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Introduction

Faithful propagation of genetic material is the prime objective of all life forms.
However, DNA is exposed to several endogenous and environmental insults
that result in damaging the DNA. This damage if not repaired leads to a
mutation which leads to disease. Nature has evolved a well-coordinated
mechanism called DNA damage response to combat this threat. DNA damage
response (DDR) involves detecting the damage, signalling its presence and

recruiting proteins to repair the damaged DNA (Jackson et al., 2009).

DDR is mainly orchestrated by a group of PI3K-like proteins that include ATM,
ATR and DNA-PK. Upon DNA damage, these proteins are activated which
mediate cell cycle arrest, activate DNA repair and transcriptionally regulate
proteins involved in DDR(Bartek et al., 2007; Patil et al., 2013).DDR is
initiated by sensor proteins which detect the aberrant DNA and phosphorylate

the transducers (ATM, ATR and DNA-PK) which lead to activation of proteins
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such as CHK1 and CHK2, which results in cell cycle arrest, apoptosis,

transcription halt and DNA repair (Marechal et al., 2013)

Studies pertaining to the DDR are majorly restricted to processes occurring
inside the nucleus of the cell. The effect of DNA damage on cytoplasmic
organelles is not well studied. Farber-Katz et al. in their 2014 study have
highlighted the role of DNA damage-induced Golgi dispersal in cell survival
(Farber-Katz et al., 2014).They showed that activation of the DNA-
PK/GOLPH3/MYO18A pathway is essential for the survival of the cell post
DNA damage. Depletion of GOLPH3 or MYO18A using shRNA mediated
knockdown results in apoptosis of the cell in response to DNA damage and
overexpression of GOLPH3 results in resistance to cell death by DNA
damaging agents. It is suggested that there exists critical cargo whose
trafficking from Golgi to the plasma membrane is vital for the cell survival post

DNA damage. However, the cargo and the pathway remain to be identified.

Studies from our lab further explored this effect of DNA damage by showing
that DNA alkylating agent MNU resulted in activation of DNA-PK and Golgi
dispersal leading to the transformation of breast epithelial cells (Anandi et al.,
2017). In addition to Golgi dispersal, a dramatic reorganisation of cytoskeleton
resulting in a parallel array of microtubules and loss of actin stress fibres was
observed. This project focuses on answering the questions — How and why
does DNA damage lead to reorganisation of the cytoskeleton? Is there a
functional relationship between Golgi dispersal and the reorganisation of
microtubules? Furthermore, to characterise other phenotypes of the cell,

which might be a secondary action of the cytoskeletal rearrangement.



This study falls at the juncture of DNA damage response and regulation of the
cytoskeleton. Therefore, this study unlocks several questions, expanding our
understanding of cellular response to genotoxic stress and improving our

regulation of Golgi- microtubule association.
Objective

1. To characterise the microtubule and actin phenotypes post DNA
damage
1.1 To characterise changes in microtubule and actin dynamics post
DNA damage
1.2 To identify changes in tubulin post-translational modifications post
DNA damage
2. To elucidate the mechanism by which DNA damage leads to
reorganisation of the cytoskeleton
2.1 To check if activation of DNA-PK and Golgi dispersal play a role in
DNA damage-induced microtubule stabilisation
2.2 To identify whether there is a functional association between
microtubule rearrangement and Golgi dispersal upon DNA
damage
3. To determine the functional relevance of rearrangement of
cytoskeleton post DNA damage
3.1 To determine whether changes in microtubule dynamics lead to
impaired intracellular trafficking
3.2 To determine whether the cytoskeletal rearrangement plays a role

in migration and invasion following DNA damage



Results

DNA damage leads to microtubules stabilisation

To evaluate the effect of DNA damage on the cytoskeleton, we resorted to
immunostaining MCF10A cells for microtubule and actin post DNA damage. It
was observed that both components of cytoskeleton were significantly
reorganised 48 hours post-induction of DNA damage. The usual radial
microtubule array was observed to have attained a more parallel arrangement
post DNA damage. The rearrangement of the microtubule network was
quantified using the directionality tool. It was also observed that there was a
change in cell shape and size, which might be due to the reorganisation of the
underlying cytoskeleton. Monitoring EB3 showed that, in cells treated with
DNA damaging agents were slower than control cells. It was also observed
that these microtubules exhibited a longer lifetime, longer length and reduced
growth speed. Treatment with nocodazole revealed the presence of a subset
of hyper stable microtubules in cells with DNA damage. Changes in tubulin
post-translational modifications and interaction with MAPs are known to
regulate microtubule dynamics. To address this, we checked for changes in
tubulin PTMs following DNA damage, by immunostaining. Here we found that
while there was no change in tubulin polyglutamylation, there was an increase
in acetylation a-tubulin post DNA damage. We also went on to test whether

DNA damage led to change in microtubule dynamics using another cell line.
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Similar to MCF10A, HEK293 showed Golgi dispersal and microtubule

stabilization following treatment with a DNA damaging agent.

DNA damage led to an increase in Golgi derived microtubules through

activation of DNA-PK and Golgi dispersal

To decipher the mechanism by which DNA damage might lead to changes in
microtubule dynamics, we checked for activation of DNA-PK and Golgi
dispersal. Since Golgi has a close association with microtubules, we proposed
that changes in microtubule dynamics might be through changes in
Golgi(Chabin-Brion et al., 2001; Zhu et al., 2013). Activation of DNA-
PK(T2609) and Golgi dispersal was detected 48h post NEU treatment. To
characterise the time course of these changes, we stained for phospho-DNA-
PK and Golgi after time points indicated in respectively. Inhibition of DNA-PK
with a small molecule inhibitor, DMNB following MNU treatment showed a
reversal of the Golgi dispersal and to some extent, the transformation
phenotype (Anandi et al., 2017). DMNB was used to check for the
involvement of DNAPK in Golgi dispersal and microtubule rearrangement
post-NEU and UV treatment. A reduction in nocodazole resistant
microtubules, as well as acetylated tubulin, was observed after treatment with
DMNB. This proves that the activation of DNA-PK is necessary for both Golgi

and microtubule phenotypes post DNA damage.

To investigate if microtubule stabilization occurs due to disruption of Golgi
structure and increase Golgi derived microtubules, we sought to check for
changes in microtubule dynamics post Latrunculin A (LatA) treatment. Farber-

Katz and group, in their 2014 study, proved that the F-actin is required for
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DNA-damage-induced Golgi dispersal (Farber-Katz et al., 2014). Upon
treatment with LatA (250nM) for 6h a reduction in the levels of acetylated
tubulin and as well as nocodazole resistant microtubules was observed.
These results suggests that reorganisation of Golgi is leading to microtubule
stabilisation. Further, it was observed that acetylated microtubules were
closely associated with the dispersed Golgi elements, which indicates that
they might be Golgi nucleated. Nocodazole washout assay was performed to
determine changes in the nucleation of microtubules at Golgi. An increase in

microtubule nucleation at Golgi was observed 10mins post washout.

DNA damage led to mislocalisation of cell-cell junction and polarity

proteins through impaired intracellular trafficking

Faber-Katz et al. and previous studies have shown that DNA damage leads to
aberrant Golgi structure and function. We wanted to check if treatment with
DNA damaging agent leads to impaired intracellular trafficking, which leads to
changes in cell polarity. RUSH assay with Manll (a-Mannosidase Il) tagged
with EGFP and GPI (Glycosylphosphatidylinositol) anchored EGFP as
reporters were used to test for defects in intracellular trafficking from ER-Golgi
and Golgi to plasma membrane, respectively (Boncompain et al., 2012;
Boncompain et al., 2014). A delay in trafficking was observed in cells post
DNA damage when compared to untreated cells. Further, immunostaining
cells with E-cadherin, B-catenin and a3-integrin revealed mislocalisation of
these proteins in the cytoplasm. Diffused staining at the junctions as well as
punctate structures throughout the cytoplasm was seen in NEU treated cells

as compared to a clean junctional localisation in untreated cells. This
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suggests impaired intracellular trafficking leading to mislocalisation of proteins

destined to the plasma membrane.

Conclusion

Taken together, the results from this study along with previous studies from
lab and others, we propose a model by which DNA damage leads to
microtubule stabilisation through an increase in Golgi derived microtubules.
We propose that these stable microtubules deregulate intracellular trafficking
resulting in changes in cell polarity (Figure1). This study is thus the first to
demonstrate the link between Golgi dispersal and microtubule reorganisation

orchestrating changes in cell polarity.
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Figure1- Schematic representation of the proposed model. the DNA damage
leads to Golgi dispersal through the DNA-PK-GOLPH3-MYO18A axis. Golgi
dispersal leads to an increase in GDMTs. Due to the difference in dynamics of
GDMTs, the trafficking of proteins to the membrane gets altered, leading to
the mislocalisation of polarity proteins. We hypothesise that this is the

mechanism through which DNA damage might lead to transformation
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(blue). b. depicts quantification of the number of pDNAPK foci per
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Figure IV-7- DNA damage-induced microtubule stabilisation is through golgi
dispersal. (a) Depolymerisation of F-actin by LatA (250nM, 6h) leads to
compaction of the dispersed golgi fragments, quantified in (b). Treatment
with LatA after NEU treatment leads to a reduction of acetylated tubulin
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Figure IV-11- NEU induced DNA damage leads to an increase in Golgi-
derived microtubules. Nocodazole washout assay was performed to
determine changes in the nucleation of microtubules at Golgi. Cells were
treated with 2.5mg/mL for 3h, then washed with cold PBS and
supplemented with fresh media. Microtubules were allowed to recover at
37°C and fixed and stained for microtubules and Golgi. a. An increase in
microtubule (magenta) nucleation at Golgi (yellow) was observed 10mins
post nocodazole washout, which was quantified (b.) by manually counting
the number of nucleation sites. Asterisks indicate Mann-Whitney U test

significance values; **** p < 0.0001. ..o 78

Figure IV-12- Nocodazole washout assay. a. Schematic shows the
experimental timeline. The cells were treated with nocodazole for 3h and
washout out. The cells were fixed at the indicated time points after
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but stop recovering at 20mins. Depolymerized microtubules were
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Figure 1V-14- Recovery after cold shock. a. Schematic shows the
experimental timeline. The cells were incubated on ice for 30mins and
then shifted to room temperature. The cells were fixed at the indicated
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Figure V-2- DNA damage led to altered ER-Golgi trafficking. (a) delayed
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both (green) at the indicated timepoints post biotin addition. .................. 92
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Figure V-4- Mis-localization of E-cadherin, B-Catenin and a3-Integrin post
DNA damage. Immunostaining NEU treated cells for a. E-cadherin, b. 3-
Catenin, and c. a3-Integrin showed an altered localisation of the cell-cell
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Figure V-8- Long-time course experiment shows presence of nocodazole
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ABSTRACT

Cells are constantly exposed to DNA damaging agents. In response to DNA
damage, cells trigger processes such as cell cycle arrest, increased
transcription of DNA repair genes leading to DNA repair. Although the nuclear
effects of DNA damage are well studied, little is known regarding the impact of
DNA damage on cytoplasmic organelles. Farber-Katz et al. for the first time
demonstrated that DNA damage triggers a dramatic reorganisation of the
Golgi apparatus that resulted in its dispersal throughout the cytoplasm. In our
study, we report DNA damage leads to aberrant Golgi structure and function
accompanied by reorganisation of the microtubule network. Characterisation
of the microtubule dynamics showed the presence of a stable pool of
microtubules that were resistant to depolymerisation by nocodazole and were
enriched in acetylated tubulin. Monitoring microtubule dynamics by using a
plus-TIP marker further confirmed that microtubules were stabilised. Inhibition
of DNA-PK leads to the reversal of microtubule reorganisation, suggesting
that alteration of microtubule organisation occurs via the activation of DNA-
PK. Investigation of the functional association between Golgi dispersal and
microtubule stability revealed that the Golgi elements were distributed along
the acetylated microtubules. Interestingly, reversal of Golgi morphology by
depolymerising F-actin led to reversal of microtubule stability. An increase in
Golgi derived microtubule post DNA damage was observed which implies that
the stable microtubules originate from Golgi. We propose that these stable
microtubules deregulate intracellular trafficking resulting in changes in cell
polarity. This study is thus the first to demonstrate the link between Golgi
dispersal and microtubule reorganisation orchestrating changes in cell

polarity.

13



CHAPTERII

Introduction

14



1.1 Microtubules
Microtubules are polymers composed of heterodimers of a- and -
tubulin(Nogales et al., 1998). The heterodimers polymerise lengthwise into
protofilaments. Thirteen such filaments assemble into a hollow tubule which
forms the microtubule filament(Li et al., 2002). Microtubules participate in
several cellular functions such as cell division, motility and intracellular
transport in association with motor proteins. Numerous post-translational
modifications decorate the microtubule surface, which provides a mechanism

for functional specialisation.

1.1.1 Regulation of microtubule dynamics
1.1.1.1  Microtubule nucleation:
The tubulin heterodimer polymerises in vitro when a critical concentration is
reached. However, in the cell, tubulin rarely polymerises spontaneously but
requires a nucleating factor. Early electron microscopy images showed
different subcellular structures from which microtubules originated and called

them "microtubule nucleating centres" abbreviated as MTOC.

Centrosome:
Centrosome, a non-membranous organelle with a pair of centrioles, is
the best-studied MTOC. The minus end of the microtubule is anchored
at the MTOC. The MTOC is characterised by the presence of y-tubulin,
the third type of tubulin, which is known for its proficiency to nucleate
microtubules(Kollman et al., 2011). y-tubulin along with Spc97 (GCP2)
and Spc98 (GCP3) forms the y-tubulin ring complex (y -TUuRC) which is

observed to have a 13-fold symmetry that acts as a scaffold for
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microtubule nucleation(Kollman et al., 2010; Murphy et al.,
2001)(Figure 1-1). It is believed that the 13-fold symmetry of the vy -
TuRC restricts the MT assemble in a 13-fold symmetry in vivo, unlike in
vitro where the MTs assemble in a 14-fold symmetry(Moritz et al.,
2000). Centrosomal microtubules are arranged radially and are well-

known for their role in segregation of chromosome during cell division.
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Figure I-1: Model of y-TURC assembly and microtubule nucleation. y-TuRC is
an assembly of y-TuSCs. y-TuSC is composed of GCP2 and GCP3 along with
two molecules of y-tubulin. y-TuSC-like complexes have GCP2 and GCP3, or
both replaced with other GCPs such as GCP4, 5 and GCP6. This model of
microtubule nucleation is called template nucleation model. (Teixido-Travesa

et al., 2012).

Golqgi Apparatus:

The role of Golgi as a microtubule organising centre has gained
importance since a decade. Cells have a significant proportion of their
microtubules nucleated at the Golgi and represents the second primary
MTOC in mammalian cells. Christian Pous group found the first
evidence of microtubule nucleation at Golgi in 2001(Chabin-Brion et al.,

2001). They showed that placing isolated Golgi membranes in a
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solution of tubulin resulted in the formation of microtubules attached to
the Golgi vesicles(Chabin-Brion et al., 2001). The molecular
mechanism of microtubule organisation at Golgi was deciphered
recently(Wu et al., 2016)(Figure 1-2). GM130 anchors AKAP450, a
scaffolding protein, at the cis-Golgi(Rivero et al., 2009). AKAP450 is
responsible for recruiting microtubule nucleating factors such as
CDK5RAP2 and MMG on the Golgi membrane. CDK5RAP2 and MMG
attract y-TuRC, which nucleates microtubules at the Golgi
membrane(Roubin et al., 2013; Wang et al., 2010). CAMSAP2 binds
and stabilises the newly nucleated MT and gets affixed onto the
AKAP450-CDK5RAP2/MMG complex(Jiang et al., 2014). Golgi
anchored microtubules are thought to play a role in maintaining Golgi
structure during polarised cell movement and cancer cell
invasion(Kodani and Sutterlin, 2009; Thyberg and Moskalewski, 1999;

Vinogradova et al., 2012; Wu et al., 2016; Zhu and Kaverina, 2013).
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Figure 1-2: Microtubule organisation at Golgi.GM130, localised to cis-Golgi
recruits AKAP450. AKAP450 recruits CDK5RAP2 and its homolog
myomegalin(MMG) which attract y-TuRC which nucleates microtubules.
CLASP1/2 promotes microtubule nucleation, and CAMSAP?2 stabilises the

minus end of the nucleated microtubule. (Wu and Akhmanova, 2017)

Nuclear membrane:

Plants cells and specific highly differentiated cell such as in muscle
cells, microtubules are organised at the nuclear membrane (Bugnard et
al., 2005; Masoud et al., 2013). The mechanism of microtubule
nucleation at the nuclear membrane is not well established. It is
proposed that plant-specific nuclear transmembrane proteins help
anchor y-TuRC to the nuclear envelope, which leads to microtubule
nucleation. In muscle cells, the LINC (linker of nucleoskeleton and

cytoskeleton) complexes are thought to associate with y-tubulin and
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pericentrin along with ninein which functions as the MTOC (Kim et al.,

2015; Tassin et al., 1985)

Chromatin and Kinetochores:

Chromatin nucleates microtubule during mitosis, which generates a
gradient of Ran-GTP that activates spindle assembly factors such as
TPX2(Clarke and Zhang, 2008). TPX2 activates Aurora A, which in turn
activates NEDD1, which is essential for Chromatin- mediated
nucleation of microtubules (Luders et al., 2006; Pinyol et al., 2013;

Scrofani et al., 2015).

1.1.1.2 Regulation of microtubule function by tubulin PTMs and
MAPs:
Microtubules are essential for a variety of critical functions in the cell. They

are necessary for maintaining cell polarity, cell shape and intracellular
transport. They play a significant role in proper segregation of chromosomes
during mitosis and meiosis, and they form a part of the axonemal structures
such as cilia and flagella. Despite the various structures formed and its varied
functions, microtubules are always assembled from the heterodimer of a— and
B— tubulin, which raises the question of how they can perform so many
different functions. Three major factors contribute to the heterogeneity of
microtubule function- i) the gene encoded isotypes of a— and - tubulin
incorporated into the microtubule, ii) the post-translational modification
(PTMs) of tubulin and iii) interactions with several microtubule-associated
proteins (MAPSs). It is to be noted that all three of the factors mentioned above
can influence each other. The tubulin isotypes differ in the type, and specific

MAPSs recognise the extent of post-translational modification and specific
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post-translational modifications. This section focuses on a few PTMs of

tubulin (Figure 1-3) and also discuss a few MAPs.

Tubulin Post-translational modifications:

e Acetylation:
Tubulin acetylation is often associated with long-lived microtubules. It is
still a debate on whether acetylated microtubules are stable because
they are acetylated, or they are acetylated because they are stable.
Cryo-EM structures demonstrate that acetylated microtubules are more
flexible, making them more resistant to mechanical stress (Howes et
al., 2014; Xu et al., 2017). Tubulin acetylation has been linked to cell
adhesion, migration and intracellular transport (Castro-Castro et al.,
2012; Deakin and Turner, 2014; Reed et al., 2006). Studies have
shown that acetylation of tubulin is increased in metastatic breast
cancer and promote microtentacle formation and invasion (Boggs et al.,
2015). Tubulin acetylation has also been implicated in kinesin-1 based

transport (Reed et al., 2006)

e Detyrosination:
Detyrosination is the removal of the C-terminal Tyr residue which
exposes the penultimate Glu residue (Fig2a). Detyrosinated tubulin
(Detyr-tubulin) is used as a marker for long-lived microtubules but, as
in case of acetylated microtubules, the mechanism was long
debated(Khawaja et al., 1988; Kreis, 1987). It was recently discovered
that detyrosination protects the microtubules from depolymerisation

induced by kinesin-13—type motor proteins like MCAK, thus increasing
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their longevity(Peris et al., 2009; Sirajuddin et al., 2014). Tyrosination
status of the microtubules also regulates the binding of +TIPs like
CLIP170 or p150/glued(Bieling et al., 2008; Peris et al., 2006). Detyr-
tubulin is enriched in microtubule protrusions that help in the
reattachment of circulating tumour cells (Whipple et al., 2007). The
carboxypeptidase catalysing detyrosination of a—tubulin is unidentified,
but the enzyme catalysing the reverse reaction has been identified to
be catalysed by tubulin tyrosine ligase(Boggs et al.)(Figure 1-3)(Raybin

and Flavin, 1975)
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Figure 1-3 Tubulin PTMs and their modifying enzymes. a. Schematic
representation of o and B tubulin dimer and their associated modifications. b.

Schematic of enzymes catalysing the generation and removal of each tubulin

PTM (Janke and Bulinski, 2011).
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A2-tubulin:

A2-tubulin is formed by further removal of the penultimate Glu
residue(Fig2a). Unlike detyr, this modification is irreversible, and it is
associated with long-lived microtubules as it locks the microtubules in
the detyrosinated state(Paturle-Lafanechere et al., 1994). A2-tubulin
requires a previously detyrosinated microtubule and hence is
dependent on the tyrosination/detyrosination cycle which is governed
by the TTL class of enzymes. It has been shown that the absence of
TTL results in accumulation of A2-tubulin in mice(Erck et al., 2005).
High levels of A2-tubulin have also been observed in tumour samples
and have been thought to contribute to aggressiveness and
invasiveness of cancer by a yet unknown mechanism(Mialhe et al.,
2001). The removal of the penultimate Glu residue is catalysed by
Cytosolic carboxypeptidases(CCPs) (Figure I-3). CCPs also catalyse

the removal of the polyglutamylation from the tubulin.

Polyglutamylation:

Polyglutamylation refers to the addition of multiple glutamate residues
to the y-carboxyl groups of the glutamate residues in a protein(Fig2a).
Glutamylation reactions are catalysed by the TTL- like a family of
proteins(TTLL). Nine of these glutamylases exist, and they each have
an intrinsic preference towards one isotype of tubulin (either o/  )(van
Dijk et al., 2007). The reverse reaction is catalysed by the CCPs
(Figure 1-3). Thus, changes in A2-tubulin levels can also result in
concomitant changes in Detyr-tubulin or polyglutamylation depending
on whether TTL or CCPs govern the first change. It would be
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interesting to see how a small change in levels of one enzyme can

result in global changes in the microtubule dynamics.

Microtubule regulatory proteins:

Microtubule-associated proteins (MAPs) help remodel the microtubules by

altering its dynamics. They modulate microtubule growth, stabilise or

destabilise microtubules and enable interaction with other cellular organelles.

Mechanochemical ATPases popularly known as motor proteins such as

kinesins and dyneins use microtubules as tracks for intracellular transport.

Microtubule Stabilising proteins:

Proteins of the MAP2/Tau family are best known for their microtubules
stabilising activity. These include Tau, MAP2(A, B, C) and MAP4.
MAP2 and Tau are found in neurons, whereas MAP4 is present in
other tissues but is generally not found in neurons. They stabilise
microtubules by either promoting polymerisation or preventing their
depolymerisation. Tau was shown to bind at the hydrophobic pocket at
the interphase between the heterodimers. There is increasing evidence
which suggests that MAP2/Tau family of proteins perform other
functions such as binding to microfilaments, recruitment of signalling
proteins and regulation of intracellular transport. Studies involving
motor proteins moving along microtubules with decorated with
stretches of Tau show that dynein reverses its direction and kinesin
dissociates from the microtubule once they hit a patch of Tau. Other
MAPs such as STOP (Stable tubulin only proteins) are associated with

cold-stable microtubules. Tektin family of proteins have been studied
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for their ability to crosslink and stabilise microtubules in axonemal

structures like cilia and flagella.

Microtubule-Severing Proteins and Disassembly Promoters:
Microtubule severing proteins cut the microtubule into smaller
fragments creating new minus- and plus-ends which allows for the
reorganisation of microtubules without complete disassembly of the
microtubule. These severing proteins belong to three classes of
microtubule severing proteins, katanin, spastin and fidgetin. On the
surface, it appears that this severing action is to catalyse rapid
depolymerisation of a subset of microtubules. Some of the short
fragments of microtubules act as a scaffold for the growth of new
microtubules. Spastin plays a role in axonal transport and maintenance
of ER morphology. Spastin and katanin also play a role in cytokinesis.
All three severing proteins contribute to the chromosome segregation
and add to the process of Pacman-flux. Pacman-flux is the mechanism
of chromosomal segregation in which the plus-end of the microtubules
is actively depolymerised by the chromosomes (Pacman) while being
pulled towards the spindle pole due to poleward movement of the
tubulin subunits driven by minus-end depolymerisation (flux). Studies
have shown that Fidgetin and Spastin play a role in the minus end
depolymerisation while katanin is responsible for stimulating the plus
end depolymerisation.

Microtubule disassembly act by two mechanisms- either by
sequestering tubulin dimers or by binding to the microtubule and

directly depolymerising them. Stathmin acts by the sequestering the
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tubulin dimers, thereby decreasing the tubulin pool for polymerisation
and increasing the frequency of spontaneous depolymerisation. On the
other hand, two classes of kinesins — kinesin-13 (MCAK) and kinesin-8,
bind directly to the microtubule ends and actively depolymerise the

microtubules.

Microtubule plus-end tracking proteins:

+TIPS are specialised MAPs which bind to the growing plus end of the
microtubules. End Binding (King et al.) proteins form the core
components of the +TIP networks as they autonomously track the
growing end of the microtubules without the need of any binding
proteins. CLIP-170 is the first +TIP protein which promotes MT rescue
and has anti catastrophe property. Other +TIPs such as APC, MACF
and CLASP are involved in stabilising microtubules and facilitate

interaction with other organelles.

1.1.2 Asymmetry in microtubule dynamics and cell polarisation:

The polarity of the cell defines an oriented axis for processes such as

secretion, cell migration, differentiation and cell division. Cell polarity is

majorly established and maintained by polarised trafficking of proteins.

Proteins synthesised in the ER get transported to the golgi apparatus where

they are sorted and transported to their destination on microtubules tracks.

This section will discuss how the cell regulates polarised trafficking by

modulating the underlying microtubule network and its interaction with golgi.
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1.1.21 Golgi structure and positioning -
Golgi apparatus is the hub for sorting and transporting proteins to the
plasma membrane. In most vertebrates, the golgi is positioned adjacent to
the centrosome and nucleus. The pericentriolar position allows for directional
transport of proteins to one side of the cell. This process is crucial for cell
polarisation during cell migration. When the cell decides to move in response
to a directional cue, the golgi relocates to the side of the nucleus facing the
destined leading edge of the cell. This ensures proper delivery of proteins
such as integrins to the leading edge of the cell to facilitate directional
motility.
The functional significance of golgi-centrosome proximity is not fully
understood. Golgi-centrosome interactions are severed by conditions which
alter golgi structure. These conditions include drug-induced golgi
fragmentation by use of either nocodazole(Minin, 1997) or
illimaquinone(Takizawa et al., 1993) or knocking down golgi structural
proteins such as Golgin-84, Golgin-160 or GMAP210(Diao et al., 2003;
Satoh et al., 2003; Yadav et al., 2012). All of these conditions lead to
impaired trafficking and cell migration.
Only a few conditions have been shown to alter golgi localisation without
disrupting golgi organisation. These involve two proteins - GM130 (cis-golgi
protein) and AKAP450 (a scaffolding protein localised to golgi and
centrosome), that have been shown to play a role in maintaining the
pericentriolar localisation of golgi. Expressing the N-terminal fragment of the
AKAP450, a scaffolding protein localised to golgi and centrosome, induced

separation of golgi from the centrosome. This was due to the disruption of
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AKAP450 -dynactin interaction. It was observed that this inhibited the cell
polarisation and thus, directional cell migration(Hurtado et al., 2011).
Another study involved CRISPR-Cas9 knockout of GM130, which displaced
the golgi away from the centrosome(Tormanen et al., 2019). Contrarily, in
this case, it was observed that protein transport and cell migration remain
unaffected. Hence the question of whether the golgi-centrosome connection

is required for cell polarisation remains unanswered.

1.1.2.2 Microtubule and polarised trafficking-
The tubulin heterodimers polymerise in a polarised manner generating a
growing plus end and a minus-end stably anchored to the MTOC. This
intrinsic polarity of the microtubule network has been utilised by motor
proteins to transport cargoes in a particular direction and location of the cell.
There are two major families of microtubule-associated motor proteins,
namely kinesin and dynein. The kinesin family proteins are configured to
travel towards the plus end of the microtubule and contains about 45
members(Miki et al., 2005). These members share the same motor domain
but differ at the cargo binding domain(Pfister et al., 2006). In contrast, only
one primary dynein form transports cargo towards the minus end of the

microtubule, assisted by dynactin for cargo binding(Schroer, 2004).

In addition to the polarity, microtubule network is also asymmetric in terms of
orientation, density, dynamics determined by enrichment of several PTMs
and MAPs. At the cell periphery, microtubule plus end stabilisation and
destabilisation by +TIPs have been shown to dictate cell polarity(van Haren
et al., 2018). In the cell cortex, several factors have been implicated in

modulating microtubule stability in specific regions of the cell, such as the
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leading edge of the cell. Some of these factors have been shown to interact
and regulate focal adhesions directly(Noordstra and Akhmanova, 2017).
Adaptor proteins KANK1 has been shown to interact with talin and recruit
microtubule stabilising factors such as CLASPs(Bouchet et al., 2016;
Lansbergen et al., 2006). Stable microtubules tend to accumulate post-
translational modifications with further enhance their stability(Magiera et al.,
2018). Acetylation is one such PTM which accumulates on stable
microtubules and increases its flexibility(Portran et al., 2017; Xu et al., 2017).
Long-lived microtubules are preferred by Kinesin-1, which is a major
transporter of exocytic vesicles(Cai et al., 2009; Guardia et al., 2016; Tas et
al., 2017). Hence, preferential microtubule stabilisation creates long-lived

highways for directional transport.

1.1.2.3 Golgi derived microtubule and cell polarity-
The site of microtubule nucleation modulates the geometry of the
microtubule network, which in turn affects cell polarity. Unlike centrosomes,
which generate a radial microtubule array, Golgi generates an asymmetric
microtubule network. This has been attributed to unequal distribution of
nucleating factors on the Golgi membrane and hence, increase in

microtubule stability on one side of the nucleus.

Microtubules originating from golgi help is maintaining golgi structure.
CLASP dependent golgi associated microtubules aid golgi reassembly after
fragmentation during mitosis and migration(Miller et al., 2009). During
reassembly golgi, associated microtubules pull the ministacks together which
are later transported to the pericentriolar position on the centrosomal array.

Removal of CLASP results in failed golgi clustering and accumulation of
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golgi fragments near the centrosome. Although GDMTs are required for
golgi reassembly, it is not required for maintenance of golgi

structure(Vinogradova et al., 2012).

Recent studies have established the role of golgi derived microtubules
(GDMT) in cell polarisation. It has been observed that removal of
centrosome has little to no effect on endothelial cell polarisation and
migration whereas loss of golgi associated microtubules lead to impaired cell
polarisation and sprouting angiogenesis(Martin et al., 2018; Wu et al., 2016).
A recent study showed that GDMTs is required for persistent cell migration
by acting as tracks for fast cargo transport(Hao et al., 2020). This study also
showed that golgi associated microtubules are more stable and have fewer

lattice repairs sites compared to the centrosomal microtubules.

1.2 DNA Damage Response:
Faithful propagation of genetic material is the prime objective of all life forms.
However, DNA is exposed to several endogenous and environmental insults
that result in damaging the DNA. This damage if not repaired leads to a
mutation which leads to disease. Nature has evolved a well-coordinated
mechanism called DNA damage response to combat this threat. DNA damage
response (DDR) involves detecting the damage, signalling its presence and

recruiting proteins to repair the damaged DNA (Jackson and Bartek, 2009).

DDR is mainly orchestrated by a group of PI3K-like proteins that include ATM,
ATR and DNA-PK. Upon DNA damage, these proteins are activated which
mediate cell cycle arrest, activate DNA repair and transcriptionally regulate

proteins involved in DDR(Bartek and Lukas, 2007; Patil et al., 2013). DDR is
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initiated by sensor proteins which detect the aberrant DNA and phosphorylate
the transducers (ATM, ATR and DNA-PK) which lead to activation of proteins
such as CHK1 and CHK2, which results in cell cycle arrest, apoptosis,

transcription halt and DNA repair (Marechal and Zou, 2013).

1.2.1 DNA repair pathways:
To maintain genome integrity, DNA must be protected from both
environmental factors and those generated spontaneously during DNA
metabolism. Spontaneous DNA damages can occur due to misincorporation
of nucleotides during replication and interconversion of bases due to
deamination. Additionally, oxidation of bases by ROS (Reactive oxygen
species) generated during healthy cellular metabolism can also cause single-
stranded breaks (SSB). Environmental DNA damage by physical and
chemical genotoxic agents. lonising radiation (Kim et al.) and Ultraviolet rays
(Sauvanet et al.) can cause pyrimidine dimers, oxidise DNA bases and cause
both SSB and double-stranded breaks (DSB). Chemical agents such as those
used in chemotherapy alkylate the DNA bases (agents like MMS) or
covalently crosslink them (agents like Mitomycin C). Cigarette smoke contains
nitrosamines when metabolised forms methyl-nitrosamine derivative, which

causes alkylation of DNA which leads to DNA damage.

There are six central DNA repair pathways to counter DNA damage-Base
excision repair(BER), Mismatch repair(MMR), Nucleotide excision
repair(Webb et al.), Translesion DNA synthesis, Nonhomologous end
joining(NHEJ) and Homologous recombination(Burns et al.). While some of
these pathways involve a direct protein-mediated reversal of the DNA lesion,

most include a series of catalytic events. MMR repairs mismatched DNA, and
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BER repairs chemical alterations in DNA base. Pyrimidine dimers and DNA
strand crosslinks are tackled by NER, which excises an oligonucleotide of
about 30 bp containing the damaged nucleotide. The ATR pathway handles
SSBs. However, if these single-stranded DNA breaks are not repaired are
converted to DSBs. DSBs are then repaired by either NHEJ or HR pathway

which are governed by DNA-PK and ATM respectively.

1.2.2 Microtubule and genome maintenance:
In the recent years, the role of microtubules in genome maintenance has
come into light. In 2000, Tito Fojo’s group one of first links between
microtubules and DDR. They observed that p53, a critical DDR protein,
associates with microtubules for its nuclear translocation upon DNA
damage(Giannakakou et al., 2000). Further studies from the same group
showed that treatment with microtubule poisons such as Taxol and vincristine
interrupts the transport of DNA repair proteins to the nucleus(Poruchynsky et
al., 2015). Microtubules are physically linked to the nucleus through the LINC
(Linker of Nucleoskeleton, and Cytoskeleton) complex and modulate nuclear
mechanics. Microtubules interact with SUN1/2 complex of the LINC complex
and increase the mobility of the damaged DNA inside the nucleus which aids
DNA repair(Lottersberger et al., 2015). Another group studying DNA damage
induced chromatin mobility observed that active microtubules dynamics is
essential for the process(Lawrimore et al., 2017). The discovery of DNA
damage inducible intranuclear microtubule filament (DIMs) added a new angle
by which microtubules can influence DNA repair. Karim Mekhail’s lab in 2018,
showed that DIMs are formed in a Kar3 (kinesin motor) dependent manner

and increase DNA mobility(Oshidari et al., 2018).
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1.2.3 Effect of DNA damage on Golgi morphology:
Nuclear effects of DNA damage are well studied, which include cell cycle
arrest, transcriptional activation and DNA repair. Field and group, for the first
time in 2014, showed evidence of possible effects of DNA damage on
cytoplasmic organelles such as Golgi(Farber-Katz et al., 2014). This study
showed that exposure to agents which caused double-stranded breaks such
as ionising radiation, camptothecin or doxorubicin lead to a drastic change in
the Golgi morphology from the usual perinuclear ribbon to punctate fragments
dispersed throughout the cytoplasm. Previous studies show that GOLPH3
(Golgi Phosphoprotein3), a phosphatidylinositol-4-phosphate binding protein
localised to trans-Golgi, binds to unconventional myosin MYO18A and F-
actin(Dippold et al., 2009). This interaction was shown to apply a tensile force
on golgi to maintain its ribbon structure. The 2014 study mapped the
signalling pathway by which DNA damage-induced Golgi dispersal(Figure
I-4). They found that DNA-PK phosphorylates GOLPHS3 at the T143 TQ site,
which enhances its interaction with MYO18A-F-actin complex, resulting in
increased vesiculation, fragmentation and dispersal of Golgi. This dispersal of
Golgi results in impaired trafficking from Golgi to the plasma membrane. In
addition to being directly phosphorylated by DNA-PK, authors also show that
it binds to Ku80. Although the exact mechanism as to how a nuclear localised
DNA-PK transduces the signal to a cytoplasmic effector, such as GOLPHS3,

remains unclear.
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Furthermore, activation of this DNA-PK/GOLPH3/MYO18A pathway is
essential for the survival of the cell post DNA damage. Depletion of GOLPH3
or MYO18A using shRNA mediated knockdown results in apoptosis of the cell
in response to DNA damage. It is suggested that there exist critical cargo
whose trafficking from Golgi to the plasma membrane is vital for the cell
survival post DNA damage. However, the cargo(Farber-Katz et al.) and the

pathway remains to be identified.
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Figure 1-4- Schematic is representing the mechanism of Golgi dispersal upon
DNA damage. DNA damage activates DNA-PK, which phosphorylates
GOLPH3. Phosphorylation of GOLPH3 strengthens its interaction with

MYO18A-F-Actin, which exerts a tensile force on the Golgi leading to Golgi

dispersal.

Studies from our lab further explored this effect of DNA damage by showing
that DNA alkylating agent MNU resulted in activation of DNA-PK and Golgi

dispersal leading to the transformation of breast epithelial cells (Anandi et al.,
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2017). In addition to Golgi dispersal, a dramatic reorganisation of cytoskeleton
resulting in a parallel array of microtubules and loss of actin stress fibres was
observed. This project focuses on answering the questions — How and why
does DNA damage lead to reorganisation of the cytoskeleton? Is there a
functional relationship between Golgi dispersal and the reorganisation of
microtubules? Furthermore, to characterise other phenotypes of the cell,
which might be a secondary action of the cytoskeletal rearrangement.
Through this project, we will be able to provide additional insight into the

cytoplasmic effects of DNA damage.
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Materials and Methods
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2.1 Cell line and culturing methods
MCF10A was a kind gift from Prof. Raymond C. Stevens (The Scripps
Research Institute, La Jolla, CA). The cells were cultured in DMEM containing
high glucose and without sodium pyruvate (Invitrogen) supplemented with
growth constituents comprising of - 5% horse serum (Invitrogen), 100 units/ml
penicillin/streptomycin (Invitrogen), 10 mg/mL insulin (Sigma-Aldrich), 0.5
mg/mL hydrocortisone (Sigma-Aldrich), 100 ng/mL cholera toxin (Sigma-
Aldrich) and 20 ng/mL EGF (Sigma-Aldrich). This media will be referred to as
growth media in the further sections. During sub-culturing the cells were
resuspended in DMEM containing high glucose and without sodium pyruvate
(Invitrogen) supplemented with 20% horse serum and 100 units/ml

penicillin/streptomycin (Invitrogen).

HEK293 was grown in DMEM containing high glucose, and sodium pyruvate
(Lonza) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and
100 units/ml penicillin/streptomycin (Lonza) (referred to as complete DMEM in
further text). Cells were cultured in tissue culture-treated 100mm or 60mm

dishes (Eppendorf) at a 37°C humidified incubator with 5% CO2 (Eppendorf).

2.2 Immunofluorescence
Cells were seeded at a density of 0.4 x10° onto coverslips (Bluestar) in a 24-
well dish (Eppendorf). After appropriate drug treatment, the cells were fixed
with 4% paraformaldehyde. The samples were washed with PBST (PBS +
0.5% Triton-X100) and blocked with 10% FBS. Samples were then incubated
in primary antibodies, diluted in 10% FBS, overnight at 4°C. Following
incubation in primary antibody, cells were washed with PBST and incubated

with secondary antibody (1:500) for one hour at room temperature. After a few
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washes with PBST, the samples were incubated in Hoechst 33258 to stain the
nucleus. Coverslips were mounted using glycerol mounting media (with 90%
glycerol, 20mM Tris, pH 8.0 and 0.5% propyl gallate). All images were
obtained using Leica TCS SP8 X Confocal Microscope (Leica Microsystems).
Post imaging, the maximum intensity project of the stacks was used for

analysis and has been represented in the figures.

2.3 Microtubule regrowth assay
The cells were grown and treated with 2.5mg/ml Nocodazole (Sigma) for 3h at
37°C to depolymerise the microtubules (Zhu and Kaverina, 2011). Following
incubation, the cells were washed twice with ice-cold DPBS (Lonza) and
supplemented with warm growth media. Alternatively, the cells were
incubated on ice for 30mins to depolymerise microtubules. To ensure proper
depolymerisation, the coverslips were transferred to a dish containing ice cold
DPBS places in an ice bath for cold shock. Following both treatments, the
cells were supplemented with pre-warmed media and the microtubules were
allowed to repolymerise at 37°C, fixed and stained for microtubule and Golgi.
The images were analysed by manually counting the number of microtubule

asters in each image.

2.4 EB3 dynamics
MCF10A cells were seeded in Lab-Tek 8-well chamber cover glass (Thermo
Scientific) at a density of 0.6 x10°, treated with NEU (2mM). After 24h of
treatment, the samples were transfected with the EB3-GFP construct.
Transfections were performed using Lipofectamine 2000 in Opti-MEM
(Invitrogen). The cells were then incubated for 4h in the transfected medium,

following which the media was changed to MCF10A growth media. The cells
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were imaged 24hrs after transfection in a live cell imaging chamber on Leica
TCS SP8 X Confocal Microscope (Leica Microsystems). Before imaging, the
cells were shifted to an L-15 medium (Lonza), and Hoechst 33342 was added
to visualise the nucleus. Images were recorded at a frame rate of 1.5s per
frame. The EB3 comets were manually tracked using the MTrackdJ plugin
(developed by E. Meijering, Biomedical Imaging Group, Erasmus Medical

Center, Rotterdam) on Fiji/lmaged (NIH)(Meijering et al., 2012).

For visualising Golgi associated microtubules, the cells were co-transfected
with EB3-GFP and GalT-RFP construct. 24h after transfection, the cells were
stained with Hoechst 33342 and shifted to an L-15 medium (Lonza). The cells
were imaged on Leica TCS SP8 X Confocal Microscope (Leica Microsystems)

at the frame rate of 5s per frame and stack size of 600nm.

2.5 Quantitative analysis
Microtubule alignment- maximum intensity z-project images of cells without
and without DNA damage stained with a-tubulin, Phalloidin and Hoechst
33258 were used for this analysis. Individual cells were cropped by drawing
the cell boundary using the Phalloidin channel. The cells were pasted onto a
black background. The cells were rotated such that longer axis of the nucleus
and thus the cell aligns to the x-axis. This would ensure that a cell which had
parallel fibres, the peak would appear at 0° in the graph, for the convenience
of representation. The images were analysed using the directionality tool on

ImageJ.
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Morphometry- the cell boundaries were drawn using the freehand drawing tool
on ImagedJ and shape descriptors such as area, circularity, aspect ratio was

measured.

Nocodazole resistant microtubules- the microtubule fibres remaining after
nocodazole treatment were detected using the Ridge detection tool on
Imaged. The maximum intensity projected images were processed using the

Ridge detection tool and the count obtained were plotted

2.6 Wound healing assay
MCF10A cells were seeded at the density of 0.5x10° onto a 35mm dish and
incubated at 37°C. Following day, the cells were treated with MNU (1mM) for
24h. The cells with and without MNU treatment were trypsinised and seeded
into the Ibidi Culture Inserts at a density of 0.5 x 10° cells per well. 16h post
seeding, the cells were treated with growth media without EGF for 6h followed
by a treatment with 10mg/mL Mitomycin C (Sigma) for 2h. The inserts were
removed and the cells were gently washed with DPBS, supplemented with
growth media and the wound was imaged on Nikon Eclipse TS100
microscope using 4x and 10x objectives. The wound was subsequently
imaged every 6h. The 4x images were used for analysis and the 10x was
used for representation. The area of the wound was quantified using ImageJ

and the percentage wound closure was calculated using the formula-

% WoundClosure — nitial wound area - Final wound area) o
% WoundClosure = (Initial wound area )
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2.7 RUSH assay
To prepare the coverslips for low adherent HEK293 cells, they were coated
with Matrigel (Corning, Sigma Aldrich) diluted with DPBS (Lonza) at a 1:50
dilution incubated for 4h at 37°C. Subsequently, the cells were seeded at a
density of 0.6 x10° and treated with NEU (2mM). After 24h of treatment, the
cells were transfected with RUSH construct using bPEI25 (Sigma) using the
protocol described in CYM Hsu and H Uludag, 2012(Hsu and Uludag, 2012).
The RUSH constructs were a kind gift from Frank Perez (Institut Curie, Paris).
Two RUSH constructs were used in this study — Str-KDEL-ManlIl-SBP-EGFP
and Str-KDEL-SBP-EGFP-GPI. Incomplete DMEM was used as the
transfection medium instead of Opti-MEM to avoid the presence of biotin. The
cells were then incubated for 4h in the transfected medium, following which
the media was changed to complete DMEM. 16h post-transfection, the cells
were treated with 40mM of Biotin (Sigma) and incubated at 37°C. The cells

were fixed at 0, 10, 20, 30, 40, 60 and 90mins.

For the GPI construct, immunostaining was performed under non-
permeabilising conditions to detect the cell surface localised GPI. The
samples were transferred to a dish with ice cold DPBS placed in an ice bath
to stop the trafficking. Following two washes with cold PBS, the cells were
incubated in anti-GFP antibody for 1h at 4°C. The cells were then washed
with cold PBS and fixed with 2% PFA for 15mins on ice. After fixation the
samples can be processes at room temperature. Next, the samples were
given two washes with PBS and then incubated with Alexa Fluor 568

conjugated goat anti mouse secondary antibodies for 1h at room temperature.
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After washes the cells were stained with Hoechst 33342 (1:10,000) for 5mins

at room temperature and mounted with glycerol mounting media.

To quantify the change in trafficking of GPI to the plasma membrane, the

surface GFP/total GFP was calculated. The intensity of GFP was calculated

using Imaged. The cell boundaries were manually marked and the mean grey

value and integrated density was measured. The CTCF was calculated using

the formula-

CTCF = Integrated density

— (Area of selected cell

X Mean fluorescence of Background readings)

2.8 Reagents table

Reagent Source Dilution/Concentration

Antibodies and dyes

a-tubulin Sigma 1:500

a-tubulin Abcam 1:500

GM130-FITC conjugated BD Biosciences 1:100

GM130 Abcam 1:100
Sigma; a kind gift by Jomon

Acetylated a-tubulin (K40) 1:500
Joseph (NCCS, Pune)

phospho DNA-PK (T2609) Abcam 1:200

Anti-GFP antibody Abcam 1:1000

Hoechst 33258 Invitrogen 1:10,000
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Hoechst 33342 Invitrogen 1:1000
Phalloidin (Alexa Fluor 568 or
Invitrogen 1:100
633 conjugated)
Alexa Fluor 488, 568 or 633
conjugated secondary Invitrogen 1:500
antibodies
Chemicals
2mM (in MCF10A)
N-nitroso-N-ethylurea (NEU) | Sigma and 0.5mM (in
HEK293)
DMNB Tocris 25mM
Latrunculin A Sigma 250nM
Biotin Sigma 40mM
Mitomycin C Sigma 10mg/ml

43




CHAPTERIII

DNA damage leads to microtubule

stabilisation
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3.1 Background
Nuclear effects of DNA damage are well studied, which include cell cycle
arrest, transcriptional activation and DNA repair. For the first time in 2014,
Field and the group showed evidence of possible effects of DNA damage on
cytoplasmic organelles such as Golgi (Farber-Katz et al., 2014). This study
showed that exposure to agents which caused double-stranded breaks such
as ionising radiation, camptothecin or doxorubicin led to a drastic change in
the Golgi morphology from the usual perinuclear ribbon to punctate fragments
dispersed throughout the cytoplasm. Previous studies show that GOLPH3
(Golgi Phosphoprotein3)c, a phosphatidylinositol-4-phosphate binding protein
localised to trans-Golgi, binds to unconventional myosin MYO18A and F-actin
(Dippold et al., 2009)This interaction was shown to apply a tensile force on
golgi to maintain its ribbon structure. The 2014 study mapped the signalling
pathway by which DNA damage-induced Golgi dispersal (Figure lll-1). They
found that DNA-PK phosphorylates GOLPH3 at the T143 TQ site, which
enhances its interaction with the MYO18A-F-actin complex, resulting in
increased vesiculation, fragmentation and dispersal of Golgi. This dispersal of
Golgi results in impaired trafficking from Golgi to the plasma membrane. In
addition to being directly phosphorylated by DNA-PK, authors also show that
it binds to Ku80. Although the exact mechanism as to how a nuclear localised
DNA-PK transduces the signal to a cytoplasmic effector, such as GOLPH3,

remains unclear.

Furthermore, activation of this DNA-PK/GOLPH3/MYO18A pathway is
essential for the survival of the cell post DNA damage. Depleting GOLPH3 or

MYO18A using shRNA mediated knockdown results in cell apoptosis in
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response to DNA damage. It is suggested that there exists critical cargo
whose trafficking from Golgi to the plasma membrane is vital for the cell
survival post DNA damage. However, the cargo (Farber-Katz et al., 2014)and

the pathway remain to be identified.
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Figure 1ll-1- Schematic represents the Golgi dispersal mechanism upon DNA
damage. DNA damage activates DNA-PK, which phosphorylates GOLPH3.
Phosphorylation of GOLPHS3 strengthens its interaction with MYO18A-F-Actin,
which exerts a tensile force on the Golgi, leading to Golgi dispersal

((Buschman et al., 2015).

Studies from our lab further explored this effect of DNA damage by showing
that DNA alkylating agent MNU resulted in activation of DNA-PK and Golgi
dispersal leading to the transformation of breast epithelial cells (Anandi et al.,
2017). In addition to Golgi dispersal, a dramatic reorganisation of cytoskeleton

resulting in a parallel array of microtubules and loss of actin stress fibres was
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observed. This chapter addresses the observations made concerning

changes in microtubule dynamics.

3.2 Results

3.21 DNA damage leads to the reorganisation of the microtubule
network

MCF10A cells were treated with 1mM MNU (N-Nitroso-N-methyl urea) for 48h
and stained for a-tubulin and actin to characterise DNA damage-induced
changes in microtubule and actin cytoskeleton. The dose of MNU used was
the same as that used in the previous study from the lab, which showed that
DNA damage led to the transformation of breast epithelial cells. Upon
treatment with MNU (1mM, 48h), it was observed that the microtubule network
was rearranged to a more parallel array compared to the radial network in the
untreated cells (Figure ll1-2a). A loss of actin stress fibres from the ventral
surface of the cells was also observed upon induction of DNA damage
(Figure Ill 2a). The arrangement of the microtubule was quantified using the
directionality tool in Imaged. This tool quantifies and plots the proportion of
vectors in a cell aligned at a specific angle. The idea was that in a cell with a
parallel array, most vectors would have a similar orientation angle and hence
would show a prominent peak at a specific angle. On the other hand, in the
cells with a radial array, the vectors would be equally distributed amongst all
the angles. As expected, it was observed that in cells treated with MNU (1mM,
48h), there was a peak at 0° angle while the vectors were equally distributed

in the untreated cells (Figure IlI-2b-c).
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Figure 111-2- MNU induced DNA damage leads to reorganisation of the

cytoskeleton. (a) Treatment with MNU leads to rearrangement of microtubule

cytoskeleton from a mesh-like to a more parallel arrangement and loss of

actin stress fibres (N=3, n=145) Scale bar- 20um. (b and ¢) Quantification of

microtubule phenotype (N=3, n=30). The quantification of microtubule

dynamics using EB3-GFP constructs shows that MNU slows down

microtubule dynamics. d. represents a few microtubule tracks of cells, treated

with and without MNU, labelled with EB3-GFP (Scale bar- 5um); e, fand g

show the graphs corresponding to microtubule lifetime, length and speed

measured by tracking EB3 comets (N=3, n=120, 25 tracks per cell) . Asterisks

indicate Mann-Whitney U test significance values; **** p < 0.0001.
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To characterise changes in microtubule dynamics, we used a microtubule
+TIP marker, EB3 (End Binding protein -3), to visualise the growing end of the
microtubules. The cells with and without DNA damage were transfected with
the EB3-GFP construct, and a timelapse series was imaged. The resulting
images consist of a series of comet-like structures representing the plus-end
of the microtubules. The microtubule comets were manually tracked using the
MtrackdJ plugin to measure the velocity, distance and lifetime of the comets.
Polymerising microtubules detected by EB3-GFP in cells treated with DNA
damaging agents were slower than control cells and displayed longer tracks
(Figure Il 2d). It was also observed that these microtubules exhibited a

longer lifetime, longer length and reduced speed (Figure Il 2e-g).

To confirm that the observed phenotype was an effect of DNA damage, we
used two other DNA damaging agents- NEU (N-Nitroso-N-ethyl urea) and UV
radiation. The sublethal dose of NEU and UV was standardised previously in
the lab (Bodakuntla et al., 2014; J ANN, 2018), respectively. MCF10A cells
were treated with NEU (2mM, 48h) and UV (10J/m?, 48h) and stained for a-
tubulin and actin. Similar to MNU, we observed a change in organisation and
dynamics of microtubules upon NEU (Figure 111-3) and UV treatment (Figure

111-4)
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Figure 111-3- NEU induced DNA damage leads to reorganisation of the
cytoskeleton. (a) Treatment with NEU leads to rearrangement of microtubule
cytoskeleton from a mesh-like to a more parallel arrangement and loss of
actin stress fibres (N=3, n=140) Scale bar- 20um. (b and c¢) Quantification of
microtubule phenotype (N=3, n=30). Quantifying microtubule dynamics using
EB3-GFP constructs shows that NEU slows down microtubule dynamics. d.
represents a few microtubule tracks of cells, treated with and without NEU,
labelled with EB3-GFP (Scale bar- 5um); e, f and g show the graphs

corresponding to microtubule lifetime, length and speed measured by tracking
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EB3 comets (N=3, n=120, 25 tracks per cell). Asterisks indicate Mann-

Whitney U test significance values; **** p < 0.0001, ** p < 0.01.
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Figure 11l-4- UV induced DNA damage leads to reorganisation of the
cytoskeleton. (a) Treatment with UV leads to rearrangement of microtubule
cytoskeleton from a mesh-like to a more parallel arrangement and loss of
actin stress fibres (N=3, n=130) Scale bar- 20um. (b and c¢) Quantification of
microtubule phenotype (N=3, n=30). Quantifying microtubule dynamics using
EB3-GFP constructs shows that UV slows down microtubule dynamics. d.
represents a few microtubule tracks of cells, treated with and without UV,

labelled with EB3-GFP (Scale bar- 5um) ; e, f and g show the graphs
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corresponding to microtubule lifetime, length and speed measured by tracking
EB3 comets (N=3, n=120, 25 tracks per cell). Asterisks indicate Mann-

Whitney U test significance values; **** p < 0.0001.

Interestingly, a change in cell shape and size was observed upon DNA
damage. An increase in the area occupied by the cell, a decrease in circularity
and an increase in aspect ratio were observed (Figure 1lI-5 ). Circularity and
aspect ratio indicates elongation of the cell post DNA damage. Although an
increase in nuclear size was observed in the images, upon quantification, we
observed a decrease in the nucleo-cytoplasmic ratio (Figure IlI-5 ). The
change in cell shape might be due to the reorganisation of the underlying

cytoskeleton.
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Figure 111-5- DNA damage leads to an increase in area and elongation of the
cell. Quantification of cell area (d.), circularity (e) and aspect ratio (f.) (N=3,

*kkk

n=160). Asterisks indicate Mann-Whitney U test significance values; p <

0.0001; *** p< 0.001; ** p< 0.01
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As a complimentary method to quantifying EB3 dynamics, we examined
changes in nocodazole sensitivity of cells with and without DNA damage.
Nocodazole is a microtubule depolymerising agent and can be used to assess
the mechanical stability of microtubules (Xu et al., 2017). After treatment with
nocodazole (2.5ug/ml, 20mins), complete depolymerisation of microtubules
was observed in untreated cells. In contrast, MNU-treated cells had a subset
of microtubules which failed to depolymerise upon nocodazole treatment
(Figure llI-6a-c). Similarly, nocodazole-resistant microtubules were observed
in cells treated with NEU and UV (Figure llI-6d-e). This confirms that DNA
damage leads to the stabilisation of microtubules. Please note that we had to

stop using MNU for further experiments since it could not be procured in India.
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Figure 111-6- Treatment with nocodazole reveals a subset of microtubules (a.)
in MNU-treated cells, which are resistant to depolymerisation (N=3, n=140).
Shown in b. are binary images of the subset of microtubules, quantified in c.
using a ridge detection tool. Similarly, (d.) shows binary images of
nocodazole-resistant microtubules in NEU and UV-treated cells (N=3,n=130),
quantified in (e.). Asterisks indicate Mann-Whitney U test significance values;

****p <0.0001. Scale bar- 20pm
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3.2.2 DNA damage leads to an increase in tubulin acetylation
Tubulin post-translational modifications (PTMs) along with Microtubule-
associated proteins (MAPs) regulate the function and dynamics of the
microtubule. Upon detection of a change in dynamics of microtubules, the
next step would be looking at changes in PTMs of microtubules for which
changes in tubulin acetylation, detyrosination and poly-glutamylation were

tested.

We checked for changes in tubulin PTMs following DNA damage by
immunostaining to address this. Simultaneously, the PTMs were probed after
nocodazole treatment to evaluate if the nocodazole-resistant subset of
microtubules was enriched in the specific PTM. Tubulin polyglutamylation was
probed using two different antibodies to detect general glutamylation (GT335)
and long chain polyglutamylation (PolyE). We detected the presence of
polyglutamylation (GT335) but no change in NEU-treated cells compared to
the control (Figure 1lI-7 ). Interestingly, they were enriched on nocodazole-
resistant microtubules in NEU-treated cells. Similarly, no change in long chain
tubulin polyglutamylation was observed after NEU treatment, but an overall
increase in polyglutamylation was observed after nocodazole treatment

(Figure 111-8). The detyrosinated a-tubulin antibody was not IF compatible.
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Hoechst 33258 / | a-Tubulin

Figure 11l-7- MCF10A cells treated with and without NEU have poly
glutamylation (GT335) shows an enrichment on nocodazole stable
microtubules (N=3, n=150). GT335 is labelled in magenta, a-tubulin in yellow

and nucleus in cyan. Scale bar- 20um
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Figure 111-8- MCF10A cells treated with and without NEU have very little poly
glutamylation (PolyE) but show an enrichment after nocodazole stable
microtubules (N=2, n=90). PolyE is labelled in yellow, a-tubulin in magenta

and nucleus in cyan. Scale bar- 20um

There was an increase in acetylation a-tubulin post DNA damage (Figure
111-9a). It was also observed that the acetylation was localised to the

nocodazole-resistant microtubules. An increase in tubulin acetylation was also

seen after UV (10J/m2, 48h) treatment (Figure 11l-9b-c ).
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Figure 111-9- DNA damage leads to increase a-tubulin acetylation at K40.
Shown in a. are cells with and without DNA damage, stained for a-tubulin K40
acetylation and a-tubulin after treatment with nocodazole (2.5ug/mL, 20mins)

(N=3, n=125). The nocodazole-resistant microtubules were enriched with
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acetylation. (b.) An increase in K40 acetylation can be observed upon
treatment with NEU (2mM, 48h) and UV (10J/m?, 48h), which is quantified in
c. Asterisks indicate Mann-Whitney U test significance values; * p < 0.05.

Scale bar- 20um

3.3 Summary and discussion

DNA damage

Parallel MT array
Radial MT array Stable MT

Dynamic MT Nocodazole resistant MT {

Acetylated tubulin {
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Figure 111-10- Schematic summarising the results of this chapter. DNA
damage leads to microtubule stabilisation. EB3 assay shows that
microtubules in cells treated with a DNA damaging agent have lower speed,
higher displacement and longer lifetime. A subset of microtubules remain
intact upon nocodazole treatment post DNA damage. Increase in tubulin

acetylation was observed upon DNA damage

In this chapter, we characterised the microtubule organisation dynamics. The
microtubule phenotype was evaluated following three types of DNA damaging
agents — MNU (N-Nitroso-N-methyl urea), NEU (N-Nitroso-N-ethyl urea) and

UV. It was observed that following DNA damage, the microtubules were
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rearranged to a parallel array compared to the radial array in untreated cells.
A parallel array could signify a more polarised microtubule network. A
significant increase in cell size was observed post DNA damage, and the cell
adopted a more elongated morphology. These changes in cell shape can be
attributed to the changes in the underlying microtubule network(Logan et al.,
2018). It has been observed that an asymmetric microtubule network aids in
cell elongation, which eludes to the involvement of a non-centrosomal
microtubule array(Meiring et al., 2020). An increase in non-centrosomal
microtubules has also been associated with increased cell size(Gavilan et al.,
2018). A non-centrosomal array also supports the observation of a parallel

array since a radial centrosomal array cannot form a parallel arrangement.

Upon assessing the change in dynamics using the EB3-GFP construct, it was
observed that post DNA damage, the microtubules exhibited slower
polymerisation rates. It was also noted that there was an increase in
microtubules resistant to nocodazole treatment in cells with DNA damage.
Nocodazole-resistant microtubules have often been characterised to be
hyper-stable(Portran et al., 2017; Xu et al., 2017). This is in accordance with
our data from the EB3 assay, where we see slower dynamics upon DNA
damage. Hyper stable microtubules are enriched with acetylated or
detyrosinated tubulin or both(Portran et al., 2017; Wloga et al., 2017). Hence,
we went on to check changes in levels of tubulin PTMs post DNA damage. An
increase in tubulin acetylation was observed upon NEU (2mM, 48h) and UV

(10J/m?, 48h) treatment.
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CHAPTER IV

DNA damage leads to microtubule
stabilisation through activation of

DNA-PK and Golgi dispersal
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1.3 Background
Previous studies from our lab and Farber-Katz, et al. have established the link
between DNA damage and Golgi apparatus(Anandi et al., 2017; Farber-Katz
et al., 2014). Golgi and microtubules are closely associated and functionally
interdependent(Sanders and Kaverina, 2015). Golgi is a dynamic structure
dependent on the influx of cargo from the endoplasmic reticulum and outflux
from Golgi to the destined cellular compartment(Gurel et al., 2014). The
transport to and from Golgi depends on the microtubule network(Gurel et al.,
2014; Vinogradova et al., 2012). The initial discovery of Golgi and microtubule
interactions came from studies which looked at Golgi after disrupting the
microtubule network. Microtubule poisons such as nocodazole and taxol have
been shown to disperse the Golgi apparatus(Thyberg and Moskalewski, 1993;

Wehland et al., 1983).

On the other hand, Golgi plays a significant role in tuning the microtubule
architecture by acting as a microtubule nucleation centre(Zhu and Kaverina,
2013). The subset of microtubules originating from Golgi is polarised to the
cell's leading edge and known to be dynamically stable (Chabin-Brion et al.,
2001). The dynamics of the microtubule network are regulated by three
interdependent factors- the site of nucleation, tubulin post-translational
modifications and microtubule-associated proteins(Janke and Magiera, 2020).
Results in the previous chapter have shown that DNA damage leads to
microtubule stabilisation which was marked by an increase in tubulin
acetylation and nocodazole-resistant microtubules. In addition, the parallel
arrangement of microtubules and changes in cell architecture post DNA

damage indicate the involvement of non-centrosomal microtubules.
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1.4 Results

1.4.1 DNA damage-induced microtubule stabilisation is preceded by
activation of DNA-PK and dispersal of Golgi

To decipher the mechanism which leads to DNA damage-induced microtubule
stabilisation, we wanted to understand if the pathway described by Farber-
Katz et al. 2014 was active in our scenario. MCF10A cells were treated with
NEU (2mM) and UV (10J/m?) and were stained for phosphorylated DNA-PK
(T2609) and Golgi. The staining was performed 48h post-treatment as
changes in microtubule dynamics were observed at that time. Significant
activation of DNA-PK and dispersal of Golgi were observed (Figure IV-1a-d).
Activation of DNA-PK was quantified by counting the number of foci and
plotted as average foci per nucleus (Figure IV-1e,g). Golgi dispersal was
quantified by measuring the area occupied by Golgi fragments and plotted

(Figure IV-1f,h).

To gain further insight into the mechanism, we wanted to place DNA-PK
activation and Golgi dispersal chronologically to microtubule stabilisation post
DNA damage. MCF10A cells were fixed at different timepoints post-NEU
(2mM) treatment and probed for phosphorylated DNA-PK(T2609), Golgi and
stable microtubules. Tubulin acetylation and nocodazole-resistant
microtubules were used to mark stable microtubules. DNA-PK was activated
from 10mins onwards post-NEU treatment (Figure IV-2a-b), followed by Golgi
dispersal, which starts 4h post-NEU treatment (Figure IV-2c-d). Tubulin
acetylation starts to increase 18h post-treatment, concomitant with the

appearance of the nocodazole-resistant population of microtubules (Figure
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IV-3). DNA-PK activation and Golgi dispersal might be involved in microtubule

stabilisation post DNA damage.
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Figure IV-1: MCF10A cells treated with NEU (2mM) and UV (10J/m2) show
activation of DNA-PK and Golgi dispersal (N=3, n=200). a. and c. represent
cells stained for pPDNA-PK (yellow and nucleus (blue), post-NEU and UV
treatments, respectively. e. and g. show plots for quantification of same. b.
and d. represent cells stained for Golgi (yellow) and nucleus (cyan), post-NEU

and UV treatments, respectively. f. and h. show plots for quantification of
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same. Asterisks indicate Mann-Whitney U test significance values; **** p <

0.0001. Scale bar- 20um
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Figure IV-2: Activation of DNAPK and Golgi dispersal precedes microtubule
stabilisation. Post-NEU treatment DNAPK gets phosphorylated at T2609 at
10mins and remains active till 48hrs. Shown in a. are representative images
of a few selected time points after treatment with NEU(2mM). b. depicts
quantification of the number of pPDNAPK foci per nucleus (N=3, n=420).
Asterisks indicate Kruskal-Wallis test significance values; **** p < 0.0001, ns —
Non-significant. Golgi starts to disperse 4h post DNA damage, as shown in c.
and d (N=3, n=220). Asterisks indicate Kruskal-Wallis test significance values;

**** p <0.0001, **p< 0.01. Scale bar- 20um
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Figure 1V-3-Appearance of nocodazole-resistant microtubules starts at 18h

after NEU treatment. Shown in a. are binary images of tubulin and nucleus (in

grey) of select timepoints post-NEU treatment. b. shows the quantification of

the same using a ridge detection tool (N=3, n=240). Asterisks indicate

Kruskal-Wallis test significance values; **** p < 0.0001, *p< 0.05 and ns —

Non-significant. c. An increase in tubulin acetylation was observed after Golgi

dispersal at 18h (N=3, n=290). d. is the quantification of the same. Asterisks

indicate Kruskal-Wallis test significance values; **** p < 0.0001, *p< 0.05 and

ns — Non-significant. Scale bar- 20um
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1.4.2 DNA damage leads to microtubule stabilisation in HEK293
cells

Additionally, to validate these results in another cell line, we used the HEK293
cell line. A sub-lethal dose of NEU required to cause the DNA-PK activation at
48h was determined. HEK293 cells were treated with 0.5mM, 1mM and 2mM
of NEU, fixed 48h post-treatment and stained for pDNA-PK(T2609). A
significant amount of activation was observed at 0.5mM NEU (Figure 1V-4).
Although 1mM and 2mM NEU showed DNA-PK activation, a reduction in cell
number was observed upon the treatment which could be attributed to cell

death.

a. b.

PDNAPK activation

. %k ok

*kkE

N
o,
1

ok Kok

N
o
1

Average
focii per nucleus
- -

o (3.

T 1

(3
1

S S S S
& &

NEU (mM, 48h)

20

Hoechst 33258 (outline) / pDNA-PK (T2609

Figure 1V-4: HEK293 cells treated with different doses of NEU and stained
with pDNA-PK(T2609). a. Activation of DNA-PK can be observed by the
presence of foci (green) in the nucleus stained with Hoechst 33258 (blue). b.
depicts quantification of the number of pPDNAPK foci per nucleus (N=3,
n=200). Asterisks indicate Mann-Whitney U test significance values; **** p <

0.0001. Scale bar- 20um
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We used a NEU dose of 0.5mM and a UV dose of 10J/m? for further
experiments. Like MCF10A, HEK293 cells showed Golgi dispersal(Figure
IV-5a-b), an increase in acetylated tubulin (Figure IV-5 e-f) and nocodazole-

resistant microtubules (Figure IV-5c-d) post DNA damage.
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Figure 1V-5: DNA damage leads to microtubule Golgi dispersal and
microtubule stabilisation in HEK293 cells. a. shows cells stained with Golgi
(yellow) and nucleus (cyan) post-treatment with NEU (0.5mM, 48h) and UV

(10J/m?, 48h). b. shows the quantification of dispersal of Golgi (N=3, n=250).

Treatment with nocodazole reveals a subset of microtubules in cells with DNA
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damage, which resist depolymerization (N=3, n=150). Shown in c. are binary
images of the subset of microtubules and the nucleus, quantified in (d.) using
Imaged ridge detection tool. e. HEK293 cells treated with NEU (0.5mM, 48h)
and UV (10J/m2) stained for a-tubulin(magenta), acetylated-Tubulin(yellow),
and Hoechst 33258(cyan) show an increase in tubulin acetylation post DNA
damage (N=3, n=135). f. plot represents quantification of acetylated tubulin.
Asterisks indicate Mann-Whitney U test significance values; **** p < 0.0001;

*** p< 0.001. Scale bar- 20um

1.4.3 Activation of DNA-PK and Golgi dispersal is required for
microtubule stabilisation post DNA damage

To confirm that DNA-PK is involved in change in microtubule dynamics post
DNA damage, we checked for microtubule stabilisation in the presence of a
DNA-PK inhibitor (DMNB) in cells with and without DNA damage. Previous
data from the lab showed that inhibition of DNA-PK with DMNB following MNU
treatment showed a reversal of the Golgi dispersal and a partial reversal of
the transformation phenotype (Anandi et al., 2017). Treatment with DMNB
post-NEU treatment led to compaction of the Golgi apparatus (Figure IV-6a-
c¢). This proves that the dispersal of Golgi post-NEU is through the DNA-PK-
GOLPH3-MYO18A pathway proposed by Farber-Katz(Farber-Katz et al.,
2014). Further, a reduction in tubulin acetylation and nocodazole-resistant
microtubules was observed upon DMNB treatment (Figure IV-6d-g). This
confirms the involvement of DNA-PK in microtubule stabilisation post DNA

damage.
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Figure IV-6- DNA damage-induced microtubule stabilisation is through
activation of DNA-PK. (a) inhibition of DNAPK and reversal of golgi upon

treatment with 25mM DMNB for 24h, quantified in c and d (N=3, n=100). After
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NEU treatment, treatment with DMNB also reduces acetylated tubulin (N=3,
n=140) (b) and nocodazole-resistant microtubules (N=3, n=140) (f), which are
quantified in e and g, respectively. Asterisks indicate Kruskal-Wallis test
significance values; **** p < 0.0001, **p< 0.01 and ns — Non-significant. Scale

bar- 20pm

To investigate if microtubule dynamics post DNA damage changes through
Golgi structure disruption, we checked for microtubule stabilisation after
treatment with Latrunculin A (LatA). Field and group, in their 2014 study,
showed that F-actin is required for DNA damage-induced Golgi dispersal
(Farber-Katz, 2014). Using LatA to depolymerise actin post DNA damage led
to a reversal of the Golgi phenotype (Farber-Katz, 2014). Here we used LatA
to disrupt the DNA-PK-GOLPH3-MYO18A pathway and induce Golgi
compaction (Figure IV-7a-b). Treatment with LatA (250nM) for 6h reduced
acetylated tubulin and nocodazole-resistant microtubules (Figure IV-7c-f).
This indicates that microtubule stabilisation post DNA damage is through an

alteration in Golgi structure.
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Figure IV-7- DNA damage-induced microtubule stabilisation is through golgi
dispersal. (a) Depolymerisation of F-actin by LatA (250nM, 6h) leads to
compaction of the dispersed golgi fragment (N=3, n=90), quantified in (b). (c)
Treatment with LatA after NEU treatment leads to a reduction of acetylated
tubulin (N=3, n=110) and (e) nocodazole-resistant microtubules (N=3, n=110),

which are quantified in d and f, respectively. Asterisks indicate Kruskal-Wallis
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test significance values; **** p < 0.0001, ***p< 0.001, **p< 0.01 and ns — Non-

significant. Scale bar- 20um

1.4.4 DNA damage leads to an increase in Golgi-derived
microtubules

As previously explained, the microtubule and Golgi association is well studied
in the literature. This led us to explore if the mutual interaction between Golgi
and microtubule plays a role in DNA damage-induced microtubule
stabilisation. The results from the previous section indicate that Golgi
dispersal precedes microtubule stabilisation and is required for microtubule
stabilisation, suggesting that Golgi's reorganisation might lead to microtubule
stabilisation. Further, it was observed that acetylated microtubules were
closely associated with the dispersed Golgi elements (Figure IV-8), which

indicates that they might be Golgi nucleated.

T ool | e

Hoechst 33258 / | acetylated Tubulin

Figure 1V-8- Acetylated microtubules are associated with Golgi elements

(N=2, n=75). The image shows cells with and without NEU (2mM) treatment
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stained for acetylated tubulin (green), Golgi (red) and nucleus (blue). Scale

bar- 20um

To evaluate an increase in Golgi-associated microtubule, we sought to
quantify the newly originating microtubule at a steady state by using EB3-GFP
to label the microtubule plus-end and GalT-RFP to label Golgi. Due to the
dense microtubule network in the MCF10A cell, which is predominantly
centrosomal in origin, we could not differentiate microtubules originating from

the Golgi apparatus (Figure IV-9 ).
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Figure 1V-9- Maximum intensity project images of cells expressing EB3-GFP

(green) and GalT (red). (N=1, n=10). Scale bar- 20um

To circumvent this issue, we used a microtubule regrowth assay(Grimaldi et
al., 2013). The assay involves depolymerising the microtubule network using
either nocodazole or cold shock and letting the microtubules recover after
removing the depolymerising agent. As the microtubules re-polymerise, the
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site of its nucleation can be determined. Due to the presence of nocodazole-
resistant microtubules, the nocodazole dose required to depolymerise
microtubules completely in NEU-treated cells was standardised. The cells
were treated with three different concentrations of nocodazole (2.5 ug/ml, 5
ug/ml and 10 pg/ml) and incubated for 20mins, 60mins, 2h and 3h (Figure
IV-10 ). A nocodazole concentration of 2.5 ug/ml for 3h was finalised to be

used for the assay.

Nocodazole 2.5ug/mL, 20mins NEU (2mM, 48h)
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Figure 1V-10- Standardisation of nocodazole dose. Images show MCF10A
cells with and without NEU treatment incubated with three concentrations of
nocodazole (2.5 pug/ml, 5 ug/ml and 10 ug/ml) and incubated for 20mins,
60mins, 2h and 3h, stained for a-tubulin (magenta) and nucleus (cyan) (N=3,

n=210). Scale bar- 20um

The cells were treated with 2.5 ug/ml nocodazole and incubated for 3h. The

nocodazole was removed, the cells were supplemented with fresh media, and
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the microtubules were allowed to recover at 37°C. Cells were fixed at
timepoints during the recovery and stained for tubulin and Golgi to assess the
microtubules originating from Golgi. An increase in microtubule nucleation at
Golgi was observed 10mins post washout (Figure IV-11 ). However, the
microtubules failed to recover completely post washout (Figure IV-12). We
suspect that the nocodazole dose used was toxic for the cells as the
microtubules recovered completely in cells treated with 2.5 ug/ml nocodazole
and incubated for 20mins (Figure IV-13). Ice was used as an alternative

microtubule depolymerisation agent.
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Figure IV-11- NEU induced DNA damage leads to an increase in Golgi-
derived microtubules. Nocodazole washout assay was performed to
determine changes in the nucleation of microtubules at Golgi. Cells were
treated with 2.5ug/mL for 3h, then washed with cold PBS and supplemented
with fresh media. Microtubules were allowed to recover at 37°C and fixed and

stained for microtubules and Golgi. a. An increase in microtubule (magenta)
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nucleation at Golgi (yellow) was observed 10mins post nocodazole washout,
which was quantified (b.) by manually counting the number of nucleation sites

k*kkk

(N=3, n=70). Asterisks indicate Mann-Whitney U test significance values;

p < 0.0001. Scale bar-20pum
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Figure 1V-12- Nocodazole washout assay. a. Schematic shows the
experimental timeline. The cells were treated with nocodazole for 3h and
washout out. The cells were fixed at the indicated time points after washout.

As seen in b., the microtubules (magenta) start to repolymerise but stop
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recovering at 20mins. Depolymerized microtubules were observed at 30 and

60min timepoints. (N=4, n=150). Scale bar-20um

Nocodazole (2.5ug/mL) 20mins + washout

Hoechst 33258 /

Figure 1V-13- MCF10A cells treated with nocodazole (2.5 ug/ml, 20mins)
followed by nocodazole removal. The cells were then supplemented with fresh
media, and the microtubules were allowed to recover at 37°C. Cells were
fixed at time points during the recovery and stained for tubulin (green) and

nucleus (blue). (N=2, n=200). Scale bar-20pum
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Figure IV-14- Recovery after cold shock. a. Schematic shows the
experimental timeline. The cells were incubated on ice for 30mins and then
shifted to room temperature. The cells were fixed at the indicated time points.
b. It can be observed that the microtubules recover, and the microtubule

(magenta) array is complete by 20mins. It is to be noted that the Golgi
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(yellow) does not reassemble in NEU-treated cells, while it reassembles in

untreated cells. (N=3, n=110). Scale bar-20um

In case of recovery after cold shock, the microtubules array was restored, but
there was no microtubule nucleation at Golgi (Figure IV-14). The absence of
baseline Golgi-derived microtubules was a concern. Interestingly, NEU-
treated cells failed to reassemble their Golgi despite the complete recovery of
the microtubule array. Literature suggests that this indicates reduced dynein

activity (Miller et al., 2009).

1.5 Summary and discussion

In this chapter, we sought to elucidate how DNA damage led to microtubule
stabilisation. We observe that the NEU and UV-induced DNA damage led to
Golgi dispersal through the DNA-PK-GOLPH3-MYO18A pathway(Farber-Katz
et al., 2014). A reduction of acetylated tubulin and nocodazole-resistant
microtubules was observed upon treatment with DMNB post induction of DNA
damage. This led us to infer that DNA damage-induced microtubule

stabilisation through activation of DNA-PK.
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Figure 1V-15- DNA-PK activation and Golgi dispersal precede microtubule
stabilisation. a. following induction of DNA damage, DNA-PK activation occurs
around 10mins, followed by Golgi dispersal, which occurs around 4h.
Microtubule stabilisation occurs from 18h onwards. b. inhibition of activation of
DNA-PK (using DMNB) and Golgi dispersal (using LatA) led to a reversal of

DNA damage-induced microtubule stabilisation.

DNA-PK is known to localise to the centrosome and regulate microtubule
dynamics during mitosis. DNA-PK activates Chk2-BRCA1 signalling to ensure
proper spindle assembly (Shang et al., 2014). In the interphase of the cell
cycle, DNA-PK has been shown to increase microtubule polymerisation from
the centrosome in an Akt-dependent manner (Ma et al., 2021). These studies

suggest that DNA-PK can potentially regulate microtubule dynamics directly.

Alternatively, DNA-PK might be regulating microtubule dynamics by altering
Golgi structure. Golgi acts as the second primary microtubule organising
centre in the cell. Microtubules nucleated at the Golgi are known to be stable

and enriched in tubulin, which is acetylated and detyrosinated(Chabin-Brion et
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al., 2001; Skoufias et al., 1990; Thyberg and Moskalewski, 1993). We
hypothesised that the stable subset of microtubules we observe post DNA

damage are nucleated at the Golgi apparatus.

We used LatA, in the presence of DNA damage, to revert the Golgi to its
compact peri-nuclear morphology and looked for markers of microtubule
stabilisation. Treatment with LatA led to a reduction of acetylated tubulin and
nocodazole-resistant microtubule. This led us to conclude that DNA damage
leads to microtubule stabilisation by altering the Golgi structure. A microtubule
regrowth assay was performed to confirm the increase in GDMTs, which

showed an increase in microtubules arising from Golgi.

DNA-PK
dependent
Golgi dispersal

Nucleus .Golgiapparatus .Mlcrotubul

Figure IV-16- DNA damage leads to an increase in Golgi-derived
microtubules. Upon treatment with a DNA damaging agent, the intact Golgi
(a.) disperses (b.) in a DNA-PK-dependent manner which leads to an increase
in Golgi-derived microtubules (c.) which constitute the stable subset of

microtubules which are parallel.

85



When the ice recovery assay was performed, we observed that the Golgi
apparatus failed to reassemble in cells treated with NEU despite the complete
recovery of the microtubule network. This is a preliminary indication of a
defect in dynein function. Further studies need to be performed to explore the
possible alteration in dynein function upon DNA damage. It is also interesting
to note the difference in the observations made post microtubule regrowth

assay when two depolymerising agents are used.
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CHAPTER V

DNA damage leads to impaired

intracellular trafficking
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1.6 Background
Microtubules play an essential role in critical cellular processes. They form the
tracks for intracellular transport, enable polarised trafficking for cellular

migration and aid in proper chromosome segregation during cell division.

The localisation and function of organelles involved in intracellular transport
depend on the microtubule network(Vale, 1987). The centrosome, the primary
MTOC in the cells, is often juxtaposed with the endoplasmic reticulum and
Golgi apparatus, central organelles responsible for protein synthesis and
transport(Rios, 2014). Altering microtubule dynamics is known to change
Golgi structure and influence post Golgi transport(Skoufias et al., 1990;

Thyberg and Moskalewski, 1993).

Microtubules play a crucial role in migration by regulating front-rear cell
polarity and focal adhesion turnover(Vinogradova et al., 2009). Focal
adhesions (FAs) are a complex of proteins which connect the actin stress
fibres with the extracellular matrix through integrins. FAs turnover enables the
cells to crawl during migration. Actin and FA association is well studied,
whereas the association of microtubules with FAs has recently come into
focus. The microtubule network has been shown to associate and regulate FA
turnover physically(Etienne-Manneville, 2013; Seetharaman and Etienne-
Manneville, 2019). Microtubules tethered to the FA transport aid in the
transport and exocytosis of integrins, facilitating FA turnover. Interestingly, it
has been found that acetylated microtubules are involved in regulating

FAs(Bance et al., 2019).
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In this chapter, we wanted to investigate if any of these key processes are

affected by DNA damage-induced microtubule stabilisation.

1.7 Results

1.7.1 DNA damage does not lead alter collective cell migration
Previous studies from the lab, have shown that MNU induced DNA damage
led to transformation of breast epithelial cells through activation of DNA-
PK(Anandi et al., 2017). Cells transformed due to MNU treatment, showed an
increase in migratory capacity. Although, these studies had been done using
16-day acinar cultures, we see a change in microtubule dynamics as early as
48h. We wanted to assess if these changes in microtubule dynamics could
lead to changes in migration. Changes in migratory capacity of the cell at the
collective cell level were assessed by performing wound healing assay. We
did not observe any change in collective cell migration upon treatment with

MNU (1mM, 48h) (Figure V-1)
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Figure V-1- DNA damage does not lead to change in collective cell migration.

a. representative images of wound in a confluent monolayer of the cells with

and without MNU treatment. Percentage wound closure has been quantified
in b. Asterisks indicate Mann-Whitney U test significance values; ns- non-

significant. (N=3, n=9). Scale bar-100um

1.7.2 DNA damage led to mislocalisation of cell-cell junction and
polarity proteins through impaired intracellular trafficking.
Studies from lab and others show that, DNA damage induced Golgi dispersal

led to altered intracellular trafficking. We wanted to validate this in our system
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using the RUSH (Retention Using a Selective Hook) construct(Boncompain et
al., 2012; Boncompain and Perez, 2014). Two types of reporters were used in
this study — 1) Manll (a-Mannosidase Il) tagged with EGFP and 2) GPI
(Glycosylphosphatidylinositol) anchored EGFP. Manll is a Golgi resident
protein is destined to be transported to Golgi and was used to assess ER to
Golgi trafficking. GPI anchored proteins are plasma membrane associated

and thus were used to study defects in Golgi to plasma membrane trafficking.

When HEK293 cells were transfected with Manll construct, the GFP signal
was mainly localised to the ER. When the media was supplemented with
biotin, to release the cargo, the cargo was transported to the Golgi. It was
observed that the Manll reached the Golgi by 20mins while a delay was
observed in NEU treated cells (Figure V-2a). The phenotype was quantified
by plotting the percentage of cells having the signal at ER, Golgi and both at
each of the time points after biotin addition (Figure V-2b). A delay in Manll to
accumulate at Golgi implied defect in ER to Golgi transport. This observation
is concomitant with the failed Golgi reassembly during recovery from cold

shock.
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Figure V-2- DNA damage led to altered ER-Golgi trafficking. (a) delayed

trafficking of Manll-GFP to golgi apparratus was observed upon induction

DNA damage which has been quantified in (c). Graph represents percentage

of cells showing GFP signal in ER(yellow), Golgi (blue) or both (green) at the

indicated timepoints post biotin addition. (N=3, n=60). Scale bar-20pum

Similarly, a delayed transport of GPl anchored GFP to the plasma membrane

was also observed (Figure V-3a), which has been quantified by measuring a
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ratio of surface GFP/total GFP (Figure V-3b). This could be a cumulative

effect of delayed ER to Golgi and post-Golgi transport.

NEU (0.5mM, 48h)

Hoechst 33258 / | Surface GFP

b RUSH (GPI)

-e- Control -m~ Treated

ok ok ok

Surface GFP/ Total GFP

0 5 20 40 60
Time post biotin addition (mins)

Figure V-3- DNA damage led to altered ER-Golgi trafficking. An impaired
trafficking of GPI anchored EGFP was also observed (a) which has been
quantified in (b). Each point in the graph represents meantsem with the

asterisks indicating two-way ANOVA test significance value of p < 0.0001.

(N=3, n=70). Scale bar-20um
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As previously discussed, studies from the lab have shown the role of DNA-PK
in MNU induced transformation(Anandi et al., 2017). In that study, it has been
shown that MNU treatment leads to aberrant Golgi phenotype accompanied
by impaired trafficking. A notable loss of cell polarity was also observed,
which was considered a part of malignant transformation(Anandi et al., 2017).
Hence, we hypothesised that activation of DNA-PK, through changes in

cytoskeleton and Golgi, was leading to impaired trafficking of polarity proteins.

Immunostaining cells with E-cadherin (Figure V-4a), 3-catenin (Figure V-4b)
and a3-integrin (Figure V-4c), revealed mislocalisation of these proteins in
the cytoplasm. Diffused staining at the junctions as well as punctate structures
throughout the cytoplasm was seen in NEU treated cells as compared to a
clean junctional localisation in untreated cells (Figure V-4d-f). This suggests
impaired intracellular trafficking leading to mislocalisation of proteins destined

to the plasma membrane.
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Figure V-4- Mis-localization of E-cadherin, B-Catenin and a3-Integrin post
DNA damage. Immunostaining NEU treated cells for a. E-cadherin (N=3,
n=64), b. B-Catenin (N=3, n=40), and c. a3-Integrin (N=3, n=56) showed an
altered localisation of the cell-cell junction proteins. A pronounced distribution
of the proteins in the cytoplasm (white arrow) and a diffused staining (green
arrow) at the junctions was observed. The cytoplasmic proteins have been
quantified by measuring CTCF (Corrected Total Cell Fluorescence) and
plotted in (d-f). Asterisks indicate Mann-Whitney U test significance values;

“*** p < 0.0001. Scale bar-20pum
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1.7.3 DNA damage leads to a permanent change in microtubule
dynamics

Long-time-course experiment was performed in which the cells were cultured
after DNA damage to assess if the change in microtubule dynamics was a
temporary effect of DNA damage. The cells were extracted every 3 days and
immuno-stained for pPDNA-PK(T2609), Golgi, acetylated microtubules and
nocodazole resistant microtubules. It was observed the DNA-PK was active till
day 9 (Figure V-5) along with a dispersed Golgi apparatus (Figure V-6).
Interestingly, microtubules remained stabilised till day 9 long after the initial
dose of NEU has been washed away (Figure V-7;Figure V-8). We could not
examine microtubule stabilisation in cells further than 10days as MCF10A

cannot be kept in continuous culture for more than 10days.
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Figure V-5- Long-time course experiment shows activation of DNA-PK till day
9. Images showing pDNA-PK(T2609) foci (yellow) against nucleus (blue). The
foci have been quantified per day (b-d). Asterisks indicate Mann-Whitney U

test significance values; **** p < 0.0001 (N=2, n=80). Scale bar-20um
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Long-time course experiment shows activation of Golgi dispersal

till day 9. Images showing Golgi (yellow) against nucleus (cyan). The Golgi

area has been quantified per day (b-d). Asterisks indicate Mann-Whitney U

test significance values; **** p < 0.0001 (N=2, n=80). Scale bar-20um
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Figure V-7- Long-time course experiment shows increase tubulin acetylation
till day 9. Images showing acetylated tubulin (yellow) against nucleus (cyan).
Tubulin acetylation has been quantified per day (b-d). Asterisks indicate
Mann-Whitney U test significance values; **** p < 0.0001; *** p < 0.001; ** p <

0.01 (N=2, n=75). Scale bar-20um
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Figure V-8- Long-time course experiment shows presence of nocodazole
resistant microtubules till day 9. (a) Images showing binary images of
nocodazole resistant microtubules. The nocodazole resistant microtubules
hae been quantified per day (b-d). Asterisks indicate Mann-Whitney U test

significance values; **** p < 0.0001 (N=2, n=70). Scale bar-20um
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1.8 Summary and discussion
In this chapter, we sought to examine the possible effect of DNA damage
induced microtubule stabilisation. We assessed for changes in cell migration
and intracellular trafficking. Wound healing assay was performed to examine
changes in cell migration. Previous studies with MNU from lab report no
change in collective cell migration but an increase in single cell migration was
observed. Further experiments checking single cell migration need to be
performed to ascertain that there no change in migratory capacity of the cell

after DNA damage.

Although we did not observe any change in cell migration, we observed a
significant delay in intracellular trafficking. A prominent mislocalisation of cell-
cell junction proteins such E-cadherin and b-catenin was observed post DNA
damage. This further, ties in with studies from lab which have shown loss of
polarity upon treatment with NEU and MNU-induced transformation(Anandi et

al., 2017; Bodakuntla et al., 2014).

We also observed that DNA damage induced a lasting change in microtubule
dynamics. From these observations, we hypothesise that DNA damage-

induced microtubule stabilisation might be an early sign of transformation.
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CHAPTER VI

Discussion and Future perspectives
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1.9 Conclusion
Based on this study's results and supporting data from previous studies, we
report a model of change in microtubule dynamics as a response to DNA
damage. DNA damage leads to activation of DNA-PK, which leads to Golgi
dispersal in the GOLPH3-MYO18A-F-actin pathway(Farber-Katz et al., 2014).
Active DNA-PK phosphorylates GOLPH3, which strengthens its association
with the MYO18A-F-Actin complex, which leads to Golgi dispersal. Golgi
dispersal leads to an increase in microtubules nucleated at Golgi through an
unknown mechanism. These Golgi-derived microtubules are stable, marked
by an enrichment of acetylated tubulin and resistance to nocodazole. An
increase in Golgi-derived microtubules changes the balance of centrosomal to
non-centrosomal microtubules in the cells, which results in altered intracellular
transport. It was observed that change in intracellular trafficking led to
mislocalisation of cell-cell junction and polarity proteins such as E-cadherin, b-

catenin and a3-integrin.
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Figure VI-1- DNA damage leads to Golgi dispersal through the DNA-PK-
GOLPH3-MYO18A axis. Golgi dispersal leads to an increase in GDMTs. Due
to the difference in dynamics of GDMTs, the trafficking of proteins to the
membrane gets altered, leading to the mislocalisation of polarity proteins. We
hypothesise that this is the mechanism through which DNA damage might

lead to transformation.
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This study falls at the juncture of DNA damage response and regulation of the
cytoskeleton. Therefore, this study unlocks several questions, expanding our
understanding of cellular response to genotoxic stress and improving our
regulation of Golgi- microtubule association. Two future directions are

discussed below.

1.10 Microtubule stabilisation as a cell stress response
Microtubules play diverse roles in the cell, and microtubule dynamics is
essential in regulating these functions. Microtubule dynamics and variations in
tubulin isotypes, tubulin PTMs and MAPs are increasingly recognised to
maintain cell homeostasis and influence cellular response to stress. Emerging
evidence indicates the role of tubulin code in regulating the response to

hypoxia, metabolic, mechanical and genotoxic stress(Parker et al., 2014).

A dramatic reorganisation of microtubules was observed when cells were
exposed to reduced oxygen levels. An increase in microtubule polymerisation
and stabilisation was observed under hypoxic conditions. The changes in
microtubule dynamics were associated with inhibition of GSK3b by activation
of Akt(Yoon et al., 2005). This led to microtubule stabilisation marked by an
increase in de-tyrosinated tubulin. Interestingly, they observed an increase in
Rab11-dependent trafficking of a6b4-Integrin(Yoon et al., 2005). Other
mechanisms involve MAP4 and non-phosphorylated DYNLT1 protecting

microtubules against depolymerisation(Fang et al., 2011; Xu et al., 2013).
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Microtubules have been shown to sense and respond to metabolic stress and
modulate cellular metabolic processes. One of the early studies reported that
microtubules are sensitive to ATP levels and depolymerise in response to
elevated ATP levels. AMPK, a metabolic sensor, modulates microtubule
dynamics by phosphorylating CLIP170(Nakano et al., 2010). CLIP170
phosphorylation leads to an increase in microtubule growth and rescue.
Another study showed that AMPK regulates a-tubulin acetyltransferase-1 (a-
TAT1) activity leading to tubulin hyperacetylation upon metabolic
stress(Mackeh et al., 2014). Cell stress in the form of treatment with NaCl and
UV radiation led to phosphorylation of CLIP170 through JNK activation,

resulting in microtubule stabilisation(Henrie et al., 2020).

p53, a key regulator of genotoxic stress, depends on the microtubule for its
translocation to the nucleus in response to DNA damage(Giannakakou et al.,
2000). Later studies from the same group showed that disrupting microtubules
interfered with the transport of DDR proteins to the nucleus(Poruchynsky et
al., 2015). DNA damage has been reported to cause microtubule acetylation
through aTAT1(a-tubulin acetyltransferase) and is essential for checkpoint
activation post DNA damage(Ryu and Kim, 2020). Although this was the first
study to report microtubule stabilisation upon DNA damage, they did not delve
into the mechanism. Another study in 2021 showed that DSBs (double-strand
breaks) increase microtubule polymerisation (Ma et al., 2021). They showed
that DSBs resulted in an increase in centrosomal microtubules in a DNA-PK-
Akt-dependent manner. The change in microtubule dynamics was shown to
be transient and required for proper NHEJ(Ma et al., 2021). They do not

comment on non-centrosomal microtubules.
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Interestingly, the Golgi apparatus is another organelle which responds to a
wide range of cell stress(Machamer, 2015). Golgi is known to fragment and
disperse when the cell is exposed to pharmacological and oxidative
stress(Alvarez-Miranda et al., 2015). Together, it would be interesting to study
if Golgi dispersal-dependent microtubule stabilisation is limited to genotoxic
stress or might be a general stress response of the cell and how DNA

damage-induced Golgi dispersal leads to an increase in GDMTs.

1.11 Microtubules, Golgi-derived microtubules and cancer
Changes in microtubule dynamics and Golgi dispersal have frequently been
associated with cancer. Golgi in cancer cells is often fragmented and
dispersed throughout the cytoplasm instead of a ribbon-shaped perinuclear
localisation in non-cancerous cells(Bui et al., 2021). One significant factor
influenced by Golgi structure is protein sorting and glycosylation(Zhang and
Wang, 2016). Studies show that Golgi fragmentation led to accelerated
trafficking of proteins such as a5-integrin and VSV-G(Kellokumpu et al., 2002;
Xiang et al., 2013). The Golgi structure is known to influence and be
influenced by several hallmarks of cancer. Cell migration, EMT, cell survival
and proliferation, significant hallmarks of cancer, have all been shown to

regulate or regulate the Golgi apparatus(Bisel et al., 2008; Bui et al., 2021).

Microtubule dynamics are directly associated with cell migration and invasion
through their essential role in intracellular trafficking and cell mechanics. As
discussed earlier, microtubules modulate cell polarity by selectively
transporting cargo towards the cell's leading edge, which is crucial for
migration(Etienne-Manneville, 2013; Seetharaman and Etienne-Manneville,

2019). Microtubules also influence focal adhesion turnover by regulating
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integrin exocytosis in an a-TAT1-dependent manner(Bance et al., 2019;
Ezratty et al., 2005). Years before the mechanism by which microtubules
regulate focal adhesion dynamics was elucidated, an association between
increased tubulin acetylation and cancer progression was made. Upregulation
of tubulin acetylation was observed in metastatic breast tumours and cell
lines(Boggs et al., 2015). Tubulin acetylation was necessary for the
reattachment of circulating tumour cells due to its role in the micro-tentacle
formation. Tubulin de-tyrosination was also associated with micro-tentacle

formation(Whipple et al., 2007).

Cell migration requires the cell to coordinate the microtubule-Golgi association
and dynamics(Rios, 2014). Golgi-derived microtubules are central to
generating and maintaining cell asymmetry crucial for cell
migration(Vinogradova et al., 2009). GDMTs are stable, enriched in acetylated
and de-tyrosinated tubulin, and are both upregulated in cancers(Thyberg and
Moskalewski, 1993). An increase in GDMTs leads to cell elongation, often
associated with the malignant transformation of epithelial cells(Gavilan et al.,
2018). Although the connection is apparent when all the evidence is put
together, there is no study directly associating change in the level of GDMTs

with cancer progression.

Studies from the lab have shown that DNA damage induced by NEU and
MNU led to the transformation of breast epithelial cells(Anandi et al., 2017;
Bodakuntla et al., 2014). DNA-PK activation was shown to be central in the
transformation of MCF10A cells after MNU treatment(Anandi et al., 2017).
Both studies' observations were made on the 16th day of MCF10A acinar

culture while changes in microtubule dynamics are observed as early as 18h
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post DNA damage. The results from this study might give an insight into the
early events of transformation. Further studies must be performed to
understand how the increase in GDMTs might contribute to DNA damage-
induced transformation. This would further contribute to a more extensive

understanding of how GDMTs are associated with cancer progression.
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Abstract

The site of nucleation strongly determines microtubule organisation and dynamics.
The centrosome is a primary site for microtubule nucleation and organisation in most
animal cells. In recent years, the Golgi apparatus has emerged as a site of
microtubule nucleation and stabilisation. The microtubules originating from Golgi are
essential for maintaining Golgi integrity post-Golgi trafficking, establishing cell
polarity and enabling cell motility. Although the mechanism of nucleation and
functional relevance of the Golgi-nucleated microtubule is well established, its
regulation needs to be better studied. In this study, we report that DNA damage
leads to aberrant Golgi structure and function accompanied by reorganisation of the
microtubule network. Characterisation of microtubule dynamics post DNA damage
showed the presence of a stable pool of microtubules resistant to depolymerisation
by nocodazole and enriched in acetylated tubulin. Investigation of the functional
association between Golgi dispersal and microtubule stability revealed that the Golgi
elements were distributed along the acetylated microtubules. Microtubule regrowth
assays showed an increase in Golgi-derived microtubule post DNA damage.
Interestingly, reversal of Golgi dispersal reduces microtubule stabilisation. Altered
intracellular trafficking resulting in mislocalisation of cell-cell junction proteins was
observed post DNA damage. We propose that the increase in stable microtubules
deregulates intracellular trafficking, resulting in cell polarity changes. This study
would thus be the first to demonstrate the link between Golgi dispersal and

microtubule reorganisation orchestrating changes in cell polarity.
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Introduction

Microtubules (MTs) are one of three dynamic polymers that constitute the cell’s
cytoskeleton. Microtubules are formed by end-to-end polymerisation of a/p- tubulin
heterodimers which come together to form a hollow cylindrical structure. They are
polarised filaments with the minus (-) end anchored at the nucleating centre and the
plus (+) end radiating towards the cell membrane. The centrosome is the primary
microtubule organising centre in mammalian cells, followed by the Golgi apparatus.
The organisation and dynamics of the MT arrays are determined by their site of
nucleation. Golgi-derived microtubules (GDMTs) are dynamically different from
centrosomal microtubules. GDMTs are more stable and enriched in tubulin acetylation
and detyrosination (Chabin-Brion et al., 2001; Skoufias et al., 1990; Thyberg and
Moskalewski, 1993). They contribute to cell asymmetry by facilitating polarised
trafficking toward the cell's leading edge during cell migration (Vinogradova et al.,
2009).

Microtubules play myriad functions inside the cell, and microtubule dynamics are
essential in regulating these functions. A complex signalling mechanism is in place to
translate externals cues to a cellular response through changes in microtubule
dynamics. A growing body of literature emphasises the role of microtubules in the
cellular response to stress such as hypoxia, metabolic stress, mechanical stress and

genotoxic stress (Parker et al., 2014).

A decrease in microtubule polymerisation is observed in anoxic conditions, while
increased polymerisation is observed under hypoxia(Hu et al., 2010). The response to
hypoxia has been reported to occur through GSK3p , resulting in Rab11-dependent
trafficking of a6p4-integrin(Yoon et al., 2005). Under anoxic conditions, MAP4
phosphorylation leads to microtubule stabilisation (Hu et al., 2010). The dynein light
chain has been shown to regulate mitochondrial permeability through its interaction
with voltage-gated anion channels(Fang et al., 2011). Microtubules are known to
respond to metabolic stress and have been implicated in regulating cellular
metabolism (Bershadsky and Gelfand, 1981). AMPK, a metabolic stress sensor,
phosphorylates CLIP170 and affects microtubule dynamics(Nakano et al., 2010). In
neuronal cells, axonal microtubule growth is inhibited upon metabolic stress in an

AMPK-dependent manner (Williams et al., 2011). Nutrient starvation has also been
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shown to lead to microtubule hyperacetylation and has been associated with

starvation-induced autophagy (Geeraert et al., 2010).

DNA damage response (DDR) is a well-orchestrated signalling network which, in
response to DNA damage, leads to the detection of DNA lesions, cell cycle arrest,
transcriptional activation of DNA repair genes and, ultimately, DNA repair (Jackson
and Bartek, 2009). Classical studies contributing to our understanding of DDR majorly
involve nuclear processes. The cytoplasmic effect of DDR, especially concerning the

cytoskeleton, is recently being explored.

One of the initial studies linking DDR to cytoskeleton showed that p53, an essential
DDR protein, is transported to the nucleus via microtubules in response to DNA
damage (Giannakakou et al., 2000). Later a study in 2014 reported that upon DNA
damage, DNA-PK phosphorylates GOLPH3 leading to Golgi dispersal through actin
modulation (Farber-Katz et al., 2014). GOLPH3 is a Golgi membrane protein that
interacts with the unconventional MYO18A-F-actin complex to maintain the
perinuclear ribbon morphology of the Golgi apparatus (Dippold et al., 2009).
Phosphorylation by DNA-PK leads to increased interaction between GOLPH3-
MYO18A which adds a tensile force on the Golgi, thereby dispersing it throughout the
cytoplasm (Farber-Katz et al., 2014). The following year, Tito Fijo’s group showed that
microtubule poisons interfere with the transport of DNA repair proteins to the nucleus,
delaying DNA repair (Poruchynsky et al., 2015). A more recent study by Mi Ryu reports
microtubule stabilisation upon induction of genotoxic stress. An increase in tubulin
acetylation by a TAT1(a-Tubulin acetyltransferase) is essential for activating the S and
G2/M checkpoints post-DNA damage (Ryu and Kim, 2020). Although this was the first
study to report a direct association of microtubule dynamics with DNA damage, it did
not delve into how DNA damage might lead to microtubule stabilisation. A more recent
study reported that DNA damage leads to a transient change in microtubule dynamics
which is necessary for DNA repair through the non-homologous end joining (NHEJ)
pathway. They observed an increase in the polymerisation of centrosomal
microtubules through the activation of DNA-PK but did not comment on the stability of
the microtubules (Ma et al., 2021).

In this study, we report that DNA damage leads to dramatic reorganisation of the
microtubules and their dynamics through increased GDMTs. Treatment with DNA

damaging agents led to microtubule stabilisation accompanied by dispersal of Golgi,
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as previously reported. Further investigation revealed that the changes in Golgi
morphology were essential for microtubule stabilisation. DNA damage-induced Golgi
dispersal led to an increase in GDMTs, which are stable. Interestingly, an increase in
genomic instability induced stable microtubules and Golgi-derived microtubules were
observed in MCF10CA1a cells in comparison to MCF10A. We also report impaired
intracellular trafficking leading to a mislocalisation of cell-cell junction proteins,
possibly due to altered microtubule dynamics.

Results

DNA damage leads to microtubule stabilisation

Non-tumorigenic MCF10A cells were treated with a sub-lethal dose of 2mM NEU
(Bodakuntla et al., 2014) or 10J/m? UV(Fong et al., 2010) to induce DNA damage
and were analysed for microtubule stabilisation. Microtubule stabilisation was tested
using two complementary methods — one, checking for resistance to
depolymerisation induced by nocodazole treatment (Xu et al., 2017), and the other
was monitoring the +TIP dynamics using the EB3 construct (Miller et al., 2009).
MCF10A cells with and without DNA damage were treated with nocodazole
(2.5ug/ml, 20mins) and stained for a-tubulin to assess the extent of microtubule
depolymerisation. We observed that cells post DNA damage showed resistance to
nocodazole treatment (Fig 1a-b). Nocodazole treatment revealed a subset of
microtubules which were hyper stable and resistant to depolymerisation, indicating a

change in microtubule dynamics.

Further, we used EB3 dynamics as a surrogate for assessing microtubule growth
dynamics. Cells with and without DNA damage were transfected with the EB3
construct, and the EB3 comets were imaged. NEU-treated cells appeared to have
longer microtubule tracks than untreated cells (Fig 1¢). Quantifying EB3 dynamics
showed a significant increase in MT lifetime and length. At the same time, a
decrease in speed was observed in the NEU-treated cells compared to the untreated
control, indicating MT stabilisation (Fig 1d-f). Tubulin acetylation is a tubulin PTM
which is often associated with stable microtubules. Hence, cells were stained with a-
tubulin to check if DNA damage led to changes in tubulin acetylation. A significant
increase in K40 tubulin acetylation was observed in both NEU and UV-treated
MCF10A cells compared to the untreated control cells (Fig 1 g and h). We also
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observed that post DNA damage, the microtubules were arranged in parallel arrays,
compared to the radial arrays observed in the untreated cells (Supp Fig 1 a-c). In
addition, a dramatic change in the morphology of the cells was observed after
treatment with NEU. The cells appeared to be more elongated and larger, where the
NEU-treated cells showed significant increases in the cell area, nucleo-cytoplasmic
ratio, circularity and aspect ratio (Supp Fig 1 d-g), which might be attributed to the
changes in the microtubule network. This phenotype was further confirmed in the
HEKZ293 cell line. The NEU dose was first standardised for the HEK293 cells where
the cells were treated with 0.5 mM, 1 mM and 2 mM NEU and stained for
phosphorylated DNA-PK (T2609) to obtain a sublethal dose of NEU with sufficient
DNA damage (Supp Fig 2 a-b). NEU dose of 0.5 mM dose was used for further
experiments. An increase in nocodazole-resistant microtubules, as well as an
increase in tubulin acetylation, were observed when HEK293 cells were treated with
0.5 mM NEU for 48 hrs and 10 J/m? UV for 48 hrs (Supp Fig 2 c-f) thus

demonstrating that the changes in microtubule dynamics are not cell line specific.
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Figure 1: MCF10A cells showed an increase in microtubule stability post-DNA
damage. (a) NEU (2 mM, 48 hrs) or UV (10 J/m?) damaged cells, when treated with
nocodazole, revealed a subset of microtubules resistant to depolymerisation that
were represented as binary images. (b) The nocodazole-resistant MTs were
quantified using Imaged ridge detection tool (N=3, n=140 cells). Asterisks indicate
Mann-Whitney U test significance values; **** p < 0.0001. (c) EB3 assay was
performed on cells treated with and without 2 mM NEU for 48 hrs, and live-cell

imaging was performed. A few EB3 comets are shown. The EB3 comets were
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manually tracked and quantified using MtrackdJ plugin on ImageJ to show comet (d)
duration, (e) length and (f) speed (N=3, n=120 cells, 25 MT tracks per cell). (g)
MCF10A cells treated with NEU (2mM, 48h) and UV (10J/m?) were stained for o-
tubulin (magenta), acetylated tubulin (yellow), and Hoechst 33258 (cyan), showed
increased tubulin acetylation post DNA damage. (h) Bar graph representing the
quantification of acetylated tubulin (N=3, n=125 cells). Statistics analysis was
performed for all the experiments using the Mann-Whitney U test with significance
values **** p < 0.0001; ** p< 0.01; * p < 0.05.

Activation of DNA-PK precedes Golgi dispersal, followed by the appearance of

a stable pool of microtubules.

To decipher how DNA damage might lead to changes in microtubule dynamics, we
investigated the activation of DNA-PK and Golgi dispersal following DNA damage.
Since Golgi has a close association with microtubules, we proposed that changes in
microtubule dynamics might be through Golgi dispersal. Activation of DNA-PK
(T2609) and dispersal of Golgi were detected 48 hrs post-NEU and UV treatment
(Supp Fig 3 a-h), thus implying that Golgi dispersal post-NEU and UV treatment
might be through the DNA-PK-GOLPH3 pathway (Farber-Katz et al., 2014). The
presence of active DNA-PK foci at 48 hrs demonstrated that DNA damage lesions
have not been repaired and that the change in microtubule dynamics may be in
response to the DNA damage. To investigate the temporal dynamics of DNA-PK
activation, Golgi morphology changes and tubulin acetylation occurring post DNA
damage, cells were treated with 2 mM NEU for different time durations and
analysed. Phosphorylation of DNA-PK (T2609) was observed as early as 10 mins,
while Golgi dispersal was observed from 4 hours post-NEU treatment (Fig 2 a-b;
Supp Fig 4 a-b). Both these events preceded the presence of nocodazole-resistant
microtubules and tubulin acetylation, that were observed 18 hrs post-NEU treatment
(Fig 2 c-f).
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Figure 2: The activation of DNA-PK and Golgi dispersal precedes microtubule
stabilisation. MCF10A cells were treated with 2 mM NEU and checked for (a)

activation of DNA-PK at threonine 2609 at different time points. A significant increase

in pDNA-PK foci was observed from 10 mins post NEU treatment which remained
active till 48 hrs (N=3, n=420 cells). (b) Golgi dispersal was observed 4 hrs post DNA

damage (N=3, n=220). (c) the appearance of nocodazole-resistant microtubules at

18hrs after NEU treatment was depicted as binary images of tubulin and nucleus

(both in grey) that were quantified in (d) using a ridge detection tool (N=3, n>10
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fields per timepoint). (e). An increase in tubulin acetylation (magenta) was observed
at 18 hrs in cells with dispersed Golgi (yellow). Hoechst 33258 (cyan) was used to
stain the nucleus in the cells (N=3, n=290 cells). (d) Bar graphs showing the
quantification of acetylated tubulin in the cells. Kruskal-Wallis test for significance
was performed on all the data **** p < 0.0001, **p< 0.01, *p< 0.05 ns — non-
significant.

To test whether activation of DNA-PK is required for microtubule stabilisation, cells
were treated with DMNB, a small molecule inhibitor against the catalytic subunit of
DNA-PK (Durant and Karran, 2003). A significant reduction in tubulin acetylation (Fig
3 a-b) and nocodazole-resistant microtubules (Fig 3 c-d) were observed in cells
treated with DMNB following 2mM NEU treatment for 48 hrs compared to the
untreated control cells. Inhibition of DNA-PK was previously reported to revert DNA
damage-induced Golgi dispersal (Anandi et al., 2017; Durant and Karran, 2003;
Farber-Katz et al., 2014). DNA damage-induced Golgi dispersal has been shown to
involve the actin cytoskeleton, and its depolymerisation to revert the dispersal of
Golgi (Dippold et al., 2009; Farber-Katz et al., 2014). To assess whether activation of
DNA-PK leads to microtubule reorganisation by altering Golgi distribution,
Latrunculin A (LatA, an actin depolymerising agent) was used to condense Golgi in
the presence of DNA damage. LatA treatment led to a significant reduction in
acetylated tubulin (Fig 3 e-f) and nocodazole-resistant microtubules (Fig 3 g-h),
similar to the inhibition of DNA-PK. Thus, it may be inferred that the stabilisation of
microtubule post DNA damage is mediated through the DNA-PK-Golgi axis.
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The cells were stained for GM130 (yellow) that marked the Golgi, Hoechst 33258
(cyan) for the nucleus and acetylated tubulin (magenta). Inhibition of DNA-PK using
DMNB post-NEU treatment showed a reduction in the acetylated tubulin in DMNB
and NEU-treated cells compared to cells with only NEU treatment (N=3, n=100
cells). (b) The intensity of acetylated tubulin was quantified and represented as bar
graphs. (¢) 2.5 ug/ml nocodazole was added to 2 mM NEU-treated cells for 48 hrs
with or without DMNB and checked for pDNA-PK (Thr 2609) foci (yellow) and a-
tubulin (binary image) (N=3, n>10 fields per treatment). (d) violin plots representing
nocodazole-resistant microtubules that were quantified using a ridge detection tool.
(e) Latrunculin A (Lat A) was added at 250 nM for 6 hrs to the NEU-treated (2mM, 48
hrs) cells and control cells and stained for Hoechst 33258 (cyan) for the nucleus,
acetylated tubulin (yellow) and a-tubulin (magenta). Phalloidin was used as a
positive control for Lat A treatment (N=3, n=110 cells). Depolymerisation of F-actin
by Lat A led to a reduction in tubulin acetylation that was quantified in (f) and
represented as bar graphs. (g) Lat A (250 nM, 6 hrs) was added to nocodazole (2.5
ug/ml, 20 mins) treated control and NEU (2 mM, 48 hrs) treated cells and stained for
Hoechst 33258 and a-tubulin. Phalloidin was used as a positive control for Lat a
treatment (N=3, n>10 fields per treatment). (h) Violin plots representing nocodazole-
resistant MTs that were quantified using a ridge detection tool. Statistical analysis
was performed using Kruskal-Wallis test with significance values; **** p < 0.0001,

***p< 0.001, **p< 0.01 and ns — non-significant.
DNA damage leads to an increase in Golgi-derived microtubules.

Golgi and microtubules are functionally dependent on each other. Microtubules play
an essential role in maintaining Golgi structure (Vinogradova et al., 2012). Treating
cells with microtubule poisons displays a fragmented and dispersed Golgi (Thyberg
and Moskalewski, 1993; Wehland et al., 1983). On the other hand, a significant
proportion of microtubules in mammalian cells originate from Golgi, and there is
increasing evidence that these microtubules are stable. We hypothesised that the
stable pool of microtubules which appear post DNA damage are non-centrosomal
microtubules that nucleated at the Golgi apparatus. In the cells treated with NEU, we
observed that the stable acetylated microtubules were associated with the dispersed
Golgi apparatus, which indicated that they may have nucleated from the Golgi (Fig.

4a). To confirm whether there is an increase in GDMTs, microtubule regrowth assay
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was performed following treatment of cells with 2.5 ug/ml nocodazole. A time-course
was performed to check for complete depolymerisation of the microtubules. A
treatment of 2.5 ng/ml nocodazole for 3 hrs resulted in almost complete
depolymerisation of microtubules which was used for the washout assay (Fig. 4b).
Close observation of cells recovering from microtubule depolymerisation showed that
a significant number of microtubules were nucleated from the Golgi post-NEU

treatment (Fig.4c-d).
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Figure 4: NEU-induced DNA damage leads to an increase in Golgi-derived
microtubules. (a) Untreated and 2 mM NEU treated (48 hrs) MCF10A cells were
stained for acetylated tubulin (yellow), GM130 (magenta) and Hoechst 33258 (cyan)
to check for Golgi elements distributed along the acetylated microtubules (N=2, n=75
cells). (b) Representative images of NEU-treated cells incubated with 2.5 ng/mL
nocodazole for 20 mins, 60 mins, 2 hrs and 3 hrs are shown. Nocodazole dose of
2.5ug/mL for 3 hrs led to complete depolymerisation of microtubules in NEU-treated

cells. (¢) A Nocodazole washout assay was performed to determine changes in the
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nucleation of microtubules from the Golgi. Cells were treated with 2.5ug/mL for 3h,
then washed with cold PBS and supplemented with fresh media. Microtubules were
allowed to recover at 37°C and fixed and stained for a-tubulin (magenta), GM130
(yellow) and Hoechst 33258 (cyan). An increase in microtubule nucleation at Golgi
was observed 10 mins post nocodazole washout, which was quantified in (d) by
manually counting the number of nucleation sites (N=3, n=70). Asterisks indicate

Mann-Whitney U test significance values; **** p < 0.0001.
Golgi-derived microtubules are associated with genome instability.

DNA damage-induced Golgi dispersal has been proposed to be an adaptive
mechanism in response to genotoxic insults through altering the trafficking of
proteins(Buschman et al., 2015; Farber-Katz et al., 2014). Given the importance of
the Golgi-microtubule association in intracellular trafficking, we hypothesised that
GDMTs might contribute to the survival of cells with genomic instability. To ascertain
the association of an increase in GDMT to genome instability, we compared the
levels of GDMTs in a malignant cell line with the non-tumorigenic MCF10A. The
MCF10A isogenic cell line series was used to investigate the association for a valid
comparison. Anandi et al. have shown that MCF10AT1 and MCF10CA1a have an
aberrant Golgi structure due to atypically active DNA-PK, which confirmed that the
DNA-PK-Golgi axis is active in the cell line (Anandi et al., 2017). Thus, it was
interesting to study if the malignant cell line, MCF10CA1a, had higher levels of stable

microtubules and Golgi-derived microtubules compared to MCF10A cells.

It was observed that MCF10CA1a had increased levels of tubulin acetylation (Supp
Fig.5 a and b). Additionally, increased levels of nocodazole-resistant microtubules
were detected at 2.5mg/ml nocodazole incubated for 20 mins (Supp Fig.5 ¢ and d).
For studying microtubule regrowth in MCF10CA1a cells, the nocodazole dose was
standardised, and a dose of 2.5mg/ml for 3h was found appropriate (Supp Fig.5 e).
MCF10CA1a was observed to have a higher number of microtubules nucleated at
the Golgi (Fig.5 a-b). Hence, MCF10CA1a, a malignant cell line with inherent DNA

damage, has more stabilised microtubules and Golgi-derived microtubules.

To assess if the microtubule dynamics in MCF10CA1a are linked to Golgi dispersal,
we checked for stable microtubules following Latrunculin A (Lat A) treatment. Upon
Lat A treatment, a reduction in tubulin acetylation and nocodazole-resistant

microtubules were observed in the MCF10CA1a cells compared to the MCF10A cells
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(Fig.5 c-f). Therefore, we conclude that microtubule stabilisation in MCF10CA1a
cells is also through the DNA-PK-Golgi axis.
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Figure 5: The malignant MCF10CA1a cells have higher levels of Golgi-derived
microtubules. MCF10A and MCF10CA1a were stained for microtubules and Golgi
post nocodazole washout as previously described. a. A higher number of

microtubules (magenta) were observed to be nucleated from Golgi (yellow) in
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MCF10CA1a in comparison to MCF10A, which was quantified by counting the
nucleation sites and plotted in (b.). Asterisks indicate Mann-Whitney U test
significance values; **** p < 0.0001. Microtubule stabilisation in MCF10CA1a was
seen to be dependent on Golgi dispersal. Treatment with Lat A (250nM, 6h) led to a
reduction in tubulin acetylation (c. and d.) and nocodazole-resistant microtubules (e.
and f.) in MCF10CA1a cells. Asterisks indicate Kruskal-Wallis test significance
values; **** p < 0.0001, ***p< 0.001, **p< 0.01 and ns — non-significant.

DNA damage results in impaired intracellular trafficking

Golgi and microtubule dynamics are fundamental for transporting cargo from the
endoplasmic reticulum (ER) to the destined cellular compartments. Studies have
reported that DNA damage-induced Golgi dispersal leads to an impaired intracellular
trafficking (Anandi et al., 2017; Farber-Katz et al., 2014). In this study, we wanted to
investigate whether NEU treatment leads to impaired intracellular trafficking, thereby
affecting cell polarity. RUSH assay with GPI (Glycosylphosphatidylinositol) anchored
EGFP as reporters were used for testing for defects in intracellular trafficking post-
NEU induced DNA damage (Boncompain et al., 2012). A delayed transport of GPI-
EGFP to the plasma membrane was observed, indicating a defect in Golgi trafficking
(Fig. 6a-b). A dispersed Golgi could also result in defective transport of the cargo to
the Golgi. To test this, we used the RUSH construct with mannosidase-Il tagged with
EGFP (Manll-EGFP) as a cargo. A delayed accumulation of Manll in Golgi was also
observed in NEU-treated cells, indicating a defective ER to Golgi transport (Supp
Fig. 6a-b). To examine if the defects in trafficking affected the localisation of cell
polarity proteins, immunostaining of cells with E-cadherin, B-catenin, and a3-integrin
showed either mislocalisation of these proteins in the cytoplasm or diffused staining
at the junctions (Fig. 6¢c-e) which was quantified (Fig. 6f-h) by measuring the CTCF

(Corrected Total Cell Fluorescence) of the cytoplasm.
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Figure 6: NEU-induced DNA damage led to impaired intracellular trafficking. (a)
Representative images of cells expressing GPI anchored EGFP, fixed at indicated
time points post biotin addition. The cells were fixed under non-permeabilising
conditions and stained for surface GFP (yellow) with anti-GFP antibody. A delay in
the trafficking of GPl-anchored EGFP (magenta) was observed, which was
quantified by plotting the ratio of surface GFP to total GFP at different time points
(N=3, n=70). Each point in the graph (b) represents mean + SEM with the asterisks

indicating a two-way ANOVA test significance value of p < 0.0001. Immunostaining
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NEU-treated cells for (¢) E-cadherin (magenta), (d) B-catenin (yellow) and (e) a.3-
integrin showed an altered localisation of the cell-cell junction proteins. A
pronounced distribution of the proteins in the cytoplasm (white arrow) and a diffused
staining (green arrow) at the junctions was observed. The cytoplasmic distribution of
the proteins was quantified by measuring the Corrected Total Cell Fluorescence
(CTCF) of the cytoplasm. [CTCF = integrated density - (Area of selected cell x Mean
fluorescence of background readings]. The CTCF for (f) E-cadherin (N=3, n=64), (g)
B-catenin (N=3, n=40) and (h) a3-Integrin (N=3, n=56) has been represented as
violin plots. Asterisks indicate Mann-Whitney U test significance values; **** p <
0.0001.

Discussion

Previous studies from the lab have highlighted the role of DNA-PK in transforming
breast epithelial cells (Anandi et al., 2017). Although these studies were done using
16-day breast acinar cultures, in this study, we observed changes in microtubule
dynamics and trafficking as early as 48 hrs.

Changes in microtubule dynamics and dispersal of Golgi have been frequently
associated with cancer progression (Bui et al., 2021; Petrosyan, 2015). Despite
being thoroughly studied, the exact role of Golgi in cancer progression remains
inconclusive. Golgi morphology is often perturbed in cancer cells that have resulted
in an altered glycosylation signature and/or accelerated trafficking in cancer cells
(Kellokumpu et al., 2002; Schultz et al., 2012; Wang et al., 2001). Cell migration,
EMT, cell survival and proliferation, the nodal hallmarks of cancer, have been shown
to regulate or be regulated by the Golgi apparatus (Bisel et al., 2008; Bui et al.,
2021).

On the other hand, changes in microtubule dynamics have direct implications on cell
migration and invasion (Etienne-Manneville, 2013; Lopes and Maiato, 2020;
Wattanathamsan and Pongrakhananon, 2021). Microtubules in various cancer cell
lines have been shown to have increased acetylation and detyrosination, which mark
stable microtubules (Boggs et al., 2015; Mialhe et al., 2001). An increase in
microtubule stabilising protein, Tau, has also been observed in metastatic breast
cancer cell lines (Lei et al., 2020; Li et al., 2013). These observations have also been
seen in breast tumour tissues from patients (Boggs et al., 2015; Whipple et al.,
2010).
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Invasion and migration require the cell to modulate the microtubule network and its
interaction with the Golgi apparatus (Bui et al., 2021; Vinogradova et al., 2012).
GDMTs have been linked to polarised trafficking to the cell’s leading edge, which is
crucial for the initiation of migration and change in direction (Miller et al., 2009;
Vinogradova et al., 2009). GDMTs are stable and marked by tubulin acetylation and
are essential for maintaining Golgi structure (Vinogradova et al., 2012). Although
evident when put together, no study has directly linked GDMTs to cancer
progression. Our observations of microtubule stabilisation and GDMTs in
MCF10CA1a show that microtubules are more stable and Golgi derived in malignant
cell lines when compared to non-tumorigenic cells. Thus, this study is the first to

provide an association between GDMTs, genomic instability and cancer progression.

Another aspect of microtubule regulation which is less understood is how the
balance of centrosomal and non-centrosomal microtubules is maintained.
Maintaining a balance between centrosomal and non-centrosomal microtubules
decides the overall arrangement of the microtubule network. Altering this balance
has often been seen as a mechanism to reorganise the microtubule network during
cellular differentiation (Sanchez and Feldman, 2017). This reorganisation is mainly
accomplished by inactivation or loss of centrosomal activity, which tips the balance
to a more non-centrosomal array (Muroyama and Lechler, 2017; Nishita et al., 2017).
A study by Rosa M Rios’s group in 2018 highlighted the plasticity of the interphase
microtubule network and showed that centrosome dampens microtubule nucleation
at Golgi and cytoplasm. In cells treated with centrinone to inhibit Plk4, the
microtubule network was observed to be predominantly Golgi nucleated. It was also
reported that cells with multiple centrosomes had little to no MT originating from
Golgi (Gavilan et al., 2018). The authors suggest that centrosome-Golgi proximity
might regulate the organisation of microtubules from the centrosome and Golgi.
Golgi apparatus is associated with the centrosome, and the relevance of this
proximity is unknown. A study in 2019 reported that Golgi-centrosome proximity was
not essential for its function (Tormanen et al., 2019). Several studies deciphering the
functional relevance of GDMTs have reported their importance for maintaining Golgi
structure (Kodani and Sutterlin, 2009; Miller et al., 2009; Wu et al., 2016; Zhu and
Kaverina, 2013). It is unknown whether the Golgi structure and its proximity to the

centrosome regulate non-centrosomal microtubules that arise from Golgi. Our study
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provides a clue which hints that Golgi integrity might influence centrosomal control of
GDMTs.

Based on findings from this and previous studies, we propose a model reporting a
novel response to DNA damage (Fig.7). DNA damage leads to the activation of
DNA-PK, a DNA damage response protein. As previously reported, activation of
DNA-PK leads to Golgi dispersal through the GOLPH3-MYO18A-F-actin axis
(Dippold et al., 2009; Farber-Katz et al., 2014). Golgi dispersal leads to an increase
in GDMTs through a mechanism yet to be elucidated. The microtubules nucleated at
Golgi are stable, marked by enhanced tubulin acetylation, and resistant to
nocodazole-induced depolymerisation. Changes in Golgi organisation and
microtubule dynamics have been demonstrated to lead to defects in intracellular

trafficking that may result in changes in cell polarity.
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Figure 7: DNA damage leads to Golgi dispersal through the DNA-PK-GOLPH3-
MYO18A axis. Golgi dispersal leads to an increase in GDMTs. Due to the difference
in dynamics of GDMTs, the trafficking of proteins to the membrane gets altered,

leading to mislocalisation of polarity proteins.
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Materials and Methods
Cell line and culturing methods

MCF10A cells were a generous gift from Prof. Raymond C. Stevens (The Scripps
Research Institute, La Jolla, CA). MCF10A and MCF10CA1a cell lines were cultured
in DMEM containing high glucose without sodium pyruvate (Invitrogen)
supplemented with 5% horse serum (Invitrogen), 100 units/ml penicillin/streptomycin
(Invitrogen) and growth constituents as described in Anandi et al., 2017 (referred to
as growth media in later text) (Anandi et al., 2017). HEK293 cells were grown in
DMEM containing high glucose and sodium pyruvate (Lonza) supplemented with
10% foetal bovine serum (FBS) (Invitrogen) and 100 units/ml penicillin/streptomycin
(Lonza) (referred to as complete DMEM in further text). Cells were cultured in tissue
culture-treated 100mm or 60mm dishes (Eppendorf) in a 37°C humidified incubator
with 5% CO: (Eppendorf).

Immunofluorescence

Cells were seeded at a density of 0.4 x10° cells onto coverslips (Blue Star) in 24-well
petri plates (Eppendorf). After appropriate drug treatment, the cells were fixed with
4% paraformaldehyde. The samples were washed with PBS-T (0.5% Triton-X100)
and blocked with 10% FBS. Samples were then incubated in primary antibodies,
diluted in 10% FBS, overnight at 4°C. Following incubation in primary antibody, cells
were washed with PBS-T (0.5% Triton-X100) and incubated with secondary antibody
(1:500) for 1 hour at room temperature. After a few washes with PBS-T (0.5% Triton-
X100), the samples were incubated with Hoechst 33258 (Invitrogen) to stain the
nucleus. Coverslips were mounted using 90% glycerol mounting media (with 20mM
Tris, pH 8.0 and 0.5% propyl gallate). All images were obtained using Leica TCS
SP8 X Confocal Microscope (Leica Microsystems). Post imaging, the maximum
intensity projection of the stacks was used for analysis and has been represented in

the figures.
Microtubule regrowth assay

The cells were grown and treated with 2.5 ug/ml Nocodazole (Sigma) for 3 hrs at
37°C (Zhu and Kaverina, 2011). Following incubation, the cells were washed twice
with ice-cold DPBS (Lonza) and supplemented with warm growth media. The

microtubules were allowed to repolymerise at 37°C, fixed and stained for microtubule
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and Golgi and imaged on the Leica TCS SP8 X Confocal Microscope (Leica

Microsystems).
EB3 assay

MCF10A cells were seeded in 8-well chamber cover glass slides (Lab-Tek, Thermo
Scientific) at a density of 0.6 x10° cells and treated with 2 mM NEU (Sigma). After 24
hrs of treatment, the samples were transfected with the EB3-GFP construct.
Transfections were performed using Lipofectamine 2000 (Invitrogen) in Opti-MEM
(Invitrogen). The cells were then incubated for 4 hrs in the transfected medium,
following which the media was changed to MCF10A growth media. The cells were
imaged 24chrs after transfection in a live cell imaging chamber on the Leica TCS
SP8 X Confocal Microscope (Leica Microsystems). Before imaging, the cells were
shifted to L-15 medium (Lonza), and Hoechst 33342 was added to visualise the
nucleus. Images were recorded at a frame rate of 1.5s per frame. The EB3 comets
were manually tracked using the MTrackdJ plugin (developed by E. Meijering,
Biomedical Imaging Group, Erasmus Medical Center, Rotterdam) on Fiji/lmageJ
(NIH)(Meijering et al., 2012).

RUSH assay

To prepare the coverslips for low-adherent HEK293 cells, Matrigel (Sigma Aldrich)
was diluted to 1:50 with DPBS (Lonza) and incubated for 4 hrs at 37°C.
Subsequently, the cells were seeded at 0.6 x10° cells and treated with 2 mM NEU.
After 24 hrs of treatment, the cells were transfected with the RUSH constructs using
bPEI25 (Sigma) using the protocol described in (Hsu and Uludag, 2012). DMEM
(without serum) was used as the transfection medium instead of Opti-MEM to avoid
the presence of biotin. The cells were then incubated for 4 hrs in the transfected
medium, following which the media was changed to complete DMEM. 16 hrs post-
transfection, RUSH assay was performed as described in (Boncompain et al., 2012;
Boncompain and Perez, 2014). The cells were stained with Hoechst 33342
(Invitrogen) to mark the nucleus before mounting and visualised on the Leica TCS

SP8 X Confocal Microscope (Leica Microsystems).
Statistics
All graphs were plotted and analysed using Graph Pad Prism software (Graph Pad

Software, La Jolla, CA, USA). All experimental groups were analysed by non-
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parametric methods except quantification of the RUSH assay. The significance of
surface GFP/ total GFP in the RUSH assay was tested by two-way ANOVA. The
Mann-Whitney test was used to analyse experimental groups with two samples.
Groups with more than two samples were analysed using the Kruskal-Wallis test.
Asterisks indicate significance values; **** p < 0.0001, ***p< 0.001, **p< 0.01, *p<
0.05 and ns — non-significant. The number of independent experiments performed
and the number of cells analysed has been mentioned in the figure legends
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