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Abstract

The neurodevelopmental-associated zinc finger protein POGZ was first described in its
role in the maintenance of mitotic chromosomes and chromosomal stability. Mutations in
POGZ are notably associated with the onset of autism-like or intellectual disabilities
through dysregulation of gene transcription and genome maintenance. Many proteins
necessary for development and genome stability are often aberrantly expressed or
dysregulated in cancer, however, it is unknown if POGZ possesses any cancer-
associated functions. Thus, we investigated the molecular functions of this protein in
genomic integrity and examined its putative role in the growth and progression of breast
cancer. We have identified a novel function for POGZ, in the repair of DNA double-
stranded breaks (DSBs) by the homologous recombination (HR) pathway, which may be
independent of its previously described role in regulating gene expression. Specifically,
we have shown POGZ, through its interaction with the heterochromatin protein HP1,
promotes the recruitment of the BRCA1/BARD1 complex to sites of DNA damage, a
critical step in the subsequent resolution of DSBs by HR. Developing and utilizing an in
vivo mouse model of constitutive POGZ loss, we have shown that haploinsufficient POGZ
levels result in radio-sensitivity, the spontaneous generation of DSBs in a multiple tissues
and compromised antibody diversification. Furthermore, with the importance of POGZ in
controlling gene expression and DNA repair, we predicted that deregulated expression of
this protein may further contribute to cancer development. To test the functional
significance of POGZ in the pathobiology of breast cancer (BC), we generated POGZ-
deficient (4T1-sgPogz) and POGZ-overexpressing (4T1-scPogz) basal-like mammary
carcinoma systems and monitored impacts on cellular and tumor growth. While
overexpression of POGZ was dispensable for cell and tumor growth, loss of POGZ results
in impaired cell proliferation and yielded a dramatic loss of tumor growth in vivo.
Transcriptionally, an aberrant TGF-b signaling signature was observed in 4T1-sgPogz
cells, in vitro, and an upregulated epithelial-mesenchymal transition signature, in vivo.
Surprisingly, loss of POGZ, despite a primary growth defect, elicited an increased
metastatic burden, while overexpression of POGZ completely abrogated pulmonary



metastases. Basally, 4T1-sgPogz cells possessed higher expression of TGFBR2,
accompanied by increased levels of phosphorylated SMAD2/3. Furthermore, 4T1-sgPogz
cells display significantly higher migratory activity, which can be inhibited through genetic
and pharmacological inhibition of TGFBR1/2. We have established a novel role for the
neurodevelopmental protein, POGZ, in homologous recombination and the growth and
progression of basal-like breast cancer. However, when exploring metastatic potential,
despite overt growth defects, we uncovered additional roles for POGZ in suppressing
metastasis, exemplifying how certain regulatory proteins impact multiple steps of breast
cancer pathology. Overall, we have provided a foundation of data supporting POGZ in
the regulation of DNA repair and provided novel insight into its regulation of TGF-b

signaling and impacts on cancer growth and metastasis.



Resume

La protéine a doigt de zinc associée au développement neurologique POGZ a été décrite
pour la premiére fois dans son rdle dans le maintien des chromosomes mitotiques et la
stabilité chromosomique. Les mutations de POGZ sont notamment associées a
l'apparition de déficiences autistiques ou intellectuelles par dérégulation de la
transcription des génes et de la maintenance du génome. De nombreuses protéines
nécessaires au développement et a la stabilité du génome sont souvent exprimées de
maniére aberrante ou dérégulées dans le cancer, cependant, on ne sait pas si POGZ
posseéde des fonctions associées au cancer. Ainsi, nous avons étudié les fonctions
moléculaires de cette protéine dans l'intégrité génomique et examiné son réle putatif dans
la croissance et la progression du cancer du sein. Nous avons identifié une nouvelle
fonction pour POGZ, dans la réparation des cassures double brin (DSB) de I'ADN par la
voie de la recombinaison homologue (RH), qui peut étre indépendante de son rdle
précédemment décrit dans la régulation de I'expression génique. Plus précisément, nous
avons montré que POGZ, par son interaction avec la protéine hétérochromatine, HP1,
favorise le recrutement du complexe BRCA1/BARD1 sur les sites de dommages a I'ADN,
une étape critique dans la résolution ultérieure des DSB par HR. En développant et en
utilisant un modele murin in vivo de perte constitutive de POGZ, nous avons montré que
des niveaux de POGZ haplo-insuffisant entrainent une radiosensibilité, la génération
spontanée de DSB de maniére multi-tissulaire et une diversification des anticorps
compromise. De plus, compte tenu de l'importance de POGZ dans le contréle de
I'expression des geénes et la réparation de I'ADN, nous avons prédit que I'expression
dérégulée de cette protéine pourrait contribuer davantage au développement du cancer.
Pour tester I'importance fonctionnelle de POGZ dans la pathologie de la BC nous avons
généré un systeme de carcinome mammaire de type basal déficient (4T1-sgPogz) en
POGZ et sur exprimant POGZ (4T1) et surveiller les impacts sur la croissance cellulaire
et tumorale. Alors que la surexpression de POGZ était dispensable pour la croissance
cellulaire et tumorale, la perte de POGZ entraine une altération de la prolifération
cellulaire et a entrainé une perte spectaculaire de croissance tumorale, in vivo. Sur le
plan transcriptionnel, une signature de signalisation aberrante du TGF-b a été observée

dans les cellules 4T1 déficientes en POGZ, in vitro, et une signature de transition



épithéliale-mésenchymateuse régulée positivement, in vivo. Etonnamment, la perte de
POGZ, malgré un défaut de croissance primaire, a provoqué une charge meétastatique
accrue, tandis que la surexpression de POGZ a complétement abrogé les métastases
pulmonaires. Essentiellement, les cellules POGZ-KO 4T1 possédaient une expression
plus élevée de TGFBR2, accompagnée d'une augmentation de SMAD2/3 phosphorylé.
De plus, les cellules POGZ-KO présentent une activité migratoire significativement plus
élevée, qui peut étre inhibée par l'inhibition génétique et pharmacologique de TGFBR1/2.
Nous avons établi un nouveau réle pour la protéine neuro-développementale, POGZ,
dans la recombinaison homologue et la croissance et la progression du cancer du sein
de type basal. Cependant, lors de I'exploration du potentiel métastatique, malgré des
défauts de croissance manifestes, nous avons découvert des réles supplémentaires pour
POGZ dans la suppression des métastases, illustrant I'impact de certaines protéines
régulatrices sur plusieurs étapes de la pathologie du cancer du sein. Dans lI'ensemble,
nous avons fourni une base de données soutenant POGZ dans la régulation de la
réparation de I'ADN et fourni un nouvel apercu de sa régulation de la signalisation TGF

et de ses impacts sur la croissance du cancer et les métastases.
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Chapter 1: Introduction

1.1. DNA damage and repair
Cells are continuously exposed to sources of DNA damage, which compromise genomic

stability. Persistent genetic instability is linked to immunodeficiency syndromes,
neurological disorders, premature aging, developmental abnormalities, infertility and
cancer. DNA damage is generated due to a wide variety of endogenous and exogenous
sources. Endogenous sources such as replication stress and reactive oxygen species
often lead to single stranded DNA breaks (SSB). However, with only a single damaged
DNA strand, these insults are efficiently repaired in a competent cell via an array of repair
pathways, including base excision repair (BER) and nucleotide excision repair (NER).
Exogenous sources, such as irradiation or UV damage, often lead to the formation of
double stranded DNA breaks (DSB). DSBs, being the most lethal, are cytotoxic DNA
lesions that, if left unrepaired, lead to major genomic rearrangements and cell death.
Therefore, cells have evolved complex molecular signaling pathways to avoid such
outcomes and orchestrate DNA repair. Regulation of DSB repair is multi-layered,
composed of systematic processing of DNA physically, through topological and
epigenetic alterations, and the initiation of larger cellular changes, such as altered gene
transcription and activation of cell cycle arrest.

DSB repair is a deeply complex, multi-faceted, and step-wise process, as exemplified in
Figure 1-1. First, the DSB is recognized by sensor proteins, which then recruit and
stabilize key signal transducing kinases. Secondly, these kinases recruit and activate
signal amplifying enzymes which work to generate chromatin modifications, adaptor
protein recruitment sites, and complex formation surrounding the DSB. Following the
signalling of the DSB, the recruitment of dedicated effector proteins and subsequent
repair machinery resolve the DSB. While these proteins work in tandem to locally repair
DNA, following the detection of a DSB, another signalling cascade concomitantly initiates
cellular responses that promote cell cycle arrest. Activation of these cell cycle

17



checkpoints provides essential and resources to ensure effective DNA repair. Each of
these steps, and their regulation, with particular attention to the HR pathway, will be
discussed further.

1.1.1. Detection and signalling of DSBs
Molecular recognition of DNA damage is largely characterized by sensor proteins, the

MRN (Mre11-Rad50-Nbs1) complex for DSBs'3. The MRN complex is composed of
mitotic recombination 11 homolog 1 (MRE11), ATP-binding cassette (ABC)-ATPase
(RAD50), and Nijmegen breakage syndrome protein 1 (NBS1). The MRN complex serves
as the first enzyme that reaches the DSB and facilitates the initiation of the DNA damage
response’. DNA damage surveillance proteins are often stress kinases that get activated
during DSB responses to not only trigger the signalling responsible for the local
modifications and initial stages of DSB repair but also signalling cascades responsible for
cell cycle checkpoint activation or apoptosis®. Serine-threonine kinases belonging to the
class IV phosphoinositide 3-kinase (PI3K) family, including ataxia telangiectasia mutated
(ATM), ataxia telangiectasia related (ATR), and the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), are induced by genotoxic stress to initiate DNA repair*S.
DSBs can also be recognized by the Ku proteins, which is a heterodimer of Ku70/80°.
These proteins are bound together in a ring conformation which can bind non-covalently
to the end of an open DSB. The two sides of the protein structure are for protection of the
DSB and also act as a scaffold for signal transducer kinases, specifically DNA-PK, and
subsequent DNA repair enzymes*.

After the MRN complex is recruited to the site of damage, ATM binds the MRN complex
and auto-phosphorylate itself to initiate its kinase activity. Importantly, it also
phosphorylates histone H2AX at Ser139 (gamma (y)-H2AX), representing a surrogate
marker of DSBs that serves as a focal point for DSB repair’. Abundant nuclear
concentrations of another kinase, casein kinase 2 (CK2), will trigger phosphorylation of
another key protein involved in DSB signal amplification, mediator of DNA damage
checkpoint protein 1 (MDC1)8. The MRN complex binds MDC1 through its forkhead-

18



associated (FHA) domain and stabilizes ATM through its ankyrin repeat domain
(ANKRD)®. MDC1 also directly binds yH2AX, increasing the local concentration of ATM.
This triggers further H2AX phosphorylation and MDC1 recruitment, thus amplifying and

spreading the yH2AX modification, forming a focal region™®.

After DSBs are detected by the MRN complex, yH2AX spreading occurs through
concordant interactions between activated ATM and MDC1. Phosphorylated MDC1 also
serves as a binding site for the E3-ubiquitin ligase ring finger protein 8 (RNF8), which
serves to poly-ubiquitinate H1 on Lys63, which triggers binding of ring finger protein 168
and mono-ubiquitination of histone H2A and Lys13-15""-"4, These K13/15 mono-ubiquitin
residues do not canonically serve as signals for the proteasome, but in fact, serve as
docking sites for the receptor associated protein 80 (RAP80)-BRCA1 complex (BRCA1-
A complex). While K63 chains do not serve as a direct binding site for 53BP1, histones
proximal to DSBs possessing these modifications, expose a di-methylated H4K20 tail to
which 53BP1 directly binds'-'7. It is at this point, on the level of mutual antagonism
between BRCA1 and 53BP1, and the protection of DNA ends, that a pathway decision

emerges.

Additional DNA damage sensors include the poly-ADP-ribose (PAR) polymerases
(PARPs), which catalyze the post-translational, covalent attachment of poly-ADP-ribose
(PAR) to target proteins, a process called PAR-ylation. These PAR branches represent
an accumulation of ribose sugar residues and, much like ubiquitin chains, serve as
binding sites for other proteins to potentiate signal amplification. PARP1, and subsequent
PAR-ylation, rapidly accumulates at both SSB and DSB within seconds of damage,
however, its function is largely presumed to inhibit DNA end resection and promote NHEJ.
However, in certain cell cycle contexts, PARP1 can compete with and even remove
Ku70/80 from binding DSB ends'®2'. In other contexts, PARP1 has been shown to
influence other DNA repair pathways such as base excision repair, a SSB repair pathway
that prevents toxic DSB accumulation??.
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1.1.2. Effector Pathways of DNA Repair
The canonical DSB response consists of 2 major pathways: homologous recombination

(HR) and non-homologous end-joining (NHEJ). An important distinction between these
pathways is the rate of error prone repair. HR is a template-mediated or “faithful” repair
response, which is largely mediated by the BRCA1/CtIP signaling pathway and yields
very low frequency of errors in repaired DNA. NHEJ-mediated repair of a DSB involves
the direct ligation of strands and therefore lacks the requirement for a homologous
template. While the NHEJ process allows for faster DSB resolution, it may often result in
small sequence changes near the DSB site, leading to an error-prone repair in

comparison to HR.2324

1.1.3. Non-homologous End Joining (NHEJ)
The first defining events of NHEJ is the recognition of DSB ends by Ku70/80, which

stabilize and protect the DSB ends to inhibit long range resection by the MRN complex'8.
DNA-PKcs binds Ku70/80, creating the holoenzyme DNA-PK. This triggers its kinase
activity and the phosphorylation of the canonical Ser139 of H2AX, as well as key
substrates such as the Ku proteins, end processing enzymes, ligases, and the DNA-PK
complex itself?>. While DNA ends largely cannot be ligated directly, there is a minor level
of nucleolytic processing that is required prior to repair. Nucleases such as Artemis and
the Werner syndrome protein (WRN), target any ssDNA overhangs which may form
during Ku formation and stabilization?6-3°, However, it has been shown that within the
MRN complex, Mre11 can perform extremely limited end resection or end processing (as
few as 20 bp) that can contribute to NHEJ3':32, Once DSB ends are processed and
stabilized, the X-ray cross complementary 4 (XRCC4) — DNA ligase IV (LIG4)- is loaded
onto the Ku complex to facilitate end joining and ligation3334,

Through elegant exploration of the functional domains of both 53BP1 and BRCA1, the
complicated regulation of resection of the DNA strands containing a DSB largely impacts
the stability and affinity of DNA repair complexes at sites of damage. It is this length of
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resection that influences which DNA repair machinery becomes stabilized at sites of
damage. Short, prompt, limited resection favor NHEJ, therefore, proteins that inhibit
extensive resection are required during cell phases when a homologous template is not
available. 53BP1 can engage with DSB ends and limit the duration and length of resection
of one of the complementary strands of DNA composing the DSB'4-353¢_ Replication time
factor 1 (RIF1) interacts with 53BP1, through ATM-mediated phosphorylation of 53BP1,
further blocking and antagonizing any 5’ resection that may occur via the exonuclease
activity of the BRCA1 interactor, CtBP-interacting protein (CtIP)3>-38 53BP1-RIF1 will
then engage with REV7 in G1 cell cycle phases, which further antagonizes end resection
by inhibiting the accumulation of BRCA1-CtIP at sites of damage3®%°. It was recently
identified by our group and other research studies that REV7 repressed HR in G1 by
interacting with the shieldin complex (SHLD1/2/3) and further inhibiting end resection and
by binding ssDNA, preventing exonuclease activity and RPA accumulation*'-47,

1.1.4. Homologous Recombination (HR)
In cells undergoing S/G2 phases, minor 5’ DNA strand resection of the DSB is performed

very early by MRE11 in the MRN complex?. This serves as the initial detection of the DSB
by the host cell. S-phase cell cycle kinases phosphorylate the exonuclease, CtlP,
reinforcing its interaction with BRCA1 and its binding partner BARD1, and their
recruitment to the DSB*84°. The BRCA1/BARD1 can directly bind proximal nucleosomes
(illustrated in Figure 1-1), through BARD1 mediated recognition and interaction with the
unmethylated histone residue H4K20. This stabilizes CtIP in this location and in concert
with the MRN complex, CtIP facilitates further resection of the 5’ DNA strand of the DSB,
exposing a long single strand of DNA (ssDNA). The exposed ssDNA is rapidly coated in
replication associated protein A (RPA), which predominantly signals SSB through the
activation of the sensor kinase, ATR®-%2. In the context of HR, in local pockets
surrounding the DSB, activated ATR phosphorylates PALB2, a DNA binding protein that
forms a complex with BRCA2 and BRCA1%3. Following the stabilization of BRCA1 at sites
of damage, PALB2-BRCAZ2 complexes are recruited to sites of damage and interact with
BRCA1 through the coiled-coil domain of PALB25455. BRCAZ2, through its 8 BRC repeats,

can effectively remove and replace RPA on ssDNA with helical filaments composed of
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the recombinase protein, RAD51%4%_ This filament coated ssDNA is a nucleoprotein
complex and is used in the process known as strand invasion and is critical for successful
HR. Strand invasion involves the search for a complementary template that can be used
for DNA synthesis. The search ends when either the sister chromatid or homologous
chromosome interacts with the RAD51-ssDNA structure and forms a displacement loop
(D-loop)®¢-%8. This “nascent” D-loop composed of the homologous strand separated by
the invaded strand serves as the DNA synthesis platform for functional HR.

While D loop formation is necessary for HR, homologous regions (i.e. repeat regions) can
anneal and are often formed during other repair processes such as alternative end-joining
(alt-EJ) or single-stranded annealing (SSA)%%80, In these processes, microhomologies on
the 3’ resected end bind regions of high similarity on the complementary strand (i.e.
independent of a homologous chromosome)®'. This process creates two 3’ overhang
flaps on either side of the , which eventually are trimmed by flap-structure specific
endonuclease 1 (FEN1) and ligated®?%7. These processes, while absolutely template
dependent, are still considered error-prone due to this minor flap nucleotide deletions.
The integrity of HR is further dependent on the error rate of the DNA polymerases
responsible for catalyzing the complementary strand synthesis. DNA synthesis during HR
is primarily controlled by DNA polymerase delta (Pold), despite its primary function in
lagging strand synthesis during S-phase DNA replication®®5°, However, roles for DNA
polymerase a and € have been shown in studies of D-loop structures and stability in S.
cerevisiae’®. On a regulatory level, different subfamilies of DNA polymerases can be
recruited, each having differences in both, processivity and D-loop resolution.
Furthermore, another level of regulation of HR via D loop structure is that multiple modes
of DNA synthesis can occur: first-end synthesis; second end synthesis; synthesis
dependent strand-annealing (which is distinct from SSA); and break-induced repair (BIR).
Many more mechanisms exist that dictate which polymerases get recruited and
topological changes that must occur for successful synthesis”'. While, HR arising from
DNA synthesis can result in minor mutations®8, large-scale genomic rearrangements are

protected against.
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1.2. Cell cycle regulation
In most multicellular organisms, focusing on mammalian examples, the cell cycle has 2

major events, genome duplication and cellular division.”> Complete replication of cellular
DNA takes part in the synthesis phase (S phase), while condensation, organization, and
separation of sister chromatids and the larger fission result of two daughter cells defines
mitosis (M phase).”® Given the large energy expenditures throughout M and S phase,
these phases are separated by two growth phases (G1, G2, respectively), allowing time
for nutrient storage and preparation for the next phase.”*”®> Non-proliferative cells reside
in a GO cell cycle phase and can be classified as reversible (quiescent) or irreversible
(senescent, or differentiated (post-mitotic)).”376

While many different proteins and transcriptional networks exist to coordinate efficient
and successful cell division, the main mediators of cell cycle progression are the cyclin-
dependent kinases (CDKs) and their cognate binding partners, cyclins (as exemplified in
Figure 1-2). When CDKs interact and form a complex with respective cyclins, they create
a holoenzyme, thereby activating the kinase domain of the respective CDK. These
complexes are composed of: CDK1 and its partner cyclins A/B; CDK2 with cyclins A/E;
and CDK4/6 with cyclin D isoforms. These enzymes are responsible for the multiple
events required for cell cycle progression: (i) activation of specific transcription factors,
like the E2 transcription factor (E2F) family’”; (ii) directing ubiquitin ligases to complexes
that may block progression, like the degradation of cyclin B (iii) activating or inactivating
other kinases, like a cell cycle regulated phospho-switch. The CDK4/6: Cyclin D complex
is engaged during G1 phase with a primary substrate being the tumor suppressor
retinoblastoma (Rb)"%8%, When unphosphorylated, Rb sustains a G1 phase by inhibiting
E2F-family transcription targets required for S phase progression. S phase cyclin-CDK
complexes specifically interact with and phosphorylate the pre-replication complexes
(origin replication complex, MCM2-7, CDT1, CDCG6) that coat the genome prior to the
initiation of S phase®'. Finally, M phase CDK-cyclin complexes are responsible for the
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promotion of chromatin condensation and facilitate the binding of the anaphase promoting
complex (APC) to CDC20 during mitosis®?.

1.2.1 DNA damage associated cell cycle checkpoints
As frequently as a somatic cell divides, each division requires tight regulation to ensure

that necessary events occur and to decrease the risk of genomic errors and potential
insults. Traditional cellular checkpoints, highlighted in Figure 1-2, exist at the cell cycle
transitions between G1/S phases, where repair occurs prior to DNA synthesis, and at
G2/M phases, where proper chromosomal duplication is assessed prior to mitosis.
Evaluation and repair of DNA damage at these checkpoints reduce transmission of DNA
damage during cell division, limiting genomic instability. These checkpoints allow
sufficient time for the cell to evaluate damage, initiate repair activate death-associated
pathways (apoptosis), or undergo senescence. NHEJ is active in all cell cycle phases,
despite its suppression in G2/M, however, the G1/S checkpoint serves as an integral point
for NHEJ to repair any DSBs acquired during interphase®3-8%. The activation of DNA
damage-induced G2/M cell cycle arrest can correspond to multiple situations: DNA
damage that was acquired through S/G2; any unrepaired DNA damage that persisted
through a G1 checkpoint®®; or in cancer cells that lack a functional p53 signalling
cascade®:88, The G2/M checkpoint is intimately associated with DSB repair through the
HR pathway, as this arrest takes place when the genome is duplicated and a homologous

template is readily available.

This association between template independent or dependent repair and the activation of
a cell cycle checkpoint highlights a concerted co-regulation of cell cycle dynamics and
DSB repair. It is through the initiation of the same DSB signalling cascades that cell cycle
checkpoints are mounted through regulation of the cyclin-CDK network. Activation of
ATM/ATR directly initiates the DSB repair response, but it will also initiate a cell cycle
arrest signaling cascade by phosphorylation of key substrates, the checkpoint kinases 1
and 2 (Chk1/Chk2)8%%, Chk1/Chk2 possess many substrates, like E2F transcription
factors and BRCA1, however, the most notable in DNA repair and cell cycle regulation is
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the tumor suppressor p53°'. Activated p53 will homodimerize, forming tetramers,
exposing DNA binding domains that will trigger transcription of downstream target genes,
such as the CDK inhibitor, p21°".

During the G1 phase, the main driving force behind progression to S phase is the
activation of the E2F family transcription factors, which are largely repressed by activated
Rb. As mentioned previously, CDK4/6-cyclin D and CDK2-Cyclin E complexes inactivate
Rb by hyper-phosphorylation®?%. The CDK inhibitor, p21, can bind and inhibit both
CDK4/6-cylin D and CDK2-Cyclin E complexes and inhibit the phosphorylation and
inactivation of Rb, therefore driving and sustaining a G1 arrest®. The G1/S checkpoint,
in steady state, ensures that prior to DNA synthesis, a cell has enough building blocks
such as nutrients, nucleotides, and replication-associated enzymes. However, this
checkpoint also serves as the first barrier against genomic instability, that is, to repair any
damage prior to DNA replication. Failure to do so, would disseminate such toxic lesions
to daughter cells if carried through to mitosis. If DNA damage is detected, normally p53-
dependent G1 arrest will become active, however, in many cancers, mutated p53 results
in inactivation of this checkpoint, leading to aberrant accumulation of mutations. Loss of
p53 activity is now known to be a major contributor to the permissiveness of mutations

and the heterogenous evolution of tumor clones®.

As the cell transitions to G2, cyclin B-CDK1 complexes increase and trigger M phase
progression. ATM activation and downstream Chk1/2 activation will trigger the
phosphorylation and inhibition of CDC25A, a key phosphatase required for the
dephosphorylation of the CDK1-cyclin B complex in mitosis®°’. As accumulation of active
cyclin B is required for progression, it represents a single arm of the activation of the G2/M
phase checkpoint. Activated Chk1 phosphorylates the regulator of mitosis, the kinase
Wee1, which subsequently phosphorylates the CDK1-cyclin B complex, further sustaining

the inhibition of M phase progression®. This cooperation between CDC25 inhibition and
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Wee1 activation provides redundant roles in enforcing this checkpoint to safely ensure
DNA repair prior to mitosis.

1.2.2 Epigenetic regulation of cell cycle control and DNA repair
The chromatin landscape of the genome consists of transcriptionally-active euchromatin

and gene-repressive heterochromatin. Heterochromatin is canonically composed of
methylated histones and possesses a highly compacted nucleosome structure,
demarcated by H3K9me3 and H3K27me3, in contrast to acetylated histone marks
observed in relaxed euchromatin®. This balance of chromatin compaction and
accessibility represents the epigenetic basis of gene regulation. Furthermore, physical
access of chromatin serves as a barrier that must be regulated such that certain proteins,
such as transcription factors or DNA repair enzymes, can bind required regions. This
accessibility is largely controlled by the amount of methylation, acetylation, and
ubiquitination on histones or methylation of the DNA itself®®-192, Fine regulation of
chromatin structure is essential for gene expression, but also for DNA repair, DNA

replication, cell growth and division.

During cell division, all regions of the genome are duplicated, including both euchromatic
and heterochromatic regions. A key component of S phase is not only the replication of
DNA, but the rapid dissociation of histones and removal of histone modifications, to allow
relaxed accessible DNA for polymerase bubbles to move freely. After replication the re-
facilitation of the histone code and the replacement of the histone modification to ensure
exact duplication in sequence and in structure are required. Both active and repressive
chromatin structures are required, mostly, for the regulation of gene expression and
repression. This is exemplified by the fact that loss of regulation of H3K27ac marks, result
in aberrant expression of repeat sequences such as repeat elements SINE/LINEs'®3,
Uncontrolled transcription of genes also results in transcription-associated DNA
damage'®. However, in certain facultative regions of the genome, centromeres and

telomeres, these repressive histone marks are required for structural elements that
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preserve integrity of the chromosomes'%4-'%_ | oss of the H3K9me3 mark in telomeric
regions destabilize compaction and activate the DNA damage response’®’.

1.2.3 The emerging role of repressive epigenetic machinery in response to DNA
damage
Pathways governing epigenetic gene regulation, such as histone methyltransferases

(HMTs), are now increasingly shown to play direct and indirect roles in DSB repair. In
euchromatin, DNA damage often occurs due to errors in transcriptional initiation and
elongation, and in these instances, for successful repair, transcription must be transiently
repressed. This can be done via the recruitment of HMTs and the temporary production
of heterochromatic regions flanking DNA damage. Failure to temporarily repress
transcription can result in further DNA damage and un-repaired DNA lesions'%8-110,
Conversely in heterochromatin, repressive marks act as epigenetic barriers of
transcription to aid in processes such as cell differentiation and lineage commitment''".112,
However, this rigid structure also forms an obstacle during DNA damage. DNA damage
that occurs in transcriptionally silent heterochromatin requires temporary epigenetic
modifications to relax structurally inaccessible regions'3.  Furthermore, chromatin
modifying enzymes, and the proteins that regulate their function, can serve dual roles in
both DNA repair and transcriptional regulation4115,

The heterochromatin protein 1 (HP1) is a central component in the organization of
heterochromatin by directly interacting with H3K9me3''. Three different HP1 isoforms
are present in mammals (HP1-a, -f and —y) and all possess an H3K9me3-binding
chromodomain, a hinge region for homo-/hetero-dimerization, and chromo-shadow
domain. Originally thought to be strictly required for additional physical integrity of
heterochromatin, HP1 isoforms are now shown to serve as adaptors linking chromatin
and chromatin modifying complexes, which regulate heterochromatin spreading’’. HP1-
mediated heterochromatin formation is a conserved cellular function, first identified in
Drosophila as a mechanism of gene silencing. KRAB-associated protein 1
(KAP1)/tripartite motif-containing protein 28 (TRIM28) is an HP1-interactor and is widely
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recognized as a repressor of gene transcription. KAP1 can be recruited to regulatory
elements of genic regions, such a promoters or enhancers, via KRAB-domain containing
proteins’%.118 - Acting as a scaffold for chromatin modifying enzymes, such as the
chromatin assembly factor 1 (CAF1) complex, KAP1 promotes local heterochromatin
formation (increased di- and tri-methylation of H3K9) which results in decreased gene
transcription''®. Furthermore, the interaction of KAP1 and HP1 is required for subsequent
HP1 deposition, induction of repressive histone modifications, and subsequent KAP1-
dependant transcriptional suppression’'8. These data indicate that HP1 and its interaction
with KAP1 is required and represent an integral part of transcriptional repression.

HP1 isoforms and KAP1 have both recently emerged as key modulators of DNA
repair'14120-122_ The initial observation that KAP1, HP1-a,, -B and —y, are rapidly recruited
to DSBs suggested an active role of these heterochromatin-promoting proteins during the
signaling of DNA lesions. KAP1 potentiates the recruitment of the HP1-binding HMT,
SUV39H1, whose enzymatic activity promotes H3K9-methylation, appearing as a histone
methylation wave surrounding DSBs'23. This methylation allows the binding of the histone
acetyl transferase, TIP60, through an H3K9me3-binding chromodomain'?4. TIP60 can
then acetylate ATM within its PI-3-K regulatory domain (PIKRD) which is critical for its
kinase activity and subsequent autophosphorylation'?%126_ Furthermore, both KAP1 and
the HP1 isoforms have been shown to be phosphorylated rapidly by ATM in response to
DNA damage'?'. Importantly, cells lacking either HP1 isoforms, KAP1, SUV39H1, or

TIP60 fail to undergo homologous recombination04.114.121,

It was also determined via micro-irradiation experiments, that HP1 isoforms possess
biphasic kinetics of DSB co-localization'?*'?”. The first of which is HP1 removal at sites
of damage, while the latter represents a recruitment and potential stabilization of DNA
repair proteins. Within seconds of irradiation, HP1 becomes phosphorylated by the casein
kinase 2 (CK2) at Thr51, decreasing affinity for H3K9me2/3 and its dissociation from H3
tails'?8. Furthermore, ATM mediated phosphorylation of KAP1 is required for HP1
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mobilization from heterochromatin, and is required for DSB repair in heterochromatin’?°.
Interestingly, the primary function of KAP1 is the regulation of transcriptional repression,
i.e. the establishment of heterochromatin bodies in regulatory gene elements, like
promoters, to silence gene expression. While representing a core component of both
constitutive and facultative heterochromatin, HP1 isoforms and cognate H3K9
methylation needs to be removed to produce a less compact DNA structure'?. This
serves to allow access of DNA repair proteins and the formation of scaffolds necessary
for enzymatic activity at sites of damage. The interplay between the repression machinery
and regulation of chromatin structure in the context of DNA repair, is a field of limited
knowledge.

In contrast, studies of later time points in DSB repair (in the order of hours post irradiation),
HP1 isoforms are seen to be recruited to sites of damage. This later recruitment has been
proposed to play multiple roles: serve as a platform for stabilization of the DNA repair
machinery; co-operate with the gene repression machinery to suppress transcription in
genes proximal to damaged DNA,; and lastly, to facilitate the restructuring of the chromatin
landscape post DSB repair. As mentioned previously, the BRCA1-BARD1 complex is
stabilized at sites of damage through an interaction with histone marks, specifically
H4K20 and additionally H3K9me2'®'. Interaction between the BRCA1-BARD1 complex
and H3K9me2 is primarily mediated by the chromoshadow domain of HP1-y 132133,
Mutations in the chromoshadow domain in mammalian cells show loss of BRCA1-BARD1
at sites of damage and abolish their facilitation of CTIP recruitment, and downstream
RADS51 filament formation, indicating there is a role for HP1 isoforms in the retention of
HR factors at DSBs'33. This interaction is dependent specifically on ATM phosphorylation
of HP1 isoforms, rather than a histone modifying activity by RNF168, a key E3-ubiquitin
ligase in DNA repair. Furthermore, while the canonical role of HP1 is binding methylated
H3K9 through its CSD domain, elegant functional studies have elucidated that the CSD
is not required for HP1 to accumulate at sites of damage via irradiation.'?” This indicates
that the capacity of HP1 to bind heterochromatin, is not essential for HP1-mediated DSB

repair. It is speculated that, that phosphorylated Thr51 residues on HP1 proteins may
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represent a binding point for FHA containing proteins, which bind phosphorylated
threonine residues, like MDC1, RNF8, and NBS1'2. These two examples highlight the
existence of a non-redundancy amongst mammalian HP1 isoforms and their individual
regulation in the context of DNA repair. Largely, the network of proteins governing the
activity of HP1 and its role in DNA repair, specifically HR, and how this is inclusive or

exclusive of repressive chromatin structure or other protein stabilization, is unknown.

1.3. Cellular Transformation: Failures in HR and Chromatin
Through karyotyping experiments of HR-defective cancers, micronuclei production has

been frequently observed. Micronuclei are extra nuclear structures that contain nuclear
proteins and full or partial chromosomes that arise due to segregation defects, or errors
in chromosomal duplication or alignment. Micronuclei can often be used as karyotypic
evidence of DNA damage, as they are often yH2AX positive'®+-13¢_ Often in cancer,
chromosomal aberrations or loss can result in a lacking template during HR, therefore
leaving cells exposed to larger and more lethal, genome-wide insults. Furthermore,
mutations in BRCA1 represent one of the most well-studied examples of hereditary
cancer, often in the breast and ovaries. Loss of BRCA1-mediated HR in this capacity
renders cells sensitive to transformation and early neoplasia and expedited progression
of cancer'¥-13_|nterestingly, given the heavily regulated and stepwise nature of HR, loss
of function mutations in any of the key proteins or regulatory components could potentially
phenocopy the BRCA1 mutation. Therefore, defects such as mutations in BLM, NMS,
PALB2, and ATM have been associated with large scale genomic rearrangements that
either represent the transformation event during oncogenesis or an acquired event during

tumor growth, much like the pathogenic mutations found in BRCA1/213,

Given the roles of epigenetic regulators in aiding in HR facilitation, it is possible that
mutations or loss of function of such enzymes and proteins involved in heterochromatin
stability, could recapitulate BRCA1 mutations. However, while these families of proteins

play roles in HR, loss of these proteins results in loss of the diverse set of functions these
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proteins play. HP1 proteins, in mouse models safeguard against tumorigenesis'%141,
however, increased expression of HP1 proteins in humans has been associated with
cancer progression'?. Loss of H3K27 methylation in individuals with H3K27M mutations
often leads to glial cell transformation, predominantly early in life'%®. Deficiency of SUV39
proteins in various models also potentiate cellular transformation’#3144 while KAP1
overexpression is shown to advance cancer progression through KRAB-ZNF
transcriptional promotion of proliferation and metastatic genes'4%. Therefore, while these
proteins are crucial for HR and DNA repair, in the context of oncogenesis they may not
exactly align with the BRCA1 hereditary cancer phenotype.

1.4. Breast Cancer Overview
Breast cancer is the most frequently diagnosed cancer in Canada comprising 25% of all

cancer diagnoses in women.'® Furthermore, 15% of all cancer-associated deaths
positions breast cancer as the second most lethal cancer in women.'#® Despite these
statistics, breast cancer has an exceptionally high survival rate, with a 5-year survival rate
of 88%."46 These cases are likely early staged breast cancer, described by its distribution
to strictly the breast and close proximal lymph nodes (Stage I-Il). Despite treatment
providing a better quality of life, advanced (Stage Ill) and metastatic breast cancer,
defined by spread to distant lymph nodes and organs (Stage V), possess patient survival
rates 2-10 times lower than early diagnosed breast cancer with a 5-year survival rate of
7-35%."47

1.4.1 Mammary Gland Architecture
The mammary gland is composed largely of luminal epithelial cells that comprise the

ductwork of the tissue (Figure 1-3). These ducts line the breast, with one end composed
of terminal duct lobular units (TLDUS), or lobules, and the other end draining to the areola.
These lobules are pouches of cells that contain specialized cells that differentiate into the
milk-forming cells during lactation. Milk will get secreted from the lobules, enter the
ductwork, and exit through the areola. Luminal epithelial cells line the ducts and possess
a cuboidal shape and a dense extracellular matrix (ECM), that binds each cell to the next,
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composed of adherens- and tight junctions, to allow structural integrity of the gland
network. The core aspect of this epithelial layer possesses polarity, with a specialized
apical layer and an underlying basement membrane. While each cell remains static, this
structure allows for a dedicated barrier and defense, but can serve other purposes like
diffusion of bodily fluids (e.g. milk or sweat). Under the basement membrane of the luminal
layer, lies the myoepithelium, which are contractile cells that control the luminal cell layer
and aid in fluid flow through the branched ductwork within the gland. Mammary stem cells
reside within the basal epithelial layer and replenish terminally differentiated lumen or
myoepithelial cells through differentiation to Iluminal or basal progenitor cells,
respectively.'®14° Hormone receptors for progesterone (PR) and oestrogen (ER) are
essential for differentiation, maintenance, and development of a functional gland. These
receptors are ligand activated and throughout gland development, puberty, and
pregnancy, signalling through regulated hormone secretion, these activated receptor
complexes drive rapid growth and expansion of luminal epithelial cells through
transcription factors that initiate gene programs governing ductal cell division and

branching.148150-152

The mammary gland tissue during pregnancy, lactation and involution (the resolution and
return to a non-lactating state) is a vrapidly changing microenvironment.
Microenvironmental changes within the breast during puberty, menstruation, and
pregnancy give rise to aberrant ductal cell growth and expansion through rapid cellular
proliferation, which may drive accumulation of DNA damage'®3. Furthermore, these
periods of growth are also defined by mammary tissue reconstruction, therefore the
massive changes within the extracellular matrix and the influence of immune-mediated
inflammation can contribute to the production of damaging agents such as reactive
oxygen species that may poise cellular transformation’-'%, The exact factors
surrounding the exact initiation of breast cancer are unknown, which may contribute to

the complex heterogeneity of the disease.
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1.4.2 Breast Cancer Subtypes
There are two ways to classify breast tumors that aid in therapeutic strategy,

histopathological and molecular subtypes (as seen in Figure 1-4). Histopathological
classification utilizes the presence, or lack thereof, of hormone receptor and human
epidermal growth factor 2 (HERZ2) expression levels. These molecules are responsible
for providing hormone and growth factor driven oncogenic signalling, respectively,
however, can also provide clinically relevant transmembrane targets for targeted therapy.
While intrinsic molecular classification defines these subtypes based on their
transcriptional profiles (luminal vs basal) and aggressiveness, which is demarcated by
nuclear expression of a marker of cell division (Ki67)".

Luminal A is primarily composed of histologically ER+PR+ tumors with a low Ki67 index,
while Luminal B tumors tend to be ER+PR+ but a higher Ki67 index, delineating a more
aggressive growth pattern'™8.  Luminal cancers, comprising the majority of
ER+PR+HER2- have high 5-year survival of most cancers, when stratifying based on
stage of diagnoses: Stage 1:94.7%; Stage 11:88.1%; Stage 111:72.9%; Stage 1V:24.0%'4".
Luminal A and B tumors, transcriptionally possess a gene signature of a more developed
mature luminal cell’®?. Luminal subtypes largely possess signatures deriving from
aberrant hormone receptor signalling complexes and respective signal transduction

cascades'°.

The HER2+ subtype is defined by the amplification of the gene coding for HER2 (17g21)
leading to high expression of HER2 and are largely ER-PR- with a high Ki67 index"s8,
While HER2+ breast cancer is often associated with poor outcome breast cancer, recent
survival rates position it as comparable with ER+PR+ breast cancer when stratifying
based on stage of diagnoses: Stage 1:96.5%; Stage 11:87.5%; Stage 111:79.9%; Stage
IV:36.6%'46. While these subtypes seem discrete, emerging evidence is suggesting
another subtype of Luminal B breast cancer that possesses HER2 expression but retains
its luminal hormone receptor expression and high Ki67 index'€°.
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Lastly, the basal molecular subtype is largely devoid of both ER/PR and HERZ2
expression, and therefore is often referred to as triple negative breast cancer, (TNBC,
ER-PR-HER2-)'%8, Basal subtypes represent the breast cancer with the poorest patient
survival rates based on stage: Stage 1:93.3%; Stage 11:78.9%; Stage ll:47.2; Stage
IV:7.4%"4¢. The basal subtype is also heterogeneous and subsets of tumors contain a
mesenchymal transcriptional signature, often associated with higher rate of metastasis
and poor outcome in late stage diagnoses'®'. Furthermore, basal breast cancers are
enriched in mammary stem cell transcriptional responses, governed largely by the SOX
family of stem cell transcription factors, and markers such as cluster of differentiation 44
(CD44) or CD24'60.162-164  These key findings support basal breast cancer
aggressiveness and poor outcomes, as the stem cell hypothesis of cancer suggests that
quiescent, metabolically flexible, repopulating cells are exquisitely resistant to therapy

and can rapidly adapt or relapse. 65

1.4.3 Therapeutic Targeting of Breast Cancer
While ER/PR/HER2 receptors may drive growth and pro-tumorigenic signalling, they also

serve as therapeutic targets. When overexpressed, these receptors can uniquely identify

tumor cells within the breast.

1.4.3.1 Standard of Care Treatment
Standard of care treatments for breast cancer include surgery in combination with a form

of treatment such as hormone-based therapy or chemotherapy, depending on the breast
cancer subtype. Therapy can be given before (neoadjuvant) surgery to shrink the tumor
to reduce the invasiveness of the surgery in an attempt to save portions of the breast, or
after (adjuvant) therapy to reduce the likelihood of recurrence. Cancer cells require
oncogenic signalling from hormones or HER2 receptors to grow and divide, much more
than normal tissue. Therefore, the principle behind hormone therapy is by blocking
hormones from binding the cognate receptor, or inhibiting the signal transduction form the
engaged receptor complexes, can inhibit tumor growth. If the breast tumor is hormone
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receptor positive (ER/PR) then, hormone-based therapy can exploit these features: by
degrading hormone receptors (selective estrogen receptor degrader, SERD); by blocking
hormone binding to receptors (selective estrogen receptor modulator, SERM); and
blocking the production of hormones (aromatase inhibitors, Al)'%¢. Often tamoxifen
(SERM) is used pre- and post-surgery in ER/PR+ breast cancer. If the tumor is HER2+,
then kinase inhibitors like lapatinib or monoclonal antibodies directed against the HER2
receptor, trastuzumab, have been developed to specifically disengage the pro-
tumorigenic receptor kinase domains downstream of hormone or HER2 receptor
signalling complexes'®s. Similar to tamoxifen, trastuzumab is used pre- and post-surgery,
as standard of care'®’. If individuals upon diagnoses possess lymph node invasion of the
breast cancer, these individuals may additionally receive radiation therapy.

While these therapies specifically target the unique properties of the tumors, TNBC
tumors lack specifically defined receptors, and by proxy, a targeted therapy. Individuals
with  TNBC often get neoadjuvant platinum, taxanes, or anthracycline based
chemotherapies'®1%°. These therapies target essential pathways involved in cell division,
such as crosslinking/intercalating DNA or by inhibiting the microtubules required for
successful mitosis. In some cases, individuals with TNBC can be treated withan immune
checkpoint inhibitor (ICl) based therapy, often pembrolizumab, to enhance immune
activation within the solid tumor.’”® However, recent research has delved into the
molecular underpinnings of the basal breast cancer subtype via transcriptomic and exome

sequencing.

1.4.3.2. Emerging Treatments
Importantly, the basal subtype of breast is composed of mostly TNBC, within this group

of tumors there is a disproportionately high rates of mutations in genes responsible for
DNA repair, most notably those involved in HR. While only a very small portion of non-
hereditary breast cancers contain a BRCA1 mutation, a high distribution of about 20-30%
is seen in basal/TNBC which lack targeted therapies™® . The term “BRCAness” has
emerged to describe tumors that share may features and phenotypic outcomes with
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tumors arising from hereditary BRCA1 mutations. BRCAness can now refer to epigenetic
alterations, like methylation of HR gene promoters, or mutations in HR pathway proteins
(extending far beyond just BRCA1, to other genes such as PALB2 and BRCA2)'"'. Poly-
(ADP) ribose- polymerase inhibitors (PARPiI), such as olaparib and talazopirib (targeting
PARP1/2 and PARP1/2/14, respectively) show promise in treating a subset of TNBC
cases (individuals with germline BRCA1/2 mutations), which have compromised DNA
double-strand break (DSB) responses.'”>-74 PARP, traditionally, is a key component of
the SSB repair pathway, BER, however, possesses many other cellular functions in
addition to this role in DNA repair. Briefly, if cells lack PARP, or if PARP is inhibited, BER
efficiency is greatly reduced, therefore increasing the likelihood of SSB becoming a lethal
DSB."7 Healthy cells can then initiate HR to repair such damages, however, cancer cells
deficient in such repair machinery (e.g. BRCA1 mutations) cannot readily repair such
DSBs, resulting in cell death. It has recently been described that unresponsiveness or
resistance to PARPi in BRCA1/2-mutant patients emerges in approximately 40-70% of
patients.'”177 Resistance to PARPI, on a molecular level, can emerge through loss of
53BP1 or RIF1. Furthermore, a downstream interactor of RIF1, the adaptor protein
MAD2L2/REV7 has emerged as a central regulator of the DSB response and loss
promotes PARPI resistance in DNA repair-deficient cells.3°40 Lastly, predicting subtypic
TNBC responses to PARPi and limiting tolerance remains a challenge, therefore, an
emerging therapeutic strategy is to combine PARPi with currently utilized

chemotherapies.'”3178

As mentioned previously, the basis of many chemotherapies exploits cancer-specific
attributes, differing from untransformed tissue. Established neoplasia acquire DNA
damage to a much greater extent, possess aberrant cell cycle checkpoints, and have
increased cell division, creating unique vulnerabilities of primary breast cancers,
independent of subtype. However, despite utilizing broad and targeted therapy of a
primary tumor, even with the addition of surgery, once breast cancers become advanced
and spread to distant organs, long-term survival outcomes drastically decrease.'”®
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1.4.4 Advanced Breast Cancer and Metastasis
During the development of metastatic breast cancer, colonization of the lymphatics

(lymph nodes) and/or dissemination through the blood stream will occur first, followed by
spread to the lung, liver, brain and bone.'®'8 The metastatic cascade is the process
through which a primary tumor can grow beyond its primary microenvironment and
migrate to distant organs and colonize (outlined in Figure 1-5). Metastasis begins with an
initial molecular and phenotypic alteration in a subset of breast tumor cells endowing them
with enhanced migratory and invasive properties. These cells, often in close proximity to
stromal vasculature, enter proximal tissue and eventually into the hematogenous or
lymphatic circulation, a process called intravasation. Once in circulation, cancer cells
must survive physical stress and alterations in nutrient availability, until extravasating into
other organs. Once infiltrated into distant tissue, these cancer cells must seed, re-enter
the cell cycle and evade the immune system for form metastases. Given the many steps
of the metastatic cascade, these cancer cells must overcome and survive many
challenges to effectively form a clinically relevant lesion, therefore the overall efficiency
of metastasis is extremely low.'8'-18 However, primary tumors can effectively release
thousands to millions of circulating tumor cells, often having already done so at time of
diagnosis. Understanding how this process is initially triggered is of large importance,
therefore the remainder of this review will focus on one aspect of the metastatic cascade,
which increases the migratory and invasive properties of breast cancer cells, called the
epithelial to mesenchymal transition (EMT).

1.4.5 The Epithelial to Mesenchymal transition
The EMT occurs naturally and systematically during organismal development, serving a

critical role during various stages of early tissue growth during embryogenesis, such as
gastrulation.'8418 |n brief, the EMT is a biological process through which a polarized
epithelial cell with asymmetric membranes, loses such qualities and acquire a
mesenchymal phenotype, losing its attachment to its basement membrane and gaining
migratory and invasive features. These cells can then move along the vasculature and
return to an epithelial state in attempts to expand tissue size, developing and dispersing
layers of epithelial tissue, or repair and renew damaged epithelium through the generation
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of mesenchymal cells. The main feature of epithelial cells is the pronounced cell-to-cell
adhesion network, which link neighboring cells through adherens and tight junctions. The
formation of adherens junctions is predominantly though the E-cadherin proteins, which
link with catenin family proteins on neighboring cells, acting as anchors for the actin
cytoskeleton. Through the occludin and claudin family proteins, the formation of tight
junctions between epithelial cells allows for ion transfer and permeability between
cells.'®-188 |n addition to providing the physical network underlying the high physical
integrity of epithelial tissue, these junction proteins can also trigger intracellular events
through downstream transcriptional modulation.’®® Mesenchymal cells, in turn, are
largely described by their loss of polarity and migratory nature. During the early stages,
these cells secret proteins to degrade existing cell-to-cell networks such as matrix
metalloproteases 2 and 9 (MMP2/9).745.1%0 The loss of the adherens and tight junction
structure between cells and the loss of actin cytoskeletal anchorage points leads to a
transition from a cuboidal to a more spindle shape. Once free, these cells can upregulate
fibronectin, vimentin, N-cadherin, which are all secreted or membrane bound proteins that
can facilitate navigation through vasculature.''.192 Importantly, it should be recognized
that the EMT is an extremely transient process, and through the mesenchymal-to-
epithelial transition (MET), is reversible.'®31%* Mesenchymal cells are not characterized
by their extensive cell division or structural integrity and therefore can do little to increase
tissue mass or physical strength. Thus, these cells, once in destination, can revert back
to epithelial cells and begin to reconstruct polarity and cell-cell adhesions.

The initiation and development of the EMT is facilitated largely through transcription. Such
orchestration is governed by the master transcription factor families: Snail, Zeb, and
Twist.’®-1% The most well understood hallmark functions of these transcription factors
are the repression of components of adherens junctions, namely E-cadherin.200-203
Specifically, SNAIL1 and TWIST1 can bind the promoter of E-cadherin directly and
repress expression though recruitment of Sp1 transcriptional repressor machinery,
eliminating pro-epithelial signalling through this cell junction protein.200.202.204 |n addition
to repression of epithelial adhesion proteins, these factors increase expression of ECM
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components, MMPs, and anti-apoptotic proteins.?°5-208 Therefore, EMT re-programing is
defined not just by a repression of epithelial genes, but also the concordant upregulation

of mesenchymal and survival genes.

Cues from the microenvironment such as hypoxia, inflammation, and growth factor
receptor signaling, triggers an EMT.'® Ligands for growth factor receptors are readily
found systemically and are produced by various pro-tumorigenic sources such as tumor-
associated macrophages and fibroblasts. Microenvironmental factors such as TGF-j,
FGF, EGF, Wnt, Notch ligand, and even hormones such as estrogen, can induce pro-
EMT signalling from respective activated receptors. EMT in gastrulation and the formation
of mesoderm and endoderm is entirely dependent on Wnt signalling, mediated largely by
Nodal.?%%21° The EMT that occurs during fibrosis and tissue healing is largely triggered
by inflammation, leading to EMT induction by nuclear factor kappa b (NF-kb).2'"2'2 The
establishment of inflammatory macrophages leads to production of MMPs and pro-
inflammatory cytokines trigger epithelial cells to deconstruct damaged basement
membranes. This produces a partial EMT which allows movement and reconstruction of
the epithelial layer, heavily utilizing both the EMT and MET processes.?"3

In untransformed tissue, EMT largely drives development and homeostatic tissue
regulated processes. Unsurprisingly, cancer cells can undergo and exploit the EMT
process, utilizing such cell traits to promote tumor aggressiveness. EMT within cancer
bestows transformed cell migratory behaviors, granting cancer cells the opportunity to
escape primary tumor niches, therefore invading circulation, culminating in distant organ
and lymph node colonization.?'3-2'5 Utilizing the same pathways of EMT initiation as
within developing tissue and wound healing, cancer cells can exploit inflammation and
cytokine signalling, the most notable example being TGF-f3, to drive the onset of an
EMT."" While most luminal cancers retain cuboidal structure and epithelial qualities (as
seen in luminal cells within the duct in Figure 1-3), histologically described basal-breast
cancers, however, are associated with the greatest degree of mesenchymal
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characteristics.'6".2'6 These characteristics are largely presumed to drive the increased
metastatic colonization and poor survival outcomes seen within this subtype.?®®
Identifying the drivers behind the initiation and potentiation of EMT, like TGF-f signalling,

are essential in understanding the complex biology of basal tumors.

1.5. TGF-B signalling overview
TGF-B signalling can trigger: a cell cycle arrest within non-transformed epithelial cells; a

differentiation and proliferation program, such as in haematopoietic cells; or both an arrest
and differentiation, as observed in neurons; and lastly, triggering the EMT in both
developing tissue and cancer.2'"2'8 These various and heterogenous effects witnessed
depend highly on the signal transduction platforms present, pre-existing transcriptional
profiles, and epigenetic landscape of the recipient cell.?'® Therefore, TGF-B signalling
phenotypes may not be discretely conserved amongst all cell types in terms of specific
gene targets or cellular fates, therefore this literature review will focus specifically on the
TGF-B signalling cascade (Figure 1-4), its tumor suppressor effect and initiation of the
EMT, within the mammary gland and specifically during breast cancer.

As mentioned previously, mammary gland development is predominantly orchestrated
through tightly regulated secretion and signalling of estrogen and other hormones. TGF-
B family members have been shown to control early gland formation during
embryogenesis, ductal growth and maintenance through puberty and menstruation, as
well as control alveologenesis and lactation during pregnancy??%-223, Estrogen and
progesterone differentially influence cell type and architecture during gland development,
specifically utilizing TGF- as a main driver in controlling these effects. Overexpression
of TGFB1 within the mammary gland, via a transgenic MMTV promoter, suppresses
tumorigeneses completely. However, when TGF-B is aberrantly expressed in luminal
progenitor cells under control of the whey acidic protein promoter (WAP), the regenerative
potential of the gland, itself, is inhibited and increased apoptosis is observed during gland

involution.??* Lower concentrations of TGF-B stimulate ductal branching and
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alveologenesis in concert with progesterone, while higher concentrations inhibit these
developmental programs through the initiation of cell cycle arrest and apoptosis.??®
Therefore, the concentration of stimulus adds another level of regulation of signalling, as
gradients of TGF-f can further differentially regulate mammary cell growth. Furthermore,
the overall effect of TGF-B is required to be constantly regulated to both support

necessary mammary growth programs, while inhibiting any transformative potential.??'

1.5.1 TGF-B Ligands
TGF-B family of cytokines comprise over 35 different molecules. TGF-B cytokines,

ACTIVIN/NODAL families, developmental Lefty proteins, and the BMP/GDF subfamily
compose the four major groups of the TGF-B superfamily of proteins. The TGF-3
subfamily contains 3 proteins, TGF- 31, TGF- 2, and TGF-B3. Different TGF-3 proteins
have alternative affinity for cognate receptors which will directly impact downstream
signalling.??62%7 Biological situations where minor, yet stimulatory, TGF-B signalling is
required, like mammary ductal branching during pregnancy, often utilize the TGFB2
isoform, where high signalling isoforms TGF- 31/3 trigger growth arrest and apoptosis

during mammary gland involution.?2®

To precisely regulate concentration and gradients of TGF-f isoform signalling, TGF-f is
secreted in a latent complex (as seen in Figure 1-4) and through integrin and other ECM
component engagement, TGF-3 is rendered to its active form. TGF-B pro-peptides
contain two regions, the C terminal mature TGF-3 sequence and an N terminus containing
the latent associated region. Pro-TGF-B proteins are translated in the endoplasmic
reticulum where they form homo/heterodimers linked by disulphide bridges at sites
Cys223/225. The latency associated region is post-translationally cleaved by the
protease, furin, in the Golgi body. This will form the latency-associated protein (LAP),
which remains non-covalently linked to the TGF-B dimer, thus inhibiting the dimers’
receptor binding domains. Lastly, latent TGF-$ is secreted with the latent TGF-3-binding
protein 1 (LTBP1). These large proteins form disulfide bridges with the LAP monomers
and stabilize the complex.??® Furthermore, when secreted and bound to ECM
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components, fibrillin and integrins, these interaction-induced conformational changes
destabilizes the LAP-TGF-B complex, producing TGF-B in its active form.??®-23! This
interaction with the ECM is thought to not only provide assistance in TGF-f activation but
also the localization and anchoring to the ECM, as these complexes are often secreted

in a paracrine manner to impact proximal cell fates.

1.5.2 TGF-B Receptors
Once TGF-3, and other family members, are present in active forms, they will bind to the

TGF-B receptor (TGFBR) superfamily of receptors. The TGF-B subfamily exclusively
binds to the TGFBR1 and TGFBR2, which represent the class | and class Il receptors of
the TGF-B specific subfamily. While other receptors within the family, i.e. ACVR1,
ACVR2A/B, BMPR1A, BMPR2, work to signal activins, BMPs, and Nodal. Furthermore,
different combinations of type | and type Il engagements can adjust signalling strength or
target gene expression.?19:226.227.231.232 Type | receptors transmit and propagate signals
received from type |l that are activated during ligand binding. Both type | and type Il TGF-
B receptors utilize serine-threonine kinase domains, unlike widespread receptor-tyrosine
kinase (RTK) usage by most cytokine receptors. The overall TGFBR superfamily contains
seven type | and five type Il subfamilies. Type |l receptors are constitutively
phosphorylated and are the first receptor to engage with ligand. This triggers
autophosphorylation and enhancement of its kinase activity, proximal type | receptors will
then be activated by phosphorylation of the type | glycine-serine (GS) rich domain,
gradually recruiting other type | and Il receptors.?®> A complete signalling complex
consists of two TGFBR2 and two TGFBR1 and a bound active TGF-§ dimer (as seen in
the membrane portion of Figure 6).

1.5.3. TGF-B signalling mediators: SMADs
An activated TGFBR complex will then phosphorylate the main substrates and mediators

of the TGF-B superfamily signalling pathway, the SMAD proteins. Operating as signal
transduction proteins and as transcriptional regulators, SMAD proteins converge as the

fulcrum and crux of the TGF-B signaling.?3>23% The SMAD family is a conserved family of
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proteins found in all metazoan organisms, with extremely high cross species homology.?34
The eight members of the SMAD family, organized in three groups: receptor-regulated
(R-SMADs); a common partner (co-SMAD); and inhibitory (I-SMAD). The two main
domains found in high conservation are the Mad homology 1 (MH1) and MH2, often
separated by a semiconserved linker or hinge region. MH2 domains are conserved
amongst all SMAD proteins and are required for oligomerization, receptor engagement
and transactivation associated interactions. The MH1 domain, which is not present in I-
SMADs, is primarily utilized for DNA binding, most notably to SMAD-binding elements
(SBE) in regulatory regions of downstream target genes.

R-SMADs are the main substrates of engaged receptor complexes and consist of SMAD2
and SMAD3, which are phosphorylated by TGF-f, nodal and activin engaged receptor
complexes, and SMAD1, SMAD5, SMAD8/9, which are downstream substrates of
activated BMP-receptors. Once phosphorylated, R-SMADs will hetero- and homo-
dimerize via MH2 domain engagement. The co-SMAD, SMAD4, does not directly interact
with the various receptor complexes but will bind activated R-SMAD dimers to execute
transcriptional functions (as seen in the signalling cascade in Figure 1-4).23223% This
complex of two R-SMADs and a single co-SMAD are the principal signalling mediator for
the TGFBR family signalling. -SMADs, through the conserved MH2 domain, can compete
with R-SMADs for protein-binding at virtually every step of R-SMAD activation. However,
lacking an MH1 domain and therefore any downstream transcriptional activity, these
proteins can sequester signalling by binding activated receptor complexes, co-SMADs,
and even inhibit heteromerization with co-SMADs by binding R-SMADs directly.?3®

Once R-SMADS are phosphorylated they dimerize to create binding partners for the co-
SMAD (SMAD4). These R-SMAD/co-SMAD complexes will translocate to the nucleus
acting as transcription factors for genes containing SMAD-binding elements (SBE) sites
within their promoter proximal gene body. Once in the nucleus SMAD2/3 complexes can

interact with a multitude of transcriptional modulators. Forming greater complexes with

43



both co-repressors and co-activators expands the downstream transcriptional effects of
the SMAD complexes beyond the stringency of an SBE element. The R-SMAD complex
can also directly interact and modulate transcriptional activity of E2F family members,
RUNX family transcription factors (RUNXS), activating transcription factor 3 (ATF3), and

Sp1 transcription factors (SP1).236-238

1.5.4. TGF-B signalling and gene transcription: Cytostatic
TGF-B, canonically, is a tumor suppressor, that inhibits the growth of a potentially

transformed and oncogenic cell, preventing the establishment of malignancy. This effect
culminates as a G1 cell cycle arrest and is mediated through both the transcriptional
silencing of the proto-oncogene, MYC, and the indirect inhibition of Rb-
phosphorylation.'9223 SMAD3/4 can interact with E2F4 and the Rb pocket protein, p107,
upon translocation to the nucleus.?#%-242 This complex can trigger silencing of Myc via an
E2F4 binding side that resides in a negative regulatory region of the Myc gene.?*'243 Myc,
itself, is a master transcriptional regulator of cell proliferation, whose downstream target
genes, such as CDC25, are required to push cells past the G1-S checkpoint.?*3® This
complex also sequesters p107 and prevents its interaction with Rb, inhibiting the Rb

complex phosphorylation by CDK4-Cyclin D, further promoting a G1 cell cycle arrest.?*

SMAD complexes can also directly interact with signalling proteins that regulate cell
growth and division. Loss of tuberous sclerosis protein 1 and 2 (TSC1/2) effectively
diminished SMADZ2/3 phosphorylation, indicating that TSC complex formation with
SMAD?2 regulates the interaction between the TGFBR1 and the r-SMADs.?** TSC1/2
negatively regulate the metabolic and stress induced pathways of the mammalian target
of rapamycin (mTOR), which represents a fundamental mitogenic signalling pathway.
Furthermore, SMAD2 can bind TSC2, which can both enhance SMAD mediated
repression of cell cycle inhibitors p21 and p27.2** In contrast, TGF-B ligand can induce
mTOR phosphorylation within developing podocytes, however, this phosphorylation is
only triggered during chronic exposure to the ligand.?*6:247 Therefore, complex signalling
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interplay exists between TGF-B pathway stability, and amplification, with required
negative regulators of cell growth.

In addition to inhibiting cell division of transformed cells, TGF-3 signalling possesses the
tumor suppressive capacity to initiate apoptosis. R-SMAD complex transcriptionally
activates many apoptotic genes, such as the growth arrest and DNA damage 45 family,
(GADD45), B cell lymphoma 2-like protein 11 (BIM), and the tumor necrosis family
member Fas ligand (FasL).248-2%0 |t has been displayed in a variety of cell tissues, like
neurons, hepatocytes, and mammary epithelium, that TGF-B signalling can
transcriptionally upregulate GADD45 proteins, triggering p38 mitogen activated protein
kinase (p38MAPK) triggered apoptosis.?*325" However, apoptosis initiation was exhibited
to much higher extent in non-transformed cells in comparison Ras transformed isogenic
cell lines, indicating aberrant signalling crosstalk in cancer cells may rewire TGF-33
signalling cascades.?®® Furthermore, in primary B lymphocytes, TGF-B induced pro-
apoptotic BIM expression initiates programmed cell death during lymphocyte contraction
in secondary lymphoid organs, as a way to clear white blood cells after pathogen
clearance.?®® BIM expression sequestered anti-apoptotic BCL2 family members,
triggering mitochondrial outer membrane polarization and the release of caspase-3 into
the cytosol, there-by triggering the intrinsic apoptotic pathway. This TGF-B mediated
programmed cell death in primary tissues also extends to B lymphocyte engagement of
the Fas:FasL pathway. TGF-B in a SMAD3-dependent context, can trigger caspase-3
mediated apoptosis through the procaspase 8 pathway.?®® These examples illustrate that
throughout tissue homeostasis, TGF-3 can elicit a sensitive apoptosis induction, however,
this sensitivity may be deregulated in cells that have been established and are resistant

to TGF-B tumor suppression.

1.5.5. TGF-B signalling and gene transcription: EMT
The most notable example of cancer associated regulation of transcriptional networks is

during the induction of EMT during chronic TGF-8 exposure. While absolutely possessing

tumor suppressive attributes in primary tissues, TGF-3 plays a dual role in cancer and
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transformed cells. Breast cancers are extremely responsive to TGF-§ signalling, as this
pathway is used in a regulatory capacity during development.??' However, in transformed
mammary epithelium TGF-B initiates an EMT after chronic exposure. During this large
switch in transcriptional programming, the genome undergoes a global alteration in
chromatin accessibility, elicited by histone and DNA demethylation.?® Specifically,
regions containing TGF- responsive genes, such as ZEB1 or SNAIL (as seen as the
outcome of signal transduction in Figure 1-4), become demethylated and
accessible.?522%3 This global switch is in part due to a strong ERK2-Egr1-Sp1 mediated
suppression of the HP1-interacting complex, CAF-1.2%* Furthermore, loss of CAF1 alone
was sufficient to promote EMT in the untransformed mammary epithelial cell line,
MCF10A, through the deregulation of ZEB1. 25 To further elicit and enhance
transcriptional activity of R-SMAD complexes, specific coactivators are recruited to SBEs.
The SMAD2/3/4 complex’s engagement with by the CBP/p300 protein complex, which
antagonize HP1-associated gene repression, further amplifies target gene expression.?%
These results indicate that HP1-associated chromatin effector complexes are required for
tumor suppressive traits, such as antagonizing EMT. Finally, loss of expression or
regulation of HP1 proteins, in various different types of cancer, is associated with
transcriptional repression defects, however these alterations have had variable effects on
invasiveness. Basal breast cancer cells can quickly promote the H3K27me3 mediated
methylation of promoters for cell cycle inhibitors, such as p21, in response to long term
TGF-B exposure.?® Furthermore, TGF-B sensitive genes that promote the cytostatic
effects in breast cancer, are often mutated, rendering these cells vulnerable to only the
EMT-promoting and pro-metastatic TGF-3 gene expression. Therefore, HP1 isoforms
and their regulation may be tissue specific and depend on the concerted regulation of
TGF-B receptor complexes and signal transduction machinery.

1.6. The Zinc Finger Protein, POGZ
HP1 isoforms, highly associated with transcriptional repression via interaction with KAP1

and recruitment of histone methyltransferases, have shown immediate recruitment at

DSBs.'? How chromatin architecture, particularly HP1 and associated interacting
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proteins, and its dynamic nature, modulate DNA repair are largely unknown but represent
a fundamental gap in the understanding of how transcriptional repression functions in the
context of DSB repair. A number of HP1 interactors have been identified in recent years
that may have functional roles in DNA repair. Studies by Baude et al, identified an HP1-3
complex with pogo transposable element with zinc finger domain (POGZ) and the
hepatoma-derived growth factor-related protein 2 (HDGFRP2).2% This was the first
implication that the HP1-interactor, POGZ, possessed any role in DNA repair, as it was
suggested that this complex served to promote HR in heterochromatin. Furthermore, in
studies generated by our group on the functional implication of the adaptor protein REV7
in NHEJ, POGZ was identified as REV7 interactor using both proximity labelling and
immunoprecipitation mass-spectroscopy.*’ However, despite having shown POGZ loss
to impact NHEJ, the exact function of POGZ in this context was not explored.

POGZ is a 155 kDa zinc finger protein with a C2HC-lyar and 8 C2H2 zinc finger domains.
Interestingly, most HP1-binding proteins bind to the chromoshadow domain through a
PxVxL domain, however, POGZ binds the hinge region through a proline rich domain,
containing a C2H2 zinc finger.?%” In the C-terminus portion of the protein there is a putative
transposase domain which may have a role in silencing transposable elements.
Furthermore, it contains helix-turn-helix and CENP-B binding domains, both of which are
required for DNA binding.?®® H3K9me3 immunoprecipitation mass spectroscopy by
Vermeulen et al. identified POGZ in coordination with the HP1 isoforms, initially
postulating POGZ to play a role in the regulation of repressive chromatin.?®® POGZ was
first functionally described in the regulation of chromosomal stability during mitosis,
specifically via its interaction with HP1-a. Depletion of POGZ in cervical cancer cells show
decreased HP1-a ejection from chromosomal arms during mitosis, which resulted in
decreased activation of the chromosomal passenger complex (CPC), chromosomal

aberrations, and mitotic arrest.2%’

Pathologically, loss of function mutations in POGZ have been implicated in the
development of a clinical syndrome, White Sutton Syndrome (WHSUS). Features of
WHSUS include autism-like intellectual and social disabilities, developmental delay,
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microcephaly, and in certain severe cases, recurrent infections. Several groups have
shown that interruption of either the DNA-binding domain or the HP1-binding domain
through de novo mutations are associated with WHSUS.260-26" However, the severity of
the clinical manifestation is variable and may depend on the location of the mutation.
Mechanistic studies of WHSUS pathogenesis have shown that loss of POGZ, via genetic
ablation or induction of loss of function mutations, render expression of genes whom
repression is required for proper differentiation of neuronal stem cells, like JAG2.258261
Specifically, these studies have shown that POGZ accumulates at regulatory regions of
such genes, however, suggesting that POGZ is directly involved in the required
differentiation-associated repression of certain genes. Currently the only information we
have about the role of POGZ and its interaction with HP1 in human pathology is restricted
to neurological development, therefore, its specific role in other pathologies, such as

cancer, are left unknown.
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2.1 Abstract

The heterochromatin protein HP1 plays a central role in the maintenance of genome
stability. However, little is still known about how HP1 is controlled during this process.
Here, we describe a novel function of the zinc finger protein POGZ in the regulation of
HP1 during the DNA damage response in vitro. POGZ depletion delays the resolution of
DNA double-strand breaks (DSBs) and sensitizes cells to different DNA damaging
agents, including cisplatin and talazoparib. Mechanistically, POGZ promotes homology-
directed DNA repair pathways by retaining the BRCA1/BARD1 complex at DSBs, in a
HP1-dependent manner. /In vivo CRISPR inactivation of Pogz is embryonically lethal and
Pogz haplo-insufficiency (Pogz*’) results in a developmental delay, impaired intellectual
abilities, a hyperactive behaviour as well as a compromised humoral immune response
in mice, recapitulating the main clinical features of the White Sutton syndrome (WHSUS).
Importantly, Pogz*’* mice are radiosensitive and accumulate DSBs in diverse tissues,
including the spleen and the brain. Altogether, our findings identify POGZ as an important
player in homology-directed DNA repair both in vitro and in vivo.
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2.2, Introduction

DNA double-strand breaks (DSBs) are among the most cytotoxic DNA lesions, in part due
to their highly recombinogenic and pro-apoptotic potential (lyama & Wilson, 2013).
Inaccurate resolution of DSBs can result in gross genomic rearrangements that drive
genomic instability, a characteristic feature of several human genetic disorders and
cancer subtypes.! To avoid this deleterious outcome, cells have deployed a complex
network of proteins that detect and signal these DNA lesions for subsequent repair.?
Ultimately, two major pathways can be mobilized to repair these DNA lesions: non-
homologous end-joining (NHEJ) and homologous recombination (HR).> While NHEJ is
active throughout the cell cycle, HR is only active in the S/G2 phases, as it requires a
sister chromatid as a template for the faithful repair of these DNA lesions. Importantly,
several additional elements influence DNA repair pathway choice, including the
complexity of the DNA ends and the epigenetic context.*

One key step in the “decision-making” process underpinning DNA repair pathway choice
relies on the antagonism between 53BP1 and BRCA1.°> On one hand, 53BP1 relies on
both H4K20me?/me® and RNF168-mediated ubiquitination of H2A variants for its
recruitment to DSBs.58 On the other hand, BRCA1, which exists as an obligate
heterodimer with BARD1, is known to be rapidly recruited to DNA damage sites in a poly-
ADP-ribose (PAR)- and ATM-dependent manner.®""Importantly, the identification of
BARD1 as a reader of unmethylated histone H4 at lysine 20 (H4K20me®)'?, a post-
replicative chromatin mark, shed new light on how the BRCA1/BARD1 complex
counteracts 53BP1 at sites of DNA damage in the S/G2 phases of the cell cycle 317,

thereby initiating DNA end resection and favoring homology-directed DNA repair.

Several additional factors can influence the localization of the BRCA1/BARD1 complex.'8
For instance, the rapid accumulation of the heterochromatin protein HP1 at DNA damage
sites,’®23 and the specific recognition of its y isoform (HP1-y) by BARD1 through a
consensus PxVxL motif?* have emerged as key pre-requisites for the presence of BRCA1
at DSBs?, and the commitment towards homology-directed DNA repair.?42¢ Interestingly,
the mobilization of HP1 correlates with dynamic waves of H3K9 methylation and
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demethylation around these DNA lesions,?’~30 pointing towards a methylation-dependent
mobilization of the HP1-BARD1-BRCA1 axis.?® However, conflicting reports have
suggested that HP1 could accumulate at DSBs by interacting with local DNA repair
factors through its chromoshadow (CSD) domain,??®' thereby eliminating H3K9
methylation as a pre-requisite for the mobilization of the HP1-BARD1-BRCA1 axis. In
both models, little is known about how this multiprotein complex is regulated during the
DNA damage response and whether any additional factor may control the mobilization of
the BRCA1/BARD1 complex to DSBs.

We therefore sought to gain further insight into the contribution of HP1 during genotoxic
stress by using a biotin-based labelling approach, called BiolD.3? As mammals encode
three distinct isoforms (-a, -3, and -y), we mapped their respective proximal interactomes
under normal and genotoxic stress conditions and identified the POGO transposable
element derived with ZNF domain protein (POGZ) as one of the most abundant
interactors of the different HP1 isoforms in both conditions, as previously described.33
POGZ has been implicated in the dissociation of HP1-a from mitotic chromosomes,
thereby influencing their proper segregation.3* Still, its role in the maintenance of genome
stability during interphase remains elusive,*® prompting us to investigate its contribution
to the DNA damage response. Interestingly, POGZ depletion delays the resolution of
DSBs in S/G2 phases of the cell cycle, which correlates with a prolonged G2 DNA
damage checkpoint. Using well-established GFP-based DNA repair assays, we
established that POGZ regulates both HR and single-strand annealing (SSA) pathways.
Importantly, we noted that POGZ is rapidly recruited to DNA damage sites where it allows
the presence of both BRCA1 and BARD1 at DSBs in a HP1-dependent manner.
Subsequent in vivo analysis demonstrated the critical role of Pogz in murine
embryogenesis and Pogz haplo-insufficient (Pogz*’*) mice display a significant growth
defect, a deficit in intellectual abilities, a hyperactive behaviour as well as a compromised
humoral immune response, recapitulating the main clinical features of the White Sutton
syndrome (WHSUS).36-39 Strikingly, Pogz** mice are hypersensitive to ionizing radiation
(IR) and present constitutive DSBs in several tissues. Furthermore, Pogz*’* B-cells have

impaired survival capacities following the induction of programmed DSBs ex vivo.
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Altogether, our data describe a novel role of POGZ in the regulation of homology-directed
DNA repair pathways through the HP1-BRCA1-BARD1 axis, with new perspectives for
the aetiology of the WHSUS.
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2.3. Results

2.3.1. Identification of POGZ as a high confidence interactor of the HP1 isoforms

To gain better insight into the contribution of the different HP1 isoforms during the DNA
damage response (Figure 1A), we used the BiolD labelling technique, which allows the
monitoring of proximal/transient interactions (Figure EV1A) 4°. Briefly, HP1 proteins were
fused to a mutant of an E. coli biotin-conjugating enzyme (BirA*) and stably expressed in
the human embryonic kidney 293 (HEK293) cell line using the Flp-In/T-REX system and
validated for their ability to biotinylate proteins that come in close proximity or directly
interact with them (Figure EV1B). Labelled proteins were subsequently purified by
streptavidin affinity and identified by mass spectrometry. This approach was carried out
in cells exposed to the radiomimetic DNA damaging drug neocarzinostatin (NCS) or the
solvent control (Ctrl). For each HP1 isoform, we identified ~500 different high-confidence
interactors that were common to both experimental conditions (Figure 1B and Figure
EV1C). Gene set enrichment analysis (GSEA) demonstrated that proteins involved in cell
cycle progression, in particular during M phase, epigenetic regulation of gene expression
and DNA repair were commonly found in the interactome of HP1-a., - and —y in both Ctrl
and NCS-treated conditions (Figure 1C, Figure EV1D and Dataset EV2). As expected,
histone variants (HIST1H2BL, HIST3H2BB, H2AFY, H2AFZ), chromatin-associated
proteins (CHAF1A, HMGN2), and histone methyltransferases (EHMT1, WIZ) emerged as
the most abundant interactors of the different HP1 isoforms in both Ctrl and NCS-treated
conditions (Figure 1D). Additionally, we identified POGZ as a high-confidence interactor
of the three HP1 isoforms (Figure 1D), which tends to be more biotinylated upon NCS
treatment compared to Ctrl conditions (Dataset EV1), particularly with the BirA-HP1-
y construct. This prompted us to investigate whether POGZ functions during the DNA

damage response.

2.3.2. POGZ modulates DNA repair in vitro

POGZ is a well-documented interactor of both HP1 and REV7/MAD2L2,% and its
contribution has been described during mitosis, 34 but its role to the maintenance of
genome stability in interphase remains elusive. To confirm the HP1-POGZ interaction,
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we took advantage of a single-cell assay where the association of two proteins can be
assessed at an integrated LacO array by tethering a mCherry-LacR tagged version of a
bait of interest (Figure 1E). This approach has been successful in recapitulating both
BRCA1-PALB2 and RAD51D-XRCC?2 interactions in cellulo. 4142 Targeting a mCherry-
LacR-tagged version of POGZ resulted in a significant accumulation of endogenous HP1-
a, -p and —y to the LacO array compared to control conditions (empty vector; EV; Figure
1E and Figure EV1E ). To ascertain whether POGZ is relevant for DNA repair, we
monitored the presence of DSBs in POGZ-depleted cells using the neutral comet assay.*3
Interestingly, treatment of U20S cells with two distinct small interfering RNAs (siRNAs)
targeting POGZ (siPOGZ-1, and -2) resulted in a substantial increase of DSBs at steady-
state (TO) compared to the control condition (siCtrl) (Figure 1F and Figure EV1F-G). Upon
exposure to ionizing radiation (IR; 2 Gy), which generated a similar amount of DNA
lesions in both siCtrl- and siPOGZ-treated cells (T=1hr), POGZ depletion caused a
significant delay in the resolution of these DSBs at late time point (T=24hrs; Figure 1F),
suggesting a role for POGZ during DNA repair. In parallel, we monitored the
phosphorylation of the histone variant H2AX on serine 139 (y-H2AX), which is a key step
in the initiation of the response to DSBs and their subsequent repair. Using a well-
established flow cytometry-based approach,* POGZ depletion correlated with persistent
phleomycin-induced DSBs (Phleo; 50 ug/mL) in both U20S and HelLa cells compared to
control conditions (siCtrl; Figure 1G and Figure EV1H). Importantly, we noted that this
phenotype is associated with a prolonged G2 phase DNA damage checkpoint (Figure
1H), as well as the formation of micronuclei (Figure EV1I-J), pointing towards an important
role of POGZ in the maintenance of genome stability during genotoxic stress.

2.3.2. POGZ promotes homology-based DNA repair pathways

To gain further insight into the contribution of POGZ in vitro, we generated both shRNA-
mediated POGZ-depleted RPE1-hTERT cells (shPOGZ-1 and -2) and CRISPR-mediated
POGZ-deleted HelLa cells (POGZA-1 and -2) (Figure EV2A). Based on our preliminary
data, we hypothesized that depletion of POGZ should correlate with an increased
cytotoxicity to DNA damaging agents that produce DSBs. Using the sulforhodamine B
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(SRB) assay to determine cell density by measuring cellular protein content,*® we
observed that POGZ-depleted cells were significantly more sensitive to the radiomimetic
drug neocarzinostatin (NCS), irrespective of cell type (Figure 2A and Figure EV2B).
Similar observations were made with the intercalating agent cisplatin (CIS) and the PARP
inhibitor talazoparib (TZ) (Figure EV2B). Importantly, re-expression of a full-length
mCherry-POGZ (FL) in POGZ-deleted Hela cells (POGZA-1), ablated this
hypersensitivity to both NCS and TZ (Figure 2B and Figure EV2C). Interestingly,
dysregulated HR pathway has been linked to the cytotoxic potential of these drugs (4648,

suggesting a potential contribution of POGZ in this DNA repair pathway.

To directly test this possibility, we employed a well-established GFP-based reporter assay
that monitors DNA repair by HR, the DR-GFP assay, and evaluated the impact of POGZ
depletion on restoring GFP expression (Figure 2C). As positive controls, we introduced
siRNAs targeting key components of the HR pathway: CtIP and RADS1. In both U20S
and HelLa DR-GFP cells, POGZ depletion led to a significant decrease in HR using two
distinct siRNAs (Figure 2D). Next, we evaluated whether POGZ could regulate another
homology-based DNA repair pathway, SSA, using the SA-GFP assay (Figure 2C). We
observed a similar phenotype in the SA-GFP reporter assay, where POGZ depletion
resulted in a significant reduction of the GFP signal (Figure 2E), indicative of a reduced
SSA efficiency. These results are consistent with a model where POGZ promotes

homology-directed DNA repair pathways.

If our model is correct, loss of POGZ should impair the resolution of DSBs in S/G2 phases
of the cell cycle, where HR is restricted. We therefore pulse-labelled our cell lines with 5-
ethynyl-2’-deoxyuridine (EdU) and monitored the quantity of IR-induced y-H2AX foci in
EdU-positive (EdU+) cells by immunofluorescence. As predicted, the number of y-
H2AX+/EdU+ cells remained significantly higher upon partial (U20S and RPE1-hTERT
cells) or complete loss of POGZ (HeLa cells) at late time points (6 and 24hrs) compared
to control conditions (Figure 2F-G, Figure EV2D). As previously observed, this phenotype
correlated with a sustained G2-phase cell cycle checkpoint in POGZ-depleted cells upon
exposure to IR (Figure EV2E), . Of note, upon exposure to IR, we noted a significantly
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larger proportion of apoptotic cells in POGZ-depleted versus control conditions, as
monitored by annexin V binding (Figure EV2F). Importantly, upon radiation-induced DNA
damage, POGZ-deficient RPE1-hTERT cells likely possess sustained phosphorylation of
ATM (Ser1981) and CHK1 (Ser345) (Figure EV3A-B). Interestingly, the lack of a
sustained activation of ATR (pATR Ser1989) would suggest that POGZ promotes HR
prior to the formation of ssDNA during DNA end resection (Figure EV3A-B). Our data
indicate that POGZ plays a pivotal role in regulating both DNA repair by HR and the
associated G2 DNA damage checkpoint, thereby modulating permanent cell fate such as

apoptosis.

2.3.3. POGZ facilitates the accumulation of BRCA1 at DSBs

To pinpoint at which step(s) POGZ is regulating HR-mediated DNA repair, we monitored
the impact of its depletion on the recruitment of well-established DSB signaling factors.
Here, we used the LacO-LacR system where we expressed a mCherry-LacR-tagged
version of the endonuclease Fokl, allowing the formation of localized DSBs and the
visualization of DNA repair factors at the LacO repeat by immunofluorescence.*® As
expected, we did not observe any significant impact on the recruitment of 53BP1 and
RIF1 to Fokl-induced DSBs upon depletion of POGZ (siPOGZ-1 and -2; Figure 3A and
Figure EV3C). However, under the same conditions, the presence of BRCA1 and RAD51
at DSBs was significantly impaired (Figure 3A and Figure EV3C). In fact, we made similar
observations when we monitored the formation of IR-induced BRCA1 foci in cells pulsed
with EdU (Figure 3B-C), pointing towards a key role of POGZ in regulating BRCA1

accumulation at DNA damage sites.

POGZ is a 1410 amino-acid protein with multiple functional domains (Figure 3D): one
atypical and 8 classical C2H2 zinc finger domains at its N-terminus, a proline-rich domain,
a helix-turn-helix domain also identified as a centromere protein (CENP) B-like DNA
binding domain, a putative DDE-1 transposase domain and a coiled-coil motif at its C-
terminus. POGZ has been proposed to act as a negative regulator of gene expression in
different biological processes, including hematopoiesis and neuronal development.5-52
To exclude the possibility that POGZ may indirectly control DNA repair through its known
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transcriptional function, we profiled by quantitative RT-PCR (qPCR) the expression of
BRCA1 and BARD1 as well as downstream effectors in the HR pathway, including
PALB2, BRCA2 and RAD51. However, we did not notice any substantial changes in their
expression upon depletion of POGZ in both HeLa and RPE1-hTERT cells (Figure EV3D).
We therefore explored the possibility that POGZ may have a more direct contribution to
DNA repair by monitoring its recruitment to DNA damage sites. Interestingly, we observed
that HA-tagged POGZ rapidly accumulates at laser micro-irradiation-induced DNA
damage in U20S cells, co-localizing with y-H2AX (Figure EV3E). This recruitment is a
transient event and POGZ accumulation disappears within 30 min after laser micro-

irradiation, a dynamic reminiscent of what has been observed with HP1.19.2122.31

2.3.4. POGZ allows the presence of the HP1-y/BARD1/BRCA1 complex at DSBs

HP1 is a well-established factor in the response to DSBs® at least, in part through the
retention of BRCA1 at DNA damage sites by HP1-y.26 We confirmed these observations
in the U20S mCherry-LacR-Fokl cells where depletion of HP1-y, but neither HP1-a or -
B significantly impaired the accumulation of BRCA1 at the focal DNA damage site (Figure
3E and Figure EV4A-B, top panel). If POGZ facilitates BRCA1 retention at DSBs in a
HP1-y-dependent manner, co-depletion of both POGZ and HP1-y should not impair
further BRCA1 accumulation at DSBs any further. Indeed, we did not notice any
significant decrease in the retention of BRCA1 in this condition compared to either HP1-
y or POGZ depletion alone (Figure 3E and Figure EV4A-B, bottom panel). Similar
observations were made in the DR-GFP assay where co-depletion of both POGZ and
HP1—y did not further decrease HR-mediated DNA repair compared to the individual
HP1—y or POGZ depletion in the U20S cell line (Figure 3F). Interestingly, POGZ
depletion significantly impaired the recruitment of all HP1 isoforms to Fokl-induced DSBs;
however, we noted that it had the most drastic impact on HP1-y (Figure 3G and Figure
EV4C), pointing towards a model where POGZ promotes HR by allowing the

accumulation of BRCA1 at DSBs in an HP1-y-dependent manner.
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To gain further insight into how POGZ promotes DNA repair, we performed a structure-
function analysis by generating several truncation mutants (Figure 4A). First, we tested
their sub-cellular localization by expressing a mCherry-tagged version of these mutants
in HEK293T cells. Mutants lacking the proline-rich domain (amino acids 800-848; AHP1),
which mediates HP1 binding,®* were unable to accumulate in the nucleus (Figure EV4D),
confirming a previous report linking the nuclear accumulation of POGZ to its ability to bind
to HP1.5" We first focused our attention on the POGZ36-848 mutant, which contains the
zinc finger region of POGZ as well as its HP1 binding domain and retains the capacity to
localize to the nucleus (Figure EV4D). We expressed a Flag-tagged version in this mutant
in POGZ-depleted U20S cells containing the inducible LacR-Fokl system and monitored
its ability to restore BRCA1 recruitment to DSBs. Strikingly, POGZ366-848 mutant restored
BRCA1 accumulation to localized DSBs, at a level comparable to full-length (FL) POGZ
(Figure 4B and Figure EVAE, left panel). Interestingly, this mutant allowed the recruitment
of both BARD1 and HP1-y to the localized DNA damage site (Figure 4B and Figure EV4E,
right panel). To further dissect the critical domain(s) of POGZ promoting DNA repair, we
generated a construct exclusively containing the HP1 binding domain (HPZ) and
expressed it in HeLa POGZA cells. We pulse-labelled these cells with EAU and monitored
their capacity to form IR-induced BRCA1 foci by immunofluorescence. Remarkably, the
POGZ HPZ mutant restored BRCA1 foci in POGZ-deleted Hela cells, to a similar extent
as FL POGZ (FL; Figure 4C-D). Critically, we observed that HPZ-expressing cells display
significantly less IR-induced y-H2AX foci over time, compared to HeLa POGZA cells
(Figure 4E-F and Figure EV4F), suggesting that this construct is able to restore DSB
resolution. In light of these data, we conclude that the HP1 binding domain of POGZ is
necessary and sufficient to promote BRCA1 recruitment to DSBs and HR-mediated DNA

repair, primarily through HP1-y.

2.3.5. Loss of Pogz impairs proper murine development in vivo
Heterozygous pathogenic variants in POGZ have been linked to a rare human disorder,
known as the White-Sutton syndrome (WHSUS), characterized by craniofacial

abnormalities such as microcephaly, a developmental delay, intellectual disabilities as
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well as behavioural problems (e.g. hyperactivity, overly friendly behaviour), and in certain
rare cases, recurrent infections.®63°% These observations prompted us to define the

relevance of POGZ in vivo.

Using the CRISPR/Cas9 technology, we targeted exons 9 and 10 of Pogz in embryonic
stem (ES) cells derived from C57BL/6J mice in order to generate a Pogz knock-out mouse
model (Figure 5A). Remarkably, we failed to obtain any viable constitutive Pogz knockout
mice (Pogz**) (Figure 5B). However, we were successful in deriving mouse embryonic
fibroblasts (MEFs) from E12.5 embryos where we confirmed that CRISPR-mediated
targeting of one or both alleles of Pogz resulted in its partial or complete ablation at the
protein level, respectively (Figure 5C). Upon more systematic analysis, homozygous
Pogz knock-out embryos died mid-gestation, starting between embryonic day E12.5 and
E14.5 (Figure 5D), suggesting that Pogz is essential for mouse embryonic development.
As heterozygous pathogenic mutations in POGZ lead to the WHSUS, we decided to
investigate whether Pogz haplo-insufficiency (Pogz”*) may have an overall impact on
murine development. Indeed, Pogz*4 mice have a significantly lower body weight
compared to their wild-type counterparts as early as 3 weeks post-birth (Figure 5E). This
growth defect correlated with smaller organs in Pogz”4 mice, including the thymus, the
spleen, the liver and the brain (Figure 5F), suggesting that Pogz levels need to be tightly

regulated to allow proper murine development.

As microcephaly often correlates with impaired cognitive functions,® we performed a
systematic behavioral analysis of our mouse model. Using the open field maze test, we
noticed that Pogz*4 mice have significantly more locomotor activity, with a substantially
greater average speed, than their age-matched wild-type littermates (Figure 5G-H),
indicative of a hyperactive behavior. Furthermore, Pogz haplo-insufficient mice spent
more time in the center of the arena (inner zone of the maze), which is typically linked to
a decreased level of anxiety (Figure 5G-I). To assess the intellectual capabilities of our
Pogz*“ mice, we performed a contextual and cued fear conditioning test (Figure 5J). In
this procedure, a neutral conditioned stimulus (i.e. steady tone) is paired with an aversive
unconditioned stimulus (mild foot shock) and the time during which animals present a lack
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of mobility or reduced locomotor activity is a readout of learning/memory performances.
Interestingly, Pogz haplo-insufficient mice exhibited decreased freezing behavior
compared to control mice, in which the baseline behavior remains comparable (Figure

5K), indicative of a deficit in contextual learning and memory capacities.

Severe cases of the WHSUS are characterized by recurrent infections,®' likely due to a
dysfunctional immune system. For instance, reduced lymphoid organ weight, as observed
in Pogz*4mice (Thymus, Spleen; Figure 5F), may be indicative of a compromised
immune system. We evaluated whether Pogz haplo-insufficient mice have a
compromised humoral immune response by measuring total immunoglobin (Ig) levels of
IgM, 1gG1, IgG2b, 1IgG3 and IgA in the serum. Interestingly, we found that serum 1gG2b
levels were almost 50% lower in Pogz*4 mice compared to age-matched wild-type
controls (Figure 5L), indicative of a defective antibody response. Importantly, patients with
a selective 1gG2 subclass deficiency usually suffer from recurrent upper and lower
respiratory tract infections S®which have also been reported in severe cases of WHSUS.5'
Altogether, our data indicate that Pogz haplo-insufficient mice present a developmental
delay, a deficit in intellectual abilities, a hyperactive behaviour as well as a compromised
humoral immune response, reminiscent of the clinical features reported in WHSUS

patients.

2.3.5. Pogz haplo-insufficient mice display features of genomic instability

In light of our findings in vitro, we wondered whether Pogz*4 mice present any DNA repair
defect. To test this hypothesis, we exposed mice to IR (8 Gy) and monitored their survival
over time. Interestingly, IR-induced mortality occurred significantly faster in Pogz*4 mice
than in wild-type controls (median survival: 7 days vs. 11 days; Figure 6A), suggesting
that Pogz may also be relevant to promote DNA repair in vivo. We therefore tested
whether Pogz*4 mice spontaneously accumulate DSBs by monitoring both y-H2AX levels
and intensity in the spleen by flow cytometry. Strikingly, we observed significantly more
y-H2AX-positive splenocytes in Pogz*4 mice compared to controls (WT; Figure 6B and

Figure EV5A), and they display substantiality more y-H2AX signal intensity than wild-type

67



(Figure 6B and Figure EV5A). We extended our analysis to the brain, where we stained
sections of the cerebral cortex for y-H2AX (Figure 6C and Figure EV5B). Again, we noted
substantially more y-H2AX-positive cells in Pogz** mice vs. wild-type in this region of the

brain (Figure 6C and Figure EV5B), pointing towards a global DNA repair defect in vivo.

To validate our observations in vivo, we took advantage of MEFs that we derived from
our mouse model (Figure 5D) and we tested their sensitivity to two distinct DNA damaging
drugs, phleomycin and camptothecin. As expected, Pogz”* MEFs were hypersensitive to
both drugs compared to wild-type in the SRB assay (Figure 6D and Figure EV5C),
confirming that partial loss of Pogz impairs DNA repair. Ex vivo stimulation of B-cells is
another well-established system where the integrity of DNA repair pathways can be
examined. Importantly, intact DNA repair pathways are required for the resolution of
activation-induced deaminase (AID)-induced DSBs during class switch recombination
(CSR; Figure EV5D). We therefore extracted primary splenic B-cells from both WT and
Pogz*4 mice and activated them ex vivo with a cocktail of cytokines (IL-4/LPS) to induce
class switching from IgM to IgG1. Interestingly, we noted that partial loss of Pogz
significantly impaired CSR at both 96h and 120h post-activation (Figure 6E and Figure
EV5E). Importantly, we confirmed that this phenotype was neither due to a proliferation
defect (Figure EVSF), nor a lack of Aicda expression (Figure EV5G). As expected, we
observed a significant reduction (~50%) of Pogz mRNA expression in Pogz*”4 mice
compared to wild-type (Figure EV5G). Successful CSR relies on the capacity to resolve
on-target DSBs by NHEJ and alternative end-joining (a-EJ) pathways in G1 phase of the
cell cycle (Figure EV5D).% However, a functional HR pathway has been shown to be
important in the repair of both on- and off-target DSBs, thereby promoting B-cell survival
(Figure EV5D).5” Based on our data in vitro, we wondered whether Pogz*4 B-cells
attempting CSR might be more prone to apoptosis, explaining the apparent deficit of CSR.
In fact, we observed a substantial increase in the proportion of Annexin V-positive
Pogz*4 B-cells compared to control conditions upon activation with a cocktail of cytokines
(Figure 6F and Figure EV5H). Of note, a significant fraction of non-activated (NA)
Pogz*4 B-cells were Annexin V-positive (Figure 5F), likely linked to the y-H2AX signal that

we observed previously in splenocytes (Figure 6B and Figure EV5A). If our model is right,
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Pogz*4 B-cells should accumulate a significant amount of DSBs upon induction of CSR.
We therefore monitored y-H2AX levels by flow cytometry and we noted that a significant
increase in the proportion of y-H2AX-positive Pogz4 B-cells compared to wild-type at 48h
and 72h post-activation (Figure 6G). We also monitored the number of y-H2AX foci/cell
in both wild-type and Pogz” B-cells upon induction of CSR. As expected, B-cell
activation resulted in a significant increase in the proportion of cells displaying y-H2AX
foci (Figure EVSI). Interestingly, around half of these activated B-cells contain more than
2 y-H2AX foci in a haplo-insufficient background compared to ~25% in a wild-type context
(Figure 6H and Figure EV5J-K), suggesting that Pogz is critical for the repair of off-target
DSBs during CSR. Altogether, our data are consistent with a model where POGZ
promotes the repair of DSBs by homology-directed DNA repair pathways both in vitro and

in vivo.
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Figure 1. The HP1-interacting protein POGZ participates in DNA repair.

(A) Schematic of the 3 human isoforms of the heterochromatin protein 1 (HP1). The N-
terminal chromodomain of HP1 (in yellow) recognizes H3K9 methylation in vitro, with a
preference for higher methylation states (H3K9me'>H3K9me?>H3K9me?), while the
chromoshadow domain at its C-terminus (in blue) is involved in homo-/hetero-
dimerization as well as interaction with other proteins containing a PXVXL motif. Both
domains are separated by a hinge region (in brown). (B) Venn diagram outlining the
distribution of HP1-a, -B and -y high-confidence interactors identified by the BiolD
approach, under control (Ctrl; DMSQO) or genotoxic conditions (NCS). (C) Gene set
enrichment analysis (GSEA) visualization of the common HP1 high-confidence
interactors using Reactome pathways. Enrichment maps were developed2 with a ranked
interaction network (p < 0.2, FDR < 0.5 and overlap coefficient = 0.75) and the cell cycle
cluster is provided in this panel. The complete interaction network can be found in
Expanded View Fig.1D. Pathways enriched in: (i) control conditions are represented in
blue; (i) NCS-treated conditions are represented in red. (D) Dot plot of selected HP1
high-confidence interactors identified by BiolD. The node size displays the relative
abundance of a given prey across the 6 conditions analyzed, the node color represents
the absolute spectral count sum (capped at 50 for display purposes), and the node edge
color corresponds to the Bayesian False Discovery Rate (BFDR). Proteins were selected
based on a SAINT score of >0.95, BFDR of <0.05, and 210 peptide count. (E)
Schematic representing the LacO/LacR tethering system in U20S cells (top panel). Box
Quantification of the endogenous HP1 signal at the mCherry focus upon expression and
tethering of mCherry-LacR alone (EV) or a construct containing POGZ. Data are
represented as a box-and-whisker (10-90 percentile; bottom panel). At least 100 cells per
condition were counted. Significance was determined by one-way ANOVA followed by a
Tukey test. *P<0.05, **P<0.0001. (F) U20S cells containing a non-targeting siRNA control
(Ctrl), or one of two siRNA(s) against human POGZ (POGZ-1 or -2), were irradiated with
2 Gy before being collected at the indicated time points and assessed for comet tail
migration in neutral conditions. Quantification of the neutral comet assay is represented
as a box-and-whisker (10-90 percentile). At least 100 cells per condition were counted.
Significance was determined by two-way ANOVA followed by a Dunnett’s test. *P<0.05,
**P<0.0001. (G) U20S (left panel, n=6 biological replicates) or HelLa cells (right panel, n
= 3 biological replicates) were transfected with the indicated siRNA; 48 hours post-
transfection, they were treated with the radiomimetic antibiotic, phleomycin (50 pg/mL),
and collected at the indicated time points. Flow cytometry analysis of phosphorylated—
H2AX signal was used to measure y-H2AX endogenous signal. Data are represented as
a bar graph showing the mean + SEM, each replicate being represented by a round
symbol. Significance was determined by two-way ANOVA followed by a Holm-Sidak’s
test. *P<0.05, **P<0.01, ***P<0.0005. (H) U20S (n=8 biological replicates) were
transfected with the indicated siRNA; 48 hours post-transfection, they were treated with
the radiomimetic antibiotic, phleomycin (50 ug/mL), and collected at the indicated time
points. Data are represented as a bar graph showing the mean + SEM, each replicate
being representing as a round symbol. Significance was determined by two-way ANOVA
followed by a Sidak’s test. *P<0.05.
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Figure 2. POGZ promotes homology-directed DNA repair pathways

(A) U20S (left panel), RPE1-hTERT (middle panel), and HelLa cells (right panel) were
monitored for their sensitivity to the radiomimetic drug NCS using the SRB assay. For
each cell line, the following conditions were used: U20S cells were transfected with a
nontargeting siRNA (siCtrl) or an siRNA targeting human POGZ (siPOGZ-1 or -2); RPE1-
hTERT cells were transduced a control shRNA (shCtrl) or a shRNA directed against
human POGZ (shPOGZ-1 or -2); HelLa cells expressing a non-targeting sgRNA (sgCirl)
or a sgRNA targeting human POGZ and sub-cloned (POGZA-1 or -2). Cells were pulsed
with NCS at the indicated concentrations for 1 hour, replenished with fresh medium and
incubated for 4 days before being processed for SRB assays. Data are represented as a
bar graph showing the relative mean + SEM, each replicate being representing as a round
symbol (3 biological replicates). Significance was determined by two-way ANOVA
followed by a Bonferroni’s test. *P<0.01. (B) HelLa cells with (+FL, blue), or without full
length POGZ-cDNA supplementation (POGZA-1, red), as well as control HelLa cells
(sgCtrl, grey), were treated with NCS (1hr) or TZ (24h) at the indicated concentrations
and processed as in (A) for SRB assay. Data are represented as a bar graph showing the
relative mean + SEM, each replicate being representing as a round symbol (3 biological
replicates). Significance was determined by two-way ANOVA followed by a Bonferroni’'s
test. *P<0.05, **P<0.005. (C) Schematic diagram of the DR-GFP (top panel) and the SA-
GFP (bottom panel) assays. (D) U20S (left panel) and HelLa (right panel) cells containing
the DR-GFP reporter construct were transfected with the indicated siRNA. 24h post-
transfection. Cells were transfected with the I-Scel expression plasmid or an empty vector
(EV), and the GFP+ population was analyzed 48h post-plasmid transfection. The
percentage of GFP+ cells was determined for each individual condition and subsequently
normalized to the non-targeting condition provided with |-Scel (siCtrl, I-Scel). Data are
represented as the mean + SEM, each replicate being representing as a round symbol
(n=3 biological replicates). Significance was determined by one-way ANOVA followed by
a Dunnett’s test. *P<0.0001. (E) U20S cells containing the SA-GFP reporter plasmid were
processed and analyzed as in (D). Data are represented as the mean + SEM, each
replicate being representing as a round symbol (n=3 biological replicates). Significance
was determined by one-way ANOVA followed by a Dunnett's test. *P<0.0001. (F)
Quantification of y-H2AX foci in HelLa cells where POGZ has been targeted by CRISPR
technology (POGZA-1 or -2) and in control HeLa cells (sgCtrl). Cells were exposed to 1
Gy before being pulsed with Edu for 1hr and were recovered at the indicated time points.
Cells were fixed, stained, and imaged via confocal microscopy. Data are the total number
of y-H2AX foci in EdU+ cells and represented as a bar graph showing the mean + SD
(n =3 biological replicates, with at least 100 cells analyzed for each time point).
Significance was determined by two-way ANOVA followed by a Dunnett’s test. *P<0.05,
**P<0.0005. (G) Representative images used for quantification in (F). Scale bar = 5 um.
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Figure 3. POGZ modulates the presence of BRCA1 at DNA damage sites.

(A) U20S stably expressing mCherry-LacR-Fokl were transfected with the indicated
siRNA. 24h post-transfection, DNA damage was induced using Shield1 and 4-OHT.
Immunofluorescence against the indicated DNA repair proteins was subsequently
performed to monitor their accumulation at sites of DNA damage by confocal microscopy.
Data are represented as a box-and-whisker (10-90 percentile) where the fluorescent
signal at the mCherry focus was normalized to nuclear background. At least 100 cells per
condition were counted (n=3 biological replicates). Significance was determined by two-
way ANOVA followed by a Dunnett’s test. *P<0.05, **P<0.005, **P<0.0005. (B) U20S
(left panel), RPE1-hTERT (middle panel), and HelLa cells (right panel) were monitored for
their capacity to form IR-induced BRCA1 foci. For each cell line, the following conditions
were used: U20S cells were transfected with a nontargeting siRNA (siCtrl) or an siRNA
targeting human POGZ (siPOGZ-1 or -2); RPE1-hTERT cells were transduced a control
shRNA (shCtrl) or a shRNA directed against human POGZ (shPOGZ-1 or -2); HelLa cells
were expressing a non-targeting sgRNA (sgCtrl) or a sgRNA targeting human POGZ and
sub-cloned (POGZA-1 or -2). Cells were exposed to 1 Gy before being pulsed with Edu
for 1hr and were recovered 1h post-exposure to IR. Cells were fixed, stained, and imaged
via confocal microscopy. Data are the total number of BRCA1 foci in EdU+ cells and
represented as a bar graph showing the mean + SD (n = 3 biological replicates, with at
least 100 cells analyzed for each time point). Significance was determined by two-way
ANOVA followed by a Dunnett’s test. *P<0.005, **P<0.001. (C) Representative images
used for quantification in (B). Scale bar = 5 um. (D) Schematic diagram outlining the
different domains of human POGZ. Each structural domain and interacting partners are
indicated. (E) U20S stably expressing mCherry-LacR-Fokl were transduced with the
indicated shRNA and subsequently transfected with the indicated siRNA. 24h post-
transfection, DNA damage was induced using Shield-1 and 4-OHT. Immunofluorescence
against BRCA1 was subsequently performed to monitor its accumulation at sites of DNA
damage by confocal microscopy. Data are represented as a box-and-whisker (10-90
percentile) where the fluorescent signal at the mCherry focus was normalized to nuclear
background. At least 50 cells per condition were counted. Significance was determined
by two-way ANOVA followed by a Dunnett’s test. *P<0.00017. (F) U20S cells containing
the DR-GFP reporter construct were transfected with the indicated siRNA. 24h post-
transfection. Cells were transfected with the I-Scel expression plasmid or an empty vector
(EV), and the GFP+ population was analyzed 48h post-plasmid transfection. The
percentage of GFP+ cells was determined for each individual condition and subsequently
normalized to the non-targeting condition provided with |-Scel (siCtrl, I-Scel). Data are
represented as a bar graph showing the relative mean + SEM, each replicate being
representing as a round symbol (n=3 biological replicates). Significance was determined
by one-way ANOVA followed by a Dunnett’s test. *P<0.0001. (G) U20S stably expressing
mCherry-LacR-Fokl were transduced with the indicated siRNA. 24h post-transfection,
DNA damage was induced using Shield-1 and 4-OHT. Immunofluorescence against the
indicated HP1 isoform was subsequently performed to monitor its respective
accumulation at sites of DNA damage by confocal microscopy. Data are represented as
a box-and-whisker (10-90 percentile) where the fluorescent signal at the mCherry focus
was normalized to nuclear background. At least 75 cells per condition were counted.
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Significance was determined by two-way ANOVA followed by a Dunnett’s test. *P<0.005,
**P<0.0001.
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Figure 4. POGZ mediates BRCA1/BARD1 accumulation at DSBs through its HP1-
binding site.

(A) Schematic diagram outlining the different domains of human POGZ and the different
deletion constructs of POGZ that we generated and analyzed. (B) U20S stably
expressing mCherry-LacR-Fokl were transduced with the indicated siRNA. 24h post-
transfection, cells were transfected with an empty Flag vector (EV) or a siRNA-resistant
FLAG-tagged POGZ cDNA construct corresponding to indicated rescue mutant (full-
length, FL; POGZ3%6-848 366-848). 24h after plasmid transfection, DNA damage was
induced using Shield-1 and 4-OHT. Immunofluorescence against the indicated protein
was subsequently performed to monitor its respective accumulation at sites of DNA
damage by confocal microscopy. Data are represented as a box-and-whisker (10-90
percentile) where the fluorescent signal at the mCherry focus was normalized to nuclear
background. At least 100 cells per condition were counted. Significance was determined
by two-way ANOVA followed by a Dunnett’s test. *P<0.005, **P<0.0001. (C) HelLa cells
transfected with the indicated construct were monitored for their capacity to form IR-
induced BRCA1 foci. HeLa cells where POGZ has been targeted by CRISPR technology
(POGZA-1) and in control HelLa cells (sgCtrl) were transfected by an empty Flag vector
(EV) or a sgRNA-resistant FLAG-tagged POGZ cDNA construct corresponding to
indicated rescue mutant (full-length, FL; POGZ8%1-848 HPZ). Cells were exposed to 1 Gy
before being pulsed with Edu for 1hr and were recovered 1h post-exposure to IR. Cells
were fixed, stained, and imaged via confocal microscopy. Data are the total number of
BRCA1 foci in EdU+ cells and represented as a bar graph showing the mean + SD (n =3
biological replicates, with at least 100 cells analyzed for each time point). Significance
was determined by two-way ANOVA followed by a Dunnett’s test. *P<0.05, **P<0.0001.
(D) Representative images used for quantification in (C). Scale bar = 5 um. (E) Similar as
in (C) except that y-H2AX foci were monitored at the indicated time points by confocal
microscopy. Data are the total number of y-H2AX foci in EAU+ cells and represented as
a bar graph showing the mean + SD (n = 3 biological replicates, with at least 100 cells
analyzed for each time point). Significance was determined by two-way ANOVA followed
by a Dunnett’s test. *P<0.05. (F) Representative images used for quantification in (E).
Scale bar =5 um.
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Figure 5. Pogz haplo-insufficiency in mice recapitulates the clinical features
observed in patients affected by the WHSUS.

(A) Schematic diagram outlining the generation of CRISPR/Cas9-mediated
Pogz*4mouse model. A region spanning critical exons 9 and 10 of the murine Pogz gene
on chromosome 3 was deleted using dual sgRNA CRISPR. (B) Expected and observed
genotypic distribution of offspring of heterozygous Pogz*“crosses. Genotype was
determined by PCR at time of weaning (3 weeks). Data are represented as a bar graph
showing the mean + SEM (n=22 individual litters, across 5 different breeding pairs). (C)
Observed genotypic distribution of offspring of heterozygous Pogz*4 crosses at specified
embryonic day. Each litter is considered a biological replicate. Data are represented as a
bar graph showing the mean + SEM (n for each embryonic day is specified). (D)
Expression analysis of Pogz by western blot in mouse embryonic fibroblasts (MEFs)
generated from E12.5 embryos with the indicated genotype. NIH3T3 cells were used as
a comparison. Gadph was used a loading control. (E) The body mass of male wild-type
(WT) or Pogz*“mice was monitored weekly for 4 weeks post-weaning. Data are
represented as a bar graph showing the mean + SEM and each mouse is represented by
a round dot (WT) or a square (Pogz*4). At least 4 mice per genotype was monitored.
Significance was determined by two-way ANOVA followed by a Sidak’s test. *P<0.05. (F)
The indicated organ mass of male wild-type (WT) or Pogz*4mice were calculated relative
to total body mass. Data are represented as a bar graph showing the mean + SEM and
each mouse is represented by a round dot (WT) or a square (Pogz*4) (n=6-7 mice per
genotype). Significance was determined by unpaired two-tailed t-test. *P<0.05. (G)
Representative movement traces of the indicated mice used for quantification in (H) and
(). (H) Quantification of the distance travelled (left panel) and the average speed (right
panel) of each mouse (n=6 mice per genotype) in the open field. Data are represented as
a bar graph showing the mean £ SEM and each mouse is represented by a round dot
(WT) or a square (Pogz*4). Significance was determined by unpaired two-tailed t-test.
*P<0.005. (1) The percentage of time that each mouse spent in the middle of the open
field was quantified and represented as the mean + SEM, each mouse being represented
by a round dot (WT) or a square (Pogz*4) (n = 6 mice per genotype). Significance was
determined by unpaired two-tailed t-test. *P<0.005. (J) Schematic diagram outlining the
conditioning/experimental set up quantified in (K) of the contextual fear tests. (K) The
percentage of freezing time in the different experimental conditions (context test, left
panel; cue (tone) test, right panel) was monitored for each mouse and is represented as
the mean + SEM, each mouse being represented by a round dot (WT) or a square
(Pogz*“) (n=6 mice per genotype). Significance was determined by two-way ANOVA
followed by a Sidak’s test. *P<0.05. (L) Plasma was isolated from cardiac punctures of
wild-type (WT) or Pogz*“mice (8 weeks) and assessed for circulating levels of specified
immunoglobulin isotypes. Each mouse is represented by a round dot (WT) or a square
(Pogz*) (n=6 mice per genotype). Significance was determined by two-way ANOVA
followed by a Bonferroni’s test. *P<0.005.
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FIGURE 2- 6 POGZ HAPLOINSUFFICIENCY CORRELATES WITH FEATURES OF IMPAIRED DNA
REPAIR IN MICE.
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Figure 6. Pogz haploinsufficiency correlates with features of impaired DNA repair
in mice.

(A) Wild-type (WT) and Pogz*“mice were subjected to a lethal dose of ionizing radiation
(8.5 Gy) before recovering in sterile conditions and being assessed for their sensitivity to
IR. Data are represented as a Kaplan-Meier survival curve of each genotype ((n=6 mice
per genotype). Significance was determined by log-rank (Mantel-Cox) test. *P<0.005. (B)
Quantification of phosphorylated-H2AX (y-H2AX) levels by flow cytometry. Splenocytes
isolated from 8-week-old wild-type (WT) and Pogz*“mice were processed for y-H2AX
staining and data are represented as bar graph showing the mean percentage of cells
that were y-H2AX-positive £+ SEM (left panel) or the mean fluorescence intensity (M.F.1.)
of the y-H2AX signal + SEM (right panel), each mouse being represented by a round dot
(WT) or a square (Pogz*4) (n =11 mice for each genotype). Significance was determined
by unpaired two-tailed t-test. *P<0.05, **P<0.0005. (C) Brain slices were sectioned from
6-week-old wild-type (WT) and Pogz”4mice, followed by immunostaining for
phosphorylated H2AX (y-H2AX). Data are the percentage of cells with y-H2AX signal
present in the nucleus per field of view and are represented as a bar graph showing the
mean + SEM, each mouse being represented by a round dot (WT) or a square
(Pogz*)(n= 4 for each genotype with three distinct fields quantified for each mouse). (D)
MEFs were monitored for their sensitivity to the radiomimetic drug phleomycin using the
SRB assay. Immortalized MEFS obtained from the indicated genotype were treated with
increasing concentrations of phleomycin for 1hr, replenished with fresh medium and
incubated for 4 days efore being processed for SRB assays. Data are represented as a
bar graph showing the relative mean + SEM, each replicate being representing as a round
dot (WT) or square (Pogz*4). Significance was determined by two-way ANOVA followed
by a Bonferroni’'s test. *P<0.005, **P<0.0005. (E) CD43-negative primary splenocytes
from 8-week-old wild-type (WT) and Pogz*4 mice were stimulated ex vivo with IL-4 (50
ng/mL) and LPS (25 ng/mL). Cells were harvested at the indicated time points and
assessed for their surface expression of IgG1 by flow cytometry. Data are represented as
a bar graph showing the mean + SEM, each mouse being represented by a round dot
(WT) or a square (Pogz**) (n=6 mice per genotype). Significance was determined by two-
way ANOVA followed by a Bonferroni’s test. *P<0.05, **P<0.0001. (F) Similar as in (E),
except those cells were monitored for apoptosis by Annexin V staining. Data are
represented as a bar graph showing the mean + SEM, each mouse being represented by
a round dot (WT) or a square (Pogz**)(n=5 mice per genotype). Significance was
determined by two-way ANOVA followed by a Bonferroni’s test. *P<0.05. (G) Similar as
in (E), except that cells were monitored for phosphorylated H2AX (y-H2AX) levels by flow
cytometry at the indicate time points post-stimulation with IL-4/LPS. Data are represented
as a bar graph showing the mean + SEM, each mouse being represented by a round dot
(WT) or square (Pogz*4) (n=3 mice per genotype). Significance was determined by two-
way ANOVA followed by a Bonferroni’s test. *P<0.05. (H) Stimulated CD43-negative
splenocytes were loaded on slides via Cytospin and processed for y-H2AX
immunofluorescence. Cells were fixed, stained, and imaged via confocal microscopy.
Data are the percentage of cells in a field of view with indicated y-H2AX foci and are
represented as a bar graph showing the mean + SEM. At least 100 cells per genotype
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were counted. Significance was determined by two-way ANOVA followed by a Sidak’s
test. *P<0.05, **P<0.005.
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Figure EV1. Defining the proximal interactome of the different HP1 isoforms.

(A) Schematic diagram representing the BiolD approach applied to HP1 and the mapping
of its proximal interactome by biotinylation. (B) HEK293 Flp-In cells stably expressing
each BirA*-Flag-HP1 isoform were tested for expression and biotinylation following
induction with tetracycline and incubation with biotin as indicated. After induction, cells
were lysed and subjected to immunoblot for Flag and Streptavidin. (C) High-confidence
proximal interactors of the different HP1 isoforms identified by BiolD, in presence (NCS)
or absence of DNA damage (Ctrl) (n=3 biological replicates). (D) GSEA enrichment map
of HP1-isoform interactome identifying annotated Reactome pathways. Enrichment maps
from GSEA were developed with a ranked interaction network (p < 0.2, FDR < 0.5 and
overlap coefficient = 0.75). Individual pathways in “Cell Cycle”, highlighted in yellow, are
further examined in Fig.1C. (E) U20S cells with a stable LacO sequence integration were
transfected either with mCherry-LacR (EV) or a mCherry-LacR-tagged version of POGZ
(POGZ). Immunofluorescent labeling of endogenous HP1 isoforms colocalizing with the
mCherry-LacR signal were quantified and normalized to nuclear background
fluorescence. Representative images of cells quantified in Fig.1E. Scale bar = 5 um. (F)
U20S cells treated with the indicated siRNA were lysed 48hrs post-transfected and
processed for POGZ western blot. B-actin was used a loading control. (G) Representative
images used for quantification plotted in Fig.1F. U20S cells treated with the indicated
siRNA were irradiated, 48 hours post-transfection, with 1 Gy and run in low melting
agarose under neutral conditions. DNA was stained with SYBR Gold to measure the tail
moment. Scale bar = 10 ym. (H) Representative flow cytometry plots of g-H2AX levels
analyzed in Fig.1G. (1) U20S cells were transfected with indicated siRNA were stained
with DAPI to visualize micronuclei by confocal microscopy. Data are number of cells per
field of view displaying a micronucleus and are represented as a bar graph showing the
mean + SEM (n = 3 biological replicates, with a minimum of 3 fields taken per replicate).
Significance was determined by two-way ANOVA followed by a Tukey’s test. *P<0.05,
**P<0.005, ***P<0.0005, ****P<0.0001. (J) Representative images used for quantification
in (H). Scale bar is 10 pm.
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Figure EV2. Impact of altering POGZ levels on DNA repair, cell cycle progression,
and apoptosis.

(A) RPE1-hTERT cells (right panel) transduced with a scramble shRNA (shCtrl) or with a
shRNA directed against POGZ (shPOGZ-1 or -2) were processed for RNA extraction.
Total RNA was isolated and cDNA was generated before POGZ RNA levels were
quantified by gqPCR and normalized to GAPDH RNA levels. Data are represented as a
graph bar showing the mean + SEM (n=3 independent transductions for each condition).
Significance was determined by one-way ANOVA followed by a Dunnett’s test. *P<0.005.
HelLa sub-clones (left panel) where POGZ was targeted by CRISPR technology (POGZA-
1 or -2) -or expressing a non-targeting sgRNA control (sgCtrl), were lysed and POGZ
levels were monitored by western blot. The parental HelLa cell line was added for
comparison. B-Actin was used as a loading control. (B) U20S (left panel), RPE1-hTERT
(middle panel), and Hela cells (right panel) were monitored for their sensitivities to the
intercalating agent cisplatin (CIS, top panel) and the PARPI talazopirib (TZ, bottom panel)
using the SRB assay. For each cell line, the following conditions were used: U20S cells
were transfected with a nontargeting siRNA (siCtrl) or an siRNA targeting human POGZ
(siPOGZ-1 or -2); RPE1-hTERT cells were transduced a control shRNA (shCtrl) or a
shRNA directed against human POGZ (shPOGZ-1 or -2); HelLa cells were expressing a
non-targeting sgRNA (sgCtrl) or a sgRNA targeting human POGZ and sub-cloned
(POGZA-1 or -2). Cells were pulsed with CIS or TZ at the indicated concentrations for 16
hours, or 24h, respectively, and replenished with fresh medium and incubated for 4 days.
Data are represented as a bar graph showing the relative mean + SEM, each replicate
being representing as a round (Ctrl condition), square (condition #1) or triangle (condition
#2) symbol (n=3 biological replicates). Significance was determined by two-way ANOVA
followed by a Bonferroni’s test. *P<0.05, **P<0.0001. (C) HelLa clones where POGZ was
targeted by CRISPR technology (POGZA) or expressing a non-targeting sgRNA control
(WT), were transfected with the indicated mCherry-tagged POGZ constructs or a mCherry
empty vector (EV) and lysed 48hrs post-transfection. mCherry expression was monitored
by western blot. B-Actin was used as a loading control. (D) Quantification of yYH2AX foci
in U20S cells transfected with the indicated siRNA (top panel), or in RPE1-hTERT cells
stably expressing the indicated shRNA (bottom panel). Cells were treated with 1 Gy
before being pulsed with Edu for 1hr and recovered at the indicated times. Data are the
total number of y-H2AX foci in EdU+ cells and represented as a bar graph showing the
mean + SD (n = 3 biological replicates, with at least 100 cells analyzed for each time
point).  Significance was determined by two-way ANOVA followed by a Dunnett’s test.
*P<0.05. (E) Cell cycle distribution was monitored in U20S (left panel), RPE1-
hTERT (middle panel) and HeLa cells (right panel), transfected or transduced with
the indicated condition. Cells were pulsed with BrdU for 1hr treated before being
treated with 1 Gy and recovered at the indicated time points for fixation and propidium
iodide staining. Data are the percentage of cells in G2 phase of the cell cycle for each
indicated condition and are represented as a bar graph showing the relative mean + SEM
(n=3 biological replicates). Significance was determined by two-way ANOVA followed by
a Dunnett’s test. *P<0.05, **P<0.005. (F) Apoptosis was assessed by Annexin V staining
in U20S (left panel), RPE1-hTERT (middle panel), and HelLa cells (right panel)
transfected or transduced with the indicated condition, before being treated with 10 Gy
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and harvested at the indicated time points for flow cytometry analysis. Data are
represented as a graph bar + SEM (n=3 biological replicates). Significance was
determined by two-way ANOVA followed by a Dunnett’s test. *P<0.05, **P<0.005.
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Figure EV3. POGZ and its contribution to DNA damage checkpoint signaling and
cell fate.

(A) U20S cells were transfected the indicated siRNA. 48h post-transfection, cells were
pulsed with phleomycin (50 ug/mL) for 1hr before being fixed, permeabilized, and
subjected to flow cytometry analysis for the indicated phospho-proteins. Data are
represented as a graph bar + SEM (n=6 biological replicates) where the fold increase
relative to untreated samples of the respective siRNA treatment is plotted. Significance
was determined by two-way ANOVA followed by a Sidak’s test. *P<0.05. (B) RPE1-
hTERT cells transduced with the indicated shRNA were pulsed with NCS (500 ug/mL) for
1hr and harvested at the indicated time points for lysate. Western blot for the indicated
phospho- and total proteins were performed. Representative images are displayed in this
panel. (C) Representative images from the U20S-Fokl data summarized in Fig.3A.
U20S-LacR-Fokl cells were transfected with the indicated siRNA. The following day, DSB
induction was performed with 4-OHT and Shield-1. Cells were processed for
immunofluorescence microscopy using primary antibodies directed against 53BP1, RIF1,
BRCA1 and RADS1. Scale bar = 2.5 um. (D) RNA was extracted from Hela cells
where POGZ was targeted by CRISPR technology (left panel) or from RPE1-
hTERT cells transduced with the indicated shRNA (right panel). cONA was produced
and RNA levels of the indicated HR factors were monitored by gqPCR and normalized to
GAPDH RNA levels. Data are represented as a graph bar £ SEM (n=3 biological
replicates). (E) U20S cells stably expressing a HA-tagged version of POGZ were pre-
sensitized with 10 pg/ml Hoescht 33342 before being exposed to UV micro-irradiation.
Immunofluorescence against HA epitope and endogenous y-H2AX was subsequently
performed to monitor POGZ accumulation at sites of DNA damage. Shown are
representative micrographs of cells displaying for HA and y-H2AX staining (left, scale
bar =5 ym) and quantification of U20S cells expressing HA-POGZ (right). Data are
represented as a graph bar + SEM (n=6 biological replicates) where the percentage of
cells with HA-POGZ signal co-localizing with y-H2AX at the indicated time points is
plotted.
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Figure EV4. Interaction of POGZ and HP1 isoforms is necessary for nuclear
localization and sufficient to restore DNA repair in POGZ-depleted cells.

(A) U20S-Fokl cells stably expressing the indicated shRNA and transfected with the
indicated siRNA were analyzed by western blot. 48hrs post-transfection, cells were
harvested for lysate and probed for the indicated HP1 isoforms. a-Tubulin was used as a
loading control. (B) Representative images of BRCA1 accumulation in U20S-mCherry-
LacR-Fokl cells transduced with the indicated shRNA and transfected with the indicated
siRNA. Quantification of the BRCA1 signal at the mCherry dot is represented in Fig.3E.
Scale bar = 5 uym. (C) Representative images of the different HP1 isoforms accumulating
at Fokl-induced DSB in U20S-mCherry-LacR-Fokl cells transfected with the indicated
siRNA. Quantification of the HP1 signal at the mCherry dot is represented in Fig.3G. Scale
bar =5 pum. (D) HEK293T cells were transfected with mCherry-tagged truncation
constructs of POGZ or full-length mCherry-POGZ (FL). Cells were harvested 24hrs post-
transfection and re-plated on to coverslips. 48 hrs post-transfection, cells were fixed,
permeabilized and stained with DAPI. Cells were subsequently visualized by confocal
microscopy and quantified for the presence of mCherry signal in the nucleus, the
cytoplasm or both, per field of view. A minimum of 5 fields of view were sampled per
biological replicate (n=3 biological replicates). Data are represented as a bar graph (top)
where the proportion of each sub-cellular localization is represented for each indicated
construct. Representative images are shown in bottom panel (scale bar =5 pm). (E)
U20S-mCherry-LacR-Fokl cells were transfected with the indicated siRNA. 24h post-
transfection, cells were transfected with a Flag empty vector (EV) or a siRNA-resistant
Flag-tagged POGZ construct corresponding to indicated rescue mutant. DNA damage
was induced, 24h post-transfection, with Shield1 and 4-OHT. Cells were stained for
BRCA1 (left panel) or BARD1 (right panel) and imaged via confocal microscopy.
Representative images of the data quantified in Fig.4B. Scale bar = 5 pm. (F) HelLa cells
where POGZ has been targeted by CRISPR (POGZA-1) or a control sgRNA (sgCtrl) were
transfected with a mCherry empty vector (EV) or a mCherry-tagged POGZ construct
corresponding to indicated rescue mutant. Cells were treated with 1 Gy and were
recovered at the 1hr post-IR exposure. Cells were fixed, stained for y-H2AX, and imaged
via confocal microscopy. Representative images of the data quantified in Fig.4E. Scale
bar =5 pm.
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Figure EV5. Impact of Pogz haplo-insufficiency in vivo.

(A) Representative flow cytometry plots of y-H2AX staining performed in splenocytes
isolated from 8-week-old Pogz wild-type (WT) and Pogz*“mice. (B) Representative
micrographs of phosphorylated H2AX (y-H2AX) from cortex tissue isolated from 6-week-
old Pogz wild-type (WT) and Pogz*“mice. Scale Bar = 20 um. (C) MEFs obtained from
the indicated genotype were treated with increasing doses of camptothecin for 1hr, before
being replenished with fresh medium and incubated for 4 days. Cells were fixed and
processed for SRB assay at day 4. Stained cellular content was detected by absorbance
and normalized to solvent-treated conditions. Data are represented as a bar graph
showing the relative mean + SEM, each replicate being representing as a round symbol
(n=3 biological replicates). Significance was determined by two-way ANOVA followed by
a Bonferroni’s test. *P<0.005, **P<0.0005. (D) Schematic diagram depicting the formation
and the subsequent repair of programmed DSBs in B-cells during class switch
recombination (CSR) as well as the requirement for different DNA repair pathways. (E)
CDA43-negative primary splenocytes from 8-week-old Pogz wild-type (WT) and
Pogz*“mice were stimulated with IL-4 (50 ng/mL) and LPS (25 ug/mL). Representative
flow cytometry plots monitoring surface expression of IgG1 120 hrs post-stimulation. (F)
similar as in (E) except that proliferation is monitored over time by CFSE dilution. (G) 48
hrs of stimulation, total RNA was isolated from Pogz wild-type (WT) and Pogz*4 B-cells
and cDNA was generated. Aicda and Pogz RNA levels were monitored by gPCR and
normalized to Gapdh. Data are represented as mean + SEM (n=4 biological replicates).
Significance was determined by unpaired two-tailed t-test. *P<0.05. (H) similar as in (E)
except that apoptosis is monitored by Annexin V/DAPI staining. (l) Stimulated CD43-
negative splenocytes were loaded on to slides via Cytospin and processed for y-H2AX
immunofluorescence. Cells were fixed, stained, and imaged via confocal microscopy.
Data are represented as the percentage of cells in a field of view displaying at least one
v-H2AX focus (y-H2AX+) (n=3 biological replicates). (J) similar as in (l) except that cells
displaying at least two y-H2AX foci (black) are represented for the indicated genotype. (K)
Representative images used for the quantification plotted in (1), (J) and Fig.6H.
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2.4. Discussion

DNA repair by HR is an essential process for both the maintenance of genome stability
and the generation of genetic diversity. A major factor influencing the commitment of a
DSB to HR relates to its cell cycle positioning and the availability of a donor template.
However, several additional elements participate in this “decision-making” process,
including the presence of the BRCA1/BARD1 complex at DSBs, which is influenced by
the epigenetic context. For instance, the direct recognition of H4K20me® by the ankyrin
repeat domain of BARD1 allows BRCA1 to be present on newly synthesized chromatin,
independently of any DNA damage, thereby antagonizing 53BP1 upon formation of
DSBs. The retention of the BRCA1/BARD1 complex at DSBs has been proposed to rely,
at least in part, on the recruitment of HP1 proteins to DSBs. While the requirement for
H3K9 methylation remains a topic of debate,?>3' recent evidence have shown that
BARD1 can directly bind to HP1 through a PxVxL motif present in its BRCT domain, and
this process retains BRCA1 at DSBs while allowing the initiation of DNA end resection.?*
However, the underlying mechanism regulating this step remained unknown. In this study,
we identified POGZ as an important regulator of the HP1-BRCA1-BARD1 axis and a
novel player in homology-directed DNA repair pathways. Importantly, our data may
reconcile the two conflicting models proposed for HP1 in the repair of DSBs and POGZ
may be the missing factor promoting the methylation-independent recruitment of HP1 at
DNA damage sites while allowing methyltransferases (e.g. EHMT1/EHMT2), two known
interactors of POGZ (Suliman-Lavie et al., 2020), to alter local methylation pattern and
retain the HP1-BARD1-BRCA1 complex at DSBs.

POGZ has been initially proposed to promote genome stability during mitosis, by
interacting with HP1-q., thus facilitating its ejection from chromosomes, a necessary step
for their accurate segregation.3* The identification of POGZ as a partner of the adaptor
protein REV7/MAD2L2,% a key player in the faithful seggregation of chromosomes, was
initially proposed to participate in the mitotic-related role of POGZ. Interestingly, the
authors noted that POGZ depletion had limited impact on the steady-state localization of
HP1-o in interphase.?* Subsequent analysis of the role of POGZ during interphase

showed that its depletion correlates with a defect in the phosphorylation of replication
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protein A (RPA; Ser4/Ser8) upon camptothecin treatment,?® a late marker of DNA end
resection. The confirmation that POGZ is part of the proximal interactome of
REV7/MAD2L2,%° with direct relevance for DNA repair pathway choice, suggested a
possible contribution of this zinc finger protein during the DNA damage response. Still,
whether POGZ may directly impact DNA repair remained, until now, unknown. The recent
identification of ZNF280C/ZPET, another member of the ZNF280 subfamily, in the
proximal interactome of RAD18 during genotoxic stress®® and its characterization as a
novel inhibitor of DNA end resection further argued for a role of POGZ/ZNF280E during
the repair of DSBs.

Here, we elucidated the role of POGZ in homology-directed DNA repair during interphase.
Notably, our findings recapitulated several key features of HP1 during the DNA damage
response. For instance, HP1 proteins dynamically accumulate and subsequently
dissociate from DNA damage sites, %2231 alike what we observed with POGZ, which can
be detected within minutes at laser micro-irradiation before disappearing less than an
hour after induction of DNA damage. Moreover, targeting HP1 has been shown to impair
HR, thereby leading to a sustained G2 DNA damage checkpoint,?® resembling what we
noted in POGZ-depleted cells. Importantly, we did not observe any substantial impact on
the phosphorylation status and dynamics of KAP1 in POGZ-depleted RPE1-hTERT cells,
unlike what has been reported with HP1,2161.62 |ikely reflecting the non-redundant
contribution of the different HP1 isoforms.%® Along the same lines, loss of POGZ
preferentially impaired the recruitment of HP1-y to DNA damage sites, corroborating our
BiolD data where we observed an increased presence of POGZ in the vicinity of HP1-
v under genotoxic stress conditions. Importantly, POGZ depletion correlated with a drastic
reduction of both BRCA1 and BARD1 at DSBs, confirming previous reports linking HP1-
v and the BRCA1/BARD1 complex to DNA repair by HR.?4-26

Several groups have recently endeavored to better understand the role of POGZ in
vivo.%9-52 Pogz ablation by conventional gene targeting has highlighted its essentiality for
normal murine embryogenesis, ° a phenotype that we confirmed in our CRISPR-
mediated mouse model. Interestingly, conditional ablation of Pogz led to transcriptional
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dysregulation in hematopoietic, neural and embryonic stem cells.>%-%2 We tested whether
POGZ could influence the DNA damage response at the transcriptional level; however,
our targeted expression analysis suggests that POGZ depletion has limited impact on the
expression of established HR factors. Systematic transcriptomic analysis noted that
BrcaZ2 is downregulated in Pogz-/- murine fetal liver cells compared to wild-type controls
(~1.8 fold change),®® an observation that we did not witness in RPE1-hTERT and HelLa
cells. While it is possible that POGZ regulates DNA repair at multiple levels, including
transcriptional repression, its rapid accumulation at laser micro-irradiation argues for a
more direct contribution during DNA repair. Importantly, our data re-enforce the tight
interdependency between POGZ and HP1 protein, highlighted by our structure-function
analysis that confirmed the reliance for POGZ on its HP1-binding site for its nuclear

accumulation.®’

The recent identification of de novo POGZ mutations in patients affected by a rare
neurocognitive disorder,%¢-2° further demonstrated the central role of this zinc finger
protein in vivo. Interestingly, the characterization of a patient-derived mutation of POGZ
in a mouse model recapitulated the main clinical features observed in the WHSUS and
correlated with transcriptional dysregulation.' Our in vivo data suggest a more complex
framework, where its impact on DNA repair may contribute to the clinical features
observed in WHSUS patients, suggesting that the WHSUS may be multi-factorial, with a
potential “genome instability” component.
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2.5. Materials and Methods
Cell Lines and Transfection

HEK293T, RPE1-hTERT, and HelLa cells were cultured in Dulbecco’s Modified Eagle
medium (DMEM; Wisent) supplemented with 10 % fetal bovine serum (FBS, Sigma) and
1% Penicillin-Streptomycin (P/S, Wisent). U20S cells were cultured in McCoy’s 5A
Modified medium (Wisent) supplemented with 10% FBS and 1% P/S. Primary murine B
cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Wisent)
supplemented with 10% FBS, 5% NCTC-109 media (Thermofisher), 50 uyM 2-
mercaptoethanol (Sigma) and 1% P/S. All cell lines were regularly tested for mycoplasma
contamination and STR DNA authenticated. Plasmid transfections were carried out using
Lipofectamine 2000 Transfection Reagent (Invitrogen) following the manufacturer’'s
protocol. Lentivirus production was done in HEK293T by co-transfection of sgRNA or
shRNA constructs, envelope protein VSV-g, and packaging plasmid psPAX2.
Supernatants harvested 48- and 72-hours post-transfection and concentrated whenever
possible. The U20S cell line stably expressing an inducible mCherry-LacR-Fokl was a
gift of R. Greenberg (University of Pennsylvania). The DNA-repair reporter cell lines DR-
GFP and SA-GFP were a gift of Dr. Jeremy Stark (City of Hope National Medical Center).
The U20S-LacO cell line was a gift from Dr. Daniel Durocher (Lunenfeld-Tanenbaum
Research Institute). HeLa-POGZ-VC and HelLa-POGZ-KO cell lines were generated
using pLentiCRISPRv2-puro plasmids containing sgRNA outlined in Table 2B. Cell lines
were selected with 2ug/mL puromycin (Tocris) 48 hours after infection with lentivirus. Cell

lines were derived from single cells, expanded and screened by immunoblotting.
RNA Interference

All siRNAs employed in this study were sSiGENOME Human siRNAs purchased from
Dharmacon (Horizon Discovery). RNAI transfections were performed using Lipofectamine
RNAiMax (Invitrogen) using forward transfections. Except when stated otherwise, siRNAs
were transfected 48 h prior to experimental procedures. The individual siRNA duplexes
used are: siCTRL, D-001810-03; POGZ, D-006953-01,-18; CTIP, M-011376-00; RAD51,
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M-003530-04; HP1-B, M-009716-00; HP1-y, M-010033-01; HP1-a, M-004296-02. The
pLKO-puro shRNA plasmids from against POGZ (TRCNO0000005707-11), HP1-a
(TRCN0000062240/1), HP1-B (TRCN0000062222/3), HP1-y (TRCN0000021916/7) were
obtained from the McGill Platform for Cellular Perturbation (MPCP) as part of the
MISSION® shRNA library (RNAi Consortium, Broad Institute) and the nontargeting control

was a gift from Dr. Marc Fabian (McGill University).
Plasmids

The cDNAs of human POGZ, HP1-a, HP1-B, HP1-y were obtained from the McGill
Platform for Cellular Perturbation (MPCP) as part of the MISSION® TRC3 human ORF
collection. Quikchange site directed mutagenesis (Agilent) was performed using primers
(listed in Table 2C) as per manufacturers guidelines to obtain selected POGZ mutants,
furthermore, all mutant plasmids were transiently transfected into the HeLa cell line and
validated by western blot. All constructs were transferred from pENTR vectors into
pDEST-based constructs using LR Clonase |l according to manufacturer’s instructions
(ThermoFisher, 11791020). The pDEST-CMV-N-mCherry was a gift from Robin Ketteler
(Addgene plasmid # 123215) (Agrotis, Pengo et al., 2019). The pDEST-mCherry-NLS-
LacR plasmid was a gift from Dr. Daniel Durocher (Lunenfeld-Tanenbaum Research
Institute). The pDEST-pcDNA5-BirA-FLAG N-term plasmid was a gift from Anne-Claude
Gingras (Lunenfeld-Tanenbaum Research Institute). For laser micro-irradiation
experiments, pDONR221 POGZ was LR recombined into a pHAGE EF1a 3xHA-tag
destination vector. Plasmids encoding, I-Scel or pDEST-FRT-FLAG for the different GFP
reporter assays, were kindly provided by Dr. Daniel Durocher (Lunenfeld-Tanenbaum
Research Institute). Oligonucleotides containing sgRNA were phosphorylated, annealed
and ligated into gel-extracted Bsmbl-digested linear lentiCRISPRv2. All constructs were
validated by Sanger sequencing.

Drugs

The following drugs were used in this study: phleomycin (InvivoGen, ant-ph-1);
neocarzinostatin (NCS; Sigma-Aldrich); cisplatin (Tocris); and talazoparib (BMNG73;
Selleckchem). Cells were pulsed with phleomycin (50 ug/ml) or NCS (100 pg/mL) for 1
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hour, unless otherwise indicated, and replaced with fresh media and recovered for
indicated times. Similarly, cisplatin and talazopirib were treated for 16 and 24 hours,

unless otherwise indicated.
Immunoblotting

Selected cell lines were treated as indicated prior to trypsinization, collection and PBS
washes. Cells were placed in 1x LDS loading buffer (10 mM Tris—HCI, 140 mM Tris-base,
0.5 mM EDTA, 1% lithium dodecyl sulfate, 10% glycerol) with 1X protease (Roche) and
phosphatase (Sigma) inhibitors. Following sonication, cell lysates were cleared by
centrifugation at maximum speed for 15 min at 4°C. After the addition of loading dye and
2-mercaptoethanol, cleared lysate was placed at 70°C for 10 mins. Protein lysates were
subjected to immunoblotting as previously described (Findlay, Heath et al., 2018). For
phospho-protein western blots, RPE1-hTERT cells were irradiated with 1 Gy and
recovered for indicated time periods. Proteins from cell lysates were obtained as
previously described (Loignon, Amrein et al., 2007, Xu, Loignon et al., 2005). Protein
concentration were determined using the PierceTM Micro BCA protein assay kit
(ThermoFisher). 35 ug of protein was resolved on 4-12% polyacrylamide gradient
Criterion XT Bis-Tris Precast Gels (Biorad Laboratories) and transferred to a
nitrocellulose membrane (Sigma). Membranes were blocked with BSA 5% in Tween 20
(0.015%)-TBS for 3 hours at 4°C and probed overnight with primary antibody at a dilution
1:1000 in T-TBS. Secondary antibodies were used at a dilution of 1:10000 in T-TBS.
Signal was detected using Immobilon Western Chemiluminescent HRP substrate (GE
Healthcare) and X-ray films (Progene). Antibodies used are outlined in Table 1.

BiolD sample preparation for Mass Spectrometry

Samples were processed from HEK 293-T Flp-In cells stably expressing Flag-BirA*HP1-
B, Flag-BirA*HP1-y and Flag-BirA*HP1-o. as previously described.’® Briefly, at 70%
confluency, induction of fusion protein expression was achieved by adding 1 uM
tetracycline to the cells for 24 h. After induction, the media was supplemented with 50 yM
biotin, together with 150 ng/ml neocarzinostatin (NCS) where indicated, for an additional
24 h. Cells were then harvested and washed twice with PBS. Pellets were subsequently
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resuspended in cold RIPA buffer containing: 50 mM Tris—HCI pH 7.4, 150 mM NaCl, 1
mM EDTA, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM PMSF, 1 mM
dithiothreitol, 1:500 Sigma-Aldrich protease inhibitor cocktail (Sigma). Cell homogenates
were sonicated and 250 U benzonase was added before high speed centrifugation
(12,000 rpm, 30 min). Supernatants were incubated with pre-washed streptavidin-
sepharose beads (GE) at 4°C with rotation for 3 h. Beads were collected by centrifugation
(2000 rpm 1 min), washed twice with RIPA buffer and three times with 50 mM ammonium
bicarbonate (ABC, pH 8.2). Beads were resuspended in 50 mM ABC and on-bead
digestion was achieved by adding 1 pg trypsin (Sigma-Aldrich) to the suspension for
overnight incubation at 37°C with rotation. Supernatant containing peptides was collected
by centrifugation and pooled with supernatants from two following washes with HPLC-
grade H20. Digestion was ended with the addition of formic acid to a final concentration
of 5%. Samples were centrifuged (12000 rpm for 10 min), and the supernatants were
dried in a SpeedVac for 3 hr at high rate. Peptides were resuspended in 5% formic acid
and kept at —80°C for mass spectrometric analysis. MS processing and protein analysis
were carried out as previously described (Findlay et al., 2018). Three biological replicates
were performed for each condition. Spectral counts from each replicated were averaged
and normalized to protein length, yielding a normalized spectral abundance factor
(NSAF).54 All gene set enrichment analyses (GSEA) were performed with NSAF values
and the Reactome v7.2 gene sets using GSEA 4.0.3 (UCSD and Broad Institute).5®
Enriched pathways were then visualized using the EnrichmentMap 3.3 plugin (Bader Lab,
University of Toronto) for Cytoscape v8.0 (Ideker Lab, UCSD). %667

Immunofluorescence

U20S cells were transfected at 60% confluency and re-plated onto #1.5 coverslips of 12-
15mm diameter in 24 or 12 well plates, respectively. Cells were allowed to recover for
24h, followed by selected stimulations or treatments. U20S-LacO cell lines were
transfected with 1.25-2.5 ug per well of selected plasmids containing LacR-fusion proteins
and recovered for 48 hours. U20S-Fokl cells were transfected with 0.5 nmoles of selected
siRNA (Dharmacon) and allowed to recover for 24 hours. In selected experiments cells
would be then transfected with a siRNA-resistant construct and recovered for 24 hours
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prior to induction with 1 uM Shield1 (Takara Bio) and 1 uM 4-hydroxytamoxifen (Sigma)
for 2 hours. Coverslips were then rinsed with PBS, twice, and fixed with 2%
paraformaldehyde (PFA, Thermofisher)/PBS for 20 min at RT, washed twice with PBS,
followed by a 20 min fixation in 0.3% Triton-100/PBS solution. Coverslips were washed
twice with PBS and blocked for one hour in 5% BSA/0.1% Triton-100/PBS (PBSA-T) at
room temperature (RT). Selected primary antibodies were then incubated for one hour at
RT or overnight at 4°C. Coverslips were washed twice with PBS and incubated with
fluorescent secondary antibodies (Anti-Rat Goat Alexa Fluor 488 [A-11070], Anti-Mouse
Goat Alexa Fluor 647, Thermofisher) in PBSA-T for one hour at RT. Coverslips were
washed twice in PBS, once in ddH20, and then mounted with Fluoromount-G
(Thermofisher). Images were acquired with a LSM800 confocal microscope (Carl Zeiss
AG) and analyzed as previously described (Findlay et al., 2018). Briefly, we monitored
the mean fluorescence intensity (M.F.l.) of each specific protein accumulating at the
mCherry foci to the background signal for the given protein within the nucleus. Each data
point represents a normalized signal on a per cell basis. For the Fokl system a minimum
of 25 cells were counted per biological replicate, with a total of 3 biological replicates and
no less than 100 cells being counted. For y-H2AX and BRCA1 quantification, Hela,
RPE1-hTERT, and U20S cell lines were grown on cover slips as mentioned above.
These cell lines were subjected to 1 Gy of y -irradiation (Faxitron, MultiRad 225) and
recovered for the indicated times. Prior to cell collection, cells were incubated for one hour
with 10 uM 5-Ethynyl-2’-deoxyuridine (EdU). Cells were washed twice with PBS, fixed
and permeabilized, as outlined above, then subjected to EdU Click-iT labeling
(Thermofisher). Cells were then processed as outlined above. Images were analyzed
using the open source Java ImageJ/Fiji program. Nuclei were first identified, by
thresholding on DAPI fluorescence followed by analyzing particles larger than 75 pm?2.
These regions were then used to measure fluorescence of EdU signal to identify EdU+
cells. BRCA1 and y-H2AX foci were counted using the Find Maxima feature and Measure
function. Analyses are presented as a percent of cells containing EdU in a field of view
containing more than 5 respective foci. A total of 5 fields of view with a total of least 200
cells analyzed per timepoint for each cell line. For immunofluorescence of y-H2AX in

primary B cells, 50000 stimulated B-cells were collected and loaded into the cytospin
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chambers (ThermoScientific) following the manufacturer’s instructions and centrifuged at
500 rpm for 3 min. Slides were fixed with 4% paraformaldehyde (PFA, Thermofisher)/PBS
for 10 min at room temperature (RT), washed twice with PBS, followed by a 10-minute
permeabilization in 0.5% Triton-100/PBS solution. Slides were washed twice with PBS,
blocked for one hour in M.O.M. Mouse IgG blocking reagent (Vector Laboratories) and
blocked for one hour in 1% BSA/PBS at RT, followed by incubation with primary
antibodies overnight at 4°C. Slides were washed twice with PBS and incubated with
fluorescent secondary antibodies and DAPI in blocking solution for 1hr at RT. Slides were
washed twice in PBS and once in ddH20, and then mounted with Fluoromount-G
(Thermofisher). Images were acquired with a LSM800 confocal microscope (Carl Zeiss
AG).

Neutral Comet Assay

A modified alkali comet assay procedure was followed as previously described®. Cells
were trypsinized at the indicated time points post radiation and resuspended at 30000
cells/mL in PBS. Cells were combined with low meting agarose (1%) (Sigma) at 1:3 ratio
and spread over the CometSlide (Trevigen). Slides were dried at room temperature for 2
minutes and immersed into neutral lysis buffer overnight at 4°C. The next day the slides
were immersed into neutral electrophoresis buffer (two 15-minute washes) followed by
electrophoresis for 20 minutes. Subsequently the slides were washed in water, followed
by 5-minutes incubation in 70% ethanol. Slides were dried and stained with SYBR Gold
(Invitrogen). Images were acquired with a LSM800 confocal microscope (Carl Zeiss AG)
and the tail moments were quantified using ImagedJ with the OpenComet plugin.®® For
each condition at least 75 cells were analyzed.

Laser micro-irradiation

U20S stable cell populations expressing the POGZ HA-tagged was transferred to a 96-
well plate with 170 um glass bottom (lbidi), presensitized with 10 ug/ml Hoescht 33342,
and micro-irradiated using a FV-3000 Olympus confocal microscope equipped with a 405
nm laser line as described previously.”® Immunofluorescence was performed as

described previously.”®"" Briefly, following micro-irradiation, cells were allowed to recover
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before pre-extraction in PBS containing 0.5% Triton X-100 on ice for 15 min. Following
washes with PBS, cells were fixed for 15 min in 3% paraformaldehyde, 2% sucrose PBS
solution, permeabilized in PBS containing 0.5% Triton X-100 for 15 min, blocked in PBS
containing 3% BSA and 0.05% Tween-20, and stained with the primary antibodies. After
extensive washing, samples were incubated with 1:250 each of goat anti-mouse Alexa
488-conjugated and goat anti-rabbit Alexa 647-conjugated antibodies. DAPI staining was
performed, and samples were imaged on a FV-3000 Olympus confocal microscope.

BrdU Cell Cycle Flow Cytometry

HelLa, RPE1-hTERT, or U20S cell lines were sub-cultured to 60% confluency. Cell lines
were irradiated with 1 Gy and recovered for indicated times. Prior to cell collection, cells
were incubated for one hour with 10 uM 5-bromo-2’-deoxyuridine (BrdU). Cells were
harvested and immediately processed with the Biolegend Phase-Flow Alexa Fluor 647 kit
(BioLegend). Cells were counterstained with DAPI and at least 10 000 events were
acquired on a BD Fortessa (Becton Dickinson).

Phosphorylation-coupled Flow Cytometry

U20S cells were cultured until 60% confluency and, unless otherwise stated, pulsed with
phleomycin were recovered for selected durations to assess recovery from DNA damage.
To assess levels of phosphorylated histones or selected kinases, cells were prepared as
previously described.?® Cells were collected via trypsinization and washed twice in PBS.
Cells were fixed at RT in 2% PFA/PBS, followed by two washes in PBS, and then
permeabilized via the addition of 95% ethanol dropwise, while vortexing, to a final
concentration of 70% and stored at -20 °C until use. Cells were centrifuged at 900g and
washed once with cold PBS, pelleted at 500g, and washed once with PBSA-T at RT. Cells
were incubated in PBSA-T with indicated primary antibodies or isotype controls for one
hour at room temperature. Cells were washed with PBS, and incubated with selected
secondary antibodies for one hour at RT. Cells were washed with PBS, followed by
resuspension in a PBSA-T solution containing propidium iodide (20 ng/mL, Sigma) and
RNAse A (250 pg/mL, BioShop Canada). A minimum of 10,000 events were collected on

a BD Fortessa (Becton Dickinson). Antibodies used are outlined in Table 1.
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Drug Cytotoxicity Screening by Sulforhodamine B Assay

HelLa, RPE1-hTERT, or U20S cell lines were plated at a concentration of 1000 cells/well
in 96 well plates. Cells were treated with indicated drugs, washed with PBS and recovered
in normal medium for the remaining duration of the experiment. Cells were left to grow for
4 days and then washed twice in PBS, followed by fixation with a 10% trichloroacetic acid
(TCA; Bioshop Canada Inc) at 4°C for one hour. Cells were washed in room temperature
water and left to air-dry overnight. Plates were incubated in 0.04% sulforhodamine B
(SRB; Sigma-Aldrich) for 30 minutes at room temperature, and washed 3 times with 0.1%
acetic acid and left to air-dry. Dyed protein content was solubilized in 10mM unbuffered
Tris and slight agitation at room temperature for 30 minutes. Optical density of
absorbance at 530nm was acquired with a FLUOstar Optima plate reader. Control wells
were used for background subtraction. Treatments were done in triplicate, averaged and
normalized to an untreated control. At least 3 biological replicates were done for each

drug.
GFP-based DNA Repair Assays

For DR- and SA-GFP reporter assays, U20S cells carrying the respective GFP
expression cassette were transfected with the indicated siRNAs. Twenty-four hours after
transfection, cells were transfected with empty vector (EV, pDEST-FRT-FLAG) or I-Scel
plasmids. After 48 hours, cells were trypsinized, harvested, washed and resuspended in
PBS. The percentage of GFP-positive cells were determined by flow cytometry. The data

was analyzed using the FlowJo software and presented as previously described.5°
Micronuclei Formation

U20S cells were transfected and plated on coverslips as previously described.
Transfected cells were then subjected to a sublethal pulse of phleomycin (10 ng/mL) for
one hour. Treated cells were cultured for 48 hours until being fixed, permeabilized and
stained with DAPI before images were acquired via immunofluorescence microscopy, as
previously described’? to identify DNA containing nuclear and extranuclear bodies.

Quantitative Real Time PCR
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RNA was extracted using the RNeasy Mini kit (Qiagen). One ug of RNA was used to
prepare cDNA using the LunaScript RT SuperMix (New England Biolabs). cDNA was then
diluted 10-fold and 1 uL was used per qRT-PCR reaction. Reactions were performed in
triplicate with the Luna Universal qPCR Master mix (New England Biolabs) in a total

volume of 10 uL. Primers for reactions are outlined in Table 2a.

Pogz Germline Mutant Mice

To produce null alleles, annotated transcripts (Ensembl Rnor v6.0) were examined to
identify a critical region defined as one or more exons that when deleted or frame-shifted
by internal deletions will put all known full-length protein-coding transcripts out of frame.
Guide RNAs (gRNAs) were then designed in flanking intronic regions or within exon(s)
using CRISPR (Haeussler et al., 2016) with specificity confirmed using Cas-OFFinder
(Bae et al., 2014) with off-target PAM set to -NRG. Exons 9 (ENSMUSE00001286300)
and 10 (ENSMUSEO00001225367) were identified as being present in all potential coding
transcripts of Pogz and gRNAs flanking these critical exons were designed by The
Toronto Centre for Phenogenomics (TCP) (sgRNA sequences listed in Table 2B).

Single gRNAs (sgRNAs) were synthesized as described (Gertsenstein, Nutter 2018).
Briefly, templates for in vitro primer extension and transcription were ordered from
Integrated DNA Technologies at 100 uM in IDTE buffer. Primers were diluted to 1 pM in
IDTE buffer and 5 yL was used with the EnGen sgRNA synthesis kit as described. When
four sgRNAs were used, primers for upstream or downstream sgRNAs were pooled for
synthesis with 2.5 uL of each 1 uM primer added to a single reaction to produce a sgRNA
pool. Purified sgRNAs were analyzed on an Agilent Bioanalyzer at The Centre for Applied
Genomics at The Hospital for Sick Children to assess integrity. Concentration was
determined by Qubit with the Broad Range RNA Assay Kit (ThermoFisher Q10211).

Three-four weeks old C57BL/6J (Jackson) females were used as embryo donors. CD-1
(ICR) (Charles River) outbred albino stock was used as pseudo-pregnant recipients.
Animals were maintained on 12 h light/dark cycle and provided with food and water ad
libitum in individually ventilated units (Techniplast) in the specific-pathogen free facility at

the TCP. All procedures involving animals were performed in compliance with the Animals
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for Research Act of Ontario and the Guidelines of the Canadian Council on Animal Care.
Animal Care Committee reviewed and approved all procedures conducted on animals at
TCP.

Donor females were superovulated by intraperitoneal (IP) injection of 5 U of pregnant
mare’s serum gonadotropin (PMSG, Prospec, HOR-272) at 10 am (room light cycle: 5
am/on, 5 pm/off) followed 48 hours later by an IP injection of 5 IU human chorionic
gonadotrophin (hCG, EMD Millipore 230734) and mated overnight with proven breeder
males. The next morning the females were checked for the presence of a vaginal
copulation plug as evidence of successful mating. Oviducts were dissected at
approximately 22 hours post hCG and cumulus oocyte complexes were released in M2
medium (Cytospring) and treated with 0.3 mg/ml hyaluronidase (Sigma H4272) as
described (Behringer et al., 2014). Fertilized embryos were selected and kept at 37 C,
6% CO- in microdrops of KSOM media with amino acids (KSOMAA, Cytospring) covered
by embryo tested paraffin oil (Zenith Biotech, ZPOL-50) prior to pronuclear microinjection
or electroporation. Embryos were briefly cultured in KSOMA and transferred into the
oviducts of 0.5 d.p.c. pseudo-pregnant CD-1(ICR) female recipients shortly after
manipulations (Behringer et al., 2014).

Founder mice were screened by PCR to assess the deletion of E9/E10 and confirmed by
Sanger sequencing, backcrossed and maintained on a C57BL/6J strain background. All
experimental protocols with mice were performed under ethical approval from McGill
Animal Care Committee. Mice were maintained under pathogen-free conditions at the
Lady Davis Institute for Medical Research Animal Care Facility in accordance with
institutional guidelines. Organs, tissues, plasma were collected from 8-12-week-old mice,
unless otherwise stated. Mice were genotyped at weaning age (3 weeks), if required.
When indicated, age-matched mice were subjected to lethal irradiation (8.5 Gy). Post-
irradiation mice were given Baytril-supplemented drinking water (Bayer DVM, 2.27
mg/ml). Mice were euthanized at an established humane endpoint.

To assess kinetics of embryonic lethality and derive embryonic fibroblasts (MEFs), timed-
mating experiments between Pogz heterozygotes were initiated. E0.5 was designated

when vaginal plugs were visible. Pregnant female mice were euthanized, and embryos
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were harvested from uterine horns under sterile conditions. Embryos were dissected and
dissociated with 0.25% trypsin at 4°C overnight, followed by 30 minutes at 37°C. MEFs
were passaged twice before use in SRB assays.

For behavioral tests, age and gender matched littermates (wild type or Pogz*4) mice were
transported to the TCP and assessed in the Fear Conditioning and Open Field tests as
per the Standard Operating Protocols. For the open field test, each open field arena (43.5
cm?) was composed of a peripheral zone (8 cm from the edge of the arena walls) and a
central zone (40% of the total area of the arena). Mice were tested in the open field
chamber for 20 mins, and activity was measured by IR laser beam break detection in the
X, Y, and z dimensions. Activity was analyzed for the duration of time spent in either zone
in 5 minute time bins. For the contextual and cued fear conditioning test, mice were placed
in the experimental environment for 120 seconds to establish the context baseline, then
exposed to a cue (tone — conditional stimulus) for 30 seconds which co-terminated with
a mild foot shock (unconditional stimulus) for the last 2 seconds, and finished by 150
seconds with no stimuli. Time spent freezing was measured throughout the test. The
following day the mice were placed in the same contextual environment for 5 minutes and
time spent freezing was measured. After a minimum of 2 hours mice were placed back in
an altered contextual environment (different scent, floor, walls, ceiling, and lighting) for 2
minutes (Tone baseline) and then the cue (tone — conditional stimulus) was sounded for
3 minutes without the foot shock (unconditional stimulus) and freezing time was

measured.
Ex vivo B cell Class Switch Recombination.

To prepare primary B cells for ex vivo class switch recombination, splenocytes were
harvested as from 8-12-week-old mice under sterile conditions and prepared, as
previously described.” Splenocytes were layered on Ficoll-Paque (GE Healthcare) to
isolate lymphocytes. CD43- splenocytes were isolated by negative selection with CD43-
conjugated microbeads and LR magnetic columns (Miltenyi Biotec). Cells were labelled
with 0.5 uM CFSE (Thermofisher) and plated at a concentration of 0.5x108 cells/mL in
medium containing 50 ng/mL mouse IL-4 (R&D Systems) and 25 pg/mL

lipopolysaccharide (LPS; Sigma). Unstimulated controls were set up in parallel. At
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indicated time points, cells were harvested to assess IgG1 expression, phosphorylated
H2AX levels, and Annexin V surface expression (BD Pharmingen). Antibodies used are
outlined in Table 1.

ELISA for Determination of Inmunoglobulin levels

Sandwich ELISAs were done as previously described.’ Briefly, sera from blood was
collected via cardiac puncture from 8-12-week-old mice while fecal samples were
weighed and resuspended at a ratio of 100 mg feces per ml of PBS/0.01% sodium
azide/1% (v/v) 100x protease inhibitor cocktail (Sigma). 96 well EIA/RIA plates (Corning)
were coated overnight at 4°C with anti-isotype-specific antibodies (BD Pharmingen) in
carbonate buffer, pH 9.6 to capture IgM, IgG1, 1gG2b, IgG3 or IgA. Washing was done
with PBS/T (0.01% Tween-20), blocking was with PBS/1% BSA, and serum and
antibodies were diluted in PBS/1% BSA. Serum dilutions were incubated in the coated
wells for 2h, and bound antibodies were detected using corresponding biotinylated rat
anti-mouse IgM, IgG1, 1gG2b, IgG3 or IgA (BD Pharmingen). This was followed by
incubation with HRP-conjugated streptavidin (1:5000; Thermo Scientific) for 1h and
subsequently developed using 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
substrate (Sigma). Absorbance was measured at 405nm in a BioTek Synergy HTX multi-
mode reader. Standard curves and relative serum antibody concentrations were

calculated using GraphPad Prism 8 software.
Statistics

All quantitative experiments are graphed with mean +/- SEM with data from the
independent number of independent experiments in the figure legend. All data sets were
tested for normal distribution by Shapiro-Wilk Test. Statistical significance was
determined using the test indicated in the legend. All statistical analyses were performed
in Prism v8 (GraphPad Software).

Data Availability

The mass spectrometry raw data and associated peak lists related to the BiolD analysis

of the different HP1 isoforms in both control and upon NCS treatment have been
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deposited to the MassIVE repository database and assigned the reference code
MSV000087687 (ftp://massive.ucsd.edu/MSV000087687/).
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3.1 Connecting Text

In Chapter 2, a new function of the HP1 binding protein, POGZ, in the DNA repair pathway
of homologous recombination, was presented. We furthered the current knowledge of
POGZ in DNA repair by implicating its association with the y isoform of HP1 in the
recruitment and stabilization of the essential HR factors BRCA1-BARD1. Furthermore,
we show in a novel mouse model of WHSUS, and POGZ haploinsufficiency, that there is
a radio-sensitivity, the presence of tissue DNA damage, as well as a compromised B cell

diversification response.

POGZ has been recently identified to many roles, ranging from the aforementioned
involvementin HR, in cell cycle regulation, and now, recently, in transcriptional regulation.
Furthermore, very little is understood about POGZ in the context of a transformed tissue,

in contrast to the developing tissue through which most recent studies utilized.

The third chapter of this thesis focuses on identifying what role POGZ plays in an
oncogenic capacity. This goal of this study was to generate and characterize both POGZ-
deficient and POGZ-overexpressing models. These models were characterized in a 4T1
murine model, which closely resembles a poor outcome human TNBC pathology. We
examined the loss and overexpression of POGZ on primary tumor growth and metastasis,
as well as the potential of any transcriptional impact loss of POGZ may have.
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3.2 Abstract

The neurodevelopmental-associated zinc finger protein POGZ, was first described in its
role in the maintenance of mitotic chromosomes. Mutations in POGZ are notably
associated with the onset of autism-like or intellectual disabilities through dysregulation
of gene transcription. Many proteins necessary for development are often aberrantly
expressed in cancer, however, it is unknown if POGZ possesses any cancer-associated
functions. Thus, we investigated the contribution of this protein in the growth and
progression of breast cancer. Ultilizing a basal-like murine breast carcinoma model,
genetically depleted of POGZ via CRISPR-Cas9 (4T1-sgPogz), we observed defective
cellular proliferation and colony forming capacity in comparison to a vehicle control cell
line (4T1-sgRosa). Interestingly, 4T1-sgPogz tumors, in vivo, undergo a reduced growth
rate, despite possessing less apoptotic cells and a higher lung-specific metastatic
potential than 4T1-sgRosa tumors. Transcriptional profiling of 4T1-sgPogz cell lines
revealed elevated TGF-B target genes (e.g. CTGF, ITGB6, CCL2). In fact, basally 4T1-
sgPogz cells possess higher phosphorylated SMAD2/3. Furthermore, 4T1-sgPogz cells
display significantly higher migratory activities, supporting that weakly proliferative 4T1-
sgPogz cells more readily metastasize. Interestingly, p-SMAD levels can be eliminated
with TGFBRI/II kinase inhibitors, minorly enhancing cell proliferation but eliminating
migratory activity of 4T1-sgPogz cells. We have established a novel role for the
neurodevelopmental protein, POGZ, in the growth and progression of a basal-like breast
cancer. However, when exploring metastatic potential, despite overt growth defects, we
uncovered additional roles for POGZ in suppressing metastasis, exemplifying how certain

regulatory proteins impact multiple steps of breast cancer pathology.
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3.3 Introduction

Metastatic breast cancer is among the leading causes of death in women, with an overall
survival rate of approximately 22% within the next 5 years following diagnosis.’
Functionally, cancer metastasis is a complex and multi-faceted cellular process
particularly the emergence of the epithelial-mesenchymal transition (EMT). Primary tumor
cells can become migratory, lose cell polarity, cell-cell adhesion, and acquire
mesenchymal properties, allowing them to become invasive.>* An EMT endows breast
cancer cells with an increased ability to intravasate into the bloodstream, an essential first
step in the metastatic cascade. Upon survival in circulation, a tumor cell must also
extravasate and colonize into distant tissues and escape dormancy to form a metastatic
colony.%% Development of metastatic lesions of breast cancer, often to the lungs, bone,
liver and brain, can restrict blood vasculature and result in loss of necessary organ
function.”® Therefore, identifying mechanisms regulating the emergence of metastatic

breast cancer are crucial to enhance overall survival in patients affected by this pathology.

Indeed, the transforming growth factor g (TGF-) pathway plays a dual role in cancer
development and progression, through its transcriptional regulation of cell cycle.® TGF-B
signalling is canonically tumor suppressive, by inducing cell arrest and initiating
apoptosis.®'® Stimulation with TGF-B ligands trigger the heterodimerization of TGF-f
receptor 1 and 2 (TGFBR1/2), catalytically activating the Ser/Thr kinase activity of TGF-
BR1, which phosphorylates Mothers Against Decapentaplegic homologue 2 and 3
(SMAD2/SMAD3). These SMAD proteins specifically homo- and hetero-dimerize with the
co-SMAD, SMAD4, and translocate to the nucleus to engage with co-activator complexes
to initiate specific transcriptional programs.'®'2  Acute TGF-B signalling reduces
transformation and growth of cancer cells, by transcribing genes encoding cell cycle
inhibitors, including p57 and p21.7%'3 However, cancer cells can overcome this cell cycle
arrest by alternative downregulation of such growth suppressive TGF- target genes.'*15
Furthermore, this switch in gene transcription can collaterally contribute to cancer
progression via oncogenic expression of migratory and invasive gene networks.'® For
instance, chronic TGF-B signalling is known to be an important node that controls

expression of genes involved in the EMT promoting metastatic spread, through up
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regulation of key pro-metastatic transcription factors like Snail and Twist.-19
Downregulation of pro-proliferative cellular processes and the resultant compensatory
increases in migration within the tumor microenvironment, largely aid the initiation of the
metastatic cascade, however the exact molecular mechanisms through which this is

manifested in primary breast cancer remain unclear.

The zinc-finger protein POGZ is an emerging regulator of tissue development and cellular
maturation. POGZ was first shown to directly interact with heterochromatin protein 1
(HP1) isoforms to regulate cell cycle progression and chromosomal integrity.?° However,
recently Pogz expression has been shown to be in highest in embryonic cortical tissue
where it can, through its propensity to bind DNA, transcriptionally repress JAG2,
suppressing Notch signalling to coordinate neuronal maturation.?! Furthermore, Pogz has
been shown through its interaction with HP1 isoforms to repress BCL11A expression a
repressor of fetal hemoglobin. Therefore, loss of Pogz can deregulate hematopoietic cell
development by indirectly upregulating fetal hemoglobin levels and is implicated as a
therapeutic target in pathologies such as p-thalassemia.?? We recently described unique
roles for POGZ in directing successful homologous recombination during DNA repair of
double stranded breaks while regulating cell cycle progression during DNA damage.?
Given the role of POGZ in early tissue development and cell cycle regulation, it could be
hypothesized that POGZ and its associated regulatory networks may be dysregulated in

cancer.

Here we identify the contribution of Pogz in the suppression of pulmonary metastases in
a murine model of basal breast cancer. Pogz deficient tumors possess more
immunosuppressive and mesenchymal properties. Loss of Pogz, via CRISPR-Cas9
genome editing, elevates transient levels of phosphorylated SMAD proteins, concordant
with upregulation of a TGF-B regulated transcriptional program. At baseline, POGZ
deficient cancer cells upregulate TGF-3 signaling and are exquisitely sensitive to TGF-f3
induced migration by upregulating the expression of EMT-related genes during TGF-£3
treatment. Mechanistically, Pogz deficient cells increase TGFBR2 expression and genetic
and pharmacological ablation of this pathway inhibits aberrant TGF-B hyper-

responsiveness. This data suggests that Pogz expression in a murine model of basal
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breast cancer can negatively regulate TGF-f3 signalling via the destabilization of TGFBR2
expression, reducing downstream effects on EMT and metastases.
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3.4 Results

3.4.1. Loss of POGZ inhibits cancer cell proliferation and primary tumor growth.
Our previous research showed that POGZ is a novel zinc finger protein that plays a dual

role in regulating cell cycle progression and DNA repair. Given the importance of both
processes to the malignant phenotype, we were interested in studying whether POGZ
also contributed to breast cancer progression. We first examined POGZ expression levels
in human breast cancer cell lines and clinical specimens, interrogating publicly available
TCGA breast cancer dataset and monitored its expression in the different BC subtypes.
Interestingly, we show that POGZ expression is elevated in basal and luminal A/B breast
cancers compared to normal mammary epithelium (Supplemental Figure 1A).
Furthermore, basal breast cancer cell lines possess higher POGZ protein levels when
compared to other breast cancer subtypes (Supplemental Figure 1B). Finally, Kaplan
Meier curves reveal that lower POGZ levels correlate with significantly poorer overall and
relapse-free survival rates (Supplemental Figure 1C-F) independent of subtypic
stratification.?®> However, this inverse correlation between POGZ levels and poor
prognosis is retained if the analysis is restricted to the basal subtype. This suggests that
POGZ loss may be associated with poor prognosis subtypes, including basal breast

cancer.

To investigate the relevance of POGZ in the pathobiology of BC, we took advantage of
an orthotopic basal murine breast cancer model, the syngeneic 4T1 model, which is highly
immunogenic and metastatic. We utilized CRISPR-Cas9 genome editing to develop a
Pogz-knockout (sgPogz) using an sgRNA targeting exon 4, an exon common to all known
MRNA transcript variants. To control for sgRNA/Cas9 cutting, a vector control was
developed targeting the Rosa26 gene locus (4T1-sgRosa, Figure 1A). Interestingly, 4T1-
sgPogz cell lines grew at a slower rate, in vitro, than the cells containing the vector control,
4T1-sgRosa (Figure 1B). In transformed cells, a feature that correlates with
carcinogenesis and tumorgenicity is the capacity to grow in an anchorage independent
capacity. 4T1-sgPogz colonies formed in 0.36% agar revealed a significant deficit in
colony size and number compared to 4T1-sgRosa cells (Figure 1D). Expanding on these
results, we injected both 4T1-sgRosa and -sgPogz cell lines, orthotopically, in BALB/c

mice. Tumors were monitored until 4T1-sgRosa tumors reached endpoint (750 mm3). In
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comparison to the 4T1-sgRosa 4T1 tumors, 4T1-sgPogz tumors grew at a 2-fold
decreased rate (Figure 1C). In concert with in vitro proliferation and tumor growth curves,
this data suggests that the growth defect seen in 4T1-sgPogz tumors is cell-intrinsic.
Therefore, Pogz is necessary for anchorage-dependent and -independent cell growth in

vitro and tumor growth in vivo.

Upon characterization by immunohistochemistry, at end stage, 4T1-sgPogz tumors
possessed significantly lower amounts of cleaved caspase-3 expressing cells, in
comparison to 4T1-sgRosa tumors (Supplemental Figure 3A). This revealed the reduced
growth rate in a 4T1-sgPogz tumors is not due to apoptosis.

To explore the potential impact of POGZ overexpression on cell proliferation and
tumorigenicity we utilized a CRISPR-dCas9 synergistic activation mediator (SAM) system
using scaffold RNAs (scRNA) directing the activator complex (MS2-p65-HSF1, MPH) to
regulatory regions upstream of the endogenous TSS of Pogz (4T1-scPogz), we tested
over-expression of POGZ by western blot (Supplemental Figure 2A). This system
contains a vehicle control which contains both the MPH complex and sgRNA are directed
towards a noncoding pericentromeric region (Mmu19) which did not alter POGZ
expression. Interestingly, Pogz overexpression did not change proliferation in the 4T1 cell
line, in vitro, in comparison to 4T1-scMmu19. Consistently, 4T1-scPogz grew in soft agar
and displayed no significant change in colony size or number in compared to 4T1-
scMmu19 (Supplemental Figure 2D). 4T1-scPogz cells did not possess any alterations in
primary tumor growth (Supplemental Figure 2B), and expectedly, no difference in cleaved
caspase expression (Supplemental Figure 3A). Altogether this data suggests that over-
expression of Pogz is necessary but not sufficient to impair breast cancer cell proliferation

in vitro and tumor growth in vivo.

3.4.2. Loss of POGZ increases basal activation of TGFB-SMADZ2/3 signalling.
There is growing evidence that POGZ governs embryonic and neural cell and tissue

development by regulating gene transcription.??242% Therefore, we investigated the
contribution of Pogz in modulating breast cancer growth at the transcription level by
performing RNA sequencing in 4T1-sgRosa and -sgPogz 4T1 cell lines, in vitro. Overall,
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we identified 243 differentially expressed genes in the 4T1-sgPogz cell line, in vitro
(Figure 2A). Importantly, gene set enrichment analysis (GSEA) delineated pathways
involved in cell cycle progression, such as E2F1 target genes, G2M checkpoint, MYC
signalling were downregulated in 4T1-sgPogz cells (Figure 2B). Interestingly, one of the
emerging pathways differentially upregulated in 4T1-sgPogz was TGF-3 signalling. TGF-
B signalling through TGFBRI/II promotes acute tumor suppression through cell cycle
arrest and apoptosis.® Validating our RNA-seq results, we assessed mRNA levels of
genes downstream of the TGF-B pathway. Indeed, canonical SMAD2/3 target genes
(Serpine1, Cdknic, Thbs1, Fn1, ltgb6) were found to be significantly enriched in 4T1-
sgPogz cells (Figure 2E), independent of the addition of exogenous TGF-f. In addition,
cell cycle genes known to be repressed by activated SMAD2/3 (E2f1, Myc, 1d2), were
found to be downregulated in 4T1-sgPogz cells when compared to 4T1-sgRosa.
Furthermore, elevated levels, even in basal conditions, of pPSMAD2 were observed in 4T1-
sgPogz cells relative to 4T1-sgRosa cells (Figure 2D). These data suggest that persistent
TGF-B signalling may contribute to the growth inhibition exhibited by 4T1-sgPogz cells.

Cell cycle arrest by TGF-B is elicited by the transcription repression of Myc, expression
of the cell cycle inhibitor p57, leading to the accumulation of cells in the G1 phase.?
Basally, 4T1-sgPogz possessed decreased cell proliferation, DNA synthesis (S phase),
and anchorage independent colony formation and size in comparison to 4T1-sgRosa
(Supplemental Figure 4A-C). The addition of TGF-B1 ligand efficiently inhibited
proliferation in 4T1-sgRosa, exhibited by a decrease in all three parameters measured.
In contrast, 4T1-sgPogz cells were minimally affected by the addition of TGF-B1 ligand
(Supplemental Figure 4A-C). Transcriptionally, levels of SMAD2 target genes are
significantly enhanced upon addition of TGF-B1 in 4T1-sgRosa cells, however, this effect
is seen to a much higher extent in the POGZ-deficient 4T1 cells. Interestingly, changes
in genes responsible for cell cycle regulation, were not significantly changed in 4T1-
sgPogz cells (Supplemental Figure 4D). These data suggest that 4T1-sgPogz cells may
have a proliferative defect due to persistent TGF-B1 induced cytostatic effects, but this

effect is not exacerbated by exogenous TGF-$1 supplementation.
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To ask whether higher basal levels of phosphorylated SMAD2 were responsible for the
cytostatic effect observed in 4T1-sgPogz cells, we utilized an ALKS (TGFBR1) specific
inhibitor (TP0427736). First, we validated that TP0427736 can inhibit TGF- induced
SMAD2 phosphorylation in a dose dependent manner (Supplemental Figure 5A).
Furthermore, basal levels of pSMAD2 in 4T1-sgPogz cells are also decreased by
TP0427736 treatment, indicating that elevated pSMAD2 levels are due, in part, to
TGFBR1/2 kinase activity. However, when assessing colony size and formation via soft
agar, inhibition of TGFBR1 kinase activity has no impact on, or reversal of, the growth
inhibition observed in the 4T1-sgPogz cells compared to 4T1-sgRosa cells (Supplemental
Figure 5B), despite complete inhibition of SMAD2 phosphorylation. These data suggest
that this decrease in cell growth due to the loss of POGZ may not be a direct product of
TGFBRI/II activation.

3.4.3. POGZ-deficient tumors possess a mixed EMT state.
To uncover any transcriptional programs elicited in vivo that could explain the primary

tumor growth defect, we performed RNA sequencing in our 4T1-sgRosa and -sgPogz
tumors, in vivo. Surprisingly, we did not identify any specific pathways that were
downregulated in 4T1-sgPogz compared to 4T1-sgRosa tumors. Rather, we noticed there
were numerous significantly enriched pathways in comparison to 4T1-sgRosa tumors
(Figure 3A-B). Of note, genes involved in the EMT process were significantly elevated in
the 4T1-sgPogz tumors compared to the 4T1-sgRosa tumors (Figure 3C). Furthermore,
decreased expression of the epithelial marker, E-cadherin, was observed in the 4T1-
sgPogz tumors, in comparison to 4T1-sgRosa, which sustained high expression (Figure
3D). This data indicates that POGZ-deficient tumors could potentially acquire more
mesenchymal traits. Since acquisition of an EMT is transcriptionally downstream of TGF-
B signalling, we assessed mRNA levels of epithelial (Cdh1) or mesenchymal markers
(Snai1, Hmga1, Timp2) (Figure 3E). Furthermore, there was a significant number of
immune-associated pathways emerging within the GSEA, however, these pathways are
associated with immune suppression or pro-tumor inflammatory responses, such as IL-
10 and IL6-signalling. Of note, cell cycle and proliferation pathways that were decreased
in the 4T1-sgPogz 4T1 cell lines (G2/M checkpoint and E2F targets, Figure 2B-3B) are
now over-expressed in the 4T1-sgPogz tumors.
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3.4.4. POGZ suppresses pulmonary metastasis and migratory capacity.
Given the presence of an EMT signature in POGZ deficient tumors, we next investigated

their metastatic potential. To achieve this, 4T1-sgRosa and -sgPogz cell lines were
injected orthotopically into mammary fat pads of BALBc and resected at scheduled tumor
volumes and animals were necropsied 28 days later to quantify the lung metastatic
burden in H&E stained sections. With the limited growth of 4T1-sgPogz an immune-
competent model, we injected 4T1-sgRosa and —sgPogz in several groups: 4T1-sgRosa
(resected at 350mm3 on 21 days post injection); 4T1-sgPogzt (early, resected at
150mm3 on 21 days post injection); and 4T1-sgPogz" (late, resected at 350mm3 on 35
days post injection) (Figure 4A). Interestingly, 4T1-sgRosa and -sgPogzf tumors
possessed no difference in pulmonary metastatic burden, despite 4T1-sgPogzf tumors
being 50% of the 4T1-sgRosa tumor volume (Figure 4B). However, normalizing
metastatic burden to primary tumor volume, it is clear that 4T1-sgRosa and -sgPogz
tumors can effectively metastasize to the lung earlier or more efficiently than 4T1-sgRosa
tumors (Figure 4C). Furthermore, 4T1-sgPogz" tumors possessed a significantly higher
metastatic burden than 4T1-sgRosa tumors, when resected at the same volume (Figure
4B).

In order for a breast cancer cell to escape the primary tumor and form macroscopic
metastatic outgrowths, it must overcome multiple and complex processes.® By identifying
a role for POGZ in preventing metastasis from primary tumor, we asked the question of
which step in the metastatic cascade POGZ has a protective role. Firstly, we performed
a chemotaxis migration assay using a transwell, to which 4T1-sgRosa and -sgPogz were
seeded in the top chamber and allowed to migrate to the bottom chamber following a 10%
serum gradient. After 24 hours, 4T1-sgPogz migrated significantly more than 4T1-
sgRosa. Furthermore, TGF- signaling is known to promote breast cancer cell migration
by transcriptional activating an EMT. Remarkably, 4T1-sgPogz cells were extremely
sensitive to TGF-8 enhanced migration in comparison to 4T1-sgRosa cells (Figure 4E).
Importantly, this increased migratory behavior in 4T1-sgPogz cells is completely and
efficiently ablated under TGFBRI treatment (Figure 4G). Altogether, this data indicates
that elevated TGF-f3 signalling is not responsible for the primary tumor growth defect in
4T1-sgPogz cells but increases metastatic potential of basal breast cancer cells.
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Given that 4T1-sgPogz tumors possess a higher metastatic burden, we performed a
primary tumor resection with 4T1-scPogz and 4T1-scMmu19, to ask whether
overexpression of POGZ would impact metastases. Indeed, mice with resected 4T1-
scPogz tumors possessed a significantly decreased metastatic burden in the lung in
comparison to mice with resected 4T1-scMmu19 (Figure 4D), despite no difference in
primary tumor outgrowth. Furthermore, when migration along a serum gradient was
assessed in 4T1-scPogz cells, they showed a significant decrease in migratory potential
compared to 4T1-scMmu19 (Figure 4F). Addition of TGF-f3 ligand to 4T1-scPogz did not
enhance their migratory potential (Figure 4F). Taken together, these data show that
POGZ functions to suppress the migratory and metastatic potential of basal breast cancer
cells.

3.4.5. POGZ deficient tumors require the primary tumor microenvironment for
metastases.
Identifying a strong susceptibility to TGF-B induced migratory activity and an increased

metastatic burden of 4T1-sgPogz, suggests that POGZ regulates early stages of the
metastatic cascade. To assess whether loss of POGZ affected later stages of metastasis
we performed tail-vein injections of 4T1-sgRosa and -sgPogz cells and measured
metastatic burden 30 days post injection. Interestingly, 4T1-sgRosa had significantly
higher pulmonary metastatic burden in comparison to the 4T1-sgPogz bearing mice
(Supplemental Figure 6A). Tail vein injection mainly recapitulates later stages of the
metastatic cascade post-intravasation (extravasation, anoikis, colonization), therefore we
can conclude that the anti-metastatic function POGZ possesses, is most likely in
promoting EMT.

Furthermore, early timepoints during early tumor development, microenvironmental
contributions, such as TGF- production, can initiate EMT with the primary tumor and
promote premature metastatic seeding. 4T1-sgPogz tumors possess a decreased
immune infiltrate when compared to 4T1-sgRosa, denoted by decreased CD45" cells,
assessed by flow cytometry (Supplemental Figure 6A). However, within the CD45"
population, there were increased F4/80* macrophages and a dramatic increase in Ly6G*
neutrophils (Figure 5B). Myeloid/granulocytic infiltrates have been shown to promote
metastasis in the 4T1 model and other models of metastatic cancer, by both TGF-33
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production and immune suppression.?5-28 Multiple TGF-B cytokines and chemokines
(Ccl2, Csf2, Cxcl12) identified via RNAseq were overexpressed in the 4T1-sgPogz cell
line and tumors (Figure 2B, 3B) possibly aiding in the mobilization and recruitment of pro-

metastatic immune cell subsets.

3.4.6. POGZ negatively regulates expression of TGFBR2.
SMADZ2 phosphorylation is mainly due to the kinase activity of TGFBR1, which to become

active, requires phosphorylation by TGFBR2."" Upon treatment with a TGFBR1
antagonist (TP0427736) there was an observable decrease in phosphorylated SMAD2 in
the 4T1-sgPogz, therefore this increase witnessed in the POGZ deficient cells is regulated
on the level of TGFBR1/2 expression and activity. Therefore, we assessed cell membrane
expression, by flow cytometry, of both TGFBR1 and TGFBR2 in 4T1-sgRosa and -sgPogz
cell lines. Importantly, TGFBR2 was shown to be two-fold higher in the 4T1-sgPogz
(Figure 5A). To examine if the effect on migratory behavior is due to the enhanced
expression of TGFBR2 and its downstream effect on SMAD2 phosphorylation, we
silenced TGFBR2 expression via lentiviral short hairpin RNA. We confirmed loss of
membrane expression via flow cytometry (Figure 5B) and showed the constitutive loss in
SMAD2 phosphorylation in the 4T1-sgPogz cell line (Figure 5C). Furthermore, 4T1-
sgPogz deficient in TGFBR2 expression, when assayed for migration along a serum
gradient, showed a dramatic loss in migratory propensity (Figure 5D). Expectedly, the
responsiveness of 4T1-sgPogz shTgfbr2 cells to TGF-f induced chemotaxis was ablated,
mimicking the effect seen with pharmacological inhibition of TGFBR1 kinase activity
(TP0427736) (Figure 5D). Lastly, to assess whether this upregulation of TGFBR2 through
loss of POGZ could be translated to human breast cancer, we probed publicly available
datasets (METABRIC, TCGA, MSKCC). Indeed, samples with higher expression of
POGZ possessed lower expression of TGFBR2, indicating that increased of POGZ could
possibly negatively TGFBR2 expression. These data identify that the enhanced migration
witnessed within POGZ-deficient 4T1 is mediated through upregulation of TGFBR2 and

downstream signalling.
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RT-qPCR and normalized to GAPDH (n=3 independent experiments).
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FIGURE 3- 3 POGZ-DEFICIENT TUMORS POSSESS A MIXED EMT STATE.

(A) Volcano plot of RNAseq analysis and GSEA differential pathway expression (B) performed
on 4T1-sgRosa and -sgPogz 4T1 tumors. (C) Leading edge gene expression heatmap from the
EMT signaling pathway. (D-E) E-Cadherin IHC of 4T1-sgRosa and -sgPogz 4T1 tumors. The
data is shown as average percentage of positive cells +SEM (n = 10-12 tumors/group).
Representative images are shown. (F) mRNA levels of genes associated with EMT, with or
without TGF-b for 24 hours, were quantified by RT-qPCR and normalized to GAPDH.
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FIGURE 3-5 L0SS OF POGZ ENHANCES PULMONARY METASTASIS VIA UPREGULATION OF TGFBR2.

(A) Membrane expression of TGFBR1/2 on 4T1-sgRosa and 4T1-sgPogz cells assessed by
flow cytometry (n = 5 independent experiments). (B) Membrane expression of TGFBR1/2 on
4T1-sgRosa, 4T1-sgPogz, and 4T1-sgPogz containing shRNA directed against TGFBR2 (R2-1,
R2-2, R2-3) cells assessed by flow cytometry (n=3 independent experiments). (C)
Phosphorylated and total levels of SMAD2 were screened in 4T1 cells with and without the
addition of TGF-b via western blot. (D) Transwell migration experiments were performed with
4T1-sgRosa and 4T1-sgPogz cells with and without TGFB (n=3 independent experiments). (E)
Correlation of POGZ mRNA expression level with TGFBR2 mRNA expression in METABRIC-
TCGA-MSKCC breast cancer datasets (n=3501).
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SUPPLEMENTAL FIGURE 3- 2 OVEREXPRESSION OF POGZ IS DISPENSABLE FOR CANCER
CELL PROLIFERATION AND PRIMARY TUMOR GROWTH.

(A) Levels of POGZ and a -tubulin were screened in 4T1-scMmu19 and -scPogz cells via
western blot. (B) 4T1-scMmu19 and -scPogz cell lines were plated at equal densities and were
counted daily by trypan blue exclusion (n=3 independent experiments). (C) 4T1-scMmu19 and -
scPogz cell lines were orthotopically injected into the MFP4 of BALBc mice. Tumors were
measured every other day until humane endpoints were achieved. (n=20 per group). (D) 4T1-
scMmu19 and -scPogz cell lines were cultured in 0.36% agar for 10 days and imaged (n=3
independent experiments, scale = 150um).
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as average percentage of positive cells £SEM (n = 10-11 tumors/group). Representative images
are shown.
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SUPPLEMENTAL FIGURE 3- 4 INCREASED TGFBR SIGNALING DOES NOT RESTRICT
PROLIFERATION IN POGZ-DEFICIENT 4T1.

(A) 4T1-sgRosa and -sgPogz cell lines were plated at equal densities and treated with or
without TGF-b for 5 days. Cells were counted daily by trypan blue exclusion and normalized to
untreated/PBS control (n=3 independent experiments). (B) 4T1-sgRosa and -sgPogz cell cycle
composition, with or without TGF-b, was assessed by flow cytometry. Data is presented as
percent of cells in S phase +/- SEM. (C) 4T1-sgRosa and -sgPogz cell lines were cultured in
0.36% agar for 10 days with or without TFG-b. (n=3 independent experiments). (D) mRNA
levels of genes associated with TGF-b, in 4T1-sgRosa and -sgPogz cell lines, with or without
TGF-b, were quantified by RT-gPCR and normalized to GAPDH (n=3 independent
experiments).
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SUPPLEMENTAL FIGURE 3- 5 LOSS OF TGFBR SIGNALING DOES NOT RESTORE PROLIFERATIVE
DEFECT IN POGZ-DEFICIENT 4T1 CELLS.

(A) Phosphorylated and total levels of SMAD2 were screened in 4T1-sgRosa and -sgPogz cell
lines with/without TGF-b and TP0427736 (TGFBRI) via western blot. (B) 4T1-sgRosa and -
sgPogz cell lines were cultured in 0.36% agar for 10 days with or without the addition of
TP0427736 (TGFBRI) (n=3 independent experiments).
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SUPPLEMENTAL FIGURE 3- 6 4T1-SGP0OGZ 4T1 TUMORS REQUIRE THE PRIMARY TUMOR
MICROENVIRONMENT.

(A) 4T1-sgRosa and -sgPogz cell lines were injected into the tail veins of BALBc mice and lungs
were harvested 28 days later. (B) Immune profiling of tumor-infiltrating leukocytes was

performed on 4T1-sgRosa and -sgPogz tumors via flow cytometry. Specific immune subsets are
shown as percent of total CD45+ cells. (n=9 per group)
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3.5. Discussion

The emerging roles for the zinc finger protein, POGZ, are only recently being identified.
In particular, POGZ has been implicated in the development of multiple neurological
conditions such as schizophrenia, epilepsy, autism and other intellectual disabilities.?%-32
However, the function of POGZ in non-neurological pathologies remain poorly described.
Here, we report an important role for POGZ in basal breast cancer etiology. Our results
indicate that while POGZ is required for sustained growth in the primary tumor
microenvironment, this seemingly beneficial phenotype is negated with increased
metastatic potential. We highlight the loss of POGZ results in a significant decrease in
cell proliferation (both anchorage-dependent and -independent) and tumor growth in the
4T1 basal-like breast cancer model. POGZ was first described via its atypical interaction
with HP1, playing a critical role in the regulation of cell division through the regulation of
chromosomal arm stability and segregation. Recently, several studies identify a role for
POGZ in maintaining proper gene transcription in neurological and embryonic tissue,
suggesting a larger regulatory role for POGZ in the maintenance of cellular growth.2%:33
Consistent with other reports, we observe a dramatic decrease in gene expression of
pathways involved in cell proliferation, including both Myc and the related E2F
transcriptional targets.?233 In concert, with the decreased expression of pathways driving
cell proliferation we observed an increase in expression of genes downstream of TGF-f3
signalling. The contradictory effects of TGF-3 in cancer are widely studied, however, the
exact switch between cytostatic gene expression and the promotion of EMT and
metastases is unclear.’®'418.19 The loss of POGZ driving increases in gene expression
associated with TGF-B signalling, in vitro, suggest that POGZ may play the role of a
negative regulator. Furthermore, 4T1-sgPogz cells possessed basally increased levels of
phosphorylated SMAD2, however, were insensitive to the cytostatic effects of TGF-31.
4T1-sgRosa cells, when treated with exogenous TGF-1, decreased in cell proliferation
and S-phase, while 4T1-sgPogz were unchanged in cell growth and S phase
accumulation. These data likely suggest that the tumor suppressive activity of TGF- was
lost in the 4T1-sgPogz. While this increase in TGF-f signalling could achieve persistent
cytostatic effects in in POGZ deficient cells, pharmacological inhibition of the TGFBR1
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kinase activity did not restore the growth rate despite reducing phosphorylated SMAD2/3
levels. Therefore, basal increases in TGF-f3 signalling appear to be dispensable in the
context of growth inhibition in POGZ-deficient cells. We, therefore, explored the other arm
of TGF-B signalling, the promotion of migratory potential and the initiation of the EMT.
Loss of POGZ only modestly increased migration of 4T1 cells following a serum gradient,
however, poised them to be remarkably sensitive to a TGF-f mediated migration. In
further support of this finding, while TGF-(3 targets were, as a gene set, not significantly
enriched within POGZ-deficient tumors, genes associated with the EMT were most
enriched in comparison to the wild-type tumors. While TGF-3 bore little impact on cell
cycle and proliferation of 4T1-sgPogz, the addition of TGFB1 drastically enhanced
expression of EMT markers, such as the EMT transcription factor Snail. Furthermore, an
increase in TGFBR2 expression witnessed in 4T1-sgPogz cells, could allow for increased
signalling from activated TGFBR1/2 complexes and result in increased SMAD
phosphorylation and pro-migratory TGF-f3 target gene expression. Upregulation of this
pathway prompted us to explore the how Pogz loss may affect metastasis.

We identify a protective role for POGZ in preventing pulmonary metastases in an
established primary tumor-resection model.3* This experimental model assesses the
potential of a primary tumor to undergo all stages of the metastatic cascade. However, to
control for the impact of the slow growth of the primary tumor, we utilized 2 different
POGZ-deficient cohorts. Remarkably, POGZ-deficient 4T1 tumors, which grow at half the
rate of POGZ-proficient tumors , metastasize to the lung with equal efficiency. However,
when these POGZ-deficient tumors reach the same volume and are resected, the
effective pulmonary metastatic burden was greatly enhanced compared to wild-type
tumors. This data indicates that, in vivo, POGZ deficiency drastically enhances metastatic
seeding. However, this enhanced metastatic potential is restricted to early stages of the
metastatic cascade, as POGZ-deficient cells injected directly in to the circulation show
decreased pulmonary outgrowth. The decreased metastatic burden exhibited in 4T1-
sgPogz cells, in this context, is likely due to the inherent cell growth defected exhibited in
primary tumor. Importantly, over-expression of POGZ drastically reduces 4T1 migration
and effectively inhibits pulmonary metastasis, highlighting the potential functional
uncoupling of the roles POGZ may play in tumor cell proliferation and in metastasis.
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In summary, we propose that loss of POGZ elicits a TGF-B-sensitive 4T1 tumor
microenvironment, through upregulation of TGFBRZ2, that potentiates an early EMT and
advances pulmonary metastasis. We identify amplified TGF-B signalling in POGZ-null
4T1 cells and link this to an increased migratory behavior. However, with this acquisition
of aggressive traits, the loss of POGZ triggers an irreversible decrease in cell proliferation.
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3.6. Materials and Methods
Cell Lines and Plasmids

4T1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Wisent) and
were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin—streptavidin
(P/S). LentiCRISPRV2, lentiSAMv2, lentiMPH were purchased from Addgene. sgRNA
were cloned using an optimized Zhang lab protocol, as per Sanjana et al.
(2014). Lentiviral infections were done as previously described (Findlay et al. 2018), with
modifications listed below. Cell lines were infected with lentiviruses for 24 h in media
containing 8 pg/ml polybrene, and 1 ug/ml puromycin selection or Sug/mL of blasticidin
was applied. TGF-B1 ligand (Peprotech) was dissolved in 4 mM HCI (Sigma) and 1
mg/mL bovine serum albumin V (Wisent) to final stock concentration of 10 ng/mL. TGF-
B1 was aliquoted, stored at -80, and were not subject to any freeze-thaw cycles. TGFBR1
inhibitors TP0427736 and SB431542 (Selleckchem) were resuspended in DMSO to final
concentrations of 250nM and stored at -20.

Cell Viability and Proliferation

4T1 cells were plated at a density of 100 000 per well in complete DMEM. Cells were
treated with TGFB1 ligand or TP0427736 with indicated concentrations. Live cells were

counted via trypan blue exclusion with a hemocytometer.
Anchorage Independent Growth Assay (Soft Agar)

In most experiments, 10 000 4T1 cells were grown in suspension in each well of a 6-well
plate. The bottom layer was composed of 2% agar (Bioshop) in complete DMEM. The top
layer was formed by mixing cells at desired density in complete DMEM with cooled 0.7%
agar in complete DMEM, forming a cell containing layer of 0.35% agar. Agar containing
wells were grown for 10 days and supplemented with 150uL of complete media every two
days. Wells were stained with crystal violet (Sigma) at 37degC overnight and imaged at
4x. A minimum of 3 images were taken for each transwell. Images were analyzed using
CellFinder feature with Qupath software. A total 3 images were per well with at least 2

independent experiments used for comparison.

Transwell Migration Assay
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In most migration experiments, 12 well transwell inserts of 6.5mm diameter with 8.0um
pore size was used (Falcon). Cultured 4T1 cells were collected with trypsin, washed with
PBS and plated at a density of 100ul serum free DMEM in the top insert. Complete media
with serum was placed in bottom of the well to contact with the insert. Cells were
incubated for 24 hours. In some experiments TGF-b (1ng/mL) or SB100342 (250nM) was
added to cells and serum free medium in top of transwell insert. Cells on the top of insert
were removed with a cotton swap and inserts were fixed with formalin and stained with a
crystal violet solution (Sigma). Once dried, transwells were imaged at 4x. A minimum of
3 images were taken for each transwell. Images were analyzed using CellFinder feature
with Qupath software. A total 3 images were per well with at least 2 independent

experiments used for comparison.
Cell Cycle

4T1 cells were plated at a density of 100 000 per well in complete DMEM. Cells were
either subjected to treatment with TGF-b (1ng/mL) or SB100342 (250nM) for 48hrs. Cells
were pulsed with BrdU (1ug/mL) for one hour and harvested using trypsin. Cells were

subjected to fixation, permeabilization and DNase digest as per the Phase-flow TM BrdU-
Alexa Fluor® 647 proliferation kit for Flow Cytometry (BioLegend). Cells were incubated
with AF647 conjugated rabbit anti BrdU and counterstained with 7AAD. A minimum of 10
000 events were collected for each condition and cell line. A minimum of 3 independent

experiments were performed.
Quantitative PCR/RNAseq

RNA extraction was performed using RNeasy columns (Qiagen). cDNA was generated
with 0.5-1ng RNA using the Luna RT Master Mix (NEB). Lentiviral infections were done
as previously described (Heath et al. 2021). with modifications listed below. RNA-seq was
performed at the Universite de Montreal Institute for Research in Immunology and
Cancer. RNA quality was assessed by Agilent 2100 Bioanalyzer (Agilent Technologies).
Libraries for RNA-seq were prepared according to strand-specific lllumina TruSeq
protocols. Samples were multiplexed at four samples per lane and sequenced on an
lllumina HiSeq 2500 PE125 instrument.
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Western Blot

Cells were cultured and treated as indicated in text. Cells were washed twice in PBS and
scraped off plates in 1x LDS buffer and sonicated. Protein content was quantified using
Bradford Assay (Thermofisher). Normalized concentrations of lysate were boiled. Equal
amounts of protein were subjected to polyacrylamide electrophoresis as per Findlay et al.
Membranes transferred in 1X Towbin Buffer with 5% methanol, blocked, and incubated
overnight with primary antibodies in 5% BSA/TBS-T. Membranes were incubated HRP-
conjugated secondary antibodies in 5% milk at room temperature for one hour.
Membranes were washed and imaged using ECL. Primary antibodies used in this study
were rabbit anti-POGZ (Abcam), mouse anti-Tubulin (CST), rabbit anti-SMAD2
(Ser465/476, CST), rabbit anti-SMAD2 (CST), rabbit antiSMAD3 (Ser423/425, CST),
rabbit anti SMADS3.

Mice

BALBc mice (7-10 weeks old) used for mammary fat pad injections were purchased from
Charles River Laboratories. All mice had ad libitum access to food and water and housed
within the animal facilities of the Lady Davis Institute. These studies were approved by
and follow the Animal Resource Centre at McGill University procedures (protocol: 2018-
8003). These experiments comply with the guidelines set by the Canadian Council of
Animal Care.

Mammary Fat-pad Injections

A total of 50 000 4T1 cells were injected in a 1:1 PBS:Matrigel mixture (Corning) into
fourth mammary fat pads. Tumor size was determined by caliper measurements of two
dimensions and volume calculated as follows: 4/31 x width x length? (smaller
measurement is always width). For lung colonization experiments, single fat pads were
injected and tumors were resected at indicated tumor volume. For colonization
experiments using tail vein injection, 500 000 4T1 cells were prepared as previously
stated, washed twice with PBS, and injected intravenously via tail vein. Four weeks after
primary tumor resection or tail vein injection, mice were euthanized and lungs subjected

to paraffin embedding, sectioned, and stained for H&E. Images were analyzed using
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Imagescope. Data is presented as the portion of the lung is metastatic colonies as a
fraction of the whole lung.

Immunohistochemistry

Freshly isolated tumor materials were fixed in 10% neutral buffered formalin for 16-24h
and stored in 70% ethanol until paraffin embedding. Embedded tumor pieces were sliced
(5um) and subjected to IHC with sodium citrate-based antigen retrieval as per Totten et
al (2021). Primary antibodies used are as follows: Cleaved caspase 3 (Cell Signaling
Technologies), E-cadherin (EMD Millipore). Anti-mouse and -rabbit horseradish
peroxidase-conjugated secondary antibodies were used. For mouse derived antibodies
(E-cadherin), the Mouse-on-Mouse polymer kit (Abcam) was used as per manufacturer’'s
instructions. Slides were scanned with Scan Scope XT Digital Slide Scanner (Aperio).
Images were analyzed using Imagescope (Aperio). Specifically, cleaved caspase 3 and
E-Cadherin were analyzed with signal thresholds for cellular staining (including

membrane).
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Chapter 4. Discussion and Future Directions
In these independent studies we focused on roles of the zinc finger protein POGZ, for

which we and others have identified pleiotropic roles in embryogenesis and proper
neurodevelopment, in DNA repair and breast cancer etiology. Our research has bridged
POGZ’s role in DNA repair and homologous recombination with its interaction with HP1-
v. This data also provides crucial information about the HP1-isoform specificity throughout
the many putative functions of POGZ. Furthermore, we provide one of the first functional
implications of POGZ in cancer. We largely focused on the loss of POGZ in the murine
basal 4T1 breast cancer model, where we identify an essential role for primary tumor
growth. However, through loss of POGZ we identified a modulatory activity of POGZ in
the repression of TGF-f signalling, which in turn, suppresses metastatic burden.

4.1. POGZ in DNA Double Strand Break Repair
POGZ has been briefly implicated directly in homologous recombination in multiple

studies.?%6:262.263 |nitially, we sought to identify novel interactors of HP1 that may impact
DNA repair, as current models of HP1 in association in DNA repair are conflicting. Several
key interactors were identified (histones, chromatin remodelling enzymes), however, no
clear proteins currently associated with DNA repair emerged. Therefore, we chose to
probe a high confidence interactor, the poorly described zinc finger protein POGZ, as it
was previous identified by our group and others, to interact with the DSB repair protein,
REV7.424547 We have furthered the understanding of POGZ by showing requirement of
its interaction with HP1 isoforms in the context of DNA repair. Through this interaction
with HP1, BARD1 and BRCA1, are efficiently recruited or stabilized at sites of damage to
promote successful HR. However, mechanistically, the exact role of POGZ is unclear, as

it appears in most studies as part of a larger functional complex.

The first POGZ complex identified by Baude et al, was in interaction with hepatoma-
derived growth factor-related protein 2 (HDGFRP2) and HP1-p.2%6:264 This complex was
suggested to be responsible for the repair of DNA damage within transcriptionally silent
genes through the binding of methylated histone marks. This binding would reside
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through the PWWP domain of HDGFRP2 or the chromoshadow domain of HP1-B, as
POGZ has not been shown to directly bind methylated histones. Specifically recruited to
damage in heterochromatin, this complex is thought to bind CtIP directly and promote its
localization and the DNA resection required for homologous recombination. Studies by
Fujita et al. have furthered the mechanism by identifying another larger complex
consisting of POGZ and another HP1 binding protein, chromosomal alignment
maintenance phosphoprotein (CHAMP1).262 CHAMP1, in this study, in complex with
POGZ, antagonized the inhibitory effects of 53BP1-REV7 on DNA end resection, thus
promoting homologous recombination. This finding positions the CHAMP1-POGZ
complex, likely on the functional level of resection execution, via recruitment of
exonucleases. Furthermore, this complex was shown to be dependent on HDGFRP2, as
depletion of HDGFRP2 did not affect recruitment of CHAMP1 to DSB, however, hindered
recruitment of CtIP to sites of damage. This suggests that CHAMP1, through POGZ,
recruits CtIP to sites of damage, in a HDGFRP2 dependant manner. Interestingly,
CHAMP1 and POGZ were shown as REV7 interactors in our previous study identifying
REV7 and regulator of pathway decision for DSB repair.#” When probed for recruitment
of NHEJ effectors proteins 53BP1 and RIF1 to sites of damage during a depletion of
POGZ or CHAMP1, no effect was seen.?%2 However, similarly to POGZ depletion, the loss
of CHAMP1 leads to defective recruitment of BRCA1. We furthered this by showing, in
addition, there is a defect in HP1-isoform colocalization at sites of DSB in both POGZ and
CHAMP1 depleted models. The data from these two studies support our model of POGZ
driving homologous recombination through its interaction with HP1-y. This interaction is
required for stabilization of BRCA1-BARD1 at sites of damage and therefore seems likely
that loss of this interaction would also affect CtIP recruitment and subsequent DNA end

resection.

Furthermore, HP1 isoforms have been shown to be involved in DNA end resection,
however, there is conflicting evidence regarding the exact nature of isoform specific
contributions. One study, by Soria et al., showed that HP1-a and - promoted HR, while

HP1-y was shown to suppress HR.?®® This study alluded that this too, was due to
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differential effects on DNA end resection. However, another study by Wu et al., which
aligns with our hypothesis of a POGZ-HP1 regulated impact on HR, identified that HP1-y
was specifically required for BARD1-BRCA1 recruitment to DNA damage and the
promotion of successful HR.'33 We have shown that the interaction between POGZ and
the HP1-y isoform is specifically required for HR, while HP1- and HP1-f seem
dispensable for BRCA1 focus formation. REV7, CHAMP1, and POGZ, all bind each HP1
isoform through all phases of the cell cycle?®?, however, the exact role, if any, for HP1
remains elusive in CtIP-recruitment. Interestingly, when performing the proximal-protein
labelling BiolD to identify interactors of HP1 and POGZ, upon analysis, CHAMP1 peptides
were clearly found throughout all conditions (+/- DNA damage), however, REV7/MAD2L2,
BRCA1, CtIP were not identified with high confidence. However, our biotin labelling was
for an extensive duration (24 hours), meaning it could be that the interaction of POGZ/HP1
isoforms with REV7 and, potentially, the BRCA1-CtIP complex, could be much more
regulated or interact for a very brief period. Furthermore, it would seem likely that these

POGZ interactions would be context specific, i.e. in the presence of unrepaired DSBs.

4.2. The role of POGZ in cell cycle and gene regulation
We, and other groups, have clearly identified a functional role for POGZ in the regulation

of DNA repair, in addition to its effects on cell cycle. However, this exact mechanism
through which POGZ promotes HR, seems to be outside of its emerging role in gene
transcription.?%6267 This is supported by the direct recruitment of POGZ to sites of
damage, where by necessary and direct interactions with HP1 and CHAMP1 support the
concerted recruitment of key HR factors, BRCA1 and BARD1. The majority of published
reports of POGZ deficiency, while varying largely by pathology and tissue, there is
consistent reports of decreased cell division and proliferation.2%8.266.268 This phenotype is
observed in both primary tissues derived from POGZ-mutant mice and in cell lines,
indicating that across various models the requirement of POGZ for cell division is robust.
Consistent with this hypothesis, we have further showed that decreased POGZ levels
inhibited breast tumor growth in vivo and decreased anchorage independent growth of

breast cancer cells in vitro. In agreeance with this, on a transcriptional level, the pathways
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involving cell cycle (E2F, Myc targets, G2/M phase) were observed to be repressed in
4T1-sgPogz cell lines. Overall, our data supports the concept of POGZ regulating a
subset of genes responsible for growth promotion, in addition to its direct roles in DNA

repair and cell cycle progression.

Across multiple different tissues and models, transcriptional profiling of POGZ-deficient
cells reveals a conserved loss in expression of Myc target genes. Furthermore, in a recent
study of the MYC interactome reveals distinct functional partners for concerted
tumorigenic properties within Myc overexpression in breast cancer. Particularly, POGZ
was identified as a novel interactor of Myc, via its MBO domain.2%8 The critical MBO region
is required for accelerated growth, however is dispensable for tumor initiation. The role of
this specific binding domain of Myc, is to bind the general transcription factor TFIIF and
supports its interactions with transcriptional elongation factors. Furthermore, the specific
gene sets regulated by the MBO domain were found to be similar to those lost in the POGZ
deficient 4T1 cells (Myc signaling, cholesterol biosynthesis, fatty acid oxidation). It would
be interesting to test if POGZ-deficient 4T1 cells could overcome the growth defect when
Myc is overexpressed. If these cells did not regain efficient proliferation, the interaction
between POGZ and MYC is required for tumor growth and could possibly explain the
defect in primary tumor volumes. Furthermore, an important feature of TGF-f3 induced
tumor suppression is the SMAD2/3 mediated repression of Myc.?*° If POGZ is required
for Myc-dependent tumorigenesis, then TGF- induced repression of Myc would yield
little effect within POGZ deficient cells. While POGZ deficient cells possess lower mRNA
expression of MYC at base line, the TGF-f induced decrease in Myc mRNA levels was
more dramatic in treated 4T1 cells carrying wild type expression of POGZ. These studies,
in addition to our characterization, identify a potential link for POGZ in effective
transactivation of the transcriptional activity of MYC.

Multiple studies have now linked POGZ, through its interaction with HP1 isoforms, to

incidences of transcriptional regulation of directed differentiation programs during
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development of various tissues. Gudsmondottir et al. have shown that POGZ can bind
regulatory elements of BAF Chromatin Remodeling Complex Subunit (BCL11A), a well-
known suppressor of fetal globin production.'" Loss of POGZ, in this context, was
positioned as loss of a transcriptional activator regulation and decreased BCL11A
expression and therefore increased globin expression. The same group published an
additional finding of POGZ, specifically through the HP1 binding domain, could repress
aberrant transcription of multiple pathways in developing neurons.?>® These aberrantly
expressed pathways, many containing heavily annotated ASD associated protein
networks, were also found in neural tissue derived from H3K9 demethylases (G9a/GLP).
H3K9 modifying enzymes have been previously annotated as interactors of POGZ, by
our group and others, highlighting a potential role of a complex centralized around H3K9-
regulated transcriptional modulation. This complex relationship is furthered by study by
Sun et al. in identifying the embryonic role of a POGZ-HP1-y complex which maintains
pluripotency in ESCs.?%° Loss of the functional capacity of this complex was shown to
promote ESC differentiation, contrasting findings in neural stem cells, through
upregulation of endodermal and mesodermal pathways. Unsurprisingly, many
mesenchymal genes associated with EMT were also identified in the upregulated gene
sets within the differentiating POGZ-mutant ESCs. Furthermore, occupancy of promoters
of cell cycle genes, such as E2F proteins and cyclin D, were also downregulated by POGZ
deficiency. These findings overlap significantly with our transcriptomic data in the POGZ-
null 4T1 cell line. Interestingly, upon characterization of genomic positioning of HP1-
1/POGZ complexes, gene bodies were largely corresponding to gene sets governing RNA
metabolism and processing. However, when looking at genomic regions bound
exclusively by POGZ, the only significantly enriched gene sets were those involved in
DNA repair, specifically DSB repair. This provides insight into the potential for non-HP1
associated regulation transcription by POGZ. Furthermore, while we concluded that the
impact of POGZ on DSB repair was largely non-transcriptional, we showed a minimal
impact of POGZ loss on the mRNA levels of a limited number of proteins that were
critically required for HR (BRCA1/2, PALB2, RADS51). Therefore, larger POGZ-regulated
transcriptional networks may exist that could be responsible for the transcriptional

execution of DNA repair.

164



Loss of POGZ or incorporation of a clinically relevant mutation (Q1042R), which reduces
DNA binding to CENP-B elements, inhibited correct neuronal migration and impaired
neuronal stem cell (NSC) development.?' Further characterization identified that POGZ
was bound to the promoter and responsible for the repression of the Notch ligand, Jagged
canonical Notch ligand (JAG2), a protein responsible for sustaining neural stem cells by
negatively regulating differentiation. It should be noted that the dysfunctional migration
was not due to a general lack of migration, rather than a loss of directed migration during
nerve generation. Suliman-Lavie et al. utilized a neural stem cell specific conditional
POGZ knock-out mouse and observed similar behavioural phenotypes.?%® This group
identify an imbalance in inhibitory and activating synaptic firing, credited to a dysregulated
neurogenesis. Importantly, in vitro the group suggests that heterochromatin dysregulation
through loss of HP1 binding and aberrant transcriptional activation of depressed neuronal
development factors, such as DACH2. These results suggest that transcriptional
regulation of proper migration and stem cell function are governed by POGZ regulated

repression of transcription factor or a secreted factor working in autocrine.

Mutations in POGZ, while quite heterogenous, result in a neurodevelopmental disorder,
the White Sutton Syndrome (WHSUS).260.270271 This human syndrome has not been
described to have any association with cancer, however, POGZ is widely amplified in
most cancers. Specifically, POGZ, located in the human chromosomal region 1921, is
amplified in 20% of all human breast cancers, appearing to have oncogenic potential.
While this could be resultant of the common 1921 amplification, which is associated with
poor outcomes, low expression of POGZ correlates with poorer patient survival,
particularly in basal breast cancer. These conflicting observations, led us to develop both
POGZ-deficient and over-expression models using the 4T1 basal breast carcinoma cell
line, to explore, for the first time, the impact of POGZ in primary tumor growth and

metastasis.
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These identified POGZ-regulated networks all retain direct links to cellular proliferation
and development, leading to loss of growth and increased differentiation. While our data
in breast cancer tumor growth is in coordination with previously published phenotypes of
POGZ loss and the effects on cell division,''".112.261 we shed light on how POGZ may have
additional roles in malignant tissue and the suppression of aggressive traits. The complex
biology that underpins the potentiation and initiation of the metastatic cascade, via
regulation of the EMT, is a multifactorial contribution of both microenvironment and tumor
intrinsic attributes. Dormant metastases and lymph nodes bearing cancer are often found
in advanced breast cancer and largely contribute to the poor survival rates, therefore,
aspects of primary tumor biology that potentiate EMT and initiate metastasis is the
greatest barrier to effective therapeutic outcomes of metastatic breast cancer.
Understanding how POGZ contributes to tumor biology could shed light on an emerging
concept of “grow or go” concept, in which alterations in the primary tumor

microenvironment restrict growth despite costly increases in EMT and metastasis.?’?

4.3. POGZ in the regulation of the TGF-f signalling pathway
The enhanced TGF- signalling, and its cumulative impact on metastasis, in our POGZ

deficient system and the concerted defect on cell and tumor growth, pose the question if
these phenotypes are mutually exclusive. The tumor suppressive, pro-apoptotic,
cytostatic effects of TGF-f3 in transformed tissues are acute, as under chronic TGFBRI/II
signalling, cancer cells adapt and overcome these effects and reposition SMAD2/3
transcriptional complexes at genes that promote the pro-tumorigenic TGF-B qualities
such an EMT transcription factors. The increase in TGF-3 associated genes is prevalent
in POGZ deficient cell lines, the pathway is not significantly enriched in respective tumors.
Therefore, the presumption would be that in the presence of exogenous TGF- from
contributing stroma or immune infiltrate could drive POGZ-deficient tumors to undergo
EMT and initiate and early and extensive metastatic colonization. Furthermore, the
enhanced migration and metastasis witnessed in 4T1-sgPOGZ cell lines is due to a
reversible increase in TGFBRI/II signalling, as this phenotype can be pharmacologically
and genetically rescued through inhibition of this signalling complex. As tumors

downregulate and overcome the cytostatic effects of TGF- signalling, it becomes an
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efficient potentiator of in vivo metastasis, as over expression of TGF- has been shown
to increase in vivo metastasis in a wide variety of different cancer models. Therefore, it
could be that POGZ loss epigenetically drives changes in only cytostatic gene regulation
or facilitates the transcriptional switch, funnelling SMAD transcriptional complexes to only
pro-tumorigenic TGF-B induced gene programs. It would be interesting to show
SMAD2/3-SMAD4 genomic occupancy in POGZ-deficient systems, upon TGF-3
stimulation, and assess the distribution of these sites as cytostatic or pro-metastatic/EMT.

Increased TGFBR1/2 levels are beneficial in precancerous tissue preventing cellular
transformation through the tumor suppressive effects of TGF-3 signalling. In addition, in
order to by-pass this tumor suppressive pathway, TGFBR1/2 and SMAD2/3 proteins are
often mutated in cancers. However, in cancerous tissue that successfully transform
without the silencing of this pathway, ultimately utilize it to promote EMT and migration. It
is well described that TGRBR2 levels directly correlate with phosphorylated SMAD2/3
and target gene transcription. Therefore, this increase in TGFBR2 expression witnessed
in 4T1-sgPOGZ cells, may allow for increased signalling from activated TGFBR
complexes and result in increased SMAD phosphorylation and TGF-$ target gene
expression. While the kinase domain of TGFBR1 is the target of most pharmacological
inhibitors, activation of this kinase activity is initiated, solely, by the engagement of TGF-
B ligand with TGFBR2. Whether POGZ can directly bind regulatory elements of Tgfbr2 or
other signalling modifying components, such as Smurf2 or Smad7, and repress

transcription through recruitment of silencing machinery, is unknown.

One study, by Zheng et al. recently showed that in addition to inhibited growth and colony
formation, loss of POGZ yielded a decrease in transcription of key cell cycle mediating
genes.?%® However, they also report a decrease in mesenchymal markers and migratory
potential. Although the study does not speak to the propensity to undergo EMT during
TGF-B treatment, they do show increased transcription of TGFB1. While in the
transcriptomic profiling of the 4T1 POGZ-null cells, we did see a modest increase in
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expression of TGF-B, it was not significantly enriched. Given the tight regulation of TGF-
B ligand secretion and signalling, it is imperative that on the level of protein and secretion,
if 4T1-sgPogz possess any increases in TGF-B in comparison to 4T1-sgRosa.
Furthermore, this study utilized siRNA for POGZ-depletion, indicating that acute and
short-term effects of POGZ depletion could represent a tumor suppressive phenotype,
however, our results of pooled clones of POGZ-deficient 4T1 cell lines, show the long-
term effects of POGZ loss and the sequential aggressive adaptation. Lastly, this study
utilized the osteosarcoma, U20S, which further complicates a direct comparison to our
results. It should be be noted that, only utilizing one TNBC cell line is a limitation, as many
cancer cell lines show different responses to TGF-f stimulation, some being completely

resistant to cytostatic effects or the initiation of an EMT.

There may be a cell state that during an induction of a cell cycle arrest or inhibited growth,
cancer cells may be poised to readily take on EMT qualities and are susceptible to EMT.
These bifurcated and seemingly contradictory functions of an oncogene or tumor
suppressor and their required roles in EMT/metastasis are not restricted to POGZ. The
cell cycle inhibitor p21 reinforces a G1 arrest under the control of TGF-f signalling, the
initiation of cellular senescence, and during the DNA damage response. Overexpression
and sequestration of p21 in the cytoplasm promotes tumor acceleration and lung
metastasis, indicating that even canonical tumor suppressors can contextually confer
oncogenic potential.?’32’4 Another example of duel or opposing roles in tumor
progression is the case of Semaphorin 3B (SEMA3B). When overexpressed in TNBC,
Semad3b inhibits the growth of primary tumors, however, drastically increases pulmonary
metastases.’” This is achieved through Sema3b induced activation of p38 MAPK and
enhanced transcription of p21, inhibiting cell growth, however, the concordant increase in

inflammatory interleukin 8 (IL-8), elicits a myeloid lineage driven pro-metastatic niche.

There is a larger question of how POGZ can play such concerted roles in mitotic stability,
homologous recombination, and in the regulation of transcription. Initially, cell cycle
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regulation by POGZ was identified through the direct interaction of HP1-a with the
chromosomal passenger complex. Furthermore, the recruitment or retention of crucial HR
complexes, i.e. BARD1-BRCAH1, are potentiated through the engagement of POGZ and
HP1-y, particularly under conditions of DSB signalling. Despite this, there is growing
evidence suggesting the POGZ-HP1-y complex may also, basally, be largely responsible
for its role in transcriptional regulation in tissue development. Lastly, POGZ may again
directly be involved in DNA end resection, in part with CHAMP1-HDGFRP2, which may
be largely through the HP1-p isoform, as this isoform has been identified to interact with
REV7 and CHAMP1. It could be that POGZ through coordination with context driven
specificity of HP1 isoforms may delineate differential functional capacities. Therefore, the
specific regulation of the interaction between POGZ and HP1 isoforms may represent a

more elegantly designed target to inhibit a relegated function of POGZ.
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