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1. Abstract

CTCF is a multifunctional epigenetic regulator that has a single copy loss in more than 50% of
breast cancer patients. From TCGA breast tumor sequencing data, we observed a negative
correlation between the gene expression levels of CTCF and p53 target genes in breast cancer
patients, that is, breast cancer patients with low CTCF expression correlates with higher p53 target
gene expression. Higher expression of p53 target genes may increase the sensitivity of these tumors
to anti-cancer treatments that induces p53-mediated DNA damage response, leading to a better
outcome of treatment. While p53 is found mutated in approximately 35% of breast cancers, CTCF
may potentially be abiomarker for breast cancer patients with functional p53 to predict the efficacy
of chemo- and radiotherapy treatments for patients with functional p53. In this thesis, we show
that upon DNA damage, p53 target genes in CTCF*- cells have a higher gene expression compared
to WT cells, but p53 and p-p53 (serine 15) stabilization at protein levels are consistent between
WT and CTCF*" cells. We observed increased binding of p53 at BBC3, BAX and CDKN1A after
DNA damage in CTCF*" cells compared to WT cells, which is likely driving the increased p53
target gene expression in CTCF*~ cells. We also show that overall chromatin regions are more
accessible after single copy loss of CTCF, possibly increasing accessibility to p53 binding upon
stabilization of p53 during DNA damage. We propose that the single copy loss of CTCF resultsin
deregulation of chromatin loops, which may lead to aberrant spreading of activating histone marks
that increases the accessibility of the chromatin region near p53 target genes, resulting in increased

expression of p53 target genes after DNA damage.



2. Le Résumé

CTCF est un régulateur épigénétique multifonctionnel pour lequel une perte mono-allélique est
observée chez plus de 50 % des patientes atteintes d'un cancer du sein. A partir des données de
séquencage de tumeurs du sein de la banque de données TCGA, nous avons observé une
corrélation négative entre les niveaux d'expression de CTCF et des genes régulés par p53 chez les
patientes atteintes d'un cancer du sein. C'est-a-dire, que les patientes atteintes d'un cancer du sein
avec une faible expression de CTCF présentent une expression plus élevée des genes ciblés par
p53. Cette plus forte expression peut augmenter la sensibilité de ces tumeurs aux traitements
anticancéreux qui créent des dommages a I'ADN pour lesquels la réponse cellulaire est médiée par
p53, résultant en une meilleure réponse aux traitements. Alors que p53 est muté dans environ 35%
des cancers du sein, CTCF peut potentiellement étre un biomarqueur pour les patientes atteintes
d'un cancer du sein avec un p53 fonctionnel pour prédire I'efficacité des traitements de
chimiothérapie et de radiothérapie. Dans cette thése, nous démontrons qu’en réaction aux
dommages a I'ADN, les génes ciblés par p53 dans les cellules CTCF* ont une expression plus
élevée que dans les cellules WT, mais la stabilisation de la protéine p53 et p-p53 (sérine 15) est
similaire entre les cellulesWT et CTCF* -. Nous avons aussi observé une présence accrue de p53
sur les génes BBC3, BAX et CDKN1A en réponse aux dommages a I'ADN dans les cellules CTCF*
par rapport aux cellules WT. Ceci est probablement a I'origine de I'augmentation de I'expression
de ces génes dans les cellules CTCF*-. Nous montrons également que la chromatine est
globalement plus accessible apres la perte d'un allele de CTCF, augmentant éventuellement
l'accessibilité a p53 pour se lieral’ ADN lors de sa stabilisation en réponse aux dommages a I' ADN.
Nous proposons que la perte d'un allele de CTCF entraine une dérégulation des boucles tri-
dimensionnelles de la chromatine, conduisant a une propagation aberrante des marques d'histone
activatrices qui augmente I'accessibilité des régions de la chromatine proximales aux genes cibles

p53, entrainant une expression accrue de ces génes a la suite de dommages a I'ADN.
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5. Introduction

5.1 CTCF

CCCTC-binding factor (CTCF) is a multifunctional epigenetic regulatory protein consisting of an
N-terminal region, a Zinc-finger domain comprising of 11 DNA-binding Zinc-fingers to bind
DNA, and a C-terminal domain (Fig. 1). CTCF was firstidentified as a transcription factor having
repressive activity (Filippovaet al., 1996; Klenova et al., 1993; Lobanenkov et al., 1990), but was
subsequently demonstrated to act as a transcriptional activator as well (Liu et al., 2011; Pefia-
Hernandez etal., 2015). Apart from itsrole as a transcription factor, CTCF has also been described
to act as chromatin boundaries, insulator element, play a role in three-dimensional genome
organization and to facilitate the repair of DNA double-strand break via homologous
recombination. Genome-wide, approximately 19,000 to 50,000 CTCF binding sites have been
identified in various human cell lines (Cuddapah et al., 2009; Dixon et al., 2012; Nakahashi et al.,
2013). As described below, many of its disparate functions may be related to its central role in

organizing chromatin into large loops.
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Fig. 1. CTCF is a multifunctional epigenetic regulatory protein. CTCF consists of N-terminus, 11 Zinc-finger

domains and C-terminus.



5.1.1 Transcription factor

CTCF was firstidentified asa transcription factor that binds to CCCTC motifs upstream of chicken
c-Myc gene promoter and it was shown to be essential for transcriptional regulation of chicken c-
Myc (Klenovaet al., 1993; Lobanenkov et al., 1990). Subsequently, conserved CTCF binding sites
were found in human c-Myc gene and binding of CTCF was demonstrated to repress transcription
of c-Myc gene in human (Filippova et al., 1996). CTCF has also been shown to interact directly
with the largest subunit of RNA polymerase Il via its C-terminal domain, likely to recruit RNA
pol Il for transcription (Chernukhin et al., 2007). There is evidence showing that CTCF binds to
TATA-binding associated factor 3 (TAF3) to regulate transcriptional activity of cell-type specific
proximal promotersthat are critical for lineage specification during stem cell differentiation (Liu
etal., 2011). In addition, previous data from our lab has shown that CTCF is recruited to promoter
regions of metabolic-related genes by general transcription factor II-1 (TFII-1) to coordinately

regulate the expression of these genes (Pefia-Hernandez et al., 2015).

5.1.2 Insulator

Insulator elements are elements on the DNA that, when present in between enhancers and
promoters, prevents interaction between the enhancer and promoter affected. Such elements were
described in Drosophila where the insertion of DNA element gypsy in the yellow gene region
results in mutant phenotype due to binding of su(Hw) protein to gypsy, thereby blocking the
interaction between enhancer and promoter of yellow gene (Geyer and Corces, 1992). Insertion of
gypsy upstream of the enhancer of yellow gene resulted in Drosophila with normal phenotype.
CTCF was proposed to act as an insulator protein when an insulator sequence was found upstream
of chicken B-globin locus, which was readily bound by CTCF via its C-terminal region (Bell etal.,
1999). CTCEF’s role as an insulator protein became evident when CTCF is found to regulate the
monoallelic expression of 1gf2 and H19 genes in mice through gene imprinting (Szabd et al., 2004).
CTCF binding sites were found in the imprinting control region (ICR) between the 1gf2 and H19
genes where CTCF binds to the ICR on the maternal allele, blocking interaction of 1gf2 gene with
downstream enhancers and silencing gene expression (Fig. 2). On the other hand, the paternal
allele has hypermethylated ICR which prevents binding of CTCF, thus allowing I1gf2 gene

expression.
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Fig. 2. Schematic of CTCF acting as an insulator in gene imprinting. Binding of CTCF to ICR region prevents
interaction of 1gf2 to downstream enhancer, silencing the gene expression in the maternal allele. In the paternal allele,

ICR region is methylated, preventing binding of CTCF and allowing expression of 1gf2 (Kimetal., 2015).
5.1.3 Chromatin boundaries

Chromatin boundaries function to separate differentially programmed regions of chromatin, most
commonly, opened chromatin regions (euchromatin) from closed chromatin regions
(heterochromatin) (Fig. 1). Since euchromatin regions are typically regions of active transcription,
the establishment of chromatin boundaries is important to maintain transcriptional output. The loss
of CTCF binding at tumor suppressor genes p16'Nk42 RASSF1A and CDH1 leads to repression of
these genes and thereby aberrantly silencing the expression of these genes in breast cancer cells
(Witcher and Emerson, 2009). In the case of p16™NX4 loss of CTCF as chromatin boundary
resulted in deregulation and spreading of repressive histone marks into p16'™K42 gene locus. In
contrast, mutation of a highly conserved CTCF binding site in the HoxA gene cluster led to the
disruption of a chromatin boundary, resulting in the spreading of activating histone marks that
produced a 25-fold increase in expression of genes near the disrupted CTCF boundary (Narendra
et al., 2015). Thus, chromatin boundaries separate differentially modified chromatin, but it is

difficultto predict the precise impact of compromised boundaries.

5.1.4 Genome organization

The three-dimensional architecture of the genome dictates the differential frequency of interaction
between regions of the chromatin and this is essential for the regulation of gene expression. Studies
on human genome organization has revealed the crucial role of CTCF in the formation of



chromatin loops, and now it is thought that the roles of CTCF as transcription factor, chromatin
boundary and insulator may be dependent on the ability of CTCF to form chromatin loops.
Genome-wide chromatin interactions were first visualized at 1Mb resolution when Hi-C was first
developed and used on normal human lymphoblastoid cell line in 2009 (Lieberman-Aidenetal.,
2009). Briefly, Hi-C involves crosslinking interacting chromatin followed by an enzymatic
digestion to expose the ends of the interacting chromatin. These exposed ends are biotinylated and
re-ligated to generate an artificial chromatin consisting of sequences from both the original
interacting chromatin regions. This re-ligated chromatin is then purified by enrichment against

biotin, sequenced and mapped to the original chromatin regions.
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Based on Lieberman-Aiden et. al., the chromatin interaction map of the genome appears with a
plaid pattern that can generally be distinguished into 2 groups called compartment Aand B. Further
analysis revealed that chromatin interactions in compartment A are associated with opened
chromatinand active transcription while compartment B is more densely packed and less actively
transcribed (Fig. 3). Hi-C experiments carried out on mouse embryonic stem cells, (MESCs) and
human fibroblasts, showed that within compartments, there are chromatin regions of about 1Mb
that interact in cis with a much higher frequency than with chromatin outside this contiguous
region. These are known as topologically associated domains (TADs). The boundaries of these
interacting chromatin regions are enriched with CTCF binding sites and these sites are conserved
across species (Dixon et al., 2012). Despite the enrichment of CTCF binding sites at chromatin
boundaries, this only represents 15% of the total CTCF binding sites in the genome, reflecting the
multi-functionality of CTCF (Dixon et al., 2012). Improvements in Hi-C technology allowed
visualization of chromatin interaction at resolutions down to 1kb. This revealed that TADs are
defined as chromatin loops over 700kb in length, that are established by binding of CTCF to
convergent CTCF motifs (Rao et al., 2014). Additionally, cohesin binding is frequently found to
coincide with CTCF binding sites and it has been shown that CTCF interacts directly with cohesin
to likely mediate the formation of chromatin loops (Li et al., 2020). Within TADs, there are
chromatin regions that interact with each other at a higher frequency to form chromatin loops
within TADs, called sub-TADs. While TADs have been shown to be rather conserved across cell
type, sub-TADs have been shown to be more dynamic during differentiation, as it contributes to
cell-type specific gene expression (Dixon et al., 2012; Narendra et al., 2016). Genetic disruption
of CTCF binding sites at sub-TADs in Hox gene clusters result in deregulation of gene expression
and leads to developmental defects in mice, due to differentiation into incorrect cell -type during
development (Narendraetal., 2016). Moreover, comparison between fetal and adult hematopoietic
stem cells showed more than 60% cell-type specific enhancer-promoter interactions arising from
changes in sub-TAD interactions while compartment and TADs show limited changes between
the two cell types (Chen et al., 2019). This suggests that the organization of sub-TADs are likely
cell-type dependent.

A strongly supported model of chromatin loop formation by the “loop extrusion model” in the
recent years has further established the role of CTCF in genome organization (Davidson and

Peters, 2021). In the loop extrusion model, cohesin is thought to continuously reel in chromatin

5



and stops when it encounters CTCF boundaries to form a chromatin loop (Fig. 4). Indeed, CTCF
has been shown to physically interact with cohesin viaits N-terminal region and stabilizes cohesin
on chromatin (Li et al., 2020; Rubio et al., 2008). Depletion of cohesin led to the loss of chromatin
loops while depletion of CTCF led to the disruption of the boundaries of chromatin loops such that
the boundaries became less defined (Wutz et al., 2017).
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Fig. 4. Model for chromatin loop extrusion. In this model, cohesin continuously reel both sides of the chromatin in
to forma loop, and extrusion process is blocked by CTCF boundaries, which results in the formation of a chromatin

loop (Rowley and Corces, 2018).
5.1.5 DNA DSB repair

The role of CTCF in facilitating multiple steps of the DNA double strand break (DSB) repair
pathway has been recently described. DNA double strand breaks in cells are repaired by two major
pathways, error-prone non-homologous end joining (NHEJ) and high-fidelity homologous
recombination (HR) repair (Fig. 5). Our lab has previously demonstrated that CTCF is involved in
the regulation of HR repair but not NHEJ (Hilmi et al., 2017). In the HR repair pathway, DNA
DSBs are detected by the MRE11-Rad50-NBS1 (MRN) complex that initiates a signalling cascade
which involves recruitment of ATM kinase that phosphorylates histone variant H2A.X to form
yH2A. X DNA damage foci. One of the key steps in HR repair is the end resection mediated by the

endo- and exonuclease activity of MRE11 in complex with CtIP. End resection nicks away ends

6



of the strands near the DSB, to produce single-stranded DNA (ssDNA) overhangs that are critical
for strand invasion to search for sequence homology during repair (Scully et al., 2019). These
ssDNA overhangs are protected from spontaneous degradation by binding of RPA. BRCA2 then
targets Rad51 to ssDNA to promote and stabilizes Rad51 binding to ssDNA, replacing RPA and
resulting in Rad51 nucleoprotein filaments that are involved in homology search on sister
chromatid and strand invasion.
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Fig. 5. Major repair pathways for DNA double strand breaks in human cells. DNA DSBs are repaired by NHE]
or HR repair pathwaysin human cells (Kang and Lee, 2021).



Our lab and others have previously shown that CTCF is rapidly recruited to DNA DSB sites (Han
etal., 2017; Hilmietal., 2017). The binding of CTCF to DSB sites seemsto be independent of the
known 19,000 to 50,000 CTCF binding sites in the genome as CTCF is efficiently recruited to
sites damaged by laser micro-irradiation. The rapid recruitment of CTCF to DSB was shown to be
mediated by poly-(ADP)-ribosylation (PARylation) of the DSB site as inhibition of PARylation
by PARP inhibitor, Olaparib, abrogates recruitment of CTCF to DSB sites (Han et al., 2017).
Another group has shown that recruitment of CTCF to DSB sites is dependent on MRE11 as
knockdown of MRE11 diminishes CTCF binding to DSB sites (Hwang et al., 2019). As both
PARP1 and MRN complexes are sensors of DNA DSBs, both elements are likely required for the
efficient early recruitment of CTCF to DNA DSB sites. Localization of CTCF to DSB sites is
essential for the recruitment of CtIP, which mediates end resection in HR repair (Hwang et al.,
2019). Loss of CTCF abrogates recruitment of CtIP to DSB sites. We have also shown that
localization of CTCF at DSB sites promote the recruitment of BRCA2 as knockdown of CTCF
compromises the recruitment of BRCA2 to DSB sites (Hilmi et al., 2017). Depletion of CTCF
resulted in defective repair kinetics, consistent with the importance of CTCF in facilitating HR

repair.

Aside from directly participating in modulating HR repair, CTCF has also been shown to modulate
the formation of yH2A.X DNA damage foci (Natale et al., 2017). CTCF act as boundaries to
delimit the spread of yH2A.X foci where depletion of CTCF leads to impaired formation of
yH2A. X foci in terms of size and number of foci. Upon ionizing radiation-induced DNA damage,
CTCEF binding strength has been shown to increase at CTCF binding sites, likely for the formation
of yH2A X foci (Sanders et al., 2020).

5.2 p53

p53 was first reported in 1979 by 6 independent research groups that were studying Simian Virus
40 (SVv40)-transformed cancer cells inwhich they detected the presence of a host protein migrating
at 53kDa. This protein was either immunoprecipitated by anti-serum against purified SV40 (Kress
etal., 1979; Lane and Crawford, 1979; Linzer and Levine, 1979; Melero et al., 1979; Smith et al.,
1979) or found reactive in transformed murine cell lines when tested with anti-serum against
chemically-induced murine sarcomas (DelLeoetal., 1979). Tryptic peptide analysis of p53 showed

that it is structurally not related to the large and small antigens of SV40. A comparison of amino
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acid composition and peptide mapping of p53 extracted from mouse and human cell lines found
that p53 is highly conserved, suggesting the importance of its role in cells (Jornvall et al., 1982).
Further work on p53 led researchersto believe that it functions as an oncogene as “wild-type p53”
isolated from transformed murine cell lines were found to promote cellular transformation when
co-transfected into cells with Ras oncogene (Eliyahu et al., 1984; Jenkins et al., 1984). Shortly
after, the isolated murine p53 was found to be a mutant p53 instead of wild-type, due to the seminal
discovery of mutations in the conserved regions of p53. This is corroborated with the discovery of
mutation and deletion of p53 in tumors from colorectal carcinoma that promote Ras oncogene-
induced transformation (Baker et al., 1989; Hinds et al., 1989). As such, p53 was re-classified as
atumor suppressor gene and since then, it became one of the most researched proteins over several
decades. Presently, we know that p53 is highly conserved across species and it is one of the most

frequently mutated gene in all cancers (Lawrence et al., 2014).

5.2.1 Structure and regulation

TAD1 [RrYe8 PRD | | DBD [ TSET | | Basic ® Structural © Contact
— 1 7‘). ) 3'7.0.}.#)‘2‘&} L mutations mutations
248 273
Cancer hot \‘)f)t mutations

Fig. 6. p53 protein structure. p53 protein consists of transactivation domain 1 (TAD1); transactivation domain 2
(TAD2); proline-rich domain (PRD); DNA-binding domain (DBD); tetramerization/oligomerization domain (TET);
C-terminal basic domain (Basic). The DBD frequently has point mutationsin all cancerswhich are termed hot-spot

mutations that result in structural and contact mutants of p53 (Bieging et al.,2014).

p53 is a transcription factor that binds to and activate the transcription of its downstream target
genes through its transactivation domains as a homo tetramer (Friedman et al., 1993). Somatic
mutations of p53 in cancers were found to be frequently occurring in the conserved regions of the
DNA-binding domain of p53 (Levine et al., 1991; Walker et al., 1999). Most mutations are
missense mutations, in which a single base pair mutation results in a change of one amino acid of
the protein sequence. Some of these mutations are termed hotspot mutations due to the high
frequency of mutation found in cancer (Fig. 6). These mutations generally give rise to two types
of p53 mutants, a structural and a contact mutant. Structural mutants arise due to point mutations

in the DBD that disrupts the three-dimensional folding of DBD, while contact mutants arise due

9



to point mutations that disrupt binding of p53 to DNA. The prevalence of hotspot mutations at the
conserved DNA-binding domain are suggestive of the importance of these residues in the function
of p53 that may provide selective advantage for cellular transformation upon inactivation. Under
normal, and unstressed, physiological conditions, p53 is stably expressed at the mRNA level but
highly regulated at the protein level by MDM2 and MDM4. p53 and MDM?2 are involved in a
negative regulatory feedback loop, such that the activation of p53 upregulates the transcription of
MDMZ2, which in turn suppresses p53 protein expression (Wu et al., 1993). MDM2 suppresses p53
protein expression in several ways. MDMZ2 binds to both transactivation domains of p53, masking
its ability to mediate transcriptional activation of downstream target genes (Oliner et al., 1993).
The binding of MDM2 to p53 actively exports p53 out of the nucleus due to the nuclear export
signal found in MDM2 protein (Roth et al., 1998). As p53 is a transcription factor, shuttling of p53
by MDM2 out of the nucleus prevents p53 from activating target genes, providing another level
of regulation of p53 signalling. MDM2 also has an E3 ubiquitin ligase activity, which actively
directs polyubiquitination of p53 thereby targeting p53 for proteasomal degradation (Honda et al.,
1997; Kubbutat et al., 1997). The importance of MDM2 as one of the major regulators of p53
expression is supported by observations of embryonic lethality in Mdm2”7- mice model, which,
upon deletion of p53, becomes viable and develops normally (Jones et al., 1995; Montes de Oca
Luna et al., 1995).

MDM4 is a protein that is structurally similar to MDM2 but lacking an E3 ubiquitin ligase activity.
MDM4 binds to p53 to inhibit p53-mediated transactivationto a lesser extent than MDMZ2, but it
is not a direct p53 target gene (Shvarts et al., 1996). While the relationship between MDM2 and
MDM4 in regulating p53 is complex, MDM4 has been shown to stabilize MDM2 through
heterodimerization between their RING domains but, MDM4 also protects MDM2-bound p53
from degradation (Jackson and Berberich, 2000; Sharp et al., 1999). Despite this, MDM4 plays a
role in regulating p53 expression as Mdm4”- mice are embryonically lethal, albeit with differing
phenotypes, and lethality is rescued by deletion of p53 (Parant et al., 2001). Studies performedin
conditional knockouts of neuronal progenitors from embryos showed that Mdm27- mice die due to
induction of apoptosis by p53 (E10.5), while Mdm4”- mice show a delayed phenotype and die due
to absence of cell proliferation induced by p53 (E17.5) (Xiong et al., 2006).
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5.2.2 Mice model and clinical representation

The importance of p53 as a tumor suppressor gene is demonstrated in mice models with p53
deletion. p53”7 mice develop spontaneous tumors as early as 6 months of age, while p53** mice
develop tumors on average of more than 2 years of age. p53*- mice show delayed development of
spontaneous tumors as compared to p537 mice but are still more prone to tumor development
compared to p53** mice (Harvey et al., 1993). The spectrum of tumors arisingin p53*- and p53”-
mice are strikingly different, with p53*- mice tend to develop soft tissue sarcomas and
osteosarcomas while p53”- mice tend to develop malignant lymphomas (Harvey et al., 1993). This
is likely due to the role of p53 in the early stages of lymphoma development that, the loss of p53

function leads to increased tumorigenesis.

Another piece of evidence of p53 as an important tumor suppressor is from the discovery of
families carrying an inherited mutant allele of p53, called the Li-Fraumeni Syndrome, which
predisposes these families to developing early onset cancers and multiple cancers over their
lifetime (Li et al., 1988).

5.2.3 Functions of p53
5.2.3.1 Cell cycle arrest

p53 plays a critical role in the regulation of processes that pertain to the maintenance of genome
integrity. Activation of p53 has been shown to induce G1/S cell cycle arrest by directly
upregulating the transcription of CDKN1A/p21, which then binds to cdk2-cyclin complexes to
inhibit their kinase activity. (el-Deiry et al., 1993; Harper et al., 1993). p53 is also capable of
inducing G2/M cell cycle arrest upon DNA damage through upregulation of p21, which binds to
cdk1-cyclincomplexes to inhibit their kinase activity, and direct upregulation of GADD45a which
binds to cdkl to dissociate cdkl-cyclin complexes (Harper et al., 1993; Zhan et al., 1999).
Induction of cell cycle arrest during detection of DNA damage is thought to provide sufficient time
for DNA repair to occur and be completed, before proceeding with cell cycle. This ensures that no
genetic lesions are propagated into daughter cells upon cell division. In mice, p217- mice develops
normally but they are more susceptible to spontaneous tumor development as compared to wild
type mice. MEFs derived from p217- mice show defects in G1 arrest upon exposure to DNA
damage (Deng et al., 1995; Martin-Caballeroet al., 2001).
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5.2.3.2 DNA repair

Apart from cell cycle arrest, p53 also plays a role in modulating and facilitating DNA repair. Our
cells employ different types of DNA repair processes targeted at different types of lesions. DNA
lesions that cause distortion of the DNA helix structure are typically repaired by nucleotide
excision repair (NER), specifically the global genomic NER (GG-NER) while another form of
NER, transcription-coupled NER (TC-NER) is initiated when the RNA synthesis is being blocked
due to a bulky lesion. p53 homozygous mutant fibroblasts has been shown to have defects in
repairing UV-induced lesions by GG-NER pathway, but limited effects on the TC-NER pathway
(Ford and Hanawalt, 1997). While p53 does not directly localize to DNA lesions during NER, p53
upregulates the transcription of DDB2 and XPC, which are proteins involved in the early
recognition of UV-induced lesions repaired by GG-NER (Fitch et al., 2003). In the case of DNA
double strand breaks, p53 has been shown to regulate the HR repair pathway. p53 was shown to
preferentially bind unphosphorylated RPA, likely to sequester RPA in undamaged cells. Upon
detection of DNA DSB, phosphorylation of RPA leads to the dissociation of p53-RPA complex,
allowing phosphorylated RPA to bind to ssSDNA produced by end resection to protect from
degradation and allow for recruitment of proteins required for strand invasion (Serrano et al.,
2013).

5.2.3.3 Senescence

Senescence is a protective mechanism in cells to undergo irreversible cell cycle arrest, preventing
genomic instability and tumor progression. Senescence can be triggered by multiple stimuli,
including shortening of telomeres which triggers replicative senescence, abnormal oncogene
activation which leads to oncogene-induced senescence and finally stress-induced senescence.
During cellular stress such as DNA damage, p53 upregulates the transcription of CDKN1A/p21 to
induce transient cell cycle arrest by inhibiting the activity of cdk-cyclin complexes. Inability to
repair the extensive damage leads to a prolonged upregulation of p21, which results in cellular
senescence (Di Leonardoet al., 1994). Upregulation of p21 isalso followed by a delayed induction
of p16'N<4 which acts similarly to p21 by inhibiting the activity of cdk-cyclin complexes,
reducing phosphorylation of Rb and preventing cell cycle progression (Robles and Adami, 1998).
Apart from p21 and p16'NK42 the p53 target gene plasminogen activator inhibitor 1 (PAI-1) has

been shown to be critical in promoting cellular senescence as loss of PAI-1 in fibroblasts led to a
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bypass in senescence (Kortlever et al., 2006). In Ku807- mice that undergo premature aging due to
accumulation of DNA damage, MEFs derived from these mice express high levels of p21. Deletion

of p21 from these Ku80”- MEFs delayed the onset of senescence in these cells (Zhao et al., 2009).

5.2.3.4 Apoptosis
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Fig. 7. Primary mechanisms of activation of apoptotic pathway in human cells. Apoptotic pathway can be
activatedby a) intrinsic apoptotic pathway or b) extrinsic apoptotic in the cells. Intrinsic apoptotic pathway is activated
through permeabilization of outer mitochondrial membrane by pro-apoptotic BH-3 proteins to activate effector
caspases. The extrinsic apoptotic pathway is activated by binding of death receptor ligands to death receptors, which
activate downstream effector caspases for proteolytic cleavage (Bedoui et al., 2020).
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The role of p53 in mediating apoptosis is crucial in anti-cancer treatment as chemo- and
radiotherapies for treatment of cancer aim to induce DNA damage to the cells and cause the cancer
cells to die by apoptosis. Apoptosis is induced via two different pathways in the cell, intrinsic
pathway involving the permeabilization of mitochondria outer membrane and extrinsic signalling
pathway involving the activation of death receptors (Fig. 7). Both pathways converge at activation
of caspases that result in the cleavage of proteins. p53 has been shown to directly upregulate the
expression of PUMA, NOXA and BAX, which are pro-apoptotic factors that contribute to the
permeabilization of the mitochondrial outer membrane in the intrinsic apoptotic pathway (Chipuk
et al., 2004; Nakano and Vousden, 2001). Muller and colleagues have shown that p53 is able to
indirectly activate the extrinsic apoptotic signalling pathway by inducing expression of FAS and
FASL in a panel of cancer cell lines from different organ origins, using a panel of different DNA
damaging agents (Mller et al., 1998). Amino acid mutation of R172P of p53 (Trp53°1°%) in mice
leads to the expression of a full length mutant p53 protein in mice. MEFs derived from
Trp53°15¢/515C mice show significant defects in apoptosis induced by DNA damage, similar to
Trp537 mice (Liu et al., 2004). Thymocytes from p217puma’noxa’ triple knockout mice are
shown to be defective in p53-mediated apoptosis and cell cycle arrest when induced with DNA
damage (Valente et al., 2013). Interestingly, these mice do not show increased susceptibility to

tumor development such as that seen in p53”- mice.
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5.2.4 Post-translational modifications of p53
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Fig. 8. Post-translational modifications of p53. p53 can be post-translationally modified at multiple sites to dictate
activity and downstream signalling of p53. P— phosphorylation, A — acetylation, U — ubiquitination, S — sumoy/ation,
M —methylation (Chenetal., 2020).

p53 is regulated by MDM2 at basal conditions through ubiquitination at C-terminal region of p53.
Polyubiquitination of p53 directs p53 for proteasomal degradation (Honda et al., 1997; Kubbutat
etal., 1997).

Following a variety of cellular stress signals such as DNA damage, hypoxia, nutrient deprivation,
and oncogene activation, the normally short-lived p53 protein is stabilized and accumulates in the
cell. In the case of DNA damage, p53 is stabilized by a variety of post-translational modifications.
Phosphorylation of p53 at serine-15 (ser15) and serine-20 (ser20) by kinases such as ATM during
a DNA double-strand break are one of the earliest modifications on p53 that contributes to p53
activity and stabilization. Mutation of S15A on p53 prevents the phosphorylation of serine-15and
abolishes p53’s ability to transactivate its downstream target genes. However, binding of MDM2
to p53-S15A mutant was not affected (Dumaz and Meek, 1999). Phosphorylation of p53 at ser20
has been shown to promote p53 stabilization, as mutation of S20A on p53 prevents
phosphorylation of ser20 and p53-S20A are rapidly degraded in the presence of MDM2 (Dumaz
etal., 2001).
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Apart from phosphorylation, p53 is also acetylated. Lysine 120 (K120) on p53 has been shown to
be rapidly acetylated upon exposure to DNA damage and K120R mutation which prevents
acetylation at lysine 120 leads to defects in p53-mediated apoptosis (Sykes et al., 2006).
Simultaneous mutation of all major lysine residues including 6 C-terminal lysines, K120 and K164
(p538KR) results in defective apoptotic and cell cycle arrest. Cells with p538<® still retain the ability
to phosphorylate p53 at serl15 and show diminished interaction with MDM2 (Tang et al., 2008).
All these are suggestive that phosphorylation and acetylation may be synergistic in activation of
p53.

Stabilization of p53 is due to a variety of post-translational modifications that dictates specific
functions of p53 to either promote DNA repair, induce cell cycle arrest or to determine cell fate
via senescence or apoptosis (Fig. 8). Regulation of these essential processes allow p53 to maintain
the integrity of the genome and p53 has been dubbed as “guardian of the genome” due to its critical

role in facilitating DNA repair and tumor suppression (Lane, 1992).

5.3 Breast cancer
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Fig. 9. Breast cancer classification. Breast cancer can be classified into Luminal A and B, HER2+ or TNBC
depending on the biomarkers present on the tumors.

Breast cancer can be classified into subtypes based on the molecular biomarkers present on the
surface of the tumors and the subtypes dictate the type of treatment administered (Fig. 9). Luminal
A subtype is the most common subtype (60-70%) of breast cancer and has the best prognosis
among all subtypes. This subtype expresses high levels of estrogen receptor (ER) and/or
progesterone receptor (PR), low levels of Ki67 proliferative marker and negative for human

epidermal growth factor receptor 2 (HER2) expression by immunohistochemistry staining (Yersal
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and Barutca, 2014). Targeted hormonal therapy, with adjuvant palbociclib,a CDK4/6 inhibitor, is
the current stand of care to treat Luminal A tumor subtypes due to their heavy reliance on hormonal
signalling pathways (Martinetal., 2021). Tamoxifen is a competitive inhibitor of estradiol to bind
ER, which blocks the downstream proliferative signalling effects of bound-ER. Luminal B subtype
represents about 15-20% of breast cancers and shows a slightly poorer prognosis than Luminal A
subtypes (Creighton, 2012). Luminal B subtype is characterized by high expression of ER/PR and
Ki-67, positive or negative for HER2 overexpression. Standard treatment for Luminal B subtype
includes targeted endocrine therapy, with or without cytotoxic therapy (chemo- or radiotherapy)
due to a population of Luminal B subtypes being irresponsive to endocrine therapy. HER2 receptor
blockers such as Herceptin/Trastuzumab may be included depending on the presence of HER

overexpression (Creighton, 2012).

The third subtype of breast cancer is HER2-enriched and this subtype shows a slightly worse
prognosis than Luminal subtypes (Seung et al., 2020). HER2-enriched subtype is characterized by
a highly proliferative tumor with overexpression of the HER2 receptor due to amplification of the
gene (Yersal and Barutca, 2014). The current standard of care against HER2-enriched tumors is a
combination therapy of trastuzumab and pertuzumab. Both trastuzumab and pertuzumab are
monoclonal antibodies that bind to HER2 receptor, blocking signal transduction (Cesca et al.,
2020). Trastuzumab-emtansine (TMD1) is a second line of treatment that is conjugated with a
cytotoxic drug molecule that promotes stabilization of microtubules, leading to induction of cell

cycle arrest and apoptosis (Vermaetal., 2012).

Breast cancers that lack ER/PR and HER2 expression are classified as triple-negative breast
cancers (TNBC), which is the subtype with the worst prognosis (Seung et al., 2020). Due to the
lack of ER, PR and HER2 expression, endocrine and targeted therapies are not effective in
treatment of TNBC. Therefore, the standard of treatment for TNBC patients is chemotherapy and
radiotherapy. Chemotherapy against TNBC consist of a combinatorial regimen of different classes
of chemotherapeutic drugs including taxanes, anthracyclines, cyclophosphamides, platinum agents
and fluorouracil (Yinetal., 2020).

Loss of heterozygosity (LOH) in the g-arm of chromosome 16 has been described as a frequent
event in breast cancer and it is implicated in breast cancer progression (Cleton-Jansen et al., 2001;

Tsuda et al., 1994). It was thought that the LOH events in breast cancer led to the inactivation of
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tumor suppressor genes that subsequently promote breast cancer progression. This prompted
efforts in searching for the identity of the tumor suppressor gene by comparative genomic
hybridization techniques to look for overlapping regions of deletions in the g-arm of chromosome
16. One of smallest region of overlap in chromosome 16g LOH events in breast cancers
encompasses the locus 16922.1, the locus which CTCF resides (Filippova et al., 1998). While
CTCF’- mice are embryonically lethal, a CTCF*-mouse model has demonstrated the role of CTCF
as a haploinsufficient tumor suppressor gene, where CTCF*"- mice show an increased rate of
spontaneous lymphoma development as compared to WT mice (Kemp et al., 2014). Consistent
with this, single cell DNA sequencing of breast tumors revealed that invasive regions of breast
tumor are highly populated by subclones that carry a copy number loss at locus 16g22.1 amongst

other copy number alterations (Casasent et al., 2018).

Based on whole genome sequencing of breast tumors, somatic mutation of p53 occurs in about
35% of breast cancers (Kandoth et al., 2013). The majority of the p53 somatic mutations observed
are due to missense and truncation mutations, both of which lead to a defective p53 protein. The
distribution of p53 somatic mutations is also subtype-specific, where breast cancer subtypes with
poorer prognosis (HER2+ and TNBC) tend to have a higher incidence of p53 somatic mutations
(Silwal-Panditetal., 2014). However, p53 isstill not used in clinical setting as a prognostic marker
as the prognostic value of p53 is not comparable to other existing clinicopathological factors such
as tumor size, node status and ER/PR/HER?2 status (Olivier et al., 2006; Overgaard et al., 2000;
Végran et al., 2013). While p53 mutation is enriched in both HER2+ and TNBC subtypes, p53
mutation is associated with poorer outcome in HER2+ patients but for TNBC subtype, no
prognostic effect was observed in terms of breast cancer specific survival (Silwal-Panditet al.,
2014).
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6. Aim

Based on available breast tumor sequencing data, preliminary analysis suggested a negative
correlation between gene expression of CTCF and several p53 target genes (discussed in Results
section). We hypothesize that CTCF may play a role inthe negative regulation of p53 target genes.
As single copy loss of CTCF is found in about 50% of breast cancer patients, it is likely that the
loss of CTCF results in deregulation of p53 target genes in these patients, possibly potentiating
p53-mediated response. This may lead to an increased sensitivity towards chemo- and
radiotherapies that induce p53-mediated DNA damage response in patients with functional p53,
resulting in a more effective eradication of tumor cells. In this thesis, we will describe the effects
of CTCF single copy loss on p53-mediated DNA damage response and the possible mechanism

involved.
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7. Materials and methods

7.1 Cell culture

MCF10A cells were cultured in DMEM/F12 50/50 mix media (Wisent, cat# 319-085-CL)
supplemented with 2% horse serum (Wisent, cat# 065150), 0.5ug/mL hydrocortisone (Sigma, cat#
H0888-1G), 0.02ug/mL epidermal growth factor (Wisent, cat# 511-110-UM), 0.01mg/mL insulin
(Wisent, cat# H511-016-U6) and 0.1pg/mL cholera toxin (Sigma, cat# C8052-2MG). U20S and
293T cells were cultured in DMEM (Wisent, cat# 319-005-CL) supplemented with 10% fetal
bovine serum (Gibco, cat# 12483-020). MCF10A, U20S and 293T cell cultures were maintained
at 1:6 and discarded once they reach passage 8. NMuMG cells were cultured in DMEM
supplemented with 10% fetal bovine serum and 0.01mg/mL insulin.67NR cells were cultured in
DMEM supplemented with 10% fetal bovine serum. NMuMG and 67NR cell cultures were
maintained at 1:10 and discarded once they reach passage 8. All cell lines were cultured at 37°C
incubator with 5% CO,. For CTCF single copy loss cell lines previously generated by
CRISPR/Cas9-mediated gene knockout, single allele knockout was confirmed by sanger
sequencing and lower protein expression of CTCF was confirmed by western blot. For treatment
of cells with chemotherapeutic agents, cells were treated with 6uM of cisplatin (Jewish General
Hospital) and 500nM doxorubicin (Jewish General Hospital) for durations indicated.

7.2 RNA isolation

After treatment, mediawas aspirated from each well of 6 well plate. 350pL of lysis buffer (Sigma
Aldrich, cat# L8285-350mL) containing 10pL/mL beta-mercaptoethanol (Sigma Aldrich, cat#
M3148-2mL) was added to each well. RNA was isolated according to protocol from Aurum™
Total RNA Mini Kit (Biorad, cat# 732-6820) and eluted in 40uL of nuclease-free water.

Concentration of purified RNA was measured using nanodrop and stored at -80°C.

7.3 Polymerase Chain Reaction (PCR)

PCR was performed following protocol from Advantech 2X Hot-Start PCR MasterMix, With Dye
(Diamed, cat# AD100-12102). 50 to 100ng of DNA template was used for each reaction.
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7.4 Reverse Transcription Quantitative PCR (RT-gPCR)

Reverse transcription was performed according to protocol using Advantech 5X Reverse
Transcription Mastermix (Advantech, cat# AD100-31401). Briefly, a total of 100ng of RNA is
added to 4puL of 5X All-In-One RT Mastermix and topped up to 20uL per reaction with nuclease-
free water. cDNA synthesisis carried out in a PCR machine (Biorad, T100 Thermal Cycler) using
the following steps: 25°C for 10mins, 50°C for 60mins, 85°C for 5mins and finally hold at 4°C.
Resulting cDNA is diluted 10x in nuclease-free water and then stored at -20°C until usage.
GoTag® gPCR Master Mix (Promega, cat# A6001) was used for gPCR. 5uL of master mix was
added to 1pL of 0.5uM forward and reverse primer mix, and then 2uL of cDNA was added and
topped up with 2uL of nuclease-free water to 10uL total volume per reaction. g°PCR was performed
in a g°PCR machine (Applied Biosystems, QuantStudio 3) using the following steps: heated lid at
105°C, 50°C for 2mins, 95°C for 2mins, 40 cycles of 95°C for 15secs and 60°C for 1min, followed
by melt curve stage of 95°C for 15secs, 60°C for 1minand 95°C for 15secs. Results were analysed
using QuantStudio™ Design & Analysis Desktop Software v1.5.1 (Thermo Fisher Scientific).
gPCR Primers for MCF10A:

Target Forward sequence Reverse sequence

B-actin AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC
GAPDH ACAGTCAGCCGCATCTTCTT ACGACCAAATCCGTTGACTC

RPL4 GCTCTGGCCAGGGTGCTTTTG ATGGCGTATCGTTTTTGGGTTGT
RPLPO TTAAACCCTGCGTGGCAATCC CCACATTCCCCCGGATATGA

18S GCTTAATTTGACTCAACACGGGA | AGCTATCAATCTGTCAATCCTGTC
BBC3 GCAGGCACCTAATTGGGCT ATCATGGGACTCCTGCCCTTA
BAX GGTTGTCGCCCTTTTCTACT AAGTCCAATGTCCAGCCCAT
CDKN1A | GACTCTCAGGGTCGAAAACG GGATTAGGGCTTCCTCTTGG

gPCR Primers for 67NR:

Target Forward sequence Reverse sequence
B-actin AGGCACCAGGGCGTGAT GCCCACATAGGAATCCTTCTGAC
GAPDH GGTGCTGAGTATGTCGTGGA CGGAGATGATGACCCTTTTG
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PRDX1 AATGCAAAAATTGGGTATCCTGC | CGTGGGACACACAAAAGTAAAGT
18S GCTTAATTTGACTCAACACGGGA | AGCTATCAATCTGTCAATCCTGTC
BBC3 ATGGCCCGCGCACGCCAGG CCGCCGCTCGTACTGCGCGTTG
BAX TGGAGATGAACTGGACAGCA GAAGTTGCCATCAGCAAACA
TIGAR GCTTCGCCTTGACCGTTAT GAAACCCAGTCTCCGAAAGG

7.5 Western blotting

Cells were cultured in 10cm dish until 80% confluent. Treated and untreated cells were collected
by first aspirating the media, following by addition of ice-cold PBS. Cell scraper was used to
scrape the cells off the dish and the cell suspension was transferred into a 1.5mL tube. The cells
were centrifuged at 2,500 rpm for 5mins at 4°C. The supernatant was removed, and cell pellet used
for lysis immediately, or flash frozen with liquid nitrogen and kept at -80°C until required. Cell
pellet was lysed using 100uL of lysis buffer [10% glycerol, 0.5% NP-40, 0.5% Triton X-100,
420mM NaCl, 20mM Tris (pH 7.5), 2mM MgCl;, ImM EDTA, 1mM dithiothreitol, 2mM
phenylmethylsulfonyl fluoride (PMSF), 1mM P8340 Cocktail inhibitor (Roche), 1mM bis-
glycerol phosphate, and ImM NaF] on ice for 15mins, with agitation at intervals. Cell suspension
was then centrifuged at 13,000 rpm for 15mins at 4°C. The resulting supernatant was transferred
to a new 1.5mL tube. To measure protein concentration, samples were diluted 20x with distilled
water (2uL sample in 38uL water). Then, 10uL of diluted protein was added to 200uL of Bradford
reagent (Thermo Fisher, cat# 1856209) and mixed in a 96-well plate. After 5mins, the 96-well
plate was read using plate reader at an absorbance of 595nm. Protein standards were prepared at
500ug/mL, 250pg/mL, 125pg/mL, 62.5ug/mL, 31.25ug/mL and Opg/mL with 2mg/mL of BSA
(Thermo Scientific, cat# 23209) diluted with distilled water. A total of 25ug of proteins were added
to 6x loading buffer and loaded onto an 8% gel. The gel was ran at 100V for 1hr and transferred
to a nitrocellulose membrane (Pall, cat# 66485) at 100V for 1hr at 4°C. After the transfer, the blot
was blocked with 5% skimmed milk/BSA in Tris-Buffered Saline in 0.1% Tween-20 (0.1% TBST)
[20mM Tris, 137mM NaCl, and 0.1% Tween-20] for at least 1hr at room temperature, or overnight
at 4°C. Primary antibody in 5% skimmed milk/BSAwas added for overnightat 4°C. The blot was
then washed with 0.1% TBST 3 times for 10mins each wash. Secondary antibody in 5% skimmed
milk/BSA was added to the blot for 1hr at room temperature. The blot was washed again with 3
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times of 0.1% TBST for 10mins each wash and incubated with ECL substrate (Biorad, cat# 170-
5061) for film exposure.

Antibodies for western blotting:

Target Source Dilution factor
p53 (DO-7) Cell Signalling #48818 1:10000
Phosphorylated-p53 (Ser15) Cell Signalling #9284 1:4000
MDM2 Cell Signalling #86934 1:2000

pB-actin Sigma Aldrich #A2228 1:5000
GAPDH (14C10) Cell Signalling #2118 1:5000

CTCF BD Biosciences#612149 | 1:1000

Goat anti-mouse HRP-conjugated | Seracare, #5450-0011 1:10000

Goat anti-rabbit HRP-conjugated | Seracare, #5220-0458 1:10000

7.6 Chromatin ImmunoPrecipitation (ChlP)

Cells were cultured in 15cm dish until 80% confluent. Treated and untreated cells were fixed by
aspirating culture media and adding ice-cold 1% Formaldehyde in PBS for 10mins. After 10mins,
2mL of ice-cold 1.25M glycine was added for 5mins to quench the reaction. The solution was
removed for an ice-cold PBS wash, and cells were collected by scraping using a cell scraper. Cell
suspension was transferred to a 1.5mL tube and centrifuged at 2,500rpm for 5mins at 4°C. The
resulting supernatant was removed, and cell pellet was flash frozen with liquid nitrogen and stored
at -80°C until required. Cell pellet was resuspended with 1mL of ice-cold IP buffer [0.25% NP-
40, 0.25% Triton X-100, 0.25% Sodium Deoxycholate, 0.05% SDS, 50mM Tris (pH8), 0.1M
NaCl, 5mM EDTA, 1mM PMSF, 2mM NaF, 1X P8340 Cocktail Inhibitor (Roche)] and sonicated
using a probe sonicator (Fisher Scientific, Sonic Dismembrator Model 500) with 5 cycles at 20%,
5 cycles at 25% and 5 cycles at 30% amplitude, each cycle at 10secs. The cell suspension was
centrifuged at 13,000 rpm for 30mins at 4°C. The resulting supernatant was transferred to a new
1.5mL tube. Protein concentration was determined using Bradford reagent. For ChIP, 2mg of
protein was resuspended in ImL of IP buffer per antibody per sample. From this protein-DNA

suspension, 20uL of sample were obtained as input and kept at -20°C. 50uL/mL of Protein G Plus-
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Agarose Suspension Beads (Calbiochem, cat# IP04-1.5ML) were added to the protein-DNA
suspensionand incubated at 4°C with constant agitation for 3hr of pre-clearing. The protein-DNA
suspension was centrifuged at 2000 rpm for 2mins, and the resulting supernatant was transferred
into a new 1.5mL tube. The protein-DNA suspension was then incubated with fresh agarose beads
and 2-5pL of antibody overnight at 4°C with constant agitation. The next day, protein-DNA
suspension was centrifuged at 4000 rpm for 2minsat 4°C to pellet the agarose beads. The agarose
beads containing antibody bound to crosslinked protein-DNA were washed with Wash 1, Wash 2,
Wash 3 [0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris (pH 8), 150/200/500mM NaCl
for Wash 1,2,3 respectively] solutions containing low salt to high salt concentration. Each wash
for 5mins at 4°C with constant agitation. The agarose beads were then washed with LiCl wash
solution [0.25M LiCl, 1% NP-40, 1% Sodium Deoxycholate, 1ImM EDTA, 10mM Tris (pH8)],
and then twice with Tris-EDTA solution [10mM Tris (pH8), ImM EDTA]. The protein-DNA was
eluted with elution buffer [1% SDS, 0.1M NaHCOg3] from the agarose beads at 65°C for 15mins
and then de-crosslinked at 65°C overnight. The input stored at -20°C was de-crosslinked at 65°C
overnight together with the samples. On the next day, 20ug of Proteinase K (Sigma, cat# 39450-
01-6) was added to samples and incubated for 1h at 42°C. Next, the samples were purified by
column extraction. 5 volumes of PB buffer [5SM Guanidine, 30% isopropanol] was added to DNA
and then transferred into column. Column was centrifuged at 13,000 rpm for 1min at room
temperature. Column was then washed twice with PE buffer [0.01M Tris (pH7.5), 80% ethanol]
and DNA was eluted with nuclease-free water. For ChIP-sequencing (ChIP-seq), the starting
amount of protein, amount of agarose beads and antibodies used were doubled, but eluted in the
same final amount as ChiP.

Antibodies for ChlP:

Target Source Amount used
p53 (DO-7) Cell Signalling #48818 5uL
CTCF Millipore #07-729 SuL
H3K27ac Millipore #07-360 SuL
Normal Rabbit IgG Millipore #12-370 2ulL

ChIP-gPCR Primers for p53:
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Target Forward sequence Reverse sequence

BBC3 -1.4kb TGTCTCAATTAAAACAACAAC | AACTTCTACCTGCAATTTTA
AAAACC CTGACCT

BBC3 +1.3kb peak | TCAGTGTGTGTGTCCGACTGT | GGCAGGGCCTAGCCCAAGG
C

BAX +0.4kb peak | TAGCGTTCCCCTAGCCTCTT CCAGACAACTGAGTCCCTGA

BAX +2.5kb ATGGGTGTGCACCATTATCC GGAGTTCAAGACCAGCCTGA

CDKNI1A -3kb CCGGCCAGTATATATTTTTAA | AGTGGTTAGTAATTTTCAGT
TTGAGA TTGCTCAT

CDKNI1A -2.3kb AGCAGGCTGTGGCTCTGATT CAAAATAGCCACCAGCCTCT

peak TCT

ChIP-gPCR Primers for H3K27ac:

Target Forward sequence Reverse sequence

BBC3 -1.4kb TGTCTCAATTAAAACAACAAC | AACTTCTACCTGCAATTTTA
AAAACC CTGACCT

BBC3 +1.3kb peak | TCAGTGTGTGTGTCCGACTGT | GGCAGGGCCTAGCCCAAGG
C

BBC3 +10kb AGAGGACAAACACGGAATGC | CTTGGGGGATGTCTTTCTCA

BAX +0.4kb peak | TAGCGTTCCCCTAGCCTCTT CCAGACAACTGAGTCCCTGA

BAX +2.5kb ATGGGTGTGCACCATTATCC GGAGTTCAAGACCAGCCTGA

BAX +3.5kb AAATGCTCCTGGCTGTTGTT CTACCACCAGGGCTTGTCAT

ChIP-gPCR Primers for CTCF:

Target Forward sequence Reverse sequence

BBC3 -1kb TCAAAACGCCAACAACAAAA | GTGTCGAACTCCGGACCTTA

BBC3 +2kb peak | TTCCTCTGGATCGACACCAC TGTGGATCTGCAGGTGTCTC

BBC3 +7kb peak AATCATGGAGCATTCTTAGCT | TATTGAGGGAAAAAGGAATT
TAGC CTGG
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BAX -110kb peak | AGTGGTCCTCACCCTCACAC GATGGCAGTAGCACACAGG
A

BAX +3.5kb AAATGCTCCTGGCTGTTGTT CTACCACCAGGGCTTGTCAT
BAX +16kb peak | ATTCCCATAACCGTGCACTC TTGCGATTAAGACGGTAGGC

7.7 MNase assay

Cells were cultured in a 10cm dish until approximately 80% confluent before harvesting by
scrapping. The cells were washed with PBS and centrifuged to pellet at 300g for 10mins at 4°C.
Cell pellet was then resuspended in ImL of lysis buffer [0.5% NP-40, 0.01M Tris (pH7.5), 0.01M
NaCl, 3mM MgCl;, 0.5mM PMSF, 1ImM DTT] for 5min at 4°C. Samples were next centrifuged
at 120g for 10minat 4°C to pellet the nuclei and the resulting supernatant was aspirated. The nuclei
pellet was then resuspended in 500uL of CaCl; buffer [0.02M HEPES (pH7.5), 0.05M KCI, 10%
glycerol, ImM CacCl;, 0.2mM EDTA, 0.5mM PMSF, 1mM DTT] and two 20uL samples were
taken from the resuspended nuclei as input. One input was added with 0.1M EDTA while the other
input was left at room temperature to control for degradation. 100uL of nuclei suspension was
transferred into a new tube and 10U of MNase diluted in CaCl, buffer was added. 20uL of MNase-
treated nuclei suspension were transferred into a new tube containing 2uL of 0.1M EDTA for each
specified time point. Next, 178uL of EDTA buffer [0.02M HEPES (pH7.5), 0.05M KCI, 10%
glycerol, 0.01M EDTA, 0.5mM PMSF, 1mM DTT] was added to each sample to bring the total
volume up to 200uL. 180uL of WSN buffer [Per sample, 30pL water, 20uL 10% SDS, 40uL 5M
NaCl] was added to each sample and then 100ug of RNase A was added to the samples to be
incubated at 37°C for 20mins. 100pg of Proteinase K was then added to the samples and incubated
at 65°C for 1h. Next, the samples were purified by DNA column extraction. 5 volumes of PB
buffer [5M Guanidine, 30% isopropanol] was added to samples and then transferred into column.
Column was centrifuged at 13,000 rpm for 1min at room temperature. Column was then washed
twice with PE buffer [0.01M Tris (pH7.5), 80% ethanol] and DNA was eluted in nuclease-free
water. The concentration of eluted DNA was measured with nanodrop and diluted to 15ng/pL. The

DNA was run on 1.2% agarose gel and 15uL of the eluted DNA was loaded for each sample.
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8. Results

8.1 CTCF may negatively regulate p53-mediated DNA damage response

We obtained global gene expression data of 1217 breast tumors from the TCGA-BRCA database

within the UCSC Xena browser (https://xenabrowser.net/heatmap/) and compared the gene

expression levels of CTCF to a panel of p53 target genes extracted from a list of “top” p53 target
genes (Goldman et al., 2020). This list of p53 target genes was obtained from a meta-analysis of
multiple high throughput datasets to determine p53 target genes that commonly appear as top hit
upon p53 activation (Fischer,2017), where p53 target genes that appeared as a hitin at least 6 high
throughput datasets were included as top p53 target genes. We noticed that patients with breast
tumors expressing low levels of CTCF had a tendency to express higher levels of p53 target genes
(Fig. 10A). From the list of top p53 target genes containing 116 p53 target genes in total, we found
that 65.5% of the p53 target genes’ expression significantly correlated with CTCF gene expression
levels while 37% of the p53 target genes significantly correlated with p53 gene expression levels
in the tumors (Fig. 10B). Next, we correlated the gene expression level of each p53 target gene to
CTCF and p53 respectively. We observed a significant (p = 0.0014, R = -0.3) negative correlation
between the correlation of expression level of p53 target genes to CTCF and p53 respectively (Fig.
10C). For example, BBC3 (encodes PUMA), a pro-apoptotic gene regulated by p53, showed a
negative correlation (R = -0.37) to CTCF expression levels but a positive correlation (R = 0.03) to
p53 expression levels in the breast tumors. Similar trend is observed for p53 target genes
commonly known to elicit p53-mediated DNA damage response such as CDKN1A and GADD45a
in mediating cell cycle arrest, and proapoptotic gene BAX. This negative correlation suggests that
CTCF may be negatively regulating the expression of p53 target genes. Relapse-free survival for
breast cancer patients with all statuses of p53 showed a poorer prognosis for patients with low
CTCF expression in their tumors (Fig. 10D), but when these patients are stratified by wild-type
p53 status in their tumors, patients with low CTCF expression showed better prognosis (logrank P
= 0.0057) (Fig. 10E). As single copy loss of CTCF is prevalent in more than 50% of breast cancers
(Goldman et al., 2020), we sought to investigate the effects of CTCF single copy loss in terms of

p53-mediated DNA damage response.
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8.2 MCF10A CTCF*" cells show a more robust p53-mediated DNA damage
response

Our laboratory has previously generated CTCF hemizygous knockout (CTCF*") in MCF10A cell
line using CRISPR/Cas9-mediated gene editing (Fig. 11A). MCF10A cell line is frequently used
as a model for breast epithelial cells as it is non-tumorigenic but immortalized (Qu et al., 2015),
thus allowing us to explore the effects of CTCF single copy loss on p53-mediated DNA damage
response under basal conditions without confounding factors from the chaotic genome of cancer
cells. To characterize the kinetics of p53-mediated response in CTCF*- cells, we treated these cells
with the clinically-relevant DNA damaging agents, 6LM cisplatinand 500nM doxorubicin for 2h,
4h and 8h. We assessed the mRNA expression levels of a panel of known p53 target genes (BBC3,
BAX and CDKN1A) as a readout of p53-mediated DNA damage response. For both cisplatin and
doxorubicin-treated cells, p53 target genes were generally upregulated by 4h in WT and CTCF*"
cells (Fig. 11B and C). More importantly, our data indicate that CTCF* cells show a more robust
upregulation of p53 target genes compared to WT cells. This prompted us to investigate the
difference in global transcriptome levelsin CTCF*" cells by RNA-seq after DNA damage and we
chose to look at 8h post-treatment timepointas it showed a more robust upregulation of p53 target

genes.

RNA-seq data showed 2 distinct profiles of global transcriptomic changes possibly contributed by
the dosage and propensity of different types of DNA damage induced by cisplatin and doxorubicin.
Cisplatin-treated cells show a mild change of gene expression in MCF10A WT cells 8h after
treatment while in stark contrast, CTCF*- cells show a broad and significant change of gene
expression after treatment (fold change > 1.5, False Discovery Rate (FDR) < 0.05) (Fig 12A).
Pathway enrichment analysis of cisplatin-treated cells showed genes significantly upregulated in
CTCF*- cells are enriched with pathways regulated by p53 (Fig. 12B), while pathways promoting
proliferation are enriched in genes significantly downregulated (Fig. 12C). This resultis expected
as treatment of cells with cisplatin induces p53-mediated DNA damage response, leading to
upregulation of p53 target genes while downregulating proliferative genes to result in cell cycle
arrest for DNA repair to occur. We observed more robust changes in gene expressionin WT cells
after 8h doxorubicin treatment than with cisplatin. Consistent with the effects we observed with

cisplatin, the changes in gene expression in CTCF* cells after doxorubicin treatment is enhanced
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(fold change > 1.5, FDR < 0.05) (Fig. 12D). Pathway enrichment analysis showed an enrichment
in genes regulated by p53 response pathways for upregulated genes (Fig. 12E), while an
enrichment in downregulation of cell cycle progression pathways (Fig. 12F), indicating cell cycle
arrest to facilitate DNA DSB repair. Finally, we looked at differentially expressed p53 target genes
in our RNA-seq data, and the results are in corroboration with our RT-gPCR data, in which we
observed a more robust upregulation of p53 target genes in CTCF*- cells compared to WT for both

cisplatinand doxorubicin-treated cells (Fig. 12G and H).

8.3 Increased expression of p53 target genes in CTCF*- cells after DNA
damage is p53-dependent

Next, we sought to determine whether the increased expression of p53 target genes in CTCF*-
cells after DNA damage is dependent on p53. We utilizeda CTCF*~ mouse mammary carcinoma
cell line (67NR) that was previously generated in our laboratory. The 67NR cell line has been
reported to be devoid of p53 protein expression (Johnstone et al., 2015) and we observed the same
result by western blot after 8h doxorubicin treatment, with a non-transformed mouse mammary
gland epithelial cell line (NMuMG) as positive control of p53 expression (Fig. 13A). Exposure of
the 67NR CTCF*- cellsto 6uM cisplatin and 500nM doxorubicin for 8h has revealed no significant
upregulation of known p53 target genes tested (BBC3, BAX, TIGAR) (Fig. 13B), suggesting that
the increased expression of p53 target genes observed in MCF10A CTCF*- cells after DNA
damage is p53-dependent.

8.4 Stabilization of p53 after DNA damage in CTCF*- cells is consistent with
WT

Next, we assessed if p53 is differentially stabilized and activated in CTCF*- cells comparedto WT
cells which may contribute to the increased p53 target gene expression in CTCF*" cells. As the
changes in gene expression of our CTCF*- #1 and #2 appears similar in both our RT-gPCR and
RNA-seq data, we focused on CTCF*" #2 for downstream experiments. We looked at p53 and p-
p53 (serl5) protein levels by western blotting after 4h and 8h of treatment, inwhich p-p53 (ser15)
is an essential post-translational modification to initiate p53-mediated DNA damage response
(Dumaz and Meek, 1999). Both cisplatinand doxorubicin-treated cells showed consistent amount
of p53 and p-p53(serl5) protein stabilization at 4h and 8h post-treatment between MCF10A WT
and CTCF*- cells (Fig. 14A and B). Additionally, MDM2 protein, which is a direct target of p53
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transcriptional activation showed higher protein expression level in CTCF*- cells compared to WT
cellsafter DNA damage, likely a result of increased gene expression levelsin CTCF*- cells. This
suggests that the more robust upregulation of p53 target genes in CTCF*~ cells may be regulated
at the transcriptional level.

8.5 p53 binding is increased at p53 target genes in CTCF*"- cells after DNA
damage

We then postulated that the more robust p53 response in CTCF*- cells may be driven by changes
in p53 binding at p53 target genes, without significant changes at the protein level. It has been
reported that, at least at the CDKN1A gene locus, transcriptional activation by p53 may occur
without an increase in p53 binding to the gene promoter (Espinosa and Emerson, 2001; Younger
and Rinn, 2017). Moreover, a recent study has shown that MCF10A cells transformed with
oncogenic Ras led to aglobal change intranscriptome expression that may be due to transcriptional
reprogramming by the re-distribution of p53 binding across the genome, while having negligible
changes in p53 mRNA and protein levels (Schwartz et al., 2020). Therefore, it is possible that in
our case, adifferential binding of p53 in CTCF*" cells may be driving the more robust p53 response
despite similar levels of p53 stabilization at the protein level after DNA damage. To explore this
possibility, we designed primers targeting known p53 binding sites surrounding BBC3, BAX and
CDKN1A based on published p53 ChIP-seq data (Andrysik et al., 2017). We performed ChIP
against p53 inWT and CTCF*" cells treated with 6uM cisplatin for 1h, 2h, 4h and 8h. We observed
increased binding of p53 at 2h and 8h after 6uM cisplatin treatmentin CTCF*" cells compared to
WT (Fig. 15). Thus, the increased expression of p53 target genes in CTCF*- cells after DNA

damage may be driven by the increased binding to p53 to these genes.

8.6 Overall chromatin region in CTCF*-cells is more accessible

CTCF plays an important role in establishing chromatin loops and boundaries and it has been
shown that loss of CTCF results in aberrant silencing of tumor suppressor gene p16'N? in breast
cancer due to deregulation of a chromatin boundary and spreading of repressive histone marks
(Witcher and Emerson, 2009). Likewise, single copy loss of CTCF may result in deregulation of
chromatin boundaries that lead to spread of activating histone marks that potentially result in a
more accessible chromatinregion (Narendraetal., 2015). To test this, we performed a micrococcal

nuclease (MNase) assay which utilizes the MNase to digest chromatin regions that are not

30



protected by histones randomly. Increased accessibility of chromatin regions is characterized by
increased degree of MNase digestion for a certain duration of treatment (Fig. 16A). MCF10A
CTCF*" cells show a higher degree of digestion compared to WT cells at 10mins, 15mins and
30mins after MNase treatment (Fig. 16B and C). Furthermore, we utilized histone mark H3K27ac
as a surrogate to represent accessible chromatin regions as H3K27ac is highly associate with active
enhancer regions (Creyghton et al., 2010). ChlP-seq against H3K27ac in MCF10A WT and
CTCF*- cells revealed that CTCF*" cells have increased number of H3K27ac sites gained, as
compared to WT cells (Fig. 16D and E). Taken together, these evidence show that, overall,

chromatin regions in CTCF*- cells are more accessible.

8.7 Increased H3K27ac at BBC3 and BAX in CTCF*- cells after DNA damage

We investigated the H3K27ac histone mark at BBC3 and BAX by ChIP-gPCR. While there is no
significant differencesin H3K27ac at basal level (Oh) between WT and CTCF*- cells, we observed
a gain in H3K27ac binding after 8h of 6uM cisplatin treatmentin CTCF*- cells but not WT cells
(Fig. 17). This is likely a result of the increased p53 binding at BBC3 and BAX after DNA damage,
which leads to recruitment of transcription factors that promote deposition of H3K27ac to the

surrounding chromatin region.

8.8 No changes in binding of CTCF surrounding BBC3 and BAX after DNA
damage

CTCF has been reported to act as a BBC3-specific repressor in human colon carcinoma (HCT116)
cells (Gomes and Espinosa, 2010). These cells were treated with 5-fluorouracil (5-FU), a DNA
damaging agent, for 8h and CTCF binding was decreased in the 5’ region of BBC3 which led to
the upregulation of BBC3 gene expression. They also demonstrated that ShRNA-mediated CTCF
knockdown inHCT116 cells led to increased BBC3 gene expression but not other p53 target genes
such as GADD45a, MDM2 and CDKN1A, therefore showing that binding of CTCF to BBC3
specifically repress BBC3 transcription. To ascertain the status of CTCF binding in our MCF10A
CTCF*" cells after DNA damage, we first designed primers targeting known CTCF binding sites
surrounding BBC3 and BAX genes in MCF10A cell line based on a MCF10A ChIP-seq experiment
previously done in our laboratory. ChIP was performed against CTCF for cells treated with 6uM
cisplatin for 8h. We observed no significant changes in CTCF binding surrounding BBC3 and BAX
for both WT and CTCF*- cells before and after treatment (Fig. 18). This suggests that the increased
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expression of p53 target genes in MCF10A CTCF*- cells is not contributed by loss of CTCF

binding as a gene-specific repressor.
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Fig. 10. CTCF may negatively regulate gene expression of p53 target genes. A) Gene expression data of 1217
breast tumors obtained from TCGA-BRCA database in UCSC Xena browser (https://xenabrowser.net/heatmap/) and
comparing CTCF gene expression level to a panel of p53 target genes. B) Percentage of p53 target genes significantly
(p <0.05) correlated with CTCF and p53 from a listof 116 p53 target genes by Pearson correlation. C) Correlation of
the expression level of each p53 target gene to CTCF and p53 expression levels in 1217 breast tumors. D) Probability
of relapse-free survival for 4929 breast tumors with all status of p53 stratified by low CTCF expression (black) and
high CTCF expression (red), plotted using Kaplan-Meier plotter. E) Probability of relapse-free survival for 273 breast
tumors with wild-type p53 stratified by low CTCF expression (black) and high CTCF expression (red), plotted using
Kaplan-Meier plotter.
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Fig. 11. MCF10A CTCF* cells show a more robust p53-mediated DNA damage response. A) Western blot
against CTCF showing reduced CTCF protein expression in MCF10A CTCF*- #1 and CTCF*- #2 cells. B) Gene
expression levels of BBC3, CDKN1A and BAX by RT-gqPCR in MCF10A CTCF*- #1 and CTCF*- #2 cells after 6uM
cisplatin treatment (n = 3). C) Gene expression levels of BBC3, CDKN1A and BAX by RT-gPCR in MCF10A CTCF+
#1 and CTCF*- #2 cells after 500nM doxorubicin treatment (n =3). Statistical analysis performed using Student’s t-
Testagainst WT Oh.* p < 0.05,**p <0.01,*** p<0.001.

34



A

D

8h 6uM Cisplatin
CTCF+/-
WT =51 m:2 3

8h 500nM Doxorubicin
CTCF+/-
#1 #2 #3

WT

Pathways upregulated

Leptin Signalling
Transcriptional Regulation by TP53
IL-10 signaling
Cell Cycle Arrest:
Apoptotic Pathway
0 2 4 6 8

-Log10 {p-value)

Pathways downregulated

Opioid Signalling:
PI3K signalling
DAG and IP3 signaling
Insulin Receptor Signalling
IGF1R Signaling

0 1 2 3 4

-Log10 (p-value)
Pathways upregulated

Response to Heme Deficiency
Cell Cycle Arrest
Transcriptional Regulation by TP53
Interferon Gamma Signaling
Apoptotic Pathway

0 2 4 6 8

-Log10 (p-value)

F Pathways downregulated

itotic Spindle Checkpoint
Mitotic Spindle Formation
of Sister Chr id Cohesion
Mitotic Prometaphase
Cell Cycle

1] 5 10 15

-Log10 (p-value)

35



8h 6uM Cisplatin 8h 500nM Doxorubicin
WT CTCF+/- WT CTCF+-
#1 #2 #3 #1 #2 #3
GDF15+ GDF15
RRAD - 6 PGF
CDKN1A- ATF3
BTG2 WDR63
BBC3+ BBC3 4
LIF - TP53INP1 S 6
ATF3~ FAM198B -
TRIM22 4 TRIM22
FAM212B - ACER2-
FAM198B = BTG24
ASTN2 - RRADH
MDM2 - PADI4 - L],
PLK2+ LIF
TP53INP1 - {- CDIP1+
PRDM1 CDKN1A -
PMAIP1 - FDXR -
ot
b ASTN2
CDIP1 - DCP1B- S 1 F 12
CES2+ L1 FUCA1+ L

Fig. 12. RNA-seq analysis of MCF10AWT and CTCF*- cells after DNA damage. A) Differential gene expression
of WT and CTCF*- cells after 8h treatment with 6uM cisplatin, with scale on the right representing Log: fold change.
B) Reactome pathway enrichment analysis for genes significant upregulated after 6uM cisplatin treatment (fold
change > 1.5, adjusted p-value < 0.05). C) Reactome pathway enrichment analysis for genes significantly
downregulated after 6M cisplatin treatment (fold change > 1.5, adjusted p-value < 0.05). D) Differential gene
expression of WT and CTCF*- cells after 8h treatment with 500nM doxorubicin, with scale on the right representing
Log: fold change. E) Reactome pathway enrichment analysis for genes significant upregulated after 500nM
doxorubicin treatment (fold change > 1.5, adjusted p-value <0.05). F) Reactome pathway enrichment analysis for
genes significantly downregulated after 500nM doxorubicin treatment (fold change > 1.5, adjusted p-value < 0.05).
G) Top 20 p53 target genes significantly upregulated in CTCF*- cells after 8h 6 M cisplatin treatment, with scale on
the right representing Log: fold change. H) Top 20 p53 target genes significantly upregulated in CTCF*- cells after
8h 500nM doxorubicin treatment, with scale on the right representing Log> fold change.
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Fig. 13. Increasedexpressionof p53 targetgenesin MCF10A CTCF*- cells after DNA damage is p53-dependent.
A) Western blot against p53 showing no p53 protein expression in 67NR WT and CTCF*- cells. B) Gene expression
levels of BBC3, BAX and TIGAR by RT-qPCR in 67NR CTCF*- A and CTCF*- B cells after 6uM cisplatin treatment
(n=3). C) Gene expression levels of BBC3, BAX and TIGAR by RT-gPCR in 67NR CTCF*- A and CTCF*- B cells
after 500nM doxorubicin treatment (n =3). Statistical analysis performed using Student’s t-Testagainst WT Oh. *p <
0.05,**p <0.01,** p <0.001.
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Fig. 15. Increased p53 binding in MCF10A CTCF*- cellsafter DNA damage. ChlPagainst p53 after 6uM cisplatin
treatment at A) BBC3, B) BAX and C) CDKNL1A. Statistical analysis performed using Student’st-Test. *p < 0.05, **
p<0.01,*** p<0.001.

39



A S E H3K27ac ChlIP-seq

1 MNase digestion WT CT CF+/- #2
60
= bp:
— 1,000
L o o 4 . — 500
P .
- — 200
———
Increasing chromatin aocessibilit'v
B MCF10A WT -
Input Untreated 8
1)
MNase treatment ~ EDTA RT 1m 3m 5m 10m 15m 30m g :
O
L o 4 .
-
C MCF10A CTCF*/- #2
Input Untreated :
MNase treatment EDTA RT Im 3m 5m 10m 15m 30m -8 2
[=
'©
U
1000bp—
750bp —
500bp — L -
"
250bp — - o °
& -
0

+/- 3000bp from peak

D 150bp band intensity F Number of altered
. : H3K27ac sites in CTCF*/- #2

0.25+
0.204

0.154

0.10+

Relative to input

= _m=

) 1 N 1 1 . L} L
WT CTCF"#2: WT CTCF'#2: WT CTCF'#2

. . Q" Qb 06\
10min Y 15min ¢ 30min & & v
- . 00

Fig. 16. Overall chromatin region in CTCF*- cells is more accessible. A) Schematic of MNase assay. B) Gel
electrophoresis of purified genomic DNA from MCF10A WT cells after treatment with 10U MNase. C) Gel
electrophoresis of purified ggnomic DNA from MCF10A CTCF*- #2 cells after treatmentwith 10U MNase. D) Band
intensity quantification of band at 150bp (lowest band) from gel images of Aand B at 10min, 15min and 30min using
ImageJ. E) ChlP-seq analysis of H3K27ac in MCFL0A WT and CTCF*- #2 cells for signal of H3K27ac within +/-
3000bp from identified H3K27ac peaks. F) Quantification of number of constant, gained and lost sites from heatmap
in E, for MCF10A CTCF*- #2 cells compared to MCF10AWT.

40



Exon

=
1]

=
o
N
w

4

L & ] H—
N A BBC3 R
-1.4kb Neg +1.3kb Peak +10kb Neg
H3K27ac ChIP for BBC3
1.0- H . H
! ! !  [gG
3 0.8+ ' ‘ b B H3K27ac
£ , H H
2 0.6+ H H .
o ‘ : 1
> 1 1 1
"E 0.4+ i 1 i
® H . .
= 0.24 : H ‘
L) 1 L]
X e o e ; .
Time(h) 0 8,0 8 0 8,0 8 0 8,0 8
L) 1 L]
WT ‘CTCF" #2 WT ' CTCF* #2 WT ‘CTCF*" #2
-1.4kb Neg +1.3kb Peak +10kb Neg
B Exon 1 23 4 5 6
—H-i +—— el
N A » BAX
+0.4kb Peak  +2.5kb+3.5kb
H3K27ac ChIP for BAX
2.0
 gG
Bl H3K27ac

% relative to input
>
1

0.0~

Timeth) 0 8,0 8 o 8.0 8 0 8.0 8
WT 'CTCF" #2 WT ‘CTCF™#2 WT 'CTCF™-#2
+0.4kb Peak +2.5kb Neg +3.5kb Neg

Fig. 17. Increased H3K27ac at BBC3 and BAX in CTCF+/- cells after DNA damage. ChIP against H3K27ac after
6UM cisplatin treatment in MCF10A WT and CTCF*-#2 cells for A) BBC3 and B) BAX.

41



A la  1b 2 3 4
O N S W

BBC3
A A
-1kb +2kb Peak +7kb Peak
CTCF ChIP for BBC3
' ) '
0.03- ! ! '
' ) ‘
ey ' ] 1
= ' ] 1
a2 i , :
<€ 0.024 : ' '
2 i ) ‘
L ] ] ]
> ' ] [l
= 1 [l '
< 0.011 i , i
- 1 ] 1
2 i . ‘
1 1] '
] 1 ]
0.00- L > :
Time(h) 0 8'0 8 0 8!0 8 0 8!0 8
WT |CTCF* #2 WT |CTCF* #2 WT CTCF* #2
-1kb Neg +2kb Peak +7kb Peak
B 1 23 4 s 6
———i #—— i
BAX
A A A
-110kb Peak +3.5kb +16kb Peak
CTCF ChIP for BAX
' . '
0.15+ ! H .
] 1 '
- 4 ] 1
- 1 [l 1
s i H .
£ 0.10+ i H ‘
& : H :
@ ' ] 1
_Z ' ] 1
& , H i
< 0.05+ ) H i
— 1 ] ]
2 i H 1
] L} ]
] 1 1
0.00- L : .
Time(h) 0 810 8 0 8:0 8 0 8'0 8
WT |CTCF™-#2 WT |CTCF* #2 WT |CTCF™ #2
-110kb Peak +3.5kb Neg +16kb Peak

. gG
B CTCF

m gG
Bl CTCF

Fig. 18. No changes in CTCF binding at BBC3 and BAX after DNA damage. ChIP against CTCF after 6uM

cisplatin treatment in MCFL0A WT and CTCF*- #2 cells for A) BBC3 and B) BAX.

42



10. Discussion

In this thesis, we show that single copy loss of CTCF led to increased expression of p53 target
genes upon DNA damage, compared to WT cells. At least at 3 known p53 target genes (BBC3,
BAX and CDK1NA), the increased p53 target gene expression is due to increased binding of p53
at these genes after DNA damage in CTCF*" cells while amount of p53 stabilized at the protein
level remain consistent between WT and CTCF*- cells. We also show that overall chromatin
regions in CTCF*" cells are more accessible, possibly increasing accessibility of p53 to p53
bindingsites, resulting in increased binding of p53 upon DNA damage. We propose that the single
copy loss of CTCF results in deregulation of chromatin loops, which may lead to aberrant
spreading of activating histone marks that increases the accessibility of the chromatin region near
p53 target genes, resulting in increased expression of p53 target genes after DNA damage (Fig.
19). Indeed, it has been shown that sSiRNA-mediated depletion of CTCF in prostate cancer cells
led to merging of chromatin loops and formation of new chromatin boundaries due to loss of CTCF
binding (Khoury et al., 2020).
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Our RNA-seq data showed two distinct profiles of global differential gene expression for MCF10A
WT and CTCF*" cells after 8h of treatment with 6M cisplatin or 500nM doxorubicin. MCF10A
WT cells treated with 6uM cisplatin show minimal changes in gene expression while treatment
with 500nM doxorubicin resulted in some observable extent of changes in gene expression. This
can likely be attributed to the difference in mechanism of action between cisplatin and doxorubicin
in inducing DNA damage. Cisplatin treatment results in DNA adducts that consist of 98%
intrastrand crosslinks involving purine nucleotides and 2% interstrand crosslinks which involves
crosslinking of different strands of DNA (Kartalou and Essigmann, 2001). Intrastrand crosslinks
are repaired by nucleotide excision repair (NER) pathway that is active throughout the cell cycle,
while interstrand crosslinks are potentially lethal as they stall replication forks and lead to DNA
DSB induction (Enoiu et al., 2012). Since our experiment timepoints are only up to 8h after
cisplatin treatment, it is unlikely that significant amount of DNA DSBs are generated, as
interstrand crosslinks are generated in low frequencies and MCF10A cell line has a doubling time
of approximately 20h (Bessette etal., 2015). Therefore, it is unlikely that majority of the cells have
undergone replication fork stalling and DNA DSB generation during our 8h cisplatin treatment.
This explains why we see minimal changes in gene expression in our MCF10A WT cell line after
8h cisplatin treatment. This observation is also supported by our western blot results, as the
magnitude p53 and p-p53 protein stabilization for cisplatin-treated cells were not as comparable

to doxorubicin-treated cellsand required longer exposure times to obtain visible bands.

Doxorubicin promotes DNA DSB formation by intercalation into DNA to prevent DNA and RNA
synthesis (Momparleretal., 1976), and inhibition of DNA topoisomerase II-mediated DNA repair
(Tewey et al., 1984) after the initial DNA cleavage during alleviation of DNA supercoiling. It has
also been reported that doxorubicin generates reactive oxygen species (ROS) in the presence of
NADPH and oxygen which results in DNA damage (Gutteridge and Quinlan, 1985; Sinha et al.,
1989). As DNA DSBs are lethal insults to the cell, it must be repaired rapidly and thus, a greater
magnitude of p53-mediated DNA damage response is not surprising. This is supported by the
larger extent of changes in gene expression in MCF10A WT cells after 8h of doxorubicin

treatment.

We have showed that the higher p53 target gene expressionin CTCF*- cells is dependent on p53,
in 67NR cells. While 67NR cells are of mice origin which has high similarity to human DNA
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sequence, the results may be affected by species-specific differences due to differences in
transcriptional regulation of genes (Lin et al., 2014). It is therefore ideal to verify the dependence
of the higher p53 target gene expressionin CTCF*" cells to p53 in human cell lines. A shRNA-
mediated knockdown of p53 can be carried out in the MCF10A CTCF*- cells to deplete p53 levels

and followed by exposure to cisplatin or doxorubicin to evaluate the expression of p53 target genes.

In our ChIP against p53 data, we did not observe increase in p53 binding at BBC3, BAX and
CDKNI1A in our WT cells after cisplatin treatment. However, based on our RT-gPCR and western
blot data, we know that MCF10A WT cells do undergo p53-mediated DNA damage response upon
treatment of cisplatin at the dosage and duration used in our experiments. We observed an increase
in gene expression of p53 target genes by RT-gPCR and increased stabilization of p53 and p-p53
at the protein level, suggesting robust p53-mediated DNA damage response. p53 has been shown
to bind the CDKN1A locus at basal level (Espinosaand Emerson, 2001; Younger and Rinn, 2017).
Upon DNA damage, the transcriptional upregulation of CDKN1A was observed. While no changes
in p53 binding was observed, they showed that basally bound p53 was phosphorylated in-situ at
the CDKN1A locus, as observed from ChIP against p-p53. Thus, phosphorylation of p53 can occur
directly on basally bound p53 at CDKNI1A, leading to transcriptional activation and gene
expression, without change in p53 binding levels. It is therefore likely that due to the low
magnitude of p53-mediated DNA damage response induced by cisplatin treatment in our cells,
activation of p53 by direct phosphorylation of p53 at basally bound p53 is sufficient to induce a
required p53-mediated DNA damage response.

We demonstrated an increased p53 binding at three known p53 target genes (BBC3, BAX and
CDKN1A) in our CTCF*" cells after cisplatin treatment compared to WT. It will be interesting to
investigate if p53 binding is increased at other p53 target genes in our CTCF*- cells. A ChIP-seq
against p53 should be performed to look at p53 binding genome-wide after cisplatin treatmentin
CTCF*- cells. p53 ChlP-seq data allows us to determine p53 binding levels at all p53 target genes
after cisplatinand determine if the increase in p53 binding correlate with p53 target genes that are
significantly upregulated in our RNA-seq data (Fig. 12G and H). A positive correlation will
suggest that the increased p53 target gene expression is driven by increased p53 binding at these
genes in our CTCF*" cells. Besides that, ChIP-seq against RNA pol Il may provide further support
to the effect of increased p53 binding at p53 target genes on gene expression. The transactivation
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domains of p53 has been shown to interact with subunits of RNA pol Il and binding of p53 to RNA
pol 1l leads to a conformational change in RNA pol II, which may contribute to assembly of
transcriptional machinery (Liou et al., 2021). Therefore, if ChIP-seq data against RNA pol Il
correlates with ChlP-seq data against p53, i.e. regions with increased p53 binding also contain
increased RNA pol Il binding, itis highly likely that the increased p53 binding is driving increased
p53 target gene expression.

We think that the increased binding of p53 at p53 target genes after DNA damage in our CTCF*-
cells may be due to increased accessibility of chromatin regions. Our data from MNase treatment
and H3K27ac ChIP-seq experiments highly suggest that the overall chromatin regions in the
CTCF*- cells are more accessible. However, we lack a direct link to p53 target genes. Therefore,
we can potentially map our MNase results directly to p53 target genes by looking for enrichment
of p53 binding sites at p53 target genes in the 150bp band representing single nucleosome unit by
RT-gPCR. By detecting level of p53 binding sitesin the 150bp band in WT and CTCF*" cells, we
expect to observe enrichment of p53 binding sites if the chromatin regions surrounding p53 target

genes are more accessible, which allows more rapid digestion by MNase.

Our ChlIP against CTCF at BBC3 showed no changes in CTCF before and after cisplatin treatment.
As CTCF has been shown to be a BBC3-specific repressor in colon carcinomacells, our ChlP data
showed that this is not the case in our MCF10A cells (Gomes and Espinosa, 2010). In fact, our
observations are rather different. They showed that knockdown of CTCF resulted in upregulation
of BBC3 expression, but not other p53 target genes, in contrast to our observation. This can be
explained with the role of CTCF in formation of chromatin loops at the TAD and subTAD levels
of chromatin organization. Boundaries of TADs are rather conserved between different cell types,
while boundaries between subTADs are more dynamic between different cell types, as seen in the
transition of fetal to adult hematopoietic stem cells (Chen et al., 2019). On top of that, we have
evidence in our lab showing that in our CTCF*- cells, loss of CTCF levels led to a more prominent
loss of CTCF binding at the subTADs, compared to TADs (Lebeau et al., submitted for review).
Therefore, loss of CTCF in colon carcinoma (HCT116) cellsand breast epithelial (MCF10A) cells
may result in deregulation of different chromatin boundaries, leading to a cell-type specific
phenotype. Therefore, the phenotype observed in our MCF10A cells may be specificto cells from
breast tissue. Further experiments should be done to verify this, possibly by generating CTCF*-
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by CRISPR editing in different cell types to evaluate if the increased p53 target genes expression
compared to WT cells after DNA damage can be recapitulated. Furthermore, as CTCF-mediated
chromatin boundaries at subTADs are dynamic between different cell types and subTADs can
span up to several hundred thousand basepairs, ChlP-seq against CTCF may provide insights to
the potential subTADs that are deregulated due to loss of CTCF in our MCF10A CTCF*" cells.
Additionally, we may correlate changes in gene expression from our RNA-seq data to CTCF ChlP-

seq data, to see if changes in gene expression correlate with changes in boundaries of subTADs.
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11. Concluding remarks

We showed that single copy loss of CTCF in MCF10A cells led to increased p53 target gene
expression upon treatment with DNA damage inducing agents, possibly driven by increase p53
binding at p53 target genes. Single copy loss of CTCF led to an overall chromatin region that is
more accessible, potentially allowing p53 to readily access and bind p53 target genes to enhance
transcriptional activity. As single copy loss of CTCF is a frequent event in breast cancer, tumors
with functional p53-mediated DNA damage response pathway may show hypersensitivity to DNA
damage. Therefore, CTCF may potentially be a suitable biomarker to predict efficacy of treatment
with chemotherapeutic agents that induce DNA damage as their mechanism of action. Further
studies are required in vivo to test this hypothesis and additional mechanistic studies, as well, to

determine the role of CTCF in regulating p53-mediated DNA damage response.
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