-mesenchymal transition (EMT), tumor progression, and metastatic 

dissemination.  
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Fig. 3.5. Effect of FBL depletion on epithelial cell migration and invasion 

(A) Representative phase-contrast micrographs of scratch wound–healing assays performed in 

DLD-1 and MCF10A(p53DN) cells transfected with control siRNA (siLacZ) or FBL-targeting 

siRNA (siFBL). Images are representative of three independent biological replicates (N = 3). 

Scale bar, ~100 μm. (B) Quantitative analysis of wound reveals a significant enhancement in 

migratory capacity following FBL depletion in both DLD-1 and MCF10A(p53DN) cells. 

Statistical significance was determined using an unpaired t-test. (C) Representative images of 

Boyden chamber invasion assays (pore size, ~8 μm) performed in DLD-1 and 
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MCF10A(p53DN) cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA 

(siFBL). Images are representative of three independent biological replicates (N = 3). Scale 

bars, ~400 μm for DLD-1 and ~200 μm for MCF10A(p53DN). (D) Quantitative analysis of the 

invasion assays demonstrating a significant increase in invasive capacity upon FBL depletion 

in both DLD-1 and MCF10A(p53DN) cells. Data were pooled from three independent 

biological replicates (N = 3). 

 

3.2.5. Altered Nuclear Topology  

 

To further investigate the impact of Fibrillarin (FBL) depletion on nuclear architecture, we 

independently silenced FBL in two epithelial cell lines: DLD-1 (a colorectal cancer cell line) 

and MCF10A(p53DN) (a non-tumorigenic mammary epithelial line expressing a dominant-

negative variant of p53). Quantitative image analysis following FBL knockdown revealed 

significant morphological changes to the nucleus, characterized by a marked reduction in 

nuclear sphericity. Specifically, both cell lines exhibited approximately an 18% (±7.2%) 

decrease in nuclear roundness, suggesting increased nuclear deformation or irregularity. This 

observation was accompanied by an increase in nuclear surface area of roughly 22% (±9%), 

further supporting the notion of altered nuclear contour and envelope integrity (Fig. 3.6(A-

B)). 

Interestingly, despite these pronounced changes in nuclear shape and surface geometry, the 

overall nuclear volume remained largely unchanged. This indicates that the observed 

phenotypic alterations reflect a remodeling of nuclear architecture rather than simple swelling 

or shrinkage of the nucleus. These shape changes may represent increased nuclear pliability 

or tension, possibly resulting from alterations in cytoskeletal-nuclear coupling or nuclear 

lamina organization. 

To determine whether these morphological changes were associated with modifications to 

nuclear lamina components, we examined the levels of key nuclear envelope proteins, 

including Lamin A/C, Lamin B1, and Lamin B2. Immunoblot analyses showed that the total 

expression levels of these lamins remained unchanged upon FBL depletion (Fig. 3.6(C-G)). 

This is consistent with previous reports, which demonstrated that FBL knockdown does not 

significantly affect Lamin A/C abundance. Therefore, the alterations in nuclear shape 

observed here are unlikely to be driven by gross changes in nuclear lamina protein levels. 
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Together, these findings suggest that FBL plays a role in maintaining nuclear morphology and 

mechanical integrity, potentially through epigenetic regulation or chromatin structural 

dynamics rather than direct modulation of nuclear envelope proteins. The preservation of 

nuclear volume amidst increased surface area and loss of sphericity hints at underlying 

changes in nuclear rigidity or chromatin organization that warrant further investigation. Given 

the growing recognition of nuclear morphology as a functional readout of cellular health, 

differentiation state, and malignancy, the ability of FBL to modulate nuclear shape may have 

implications for its role in tumor progression and cellular plasticity. 
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Fig. 3.6. FBL depletion alters nuclear morphology and nuclear lamina organization 

(A) Representative images showing nuclei stained with DAPI (blue) in control (siLacZ) and 

FBL-depleted (siFBL) cells, highlighting pronounced changes in nuclear shape following 
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FBL knockdown. Lower panels show immunofluorescence staining for the indicated nuclear 

envelope and chromatin-associated markers (green/red), along with merged images. Scale 

bars as indicated. (B) Scatter dot plots on the right represent quantitative analyses of nuclear 

morphology parameters (including nuclear area, aspect ratio, and/or circularity) comparing 

siLacZ (blue) and siFBL (red) conditions. Each dot represents an individual cell, with data 

pooled from multiple fields across independent biological replicates. Statistical significance 

was assessed using an unpaired t-test. (C) Representative immunoblots showing protein levels 

of Lamin A, Lamin B1, Lamin B2, and FBL in cells transfected with control siRNA (siLacZ) 

or FBL-targeting siRNA (siFBL). A housekeeping protein was used as a loading control. 

(D)The bar graph below shows densitometric quantification of Lamin A (blue), Lamin B1 

(red), Lamin B2 (green), and FBL (purple) normalized to the loading control and expressed 

relative to the siLacZ condition. Each dot represents an independent biological replicate, and 

bars indicate mean ± SD. Data were pooled from independent experiments, and statistical 

significance was assessed using an unpaired t-test. 

 

3.2.6. FBL Loss Enhances H3K9me3 and H3K27me3 Levels 

 

Proper nuclear morphology is a tightly regulated feature of healthy cells and is often 

maintained through balanced interactions between the nuclear lamina, chromatin 

organization, and cytoskeletal forces. Disruption of this balance can result in aberrant nuclear 

structures such as blebs, micronuclei, and irregular shapes, which are frequently observed in 

cancer and other pathological states. Notably, previous studies have highlighted that a 

reduction in heterochromatin content—particularly histone modifications such as H3K9me3 

and H3K27me3—can compromise nuclear rigidity and contribute to nuclear deformation 

(Stephens et al. 2018). These histone marks are associated with the formation of 

transcriptionally repressive chromatin, which not only regulates gene expression but also 

contributes to the mechanical properties of the nucleus by compacting chromatin and 

promoting structural stability. 

Motivated by this connection, we investigated whether FBL depletion, which we previously 

found to disrupt nuclear morphology, also impacts global levels of key heterochromatin 

marks. In FBL-depleted DLD-1 and MCF10A(p53DN) cells, we consistently observed a 

decrease in nuclear sphericity and an increase in nuclear surface area, accompanied by a higher 

incidence of nuclear aberrations including nuclear blebbing and micronucleus formation. 

Interestingly, these nuclear morphological changes occurred despite the total levels of nuclear 
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lamina proteins—Lamin A/C, Lamin B1, and Lamin B2—remaining unchanged. This 

suggested that the defects in nuclear architecture might stem from changes in chromatin 

organization rather than lamina disruption. 

To test this hypothesis, we examined the status of heterochromatin-associated histone 

modifications, specifically H3K9me3 and H3K27me3. Surprisingly, rather than observing a 

decrease in these marks (which would be expected if chromatin compaction were 

compromised), we found a significant increase in both modifications in FBL-depleted cells. 

Immunofluorescence assays at the single-cell level revealed enhanced staining intensity for 

H3K9me3 and H3K27me3, indicating elevated heterochromatin deposition (Fig. 3.7 (A-F)). 

This finding was further corroborated by immunoblotting analyses at the population level, 

which showed a robust increase in global levels of these repressive histone marks. 

In particular, H3K27me3 levels were markedly upregulated upon FBL depletion, exhibiting 

nearly a six-fold increase in signal intensity in immunofluorescence assays, and approximately 

a 60% (±10%) increase in overall abundance in immunoblotting experiments. These data 

collectively suggest that loss of FBL not only disrupts nuclear morphology but is also 

associated with an unexpected elevation in heterochromatin levels. The observed increase in 

chromatin compaction marks may represent a compensatory response to mechanical stress or 

reflect a broader epigenetic reprogramming triggered by nucleolar dysfunction. 

Taken together, these results uncover a novel link between FBL depletion and epigenetic 

remodeling, wherein the architectural abnormalities of the nucleus are accompanied by a 

paradoxical increase in heterochromatin deposition. This finding challenges the conventional 

view that nuclear deformation is always associated with chromatin decompaction, and raises 

the possibility that FBL may exert its regulatory effects on nuclear structure and gene silencing 

through complex, context-dependent chromatin interactions. 
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Fig. 3.7. FBL Depletion Promotes Global Increases in Repressive Histone Marks 

H3K9me3 and H3K27me3 in Epithelial Cells 

(A) Representative immunofluorescence images showing FBL (green) and H3K9me3 (red) 

staining in MCF10A(p53DN) and DLD-1 cells transfected with control siRNA (siLacZ) or 

FBL-targeting siRNA (siFBL) for ~48 h and ~36 h, respectively. Data were acquired from 

three independent biological replicates (N = 3). Statistical significance was determined using 

an unpaired t-test. Scale bar, ~20 μm. (B)(i-ii) Representative channel-separated and merged 

immunofluorescence images showing FBL (green) and H3K9me3 (red) localization in control 

(siLacZ) and FBL-depleted (siFBL) MCF10A(p53DN) and DLD-1 cells. Nuclear DNA is 

counterstained with DAPI (blue). (C) Quantitative analysis of H3K27me3 levels in DLD-1 and 

MCF10A(p53DN) cells corresponding to panel A. Measurements were pooled from 202 DLD-

1 cells and 225 MCF10A(p53DN) cells across three independent biological replicates (N = 3). 

An unpaired t-test was used to calculate p-values. (D) Bar graph showing relative H3K9me3 

relative band intensity upon FBL depletion cmpared to control conditions. Data are represented 

as mean ± SD from three independent biological replicates. (E) Scatter dot plot depicting 

single-cell integrated density measurements of H3K9me3 fluorescence in siLacZ and siFBL 

conditions, highlighting a significant increase in H3K9me3 levels following FBL knockdown 

(****p < 0.0001, unpaired t-test). (F) Representative immunoblot showing H3K9me3 levels 

in control and FBL-depleted cells, with corresponding histone/loading controls shown below.  

F 
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3.2.7. Increased H3K9me3 correlated with elevated levels of Emerin 

 

Fibrillarin (FBL) depletion in epithelial cells led not only to nuclear morphological 

abnormalities but also to a notable upregulation of the inner nuclear envelope protein Emerin, 

along with a concomitant increase in the heterochromatin mark H3K9me3. These observations 

suggest a functional interplay between nuclear envelope dynamics and chromatin 

organization, particularly in the context of nuclear stress. 

Emerin, encoded by the EMD gene, is a key component of the inner nuclear membrane and is 

known to tether chromatin to the nuclear periphery. It plays a crucial role in organizing 

perinuclear heterochromatin through direct interactions with chromatin-modifying 

complexes. For instance, Emerin recruits HDAC3 and associates with histone 

methyltransferases such as G9a and EZH2, thereby facilitating the formation and maintenance 

of repressive chromatin domains marked by H3K9me3 and H3K27me3 (Demmerle et al. 

2012). 

In our experimental setting, FBL-depleted cells exhibited a significant increase in the protein 

levels of Emerin (Fig. 3.8(A-E)). This increase was paralleled by elevated H3K9me3 levels, 

as evidenced by both immunofluorescence and immunoblotting. This strongly implies a global 

remodeling of heterochromatin architecture upon FBL loss, likely in part mediated by the 

nuclear envelope. 

Previous studies have shown that loss of Emerin disrupts heterochromatin anchoring at the 

nuclear lamina, leading to nuclear instability and impaired gene silencing (Yorifuji et al. 1997; 

Marano and Holaska 2022). Our findings suggest increased Emerin may act as a compensatory 

mechanism to restore nuclear rigidity and structural integrity in the face of nucleolar stress 

induced by FBL depletion. 

Furthermore, H3K9me3-enriched heterochromatin has been shown to reinforce nuclear shape 

by increasing chromatin compaction and stiffness (Stephens et al. 2017). Given that FBL-

depleted cells display reduced nuclear sphericity and increased surface area—hallmarks of 

mechanical nuclear stress- it is plausible that the upregulation of Emerin and the 

corresponding increase in H3K9me3 deposition serve to buffer nuclear architecture against 

further deformation. 

In summary, our data suggest a novel adaptive pathway where FBL depletion → Emerin 

upregulation → recruitment of H3K9-methyltransferases → enhanced H3K9me3 deposition, 

which may function to stabilize nuclear morphology through the expansion of repressive 

chromatin domains. This underscores the interdependence between nucleolar function, 
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nuclear envelope composition, and epigenetic regulation in maintaining epithelial nuclear 

integrity under stress conditions. 
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Fig. 3.8. FBL Depletion Upregulates Emerin Expression and Enhances Its Nuclear 

Envelope Localization 

(A) Representative immunoblot analysis showing levels of Emerin in control (siLacZ) and 

FBL-depleted (siFBL) cells.GAPDH has been used as loading control. Blots are representative 

of three independent biological replicates, demonstrating increased enrichment of Emerin upon 

FBL knockdown. (B) Representative densitometric analysis showing levels Emerin in control 

D
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(siLacZ) and FBL-depleted (siFBL) cells. (C) Representative immunofluorescence images 

showing Emerin (red), FBL (Green), in control (siLacZ) and FBL-depleted (siFBL) cells. 

Nuclear DNA is stained with DAPI (blue), and F-actin is visualized using phalloidin (cyan). 

Merged images illustrate changes in Emerin signal intensity FBL knockdown. Images are 

representative of two independent biological replicates. Scale bar, ~20 μm. (D) Representative 

channel-separated immunofluorescence images showing nuclear DNA (DAPI, blue), Emerin 

(green), and H3K9me3 staining (red) in control (siLacZ) and FBL-depleted (siFBL) cells. 

Images illustrate enhanced Emerin signal intensity and altered nuclear morphology following 

FBL knockdown. Scale bar, ~15 μm. (E) Scatter dot plot showing single-cell quantification of 

mean Emerin fluorescence intensity in control (siLacZ) and FBL-depleted (siFBL) cells. Each 

dot represents an individual cell, with horizontal bars indicating the mean ± SD. Data were 

pooled from three independent biological replicates (N =2). Statistical significance was 

determined using an unpaired t-test (****p < 0.0001). 

 

3.2.8. Reduction in Active Chromatin Marks H3K9Ac and H3K27Ac 

 

Histone acetylation is a hallmark of open and transcriptionally active chromatin, with H3K9ac 

and H3K27ac being two well-characterized marks enriched at promoters and enhancers of 

actively transcribed genes. These acetylation marks neutralize the positive charge on histone 

tails, weakening histone-DNA interactions and facilitating access of the transcriptional 

machinery to chromatin. The dynamic balance between histone acetylation and methylation 

is a key regulatory mechanism that governs chromatin accessibility and gene expression. 

Upon depletion of Fibrillarin (FBL), we observed a pronounced downregulation of both 

H3K9ac and H3K27ac, as determined by immunoblotting and immunofluorescence assays. 

This reduction in active histone marks indicates a global shift toward transcriptional 

repression. Importantly, this effect occurs concomitantly with an increase in repressive histone 

methylation marks-namely H3K9me3 and H3K27me3-which occupy the same lysine residues 

on histone H3 and are mutually exclusive with their acetylated counterparts (Kouzarides 2007; 

Wang et al. 2008). The reciprocal changes in acetylation and methylation suggest an active 

chromatin remodeling response following FBL depletion. Previous studies have demonstrated 

that decreased acetylation of H3K27 and H3K9 often precedes or facilitates the recruitment 

of repressive complexes such as PRC2 (for H3K27me3) and SUV39H1/G9a (for H3K9me3), 

reinforcing the establishment of heterochromatin and gene silencing (Tie et al. 2009; Padeken 
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et al. 2022). In our system, the loss of H3K9ac and H3K27ac upon FBL depletion (Fig. 3.9(A-

D)) likely reflects either a reduction in histone acetyltransferase (HAT) activity or an increase 

in histone deacetylase (HDAC) activity in the absence of FBL. This aligns with the observed 

upregulation of H3K27me3 and H3K9me3, further confirming a coordinated epigenetic 

reprogramming toward chromatin compaction and gene repression. These alterations in 

chromatin state may be part of a broader nuclear stress response triggered by FBL loss. As 

FBL depletion is known to affect nuclear morphology and chromatin organization, the 

observed loss of acetylation could represent a mechanism to enhance chromatin rigidity and 

maintain structural integrity. Indeed, prior reports have demonstrated that reductions in active 

chromatin marks and increases in heterochromatin can help counterbalance mechanical 

perturbations to the nucleus (Nava et al. 2020). 
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Fig. 3.9. FBL depletion causes reduced deposition of histone acetylation marks- H3K27 

and H3K9ac 

(A) Representative channel-separated and merged immunofluorescence images showing 

nuclear DNA (DAPI, blue), H3K9ac (green), and FBL (red) staining in control (siLacZ) and 

FBL-depleted (siFBL) cells. Merged images illustrate pronounced changes in nuclear 

morphology, redistribution of FBL, and enhanced accumulation of the repressive chromatin 

mark H3K9ac upon FBL knockdown. Images are representative of independent biological 

replicates. Scale bar, ~20 μm. (B) Representative immunofluorescence images showing nuclear 

DNA (DAPI, blue), H3K27ac (green), and FBL (red) in control (siLacZ; top row) and FBL-

depleted (siFBL; bottom row) cells. The rightmost panels show merged images illustrating 

increased H3K27ac signal and altered nuclear morphology upon FBL knockdown, 

accompanied by redistribution and reduction of nucleolar FBL staining. Images are 

representative of independent biological replicates. Scale bar, ~20 μm. (C) Scatter dot plot 

showing single-cell measurements of mean H3K9ac fluorescence intensity in control (siLacZ) 

and FBL-depleted (siFBL) cells. Each dot represents an individual cell, with horizontal bars 

indicating the mean ± SD. Data were pooled from independent biological replicates. Statistical 

significance was assessed using an unpaired t-test (****p < 0.0001). (D) Scatter dot plot 

depicting single-cell quantification of average H3K27ac fluorescence intensity in control 

(siLacZ) and FBL-depleted (siFBL) DLD-1 cells. Each point corresponds to an individual cell, 

with bars representing the mean ± SD. Data were combined from N=2 independent biological 

replicates; n>60, and statistical significance was evaluated using an unpaired t-test (****p < 

0.0001). 
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3.2.9. Reduction in H3K9me3 is insufficient in rescuing FBL loss mediated enhanced 

migration 

To dissect the epigenetic underpinnings of the enhanced migratory phenotype observed upon 

FBL depletion, we focused on two major transcriptionally repressive histone marks: 

H3K9me3, deposited by SUV39H1, and H3K27me3, catalyzed by the Polycomb Repressive 

Complex 2 (PRC2) component EZH2. We first attempted to reduce H3K9me3 levels 

pharmacologically using Chaetocin, a known SUV39H1/2 inhibitor. However, Chaetocin was 

ineffective under our conditions due to its poor specificity and cytotoxicity, prompting us to 

adopt a genetic approach. We used siRNA-mediated knockdown of SUV39H1 and compared 

four experimental conditions in a scratch wound assay: siLacZ (control), siFBL, siLacZ + 

siSUV39H1, and siFBL + siSUV39H1. While SUV39H1 knockdown efficiently reduced 

H3K9me3 levels, it failed to reverse the enhanced migration phenotype induced by FBL loss, 

suggesting that H3K9me3 is not a critical effector in this context. In contrast, inhibition of 

EZH2 using GSK126 (10 μM for 48 hours) markedly reduced H3K27me3 levels and resulted 

in a significant attenuation of cell migration, even in an FBL-depleted background (Fig. 4.3B). 

These findings were confirmed by scratch wound closure assays, which showed a substantial 

decrease in wound closure rates following EZH2 inhibition. Together, these results indicate 

that while both H3K9me3 and H3K27me3 are elevated upon FBL depletion, only H3K27me3 

is functionally linked to the acquisition of a migratory phenotype. The inability of SUV39H1 

knockdown to rescue the migratory phenotype, coupled with the efficacy of EZH2 inhibition, 

positions H3K27me3 as the key epigenetic driver of FBL loss–associated epithelial plasticity 

and-motility. 
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Fig. 3.10. Enhanced H3K9me3 levels are not responsible for FBL depletion mediated 

enhanced cell migration 

(A) Immunoblot analysis depicting H3K9me3 protein levels in cells transfected with control 

siRNA (siLacZ) or FBL-targeting siRNA (siFBL). GAPDH is shown below to confirm equal 

protein loading. Blots are representative of independent biological replicates. (B) 

Representative phase-contrast images from scratch-wound (wound-healing) assays performed 

in control (siLacZ), FBL-depleted (siFBL), siLacZ + siSUV39H1, and siFBL + siSUV39H1 

cells. Images were acquired immediately after wound generation (0 h) and further images 
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acquisition was done at the interval of every 12h till 48 h. Accelerated wound closure is 

observed upon FBL depletion, which is not attenuated following co-depletion of the H3K9 

methyltransferase SUV39H1, indicating a role for H3K9me3-dependent chromatin regulation 

in FBL-mediated cell migration. Images are representative of independent biological replicates. 

(C) Line graph showing percentage wound closure measured at 0, 12, 24, 36, and 48 h in 

control (siLacZ), siLacZ + siSUV39H1, siFBL, and siFBL + siSUV39H1 cells. Data are 

presented as mean ± variability/error from independent biological replicates. FBL depletion 

accelerates wound closure compared to control, while co-depletion of SUV39H1 attenuates the 

enhanced migratory response, indicating involvement of SUV39H1-dependent H3K9 

methylation in FBL-mediated cell migration.  
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3.3. Discussion 

 

The current study identifies Fibrillarin (FBL) as a multifaceted regulator of epithelial identity, 

nuclear architecture, and chromatin organization. While canonical role of FBL in ribosome 

biogenesis has been extensively studied, its contribution to cellular homeostasis beyond the 

nucleolus remains underexplored. Here, we report that depletion of FBL in epithelial cell 

models results in widespread morphological alterations that are not merely a consequence of 

impaired ribosome function but reflect broader structural and epigenetic reprogramming. A 

hallmark observation in this study is the loss of epithelial morphology upon FBL knockdown, 

accompanied by the redistribution of E-cadherin and ZO-1 from the membrane to intracellular 

compartments. The internalization of E-cadherin and its accumulation in the Golgi—coupled 

with its rescue by Dynasore—strongly implicates a disruption in clathrin-mediated 

endocytosis. Such observations are reminiscent of similar trafficking defects seen in EMT-

like transitions and may represent an early step toward phenotypic plasticity. Importantly, 

total protein levels of E-cadherin remained unaltered, indicating that the mislocalization arises 

not from degradation but from trafficking imbalances. This highlights a novel role for FBL in 

membrane protein localization and intercellular adhesion maintenance. 

 

In parallel, FBL depletion disrupted nuclear morphology, resulting in decreased nuclear 

sphericity and increased surface area, despite unchanged Lamin A/C and B levels. These 

changes suggest an uncoupling between nuclear lamina structure and chromatin architecture. 

Supporting this, we observed upregulation of the repressive histone marks H3K9me3 and 

H3K27me3, along with increased Emerin levels. Previous work has established Emerin as a 

tether for perinuclear heterochromatin, stabilizing nuclear shape under mechanical stress 

(Pradhan et al. 2018; Marano and Holaska 2022). Our data suggest that FBL loss activates 

such compensatory pathways, potentially through nucleolar stress-mediated chromatin 

remodeling. 

Interestingly, while both H3K9me3 and H3K27me3 were elevated upon FBL depletion, only 

H3K27me3 depletion via EZH2 inhibition could rescue the migration phenotype. In contrast, 

SUV39H1 knockdown, which reduces H3K9me3, did not mitigate cell motility. This 

functional divergence is in line with existing literature that implicates EZH2 in promoting 

invasive phenotypes in a variety of epithelial cancers (Varambally et al. 2002; Cao et al. 2008). 

Furthermore, the inability of Chaetocin to yield a reproducible reduction in H3K9me3 levels 

underscores the technical challenges in targeting heterochromatin pathways, necessitating 
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precise genetic tools. An unexpected finding of this study is the increase—not decrease—of 

heterochromatin following FBL loss, despite nuclear deformation. This contrasts with the 

classical notion that reduced chromatin compaction contributes to nuclear softening. 

However, similar observations have been reported wherein chromatin compaction increases 

in response to mechanical stress as a protective mechanism (Nava et al. 2020). The 

upregulation of Emerin and repressive histone marks in our model supports such a 

compensatory model, wherein nuclear stiffening acts to stabilize a deformed architecture. 

 

Together, these results position FBL as a central node in integrating nucleolar function, 

chromatin regulation, and epithelial structure. Its depletion not only compromises ribosomal 

integrity but also activates broader architectural and epigenetic responses. Future work should 

explore the precise molecular intermediates through which FBL interfaces with the endocytic 

machinery and chromatin remodelers. In addition, given the role of EZH2 in regulating 

plasticity, targeting FBL-EZH2 interactions could offer therapeutic strategies in malignancies 

characterized by aberrant nucleolar activity and epithelial dedifferentiation. 
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Chapter 4: 

Epigenetic Regulation of Polarity by FBL 

Through EZH2-Scribble Axis 
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4.1. Introduction 

 

The structural and functional integrity of epithelial tissues depends on the maintenance of cell 

polarity, junctional organization, and transcriptional identity. These processes are tightly 

governed by a network of cytoskeletal regulators, cell adhesion molecules, and epigenetic 

modifiers. Disruption of these regulatory modules contributes to epithelial plasticity, which, 

while essential during developmental transitions such as gastrulation and wound repair, also 

underpins pathological conditions including fibrosis and tumorigenesis (Thiery et al. 2009; 

Zeisberg and Neilson 2009). A pivotal event in this transformation is the epithelial-to-

mesenchymal transition (EMT), characterized by loss of adherens junctions, apical–basal 

polarity, and acquisition of migratory behavior. While numerous transcription factors such as 

Snail, Twist, and Zeb mediate EMT at the transcriptional level, increasingly, the contribution 

of chromatin regulators and subnuclear structures such as the nucleolus is being recognized 

(Nieto et al. 2016; Aiello and Kang 2019). Recent work, however, has expanded its functional 

portfolio to include roles in chromatin organization, genome stability, and nuclear architecture 

(Misteli 2007; Groth et al. 2007; Allshire and Madhani 2018). The nucleolus itself is emerging 

as a non-membranous compartment that coordinates both ribosomal synthesis and the 

sequestration of epigenetic and regulatory proteins under stress and developmental cues. Yet, 

whether FBL participates in direct regulation of gene expression and cellular plasticity beyond 

its canonical ribosomal roles remains insufficiently explored. 

 

Our previous observations showed that FBL depletion alters epithelial cell morphology, 

disrupts E-cadherin localization, and enhances migratory behavior, hallmarks of an early 

EMT-like state. To investigate the molecular underpinnings of these phenotypes, we 

performed RNA-sequencing and found that the expression of Scribble (SCRIB), a critical 

scaffolding protein involved in maintaining epithelial polarity, was significantly 

downregulated upon FBL depletion. SCRIB is a member of the Scribble polarity complex and 

plays a central role in anchoring adherens junction proteins such as E-cadherin to the 

basolateral membrane, thereby restricting inappropriate cell migration and proliferation 

(Lohia et al. 2012). Loss of Scribble has been associated with increased EMT, tumorigenesis, 

and metastatic potential in multiple cancers including breast, colorectal, and cervical 

carcinomas (Humbert et al. 2008). 

Given that SCRIB downregulation occurred at the transcript level, we hypothesized a 

transcriptional repression mechanism involving chromatin remodeling. Analysis of public 
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ChIP-seq data from colorectal and breast epithelial cells revealed that the SCRIB promoter is 

marked by a bivalent chromatin state—simultaneously harboring active (H3K4me3) and 

repressive (H3K27me3) histone modifications—suggesting its expression is subject to tight 

epigenetic control. H3K27me3 is deposited by EZH2, the methyltransferase component of the 

Polycomb Repressive Complex 2 (PRC2), which functions as a central epigenetic silencer of 

differentiation and lineage-specific genes (Mohn et al. 2008; Teschendorff et al. 2010). 

Notably, PRC2-mediated repression has been shown to drive EMT and stemness by silencing 

epithelial genes including E-cadherin and miR-200 family members (Nourmohammadi et al. 

2022). 

To elucidate whether FBL modulates PRC2 function, we examined the chromatin occupancy 

of EZH2 and H3K27me3 at the SCRIB promoter and found both to be significantly enriched 

upon FBL knockdown. However, total EZH2 protein levels remained unchanged, suggesting 

a redistribution rather than upregulation of PRC2 activity. Subsequent subcellular analyses 

revealed that FBL depletion causes EZH2 to exit the nucleolus and accumulate in the 

nucleoplasm. Previous studies have shown that nucleolar sequestration of regulatory proteins 

can serve as a buffering mechanism, restricting their access to chromatin until needed 

(Boisvert et al. 2007; Rubbi and Milner 2003; Lohrum et al. 2003; Audas et al. 2012). In our 

system, the interaction between FBL and EZH2 via the RNA-binding domain of FBL appears 

essential for EZH2 nucleolar localization, raising the possibility that FBL functions as a spatial 

regulator of PRC2. 

To confirm the functional relevance of this interaction, we expressed an RNA-binding-

deficient mutant of FBL in a knockdown background. This disrupted the FBL–EZH2 

interaction, promoted EZH2 nucleoplasmic accumulation, and recapitulated the enhanced 

migration and E-cadherin internalization observed in FBL-depleted cells. Furthermore, 

pharmacological inhibition of EZH2 using GSK126 restored SCRIB expression, reduced 

H3K27me3 levels, and reversed the pro-migratory phenotype. These findings strongly suggest 

that FBL restricts the transcriptional repression of epithelial genes by spatially regulating the 

subnuclear distribution of PRC2 components. 

In this chapter, we demonstrate that FBL governs epithelial identity by orchestrating the 

localization and function of EZH2 and modulating the epigenetic status of key polarity genes 

such as SCRIB. The FBL-EZH2-SCRIB regulatory axis represents a novel nucleolar–

epigenetic interface that controls epithelial plasticity, with significant implications for 

understanding early events in carcinogenesis and metastasis. 
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4.2.1. GO and GSEA analysis from RNA-seq Data Reveal Downregulation of SCRIB 

Upon FBL Depletion 

To gain mechanistic insights into the role of Fibrillarin (FBL) in epithelial cell homeostasis, 

we performed transcriptome-wide RNA sequencing (RNA-Seq) following FBL depletion in 

DLD-1 colorectal carcinoma cells. This approach aimed to systematically identify 

downstream genes and pathways affected by the loss of FBL. The transcriptomic data were 

analyzed using two complementary enrichment strategies: Gene Ontology (GO) enrichment 

analysis and Gene Set Enrichment Analysis (GSEA) (Subramanian et al. 2005). These 

analyses revealed widespread transcriptional deregulation involving key functional 

categories, notably genes associated with ribosome biogenesis and structural components of 

the ribosome, cell-cell adhesion complexes, components of the apical plasma membrane, and 

gene sets implicated in epithelial-to-mesenchymal transition (EMT). The enrichment of EMT-

associated signatures pointed toward a broader role for FBL in regulating epithelial identity 

and suppressing mesenchymal transformation (Fig. 4.1(A,B,D, E)). 

Within the pool of significantly downregulated genes, Scribble (SCRIB)- a well-characterized 

scaffolding protein involved in maintaining epithelial polarity- stood out as a key molecular 

target of FBL (Fig. 4.1B). Scribble is an apical-basal polarity determinant that plays a crucial 

role in stabilizing E-cadherin at the plasma membrane by facilitating its interaction with p120-

catenin. This interaction prevents the internalization and degradation of E-cadherin and is 

essential for the maintenance of adherens junctions and overall epithelial integrity. The 

downregulation of Scribble mRNA upon FBL knockdown was further validated by 

independent quantitative RT-qPCR assays, confirming the transcriptional repression (Fig. 

4.1H). In addition, immunoblot analysis demonstrated a corresponding decrease in Scribble 

protein levels (Fig. 4.1(G-H)), reinforcing the post-transcriptional consequences of FBL 

depletion on cell polarity regulators. Upon studying the correlation of transcript levels of 

SCRIB and FBL across tumor samples on GEPIA2, we observed a moderately positive 

correlation between the expression of FBL and SCRIB (Fig. 4.1F). 

It is well established that E-cadherin stability and localization at the plasma membrane are 

regulated by a complex network of proteins, including Discs Large Homolog 5 (DLG5) (Liu 

et al. 2017), CTNND1 (Delta-catenin) (Nanes et al. 2012), Epsin 3 (EPN3) (Schiano 

Lomoriello et al. 2020), VANGL2 (Van Gogh-like 2) (Nagaoka et al. 2014), and Discoidin 

Domain Receptor 1 (DDR1) (Chen et al. 2016). Notably, previous studies have implicated the 
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depletion of DLG5 and DDR1 in the internalization and mislocalization of E-cadherin. 

However, our RNA-Seq analysis did not reveal any significant downregulation of DLG5 or 

DDR1 transcript levels in FBL-depleted DLD-1 cells. This suggests that the observed E-

cadherin internalization in our model is unlikely to be mediated through changes in these 

regulators. Instead, the marked downregulation of Scribble emerged as the most plausible 

explanation for the destabilization of E-cadherin and the resulting loss of epithelial cohesion 

observed upon FBL knockdown. 

Collectively, these findings reveal a novel and fundamental mechanistic link between the 

nucleolar protein FBL and the polarity scaffolding protein Scribble in preserving epithelial 

architecture. Through the transcriptional regulation of Scribble, FBL indirectly governs the 

localization and stability of E-cadherin at the cell surface, thereby maintaining the structural 

and functional integrity of epithelial junctions. Disruption of this axis by FBL depletion results 

in compromised cell polarity, internalization of adhesion proteins, and increased cellular 

motility—hallmarks of epithelial destabilization and early events in tumor progression. These 

insights establish FBL as a critical upstream regulator of epithelial polarity and highlight its 

potential role in modulating key cellular behaviors that underpin malignancy. 
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Fig. 4.1. Transcriptomic Profiling Reveals FBL-Dependent Regulation of SCRIB 

Expression 

(A) Bar graph illustrating the most significantly deregulated molecular function categories 

identified by Gene Ontology (GO) analysis of RNA-seq data from FBL-depleted DLD-1 cells 

(~72 h). Bar height denotes the number of associated genes; FDR cutoff = 0.05. (B)(i-ii) Bar 

graph depicting the top deregulated cellular component categories obtained from GO analysis 

of the same RNA-seq dataset. Bar height represents the number of genes within each category; 

FDR cutoff = 0.05. (C) Volcano plots displaying differentially expressed genes identified by 

RNA-seq analysis of cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA 

(siFBL) for ~72 h. Downregulated genes are shown in blue, upregulated genes in orange, and 

non-significant genes in gray. Thresholds were set at log₂(fold change) = 2.0 and −log₁₀(p 
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value) = 2. Data were pooled from two independent biological replicates (N = 2). (D) Network 

representation of major dysregulated cellular pathways identified from RNA-seq analysis 

following FBL depletion in DLD-1 cells. An edge cutoff of 0.3 was applied to define pathway 

interactions. (E) Gene Set Enrichment Analysis (GSEA) enrichment plot derived from RNA-

seq data, highlighting significant enrichment of epithelial-to-mesenchymal transition (EMT)–

associated gene signatures. The analysis yielded an FDR of 0 and a normalized enrichment 

score (NES) of 3.33. (F) Scatter plot showing the correlation between FBL and SCRIB 

transcript abundance, plotted as log₂-transformed TPM values. Each dot represents an 

individual sample. A positive correlation is observed between FBL and SCRIB expression 

(Pearson correlation coefficient R = 0.56; p value = 0), indicating coordinated expression 

across the dataset. (G) Representative immunoblot analyses showing reduced Scribble levels 

along with corresponding FBL expression in DLD-1 and MCF10A(p53DN) cells transfected 

with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for ~48 h and ~36 h, 

respectively. GAPDH, β-tubulin, and HSP70 were used as loading controls. Data are 

representative of three independent biological replicates (N = 3). (H) Densitometric 

quantification of immunoblot analyses showing Scribble protein levels in DLD-1 and 

MCF10A(p53DN) cells. Statistical significance was assessed using an unpaired t-test. Data 

were obtained from three independent biological replicates (N = 3). (I) Relative mRNA 

expression levels of SCRIB and FBL following FBL knockdown in DLD-1 cells for ~48 h. p-

values were calculated using an unpaired t-test. Data represent three independent biological 

replicates (N = 3), with error bars indicating standard deviation (SD). Statistical significance 

is denoted as *p < 0.05, **p < 0.01, and ****p < 0.0001. 

 

4.2.2. Reduced Scribble Expression Impacts Cell Migration 

Interestingly, functional studies further confirmed the role of Scribble in regulating cell 

migration. Depletion of Scribble alone, independent of FBL knockdown, led to a substantial 

increase in migratory capacity, as assessed by the scratch wound healing assay. In this assay, 

cells lacking Scribble displayed significantly enhanced wound closure, with approximately 

65% (±5%) of the wound area covered within the observation period. This increase in 

collective migration is consistent with established role of Scribble as a key negative regulator 

of cell motility and polarity. The loss of Scribble disrupts the maintenance of tight epithelial 

junctions and cell polarity cues, which normally act to constrain migratory behavior. 
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Scribble functions as a crucial component of the basolateral polarity complex and has been 

implicated in tumor suppression by restricting inappropriate cell movement and maintaining 

epithelial architecture. Prior studies, have shown that Scribble depletion leads to aberrant 

activation of signaling pathways such as MAPK/ERK, which are known to drive cell motility 

and proliferation (Qin et al. 2005). Moreover, loss of Scribble impairs front-rear polarity and 

directional persistence, resulting in increased but disorganized migration. These mechanisms 

are particularly relevant in the context of epithelial plasticity and cancer progression, where 

deregulation of polarity complexes contributes to invasive behavior (Fig. 4.2A, C). 

Conversely, enforced overexpression of Scribble in FBL-depleted cells led to a marked 

reduction in cell migration (Fig. 4.2B, D, E). Reintroducing Scribble restored, at least in part, 

the polarity and adhesion landscape disrupted by FBL knockdown, resulting in slower wound 

closure and reduced cellular motility. This phenotypic rescue further supports the hypothesis 

that FBL regulates epithelial behavior through modulation of Scribble expression and activity. 

The ability of Scribble to counteract the migratory phenotype induced by FBL depletion 

highlights its critical role in maintaining epithelial restraint and preventing the transition to a 

more motile, mesenchymal-like state. 

Together, these findings provide compelling evidence that Scribble functions downstream of 

FBL and plays a central role in controlling epithelial cell migration. Through this axis, FBL 

acts to stabilize epithelial polarity and junctional organization, thereby suppressing aberrant 

migratory responses. Disruption of this regulatory pathway, as observed in FBL-deficient 

cells, may facilitate early events in tumorigenesis, including loss of polarity, weakened cell-

cell adhesion, and enhanced invasiveness. These insights align with the broader understanding 
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of Scribble as a tumor suppressor and polarity regulator, reinforcing its importance in the 

maintenance of epithelial tissue integrity. 
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Fig. 4.2. SCRIB overexpression rescues FBL depletion mediated enhanced cell migration 

 (A) Representative phase-contrast images from scratch-wound assays conducted 

independently in DLD-1 and MCF10A(p53DN) cells following SCRIB depletion via 

doxycycline-induced shSCRIB expression, under −Dox and +Dox conditions. (B) 

Representative scratch-wound assay images of DLD-1 and MCF10A(p53DN) cells transduced 

with pBabe-Puro or pBabe-SCRIB in siLacZ- or siFBL-transfected conditions. Data are 

representative of three independent biological replicates (N = 3). (C) Line graph showing 

percentage wound closure over time (0, 12, 24, and 36 h) in DLD-1 and MCF10A(p53DN) 

cells expressing inducible shSCRIB under −Dox and +Dox conditions. Doxycycline treatment 

induces SCRIB knockdown and results in significantly accelerated wound closure compared 

to −Dox controls. Data represent mean ± SD from three independent biological replicates (N = 

3). Statistical significance was assessed using an unpaired t-test (****p < 0.0001). (D) Line 

graph showing quantification of wound closure (%) over time following scratch-wound assay 

in DLD-1 cells stably expressing control vector (pBabe-Puro) or SCRIB (pBabe-SCRIB), 

transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL). Wound closure was 

measured at the indicated time points and expressed relative to the initial wound area (0 h). 

Data represent mean ± SEM from three independent biological replicates (N = 3). Statistical 

significance was determined by two-way ANOVA with appropriate post-hoc testing; **** 

denotes p < 0.0001. (E) Line graph depicting wound closure (%) over time following scratch-

wound assay in MCF10A(p53DN) cells expressing control vector (pBabe-Puro) or SCRIB 

(pBabe-SCRIB), transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL). 

Wound closure was quantified at the indicated time points and normalized to the initial wound 

area at 0 h. Data are shown as mean ± SEM from three independent biological replicates (N = 

3). Statistical significance was assessed using two-way ANOVA with appropriate post-hoc 

analysis; **** indicates p < 0.0001. 

 

4.2.3. EZH2 Mediates Scribble Downregulation Upon FBL Loss 

 

Having observed that Scribble expression was significantly downregulated upon FBL 

depletion, we sought to investigate whether this regulation occurred at the transcriptional 

level. To this end, we analyzed publicly available chromatin immunoprecipitation 

sequencing (ChIP-seq) datasets to explore the chromatin landscape at the SCRIB promoter. 
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Using the ChIP-ATLAS platform (Oki et al. 2018), we specifically examined the occupancy 

profiles of various histone modifications in DLD-1 colorectal cancer cells. Intriguingly, this 

analysis revealed a complex epigenetic environment at the SCRIB promoter region, located 

approximately 1 kilobase upstream of the transcription start site (TSS). Enrichment of 

repressive (H3K27me3) histone marks was detected at this locus (Fig. 4.3A). 

To determine whether this regulatory pattern is conserved across other cell types, we extended 

our analysis to include additional datasets. Similar enrichment of the repressive histone 

modification H3K27me3 at the SCRIB promoter was observed in several epithelial and stem 

cell systems, including breast epithelial cells (MCF10A), human embryonic stem cells 

(hESCs), and breast cancer cell lines (MCF-7 and T-47D) (Fig. 4.3A). This widespread 

presence of repressive histone marks suggests that the transcriptional regulation of SCRIB is 

subject to polycomb-mediated silencing in diverse cellular contexts. 

Given the established role of H3K27me3 as a hallmark of Polycomb Repressive Complex 2 

(PRC2) activity, we next sought to experimentally examine the occupancy of PRC2 

components on the SCRIB promoter in the context of FBL depletion. Chromatin 

immunoprecipitation followed by quantitative PCR (ChIP-qPCR) was employed to assess the 

enrichment of EZH2- the catalytic subunit of PRC2- and the H3K27me3 mark at the SCRIB 

promoter in FBL-depleted DLD-1 cells. This analysis revealed a clear increase in both EZH2 

binding and H3K27me3 deposition at a site approximately 500 base pairs upstream of the 

SCRIB TSS following FBL knockdown. Notably, despite this enhanced chromatin 

occupancy, the total protein levels of EZH2 remained unchanged, indicating that FBL 

depletion likely promotes the redistribution or enhanced recruitment of EZH2 to specific 

genomic loci rather than affecting its overall abundance. 

To functionally validate whether the increased repressive histone deposition at the SCRIB 

promoter was responsible for its transcriptional downregulation, we employed a 

pharmacological approach. DLD-1 cells were treated with GSK126, a selective inhibitor of 

EZH2 enzymatic activity, at a concentration of 10 µM for 48 hours (Al-Hasani et al. 2022). 

This treatment resulted in a marked reduction in H3K27me3 levels and a concomitant 

restoration of SCRIB expression, even in the background of FBL depletion (Fig. 4.3(D, G)). 

These findings strongly implicate EZH2-mediated repression as a key mechanism through 

which FBL regulates Scribble transcription. 
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In addition to rescuing SCRIB expression, inhibition of EZH2 activity had functional 

consequences on epithelial cell behavior. Scratch wound healing assays demonstrated a 

significant decrease in cell migration following GSK126 treatment (Fig. 4.3(B-C)), suggesting 

that the derepression of SCRIB may restore polarity and restrain motility. To further 

understand the phenotypic impact of EZH2 inhibition, we examined the subcellular 

distribution of E-cadherin using immunofluorescence. In stark contrast to the internalized 

pattern of E-cadherin observed in FBL-depleted cells, GSK126-treated cells exhibited a 

marked reduction in E-cadherin internalization, with restored membrane localization (Fig. 

4.3(H, J)). These results indicate that EZH2 activity indirectly regulates E-cadherin 

trafficking, potentially through its influence on Scribble expression. 

To reinforce this connection, we next investigated the effects of EZH2 overexpression in 

epithelial cells. Overexpression of EZH2 resulted in pronounced internalization of E-cadherin 

into the cytoplasm, mimicking the phenotype observed in FBL-depleted cells (Fig. 4.3 J, L). 

Furthermore, cells overexpressing EZH2 exhibited significantly elevated migratory behavior 

in wound healing assays, further supporting the role of EZH2 in promoting a motile, less 

adherent phenotype (Fig. 4.3 I, K). Consistent with these functional changes, immunoblotting 

analysis revealed that overexpression of EZH2 led to a substantial downregulation of Scribble 

protein levels (Fig. 4.3 N, O). 

To assess whether EZH2 and H3K27me3 recruitment following FBL depletion represents a 

global effect or is confined to specific loci, we selected ten candidate genes exhibiting varying 

degrees of transcriptional deregulation in the RNA-seq dataset and examined EZH2 and 

H3K27me3 occupancy by ChIP-qPCR. Increased enrichment of both EZH2 and H3K27me3 

was observed at promoter regions (within 1 kb upstream of the TSS) of downregulated genes, 

whereas no significant changes were detected at the promoters of upregulated genes (Fig. 4.3 

(P-A4)). These results indicate that enhanced EZH2 recruitment upon FBL depletion is not 

restricted to the SCRIB promoter. Additional integrative analyses revealed that the 

downregulated genes were already enriched for H3K27me3, consistent with pre-existing PRC2 

occupancy. This suggests that relocalized EZH2 is preferentially recruited to promoters bearing 

established H3K27me3 marks, supporting a model of PRC2-mediated epigenetic memory.  
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Taken together, these findings establish a direct epigenetic regulatory axis wherein FBL loss 

enhances the recruitment of EZH2 and H3K27me3 to the SCRIB promoter, resulting in 

transcriptional repression of Scribble. This repression disrupts epithelial polarity and adhesion 

by promoting E-cadherin internalization and increasing cell migration. Conversely, inhibition 

of EZH2 restores SCRIB expression and epithelial organization, while EZH2 overexpression 

exacerbates polarity loss. These observations suggest that FBL serves as a critical upstream 

modulator of PRC2 activity at the SCRIB locus, linking nucleolar function to chromatin-

mediated regulation of epithelial integrity and migratory behavior. This FBL–EZH2–Scribble 

axis thus represents a novel epigenetic pathway with potential implications in epithelial 

plasticity, tumor progression, and metastasis.  
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Fig. 4.3. FBL depletion leads to increased enrichment of the repressive histone mark 

H3K27me3 at the Scribble promoter 

(A) Schematic of the SCRIB promoter region indicating primer binding sites. Quantitative 

analysis of chromatin immunoprecipitation data demonstrates a significant enrichment of both 

EZH2 and the repressive histone mark H3K27me3 at the SCRIB promoter in DLD-1 cells. This 

enrichment is shown under control conditions (siLacZ) and following a ~48-hour depletion of 

FBL. Results are presented as the mean ± SEM from three independent biological replicates. 

Statistical significance was determined using unpaired t-tests. (B) Representative phase-

contrast images from scratch-wound assays performed in DLD-1 cells following EZH2 

inhibition by GSK126 treatment in control (siLacZ) and FBL-depleted (siFBL) conditions. 

Images are representative of three independent biological replicates (N = 3). Scale bar, ~100 

μm. (C) Quantitative assessment of scratch-wound assays following GSK126 treatment in 

DLD-1 cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL). 

Statistical significance was determined using an unpaired t-test. (D) Immunoblotting 

performed after ~48 h of FBL knockdown and EZH2 inhibition with GSK126 reveals a 

recovery of Scribble protein expression. HSP70, histone H3, and GAPDH served as loading 

controls. Results are derived from three independent biological replicates (N=3). (E) 

Densitometric analysis of Western blot data. Statistical significance was evaluated using 

unpaired t-tests. (F) Representative immunoblots of EZH2 and FBL indicating no significant 

change in EZH2 protein levels in control (siLacZ) and FBL-depleted (siFBL) DLD-1 and 

MCF10A(p53DN) cells. GAPDH and β-tubulin were used as loading controls. Cells were 

analyzed ~48 h (DLD-1) and ~36 h [MCF10A(p53DN)] post-transfection. Data are 

representative of two independent biological replicates (N = 2). (G) Densitometric analysis of 

immunoblots following GSK126 treatment, with DMSO serving as the vehicle control, in 

DLD-1 and MCF10A(p53DN) cells transfected with control siRNA (siLacZ) or FBL-targeting 

siRNA (siFBL). (H) Immunofluorescence analysis demonstrating restoration of E-cadherin 

localization at the cell–cell borders following EZH2 inhibition with GSK126. E-cadherin 

(green), FBL (red), and nuclei (DAPI; blue) are shown in GSK126-treated cells (10 µM, 48 h) 

as well as in control (siLacZ) and FBL-depleted cells (~48 h). Data are representative of three 

independent biological replicates (N = 3). Scale bar, ~20 µm. (I) Quantitative evaluation of 

scratch-wound assays conducted in DLD-1 and MCF10A(p53DN) cells overexpressing Flag-

EZH2 and EZH2, respectively. Statistical significance was assessed using unpaired t-tests for 

both DLD-1 and MCF10A(p53DN) datasets. (J) Quantitative assessment of E-cadherin 

internalization following EZH2 overexpression in DLD-1 and MCF10A(p53DN) cells, 
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expressed as the ratio of E-cadherin fluorescence intensity at the cell–cell borders to that of the 

whole cell. Measurements were obtained from n = 178 (DLD-1) and n = 177 

[MCF10A(p53DN)] cells across three independent biological replicates (N = 3). Statistical 

significance was evaluated using unpaired t-tests. (K) Representative phase-contrast images 

from scratch-wound assays performed in DLD-1 cells transduced with control Flag or Flag-

EZH2 overexpression constructs, and in MCF10A(p53DN) cells expressing EZH2 under a 

doxycycline-inducible promoter. Images are representative of three independent biological 

replicates (N = 3). Scale bar, ~100 μm. (L) Immunofluorescence analysis showing the 

localization of E-cadherin (green), FBL (red), and nuclei (DAPI; blue) in DLD-1 cells 

expressing control Flag or Flag-EZH2 constructs, and in MCF10A(p53DN) cells with 

doxycycline (Dox)–inducible EZH2 overexpression. Images are representative of three 

independent biological replicates (N = 3). Scale bar, ~20 µm. (M) Representative immunoblots 

illustrating the effects of EZH2 overexpression on EZH2, Scribble, H3K27me3, and FBL 

protein levels in DLD-1 cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA 

(siFBL) and transduced with MSCV-Flag or MSCV-Flag–EZH2 constructs. HSP70, histone 

H3, and GAPDH were used as loading controls. Data are representative of three independent 

biological replicates (N = 3). (N) Representative immunoblots demonstrating that EZH2 

overexpression reduces Scribble protein levels in MCF10A(p53DN) cells expressing EZH2 

under a doxycycline-inducible promoter, transfected with control siRNA (siLacZ) or FBL-

targeting siRNA (siFBL) (~36 h). HSP70, GAPDH, and histone H3 were used as loading 

controls. Data are representative of three independent biological replicates (N = 3). (O) 

Densitometric quantification of immunoblots assessing the impact of EZH2 overexpression on 

Scribble expression. Data were obtained from three independent biological replicates (N = 3). 

Statistical significance was evaluated using one-way ANOVA followed by Sidak’s multiple-

comparison test. (P) UCSC Genome Browser snapshot of the LHX1 locus on chromosome 17 

displaying ChIP-seq fold-change tracks in hepatocytes relative to control samples. Enrichment 

of H3K4me3 (upper track) is confined to the promoter region, whereas H3K27me3 (lower 

track) shows a broader distribution across the gene locus. (Q) UCSC Genome Browser 

snapshot of the POU5F1 locus on chromosome 6 showing ChIP-seq fold-change tracks in 

hepatocytes relative to control samples. H3K4me3 enrichment (upper track) is concentrated at 

the promoter region, whereas H3K27me3 enrichment (lower track) extends across broader 

regions of the locus, indicating the coexistence of active and repressive chromatin marks. (R) 

UCSC Genome Browser snapshot of the KLF4 locus on chromosome 9 displaying ChIP-seq 

fold-change tracks in hepatocytes relative to control samples. Enrichment of H3K4me3 (upper 
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track) is restricted to the promoter region, whereas H3K27me3 (lower track) extends across 

broader regions of the gene locus. (T) UCSC Genome Browser snapshot of the NOTCH1 locus 

on chromosome 9 showing ChIP-seq fold-change tracks in hepatocytes relative to control 

samples. H3K4me3 enrichment (upper track) is concentrated at the promoter region, whereas 

H3K27me3 enrichment (lower track) is distributed across broader regions of the gene locus. 

(U) UCSC Genome Browser view of the HOXC10 locus on chromosome 12 showing ChIP-

seq fold-change profiles in hepatocytes relative to control samples. H3K4me3 enrichment is 

focused at the promoter region, while H3K27me3 enrichment spans broader domains across 

the gene locus, indicating the coexistence of activating and repressive chromatin marks. (V) 

IGV genome browser (Robinson et al. 2011) tracks illustrating ChIP-seq enrichment of histone 

modifications across the ANKRD1 locus (chr10:90,920,680–90,923,160; hg38) in DLD-1 

cells. Active histone marks H3K4me3, H3K9ac, and H3K4me1 exhibit prominent peaks at the 

promoter and within the gene body, whereas repressive marks H3K27me3 and H3K9me2 show 

broader enrichment across the locus, reflecting the chromatin landscape of the ANKRD1 gene 

region. (X) IGV genome browser view of ChIP-seq profiles for histone modifications across 

the CPA4 locus (chr7) in DLD-1 cells. Activating histone marks, including H3K4me3, 

H3K9ac, and H3K4me1, are enriched at the promoter and along the gene body, whereas the 

repressive mark H3K27me3 displays a broader distribution across the region, illustrating the 

chromatin organization at the CPA4 locus. (Y) IGV genome browser views showing ChIP-seq 

profiles of histone modifications across multiple gene loci in DLD-1 cells. At the KRT4 locus 

(chr10:90,920,680–90,923,160; hg38), activating histone marks (H3K4me3, H3K9ac, and 

H3K4me1) are enriched at the promoter and along the gene body, whereas repressive marks 

(H3K27me3 and H3K9me2) display broader distributions, reflecting the chromatin 

organization of this region. (Z) Genome browser tracks across the MSTN locus reveal 

prominent enrichment of active marks H3K4me3 and H3K27ac at the promoter and gene body, 

accompanied by broader enrichment of the repressive mark H3K27me3, illustrating the 

chromatin state of the MSTN gene region. (A1) IGV genome browser tracks of the NPR3 locus 

show similar patterns, with H3K4me3 and H3K27ac enriched around the promoter and gene 

body, and H3K27me3 exhibiting broader coverage across the locus, highlighting the chromatin 

landscape of the NPR3 gene region. (A2) ChIP–qPCR analysis of H3K27me3 enrichment at 

the promoters of KLF4, HOXC10, POU5F1, NOTCH1, and LHX1 in DLD-1 cells transfected 

with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for ~48 h. IgG served as a 

negative control. FBL depletion resulted in a significant increase in H3K27me3 occupancy at 

these promoters. Data are expressed as % input (mean ± SEM). p < 0.05; *p < 0.01; ***p < 
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0.0001; ns, not significant (unpaired Student’s t-test). (A3) ChIP–qPCR assessment of EZH2 

occupancy at the promoters of KLF4, HOXC10, POU5F1, NOTCH1, and LHX1 in DLD-1 cells 

following transfection with siLacZ or siFBL for ~48 h. IgG was used as a negative control. 

Knockdown of FBL significantly enhanced EZH2 recruitment to these loci. Data are presented 

as % input (mean ± SEM). p < 0.05; *p < 0.01; ***p < 0.0001; ns, not significant (unpaired 

Student’s t-test). (A4) ChIP–qPCR analysis of H3K27me3 occupancy at the promoters of 

MSTN, NPR3, ANKRD1, CPA4, and KRT4 in DLD-1 cells transfected with siLacZ or siFBL 

for ~48 h. IgG served as a negative control. FBL depletion led to increased H3K27me3 

enrichment at these loci. Data are shown as % input (mean ± SEM). ns, not significant 

(unpaired Student’s t-test). (A5) ChIP–qPCR analysis of EZH2 binding at the promoters of 

MSTN, NPR3, ANKRD1, and CPA4 in DLD-1 cells transfected with siLacZ or siFBL for ~48 

h. IgG was used as a negative control. Loss of FBL resulted in elevated EZH2 occupancy at 

these promoters. Data are expressed as % input (mean ± SEM). ns, not significant (unpaired 

Student’s t-test).  
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4.2.4. FBL Depletion Leads to EZH2 Exodus from Nucleoli and Increases H3K27me3 

Deposition 

To further understand how FBL regulates chromatin dynamics and gene expression, we 

investigated whether FBL depletion affects the genomic occupancy and subcellular 

localization of EZH2, the catalytic subunit of the Polycomb Repressive Complex 2 (PRC2). 

Our initial chromatin immunoprecipitation analyses revealed that upon FBL knockdown, 

there was a significant increase in the enrichment of EZH2 at the promoter region of the 

SCRIB gene. Despite this increase in promoter occupancy, the total levels of EZH2 protein 

within the cell remained unchanged. This observation suggested that FBL does not regulate 

EZH2 at the level of expression or stability, but rather influences its genomic targeting or 

spatial distribution within the nucleus. 

To explore this hypothesis, we examined whether FBL depletion impacts the subcellular 

localization of EZH2, particularly its distribution between the nucleolus and the nucleoplasm. 

Two complementary approaches were employed: (i) biochemical subcellular fractionation to 

quantify EZH2 in nucleolar versus nucleoplasmic compartments, and (ii) 

immunofluorescence imaging at the single-cell level to visually assess EZH2 localization in 

both DLD-1 colorectal cancer cells and MCF10A(p53DN) breast epithelial cells. These 

analyses consistently showed that FBL depletion led to a striking reduction in EZH2 presence 

within the nucleolus. Instead, EZH2 accumulated in the nucleoplasm, with quantification 

indicating an approximate 16% (±2.4%) increase in the nucleoplasmic pool of EZH2 (Fig. 4.4 

(A-C)). 

Immunofluorescence staining further confirmed this redistribution. In control cells, a fraction 

of EZH2 localized to the nucleolus, identified through co-localization with Nucleolin (NCL), 

a well-established nucleolar marker. Upon FBL knockdown, this nucleolar enrichment of 

EZH2 was significantly diminished, and EZH2 was largely excluded from the nucleolar 

compartment (Fig. 4.4 (E-G)). Further analysis of immunofluorescence assay, we observed 

while the total EZH2 levels remain unaltered, significant ~26% of EZH2 translocated out of 

the nucleoli and nucleoplasm showed ~23% increase in EZH2 levels, suggesting translocation 

of EZH2 from nucleolus to the nucleoplasm (Fig. 4.4(H-J)). This observation strongly 

indicates that FBL plays a role in retaining a subpopulation of EZH2 within the nucleolus 

under normal conditions. 

To probe the molecular basis of this interaction, we considered previous evidence suggesting 

that FBL directly interacts with EZH2 through its RNA-binding domain (RBD), while EZH2 
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mediates this interaction via its CXC domain (Yi et al. 2021). To test whether this interaction 

is essential for the nucleolar sequestration of EZH2, we generated a mutant version of FBL 

lacking the RNA-binding domain (FBLΔRBD), which was rendered resistant to siRNA-

mediated knockdown. When this mutant was expressed in FBL-depleted cells, it failed to 

retain EZH2 within the nucleolus (Fig. 4.4(K-N)). Instead, EZH2 was displaced to the 

nucleoplasm, similar to the effect observed with complete FBL knockdown. Quantitative 

analysis of this redistribution revealed a substantial displacement of EZH2 from the nucleolus, 

with nearly 50% (±10%) of total EZH2 relocalizing to the nucleoplasm in the absence of the 

FBL-EZH2 interaction. We also performed co-IP experiment where we pulled-down FBL 

(Full length and ΔRBD mutant). We observed that the ΔRBD mutant of FBL was unable to 

co-precipitate EZH2 (Fig. 4.4P). 

Consistent with the altered localization of EZH2, we observed a significant upregulation of 

the repressive histone mark H3K27me3 upon FBL depletion. Immunofluorescence analyses 

showed an approximately six-fold increase in global H3K27me3 levels, while 

immunoblotting confirmed this elevation with an estimated 60% (±7%) increase (Fig. 4.4 O, 

(Q-T)). This suggests that the redistribution of EZH2 from the nucleolus to the nucleoplasm 

leads to enhanced PRC2 activity on chromatin, particularly at genomic loci such as the SCRIB 

promoter. 

Taken together, these results demonstrate that FBL, through its RNA-binding domain, 

physically interacts with EZH2 and plays a critical role in regulating its subnuclear 

localization. Under normal conditions, FBL appears to sequester a subset of EZH2 molecules 

within the nucleolus, thereby restricting their access to chromatin substrates in the 

nucleoplasm. Disruption of this interaction, either through FBL depletion or deletion of its 

RNA-binding domain, results in the release of EZH2 into the nucleoplasm, where it gains 

access to target gene promoters and increases the deposition of repressive H3K27me3 marks. 

This shift in EZH2 localization represents a key regulatory mechanism by which FBL 

modulates the epigenetic landscape of the cell. By limiting the availability of EZH2 in the 

nucleoplasm, FBL serves as a spatial regulator of PRC2 activity, ensuring that repression of 

critical epithelial regulators such as Scribble is tightly controlled. Loss of this spatial restraint 

leads to aberrant gene silencing, disrupted epithelial polarity, and enhanced cell motility—

phenotypes associated with epithelial plasticity and early tumor progression. These findings 

thus define a novel nucleolar-epigenetic interface in which FBL regulates chromatin structure 

and gene expression through spatial sequestration of chromatin modifiers such as EZH2. 
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Fig. 4.4. Abrogating FBL-EZH2 interaction leads to translocation of EZH2 from the 

nucleolus and increased deposition of H3K27me3 deposition 

(A) Representative immunoblots of subcellular fractions obtained from DLD-1 cells 

transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for ~48 h, including 

whole-cell lysate (WC), cytoplasmic, nuclear, and nucleolar fractions. Lamin B1 and 

nucleophosmin 1 (NPM1) were used as markers for nuclear and nucleolar fractions, 

respectively. (B) Representative immunoblots of subcellular fractions obtained from 

MCF10A(p53DN) cells transfected with control siRNA (siLacZ) or FBL-targeting siRNA 

(siFBL) for ~36 h, including whole-cell lysate (WC), cytoplasmic, nuclear, and nucleolar 

fractions. Lamin B1 and nucleophosmin 1 (NPM1) were used as nuclear and nucleolar loading 

controls, respectively. Data are representative of three independent biological replicates (N = 

3). (C) Quantitative analysis of immunoblot data from DLD-1 and MCF10A cells reveals a 

significant increase in nucleoplasmic EZH2 upon FBL depletion. Data are derived from three 

independent biological replicates (N = 3). Statistical significance was determined using an 

unpaired t-test. (D) Quantitative analysis of FBL and EZH2 colocalization using Mander’s 

coefficient B and colocalized voxel measurements, calculated with Imaris, in DLD-1 and 

MCF10A(p53DN) cells. Thresholds applied were A = 19.820 and B = 54.500 for DLD-1, and 

A = 2.630 and B = 3.420 for MCF10A(p53DN), and were kept constant across all images and 

biological replicates. Data were derived from three independent biological replicates (N = 3). 

Statistical significance was assessed using an unpaired t-test. (E) Representative 

immunofluorescence images showing depletion of nucleolar EZH2, with nucleolin (NCL; red) 

marking the nucleolus relative to the nucleoplasm, in DLD-1 and MCF10A(p53DN) cells 

transfected with control siRNA (siLacZ) or FBL-targeting siRNA (siFBL) for ~48 h and ~36 

h, respectively. EZH2 is shown in green and nuclei are counterstained with DAPI (blue). 

Images are representative of three independent biological replicates (N = 3). Scale bar, ~20 

µm. (F) Scatter dot plot with overlaid mean showing a significant decrease in nucleolar EZH2 

levels in DLD-1 cells following siFBL transfection compared with siLacZ control cells after 

~48 h. Quantification was performed on a total of 233 nucleoli pooled from three independent 

biological replicates (N = 3). Statistical significance was assessed using an unpaired t-test. (G) 

Scatter dot plot with overlaid mean illustrating reduced nucleolar EZH2 levels in 

MCF10A(p53DN) cells transfected with siFBL for ~36 h relative to siLacZ-transfected control 

cells. Measurements were obtained from 794 nucleoli pooled across three independent 
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biological replicates (N = 3). Statistical significance was determined using an unpaired t-test. 

(H) Quantification of total EZH2 levels, expressed as integrated fluorescence intensity 

(integrated density), in DLD-1 cells transfected with siLacZ or siFBL. (I) Quantification of 

nucleoplasmic EZH2, calculated by subtracting the nucleolar EZH2 integrated fluorescence 

intensity from the total nuclear EZH2 integrated fluorescence intensity. (J) Quantification of 

the proportion of EZH2 localized to the nucleolus, determined by dividing the nucleolar EZH2 

integrated fluorescence intensity by the total nuclear EZH2 integrated fluorescence intensity 

and multiplying by 100. Error bars represent SD. Statistical significance was assessed using an 

unpaired t-test; ****p < 0.0001, ns = not significant. (K) Quantification of nucleolar EZH2 

mean fluorescence intensity in DLD-1 cells (N = 3). Error bars denote SD. Statistical 

significance was assessed using an unpaired t-test; ****p < 0.0001. (L) Representative 

immunofluorescence images showing EZH2 (red) and nuclei (DAPI; blue) in DLD-1 cells 

overexpressing GFP-FBL(siRes) or ΔRBD-GFP-FBL(siRes) following transfection with 

siLacZ or siFBL for ~48 h. Quantification was performed on ≥120 nucleoli, with data pooled 

from three independent biological replicates (N = 3). Scale bar, ~20 μm. (M) Channel-

separated representative immunofluorescence images of EZH2 in MCF10A(p53DN) cells 

overexpressing GFP-FBL(siRes) or ΔRBD-GFP-FBL(siRes) following transfection with 

siLacZ or siFBL. Nuclei are visualized by DAPI staining, and EZH2 is shown in red. Scale bar, 

10 μm. (N) Quantification of the colocalization between EZH2 and GFP-tagged FBL constructs 

using Mander’s coefficient B and the percentage of colocalized voxels, as calculated with 

Imaris, in MCF10A(p53DN) and DLD-1 cells overexpressing GFP-FBL(siRes) or ΔRBD-

GFP-FBL(siRes) and transfected with siLacZ. Data were pooled from three independent 

biological replicates (N = 3). Statistical significance was assessed using an unpaired t-test; *p 

< 0.05, **p < 0.01, ****p < 0.0001, ns = not significant. (O) Representative immunoblots 

demonstrating a marked increase in H3K27me3 levels in DLD-1 and MCF10A(p53DN) cells 

following transfection with siLacZ (control) or siFBL for ~48 h and ~36 h, respectively. 

Histone H3 and β-tubulin were used as loading controls in MCF10A(p53DN) cells transfected 

with siLacZ or siFBL. Data were pooled from three independent biological replicates (N = 3). 

(P) Representative co-immunoprecipitation immunoblots showing EZH2 pull-down from 

DLD-1 cells overexpressing GFP-FBL(siRes) or ΔRBD-GFP-FBL(siRes) following 

transfection with siLacZ or siFBL. Data were obtained from two independent biological 

replicates (N = 2). (Q) Densitometric quantification of immunoblots demonstrating increased 

H3K27me3 levels. Statistical significance was assessed using an unpaired t-test. (R) 

Representative immunofluorescence images showing FBL (green) and H3K27me3 (red) in 
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MCF10A(p53DN) and DLD-1 cells following transfection with siLacZ or siFBL for ~36 h and 

~48 h, respectively. Data were pooled from three independent biological replicates (N = 3). 

Statistical significance was assessed using an unpaired t-test. Scale bar, ~20 μm. (S) 

Quantitative analysis of H3K27me3 levels in DLD-1 and MCF10A(p53DN) cells. 

Measurements were obtained from 202 DLD-1 cells and 225 (T) MCF10A(p53DN) cells, 

pooled across three independent biological replicates (N = 3). Statistical significance was 

assessed using an unpaired t-test.   
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4.2.5. Nucleoplasmic EZH2 Binds the SCRIB Promoter 

 

It is well established that EZH2 exerts its transcriptional repression activity as part of the 

Polycomb Repressive Complex 2 (PRC2), interacting with its core partners SUZ12 and EED1 

(McCart Reed et al. 2021; Pasini et al. 2007). Under normal conditions, a subset of cellular 

EZH2 localizes to the nucleolus. However, our findings revealed that depletion of FBL causes 

a relocalization of EZH2 from the nucleolus into the nucleoplasm, where it engages with 

PRC2 components and contributes to chromatin-mediated gene repression. 

Given this observation, we sought to determine whether the nucleoplasmic EZH2 population 

released upon FBL depletion actively participates in the repression of SCRIB. To specifically 

trace the subset of EZH2 originally associated with the nucleolus, we employed a proximity-

based chromatin immunoprecipitation approach using BioID2-tagged wild-type FBL (Kim et 

al. 2016). Cells stably expressing BioID2-FBL were cultured in the presence of biotin, 

enabling the biotinylation of proteins in the immediate vicinity of FBL. Following FBL 

knockdown, chromatin was isolated and sonicated, and streptavidin-conjugated magnetic 

beads were used to pull down the biotinylated chromatin-protein complexes (Fig. 4.5(A-C)). 

Western blot validation confirmed the presence of biotinylated EZH2 in the pulled-down 

chromatin. Subsequent ChIP-PCR analyses revealed a significant enrichment of this 

nucleolar-origin EZH2 at the SCRIB promoter specifically in the FBL-depleted condition. 

This finding strongly suggests that EZH2, once released from the nucleolus, can bind to target 

gene promoters in the nucleoplasm and contribute to their transcriptional repression. 
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Fig. 4.5. BioID2 ChIP-RT-qPCR reveals occupancy of nucleolar EZH2 on SCRIB 

promoter 

(A) Bar plot representing BioID2-ChIP-qPCR enrichment of EZH2 (biotinylated and non-

biotinylated) on the SCRIB promoter in 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 BioID2-ChIP-qPCR. (B) Bar graphs depicting BioID2–ChIP–

qPCR enrichment of EZH2, including biotinylated and non-biotinylated fractions, at the 

SCRIB promoter in DLD-1 cells transfected with siLacZ or siFBL for ~24 h (N = 3). P values 

were calculated using an unpaired t-test. The schematic outlines the BioID2–ChIP–qPCR 

experimental workflow. (C) Representative immunoblots showing pull-down of biotinylated 

EZH2, probed for EZH2 and FBL, from pBP-FBL(WT)-BirA*-HA–overexpressing DLD-1 

and MCF10A(p53DN) cells transfected with siLacZ or siFBL and treated with or without 

biotin. GAPDH was used as a loading control for input samples. Data were obtained from two 

independent biological replicates (N = 2).   
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4.2.6. Disruption of FBL-EZH2 Interaction Mimics FBL Loss Phenotype 

 

To understand whether the physical interaction between FBL and EZH2 is necessary to 

maintain epithelial homeostasis, we next disrupted this interaction and assessed the resulting 

phenotypic consequences. FBL contains an RNA-binding domain (RBD) that is known to 

mediate its interaction with EZH2. To test the functional requirement of this domain, we used 

a siRNA-resistant FBL mutant lacking the RBD (FBL∆RBD) in FBL-depleted cells. 

Immunofluorescence staining revealed that the disruption of the FBL–EZH2 interaction, 

either by FBL depletion or by expression of FBL∆RBD, resulted in marked internalization of 

E-cadherin from the plasma membrane to the cytoplasm, along with this we also observed 

increased aspect ratio upon abrogating FBL-EZH2 interaction (Fig. 4.6 (A-D)). This loss of 

junctional E-cadherin was accompanied by a reduction in Scribble protein levels, as confirmed 

by immunoblotting (Fig. 4.6 G). These observations indicate that disrupting the FBL–EZH2 

interaction leads to phenotypes that closely mimic those observed upon complete FBL 

depletion. 

Functionally, this disruption also led to a significant increase in cell motility (Fig. 4.6 (H-J)). 

Scratch wound healing assays showed that cells expressing GFP control or FBL∆RBD in an 

FBL-depleted background migrated more rapidly, covering the wound area faster than control 

cells. This suggests that FBL–EZH2 interaction restrains cell migration, likely by preserving 

the epithelial state. To explore the underlying epigenetic mechanism, we performed ChIP-

qPCR to examine the occupancy of EZH2 and H3K27me3 on the SCRIB promoter under 

conditions where FBL–EZH2 interaction was disrupted (Fig. 4.6G). We found increased 

binding of both EZH2 and H3K27me3 to the SCRIB promoter, consistent with enhanced 

transcriptional repression of Scribble. The downregulation of Scribble was associated with 

mislocalization of E-cadherin and increased cell migration—hallmarks of an epithelial-to-

mesenchymal-like transition. 

Finally, to investigate whether these effects were sensitive to EZH2 dosage, we induced 

graded overexpression of EZH2 using a doxycycline-inducible system. A ~200% increase in 

EZH2 levels led to a ~25% reduction in Scribble expression, reinforcing the notion that 

elevated nucleoplasmic EZH2 levels are sufficient to downregulate SCRIB (Fig. 4.6 (L-M)). 

In summary, disruption of the FBL–EZH2 interaction releases EZH2 from the nucleolus into 

the nucleoplasm, where it engages with PRC2 to deposit repressive H3K27me3 marks on the 

SCRIB promoter. This epigenetic silencing of Scribble leads to E-cadherin internalization and 

enhanced cell migration, collectively mimicking the morphological and functional 
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consequences of FBL loss. These results underscore the critical role of FBL in spatially 

restricting EZH2 activity and maintaining epithelial identity through transcriptional regulation  

of polarity and adhesion genes. 
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Fig. 4.6. Disrupting FBL-EZH2 interaction downregulates SCRIB expression and 

increases cell migration 

(A) Quantification of nuclear aspect ratio in DLD-1 cells overexpressing GFP, GFP-

FBL(siRes), or ΔRBD-GFP-FBL(siRes) following transfection with siLacZ or siFBL for ~48 

h. Measurements were obtained from 617 cells pooled across three independent biological 

replicates (N = 3). Error bars represent SD. Statistical significance was assessed using an 

unpaired t-test; ****p < 0.0001. (B) Quantification of E-cadherin internalization in DLD-1 

cells, expressed as the ratio of E-cadherin fluorescence intensity at the cell border to that of the 

entire cell. (C) Quantification of E-cadherin internalization in MCF10A(p53DN) cells using 

the same border-to-total fluorescence intensity ratio. Measurements were obtained from 560 

cells pooled across three independent biological replicates (N = 3). Statistical significance was 

assessed using one-way ANOVA and unpaired t-tests. (D) Representative immunofluorescence 

images showing E-cadherin (red) in DLD-1 and MCF10A(p53DN) cells overexpressing GFP, 

GFP-FBL(siRes), or ΔRBD-GFP-FBL(siRes) following transfection with siLacZ or siFBL for 

~48 h and ~36 h, respectively. GFP or GFP-tagged constructs are shown in green, and nuclei 

are visualized by DAPI staining (blue). Data were pooled from three independent biological 

replicates (N = 3). Scale bar, ~20 μm. (E) Densitometric quantification of immunoblots shown 

in Fig. 5C for DLD-1 cells. Statistical significance was assessed using one-way ANOVA. (F) 

Densitometric quantification of immunoblots shown in Fig. 5C for MCF10A(p53DN) cells. 

Data were pooled from three independent biological replicates (N = 3), and statistical 

significance was determined using one-way ANOVA. (G) Representative immunoblots 

depicting Scribble, E-cadherin, FBL, and H3K27me3 protein levels in DLD-1 and 

MCF10A(p53DN) cells overexpressing GFP, GFP-FBL(siRes), or ΔRBD-GFP-FBL(siRes) 

following transfection with siLacZ or siFBL for ~48 h and ~36 h, respectively. HSP70, β-

tubulin, histone H3, and GAPDH were used as loading controls. Data were pooled from three 

independent biological replicates (N = 3). (H) Representative phase-contrast images from 

scratch wound–healing assays performed in DLD-1 and MCF10A(p53DN) cells expressing 

GFP, GFP-FBL(siRes), or ΔRBD-GFP-FBL(siRes) following transfection with siLacZ or 

siFBL. Data were pooled from three independent biological replicates (N = 3). (I) Quantitative 

analysis of scratch wound–healing assays for DLD-1. Statistical significance was assessed 

using two-way ANOVA followed by Sidak’s multiple-comparisons test. (J) Quantitative 

evaluation of the scratch wound–healing assay for MCF10A(p53DN). Statistical analysis was 

performed using two-way ANOVA with Sidak’s multiple-comparisons test to determine p 

values. (K) Bar graph illustrating differential EZH2 occupancy at the SCRIB promoter in DLD-
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4.3. Discussion 

 

The results presented in this study establish Fibrillarin (FBL) as a critical upstream regulator 

of epithelial polarity, acting through transcriptional control of Scribble (SCRIB) and spatial 

modulation of EZH2 activity. Through a multi-tiered experimental framework involving 

transcriptomic analyses, chromatin profiling, functional rescue assays, and subcellular 

localization studies, we delineate a mechanistic model wherein FBL maintains epithelial 

architecture by spatially restricting PRC2 activity and ensuring transcriptional competence at 

key polarity gene loci. 

RNA-seq and enrichment analyses revealed that FBL depletion results in significant 

downregulation of SCRIB, a known tumor suppressor and epithelial polarity scaffold. 

Scribble serves as a molecular anchor for E-cadherin by stabilizing its interaction with p120-

catenin, thus maintaining adherens junctions and epithelial cohesion. The repression of 

SCRIB upon FBL loss was confirmed at both transcript and protein levels. Notably, other E-

cadherin trafficking regulators such as DLG5 and DDR1 remained unaltered, reinforcing the 

central role of Scribble as a downstream effector of FBL. 

ChIP-qPCR and publicly available ChIP-seq data provided compelling evidence that the 

SCRIB promoter exhibits a poised bivalent chromatin state, with concurrent enrichment of 

H3K4me3 and H3K27me3. This configuration allows for rapid gene activation or silencing in 

response to cellular stimuli. FBL depletion resulted in enhanced recruitment of EZH2 and 

accumulation of H3K27me3 at the SCRIB promoter without altering total EZH2 levels, 

suggesting a redistribution of EZH2 rather than its overexpression. Pharmacological inhibition 

of EZH2 using GSK126 led to derepression of SCRIB and a rescue of both E-cadherin 

localization and epithelial cell migration, establishing the functional relevance of EZH2-

mediated repression. 

A major mechanistic insight from this work is the role of FBL in sequestering EZH2 within 

the nucleolus. Using subcellular fractionation and immunofluorescence, we demonstrated that 

FBL depletion shifts EZH2 from the nucleolus to the nucleoplasm. This spatial redistribution 

increases the pool of chromatin-bound EZH2 available for H3K27me3 deposition. 

Importantly, a mutant form of FBL lacking the RNA-binding domain (FBL∆RBD) was unable 

to retain EZH2 in the nucleolus and phenocopied FBL knockdown with respect to E-cadherin 

mislocalization and enhanced cell migration. These findings suggest that the FBL–EZH2 

interaction, likely RNA-dependent, is necessary for spatial regulation of PRC2 activity. 
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This spatial modulation of EZH2 by FBL parallels recent findings in nuclear architecture 

research, where subnuclear compartmentalization is increasingly recognized as a regulatory 

mechanism for chromatin modifiers. Similar to nucleophosmin and nucleolin, FBL appears to 

act as a nuclear sink for EZH2, buffering its availability and function. Loss of this 

sequestration mechanism results in inappropriate repression of key epithelial genes, thereby 

initiating a cascade of polarity loss and migratory activation. 

Functional assays further highlighted the pivotal role of Scribble in epithelial homeostasis. 

Scribble knockdown alone was sufficient to recapitulate the migratory phenotype of FBL-

depleted cells, while Scribble overexpression in an FBL-deficient background rescued cell 

polarity and restrained motility. These observations affirm the positioning of Scribble 

downstream of FBL and validate it as a primary effector in the maintenance of epithelial 

identity. 

Taken together, this study defines a novel epigenetic axis whereby FBL controls epithelial 

polarity through spatial restriction of EZH2 and transcriptional maintenance of SCRIB. This 

mechanism provides a unifying explanation for the observed defects in junctional stability, E-

cadherin trafficking, and enhanced migratory behavior upon FBL depletion. Given the 

recurrent loss of FBL and deregulation of PRC2 components in several cancers, these findings 

also open avenues for targeting the FBL–EZH2–Scribble axis in therapeutic strategies aimed 

at restoring epithelial integrity and suppressing metastatic progression. Importantly, these 

results contribute a new layer of understanding to nucleolar regulation in epithelial 

homeostasis, linking spatial chromatin control to cell polarity. Future investigations could 

explore how FBL-EZH2 dynamics are modulated under oncogenic stress or during epithelial 

plasticity transitions such as EMT, and whether pharmacological modulation of this axis 

offers clinical benefit in epithelial cancers marked by polarity disruption. 
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FBL Depletion Promotes EMT and Tumor 

Progression in Breast Epithelial Cells 
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5.1. Introduction 

 

The transition from a stable epithelial state to a more plastic, migratory phenotype represents 

a critical step in carcinoma progression. This process, often governed by epithelial-to-

mesenchymal transition (EMT), involves a coordinated suppression of epithelial markers and 

activation of mesenchymal programs, driven by alterations in transcriptional networks and 

signaling cascades. Among the key regulators of epithelial homeostasis are polarity 

determinants such as Scribble, signaling nodes including the PI3K-Akt and Hippo pathways, 

and chromatin-modifying enzymes like EZH2, the catalytic component of Polycomb 

Repressive Complex 2 (PRC2). However, the upstream mechanisms that simultaneously 

coordinate these diverse regulatory layers remain incompletely understood. 

Recent data have suggested that nucleolar proteins may exert broader cellular influence 

beyond ribosome biogenesis, impacting chromatin dynamics, signaling integration, and stress 

responses (González-Arzola 2024; Leeke et al. 2025; Pederson and Tsai 2009; Böğürcü-Seidel 

et al. 2023). Fibrillarin (FBL), being a conserved nucleolar methyltransferase responsible for 

2′-O-methylation of rRNA, has previously been implicated in maintaining nuclear 

morphology, and chromatin organization (Tessarz et al. 2014; Amin et al. 2007). Building on 

these observations, we explored whether FBL governs EMT-related signaling and 

tumorigenic behaviors in epithelial cancer models. 

Transcriptomic and phenotypic analyses following FBL depletion revealed widespread 

dysregulation of polarity proteins and EMT drivers. Notably, loss of FBL led to a reduction 

in Scribble expression and its membrane localization, derepressing downstream pathways 

including PI3K-Akt and Hippo signaling. The resulting activation of Akt was accompanied 

by a loss of H3K27me3, consistent with previous reports showing that Akt-mediated 

phosphorylation of EZH2 impairs its catalytic activity (Cha et al. 2005a). Simultaneously, 

stabilization of TAZ, a Hippo pathway effector, was observed, further promoting the 

expression of key mesenchymal transcription factors such as Snail and FoxC2 (Lei et al. 

2008). These transcriptional changes were validated at the protein level and were exacerbated 

upon disruption of the FBL–EZH2 interaction, establishing a mechanistic link between 

nucleolar regulation and EMT progression. 

Importantly, pharmacological inhibition of Akt reversed the EMT phenotype and restored 

epithelial marker expression, highlighting Akt signaling as a critical mediator of the migratory 

behavior seen in FBL-depleted cells. These observations suggest that FBL acts as a signaling 
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integrator, modulating both membrane-associated and chromatin-based regulators of 

epithelial stability. 

In vivo, FBL-depleted DLD-1 cells exhibited enhanced tumor growth and significantly 

increased metastatic colonization of the lungs in immunocompromised mice. These 

phenotypes were accompanied by nuclear displacement of EZH2, global elevation of 

H3K27me3, and persistent Scribble downregulation—an epigenetic shift that favors tumor 

plasticity and dissemination. Consistent with our findings, prior studies have shown that 

increased EZH2 expression promotes EMT and metastasis through repression of epithelial 

adhesion genes and activation of mesenchymal (Herranz et al. 2008; Chang et al. 2011). 

These data collectively establish FBL as a crucial regulator of epithelial cell identity, 

integrating spatial control of EZH2, modulation of Akt and Hippo signaling, and maintenance 

of polarity determinants. Its depletion rewires the transcriptional and signaling landscape 

toward an EMT-like state, fueling tumor progression and metastatic competence. 
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5.2.1. FBL Depletion Activates Akt Signaling Pathways 

 

Scribble, a well-characterized cell polarity regulator, plays a pivotal role in the suppression of 

oncogenic signaling pathways. One of its crucial functions is the inhibition of Akt activation 

via interaction with the phosphatase PHLPP1, which dephosphorylates and inactivates Akt. 

In our study, depletion of FBL led to a significant reduction in Scribble levels. This 

downregulation correlated with a marked increase in phosphorylated Akt (pAkt), indicating 

that FBL loss indirectly promotes Akt activation by disrupting the Scribble–PHLPP1 axis. 

The elevated Akt activity observed upon FBL knockdown is particularly relevant given that 

Akt phosphorylates EZH2 at Ser21, a post-translational modification known to inhibit histone 

methyltransferase activity of EZH2. This can lead to a global reduction in the repressive 

H3K27me3 mark and a consequent shift in the chromatin landscape toward a more 

transcriptionally permissive state. In FBL-depleted MCF10A(p53DN) cells, we observed a 

clear decrease in global H3K27me3 levels concomitant with increased pAkt levels, 

confirming the activation of the Akt pathway. 

To determine whether Akt activation directly contributes to epithelial-to-mesenchymal 

transition (EMT) in this context, we treated FBL-depleted cells with the Akt inhibitor 

GSK690693 at a concentration of 2 nM for 72 hours (Rhodes et al. 2008). Inhibition of Akt 

significantly reduced the expression of mesenchymal transcription factors including Snail, 

Twist, and Zeb1, and downregulated the cytoskeletal protein Vimentin. Simultaneously, 

epithelial markers such as E-cadherin and Occludin were restored (Fig. 5.1(A-C)). These 

results firmly establish that Akt activation is a critical downstream event following FBL loss, 

which facilitates EMT and contributes to loss of epithelial identity. 
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Fig. 5.1. Akt mitigates FBL depletion mediated EMT progression in MCF10A(p53DN) 

(A) Representative immunoblots demonstrating rescue of EMT-associated phenotypes 

following Akt inhibition. Immunoblotting was performed for Scribble, E-cadherin, vimentin, 

Snail, Zeb1, Twist, pAkt, TAZ, FBL, and H3K27me3 in MCF10A(p53DN) cells transfected 

with siLacZ or siFBL for ~36 h and ~72 h, respectively, and treated with the Akt inhibitor 

GSK690693 (2 nM) or DMSO (control). HSP70, β-tubulin, histone H3, total Akt, and GAPDH 

were used as loading controls. Data were pooled from three independent biological replicates 

(N = 3). (B) Representative immunoblots showing Occludin protein levels in 

MCF10A(p53DN) cells transfected with siLacZ or siFBL for 36 h and 72 h and treated with 

the Akt inhibitor GSK690693 or DMSO (control). GAPDH was used as a loading control. Data 

were obtained from three independent biological replicates (N = 3). Statistical significance was 

assessed using an unpaired t-test. (C) Densitometric quantification of immunoblots 

demonstrating attenuation of EMT progression following treatment with GSK690693 in 

siLacZ- and siFBL-transfected MCF10A(p53DN) cells (Fig. 6E). Statistical significance was 

assessed using an unpaired t-test. Error bars represent SD; *p < 0.05, **p < 0.01.   
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5.2.2. Extended FBL Knockdown Stabilizes TAZ, a Key EMT Regulator 

 

In addition to activating the Akt pathway, FBL depletion also impacted the Hippo signaling 

cascade, a major regulator of cellular proliferation and differentiation. Specifically, we 

observed that FBL knockdown resulted in the stabilization of TAZ, a transcriptional co-

activator and downstream effector of the Hippo pathway. TAZ is known to drive EMT by 

enhancing the expression of Snail and Foxc2, both of which are potent inducers of 

mesenchymal traits. 

In MCF10A(p53DN) cells, FBL depletion led to a progressive accumulation of TAZ, 

particularly upon extended knockdown or disruption of the FBL–EZH2 interaction through 

the expression of a mutant FBL construct (GFP-∆RBD-FBL). This stabilization of TAZ was 

accompanied by the upregulation of EMT-related transcription factors such as Snail, Twist, 

and Zeb1, reinforcing the role of TAZ in mediating mesenchymal transformation (Fig. 5.3(F-

I)). Taken together, these findings reveal that FBL loss promotes EMT not only through Akt 

activation but also via deregulation of Hippo signaling and stabilization of TAZ, amplifying 

the transcriptional program necessary for epithelial plasticity. 

 

5.2.3. Scribble is Retained in the Cytoplasm Upon FBL Depletion 

 

Although Scribble levels were initially reduced upon short-term FBL depletion (~36 hours), 

extended knockdown (~72 hours) resulted in a partial recovery of total protein levels. 

However, despite this recovery, Scribble remained mislocalized within the cytoplasm rather 

than at the plasma membrane where it typically functions to regulate polarity and suppress 

oncogenic signaling (Olmeda et al. 2007; Abedrabbo and Ravid 2020). 

This mislocalization is likely driven by elevated levels of Snail, an EMT transcription factor 

known to facilitate the internalization and cytoplasmic retention of Scribble. Supporting this 

hypothesis, the aggressive and mesenchymal-like breast cancer cell line MDA-MB-231, 

which constitutively expresses Snail, also exhibits a predominantly cytoplasmic distribution 

of Scribble. 

To interrogate the mechanistic link between FBL loss and Scribble mislocalization, we 

depleted FBL in MCF10A(p53DN) cells for ~72 h. We observed cytoplasmic retention of 

Scribble in the cytoplasm in FBL depleted cells (Fig. 5.2(A-B)). This was concomitant with 

the expression of Snail in FBL depleted cells upon prolonged FBL depletion (Fig. 5.3A). 
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Fig. 5.2. FBL depletion causes cytoplasmic retention of Scribble 

(A) Representative immunofluorescence images illustrating SCRIB internalization in cells 

transfected with siLacZ or siFBL for 72 h. Nuclei are visualized by DAPI staining, Scribble is 

shown in red, and FBL in green. Quantification was performed on 211 cells pooled from three 

independent biological replicates (N = 3). Scale bar, 20 μm. (B) Quantification of Scribble 
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internalization in MCF10A(p53DN) cells, expressed as the ratio of Scribble fluorescence 

intensity at the cell border to that of the entire cell. Measurements were obtained from 211 cells 

pooled across three independent biological replicates (N = 3). 

 

5.2.4. Extended FBL Knockdown Increases Mesenchymal Markers and Reduces 

Epithelial Markers 

 

Short-term FBL depletion had a negligible effect on EMT markers. However, upon prolonged 

knockdown (~72 hours), a robust induction of mesenchymal genes including Snail1, Twist1, 

and Zeb1 was observed. These changes were accompanied by a significant reduction in 

epithelial junction proteins such as E-cadherin and Occludin, indicating a full EMT response 

(Fig. 5.3 (A-C)). 

Protein-level analysis using immunoblotting and immunofluorescence confirmed this 

transcriptional reprogramming. Vimentin levels increased markedly, while E-cadherin 

decreased. These EMT markers were further exaggerated in cells overexpressing GFP-∆RBD-

FBL in an FBL-depleted background, further highlighting the importance of the FBL–EZH2 

interaction in maintaining epithelial identity (Fig. 5.3(F, G, I)). 

To understand the dynamics of chromatin regulation during this process, we performed ChIP-

PCR on the SCRIB promoter. Initially, elevated levels of EZH2 and H3K27me3 were 

detected, which suppressed Scribble expression. Interestingly, by 72 hours, both EZH2 and 

H3K27me3 enrichment at the SCRIB promoter declined, correlating with the partial recovery 

of Scribble protein observed earlier. This suggests a temporal reprogramming of chromatin 

modifications that accompanies extended FBL depletion and EMT progression (Fig. 5.3E). 
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Fig. 5.3. Prolonged FBL depletion triggers EMT in MCF10A(p53DN) 

(A) Representative immunoblots depicting Scribble, occludin, E-cadherin, vimentin, Snail, 

Zeb1, Twist, pAkt, TAZ, FBL, and H3K27me3 protein levels in MCF10A(p53DN) cells 

transfected with siLacZ or siFBL for 36 h and 72 h. The first HSP70 blot served as the loading 

control for Zeb1, E-cadherin, vimentin, and occludin, while the second HSP70 blot was used 

as the loading control for pAkt. β-tubulin, histone H3, and GAPDH were used as additional 

loading controls. Data were pooled from three independent biological replicates (N = 3). (B) 

Representative immunofluorescence images showing FBL (green), E-cadherin (red), F-actin 

(phalloidin; cyan), and nuclei (DAPI; blue) following FBL depletion for ~72 h, demonstrating 

reduced E-cadherin levels. Data were pooled from 416 cells across three independent biological 

replicates (N = 3). (C) Densitometric quantification of immunoblots demonstrating EMT 

induction upon FBL depletion (Fig. 6A). Data were obtained from three independent biological 

replicates (N = 3). Statistical significance was assessed using one-way ANOVA and unpaired 

t-tests. (D) Representative immunofluorescence images depicting FBL (green), Vimentin (red), 

F-actin (phalloidin; cyan), and nuclei (DAPI; blue) following ~72 h of FBL depletion, showing 

reduced E-cadherin levels accompanied by increased vimentin expression. Data were pooled 

from 416 cells across three independent biological replicates (N = 3). (E) Bar graphs depicting 

ChIP–qPCR enrichment of EZH2 and H3K27me3 at the SCRIB promoter in 

MCF10A(p53DN) cells transfected with siLacZ or siFBL for 72 h. Data were obtained from 

three independent biological replicates (N = 3). Statistical significance was assessed using 

unpaired t-tests. (F) Representative immunofluorescence images showing E-cadherin or 

vimentin (red), F-actin (phalloidin; cyan), and nuclei (DAPI; blue) in MCF10A(p53DN) cells 

overexpressing GFP, GFP-FBL(siRes), or ΔRBD-GFP-FBL(siRes) following transfection 

with siLacZ or siFBL for 72 h. Data were pooled from three independent biological replicates 

(N = 3). (G) Representative immunoblots demonstrating EMT induction following ~72 h of 

disruption of the FBL–EZH2 interaction in MCF10A(p53DN) cells overexpressing GFP, GFP-

FBL(siRes), or ΔRBD-GFP-FBL(siRes) and transfected with siLacZ or siFBL. 

Immunoblotting was performed for Scribble, occludin, E-cadherin, vimentin, Snail, Zeb1, 

Twist, pAkt, TAZ, FBL, and H3K27me3, with HSP70, β-tubulin, histone H3, total Akt, and 

GAPDH used as loading controls. Data were obtained from three independent biological 

replicates (N = 3). (H) Quantitative analysis of mean fluorescence intensity of vimentin and E-

cadherin in MCF10A(p53DN) cells expressing GFP, GFP-FBL(siRes), or GFP-RBD-

FBL(siRes) and transfected with siLacZ or siFBL, as shown in Fig. 6F. Data were obtained 

from three independent biological experiments (N = 3). Statistical significance was assessed 
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using the Brown–Forsythe and Welch ANOVA tests. (I) Densitometric quantification of the 

immunoblots shown in Fig. 6D. Data were obtained from three independent biological 

replicates (N = 3). Statistical significance was assessed using unpaired t-tests. 

 

5.2.5. FBL-Depleted Cells Exhibit Enhanced Tumorigenesis in Xenograft Models 

 

To determine the in vivo relevance of our in vitro findings, we evaluated the tumorigenic 

potential of FBL-depleted cells using a xenograft model. DLD-1 colorectal cancer cells stably 

expressing shFBL under a Tet-ON promoter were subcutaneously injected into NOD-SCID 

mice. FBL knockdown was induced by doxycycline administration via drinking water, which 

was refreshed every 72 hours. 

Compared to control animals, doxycycline-treated mice showed accelerated tumor growth, as 

evidenced by increased tumor volumes and higher final tumor weights by day 35 post-

injection (Fig. 5.4(A-E)). These data underscore the tumor-suppressive role of FBL in 

colorectal cancer and highlight its importance in maintaining the balance between epithelial 

homeostasis and tumor progression. 
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Fig. 5.4. FBL depletion promotes increased tumorigenic potential in xenograft models 

(A) Schematic illustration of xenograft experiments conducted in NOD/SCID mice, outlining 

tumor establishment, tissue harvest, and subsequent processing for immunoblotting and 

immunofluorescence analyses. (B) Quantitative assessment of tumor growth over a 35-day 

period in mice with or without doxycycline (Dox) treatment (n = 5). Error bars represent SD; 

*p < 0.5. (C) Tumor weights measured after excision from mice (n = 5). Error bars represent 

SD; ***p < 0.001. (D) Representative images of NOD/SCID mice bearing subcutaneous 

tumors generated from DLD-1 cells expressing a doxycycline (Dox)–inducible shRNA 

targeting FBL (shFBL). Cells were injected into the right flank, and mice were maintained 

either without Dox (−Dox; top row) or with Dox (+Dox; bottom row) in the drinking water to 

induce shFBL expression. (E) Representative images of tumors excised from mice 35 days 

after injection (n = 5). 

 

5.2.6 EZH2 Mislocalization Observed in FBL-Depleted Xenografts 

 

Histological examination of xenograft tumors revealed a substantial reduction in nucleolar 

EZH2 localization in FBL-depleted tissues. Co-immunostaining with Nucleolin, a marker of 

the nucleolar granular component, confirmed that the majority of EZH2 was displaced from 

the nucleolus to the nucleoplasm upon FBL loss (Fig. 5.5(A-B)). 

This observation mirrors our in vitro findings and suggests that FBL is essential for the 

nucleolar retention of a subset of EZH2 molecules. In its absence, EZH2 is redistributed to 

the nucleoplasm, where it may aberrantly engage in gene repression programs, including those 

targeting epithelial polarity genes such as Scribble. 
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Fig. 5.5. EZH2 displays aberrant subcellular localization in FBL-depleted xenograft 

tumors 

(A) Representative immunofluorescence images showing EZH2 and nucleolin (NCL) in 

MCF10A(p53DN) and DLD-1 cells transfected with siLacZ or siFBL. Nuclei are visualized 

by DAPI staining, EZH2 is shown in green, and NCL in red. Quantification was performed on 

≥90 cells, with data pooled from three independent biological replicates (N = 3). Scale bar, 20 

μm. (B) Colocalization analysis of EZH2 and nucleolin (NCL). Statistical significance was 

assessed using an unpaired t-test. Error bars represent SD; ****p < 0.0001.  

 

 

 

A 
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5.2.7 Scribble Downregulation Confirmed in Tumor Tissues 

Consistent with the changes observed in cultured cells, tumor lysates from FBL-depleted mice 

displayed markedly reduced Scribble protein levels. This downregulation correlated with an 

increase in global H3K27me3 levels, confirming the enhanced activity of the PRC2 complex 

in the absence of FBL (Fig. 5.6 (A-B)). 

The coordinated reduction in Scribble, increased H3K27me3 deposition, and concurrent 

mislocalization of EZH2 collectively support a model wherein FBL orchestrates a chromatin-

based mechanism to preserve epithelial integrity. Its depletion promotes a cascade of 

molecular events leading to EMT and tumor progression, reinforcing the significance of the 

FBL–EZH2–Scribble axis as a key regulatory module in epithelial biology and cancer. 

 

 

 

Fig. 5.6. Scribble downregulation and increased H3K27me3 enrichment are confirmed 

in tumor tissues 

(A) Representative immunoblots showing Scribble, E-cadherin, FBL, and H3K27me3 protein 

levels in tumor-derived cells, with β-tubulin and histone H3 used as loading controls. (B) 

Densitometric quantification of the immunoblots shown in Fig. 5.6.A. 
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5.2.8 FBL-Depleted Cells Promote Lung Infiltration in Xenograft Mice 

 

FBL knockdown leads to significantly enhanced tumor growth in vivo, as seen in 

subcutaneous xenograft models using Tet-inducible shFBL-expressing DLD-1 cells. 

Doxycycline (administered every 72 hours) sustained FBL depletion and resulted in markedly 

larger tumors, consistent with its role in maintaining epithelial homeostasis and suppressing 

tumor progression. 

To assess the impact of FBL depletion on metastatic potential, we performed tail-vein 

injections in NOD-SCID mice with the same shFBL-expressing DLD-1 cells. Mice receiving 

Dox exhibited a substantial increase in metastatic lung colonization compared to controls. 

Histological analysis of H&E-stained lung sections revealed extensive metastatic foci, which 

correlated with progressive body weight loss—suggesting systemic disease burden. 

Importantly EZH2 histone methyltransferase known to promote epithelial-to-mesenchymal 

transition (EMT), invasion, and metastasis in multiple cancer models. EZH2 has been shown 

to directly repress E-cadherin (CDH1) and promote metastasis via its methyltransferase 

activity and PRC2 complex function (Cao et al. 2008; Fujii and Ochiai 2008). 

Mechanistically, EZH2 overexpression has been implicated in silencing epithelial markers 

and upregulating mesenchymal programs across various tumor types. In breast and prostate 

cancers, elevated EZH2 expression correlates with poor prognosis and increased risk of 

metastasis (Chang et al. 2011; Kleer et al. 2003). EZH2 also promotes metastatic outgrowth 

by repressing metastasis suppressor genes such as RKIP and DAB2IP (Zong et al. 2020; Ren 

et al. 2012). 

In our model, FBL depletion—by mislocalizing EZH2 to the nucleoplasm and increasing its 

chromatin-associated activity—likely contributes to a transcriptional reprogramming that 

favors metastatic dissemination. The observed increase in H3K27me3 levels in tumor and 

lung tissues supports enhanced PRC2 activity following FBL loss. 

For quantitative analysis of lung metastases, metastatic burden was scored from H&E-stained 

lung sections using FIJI (ImageJ). The metastatic score was defined as: 

Metastatic Score = (Total metastatic area / Total lung area) × 100 

This scoring revealed a significant increase in metastatic infiltration in +Dox mice, providing 

strong evidence that FBL functions as a suppressor of metastasis, potentially through 

regulation of the EZH2-H3K27me3 axis. 
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Fig. 5.7. FBL depletion triggers lung infiltration in DLD-1 cells in mice xenograft 

(A) The animal is restrained in a mouse restrainer to immobilize the body and tail, allowing 

clear visualization of the lateral tail vein. shFBL DLD-1 stable cells are administered 

intravenously using a fine-gauge needle under aseptic conditions to ensure accurate systemic 

delivery. (B) Representative hematoxylin and eosin (H&E)–stained lung sections from 

NOD/SCID mice collected 60 days after tail vein injection of DLD-1 cells expressing a 

doxycycline (Dox)–inducible shRNA targeting FBL (shFBL). Lungs from Dox-treated (+Dox) 

C 

D 
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mice showed numerous, well-circumscribed metastatic nodules throughout the lung 

parenchyma, whereas lungs from mice without Dox treatment exhibited markedly fewer and 

smaller metastatic lesions. Scale bar, 100 μm. (C) Quantitative assessment of metastatic burden 

in the lungs of NOD/SCID mice following tail vein injection of DLD-1 cells expressing 

doxycycline (Dox)–inducible shFBL. Data are presented as mean ± SEM, with each dot 

representing an individual lung sample. (D) Magnified representative images corresponding to 

Fig. 5.7.B. 
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5.3. Discussion 

 

This study identifies Fibrillarin (FBL), traditionally characterized as a nucleolar rRNA 

methyltransferase, as a pivotal regulator of epithelial integrity, chromatin organization, and 

tumor suppression. While canonical role of FBL in ribosome biogenesis is well established, 

emerging literature suggests that nucleolar proteins may participate in broader regulatory 

circuits beyond ribosomal processing, particularly those governing chromatin state (Tessarz 

et al. 2014; Iyer-Bierhoff et al. 2018). Our work extends this concept by demonstrating that 

FBL depletion disrupts key polarity pathways, activates oncogenic signaling, and drives 

epithelial plasticity, thereby promoting tumor progression and metastasis. 

Mechanistically, FBL depletion led to marked downregulation and cytoplasmic 

mislocalization of Scribble, a core component of the basolateral polarity complex. The loss of 

membrane-bound Scribble disrupted the inhibitory axis that normally suppresses Akt 

signaling via PHLPP1 (Li et al. 2011). Consequently, we observed hyperactivation of Akt, a 

kinase that not only drives survival and motility but also phosphorylates and inactivates 

methyltransferase activity of EZH2 via Ser21 modification (Cha et al. 2005b). Interestingly, 

the activation of Akt in FBL-depleted cells was accompanied by a global reduction in 

H3K27me3, suggesting that the chromatin landscape is dynamically reprogrammed in 

response to altered polarity and signaling inputs. The reversal of these EMT features upon 

pharmacological inhibition of Akt underscores its role as a central effector in this regulatory 

axis. 

In parallel, FBL loss stabilized TAZ, a Hippo pathway effector that functions as a 

transcriptional co-activator for EMT drivers such as Snail and Foxc2 (Lei et al. 2008). TAZ 

stabilization-especially under conditions of extended FBL knockdown or disruption of the 

FBL–EZH2 interaction- further amplified EMT transcriptional programs, reinforcing a 

mesenchymal phenotype. These findings indicate that FBL coordinates multiple signaling 

pathways-namely Akt and Hippo-to maintain epithelial identity, and that its depletion 

activates parallel mechanisms converging on EMT induction. 

A striking observation in our study is the temporal uncoupling of Scribble expression and 

localization. While Scribble protein levels partially recovered at later time points post-FBL 

depletion, its mislocalization to the cytoplasm persisted. This spatial mislocalization, likely 

driven by sustained Snail expression, phenocopies mesenchymal-like cancer models such as 

MDA-MB-231, where high Snail levels correlate with cytoplasmic Scribble and impaired 

polarity (Abedrabbo and Ravid 2020b). Importantly, overexpression of an RNA-binding 
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deficient FBL mutant that cannot interact with EZH2 recapitulated these phenotypes, 

highlighting the critical role of the FBL–EZH2 interaction in regulating epithelial state. 

Our in vivo data further validate the tumor suppressive role of FBL. DLD-1 cells with stable, 

doxycycline-inducible FBL knockdown exhibited significantly increased tumorigenicity and 

metastatic potential in xenograft and tail-vein injection models, respectively. Histological 

analysis of tumors and lung tissues confirmed the redistribution of EZH2 from the nucleolus 

to the nucleoplasm, increased H3K27me3 deposition, and marked downregulation of 

Scribble—all of which mirrored in vitro observations. These findings collectively implicate a 

spatial regulatory role of FBL in modulating PRC2 activity by restricting access of EZH2 to 

chromatin through nucleolar sequestration. Upon FBL loss, EZH2 becomes nucleoplasmic 

and transcriptionally active, repressing polarity determinants and enhancing migratory 

capacity. 

The observed increase in lung metastases following tail-vein injections provides compelling 

evidence that FBL also serves as a suppressor of metastatic dissemination. Notably, EZH2 has 

been shown to promote EMT and metastasis through repression of epithelial and polarity 

genes such as CDH1, DAB2IP, and RKIP (Lv et al. 2019; Zong et al. 2020; Lachat et al. 

2018). Our results position FBL upstream of this regulatory axis, suggesting that FBL loss not 

only relieves spatial constraints on EZH2 but also activates signaling circuits that collectively 

remodel the chromatin landscape to favor invasive phenotypes. 

Importantly, the specificity of H3K27me3 in driving this phenotypic switch was demonstrated 

through selective inhibition of EZH2 using GSK126, which restored epithelial features and 

attenuated cell migration, even in the context of persistent FBL depletion. In contrast, 

reduction of H3K9me3 through SUV39H1 knockdown failed to rescue the migratory 

phenotype, reinforcing a unique functional role for H3K27me3 in mediating FBL-dependent 

epithelial regulation. 

These findings offer several avenues for future investigation. First, the precise molecular 

mechanisms governing the FBL–EZH2 interaction and its modulation by nucleolar 

architecture warrant further exploration. Understanding whether FBL sequesters EZH2 via 

RNA scaffolding, phase separation, or ribonucleoprotein complex formation could reveal 

novel regulatory paradigms of subnuclear compartmentalization. Second, given the dual 

regulation of Akt and TAZ upon FBL loss, identifying potential crosstalk or convergence 

points between these pathways may uncover therapeutic vulnerabilities in tumors with 

nucleolar dysregulation. Third, our work highlights the potential of targeting chromatin 

modifiers—particularly EZH2—in cancers with impaired nucleolar integrity or FBL function. 
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Assessing FBL expression and EZH2 localization in clinical specimens may inform 

biomarker-driven stratification for epigenetic therapies. 

In sum, this study establishes FBL as a central orchestrator of epithelial homeostasis, 

integrating nucleolar architecture, polarity signaling, and chromatin regulation. Its depletion 

triggers a complex network of signaling and epigenetic reprogramming that collectively 

disrupts cell polarity, enhances migration, and promotes tumor progression. These insights 

not only expand our understanding of nucleolar function but also position FBL–EZH2 axis as 

a promising target in epithelial cancers characterized by high plasticity and metastatic 

potential. 
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6.1. Discussion 

 

This study uncovers a previously unappreciated role for Fibrillarin (FBL), traditionally 

recognized for its functions in ribosome biogenesis, in orchestrating epithelial identity, 

nuclear integrity, and chromatin regulation. By integrating molecular, imaging, and in vivo 

approaches, we demonstrate that FBL functions beyond the nucleolus as a key regulator of 

subcellular localization, epigenetic state, and epithelial plasticity—properties essential in both 

tissue homeostasis and tumor progression. 

 

One of the pivotal discoveries was the widespread phenotypic shift following FBL depletion, 

characterized by a breakdown of epithelial morphology and acquisition of mesenchymal-like 

traits. Loss of the cobblestone monolayer appearance, elongation of cell shape, and the 

internalization of E-cadherin and ZO-1 collectively suggested a destabilization of junctional 

complexes and induction of EMT. Notably, the accumulation of E-cadherin in the Golgi and 

its rescue upon Dynasore treatment pointed to enhanced clathrin-mediated endocytosis. These 

findings extend the regulatory reach of FBL into the domain of membrane trafficking—

implicating nucleolar proteins in polarity protein localization and maintenance of epithelial 

integrity. 

 

Concomitant with junctional defects, nuclear morphology was significantly perturbed. Cells 

exhibited reduced sphericity, increased surface area, and displayed nuclear anomalies such as 

blebs and micronuclei. Importantly, these defects were independent of alterations in Lamin 

A/C and B1/B2 levels, shifting attention to chromatin composition as a potential mediator. 

Supporting this, we observed a paradoxical upregulation of the repressive histone marks 

H3K27me3 and H3K9me3 upon FBL loss. This increase in chromatin compaction contradicts 

the classical view that nuclear deformation stems from chromatin relaxation, suggesting 

instead a compensatory stiffening mechanism under nucleolar stress, a phenomenon supported 

by previous work (Stephens et al. 2018; Amin et al. 2007). 

 

Adding a new layer of complexity, we identified a marked upregulation of Emerin—an inner 

nuclear envelope protein implicated in heterochromatin tethering and nuclear shape 

stabilization. Emerin is known to recruit chromatin-modifying enzymes including HDAC3, 

G9a, and EZH2 (Demmerle et al. 2012; Marano and Holaska 2022), and has been implicated 

in reinforcing nuclear rigidity under stress (Yorifuji et al. 1997). The concurrent rise in 



226 
 

H3K9me3 and Emerin suggests a compensatory epigenetic scaffold activated in response to 

FBL depletion. 

 

To dissect the contribution of specific histone modifications, we compared the impact of 

depleting SUV39H1 (H3K9me3 methyltransferase) versus EZH2 (H3K27me3 

methyltransferase). Only EZH2 inhibition via GSK126 was able to reverse the enhanced 

migratory phenotype and restore epithelial markers, establishing H3K27me3 as a key 

functional driver in FBL-deficient cells. These findings align with literature demonstrating 

role of EZH2 in repressing CDH1 and promoting EMT in various cancer types (Lv et al. 

2019). 

 

Mechanistically, we show that FBL binds EZH2 via its RNA-binding domain and retains it in 

the nucleolus. Loss of FBL or expression of an RBD-deficient mutant disrupts this interaction, 

leading to release of EZH2 into the nucleoplasm, where it deposits H3K27me3 on target loci 

such as the SCRIB promoter. ChIP-PCR confirmed this enhanced enrichment of both EZH2 

and H3K27me3 on the SCRIB promoter in FBL-depleted cells. This was accompanied by 

downregulation of Scribble protein, internalization of E-cadherin, and enhanced cell 

migration, mirroring canonical EMT features. 

 

Transcriptome-wide RNA-seq further substantiated these findings, revealing Scribble among 

the top downregulated genes upon FBL depletion. Enrichment of EMT-related gene sets, 

apical polarity regulators, and adhesion molecules supports the broader relevance of FBL in 

epithelial maintenance. Functionally, the migratory phenotype observed upon FBL loss was 

recapitulated by Scribble knockdown and could be rescued by Scribble overexpression, 

establishing it as a downstream effector of regulatory axis of FBL. 

 

The in vivo relevance of these mechanisms was demonstrated in xenograft and metastasis 

models. FBL-depleted DLD-1 tumors exhibited increased growth and elevated H3K27me3 

levels. Histologically, EZH2 was mislocalized from the nucleolus to the nucleoplasm, 

paralleling in vitro observations. Tail-vein metastasis assays showed a significant increase in 

lung colonization upon FBL knockdown. Image-based quantification revealed elevated 

metastatic scores in +Dox mice, correlating with weight loss and systemic disease burden. 

Given prior reports linking EZH2 overexpression to increased metastasis and poor prognosis 
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(Varambally et al. 2002; Lachat et al. 2018), these results place the FBL–EZH2 axis at a 

critical juncture of metastasis regulation. 

 

6.2. Future Perspectives 

 

The discovery that Fibrillarin (FBL) functions beyond its canonical role in ribosome 

biogenesis to govern epithelial polarity, chromatin state, and tumor progression presents a 

paradigm shift in our understanding of nucleolar biology. This work positions FBL as a central 

node in coordinating epigenetic regulation, junctional stability, and nuclear organization—

hallmarks of epithelial identity. The multifaceted effects observed upon FBL depletion not 

only illuminate new regulatory layers of epithelial maintenance but also raise compelling 

questions for future investigation. 

A key future direction involves delineating the molecular mechanism by which FBL 

sequesters EZH2 in the nucleolus. While the current study identifies the RNA-binding domain 

(RBD) of FBL and the CXC domain of EZH2 as essential for this interaction, it remains 

unclear whether this complex requires RNA intermediates, additional cofactors, or nucleolar 

scaffold proteins for stabilization. Defining the molecular composition of the FBL–EZH2 

complex through mass spectrometry and proximity labeling could reveal novel nucleolar 

regulators of chromatin modifiers. 

Furthermore, understanding the genome-wide impact of EZH2 mislocalization is critical. 

Chromatin immunoprecipitation sequencing (ChIP-seq) for EZH2 and H3K27me3 in FBL-

depleted versus control conditions would help map the redistribution of repressive chromatin 

domains. Integrating this with transcriptome profiling would clarify how FBL loss reprograms 

the transcriptional landscape. Additionally, it will be of interest to test whether nucleolar 

sequestration regulates the availability of other chromatin regulators, such as G9a, SUV39H1, 

or HDACs, thereby contributing to broader epigenetic shifts. 

Given the observed upregulation of Emerin and heterochromatin marks upon FBL loss, 

another intriguing avenue is the mechanistic interplay between nucleolar stress, nuclear 

envelope remodeling, and chromatin state. Investigating whether FBL depletion activates 

nuclear mechanosensing pathways (such as YAP/TAZ or lamin-associated chromatin 

tethering) could connect mechanical and epigenetic regulation of epithelial fate. It would also 

be important to determine whether Emerin upregulation is a compensatory response to 

chromatin reorganization or a direct consequence of transcriptional derepression due to EZH2 

relocalization. 
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From a translational perspective, the FBL–EZH2–Scribble axis emerges as a potential 

therapeutic target. Pharmacological disruption of this axis could restore epithelial traits and 

suppress invasive behavior in epithelial cancers. Small-molecule inhibitors of EZH2, such as 

GSK126, show promise in reversing EMT and restoring epithelial architecture. Future studies 

should assess the efficacy of these inhibitors in combination with FBL modulation across in 

vivo metastasis models and patient-derived organoids. Moreover, examining FBL and EZH2 

expression levels in clinical tumor samples may establish their value as diagnostic or 

prognostic biomarkers, particularly in cancers with high EMT or metastatic signatures. 

Finally, the broader implication of this study is the demonstration that the nucleolus can 

function as a compartmentalized reservoir for epigenetic regulators. This concept—of spatial 

regulation of chromatin-modifying enzymes by the nucleolus—invites deeper inquiry into the 

compartmentalization of transcriptional repression, its dynamic control under stress, and its 

impact on cell plasticity. It also prompts a reevaluation of other nucleolar proteins with 

possible dual functions in chromatin organization and transcriptional control, opening the door 

to a new dimension of nuclear regulation. 

In conclusion, this work not only reveals a novel role for FBL in preserving epithelial structure 

through spatial epigenetic regulation but also paves the way for future studies that could 

redefine how nuclear architecture, chromatin dynamics, and cell identity are intertwined. 

Understanding these relationships holds significant promise for developing strategies to 

combat tumor progression, metastasis, and therapy resistance in epithelial cancers. 
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Appendix 



REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Mouse monoclonal anti-FBL(IB, IFA) Abcam Cat#ab4566 

Rabbit polyclonal anti-FBL (IB, IFA) Abcam Cat#ab5821 

Rabbit monoclonal anti-E-cadherin(IB) Cell Signaling 

Technology 

E-Cadherin (24E10) Rabbit 

mAb Cat#3195 

Mouse monoclonal anti-E-cadherin(IB, 

IFA) 

Abcam Cat#ab1614(HECD-1) 

Mouse monoclonal anti-E-cadherin(IB, 

IFA) 

Abcam Cat#ab11512 (DECMA-1)  

Rabbit polyclonal Anti-ZO-1(IFA) Abcam Cat#ab597204 

Mouse monoclonal anti-GM130 (IFA) BD Biosciences Cat#35/GM130 

Mouse monoclonal anti-Scribble(IB) SantaCruz Cat#sc-55543 

Rabbit monoclonal anti-Scribble(IB, IFA) Cell Signaling 

Technology 

Scribble Antibody #4475 

Mouse monoclonal anti-HSP70(IB) Abcam Cat#ab47455 

Mouse monoclonal anti-GAPDH(IB) SantaCruz Cat#sc-32233 

Rabbit polyclonal anti-GAPDH(IB) Merck Cat#G9545 

Rat monoclonal anti-Beta-tubulin(IB) Abcam Cat#[YOL1/34](ab6161) 

Mouse monoclonal anti-Beta-tubulin(IB) DHSB Cat#E7 

Rabbit polyclonal anti-H3K27me3(IB, 

IFA) 

Merck Cat#07-449 

Rabbit polyclonal anti-H3(IB) Abcam Cat#ab1719 

Rabbit monoclonal anti-EZH2(IB, IFA) Cell Signaling 

Technology 

Ezh2 (D2C9) XP® Rabbit mAb 

Cat#5246 

Rabbit polyclonal anti-EZH2(IB) Merck Cat#07-1562 

Rabbit polyclonal anti-Zeb1(IB) Abcam Cat#ab203829 

Rabbit polyclonal anti-Vimentin(IB) Abcam Cat#ab92547 [EPR3776] 

Rabbit polyclonal anti-Occludin(IB, IFA) Abcam Cat#ab216327 [EPR20992] 

Rabbit monoclonal anti-pAkt(Ser473)(IB) Cell Signaling 

Technology 

Cat#9271 

Rabbit monoclonal anti-Akt(IB) Cell Signaling 

Technology 

Cat#9272 

Rabbit polyclonal anti-TAZ(IB) Abcam Cat#84927 

Mouse monoclonal anti-Twist(IB) Abcam Cat#ab50887 

Rabbit polyclonal anti-Snail(IB) Abcam Cat#ab85931 

Rabbit monoclonal anti-Rab11(IFA) Cell Signaling 

Technology 

Cat#Rab11 (D4F5) XP® Rabbit 

mAb #5589 

Mouse monoclonal anti-EEA-1(IFA) BD Biosciences Clone 14/EEA1 (RUO) 

Mouse monoclonal anti-PTEN(IB) BD Biosciences Clone A2B1 (RUO) 

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 488 

Invitrogen Cat#A-11029 

Goat anti-Mouse IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 568 

Invitrogen Cat#A-11004 

Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 488 

Invitrogen Cat#A-11008 



Goat anti-Rabbit IgG (H+L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor™ 568 

Invitrogen Cat#A-11011 

Peroxidase AffiniPure® Goat Anti-Mouse 

IgG (H+L) 

Jackson 

ImmunoResearch 

Cat#115-035-003; 

RRID: AB_10015289 

Peroxidase AffiniPure® Goat Anti-Rabbit 

IgG (H+L) 

Jackson 

ImmunoResearch 

Cat#111-035-003; RRID: 

AB_2313567 

Goat anti-rat IgG H&L (HRP) Abcam Cat#ab97057 

Bacterial and virus strains  

E.coli DH5α Lab generated N/A 

Biological samples 

N/A N/A N/A 

Chemicals, peptides, and recombinant proteins 

 Protease inhibitor cocktail complete 

EDTA-free 

Roche Cat#4693132001 

DynaBeads Invitrogen  Cat#10002D 

Streptavidin DynaBeads Invitrogen  Cat#65801D 

GSK-126 MedChemExpress Cat#HY-13470  

GSK-690693 MedChemExpress Cat#HY-10249  

Sodium Deoxycholate SigmaAldrich Cat#S1827 

Nonidet P-40 SigmaAldrich Cat#74385-1L 

Tris free base SigmaAldrich Cat#T1503 

Glycine Thermo Fisher 

Scientific 

Cat#Q24755 

NaCl SigmaAldrich Cat#S7653 

HEPES SigmaAldrich Cat#H3375 

EDTA SigmaAldrich Cat#E9884 

DTT SigmaAldrich Cat#D0632 

Tween20 SigmaAldrich Cat#P9416 

SDS SigmaAldrich Cat#L3771 

BSA SigmaAldrich Cat#A7906 

MgCl2 SigmaAldrich Cat#M1028 

DMEM-F12 Invitrogen  Cat#11330-032 

EGF Peprotech Cat#AF-100-15 

Bovine Insulin Sigma Cat#I-1882 

Cholera toxin Sigma Cat#C-8052 

Hydrocortisone Sigma Cat#H-0888 

Horse Serum Invitrogen  Cat#16050-122 

Pen/Strep Invitrogen  Cat#15070-063 

RPMI-1640 Invitrogen  Cat#31800-022 

Fetal Bovine Serum (Brazil oragin) Invitrogen  Cat#10270106 

Texas Red® Conjugated Human 

Transferrin 

Invitrogen  Cat#T2875; Lot# 1848488 

Critical commercial assays 

PrimeScript™ 1st strand cDNA Synthesis 

Kit 

Takara 6110B 

Deposited data 

RNA-sequencing This thesis GSE289801 



Experimental models: Cell lines 

DLD-1 ATCC CCL-221 

MCF10A ATCC CRL-10317 

MCF10A(p53DN) This thesis N/A 

A549(p53DN) This thesis N/A 

HCT116 ATCC CCL-247 

SW480 ATCC CCL-228 

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 thesis N/A 

pLKOMCS-GFP-FBL(siRes) This thesis N/A 

pLKOMCS-GFP-ΔRBD FBL(siRes) This thesis N/A 

pBabe-SCRIB-Puro This thesis N/A 

pBABE-hygro p53 DD Addgene Addgene #9058 

Tet-pLKO-shFBL-puro This thesis N/A 

Tet-pLKO-shSCRIB-puro This thesis N/A 

MSCVhygro-F-Ezh2 Addgene Addgene #24926 

pCW57.1 F-EZH2 This thesis N/A 

MSCV Puro SCRIB P305L This thesis N/A 

MSCV Puro SCRIB C4S This thesis N/A 

MSCV Puro SCRIB C10S This thesis N/A 

FBL(WT)-BioID2-HA-pBabe puro   

Software and algorithms 

Graphpad prism V.8.0 N/A https://www.graphstats.net/grap

hpad-prism 

ImageJ Schneider et al. https://imagej.nih.gov/ij/ 

Galaxy The Galaxy 

Community 

https://doi.org/10.1093/nar/gkae

410 

T-scratch Gebäck et al. 

(2018) 

https://doi.org/10.2144/0001130

83 

Imaris N/A RRID:SCR_007370 

 

  

https://doi.org/10.2144/000113083
https://doi.org/10.2144/000113083


Oligonucleotides 

FBL to 

HABioID2 pBP 

w/BamHI_F 

This thesis AAAGGATCCATGAAGCCAGGATTCAGTCCCC 

FBL to 

HABioID2 pBP 

w/EcoRI_R 

This thesis TCAGAATTCGTTCTTCACCTTGGGGGGTGGC 

EZH2 to 

mycBioID2MCS 

w/BamHI_F 

This thesis AAAGGATCCGATGGGCCAGACTGGGAAG 

EZH2 to MCS 

BioID2_GA_F 

This thesis CACACTGGACTAGTGATGGGCCAGACTGGGAAG 

EZH2 to MCS 

BioID2_GA_R 

This thesis GTTTAAACTTAAGCTTCAAGGGATTTCCATTTCTCGTTC

G 

EZH2 to 

mycBioID2MCS 

(new)_F 

This thesis TCAGTCGACGATGGGCCAGACTGGGAAG 

EZH2 to 

mycBioID2MCS 

(new)_R 

This thesis AATGGTACCTCAAGGGATTTCCATTTCTCGTTC 

MCS BioID2 

vector for GA_F 

This thesis AGCTTAAGTTTAAACCGCTGATC 

MCS BioID2 

vector for GA_R 

This thesis CACTAGTCCAGTGTGGTGG 

BioID2_FBL to 

pLentiPuro new 

w/BamHI_F 

This thesis AAAGGATCCGCCACCATGGAACAAAAACTC 

BioID2_FBL to 

pLentiPuro new 

w/AgeI_R 

This thesis CTGACCGGTTCAGTTCTTCACCTTGGGGG 

FBL with 

EcoRI_F 

This thesis AAAGAATTCATGAAGCCAGGATTCAGTCC 

FBL with 

BamH1_R 

This thesis GGTGGATCCTCAGTTCTTCACC 

EZH2 to pcw57 

w/NheI_F 

This thesis TCAGCTAGCATGGGCCAGACTGGGAAG 

EZH2 to pCW57 

w/BamHI_R 

This thesis ACTGGATCCTCAAGGGATTTCCATTTCTCGTTC 

RBD del_F This thesis TACCGCATGCTCATCGCAATG 

RBD del_R This thesis AATTTTGTCATCTCCTTCCGAAATCG 

FBL with 

BamH1_F 

This thesis TCAGGATCCGCCACCATGGTGAGCAAG 

FBL with SalI_R This thesis ACTGTCGACTCAGTTCTTCACCTTGGGGGG 

FBL with 

EcoRI_R 

This thesis ACTGAATTCTCAGTTCTTCACCTTGGGGGG 

EZH2_Fwd This thesis GGCATCTTTATCAAAGATCCTG 

EZH2_Rev This thesis CTCTTCACCAGTCTGGATAGC 

SCRIB_F2 

(RTPCR) 

This thesis GCACGTGGAGTCGGTGGAC 

SCRIB_R2 

(RTPCR) 

This thesis CTCAGGGATATCGTTCCGGGAC 

F_SCRIB to 

pBP_BamH1 

This thesis AATGGATCCATGCTCAAGTGCATCCCGC 



R_SCRIB to 

pBP_EcoR1 

This thesis AATGAATTCCTAGGAGGGCACAGGGCC 

SCRIB_ChIP_F1 This thesis GAAACAAGGCGAGGAGGAGG 

SCRIB_ChIP_R

1 

This thesis TCGTACACTTCAGCCACCAC 

SCRIB_ChIP_F2 This thesis ATAAAGGTGCGGATGCTGCT 

SCRIB_ChIP_R

2 

This thesis ACAGGAAGCAGGTCCAGAGA 

SCRIB_ChIP_F3 This thesis CAGGGTGGTGCTGAGAGAAG 

SCRIB_ChIP_R

3 

This thesis CTTAACGCACAGCCTCCTCC 

SCRIB_ChIP_F4 This thesis GGAGGAGGCTGTGCGTTAAG 

SCRIB_ChIP_R

4 

This thesis GCGGGATATTGGGAGCTACA 

ACTB_ChIP_F1 This thesis CCCCAACACCACACTCTACC 

ACTB_ChIP_R1 This thesis TTGCCGACTTCAGAGCAACT 

ACTB_ChIP_F2 This thesis CCTCCAAGAGCTCCTTCTGC 

ACTB_ChIP_R2 This thesis ACATCTCTTGGGCACTGAGC 

ACTB_ChIP_F3 This thesis GGCGTGACTGTTACCCTCAA 

ACTB_ChIP_R3 This thesis GCCCGTGATGAAGGCTACAA 

ACTB_ChIP_F4 This thesis TTGTAGCCTTCATCACGGGC 

ACTB_ChIP_R4 This thesis GTAGAGTGTGGTGTTGGGGG 

U6 snRNA 

ctrl_F 

PMID-

23542174 

GCTTCGGCAGCACATATACTAAAAT 

U6 snRNA 

ctrl_R 

PMID-

23542174 

CGCTTCACGAATTTGCGTGTCAT 

shSCRIB_F This thesis CCGGAGCACTTCAAGATCTCCAACTCGAGTTGGAGATC

TTGAAGTGCTTTTTT 

shSCRIB_R This thesis AATTAAAAAAGCACTTCAAGATCTCCAACTCGAGTTGG

AGATCTTGAAGTGCT 

EZH2_1F This thesis CCGGGACTCTGAATGCAGTTGCTCTCGAGAGCAACTGC

ATTCAGAGTCTTTTT 

EZH2_1R This thesis AATTAAAAAGACTCTGAATGCAGTTGCTCTCGAGAGCA

ACTGCATTCAGAGTC 

EZH2_2F This thesis CCGGCGGTGGGACTCAGAAGGCACTCGAGTGCCTTCT

GAGTCCCACCGTTTTT 

EZH2_2R This thesis AATTAAAAACGGTGGGACTCAGAAGGCACTCGAGTGC

CTTCTGAGTCCCACCG 

EZH2_3F This thesis CCGGGCACAAGTCATCCCGTTAAAGCTCGAGCTTTAAC

GGGATGACTTGTGCTTTTTG 

EZH2_3R This thesis AATTAAAAACGGTGGGACTCAGAAGGCACTCGAGTGC

CTTCTGAGTCCCACCG 

EZH2_3F_defaul

t 

This thesis CCGGGCACAAGTCATCCCGTTAAAGCTCGAGCTTTAAC

GGGATGACTTGTGCTTTTT 

EZH2_3R_defau

lt 

This thesis AATTAAAAACGGTGGGACTCAGAAGGCACTCGAGTGC

CTTCTGAGTCCCACCG 

shFBL4_F This thesis CCGGAGGAGAACATGAAGCCGCACTCGAGTGCGGCTT

CATGTTCTCCTTTTT 

shFBL4_R This thesis AATTAAAAAAGGAGAACATGAAGCCGCACTCGAGTGC

GGCTTCATGTTCTCC 

P305L_F (lig) This thesis CTTCGCTCCCTGGGAAAGCTG 



P305L_R(lig) This thesis CAGGGCCATCAGCAGGTTC 

SCRIB_C4S_F This thesis ATGCTCAAGTCCATCCCGCTG 

SCRIB_C4S_R This thesis CAGCGGGATGGACTTGAGCAT 

SCRIB_C10S F This thesis CTGTGGCGCTTCAACCGGCAC 

SCRIB_C10S R This thesis GTGCCGGTTGAAGCGCCACAG 

MYT1_ChIP_F This thesis AGCCATGTCTGAAGGCACTC 

MYT1_ChIP_R This thesis TGCATTGGCTTTTTGGCCTT 

siFBL_oligo#1 This thesis AGGAGAACATGAAGCCGCAdTdT 

siFBL_oligo#2 This thesis GTCTTCATTTGTCGAGGAAAdTdT 

siFBL_oligo#3 This thesis TGGAGGACACTTTGTGATTTTdTdT 

siLacZ (Pradhan et 

al., 2020) 

CGUACGCGGAAUACUUCGAdTdT 
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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. 2,3 This modification occurs through the base pairing 

of C/D box snoRNAs with rRNA, positioning FBL at target sites, to 

transfer a methyl (-CH 3 ) group from S-adenosyl methionine (SAM) 

to the 2 ′ -hydroxyl (-OH) of ribose. 4 Methylation imparts stability to 

rRNA, facilitating ribosome assembly while ensuring translational 

fidelity and adaptation to cellular stress. 5 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. 6 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. 7 Elevated FBL expression 

is implicated in aggressive cancers such as breast cancer, hepa-

tocellular carcinoma, and colorectal cancer 8–10 where it drives 

aberrant ribosome biogenesis, correlating with enhanced cell pro-

liferation and poor prognosis. 8 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. 8 In 

contrast, reduced levels of FBL are associated with poor prog-

nosis of patients with early-stage breast cancer. 11

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 β-catenin and p120-

catenin, anchoring the complex to F-actin (filamentous actin). 12,13 

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. 14,15 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. 16,17 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. 18,19

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.

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. 20 Increased 

levels of FBL enhance cell proliferation and chemoresistance in 

breast and colorectal cancer cells. 8,9 In contrast, reduced levels 

of FBL correlate with poor prognosis in breast cancers. 11

We depleted FBL in two independent epithelial cell lines: colo-

rectal cancer DLD-1 (TP53 WT/S241F ) and breast epithelial 

MCF10A (TP53 WT/WT ) cells. Since FBL is involved in rRNA 

biogenesis and maturation, 3,4 disrupting rRNA biogenesis stabi-

lizes p53, enhancing cell death. 21–24 FBL depletion in MCF10A 

cells showed a significant increase in cell death (∼60%), owing 

to the wild-type status of TP53 in MCF10A cells (TP53 WT/WT ). 

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). 25–27 

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 μm. Scale bar for insets, 150 μm (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 μm. 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 μm Dynasore. Scale bar, ∼20 μm. Quantification in 

Figure S1D(ii).

(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 μm.

(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 μm) 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 μm) and MCF10A(p53DN) cells (∼200 μm).

(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

Article
ll

OPEN ACCESS



(legend on next page)

4 Cell Reports 44, 116608, December 23, 2025

Article
ll

OPEN ACCESS



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). 28,29 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. 30 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). 31 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)), 32–34 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 

ZO-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). 35 

Taken together, these results suggest that internalization of 

E-cadherin and ZO-1 collectively disrupts cell-cell junctions.

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 μm), 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. 36

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) 37 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 μm. Quantification in Figures S5A(i–iii) and S5B(iii).

(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 2 (fold change cut-off) = 2.0; − log 10 (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, β-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 μm.

(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 μm.

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-qPCR (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). 38 In contrast, 

overexpression of Scribble in FBL-depleted cells decreased 

cell migration (Figure 2I). 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. 39 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-qPCR, since 

H3K27me3 is indicative of PRC2 occupancy. 40 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 μM for 48 h). 41 This showed a signif-

icant reduction in the levels of the inactive histone mark 

H3K27me3 and a concomitant rescue of SCRIB levels even in

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-qPCR 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 

(log 2 FC − 3.0 to − 7.0; Figures S10C and S10D). In contrast, no 

significant changes were detected on the promoters of the upre-

gulated genes (log 2 FC +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. ChIP-Atlas analyses 

further showed that the downregulated genes were pre-enriched 

for H3K27me3 (Figures S8A–S8D, S9A, S9C, S9D, and S10A and 

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. 40

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 μm. 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 μm, for 48 h) and control siLacZ and FBL-depleted cells (∼48 h). Data were pooled from N = 3 

independent biological replicates. Scale bar, ∼20 μm. 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 μm. 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 μm. 

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. 42 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-ΔRBD 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-

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. 43–45 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 BioID2 

ChIP-qPCR to tag and monitor nucleolar EZH2 upon FBL knock-

down. 46 Cells stably expressing BioID2-FBL (WT) were supple-

mented with 50 μM 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-qPCR analysis. We validated the pull-down of 

EZH2 using immunoblotting (Figure S14C). Interestingly, the 

ChIP-qPCR 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 BioID2 ChIP-qPCR 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-ΔRBD 

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. (ii) 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 μm. (ii) 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. (iii) 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 ΔRBD-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 μm. 

Quantification of colocalization of EZH2 and GFP is in Figure S11B(ii).

(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 β-tubulin in siLacZ- and siFBL-transfected MCF10A(p53DN) cells. Data were pooled from N = 3 in-

dependent biological replicates. Scale bar, ∼20 μm. 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-qPCR 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. 47 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. 48 Furthermore, Scribble inter-

acts with PHLPP1 to inhibit the phosphorylation or activation 

of Akt. 49 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. 50

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 Snail1, 

Twist1, and Zeb1 (master transcription factors that promote 

EMT). 51,52 This was accompanied by decreased levels of cell 

adhesion proteins E-cadherin and occludin (Figures 6A and

S19D). Furthermore, a reduction in H3K27me3 levels correlated 

with Akt activation (Figures 6A and S16A(i)). 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-

qPCR 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 6A). 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-ΔRBD 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-ΔRBD-

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, 49 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 53 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-ΔRBD-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 BioID2-ChIP-qPCR 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 BioID2-

ChIP-qPCR.

(B) Representative images of immunofluorescence for E-cadherin (red) upon overexpression of GFP, GFP-FBL(siRes), and ΔRBD-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 μm. Quantification shown in Figure S14B(i) and (ii).

(C) Representative immunoblots showing Scribble, E-cadherin, FBL, and H3K27me3. Loading controls: HSP70, β-tubulin, H3, and GAPDH from GFP-, GFP-

FBL(siRes)-, and ΔRBD-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 

ΔRBD-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-

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. 54 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, 55,56 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: 1 st 

HSP70 is the loading control for Zeb1, E-cadherin, vimentin, and occludin, 2 nd HSP70 is the loading control for pAkt, β-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 μm. 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 ΔRBD-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, β-tubulin, H3, AKt, and GAPDH as loading controls. Data were from N = 3 independent biological replicates. Scale bar, 

20 μm. 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, β-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 ΔRBD-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, 57,58 FBL depletion did not 

show any significant alterations in lamin levels, as determined by 

RNA-seq analysis. 59 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. 60 

FBL is required for rRNA biogenesis and modification, and its 

depletion is likely to impact rates of rRNA and protein synthe-

sis. 22,23 Interestingly, the SUnSET assay did not show a significant 

difference in protein synthesis rates (Figure S2F). 61 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, 62 

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

polarity protein, further stabilizes the p120 and E-cadherin inter-

action at the cell membrane. 36 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 63 

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), 64 CTNND1 (delta-catenin), 65 Epsin3 

(EPN3), 66 VANGL planar cell polarity protein 2 (VANGL2), 67 Dis-

coidin domain receptor family member 1 (DDR1), 68 and Scribble 

(SCRIB). 36 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. 45,69 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 for immunoblotting 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 μm, (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 β-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 μm. (ii) 

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. 70 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. 71,72 In ovarian cancers, EZH2 enhances metastasis 

through TGF-β signaling. 73 EZH2 regulates tumor suppressors 

by transcriptionally silencing adenosylmethionine decarboxy-

lase 1 (AMD-1). 72 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). 62 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). 74 

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), 75,76 

further function as key targets of FBL-dependent 

tumorigenesis. 77,78

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. 79 Similarly, the 

A687V mutation, also in the SET domain, alters substrate spec-

ificity and enhances methylation activity, further contributing to 

lymphoma development. 80 Additionally, the W113C mutation in 

the SET activation loop stabilizes the active conformation of 

EZH2, amplifying its catalytic function and driving oncogen-

esis. 81 Collectively, these studies show that a hyperactive muta-

tion of EZH2 mediates excessive deposition of H3K27me3, play-

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. 82 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. 83 Cyclic peptides gener-

ated via click chemistry provide an additional delivery route, of-

fering improved stability and, in some cases, passive cell entry. 84 

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. 9 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. 8,85 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). 86 Moreover, cells can tolerate substantial 

reductions in FBL levels (>60%) without compromising ribosome 

production or viability. 6,9,87 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

16 Cell Reports 44, 116608, December 23, 2025

Article
ll

OPEN ACCESS



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 88 cells for in vivo imaging for a more comprehensive un-

derstanding of the role of FBL in metastasis. Since FBL is 

involved in rRNA 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 89 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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4. Kiss-Lá szló , Z., Henry, Y., Bachellerie, J.P., Caizergues-Ferrer, M., and 

Kiss, T. (1996). Site-Specific Ribose Methylation of Preribosomal RNA: A 

Novel Function for Small Nucleolar RNAs. Cell 85, 1077–1088. https:// 

doi.org/10.1016/s0092-8674(00)81308-2.

5. Sharma, S., Marchand, V., Motorin, Y., and Lafontaine, D.L.J. (2017). Iden-

tification of Sites of 2’-O-Methylation Vulnerability in Human Ribosomal 

RNAs by Systematic Mapping. Sci. Rep. 7, 11490. https://doi.org/10. 

1038/s41598-017-09734-9.

6. Iyer-Bierhoff, A., Krogh, N., Tessarz, P., Ruppert, T., Nielsen, H., and 

Grummt, I. (2018). SIRT7-Dependent Deacetylation of Fibrillarin Controls 

Histone H2A Methylation and rRNA Synthesis during the Cell Cycle. Cell 

Rep. 25, 2946–2954.e5. https://doi.org/10.1016/j.celrep.2018.11.051.

7. Elliott, B.A., Ho, H.-T., Ranganathan, S.V., Vangaveti, S., Ilkayeva, O., 

Abou Assi, H., Choi, A.K., Agris, P.F., and Holley, C.L. (2019). Modification 

of Messenger RNA by 2’-O-Methylation Regulates Gene Expression 

in Vivo. Nat. Commun. 10, 3401. https://doi.org/10.1038/s41467-019-

11375-7.

8. Marcel, V., Ghayad, S.E., Belin, S., Therizols, G., Morel, A.-P., Solano-
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-FBL(IB, IFA) Abcam Cat#ab4566; RRID:AB_304523

Rabbit polyclonal anti-FBL (IB, IFA) Abcam Cat#ab5821; RRID:AB_2105785

Rabbit monoclonal anti-E-cadherin(IB) Cell Signaling Technology E-Cadherin (24E10) Rabbit mAb Cat#3195; 

RRID:AB_2291471

Mouse monoclonal anti-E-cadherin(IB, IFA) Abcam Cat#ab1614(HECD-1); RRID:AB_300946

Mouse monoclonal anti-E-cadherin(IB, IFA) Abcam Cat#ab11512 (DECMA-1); 

RRID:AB_298118

Rabbit polyclonal Anti-ZO-1(IFA) Abcam Cat#ab59724, RRID:AB_946249

Mouse monoclonal anti-GM130 (IFA) BD Biosciences Cat#35/GM130; RRID:AB_398141

Mouse monoclonal anti-Scribble(IB) SantaCruz Cat#sc-55543; RRID:AB_2238926

Rabbit monoclonal anti-Scribble(IB, IFA) Cell Signaling Technology Scribble Antibody #4475

Mouse monoclonal anti-HSP70(IB) Abcam Cat#ab47455; RRID:AB_881520

Mouse monoclonal anti-GAPDH(IB) SantaCruz Cat#sc-32233; RRID:AB_627679

Rabbit polyclonal anti-GAPDH(IB) Merck Cat#G9545; RRID:AB_796208

Rat monoclonal anti-Beta-tubulin(IB) Abcam Cat#[YOL1/34](ab6161); RRID:AB_305329

Mouse monoclonal anti-Beta-tubulin(IB) DHSB Cat#E7; RRID:AB_528499

Rabbit polyclonal anti-H3K27me3(IB, IFA) Merck Cat#07-449, RRID:AB_310624

Rabbit polyclonal anti-H3(IB) Abcam Cat#ab1719; RRID:AB_302613

Rabbit monoclonal anti-EZH2(IB, IFA) Cell Signaling Technology Ezh2 (D2C9) XP® Rabbit mAb Cat#5246; 

RRID:AB_10694683

Rabbit polyclonal anti-EZH2(IB) Merck Cat#07-1562

Rabbit polyclonal anti-Zeb1(IB) Abcam Cat#ab203829; RRID:AB_2921369

Rabbit polyclonal anti-Vimentin(IB) Abcam Cat#ab92547 [EPR3776]; 

RRID:AB_10562134

Rabbit polyclonal anti-Occludin(IB, IFA) Abcam Cat#ab216327 [EPR20992]; 

RRID:AB_2737295

Rabbit monoclonal anti-pAkt(Ser473)(IB) Cell Signaling Technology Cat#9271; RRID:AB_329825

Rabbit monoclonal anti-Akt(IB) Cell Signaling Technology Cat#9272; RRID: AB_329827

Rabbit polyclonal anti-TAZ(IB) Abcam Cat#ab84927; RRID: AB_1925489

Mouse monoclonal anti-Twist(IB) Abcam Cat#ab50887; RRID: AB_883294

Rabbit polyclonal anti-Snail(IB) Abcam Cat#ab85931

Rabbit monoclonal anti-Rab11(IFA) Cell Signaling Technology Cat#Rab11 (D4F5) XP® Rabbit mAb #5589; 

RRID: AB_10693925

Mouse monoclonal anti-EEA-1(IFA) BD Biosciences Clone 14/EEA1 (RUO); RRID: AB_397830

Mouse monoclonal anti-PTEN(IB) BD Biosciences Clone A2B1 (RUO); RRID: AB_1645437

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor TM 488

Invitrogen Cat#A-11029; RRID:AB_2534088

Goat anti-Mouse IgG (H + L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor TM 568

Invitrogen Cat#A-11004; RRID:AB_2534072

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor TM 488

Invitrogen Cat#A-11008; RRID: AB_143165

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Goat anti-Rabbit IgG (H + L) Cross-

Adsorbed Secondary Antibody, Alexa 

Fluor TM 568

Invitrogen Cat#A-11011; RRID: AB_143157

Peroxidase AffiniPure® Goat Anti-Mouse 

IgG (H + L)

Jackson ImmunoResearch Cat#115-035-003; RRID: AB_10015289

Peroxidase AffiniPure® Goat Anti-Rabbit 

IgG (H + L)

Jackson ImmunoResearch Cat#111-035-003; RRID: AB_2313567

Goat anti-rat IgG H&L (HRP) Abcam Cat#ab97057; RRID: AB_10680316

Bacterial and virus strains

E.coli DH5α Lab generated N/A

Biological samples

N/A N/A N/A

Chemicals, peptides, and recombinant proteins

Protease inhibitor cocktail complete EDTA-

free

Roche Cat#4693132001

DynaBeads Invitrogen Cat#10002D

Streptavidin DynaBeads Invitrogen Cat#65801D

GSK-126 MedChemExpress Cat#HY-13470

GSK-690693 MedChemExpress Cat#HY-10249

Sodium Deoxycholate SigmaAldrich Cat#S1827

Nonidet P-40 SigmaAldrich Cat#74385-1L

Tris free base SigmaAldrich Cat#T1503

Glycine Thermo Fisher Scientific Cat#Q24755

NaCl SigmaAldrich Cat#S7653

HEPES SigmaAldrich Cat#H3375

EDTA SigmaAldrich Cat#E9884

DTT SigmaAldrich Cat#D0632

Tween 20 SigmaAldrich Cat#P9416

SDS SigmaAldrich Cat#L3771

BSA SigmaAldrich Cat#A7906

MgCl2 SigmaAldrich Cat#M1028

DMEM-F12 Invitrogen Cat#11330-032

EGF Peprotech Cat#AF-100-15

Bovine Insulin Sigma Cat#I-1882

Cholera toxin Sigma Cat#C-8052

Hydrocortisone Sigma Cat#H-0888

Horse Serum Invitrogen Cat#16050-122

Pen/Strep Invitrogen Cat#15070-063

RPMI-1640 Invitrogen Cat#31800-022

Fetal Bovine Serum (Brazil oragin) Invitrogen Cat#10270106

Texas Red® Conjugated Human 

Transferrin

Invitrogen Cat#T2875; Lot# 1848488

Critical commercial assays

PrimeScript TM 1st strand cDNA Synthesis 

Kit

Takara 6110B

Deposited data

RNA-sequencing This paper GEO: GSE289801

Experimental models: Cell lines

DLD-1 ATCC CCL-221

MCF10A ATCC CRL-10317

(Continued on next page)
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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 IISER Pune, India, 

with the approval of Institutional Animal Ethics Committee (IAEC) (IISER_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 2 .

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 μg/mL streptomycin), and maintained at 37 ◦ C in a humidified incubator with 5% CO 2 . MCF10A human mammary 

epithelial cells were cultured in DMEM/F-12 (1:1) medium (Gibco, Thermo Fisher Scientific) supplemented with 5% horse serum

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MCF10A(p53DN) This paper N/A

A549(p53DN) This paper N/A

HCT116 ATCC CCL-247

SW480 ATCC CCL-228

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-ΔRBD 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-BioID2-HA pBabe-

puro

This paper N/A

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

ImageJ Schneider et al. https://imagej.nih.gov/ij/

Galaxy The Galaxy Community https://doi.org/10.1093/nar/gkae410

T-scratch Gebä ck et al. (2018) https://doi.org/10.2144/000113083

Imaris N/A RRID:SCR_007370
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(Sigma-Aldrich), 20 ng/mL epidermal growth factor (EGF) (PeproTech), 0.5 μg/mL hydrocortisone (Sigma-Aldrich), 100 ng/mL cholera 

toxin (Sigma-Aldrich), 10 μg/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 2 .

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. 90 The PCR reaction was subjected to DpnI (20 units) digestion for digesting parental 

plasmid, at 37 ◦ C for 3h and was transformed into E.coli DH5α. Subsequently the colonies were screened using Sanger sequencing. 

The mutated GFP-FBL (siRes) was PCR amplified with BamHI and SalI flanking sites. The PCR reaction was incubated with DpnI 

(20 units) at 37 ◦ C for 3h. The amplicon was gel purified using commercially available kits (Qiagen) and 1μg of the purified amplicon 

was double-digested with BamHI(10U) and SalI(10U) overnight, at 37 ◦ C. The reaction was terminated by heat inactivation at 65 ◦ C for 

20 min. Subsequently, for ligation reaction, 5μL 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, 4μL of the ligation mixture was trans-

formed into E.coli DH5α and the colonies were screened using colony PCR and Sanger sequencing. Similarly, FBL(WT) was cloned 

into MCS-BioID2-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 NheI and 

EcoRI 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. 2μg of the extracted RNA was converted to cDNA using Invitrogen 

SuperScript II Reverse Transcriptase. The reaction was set up by incubating the following components in a nuclease-free microcen-

trifuge tube: 1 μL of Oligo(dT)12–18 (500 μg/mL), along with 2μg of total RNA. Then, 2 μL of dNTP Mix (10 mM each) and sterile, 

distilled water were added to a final volume of 12 μL. 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. 91 The mixture was heated to 65 ◦ C for 5 min and immediately chilled on ice. After a brief centrifugation, 4 μL of 

5X First-Strand Buffer, 2 μL of 0.1 M DTT, and 1 μL of RNaseOUT (40 units/μL) were added. The contents of the tube were gently 

mixed. The mixture was incubated at 42 ◦ C for 2 min. Following this, 1 μL (200 units) of SuperScript II RT was added and mixed gently 

by pipetting, and the volume was adjusted to 20 μL 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 EcoRI site flanking primers. The amplicon was purified from the gel using commercially 

available Qiagen kits. Next, 3 μg of the purified amplicon was subjected to double digestion with BamHI (20U) and EcoRI (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 μL 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 μL of the ligation mixture was transformed into E.coli DH5α, 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 μL 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, AgeI and EcoRI, to linearize it and generate ends compatible with the annealed shRNA insert. The an-

nealed shRNA inserts (5 μL 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 

DH5α. Individual colonies were screened using XhoI digestion of extracted plasmid and Sanger sequencing.

FBL(WT) was cloned into MCS-BioID2-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 NheI and EcoRI ends from the MSCVhygro-F-Ezh2 plasmid (Addgene #24926).

siRNA-mediated knockdown

siRNA-mediated gene knockdown was carried out using siRNA oligonucleotides (AGGAGAACATGAAGCCGCAdTdT) obtained 

from Sigma and Dharmacon, USA. DLD-1 and MCF10A(p53DN) cells (∼0.2 × 10 6 ) 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 

(CGUACGCGGAAUACUUCGAdTdT) was used as a negative control in RNA interference (RNAi) 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 20μg DNA being transfected, in a 65% confluent 100 mm dish. Seventy-two hours 

post-transfection, the viral supernatant was harvested, mixed with Polybrene (12 μg/mL) and used to transduce DLD-1 and 

MCF10A(p53DN) cells, followed by selection with Puromycin (4 μg/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 20μg DNA being transfected, in a 65% confluent 100mm dish. 

Seventy-two hours post-transfection, the viral supernatant was collected, mixed with Polybrene (10 μg/mL) and subsequently used 

to transduce DLD-1 and MCF10A(p53DN) cells, followed by selection with Puromycin (4 μg/mL, Invitrogen, A1113802) or Hygromycin 

(50 μg/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 II Directional RNA Library Prepara-

tion Kit, following the manufacturer’s instructions. Paired-end reads of 51 bp were generated on the Illumina 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 2 FC > 1, while downregulated genes had a log 2 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 92 and ShinyGO, 93 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 × 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 μL 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 μL 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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16,000g 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

- 2μg for Histones and 5μg 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-HCl (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-HCl (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-HCl (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 μg/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 ChIP-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 μL containing template DNA, 2XTB Green Taq DNA polymerase mix (Takara), and gene-spe-

cific primers (0.3μM). 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.

BioID2 ChIP PCR

Cells (∼4 million) constitutively expressing FBL(WT)-BirA* and EV were seeded on 100mm dishes and incubated with 50μM 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 × 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(100μL) 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-HCl 

(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-HCl (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-HCl (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 ChIP-derived DNA (5ng) as a template. Each PCR re-

action was conducted in a final volume of 10 μL containing template DNA, 2X TB Green Taq DNA polymerase mix (Takara), and gene-

specific primers (0.3μM). 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 × 22 mm coverslips. Cells were subjected to two washes with 1× phosphate-buffered saline 

(PBS) (pH 7.4) for 5 min each and then fixed using 4% paraformaldehyde (PFA) in 1× PBS (pH 7.4) or for nuclear antigens cells were
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pre-permeabilized with CSK buffer (100 mM NaCl, 300 mM Sucrose, 3 mM MgCl 2 , 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 μg/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× 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 μm × 0.07 μm × 0.34μm and a frame resolution of 1912 × 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 5× 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 1× Tris-Buffered Saline with Tween 20 (0.1% v/v) (1× TBST). Pri-

mary and secondary antibodies were diluted in 0.5% milk in 1× 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 μL of ice-cold 0.1% NP-40 in PBS and subjected to five rounds 

of mixing using a P1000 micropipette. From this lysate, 300 μL had been set aside as the ‘‘whole cell lysate’’. This fraction was mixed 

with 100μL of 5× Laemmli sample buffer and maintained on ice until sonication. The remaining 600μL was centrifuged for an addi-

tional 10 s, allowing for the collection of 300μL of the supernatant as the ‘‘cytosolic fraction,’’ which was then combined with 100μL of 

5× 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 μL in volume, was resuspended in 180μL of 1× 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, 10μL of whole cell lysate, 10μL of the cytoplasmic fraction, and 

5μL of the nuclear fraction were loaded onto an SDS-PAGE gel for electrophoresis and were then transferred onto nitrocellulose 

membranes for further analysis. 94

Nucleolar fraction isolation- Nucleolar isolation was performed as mentioned previously [4]. DLD-1 and MCF10A(p53DN) cells 

(∼10 7 ) 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 2 ), and a 1× 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 II, which contained 1.0 M sucrose and

3 mM MgCl 2 and was subsequently centrifuged at 1,800 × 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. 95,96

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 μg/mL, final 

concentration) in 1XHBS containing 1 mM CaCl 2 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 × 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. 97

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 μg/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 μL 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) ×100.

Where:

Initial Wound Area = the area of the wound at the beginning of observation (μm 2 ). 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 4 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-Prkdc scid/NcrCrl ). All 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 × 10 7 cells/mL. A total of ∼7 × 10 6 cells (100 μL) 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 = 
( 
L × W 2 

) / 
2

V = Tumor volume (in cubic millimeters, mm 3 ).

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 × 10 7 cells/mL in ice-cold PBS. A total of 1 × 10 6 cells (100 μL) 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 μm) 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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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 SNAI1, 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. 

 

Graphical abstract 
 

 

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]. 

 
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% CO2. 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, 4r,6-diamidino-2- 

phenylindole (DAPI) staining did not show any visible ex- 
tranuclear staining, negating mycoplasma contamination. 

 
EMT induction in MCF7 upon TWIST1 
overexpression 

MCF7 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 μg of pEGFPN1 (Empty vector) or TWIST1 in Opti- 
MEM using polyethyleneimine (PEI; Sigma #408727-100ML) 

at a ratio of 1:3 plasmid: branched PEI. After ∼6 h post- 

transfection, Opti-MEM was replaced with DMEM contain- 
ing 10% FBS. Transfected cells were selected with G418 (890 
μg/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-β 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-β1 (10 ng/ml, PeproTech, #100-21) 
to induce EMT in complete growth medium. Media contain- 
ing fresh TGF-β1 was replenished every ∼48 h for a total du- 

ration of 7 days. Control cells were maintained in complete 
media without TGF-β [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 × 106) with 8 μg plasmid DNA using branched PEI 
(1:3 DNA:PEI ratio). Viral supernatants collected at 48 
and 72 h, were filtered using a 0.45 μm filter and used 

to transduce MDAMB231 cells (∼1 × 106) in the pres- 

ence of 8 μg/ml polybrene (Sigma #H9268). Cells were 
selected with puromycin (2 μg/ml, 2 days) and GRHL2 
overexpression was validated by immunoblotting (Fig. 1I) 
[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 μl 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 μg of 

the retroviral plasmid of interest (Supplementary Table 4), 4 
μg of packaging plasmid Gag-Pol (Plasmid #14887), and VSV- 

G (2 μg, Plasmid #14888) using PEI (∼42 μl), 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 μg/ml ∼10 μl 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 μg/ml, Gibco #A1113802; 
for pBabe-Puro constructs) for ∼48 h or hygromycin (50 
μg/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 μg), packaging plasmid psPAX2 (4 μg; Addgene 
#12260), and envelope plasmid pMD2.G (2 μg; 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 × 105 cells/well in a six- 

well plate) in the presence of 10 μg/ml polybrene. Trans- 
duced cells were selected with 2 μg/ml puromycin for 2 days 
[29]. 

 

Immunofluorescence 

Cells (∼3.5 × 105) were seeded on 22 × 22 mm coverslips and 

fixed with 4% paraformaldehyde in 1× 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 

1× 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 

μg/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 × 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 × 512 pixels per frame with an 8-bit 

pixel depth per channel. Voxel size was set to 0.105 μm × 
0.105 μm × 0.34 μm, with line averaging of 4.0 in sequential 
three-channel mode. Fluorescence signals were detected ap- 
propriately with filters for DAPI, Alexa Fluor-488, and Alexa 
Fluor-568. Image processing and analysis were performed us- 
ing ImageJ software. 

 

Immunoblotting 

Cells were lysed in Radioimmunoprecipitation Assay (RIPA) 
buffer [50 mM Tris–HCl, 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 μm; 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–HCl, pH 7.5, 150 mM NaCl, 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 ImageJ. Dilutions and 
Catalogue numbers of primary antibodies used are listed in 
Supplementary Table 4. 

 

RT-PCR 

RNA isolation 

Cells (∼3 × 105) were seeded in six-well plates and lysed in 1 

ml TRIzol reagent (Invitrogen #15596018). Chloroform (100 
μl per 500 μl TRIzol) was added, and samples were vortexed, 
incubated for 10 min at RT, and centrifuged at 12 000 × 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 × 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. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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Complementary DNA synthesis and quantitative 
real-time PCR 

Complementary DNA was synthesized from 1 μg 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 s and 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−∆∆Ct method with GAPDH as the in- 

ternal control and untreated samples as the reference. 

 

Co-immunoprecipitation 

Cells (∼1 × 107) were lysed in co-immunoprecipitation 
(Co-IP) buffer (50 mM Tris–HCl, 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 μg 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 μg 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 × 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 × 107) were crosslinked with 1% formaldehyde 

in 1× 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–HCl (pH 8.1) supplemented 
with protease inhibitors. Chromatin was sonicated (Covaris 

S220; 60% duty cycle, 30 s on/off for 30 min) to ∼200–500 

bp fragments, verified by agarose gel electrophoresis. 
For each IP, 25 μg of chromatin was diluted in ChIP dilu- 

tion buffer (0.01% SDS, 1% Triton X-100, 1.2 mM EDTA, 
16.7 mM Tris–HCl, 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 
NaHCO3. Eluates were treated with proteinase K (2 μl, 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, 
MCF7−TWIST1(EV), MCF7+TWIST1, MDAMB231−Dox 
(−GRHL2), and MDAMB231+Dox (+GRHL2) cells (∼1 × 

107 ) were lysed in Co-IP buffer (50 mM Tris–HCl, 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 μg, Abcam 
#ab108595) or control IgG (Invitrogen #10500C). Immuno- 

complexes were washed, eluted in 2 × 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 μl 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 1× PBS (pH = 7.5), and fixed in 70% ice-cold ethanol 

at 4◦C, overnight. The fixed cell pellets were resuspended in 
1× PBS and treated with RNase A (10 μg; Sigma, R6513- 
10MG) at 37◦C for 45 min. Subsequently, propidium iodide 
(PI; 10 μg; Sigma, P4170-10MG) was added to the samples 
for DNA staining. The cell suspensions were passed through 
a 70 μm 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 FlowJO (V10.10) software. 

 

Transwell migration (Boyden-chamber assay) 

Cells (∼3.5 × 105) 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 × 104 cells were seeded in the upper chamber of 

8 μm 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 10× 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 – ∞ pixels2, circularity 0.5–1.0). 

Average nuclei per field were calculated and analyzed using 
imageJ. 

 

Wound healing (scratch wound assay) 

MCF10A cells (∼3.5 × 105) 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- 
β. After ∼48 h, ∼5 × 104 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/IAEC/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 × 106 cells in 100 μl 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 (width2 × 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 μm 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. 

Proximity ligation assay 

PLA was performed using the Duolink in Situ Detection Kit 
(Sigma #DUO92008) 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 
MgCl2, 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/μl, 1:40) and amplifica- 
tion (Duolink polymerase, 10 U/μl, 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 63×/1.4 NA oil 
objective and AxioCam MRm Rev.3 camera using ZEN soft- 
ware. Z-stacks (512 × 512 pixels, 8-bit) were captured with a 

voxel size of 0.105 × 0.105 × 0.34 μm 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 ImageJ. 

 

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 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. 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. S1A 
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 
[MCF7 (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—Snail1, Twist1, and Zeb1—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-β 
(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 (Snail1, 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. 1I–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 0.86 ± 0.08 to 0.34 ± 0.06 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 0.35 ± 0.06 to 0.90 ± 0.06 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. 
S2I 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. 2J), 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 μg/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 μM 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 CLDN1, 
OCLN, and CDH1 (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-β 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 ± SD = 5.49 ± 2.09, si LacZ (control) mean ± 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- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 μg 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 μm (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 TGF-β for 7 days (F) Immunofluorescence 

analysis of EMT in MCF10A cells treated with TGF-β. E-cadherin (green); Vimentin (red); nucleus (blue, DAPI). Scale bar ∼10 μm (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 μm (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 μm. (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, I) Immunoblot analysis of total Lamin A/C 

protein levels in MCF7 (C), MCF10A (F), and MDAMB231 (I) 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-qPCR 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) −TGFβ (control) and (H) +TGFβ; −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; log2 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 

Lamin A/C knockdown. Lamin A/C, E-cadherin or Vimentin, and phalloidin. Nucleus (DAPI). Scale bars, ∼10 μm (G) Immunofluorescence analysis of 

MDAMB231 cells overexpressing Lamin A∗-GFP upon endogenous Lamin A/C depletion. E-cadherin (top panel) or Vimentin (bottom panel), and Lamin 

A/C (−Dox and +Dox panels only). Nucleus (DAPI). Scale bar ∼10 μm. (H–J) Immunoblot analysis of EMT markers in MCF7 (H), MCF10A (I) cells upon 

Lamin A/C knockdown, and MDAMB231 (J) cells upon Lamin A overexpression. RNA-Seq was performed in N = 2 independent biological replicates. 

Lamin A∗ denotes a full-length Lamin A construct resistant to doxycycline-induced depletion of endogenous Lamin A/C. Statistical significance, P-value 
<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, 
Snail1, 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. S5H 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 Twist1 overexpressing MCF7 cells (Fig. 4 A; 
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,  CBX5,  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, Twist1-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-EZH2 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 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 

Lamin A/C identified by (Immunoprecipitation - Mass Spectroscopy) IP-MS in MCF7 versus MCF7-TWIST1 (A) and MDAMB231 versus 

MDAMB231-GRHL2 (B). (C, D) Representative STRING network analysis of Lamin A/C interactors in MCF7 versus MCF7-TWIST1 (C) and MDAMB231 

versus MDAMB231-GRHL2 (D). (E–G) Co-IP of Lamin A/C in MCF7 (E), MCF10A (F), and MDAMB231 (G) cells upon EMT (E, F) or MET (G) induction, 

followed by immunoblotting for EZH2 and Lamin A/C. IgG: isotype control, an approximately equal amount of antibody is used for immunoprecipitation. 
(H, I) Proximity ligation assay (PLA) detects Lamin A/C–EZH2 interaction in MCF7 (H) and MDAMB231 (I) cells upon EMT (H) or MET (I) induction. PLA 

signal (red), nucleus (blue, DAPI). Scale bar: ∼10 μm. (J, K) Quantification of PLA signal in MCF7 (J) and MDAMB231 (K) cells. Data represent mean ± 

SD from N = 3, independent biological replicates, and P-values calculated by one-way ANOVA and means are compared between pBp-EV and pBP-Twist 
(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-β treatment] and MET recovery [5 days post-TGF-β 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-β-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. S7H). 

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 J). 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. 4I 

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-β treatment and subse- 

quent MET induction by withdrawal of TGF-β. 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-β [∼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–EZH2 inter- 
action, we performed HADDOCK, which predicted an inter- 
face between the head domain of Lamin A/C (Arg25, 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 Twist1-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. S8C–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. S8J and K). We surmised that increased 
CDK1 activity could destabilize Lamin A/C–EZH2 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-β 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 Twist1-overexpressing 
MCF7 cells, where CDK1 inhibition suppressed EMT induc- 
tion (Fig. 5H 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. 5J and L, and Supplementary Fig. S9B, 
F–H, and J). 

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-β. 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. S10A 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-β-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-β 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 

co-transfected with full-length EZH2-FLAG and Lamin A-GFP deletion mutants (∆Head 1–29, ∆Rod 31–387, ∆IgG 428–549, ∆Tail 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 (∆1–300, ∆301–500, ∆501–746 of 
EZH2). (C) PLA detects Lamin A/C–pCDK1(T161) interaction in MCF10A cells treated with 10 ng/ml TGF-β for ∼7 days. Nucleus (DAPI), PLA signal in 

red. Scale bar ∼10 μm (D) PLA detects Lamin A/C– EZH2 interaction in MCF10A cells treated with DMSO or 10 μM RO3306 for ∼18 h in the ± TGF-β 

for ∼7 days, nucleus (DAPI). PLA signal in red. Scale bar ∼10 μm. (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 +TGFβ and –TGFβ 
(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 +TGFβ and –TGFβ (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 μM RO3306 for 18 h. nucleus (DAPI). 
Scale bar ∼10 μm (I) Immunofluorescence and quantification of colocalized voxels and Mander’s coefficient for Lamin A/C and EZH2 in MCF10A cells ± 

TGF-β and 1 μM MG132. Nucleus (DAPI). Scale bar ∼10 μm. Statistical significance was determined using unpaired Student’s t-tests. Means are 

compared between +TGFβ and –TGFβ (control) conditions within each treatment group (DMSO and RO-3306). (J) Immunofluorescence of MCF7 cells 

treated with MG132 and transient overexpression of hTWIST1-GFP and stained for E-cadherin and Vimentin ; nucleus (DAPI). Scale bar ∼10 μm. (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 
MCF7 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–EZH2 
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-β (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-β 
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 (S22D)—which does not interact with EZH2— 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 ± TGF-β. Nucleus (DAPI). Scale bar ∼10 

μm. (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 μm. (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 (I) LMNA-GFP (UT; control) versus LMNA-S22D 

(UT) and LMNA-GFP (TGFβ; control) versus LMNA-S22D (TGFβ). (J) EZH2-FLAG (UT; control) versus EZH2-T345D (UT) and EZH2-FLAG (TGFβ; control) 

versus EZH2-T345D (TGFβ). 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 μg/ml, 48 h) of endogenous Lamin A/C or EZH2. EMT was induced in MCF10A cells by TGF-β 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 μm. (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-β (∼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 TGF-β (∼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–J). 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-β (Fig. 7C, H, and I; 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. S14O–R). 

Collectively, these data demonstrate that phosphorylation 
at Lamin A (S22) or EZH2 (T345) disrupts Lamin A/C– 
EZH2 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 CDK1- 
mediated phosphorylation of Lamin A/C or EZH2 on the 
expression of mesenchymal transcription factors SNAI1, 
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 

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 
II 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- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 II (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 II (Ser2P), was 

examined at the TSS of SNAI1, TWIST1, and ZEB1. Green and red arrows indicate primers for the qPCR 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 
EZH2 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 (S22D) 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-β. While, overexpression of full-length Lamin 

A or EZH2, as well as their phosphodeficient mutants (S22A, 
T345A), suppressed migration in both untreated and TGF-β- 

treated cells. In contrast, the phosphomimetic mutants (S22D, 
T345D) enhanced migration, even in the absence of TGF-β 

(Supplementary Fig. S20A and B). 

To investigate the in 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 × 106), 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 (S22D) 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. 
S21I–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. 9J). 

We performed immunofluorescence assays in cells (cultured 

for ∼72 h) derived from the tumors (the EM state could not 

be examined in 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-TF). 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–EZH2 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- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 (2×, 50×) of lung metastases from MDA-MB-231 cells expressing 

phosphodeficient (S22A) or phosphomimetic (S22D) Lamin A. (H) Representative H&E images (2×, 50×) 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 tumor-derived MDAMB231 cells 

stained for E-cadherin, Vimentin (red), and Lamin A (GFP). Nucleus (blue, DAPI). Scale bar ∼10 μm. (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 μm. (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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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 II 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). 

https://app.biorender.com/profile/template/details/t-6947f091c3b390a12a839a81-akbfinal-figureversion
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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, EZH2 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 
EHMT2 [67, 68]. During EMT, this interaction is lost, co- 
inciding with Lamin A/C association with phosphorylated 
CDK1 and CCNB1, 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 LAP2α 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 H3S10 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+CD44+) phenotype 

(Supplementary Fig. S22A and B), whereas overexpres- 
sion of Lamin A or EZH2, with or without TWIST1, restores 
epithelial identity (CD104+CD44−), 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, 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1464#supplementary-data
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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 
EZH2. 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 (S22) 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 vivo 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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Nuclear envelope, chromatin
organizers, histones, and DNA:
Themany 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 deregulated 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

OPEN ACCESS

EDITED BY

Eric C. Schirmer,
University of Edinburgh,
United Kingdom

REVIEWED BY

Susana Gonzalo-Hervas,
Saint Louis University, United States
Fred Dick,
Western University, Canada
Jop Kind,
Hubrecht Institute (KNAW), Netherlands

*CORRESPONDENCE

Kundan Sengupta,
kunsen@iiserpune.ac.in

†These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to Nuclear
Organization and Dynamics,
a section of the journal
Frontiers in Cell and Developmental
Biology

RECEIVED 12 October 2022
ACCEPTED 05 December 2022
PUBLISHED 16 December 2022

CITATION

Balaji AK, Saha S, Deshpande S, Poola D
and Sengupta K (2022), Nuclear
envelope, chromatin organizers,
histones, and DNA: The many achilles
heels exploited across cancers.
Front. Cell Dev. Biol. 10:1068347.
doi: 10.3389/fcell.2022.1068347

COPYRIGHT

© 2022 Balaji, Saha, Deshpande, Poola
and Sengupta. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Cell and Developmental Biology frontiersin.org01

TYPE Review
PUBLISHED 16 December 2022
DOI 10.3389/fcell.2022.1068347

https://www.frontiersin.org/articles/10.3389/fcell.2022.1068347/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.1068347/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.1068347/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.1068347/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.1068347&domain=pdf&date_stamp=2022-12-16
mailto:kunsen@iiserpune.ac.in
mailto:kunsen@iiserpune.ac.in
https://doi.org/10.3389/fcell.2022.1068347
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.1068347


stretches of chromatin physically interact in a regulated manner

to modulate gene expression within the TAD (Figure 1) (Szabo

et al., 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 et al., 2018). TADs organize looping-in of

sequences ~1 Mb (in mammals) apart within close proximity,

enabling enhancer-promoter contacts for the spatiotemporal

regulation of gene expression (Chetverina et al., 2017).

Interestingly, chromatin stretches with the same type of

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 elements that collectively maintain genome

architecture, which is prudently rigid and guardedly dynamic

(Phillips-Cremins et al., 2013). Furthermore, chromatin

remodelers alter local chromatin dynamics in response to cell

signaling events. The maintenance of TADs is critical since

disruption of TAD organization is associated with

developmental diseases and cancers (Lupiáñez et al., 2015;

Akdemir et al., 2020). In cancers, the aberrant activation of

cell signaling pathways relays erratic signals to the nucleus,

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

regulate nuclear transport (Lin et al., 2018). Though the

chromatin in contact with the nuclear lamina is frequently

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

FIGURE 1
Hierarchy of genome organization. The involvement of lamins facilitates LAD organization at the nuclear periphery. Lamins organize the
transcriptionally inactive B compartment of the TADs proximal to the nuclear envelope, while the transcriptionally active A compartment is
maintained relatively toward the nuclear interior. The promoter-enhancer contacts are maintained by genome organizers such as cohesin,
condensin, and CTCF. The presence of multiple such contacts within a TAD allows the formation of splicing condensates.
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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 B1 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).

LADs are typically repressed, barring exceptions where a subset

of euchromatin interacts with lamin B1 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; Millán-

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 H4K20me1 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).

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 andMarra, 2015; Bailey et al., 2021). For instance, incorporating

non-canonical histone variants alters nucleosome stability, often

resulting in altered replication and transcription (Bönisch 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 (Bočkaj 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 typeV intermediate filament proteins—the A-

and B-type lamins. The A-type lamins, lamin A/C, are produced as

two somatic isoforms of prelaminA by alternativemRNA 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 B1 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), MAN1, 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 theONM 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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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

et al., 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

associated with various cancers (Sur et al., 2014). For instance,

immunohistochemistry showed decreased expression of LMNA

and LMNB1 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; Dubińska-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).

FIGURE 2
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. LAP2α 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, LAP2β, lamins, and LBR. NPCs are also associated with chromatin. LAP2α - lamina
Associated Peptide 2α, LBR - lamin B receptor, BE - Barrier Element, HP1—Heterochromatin Protein 1, HDAC—histone deacetylase, SUN1/2—Sad1/
unc-84 protein-like 1/2 and MeCP2—methyl CpG-binding protein 2.
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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 LAP2α 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; Lukášová 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

heterochromatin provides additional stiffness, and its

deregulation foreseeably weakens the nuclear envelope,

contributing to the formation of nuclear blebs (Stephens et al.,

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 B1 shows CIN and DNA

damage by destabilizing key Homologous Recombination (HR)

pathway proteins such as Rad51 in U2OS cells (Liu et al., 2015).

Correspondingly, A-type lamins regulate HR through

transcriptional co-regulation of RAD51 and BRCA1 while

modulating Non-Homologous End Joining (NHEJ) through

53BP1 in breast cancer cells (Redwood et al., 2011). Lamin A

also regulates DNA damage repair (DDR) via its direct

interaction with Hsp90—a molecular chaperone involved in

protein folding and stability in ovarian cancer cells (Wang

et al., 2021). Furthermore, whether the differential

stoichiometry of the A and B-type lamins modulates NHEJ or

HR pathways to repair damaged DNA in a cell-type- and cancer-

specific manner remains an open question.

2.2 Role of nucleoporins in genome
organization and cancers

Nuclear pore complexes (NPCs) are ~120 nm-wide

structures in the nuclear envelope, which mediate selective

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 Nup153 (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 β-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 Nup210 interacts with SUN2 to regulate the

expression of prometastatic mechanosensitive genes by

impeding the spread of heterochromatin (Amin et al., 2021).

Intriguingly, a non-canonical extranuclear function of the

Nup107-160 complex is to stabilize bipolar spindle

arrangement and prevent aneuploidy during each cell division,

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 HoxA10 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 also promote AML

progression via a similar mechanism (Wang et al., 2007,

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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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 (CNAs) have been

identified and characterized across a wide range of cancer

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

data curated from cBioportal Figure 3 (Cerami et al., 2012;

Gao et al., 2013).

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 SYNE1 mutations in cancer
patients using lollipop plot of cBioPortal (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 LMNB1 gene shows a significant number of

deletions across cancers. It is unique that LMNB1 and

LMNB2 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 SYNE1 gene

accumulates the highest number of missense mutations (271),

followed by truncating (41) and splice mutations (12). A

mutation in exon 33 of the SYNE1 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

hepatoma-derived Huh7 cells (Sur-Erdem et al., 2020).

Furthermore, mutation analysis of SYNE1 revealed frequent

missense mutations of T8362M across three different

cancers—medulloblastoma, pancreatic adenocarcinoma, and

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

and actin? This could further contribute to increased

communication with the microenvironment and the

consequent proliferation of cancer cells.

3 Chromatin organizers in
carcinogenesis

The genome is a highly dynamic collection of genes, their

regulators, and massive stretches of DNAwhose 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

Frontiers in Cell and Developmental Biology frontiersin.org07

Balaji et al. 10.3389/fcell.2022.1068347

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1068347


cancers (Eldholm et al., 2014; Kemp et al., 2014; Poulos et al.,

2016; Guo et al., 2018; Höflmayer 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-

derived growth factor receptor alpha), leading to its

constitutive expression and the development of gliomas

(Figure 1). However, not all cancer-specific mutations in

CTCF 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 fromTCGA 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

manner. Ovarian cancers exemplify the oncogenic potential of

CTCF, where metastatic lesions display elevated CTCF

expression. Further, the depletion of CTCF in ovarian cancer cell

lines (SKOV3 and A2780) decreased cell migration by consistently

downregulating threemetastasis-associated genes, includingCTBP1,

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.

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

notmimic the tumormicroenvironment, discounting factors such as

nutrient accessibility, barrier tissue formation, and variation in drug

response, among others.What effects chemotherapeutic agents have

onTADorganization 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

TABLE 1 Role of chromatin organizers in cancers.

Chromatin
organizer

Gene Cancer Effect of dysregulation of gene Reference

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
chemoresistance, while its knockdown reduces chemoresistance

Xu et al. (2011)

Condensin NCAPH Colorectal In HCT116, NCAPH depletion decreases cell migration, arrests the cells in G2/M, and
enhances apoptosis

Yin et al. (2017)

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
bypassing replication checkpoints, which might hinder cancer progression

Kim et al. (2019)

CTCF Breast CTCF and EGR1 reduce cell migration in TNBC cell line MDA-MB-231 by inducing the
expression of Nm23-H1

Wong et al.
(2021)

Mutations in genes that encode for chromatin organizers are implicated in carcinogenesis and impact chromosome organization, stability and transcriptional regulation.
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function of cohesins is to clasp sister chromatids together during

the metaphase-to-anaphase transition. Apart from the

aforementioned function, cohesin plays a vital role in

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

genes such as ITGA5 and TGF-B1 by altering the

intrachromosomal chromatin contacts and creating active

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 meiosis. 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

(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 γH2A.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

mechanistic basis of its safeguarding function against

replicative stress remains to be deciphered.

Apart from chromatin compaction, condensins also play

moonlighting roles that include facilitating enhancer RNA

transcription and enhancer-promoter looping in condensin-

bound ERα (Estrogen Receptor α)-sensitive enhancers in

breast cancers by recruiting p300 and RIP140 (Li et al., 2015).

Immunoprecipitation of condensins followed by mass

spectroscopy or Rapid immunoprecipitation mass

spectrometry of endogenous proteins (RIME) during dynamic

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

NCAPD2 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

control of epigenetic regulation. Since cancers are

characterized by large-scale remodeling of their epigenetic

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 (HFD).

Specific mutations in histone genes tend to confer oncogenic
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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

et al., 2017; Yu et al., 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

mutations accelerate neural stem cell self-renewal 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

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 NHEJ-mediated

DNA damage response through the DNA end-processing

enzyme Polynucleotide Kinase 3′-Phosphatase (PNKP)

(Rondinelli et al., 2022). The rationale underlying the

deposition of H3.3 mutants on stalled forks despite the

presence of other canonical histones remains unclear.

Although oncohistones function as discrete entities, the

mechanistic basis underlying their potential regulatory

crosstalk would be a tantalizing finding to unravel.

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.Z.2.1, H2A.Z.2.2, H2A.Bbd, H2A.J, 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). γH2A.X, 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 γ-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

Twist1, ZEB, and SLUG (mesenchymal markers) in

HCT116 colorectal cancer and MCF10A non-tumorigenic

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). In cancers,

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

chemotherapy in malignant stages of melanoma and

pancreatic ductal adenocarcinoma (Vardabasso et al., 2015;

Ávila-López 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 truncated C-terminal tail compromises its

nucleosomal compaction and, if expressed ectopically, might

cause dysregulated gene regulation (González-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

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; Lukášová 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

neo-centromeres due to its mislocalization along the

chromosomal arms, resulting in the misorientation of

microtubule fibers on the kinetochore. This leads to the

abnormal segregation of chromosomes, resulting in

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

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,

increased DNA damage, stalled replication, nuclear

deformities, mitochondrial dysfunction, and aberrant genome

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,

predominantly increasing the predisposition to breast,

prostate, lung, and colon cancers (Rossi et al., 2007; de

Magalhães, 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

OIS by altering cellular levels of p16INK4A, 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

H3K9me1/2, 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-

responsive elements and the formation of SAHF are

characteristic of only irreversibly arrested cells, thus hinting

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; Muñoz-Espín 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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output (Zheng et al., 2018). It is interesting to note that

although lamins are known to organize heterochromatin

proximal to the nuclear border, they also modulate the

organization of transcriptionally-active euchromatin within

the nuclear interior (Pascual-Reguant et al., 2018; Ikegami

et al., 2020).

Ovarian cancers harbor homozygous deletion in the

LMNB1 gene, while the loss of lamin A/C leads to poor

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.
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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

progeria syndrome (HGPS), destabilize lamin

A/C-TRF2 interaction, further leading to telomere loss and

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 NHEJ pathway (Etourneaud et al., 2021). It

remains to be elucidated how a majority of the cancers

overexpressing lamin B1 manage to steer the DDR to specific

NHEJ pathways (Bouwman et al., 2010) (Figure 5A).

Furthermore, lamins repress the activation of mobile

transposable elements that trigger chromosomal instability

(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).

Correspondingly, the PcG proteins 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

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

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

SMARCB1 and NSD1 is essential for the deposition of

H3K36me2 in the genome, which is a marker for better

prognosis in sarcoma. Mutated SMARCB1 is unable to bind

to NSD1 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 occupancy in normally-repressed genes,

reorienting the genomic regions localized to the nuclear

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 unclear

(Figure 5B). In addition, components of the nuclear

envelope, namely Nups and LINC complex factors, also

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

transcribing genes, respectively, which contradicts the

conventional function of LADs in gene repression (Guelen

et al., 2008; Ikegami et al., 2020). However, the exact role of

phosphorylated Lamin A/C in modulating enhancer regions

remains an enigma. In addition, the association of lamin

B1 with eLADs and higher expression of fibronectin,

vimentin, and twist highlight the role of lamin B1 in

metastasis (Pascual-Reguant et al., 2018), although its exact

purpose of lamin B1 in compartment A remains to be

elucidated (Figure 5D). Interestingly, lamin B1 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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