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List of abbreviations

53BP1: p53 Binding Protein 1

ALCI: Amplified in liver cancer 1.

ARH: ADP-ribosyl hydrolase.

ARTD: ADP-ribosyltransferase diphtheria-toxin like.
ARTs: ADP-ribosyltransferases.

ATM: Ataxia-telangiectasia mutated.

ATR: Ataxia-telangiectasia mutated and RAD3-related.
BARDI1: BRCA1-associated RING domain.
BER: Base excision repair.

BRCA: BReast CAncer Susceptibility protein.
CtIP: CtBP-interacting protein.

DNA-PK: DNA-dependent protein kinase.
DSB: DNA double strand breaks.

dsDNA: Double stranded DNA.

FANC: Fanconi anemia.

HPF1: Histone PARylation factor 1.

HR: Homologous recombination.

HU: Hydroxyurea.

ICLs: Interstrand crosslinks.

KO: Knockouts.

LIG3: Ligase 3.

MARYylation: Mono-ADP-ribosylation.
MME]J: Micro-homology end-joining.

NAD": Nicotinamide adenine dinucleotide.
NER: Nucleotide excision repair.

NHEJ: Non-homologous end joining.



PALB2: Partner And Localizer of BRCA2.

PARG: Poly(ADP-ribose) Glycohydrolase.

PARPi: PARP inhibitors.

PARylation: Poly-ADP-ribosylation.

PCNA: Proliferating cell nuclear antigen.

PDX: Patient-derived xenogratft.

PIKK: Phosphatidylinositol 3-kinase-related kinase.
POLE3: DNA polymerase epsilon accessory subunit 3.
POLE4: DNA polymerase epsilon accessory subunit 4.
POLB: DNA polymerase .

POLe: DNA polymerase epsilon.

PRIMPOL: Primase/polymerase.

PRR: Post-replicative repair.

RPA: Replication protein A.

SLFN11: Schlaffen 11.

ssDNA: Single stranded DNA.

TARGI1: Terminal ADP-ribose protein glycohydrolase.
UV: Ultraviolet.

YH2AX: Phosphorylated histone variant H2AX.



1. Introduction

1.1. Personalized medicine in cancer treatment

If evolution is the survival of the fittest, then perhaps cancer is outperforming us, humans. It
is immortal. Yet, this continues to haunt us, as this immortality causes our own mortality. Our
encounter with cancer dates to prehistoric times, when we first noticed irregular lumps
suspiciously appearing on the body. Since then, what could be the longest battle in our

lifetime has commenced and it is yet to be over (1, 2).

Different strategies were adopted to manage cancer, from surgery and excision to radiation
and cytotoxic compounds. The main slogan for a long time was “one disease requires one
treatment”. During the twentieth century, scientists ramped up their efforts screening through
countless chemical compounds hoping to discover what Nobel laureate Paul Erlich once

described as the “magic bullet” that would cure cancer, once and for all (3).

It took limitless efforts of thousands of scientists to advance our knowledge in genetics, cell
biology and biochemistry to finally realize that what is termed ‘cancer’ is actually numerous
diseases driven by various genetic alterations, making every cancer patient a unique case that
needs to be carefully studied and understood before a medication is administered. This
uniqueness is translated scientifically into what would become a fundamental hallmark of

cancer, heterogeneity, and to manage these diseases medicine must be personalized (4—6).

Personalized medicine started to become a prominent term in the late twentieth century
concomitant to the sequencing of the human genome (7). Since then, tremendous efforts have
been made to define it, expand it, and put it in practice. The National Human Genome
Research Institute in the United States defines personalized medicine as “an emerging
practice of medicine that uses an individual's genetic profile to guide decisions made in
regard to the prevention, diagnosis, and treatment of disease” (8). In the context of cancer
treatment, personalized medicine is divided into two types, the first one is immunotherapy,
where medical intervention aims to harness the power of the patient’s immune system to
unleash a decisive attack that would wipe out the tumor. The second type is the targeted drug
therapy, small molecules or biologics that are designed to hit specific targets in or on the

cancer cells. The rationale here is to exploit the same genetic alterations that drive



tumorigenesis and use them as hallmarks to differentiate malignant cells from normal ones,
therefore, pave the way for targeted drug intervention that would eliminate the cancer cells

with minimal side effects (9).

1.2. Synthetic lethality in cancer therapy

Targeted cancer therapy aims to exploit the very same feature that gives the cancer cell an
edge over its neighboring normal ones and turns that feature into Achilles’ heel by designing
a drug that would eliminate only those cells where this feature is present, thus, achieving
precision therapy. This can be achieved through two main modalities, first one is by
leveraging the phenomenon of “oncogene addiction” (10), that is when a tumor relies on a
gain-of-function mutation that upregulates a certain pathway which becomes essential for the
tumor’s survival. By inhibiting this pathway, the addicted tumor is precisely eliminated (10).
The second possibility for targeted therapy concerns tumors that carry non-oncogenic cancer-
specific mutation and become dependent on the activity of another partner gene (11). This
partner gene or its protein product becomes ideal target for drugs, as inhibiting it would be
lethal for such tumors, a phenomenon termed as synthetic lethality, where two mutations with
a viable phenotype for either of them alone lead to a lethal phenotype if they are present
together (11).

This concept was first described in the mid twentieth century via genetic studies on fruit flies
(12) and was observed later on in yeast as well (13). While this concept is highly attractive
for developing targeted therapy (14), it has remained difficult to identify for several reasons.
Firstly, since by definition the combination of these genetic alterations is not viable, it is
challenging to detect it and characterize it (11). Secondly, for a synthetic lethal interaction to
be adopted as a basis for developing a drug, it needs to be highly penetrant, that is such
interaction is not dependent on the genetic background of the tumor (15). Such highly
penetrant interactions are the exception rather than the rule, which made it very difficult to
identify synthetic lethality with common oncogenes, as often these cases tend to be very
specific to the genetic background of the patient. Therefore, it is crucial to draw a line
between synthetic lethal interactions identified in the lab and those that can be expanded to

have applicability by the bedside (11).



Due to these limitations only one family of drugs, so far, that are developed based on a
synthetic lethal interaction has made it all the way from experimental discovery in 2005 (16,
17), to clinical trials and approvals to be used in the clinics by the United States Food and
Drug Administration and the European Medicines Agency. That is the Poly ADP-ribose
Polymerase (PARP) inhibitors (PARPi) and their synthetic lethality with Breast Cancer
Susceptibility protein (BRCA) (Fig. 1).

Genotype-specific Synthetic Lethality Figure 1: Synthetic lethal interaction between
BRCA1/2 and PARP1

Normal cell Cancer cell . . .
A schematic representation of the synthetic

lethal interaction demonstrating that cells with
BRCA1/2" BRCA1/21 wild-type BRCA1 or BRCA2 are viable despite
the status of PARPI1. On the other hand,
PARP1M PARPTVT . .. . . .
PARP1 — inactivating mutations in either BRCAI1 or
Inhibition BRCA2 predispose to cancer and render cells
sensitive to PARP inhibitors.

Viable Lethal
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The following sections will discuss the two branches of this synthetic lethal interaction,
BRCA1 and BRCAZ2 roles in maintaining genomic integrity, as well as ADP-ribosylation as
a posttranslational modification largely mediated by PARP1, the main target of PARPi.
Specifically, I will discuss the activity of BRCA1 and BRCA?2 in ensuring faithful repair of
DNA double strand breaks (DSB) through their crucial functions within homologous
recombination, a major pathway for repairing DSB and maintaining genomic stability.
Furthermore, PARP1 functions in DNA damage response and replication along with PARPi

mode of action will be introduced.



1.3. BRCA1 and BRCA2 functions to maintain genomic integrity

1.3.1. Role of BRCA1 and BRCA2 in DSB repair through homologous
recombination repair pathway

Our genome's integrity faces constant challenges from various sources, including
environmental factors like high-energy radiation and mutagenic chemicals (18, 19).
Additionally, DNA replication itself is fraught with risks, as the process to replicate billions
of nucleotides is hardly to go without serious challenges including potential hindrances to
the DNA polymerase machinery from secondary DNA structures, replication-transcription
conflicts and DNA lesions, which can result in stalled or collapsed replication forks. Failure
to repair DNA damage or to resume stalled replication forks can lead to mutations or genomic

instability, ultimately contributing to cancer formation (20, 21).

Among the diverse array of DNA lesions, DSB stand out as the most serious threat to genomic
integrity, arising from direct exogenous insults or due to collapsed replication forks. To
counteract DSB, several evolutionarily conserved pathways of DSB repair have emerged,
each with distinct mechanisms, including homologous recombination (HR) and non-
homologous end joining (NHEJ) (22, 23) (Fig. 2). In NHEJ, a protein complex comprising
mainly of Ku70-Ku80 proteins and DNA-dependent protein kinase (DNA-PK) binds to the
DNA broken ends, recruiting additional proteins to trim the ends, fill in any gaps, and finally
seal the breaks by ligating the ends (24). While NHEJ is highly efficient in repairing DSB, it
often results in deletions or insertions leading to genomic instability. On the other hand, HR
is considered the most faithful mechanism for repairing DSB as it maintains genomic stability
(25-27), by relying on a homology sequence to serve as a template for restoring the missing
part of the DNA. Due to the fact that HR requires the sister chromatid as a template for DSB
repair, its function is predominantly limited to the S and G2 phases of the cell cycle (28, 29).
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Figure 2: The two main pathways for DSB repair

DSB in the cell are repaired through two main pathways. In non-homologous end joining (NHEJ), 53BP1
blocks DNA end resection promoting NHEJ, where Ku70-Ku80 bind DNA ends and recruit DNA-PK. The
DNA ends are processed by Artemis then ligated through the activity of XRCC4 and Ligase I'V. This process
could result in insertions or deletions of DNA, eventually causing genomic instability. In homologous
recombination (HR), 53BP1 is blocked by BRCA1 which allows for DNA end resection by the MRN
complex consisting of MRE11-RADS50-NBS1. The single-stranded DNA is covered by RPA to protect it
from nuclease activity, this is followed by RPA-Rad51 exchange mediated by BRCA1 and BRCA2. The
Rad51 filaments lead the DNA homology search and strand invasion which eventually allow for faithful
repair of DSB restoring the original DNA sequence and maintaining genomic stability.

During HR, DSB ends undergo nucleolytic degradation in a process called end resection.
This results in deletion of around hundreds of nucleotides to generate a 3’ single-stranded
DNA (ssDNA) overhang. The 3’ ssDNA overhang is covered by replication protein A (RPA),
which is later exchanged by the recombinase Rad51 (30-34). This sequential occupancy of
DSB end resected DNA is explained by different binding affinity of RPA and Rad51 to
ssDNA. The strong binding affinity of RPA to ssDNA facilitates “smoothing” of these DNA
stretches from any secondary structures to allow for unhindered recruitment of Rad51 (35).
Considering that Rad51 binding affinity to ssDNA is only slightly higher than to double-
stranded DNA (dsDNA) (36, 37), the RPA coating step prevents creation of Rad51-dsDNA

structure which is dysfunctional for homology search and strand invasion (38—40).
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BRCALI is fundamental to HR execution. The first evidence of BRCAI role in DSB repair
by HR came from observing a colocalization of BRCA1 and the recombinase Rad51 at
nuclear foci induced by ionizing radiation (41). Additionally, it was reported that BRCA1
deletion in mouse and human cells resulted in failure to mount Rad51 foci at sites of DNA
damage (42, 43), a crucial event in HR. Moreover, BRCA1 is implicated in the DNA end
resection of DSB, as it associates with the MRE11-RADS50-NBS1 nuclease complex and the
end resection factor CtBP-interacting protein (CtIP) (44, 45). Similar to BRCAI, loss of
BRCAZ2 leads to defective HR repair (46, 47), due to its main role of regulating the formation
of Rad51 filaments (32, 33). A protein complex comprised of BRCA1 along with its obligate
binding partner BRCA1-associated RING domain 1 (BARD1), BRCA2-Sem]1 and partner
and localizer of BRCA2 (PALB2) functions to ensure the exchange of RPA and Rad51 on
ssDNA (48), a crucial step in HR that precedes the homology search and strand invasion.
BRCA1-BARDI1 complex physically binds Rad51 (49) and BRCAI interacts with PALB2
which facilitates recruitment of BRCA2 to DNA damage sites to assemble Rad51 (50, 51).
Impairment in BRCA1-PALB?2 interaction leads to defective HR (50, 51).

1.3.2. BRCAI1 and BRCA?2 in DNA replication

Replication of our genome is a vulnerable process even under normal conditions due to its
complexity. Challenges such as DNA lesions, replication-transcription conflicts or difficult-
to-replicate regions slow down or stall replication forks leading to replications stress (20, 52).
Stalling of replication forks necessitates the restart of these forks to finalize duplication of
the genetic material prior to mitotic entry to prevent lethal DNA breakages. Stalled forks can
be triggered by uncoupling of the helicase-polymerase within the replication machinery as
well as endogenous DNA damage, which results in ssDNA gaps and subsequent replication

stress (53, 54).

A defining feature of BRCAIl-deficient cells is the replication stress underlined by
impairment in resolving stalled replication forks (5, 55). The first evidence of BRCA1 role
in mitigating replication stress was described in a study utilizing hydroxyurea (HU), an agent
that blocks ribonucleotide reductase activity, causing nucleotide pool depletion (56). In HU-

treated cells, BRCA1 and Rad51 colocalize at S phase-specific foci indicated by Proliferating
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cell nuclear antigen (PCNA), likely revealing stalled replication forks (56). BRCA1 was also
shown to be recruited to stalled replication forks along with the MRE11-RADS50-NBSI1
nuclease complex and the helicase Bloom syndrome protein (57), where it protects stressed
forks from MRE11-mediated nucleolytic degradation (58). Multiple players of the SNF2
helicase family, specifically SMARCAL1, ZRANB3 and HLTF, mediate stalled fork
remodeling in a process called ‘fork regression’ to produce a branched structure with a single

DNA end, that is degraded by MRE11 when either BRCA1 or BRCA2 is absent (59).

BRCAZ2 is also crucial for preserving stalled forks from degradation by MRE11 (60) and
EXO1 (61). HU treatment in BRCA2-deficient cells results in severe MRE11-dependent fork
degradation (58, 61-63), which is rescued by inhibiting MRE11 function or reintroduction
of BRCA2 (58). This function of BRCA?2 at stalled replication forks is regulated by BRCA1
and PALB2, since downregulating either of them impairs this function resulting in
destabilization of the replication forks (59, 64, 65). Moreover, fork recovery in Rad51-
independent manner is also mediated by BRCA2 and PLAB2 which directly interact with
Poln and recruit it to sites of stalled and collapsed replication forks to initiate DNA synthesis

(66).

Another source of replication stress is the physical hindrance by secondary structures that
impede fork progression. Among such structures is R-loop, an RNA-DNA hybrid which
reflects replication-transcription conflict. Ongoing replication machinery colliding with
accumulated R-loops causes collapse of the replication fork and DSB (67). It has been shown
that BRCA1 promotes R-loop resolution (68) by working together with senataxin, an RNA-
DNA hybrid helicase that plays role in resolution of R-loop structures (69). In a similar
fashion, BRCA1 and BRCA2 are important for resolving interstrand crosslinks (ICLs), which
hinder DNA replication. These ICLs induced by chemical agents such as platinum salts or
due to byproducts of cellular metabolism lead to a sensitive phenotype in BRCA-deficient

tumors (70, 71).

Overall, the important role of BRCA1 and BRCA2 in maintaining genomic stability through
their functions in DSB repair or replication is also highlighted by their tumor suppressor roles
and the adverse effects of their loss of function (48, 72-74). Meta-analyses have

demonstrated that carriers of BRCA1 pathogenic mutations have a mean cumulative breast
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cancer risk of 57% by age 70, while carriers of BRCA2 mutations have a risk of 49% (75).
Similarly, the mean cumulative ovarian cancer risk by age 70 for BRCA1 mutation carriers
1s 40% and for BRCA2 mutation carriers is 18% (75). Therefore, the possibility of selective
targeting of BRCA-deficient tumors with PARPi offered a breakthrough in the field of
personalized cancer treatment and encouraged further research to expand the applicability of

these drugs.

1.4. ADP-ribosylation and PARP inhibitors
1.4.1. PARP1 as the main catalyzer of ADP-ribosylation

ADP-ribosylation is a posttranslational modification of proteins defined by metabolizing the
enzyme cofactor nicotinamide adenine dinucleotide (NAD™) for the addition of mono-ADP-
ribose (MAR) or poly-ADP-ribose (PAR) to proteins or nucleic acids. Proteins can be
modified on glutamate, aspartate (76), serine (77), threonine (78), arginine (79, 80) and
cysteine (81). Furthermore, recent reports demonstrated that both DNA (82, 83) and RNA
(84-86) can be ADP-ribosylated as well. ADP-ribosyltransferases (ARTs) are the main
writers of ADP-ribosylation. Most of the mammalian ARTs are classified under the ADP-
ribosyltransferase diphtheria-toxin like (ARTD) subfamily (87). In humans, there are 17
ARTDs (88), which were previously called PARP. However, considering that only PARPI,
PARP2, TNKSI, and TNKS?2 are able to catalyze PAR chain while all other family members
catalyze MAR, it was suggested that ART should be used as a unified nomenclature, while

PARP would be adopted to differentiate among the different ART members (87).

As with other posttranslational modifications, ADP-ribosylation is reversible through a group
of ADP-ribose hydrolase enzymes. These enzymes differ in their hydrolase ability based on
whether they can recognize and cleave MAR or PAR chain. Poly(ADP-ribose)
glycohydrolase (PARG) specifically cleaves the glycosidic bonds between ADP-ribose units
hydrolyzing the PAR chains in an exo- or endo-glycosidic manner (89, 90). While PARG is
the main enzyme reversing Poly-(ADP-ribosylation) (PARylation) by hydrolyzing ~90% of
PAR chains, it cannot cleave the protein-bound proximal ADP-ribose unit (89, 91). The
remaining ADP-ribose unit attached to the protein is cleaved by the MAR-erasers terminal
ADP-ribose protein glycohydrolase (TARGI) (92), MacroD1 or MacroD2 (93, 94). Those
MAR-erasers specifically hydrolyze the ester bond between terminal ADP-ribose and the

13



aspartate and glutamate residues (95). Importantly, TARG1 possesses the ability to cleave the
entire PAR chain attached to glutamate residues (92, 96). The ADP-ribosyl hydrolase (ARH)
family includes three enzymes, ARH1-3. Among them ARH3 has the strongest catalytic
activity with the ability to hydrolyze the O-glycosidic bond of both MAR and PAR linked to

serine residues (97, 98).

PARP1 is the main catalyzer of ADP-ribosylation and the most studied one. It is a highly
abundant nuclear protein which is involved in many cellular processes (99). PARP1 is well-
investigated for its role in the DNA damage response and repair. It has the ability to recognize
and bind ssDNA breaks and promote the recruitment of XRCCl, a scaffold protein pivotal in
the repair of ssDNA breaks (100). PARP1 is directly involved in the regulation of multiple
repair pathways including base excision repair (BER), nucleotide excision repair (NER) as
well as HR and NHEJ (99). Mechanistically, PARP1 is among the first responders to DNA
lesions, it rapidly recruits to damage sites and gets activated modifying itself along with other
proteins in the vicinity of the lesions (88, 99), leading to massive opening of the chromatin
environment to allow for DNA repair proteins to be recruited and initiate the repair process
(101). PARP1’s role in regulating chromatin structure can be attributed directly to its ADP-
ribosylation activity on histones (101) or indirectly by mobilizing PAR-binding chromatin
remodelers such as Amplified in Liver Cancer 1 (ALC1) (102, 103). This process requires
beside PARP1 activity, the presence of histone PARylation factor 1 (HPF1) to mediate serine
ADP-ribosylation which is a crucial step to guarantee timely and efficient repair of DNA

lesions (77, 101, 104).

Beside DNA lesions, PARP1 plays a role in DNA replication as it can bind stalled forks and
reduce replication speed to mitigate replication stress. Consequently, inhibiting PARP1 has
been shown to speed up replication forks causing genomic stress (105). In unperturbed
scenarios, PARylation is restricted to S-phase (106), as PARP1 can recognise and bind
unligated Okazaki fragments, where PARylation serves as a signal to promote their
processing and ligation, therefore PARP1 promotes nascent DNA maturation on the lagging
strand (106, 107). On the leading DNA strand, inhibiting PARP1 is a source of ssDNA gaps
due to the upregulation of primase-polymerase (PRIMPOL)-mediated repriming of DNA

synthesis upon encountering a replication obstacle (108). Additional to its function in
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replication and DNA repair, PARP1 has been implicated in plethora of cellular processes,
including regulation of other posttranslational modifications, gene expression, ribosome
biogenesis, RNA processing and cell death. While these processes are outside the scope of

this thesis work, they were discussed more in detail in these excellent reviews (99, 109).

1.4.2. PARP inhibitors in cancer therapy

PARPi as a term usually refers to compounds that mainly target and inhibit PARP1 and
PARP2 by binding to the catalytic pocket of the enzyme and outcompeting NAD", therefore
blocking the enzymatic function (110, 111).

Due to the role of PARP1 in the DNA damage response, PARPi were first developed in the
1990s as sensitizers in combination with other therapeutic strategies (112, 113), including
sensitization to DNA-methylating agents and the topoisomerase 1 poisons, such as
camptothecin. Furthermore, in vivo preclinical studies with a combination of the PARP
inhibitor, Rucaparib, and the alkylating drug temozolomide showed profound tumor
regression (114, 115). This laid the groundwork for the first clinical trial of this combination
for the treatment of patients with cancer, however, the outcome of the treatment proved the
combination to be highly toxic (116, 117). Although further studies explored the potential of
combining PARPi with platinum-based drugs (118) as well as ionizing radiation (117, 119),
no approval has been granted to a combination of either conventional chemotherapy or

radiotherapy with PARPi.

At the same time, mounting evidence pointed to the importance of PARP1 activity at sites of
DNA damage repaired by HR pathway, and how cells lacking factors implicated in the repair
of ssDNA breaks, such as XRCC1, became dependent on HR functionality (120, 121). This
justified the notion that inhibiting PARP1 in cells lacking functional HR may lead to their
selective killing, a hypothesis that gained more importance in the context of cancer therapy
as BRCA1 and BRCAZ2 genes were established as tumor suppressors crucial for the seamless
activity of HR pathway (122). Building on these data, two landmark studies in 2005
illustrated experimentally the sensitivity of BRCA-deficient tumor models to PARPi (16, 17).
These studies demonstrated the possibility of exploiting a feature of tumors (BRCA

deficiency) for selective treatment, paving the way for a new strategy in cancer therapy.
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Following these preclinical studies, clinical trials began to assess the efficacy of PARPi as a
single agent in the treatment of ovarian and breast cancers with BRCA deficiency, which led
in 2014 to the approval of the first PARP1, Olaparib, as a maintenance therapy for patients

with germline BRCA mutations and platinum-sensitive ovarian cancer.

PARPi block ADP-ribosylation and impair PARP1 dynamics at the sites of DNA damage.
Faithful repair of DNA breaks requires a delicate balance between PARP1 recruitment to the
damage site and its timely release (123) (Fig. 3). The main mechanism by which PARPi
toxicity is explained is based on the fact that upon PARP1 recruitment to the site of DNA
damage, PARPi inhibit its catalytic activity preventing its automodification which is
important for PARP1 release from the damage site. This would cause increased retention of
chromatin-bound PARP1 which is termed as ‘PARP1 trapping’. The PARP1-DNA complexes
form physical barriers to replication forks leading to its collapse upon collision with these
barriers and causing DSB (99, 124). Therefore, the mode of action of PARPi which underlies
their cytotoxicity is through trapping of inhibited PARP1 on chromatin rather than just
blocking ADP-ribosylation (124).

However, this definition of PARP1 trapping is being challenged recently by a new model
suggesting that the affinity of PARP1 binding to the damage site is governed by modulation
of its allostery (125). This model proposes to classify PARPi ability to ‘trap’ PARP1 based
on their capability to remain engaged with the catalytic pocket of PARPI1 (off-rate), an
inhibitor with low off-rate such as Veliparib will favor rapid release of PARP1 from the
damage site compared to an inhibitor with higher off-rate such as Talazoparib (111, 126, 127).
It should be noted, however, that in order to translate this model into a clinical aspect, that is
to correlate the inhibitor’s ability to retain PARP1 on damage site with its potency in the
context of inducing cell death, HPF1 should be taken into consideration for its direct role in
promoting PARPI activity. This is in light of a recent study demonstrating that cytotoxicity
of PARPi correlates better with the off-rate of a PARP1-HPF1 complex as compared to
PARP1 alone (128). Taken together, the ‘trapping’ model of PARP1 on the DNA lesion can
be better resembled by continuous recruitment of PARP1 molecules in a rate that exceeds

their release rather than the physical stalling of a molecule on the lesion.
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Figure 3: The role of PARP1 is ssDNA break repair

A representation of PARPI role in the base-excision
repair pathway (BER). PARPI1 is recruited to sites of
single-stranded DNA breaks and catalyzes ADP-
ribosylation of neighboring proteins to facilitate
recruitment of other repair factors such as XRCC1 and
LIG3, which mediate repair of the breaks. Moreover,
PARP1 ADP-ribosylates itself to promote its dissociation
from the DNA break. Upon PARP inhibitor (PARPi)
treatment, ADP-ribosylation is blocked and PARPI
retention on the damage site is increased leading to DSB,
which can be repaired faithfully in HR-proficient genetic

background. However, if HR is compromised, the DSB
m I either persist or are repaired by NHEJ resulting in
& genomic instability which underlies the cytotoxicity of
~ PARPi in HR-deficient genetic background.

So far, four PARPi (Olaparib, Rucaparib, Niraparib and Talazoparib) have been granted
regulatory approval to be used in the clinic to treat patients with breast, ovarian, pancreatic,
or prostate cancers, characterized by impairment in their HR, while continuous research is
ongoing to identify other hallmarks of PARPi1 sensitivity and expand their usage at the
bedside.

1.5. Hallmarks of PARP inhibitor sensitivity
1.5.1. Homologous recombination deficiency

The first model to explain the synthetic lethality of PARPi1 and BRCA-deficient tumors
demonstrated that PARP1 treatment led to persistence of unrepaired ssDNA breaks, and upon
colliding with these breaks, replication forks collapsed causing DSB. In the absence of
functional BRCA1/2, cells were unable to faithfully repair these breaks undermining their
viability (16, 17). This led to the approval of Olaparib as the first PARPi to be used in the
clinics for patients with ovarian and breast cancers carrying germline inactivating mutations

in BRCA1 or BRCA2.

Considering that PARP1 sensitivity depends on deficiency in the HR pathway due to BRCA

mutations, HR deficiency is suggested to be a feature that correlates with PARP1 sensitivity,
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and logically mutations in genes that cause defective HR are expected to confer susceptibility
to PARP1, or to underlie the ‘BRCAness’ phenotype, which describes a phenotype of HR-
defective tumors that do not exhibit germline mutations of either BRCA1 or BRCA2.
Moreover, large-scale sequencing efforts of cancer specimens reveal somatic mutations in
genes involved in HR pathway in ovarian (129), pancreatic (130, 131) and advanced prostate

cancers (132).

In support of this hypothesis, more studies demonstrate that BRCA status does not perfectly
align with the outcome of Olaparib treatment, with functional assays showing that nearly half
of investigated ovarian cancers are HR-defective regardless of their BRCA mutations (133—
135). Furthermore, inactivation of other genes that maintain functional HR including PALB2,
ATM, ATR, CHK1, CHEK2, DSS1/Sem1, RADS51, NBS1 and the Fanconi anemia (FANC)
family of genes results in PARPi sensitivity (136). Consequently, Olaparib was approved for
treatment of platinum-sensitive ovarian cancer regardless of BRCA status in 2017, and then

as a first-line maintenance therapy for ovarian cancer in 2019 (110).

On the basis of these data, several genomic and functional approaches have been developed
to assess the activity of HR repair pathway in a tumor specimen. This includes establishing
a mutational signature for BRCAness tumors, that is a pattern of genomic scars that the tumor
harbors due to its inability to engage HR (137-139). Another genomic approach is to employ
sequencing of gene panels that include HR-essential genes (140). Functional methodologies
can also be used to measure HR efficiency by directly monitoring the localization of key
factors of the HR pathway such as Rad51 (134, 141). These techniques can serve as powerful

tools in order to predict tumors’ response to PARPi treatment.

1.5.2. PARPi-induced ssDNA gap accumulation

A recently emerging model to explain PARP1 sensitivity is the accumulation of unprocessed
ssDNA gaps during replication. This is supported by the observation that cells deficient of
the helicase FANCJ showed PARPi resistance despite being defective in HR. This phenotype
correlates with suppression of ssDNA gaps in these cells (107). Importantly, high levels of
ssDNA gaps are detected in BRCA-deficient cells but not in BRCA-proficient ones (107).
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The source of these gaps is linked to two main processes. The first one is the defective
Okazaki fragment processing (106). The discontinuous synthesis of DNA on the lagging
strand during replication results in the formation of Okazaki fragments which are recognized
by PARP1. Then, PARP1 activity mediates the recruitment of XRCC1 which associates with
Ligase 3 (LIG3) and DNA polymerase B (POLP) to process and ligate these fragments
finalizing synthesis of the DNA lagging strand (106). Not surprisingly, elevated activity of
PARP1 can be detected in S-phase of the cell cycle when the PAR chain hydrolase PARG is
inhibited (106). Consistently, PARPi were found to interfere with the maturation of newly
synthesized DNA strands (142). These studies propose that interfering with lagging strand
synthesis causes accumulation of ssDNA gaps that is a source of susceptibility to PARPi

treatment.

The second source of ssDNA gaps arising in BRCA-deficient cells is linked to the DNA
leading strand and mediated by activity of the primase/polymerase PRIMPOL. A recent study
showed that upon PARP1i treatment ssDNA gaps form behind stalled replication forks due to
activity of PRIMPOL repriming the replication machinery past the stalled fork leaving
ssDNA gaps behind it (108). In the following S-phase, BRCA-deficienct cells fail to restrain
replication fork progression leading to collision with these persistent lesions and causing

DSB in a trans cell cycle manner (108).

Collectively, PARP1 plays a crucial role in ensuring seamless maturation of DNA strand
during replication and interfering with this role through inhibiting PARP1 leads to ssDNA
gaps arising on both DNA strands, which primes for cytotoxicity of PARPi treatment in
BRCA-deficient cells (107, 108, 142).

1.6. Mechanisms of PARP inhibitor resistance

Although PARPi have revolutionized cancer therapy and led to permanent positive outcomes
in many patients, cases of innate and acquired resistance pose a challenge to the efficacy of
the treatment and demand comprehensive understanding of the underlying mechanisms and
how to overcome them. Those can be divided into mechanisms that are independent of the
HR status, and ones that function through restoring the activity of this pathway. Mechanisms

of HR-independent PARPi resistance include upregulation of drug efflux pumps, loss of
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schlaffen 11 (SLFN11) and PARG deficiency, which are extensively discussed in recent
reviews (142-144). However, it is noteworthy that only the mechanisms arising from
reactivation of HR either through reversion mutations, BRCA1 hypomorphs or rewiring of
HR pathway due to loss of NHEJ factors have been observed clinically or in patient-derived

xenograft (PDX) models (143), therefore those ones will be further discussed here.

1.6.1. Secondary Reversion Mutations in HR Genes

Reversion mutations in BRCA genes to restore their functionality in HR were among the first
means of resistance to be described against PARPi and/or platinum therapy (144—-146). Those
are mostly genetic alterations that override the original mutation to restore BRCA function
either partially or completely as shown by rescuing Rad51 foci formation upon such reversion
mutations (147). Not surprisingly, these resistance-driving events have been identified in
many tumors from patients undergoing PARPi treatment, especially in ovarian cancer
patients where a meta-analysis of reversion mutations in BRCA genes identified 23% of such
events in relapsed ovarian cases after PARPi or platinum therapy (148). Importantly,
comprehensive analysis of tumor samples with reversion mutations implicated the mutagenic
micro-homology end-joining (MME]J) repair in generating these alterations with a frequency
reaching 30% in BRCA1 and almost 60% in BRCA2 deficient cases (148). Many of these
reversion mutations were predicted to encode tumor neoantigens, indicating a potential

mechanism to target these resistant tumors with immunotherapy (149).

Consistent with restoration of HR function as the driver of PARPi resistance, reversion events
were identified on cancers that had HR deficiency due to mutations in other HR genes
including Rad51C, Rad51D (150) and PALB2 (151). Considering that PARPi are now
approved to be used for treatment of certain cancers regardless of the BRCA status, it is
important to exploit the progress in large-scale DNA sequencing and non-invasive liquid
biopsies (152) to provide timely and accurate data regarding the status of fundamental HR
genes and the frequency of reversion mutations in a way that could inform better clinical

practices and improve therapy outcome for those patients.
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1.6.2. Restoration of HR Gene Expression

One mechanism that was identified for impairing HR in breast and ovarian cancers is
silencing of essential genes in the pathway such as BRCA1 and Rad51C by hypermethylation
of their promoters (153, 154), which correlated with PARPi sensitivity (155, 156). Similar
observation was detected for PARP1 sensitivity driven by deficiency of XRCC3 in prostate
cancer as a result of promoter methylation (157). This suggests that gene expression in these
tumors can be restored by loss of promoter hypermethylation leading to induction of PARPi

resistance.

While resistance to therapy through this mechanism was observed in ovarian cancer when
comparing biopsies before and after platinum therapy due to restoration of BRCAI1
expression (158), such phenotype has not been reported yet clinically in the case of post
PARPI treatment. Nevertheless, PARPI resistance was observed in PDX models of ovarian
cancer due to loss of Rad51C promoter methylation (159) as well as PDX models of breast
cancers due to reactivation of BRCA1 either by loss of hypermethylation or by novel gene

fusion that puts BRCA1 under transcription regulation of a heterologous promoter (160, 161).

1.6.3. HR rewiring due to loss of factors of NHEJ pathway

Since NHEJ can be active regardless of cell cycle phase and HR is limited to S and G2, these
two repair pathways are competing for DSB repair in S and G2. [f BRCA1 is active, it blocks
recruitment of the NHEJ factors 53BP1-RIF1 to sites of DNA damage, preventing the cells
from repairing DSB through NHEJ and committing to HR pathway (162). With this in mind,
loss of BRCA1 impairs HR and promotes DSB repair by NHEJ which causes genomic
instability. However, concomitant loss of both BRCA1 and 53BP1 overrides HR impairment
and drives PARPi resistance (163—165). The mechanism underlying this restored resistance
is explained by the ability of NHEJ to repair DSB with minimal DNA resection of the break
ends, while extensive end resection is crucial for HR functionality. A complex of 53BP1-
SHLD3-RIF1 can bind the ends of DSB shielding it from nuclease activity, hindering DNA
end resection and committing the cell to NHEJ. Therefore, in BRCA1-deficient cells, loss of
53BP1 prevents association of the 53BP1-SHLD3-RIF1 complex with the break site,
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facilitating end resection by nucleases including MRE11, CtIP, EXO1 and DNA2 leading to
BRCAT-independent HR repair (166, 167). In a similar fashion, loss of another NHEJ factor,
REV7 also drives PARPi resistance in BRCA 1-deficinet background by promoting DNA end
resection mediated through the activity of CtIP nuclease, therefore restoring HR functionality

(168).

Crucially, PARPi resistance through restoration of DNA end resection was detected only in
BRCA1-deficient background and not in cells lacking BRCAZ2. This is because the function
of BRCA2 in mediating the exchange of RPA by Rad51 on the ssDNA overhangs is
downstream of the DNA end resection step (163—165).

So far, PARPi resistance through rewiring of HR has been identified clinically only in the
case of 53BP1 loss (147), calling for further studies to uncover the clinical impact of losing
other factors of NHEJ on the outcome of PARPi therapeutic regimen. Moreover, it
emphasizes the importance of investigating molecular mechanisms to overcome PARPi

resistance induced by loss of 53BP1.

1.7. Identification of regulators of PARP inhibitor sensitivity

The breakthrough in cancer treatment strategies by the discovery of PARPi synthetic lethality
with BRCA-deficient tumors calls for extensive studies to identify other genes and pathways
that could exhibit synthetic lethality with PARPi and therefore lays the ground for expanding
their therapeutic applications. Advances in genetic engineering and next-generation
sequencing made it possible to conduct high throughput genetic screens with PARP1, which
aimed to identify genetic alterations that regulate PARP1 sensitivity (169—171). Similarly, we
conducted a comprehensive CRISPR-based knockout screen using the GeCKOv2 whole-
genome gRNA library (172) in wild-type HeLa cells along with the PARP1, Olaparib (173).
This approach aimed to enrich the population of cells resistant to Olaparib while depleting
those with heightened sensitivity. Among the genes identified to underlie sensitivity to
Olaparib upon their deletion are, the PAR-binding chromatin remodeler ALC1/CHDI1L and
the accessory subunits of DNA polymerase epsilon POLE3 and POLE4 (173).

ALCI is a chromatin remodeler classified as a member of the SNF2 family, with an ability

to be activated by binding PAR chains via its C-terminal Macro domain and catalyzes
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chromatin remodeling by nucleosome sliding through its ATPase domain (174,
175). Moreover, ALC1 overexpression leads to excessive chromatin relaxation upon DNA
damage (176), while its deletion interferes with the repair of ssDNA breaks by impairing
BER and NER repair pathways (177, 178). Clinically, ALCI is an oncogene associated with
poor prognosis and amplified in different solid tumors including hepatocellular carcinoma
(179, 180), non-small cell lung cancer (181) and ovarian cancer (182). Furthermore, ALC1-
depleted cells exhibit enhanced sensitivity to oxidative damage by H>O» as well as other

genotoxic stress inducers such as ultraviolet radiation (UV), and phleomycin (102, 178).

POLE3 and POLE4 are the accessory subunits of DNA polymerase epsilon (POLg), a protein
complex responsible for executing replication of DNA leading strand (183). It comprises of
four subunits, POLE1 is the catalytic subunit which associates with POLE2 along with
POLE3 and POLE4. Yeast studies showed that the yeast orthologues of POLE1 and POLE2,
Pol2 and Dpb2 are indispensable for survival, which is not the case for Dpb3 (POLE4 in
mammals) or Dpb4 (POLE3 in mammals) (184). Loss of the accessory subunits in yeast
decreases the processivity of the Pol2-Dpb2 subcomplex rather than stalling replication
completely, as a result of weak DNA binding leading to recurrent dissociation from the DNA
template, therefore leaving gaps on the DNA leading strand (185). The importance of these
accessory subunits in stabilizing the POLe complex is highlighted by the sensitivity to
replication stress inducers upon their loss (186, 187). POLE3 and POLE4 are crucial for
ensuring symmetrical histone segregation upon DNA replication through their H3-H4 histone
chaperon activity (188, 189). In line with their role within the chromatin environment, yeast
studies demonstrated a role of these accessory subunits in regulating heterochromatin

silencing (190, 191).

Taking into account the results of our CRISPR screen, as well as the known functions of
ALCI, POLE3 and POLE4 in maintaining genomic stability, this work aimed to investigate
the molecular mechanisms underlying the roles of these proteins in modulating PARPi

sensitivity.
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2. Aims

By employing CRISPR gene editing technique, along with molecular, cellular, biochemical
and immune-based assays performed in well-characterized cancer cell lines, this work aimed
to advance our understanding of the molecular mechanisms underlying PARP1 sensitivity and
resistance from a fundamental science perspective, with a potential clinical impact in the

context of diagnosis and/or drug target identification.
Specifically, we worked towards:

e Validating three of the top candidates identified in our CRISPR screen (ALCI,
POLE3, POLE4) in the context of PARP1i sensitivity.

e Characterizing the molecular mechanism by which PARPi sensitivity is induced
when ALC1 and POLE4 are deleted.

e Investigating whether targeting these genes (ALC1 and POLE4) enhances the
sensitivity of BRCA-deficient cells to PARPi and overcomes acquired resistance due

to loss of 53BP1.
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3. Materials and Methods

3.1. Cell lines and cell culture

U20S and HeLa cell lines utilized in this work were cultured in DMEM (Biosera)
supplemented with 10% FBS, 100 pg/ml penicillin, 100 U/mL streptomycin and 1% NEAA

and maintained at 37°C in a 5% COz incubator unless otherwise stated.

For experiments concerning the ALC1 project, BRCA27A!' (BRCA2™),
BRCA2AALL (BRCA27") were kind gift from Scott E Kern lab (192), U20S YFP-ALCI,
U20S PARP1 KO, and U20S ALC1 KO #1 were generated earlier (176). Additional
U20S ALC1KO cells were generated in this work using wild-type U20S cells as the parental
cell line. U20S ALC1/PARP1 double knockout cells were generated by knocking out ALC1
in PARP1 KO U20S cells.

RPE-1 p53 KO and RPE-1 p53/BRCAL double KO cells were kind gift from Alan D.
D’Andrea lab (193) and grown using DMEM-F12 (Biosera) supplemented with 10% FBS,
100 pg/ml penicillin, 100 U/mL streptomycin.

POLE3 KO and POLE4 KO cell lines were engineered in this study from wild-type HelLa
cells using CRISPR/Cas9 technology. The HeLa cell line was authenticated by STR profiling
(Eurofins Genomics) and had 100% match with HelLa (amelogenin + 12 loci) using the

Cellosaurus cell line database (194).

The sgRNA sequences for CRISPR/Cas9 targeting are:

sgPOLE3: 5’>-GTACAGCACGAAGACGCTGG-3’

sgPOLE4: 5°-GTCGGGATCTGCCTTCACCA-3’

ALC1 KO sgRNA Exon 9 Top: 5’-CACCGACCACCTGACTGAGGCTAG-3’
ALC1 KO sgRNA Exon 9 Bottom: 5’-AAACCTAGCCTCAGTCAGGTGGTC-3’
ALC1 KO sgRNA Exon 13 Top: 5’-CACCGTATATCATATCATACCTGG-3’

ALCI KO sgRNA Exon 13 Bottom: 5’-AAACCCAGGTATGATATGATATAC-3’

25



3.2. RNA Interference and Plasmid Transfection

pSpCas9(BB)-2A-Puro (PX459) V2.0 utilized to produce the knockouts was provided from
Feng Zhang lab (Addgene, plasmid #62988) (195). The piRFP670-ALC1, and piRFP670-
ALC1 E175Q (196); pmEGFP-ALC1 and pmCherry-ALC1 G750E (175); and pmCherry-
ALC1, pmCherry-ALC1 K77R, pmCherry-ALC1 E175Q (176) plasmids were previously
described. Plasmid transfections were done with Xfect (Takara) following to the

manufacturer’s guidelines.

RNA interference experiments with sSiRNA (sequences in Table S1) were performed with
Dharmafect (Dharmacon) or RNAIMAX (Lipofectamine) transfection reagents following the

manufacturers’ protocol. Downregulation was verified by western blotting using specific

antibodies (detailed in Table S2).

For rescue experiments of POLE4 KO, the cells were transfected with pmEGFP-C1 and
either pcDNA5-FRT-TO or pcDNA5-FRT-TO-POLE4 using TransIT®-LT1 Transfection
Reagent (Mirus) 24-48 h prior treatment. POLE4 expression was verified by Western
blotting.

3.3. PARP1 recruitment to sites of laser irradiation

Cells were grown in 8-well Lab-Tek Il chambered cover glass 30 (Thermo Scientific) and
transfected 48 h prior to imaging with GFP-tagged PARP1 or GFP-tagged PARP1
chromobody (Chromotek). For sensitization, growth medium was changed to medium
containing 0.15 pg/mL Hoechst 33342 for 1 hour at 37 °C. Before imaging, the sensitizing
medium was then replaced with COz-independent imaging medium (Phenol Red-free
Leibovitz’s L-15 medium (Life Technologies) supplemented with 20% fetal bovine serum,
2 mM glutamine, 100 pg/mL penicillin and 100 U/mL streptomycin). For PARP inhibition

conditions, cells were treated with Olaparib (30 nM) for 30 min prior to imaging.

Live-cell imaging experiments were conducted on a Ti-E inverted microscope from Nikon
equipped with a CSU-X1 spinning-disk head from Yokogawa, a Plan APO 60x/1.4 N.A. oil-
immersion objective lens and a SCMOS ORCA Flash 4.0 camera. Laser microirradiation at

405 nm was performed along a 16 pm-line through the nucleus using a single-point scanning
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head (iLas2 from Roper Scientific) coupled to the epifluorescence backboard of the
microscope. The laser power at 405 nm was measured before each experiment to maintain
consistency across the experiments and set to 125 uW at the sample level. Cells were kept at

37 °C with a heating chamber. Protein recruitment was quantified using a custom-made

Matlab (MathWorks) routine.

3.4. Immunofluorescence

For non-denaturing BrdU staining, cells were cultured with 20 uM BrdU-containing medium
for 48 h, the medium was then changed to 10 uM Olaparib-containing medium for 24 h. Cells
were washed with PBS, pre-extracted with 0.5% Triton X-100 in PBS for 5 min at 4°C then
fixed with 4% paraformaldehyde (PFA) for 15 min at 4°C. Permeabilization was done using
0.5% Triton X-100 in PBS for 10 min followed by blocking with 5% FBS in 0.1% Triton X-
100 for 45 min at room temperature, then incubated with primary antibody (Table S2) diluted

in blocking solution overnight at 4°C.

For Rad51 experiments, cells were challenged with 10 uM Olaparib-containing medium for
48 h prior to washing with PBS and pre-extraction with pre-extraction buffer (10 mM Tris-
HCI, 2.5 mM MgCI2, 0.5% NP-40, 100x Protease inhibitor cocktail (Roche)) for 5 min at
4°C. Fixation was done using 4% PFA for 15 min at 4°C followed by permeabilization,

blocking and antibody incubation as described earlier.

Following overnight incubation with the primary antibodies (Table S2), cells were washed
three times with 0.1% Triton X-100 and incubated at room temperature with fluorescently
tagged secondary antibody (Table S2) for 1 h. Next, cells were washed with 0.1% Triton X-
100 and counterstained with DAPI (1 pg/mL in PBS) for 10 minutes.

Z-stacks of images were acquired on a Zeiss LSM800 confocal microscope with a Plan-
Apochromat 20x/0.8 M27 or a water immersion Plan-Apochromat 40x/1.2 DIC M27
objective controlled by the ZEN 2.3 software. Fluorescence excitation was performed using
diode lasers at 405 nm for DAPI, 488 nm for Alexa Fluor 488, 561 nm for Alexa Fluor 555
and 650 nm for Alexa Fluor 647. Images were analyzed after generating maximum intensity

projections of the z-stacks using custom CellProfiler pipelines (197).
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3.5. Alkaline comet assay

U20S WT or ALC1 KO cells were treated or not with 1 uM Olaparib for 1 hour before
irradiation. X-ray irradiation was conducted at 90 kV and 150 mA with a dose of 2 Gy using
a Trakis XR-11 x-ray machine. Cells were collected 30 min after x-ray treatment and washed
with 1x PBS. Cells were embedded in 1% low-gelling-temperature agarose (approximately
5000 cells/ml) and rapidly dropped onto 1% agarose-covered surface of precoated
microscope slides. After agarose has solidified, samples were lysed in alkaline lysis solution
[1.2 M NaCl, 100 mM Na:EDTA, 0.1% sodium lauryl sarcosinate, and 0.26 M NaOH (pH >
13)] overnight at 4°C in the dark. Samples were then washed with rinse solution [0.03 M
NaOH and 2 mM NaEDTA (pH ~ 12.3)] for 20 min. Microscope slides were then
submerged in an electrophoresis chamber containing fresh rinse solution, and electrophoresis
was run for 25 min at a voltage of 0.6 V/cm (198). Comets were visualized by Hoechst
staining. One hundred comet images from each slide were analyzed in Fiji (Imagel) (199)
after generating the maximum intensity projections of z-stacks. The tail moment lengths—
the distance between the centers of the nucleus and the tail—were plotted.

3.6. BrdU comet post-replication repair assay

Cells were plated in 24-well plate at a density of 3x10° cells/well. Next day the cells were
pulse-labeled with 25 uM of the nucleotide analog BrdU, and incubated at 37 °C for 30 min.
Then, the cells were washed with PBS and challenged or not with hydroxyurea (4 mM) for 3
h. Cells were then harvested (corresponding to 0 h repair) or left to perform post-replicative
repair for additional 3 h. Cells were embedded in 0.75% low melting agarose and layered
onto microscope slides (pre-coated with 1% agarose), covered with coverslips, and left to

solidify for 5 minutes at 4°C.

The following steps were performed as described previously (200) with a slight modification
detailed below. The alkaline lysis was done in 0.3 M NaOH, 1 mM EDTA, pH 13 for 2 hours
in Coplin jars. The DNA was left to unwind for 40 minutes in this ice-cooled electrophoresis
buffer. The electrophoresis was subsequently performed at 1 VV/cm (25 V, 300 mA) for 30

minutes in the same buffer at 10 °C.
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Next, the slides were washed with neutralization buffer (0.4 M Tris-HCI, pH 7.4), blocked
with PBS containing 1% BSA for 20 minutes at room temperature and incubated with the
primary antibody (Table S2) for 2 h at room temperature. The primary antibody was washed
off and slides were incubated with secondary antibody (Table S2) for 2 hours at room
temperature then mounted by Fluoromount mounting solution containing DAPI, covered
with coverslips and stored at 4°C until microscopy. Imaging was done with Zeiss Axioscope
Z2 fluorescent microscope. Scanning of images was done using automated scanning platform
of Metasystem and the quantitation of comets was done by Metasystems Neon Metafer4
software. Three independent experiments were done with duplicate slides, 150-300

comet/slides were scored.

3.7. DNA fiber assay

Exponentially growing cells were pulse labelled with 25 uM IdU for 20 min in 37C°, washed
twice with prewarmed PBS and then labeled with 250 uM C1dU (chlorodeoxyuridine) in the
presence or absence of Olaparib (10 uM), cells were collected, and DNA fiber spreads were
prepared as described previously (201). Briefly, 2 ul of cells resuspended in PBS (10°
cells/ml) were spotted onto clean glass slides. Cells were lysed with lysis solution (0.5%
sodium dodecyl sulphate (SDS) in 200 mM Tris-HCI (pH 7.5), 50 mM EDTA), then tilted at
15° to the horizontal, allowing a stream of DNA to run slowly down the slide. Next, slides
were air-dried for 20 minutes and fixed in methanol-acetic acid (3:1) and let dry for 10
minutes. Fixed fibers were rehydrated in water for 5 minutes and denatured (2.5 M HCI for
1 h) and blocked in blocking buffer (1% bovine serum albumin and 0.1% Tween20) for 1h.
Incubation with the two primary antibodies (Table S2) was done for 2 hours in humidified
chamber at room temperature. Slides were washed and incubated with the secondary
antibodies (Table S2) for 90 minutes in humidified chamber at room temperature. DNA fibers
were imaged using Axioscope Z2 fluorescent microscope (Zeiss, Germany) with a 60x
objective. The lengths of DNA tracks corresponding to IdU and CldU labelling were
measured using the Zen (Zeiss) software. In each experiment, a minimum of 200 independent
fibers were analyzed per experiment. All measurements of 4 independent experiments were

summarized in a dot plot created in GraphPad10.2.
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3.8. Cell survival assays

For work concerning ALC1 experiments, clonogenic cell survival assays were performed
with U20S WT, ALC1 KO, PARP1 KO, and ALC1/PARP1 double knockout. Cells were
seeded in defined numbers and treated with Olaparib, Veliparib, or Niraparib (Selleckchem;
30, 300, and 3000 nM) for 24 hours, then washed and incubated for 14 days. The obtained
colonies were fixed with methanol:acetic acid (3:1) and stained with crystal violet (Sigma-
Aldrich). The fraction of the surviving cells was calculated and normalized to nontreated

conditions.

For POLE4-related work, POLE4 KO, POLE3 KO and their parental wild-type cells were
seeded in defined numbers in 96-well plates and treated for one week with Olaparib (0, 0.45,
0.9,1.8,3.7,7.5, 15, 30 uM), Rucaparib (0, 0.45, 0.9, 1.8, 3.7, 7.5, 15 uM), Talazoparib (0,
15, 31, 62, 125, 250 nM), or ATRi (0, 0.6, 1.2, 2.5, 5, 10 uM) (Table S3). For experiments
with the combination of ATRi and Olaparib, 1 uM Olaparib was used along with 0.6 uM of
ATRI. For experiments with RNAI-induced BRCA1 depletion the concentrations of Olaparib
were 0, 0.3, 0.6, 1.2, 2.5, 5 and 10 uM. After 7 days of incubation, the supernatants were
aspirated and resazurin (Sigma) solution was added (25 pg/ml in Leibowitz’s L-15, Gibco).
The fluorescent resorufin product was measured after 30-60 min using a Biotek Synergy H1
microplate reader with a 530/590 filter set. The fraction of the surviving cells was calculated

and normalized to nontreated conditions.

3.9. Flow cytometry for intracellular markers and cell cycle analysis

Cells were harvested with TrypLe Select (Gibco), washed with PBS and fixed with ice-cold
ethanol. For labelling the intracellular markers, the cells were permeabilized and blocked
with 0.5% Triton X-100 and 5% FBS in PBS, and then incubated with the appropriate
primary antibody (Table S2) overnight at 4 °C. Next, the cells were washed two times with
PBS, and incubated with fluorescently tagged secondary antibodies (Table S2) for 2 h at
room temperature. Finally, the DNA staining solution was added (10 pg/mL propidium-
iodide and 10 pg/mL RNase in PBS) for 15 min at room temperature. The samples were

analyzed with CytoFLEX S flow cytometer (Beckman Coulter Life Sciences) or
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FACSCalibur (Becton Dickinson). The measurements were evaluated with Kaluza Analysis

software (Beckman Coulter Life Sciences).

3.10. Western blotting

Protein samples were prepared for SDS—polyacrylamide gel electrophoresis in 4x sample
buffer (10% SDS, 300 mM Tris-HCI, 10 mM B-mercaptoethanol, 50% glycine, and 0.02%
bromophenol blue). Separated proteins were blotted onto nitrocellulose or PVDF
membranes, blocked for 1 hour at RT in 5% low-fat milk or 5% BSA in 0.1% Tris-buffered
saline, and incubated with primary antibodies (dilution specified in Table S2) overnight at
4°C. Horseradish peroxidase-conjugated secondary antibodies were used for 1 hour at room
temperature. Membranes were developed with enhanced chemiluminescence using Odyssey

Fc Imaging System (LI-COR Biotechnology).

3.11. Statistical analysis

All experiments were done at least in triplicates and for immunofluorescence experiments at
least 200 cells were scored. A minimum of 10 cells were irradiated in live-cell imaging
experiments. Graphing and statistical analysis were done using GraphPad Prism versions 6
and 7. Statistical analysis of cell survival experiments was done using two-way ANOVA.
PARP1 recruitment experiments were analyzed using Mann-Whitney unpaired t-test.
Statistics for immunofluorescence experiments were performed using one-way ANOVA.
Asterisks represent p values, which correspond to the significance (*p < 0.05, **p < 0.01,
***p < 0.001 and ****p < 0.0001).
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4. Results
4.1. Deciphering the role of ALC1 in inducing PARP inhibitor sensitivity

4.1.1. Loss of ALC1 underlies sensitivity to PARP inhibitors and increased genomic
instability

To confirm the influence of ALC1 depletion on PARP1 sensitivity, we utilized CRISPR/Cas9
gene editing to create ALC1 knockout (ALC1 KO) cell lines in U20S cells (Fig. 4A) and
tested their sensitivity to Olaparib. All tested clones of ALCI KO cell lines exhibited
sensitivity to Olaparib, even at low doses, validating their synthetic lethality with PARP1
(Fig. 4B). To investigate whether the synthetic lethality between ALC1 KO and PARPi
necessitated the presence of the PARP1 protein, we generated ALC1/PARP1 double knockout
cell lines (Fig. 4B). Consistent with prior findings, PARP1 KO cells were resistant to
Olaparib treatment (Fig. 4B). Consequently, PARP1 loss in ALC1 KO cells reduced their
sensitivity to PARPi as well (Fig. 4B). These outcomes align with the requirement of PARP1
for PARPi1 toxicity (124). Moreover, ALC1 KO cells demonstrated sensitivity to other PARP
inhibitors, such as Veliparib and Niraparib, which exhibit differing trapping potentials
compared to Olaparib (Fig. 4C, D) (202). Importantly, the sensitivity of ALC1 KO cells to
PARPiI treatment was partially reversed when complemented with wild-type ALC1 (Fig. 4E),
whereas complementation with a PAR-binding mutant of ALC1, incapable of recruitment to
DNA damage sites, or ATPase-deficient mutants of ALC1, which recruit to DNA damage
sites similar to wild-type ALC1 but cannot remodel the chromatin, failed to rescue sensitivity.
Collectively, these findings highlight the critical role of ALC1 in conferring resistance to
PARPiI.
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Figure 4: ALC1 deficiency leads to PARPi sensitivity

(A) Western blot analysis of wild-type U20S, PARP1 KO, ALC1 KO, and ALCI1/PARP! double KO
showing levels of PARP1 and ALCI1. Tubulin and Ku70 were used as loading controls. (B-D) Clonogenic
cell survival assays showing ALC1 KO sensitivity to 24h treatment of (B) Olaparib, (C) Veliparib and (D)
Niraparib. This sensitivity was PARP1-dependent. The graphs were derived from three independent
experiments. All data points are shown. Asterisks indicate p-values obtained by two-way ANOVA (¥**
2<0.001). (E) (Left) Clonogenic cell survival assay of wild-type U20S and ALC1 KO transfected with
mCherry-ALCI variants. The treatment was done for 24h. All data points are depicted. Asterisks indicate
p-values obtained by two-way ANOVA n.s. Not significant, *** p<0.001). (Right) Western blot validating

the expression of mCherry and ALC1 variants. Actin was used as a loading control.
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We then aimed to investigate whether PARPi induces DNA lesions in ALC1 KO cells which
could alter their cell cycle progression and eventually cause the observed sensitivity. To that
end, we utilized flow cytometry to investigate the effect of PARPi treatment on cell cycle
progression in ALC1 KO cells. Our analysis revealed that 24h exposure to Olaparib caused
significant accumulation of ALC1 KO cells in the G2/M phase, indicative of cell cycle arrest
(Fig. 5A). Conversely, Olaparib-resistant ALC1/PARP1 double knockout cells displayed
normal cell cycle distribution under PARP1 treatment, similar to that of wild-type cells (Fig.
5A). Such cell cycle arrest could reflect accumulation of DNA lesions upon PARPi treatment.
To test this hypothesis, we stained cells for the phosphorylated histone variant H2AX
(YH2AX), as an indicator of DSB. Indeed, ALC1 KO cells showed striking increase of
YH2AX staining upon Olaparib treatment compared to wild-type cells (Fig. 5B).
Interestingly, this phenotype was dependent on the presence of PARP1, as PARP1 KO and
ALC1/PARP1 double knockouts had similar YH2AX levels compared to wild-type cells (Fig.
5B). To probe for the source of this elevated DNA damage signaling in ALC1 KO upon
PARPi treatment, we investigated the levels of DNA breaks by alkaline comet assay. Indeed,
this assay showed longer tail moment in ALC1 KO cells compared to wild-type only upon

Olaparib treatment (Fig. 5C), indicating elevated levels of DNA breaks.

Taken together, these results provide evidence that ALC1 deficiency leads to substantial
accumulation of DNA breaks in response to PARPi treatment, which underlies the observed

synthetic lethality.
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Figure 5: PARPI treatment causes accumulation of DSB and cell cycle arrest

(A) FACS measurement showing cell-cycle profile of the indicated genotypes treated or not with 1 uM of
Olaparib for 24h. The numbers in the boxes represent the distribution of the cells in G1, S and G2/M. (B)
Immunostaining of YH2AX in the indicated genotypes after 12h treatment with Olaparib. Asterisks indicate
p- values obtained by linear regression (*** p<0.001). (C) Comet tail length obtained from alkaline comet
assay of ALC1 KO and their U20S wild-type with or without 1 uM of Olaparib treatment for 1h prior to
X-ray irradiation (2 Gy). Graph includes datapoints from 100 comets/condition. (Mean £ SEM) (n=3)
Asterisks indicate p- values obtained by linear regression (n.s Not significant, *** p<0.001).

4.1.2. PARP inhibitor toxicity in ALC1-deficient cells is due to enhanced PARP1
trapping.

To uncover the molecular mechanisms underlying sensitivity of ALC1 KO to PARPi, we
assessed whether PARP1 is being trapped at DNA lesions in ALC1 KO, reflecting a role of
ALCI in mobilizing PARP1 from DNA damage sites. Therefore, we monitored the dynamics
of GFP-PARP1 at sites of laser microirradiation in live cell imaging. In wild-type cells, GFP-
PARP1 was rapidly recruited to sites of laser-induced damage, followed by a timely release,
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which was delayed upon PARP1 treatment (Fig. 6). Notably, while GFP-PARP1 was recruited
efficiently to damage sites in ALC1 KO cells, its release was significantly delayed compared
to wild-type cells even without Olaparib (Fig. 6). Olaparib further enhanced the retention of
GFP-PARP1 in ALC1 KO cells (Fig. 6), confirming ALC1’s role in regulating PARPI
dynamics at sites of DNA damage. These results demonstrate that loss of ALCI leads to
PARP1 trapping potentiated by PARPi and supports a role of ALC1 in mobilizing PARP1
from sites of DNA damage.
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Figure 6: ALC1 KO suffer from increased PARP1 trapping at DNA damage sites

(Top) Representative images of GFP-PARP1 recruitment at sites of DNA damage induced by laser
microirradiation in both wild-type and ALC1 KO with and without 30 nM of Olaparib. Scale bar, 5 um.
(Bottom) Quantification of GFP-PARP1 retention at sites of laser induced damage in the indicted genotypes
challenged with the indicated treatment. p- values were obtained by Mann-Whitney unpaired t-test (n.s. Not
significant, *** p<0.001).
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4.1.3. Loss of ALC1 impairs both HR and NHEJ

We then aimed to elucidate how ALC1 deficiency affects the DSB repair pathway choice, as
sensitivity to PARPi has been shown to stem from an unbalanced pathway choice for
repairing DSB. In cells compromised for their HR, PARPi toxicity arises due to the
upregulation in activity of the error-prone NHEJ pathway (203). Conversely, resistance to
PARPi upon loss of 53BP1 in BRCA1-deficient cells results from the rewiring of HR, in a
phenotype called synthetic viability (204). To investigate how ALC1 influences the choice
between these two repair pathways, we downregulated BRCA1, 53BP1 or both of them in
wild-type and ALC1 KO cells and probed their sensitivity to Olaparib. Consistent with
previous reports, depleting BRCAT in wild-type cells induced sensitivity to Olaparib (Fig.
7). As expected, compromising NHEJ by downregulating 53BP1 did not significantly affect
wild-type survival upon Olaparib treatment (Fig. 7), while targeting 53BP1 in BRCAI-
depleted cells reduced their PARPi sensitivity (Fig. 7), mimicking the synthetic viable
phenotype reported earlier (205). In contrast to wild-type scenario, downregulating either
BRCAI1, 53BP1 or both of them in ALC1 KO cells neither enhanced nor reduced their
sensitivity to PARPi (Fig. 7). These data demonstrate that ALC1 acts upstream of the HR-

NHEJ pathway choice.
WT . ALC 1K
1244 121 WT  ALCT*® WT  ALCT®™® WT  ALCT®®
(3 n.s. i o
[ p- + - + - 4+ - + - + - + - siCtrl
| T - + - + si53BP1
‘g = 5 - - - 4+ - + - + - + SsiBRCA1
3 08 08 e EIE] 5P
o | [ BRCA1
o [ [~ | [ | Ku70
N
© SiRNA :
£ 044 § 04
o - siCtr 4
< — si53BP1 .
— si53BP1+siBRCA1
00{ —= SBRCA1 0.0+ a
0 i 2 3 0 1 2 3
Olaparib (log10 nM) Olaparib (log10 nM)

Figure 7: ALC1 acts upstream of both HR and NHEJ

(Left) Clonogenic cell survival assay of WT and ALC1 KO cells transfected with the indicated siRNA and
subjected to 24h treatment of Olaparib. The figures were derived from three independent experiments. All
data points are represented. Asterisks indicate p- values obtained by two-way ANOVA (n.s Not significant,
* p<0.05, ** p<0.01). (Right) Immunoblots validating the downregulation of the indicated proteins upon
transfection with the indicated siRNA, Ku70 was used as a loading control.
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4.1.4. Overexpression of the oncogene ALC1 drives resistance to PARP inhibitors
in BRCA-deficient cells.
Overexpression of the oncogene ALC1 has been reported in cancer and correlated with poor

prognosis (179—181). Considering our results that ALC1 deficiency induced PARPi
sensitivity (Fig. 4), we addressed whether its overexpression modulates this phenotype.
Indeed, cells stably overexpressing ALC1 fused to YFP were more resistant to Olaparib than
wild-type cells (Fig. 8A), and while depleting BRCA1 in wild-type cells induced Olaparib
sensitivity (Fig. 8A), this was not the case in YFP-ALCI cells (Fig. 8A). Moreover, while
BRCA2-deficient cells were sensitive to Olaparib compared to their wild-type (Fig. 8B),
transient overexpression of ALC1 induced resistance to PARPi to a similar level as of the
wild-type cells (Fig. 8B). These results support the notion to use ALC1 protein levels as a
biomarker to guide the outcome of PARPi therapy.
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(A) (Top) Western blots of BRCA1 and ALC1 in U20S YFP-ALCI and their wild-type after transfection
with the indicated siRNA. Ku70 and GAPDH were used as loading controls. (Bottom) Clonogenic cell
survival assay of U20S wild-type and U20S YFP-ALCI cells transfected with siCTRL or siBRCA1 and
treated with the indicated concentrations of Olaparib for 24h. The figure is derived from three independent
experiments. All data points are represented. Asterisks indicate p- values obtained by two-way ANOVA (**
p<0.01, *** p<0.001). (B) (Top) Western blot of ALCI in BRCA27A!! (BRCA2"") and BRCA24!I/All
(BRCA2") cells after transfection with GFP or GFP-ALC1. GAPDH was used as a loading control.
(Bottom) Clonogenic cell survival assay of BRCA2"!" (BRCA2"") and BRCA22'"A1" (BRCA27) cells
transfected with GFP or GFP-ALCI and treated with the indicated concentrations of Olaparib for 24h. The
figure is derived from three independent experiments. All data points are represented. Asterisks indicate p-
values obtained by two-way ANOVA (*¥** p<0.001).
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4.2. Investigating the molecular mechanism underlying PARP inhibitor sensitivity
in POLE4-deficient cells.

4.2.1. Deletion of the accessory subunits of DNA polymerase epsilon leads to PARP
inhibitor sensitivity

Our initial screen along with other reports (171, 206) identified deletion of the accessory
subunits of POLg, POLE3 and POLE4 to sensitize cells to the PARPi. To validate this, we
utilized CRISPR/Cas9 to create knockouts (KO) of POLE3 and POLE4 in HeLa cells (Fig.
9A). As anticipated, POLE3 KO and POLE4 KO exhibited heightened sensitivity to Olaparib
treatment in cell survival assays (Fig. 9B). Moreover, POLE3 and POLE4 KOs demonstrated
sensitivity to other PARP inhibitors, such as Talazoparib and Rucaparib, indicating that this
sensitive phenotype can be extended to other PARP1i (Fig. 9C, D).
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Figure 9: POLE3 KO and POLE4 KO are sensitive to PARPi treatment

(A) Immunoblot of POLE3, POLE4 and CHRACI15 in POLE4 KO, POLE3 KO and their HeLa parental
cell line. GAPDH was used as a loading control. (B-D) Cell survival assay showing sensitivity of POLE3
KO and POLE4 KO to (B) Olaparib, (C) Talazoparib and (D) Rucaparib compared to their HeLa parental

cell line. The treatment was changed once during the 7-day long experiment. Asterisks indicate p-values
obtained by two-way ANOVA (¥*** p<(0.0001).
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The formation of a heterodimer between POLE3 and POLE4 is crucial for their stability
(171). Consequently, loss of either subunit abolished or significantly reduced the expression
of the other (Fig. 9A). POLE3 serves as a shared subunit between the POL¢g holoenzyme and
the CHRAC complex, that is, it forms a heterodimer with either POLE4 or CHRACIS,
respectively. Therefore, we aimed to assess the consequence of deleting POLE3 on those two
subcomplexes. Knocking out POLE3 led to loss of both POLE4 and CHRACI1S5 proteins
(Fig. 9A). To avoid potential confounding phenotypes stemming from the absence of both
POLE3-POLE4 and POLE3-CHRACI15 heterodimers, we opted to further investigate the
effects of PARPi treatment specifically in POLE4 KO cells.

4.2.2. Sensitivity of POLE4 KO to PARP inhibitors is dependent on the presence
of PARP1 with no defects in its recruitment kinetics

The efficacy of PARPi relies on the presence of PARP1 in cells (124), with recent studies
also indicating a necessity of PARP2 (207, 208). To probe whether the sensitivity of POLE4
KO to PARP1i required the presence of PARP1 or PARP2, we utilized RNALI to target either
or both factors. Cell survival assays revealed that only PARP1 downregulation was adequate
to rescue the sensitivity of POLE4 KO (Fig. 10A). Conversely, depleting PARP2 failed to
diminish PARPi sensitivity in POLE4 KO or enhance survival of these cells when co-
depleted with PARP1 compared to the phenotype observed with PARP1 depletion alone (Fig.
10A), indicating that the Olaparib-induced sensitivity of POLE4 KO relies on PARP1 rather
than PARP2, consistent with PARP1 trapping on their respective lesions.

To assess PARP1 dynamics in real-time, we monitored the recruitment and release kinetics
of endogenous PARP1 at sites of DNA lesions induced by laser microirradition using a GFP-
tagged PARP1 chromobody (209). Live-cell imaging experiments revealed that PARP1 was
efficiently recruited to damage sites followed by timely release in a similar fashion both in
wild-type and POLE4 KO cells (Fig. 10B, C). Olaparib treatment reduced the release kinetics
of PARP1 from damage sites, as expected, but again with no significant difference between
wild-type and POLE4 KO cells (Fig. 10B, C), indicating that POLE4 does not interfere with
PARP1 kinetics at DNA lesions.
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Figure 10: Sensitivity of POLE4 KO to PARPi is PARP1 dependent

(A) (Left) Cell survival assay of POLE4 KO and their parental HeLa cell line transfected with the indicated
siRNA. The treatment was changed once during the 7-day long experiment. Mean + SEM (n=3). Asterisks
indicate p-values obtained by two-way ANOVA (ns. Not significant and **** p< 0.0001). (Right)
Immunoblot of PARP1 and PARP2 levels in POLE4 KO and their parental HeLa cell line upon transfection
with the indicated siRNA. B-actin was used as a loading control. (B) Quantification of recruitment of GFP-
tagged PARP1 chromobody at sites of laser-induced damage in POLE4 KO and their parental HeLa cell
line without treatment (Top) or with Olaparib treatment (Bottom). All data points included + SEM. The
figure is a representative experiment of three independent replicates (n=3). Measurements were analyzed
using Mann-Whitney unpaired t-test. (ns. Not significant). (C) Representative images of GFP-tagged
PARP1 chromobody in the indicated cell lines upon the indicated treatment. Scale bar, 10 um.

In summary, these findings indicate that the sensitivity of POLE4 KO to PARP1, although
dependent on PARP1 presence, is not due to dysregulated PARP1 kinetics at DNA damage

sites.
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4.2.3. POLE4 loss reduces replication fork speed and causes accumulation of
PARPi-induced ssDNA gaps

PARPi treatment speeds up DNA replication (105). Moreover, the accessory subunits of
POLe are pivotal for stable progression of the POLe complex (185). To probe for replication
speed in POLE4 KO cells and the effect of PARPi in this context, we performed a DNA fiber
assay. In this assay, cells were first pulse labeled with the nucleotide analog IdU for 20
minutes, followed by pulse labeling with another nucleotide analog, CldU, for the same
duration, with or without PARPi treatment (Fig. 11A, B). Consistent with previous findings,
PARPi treatment accelerated fork speed in wild-type cells, as evidenced by higher C1dU/IdU
ratios compared to untreated cells (Fig. 11A). Interestingly, loss of POLE4 alone slightly
reduced replication speed compared to wild-type cells, as shown by the shorter track lengths
(Fig. 11 B). This reduction in fork speed was further potentiated by PARPi treatment (Fig.
11A, B), suggesting accumulation of replicative defects in POLE4 KO due to PARPi

treatment.
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Figure 11: POLE4 deficiency slows down replication fork speed

(A, B) DNA fiber assay of POLE4 KO and their parental HeLa cell line with or without 20 uM of Olaparib
treatment. (A) (Top) Illustration of the experimental protocol. (Bottom) Ratio of CldU/IdU labelled fibers
from four independent experiments. (B) (Top) Representative images of DNA fibers of the indicated cell
lines under the indicated conditions. Scale bar, 20 pm. (Bottom) The length of the DNA tracks obtained
from four independent experiments. Asterisks indicate p-values obtained by one-way ANOVA (*** p<
0.001, **** p<0.0001).
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Considering that PARPi lead to elevated levels of ssDNA gaps behind replication forks (108),
we probed for such gaps in POLE4 KO. To that end, we utilized the non-denaturing BrdU
immunostaining assay, which relies on the inability of a specific antibody against BrdU to
bind to the epitope in native conditions unless there is a single-stranded DNA gap opposite
it, rendering the intensity of BrdU staining as an equivalent of the levels of ssDNA gaps in
the cell (107, 108). The assay revealed a substantial increase in the intensity of BrdU staining
in POLE4 KO cells following Olaparib treatment compared to their wild-type. This
heightened BrdU intensity suggests major levels of unprocessed ssDNA gaps in these cells

(Fig. 12A, B).
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Figure 12: PARPi induces accumulation of ssDNA gaps in POLE4 KO

(A) Immunofluorescence of non-denaturing BrdU experiment. (Top) Representation of the experimental
protocol. (Bottom) Mean intensity of BrdU in POLE4 KO and their parental HeLa cell line treated or not
with 10 puM of Olaparib for 24h. Asterisks indicate p-values obtained by one-way ANOVA (ns. Not
significant, **** p<(0.0001). (B) Representative images of the experiment in (A). Scale bar, 10 um.

Defects in post-replicative repair (PRR) lead to increased levels of unprocessed ssDNA gaps.
To test whether POLE4 deficiency impairs this process, we employed a previously
established variation of BrdU comet assay to assess PRR (200). In this assay, BrdU pulse-
labelled cells are treated with HU to induce replicative ssDNA gaps, then the cells are left to
recover from the treatment and repair these gaps before scoring the comet tails with a specific
antibody against BrdU. This assay revealed that wild-type cells challenged with HU

accumulated post-replicative gaps, which were reduced after 3h recovery period, as indicated
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by the percentage of comet tail DNA (Fig. 13A, B). In POLE4 KO cells, the levels of post-
replicative gaps were higher than in wild-type cells upon HU treatment (Fig. 13A, B).
Although there was some reduction, this phenotype persisted even after 3h recovery time
(Fig. 13A, B), indicating the importance of POLE4 in ensuring seamless PRR.
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Figure 13: Loss of POLE4 impairs post-replicative repair

(A) (Top) Illustration of the post-replicative comet assay. (Bottom) Representative images of the
experiment. Scale bar 20 pm. (B) Quantified percentage of comet tail DNA in POLE4 KO and their parental
HeLa cell line after being treated or not with hydroxyurea (HU) according to the illustration in (A). The
figure is a representative of three independent experiments. Asterisks indicate p-values obtained by one-
way ANOVA (** p< 0.01, **** p<0.0001).

Collectively, these findings indicate that POLE4 deficiency disrupts the replication profile
by reducing fork speed, which is potentiated in the presence of PARPi, resulting in the

accumulation of ssDNA gaps as a result of inefficient post-replicative gaps processing.

4.2.4. POLEA4 as a protector against replication stress induced by PARPi or ATRIi

Unrepaired ssDNA gaps lead to replication stress and cell cycle arrest (210). Therefore, we
probed for POLE4 KO cell cycle profile by flow cytometry. POLE4 KO cells suffered from
moderate G2/M arrest, which was strongly exacerbated by PARPi treatment (Fig. 14A),
suggesting mild replication stress in POLE4 KO potentiated by PARP inhibition. When cells
go under replication stress, the Ataxia-telangiectasia mutated and RAD3-related (ATR) as a

member of the phosphatidylinositol 3-kinase-related kinase (PIKK) family, regulates origin
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firing, cell cycle progression and replication speed (206). To investigate upregulation of ATR
activity in POLE4 KO cells, we probed for the autophosphorylation of Threonine 1989
(T1989), an indicator of ATR activity (211). Immunoblotting showed slight elevation in ATR
activity in POLE4-deficient cells compared to wild-type, which was markedly increased
upon PARPi treatment (Fig. 14B). This signal was suppressed by ATRi (Fig. 14B). Thess
data indicate that replication stress in POLE4 KO signals through upregulated ATR activity.
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RPA binds ssDNA and is phosphorylated upon replication stress on multiple residues by
PIKKs, where Serine 33 (S33) is phosphorylated early on upon mild replication stress, and
Threonine 21 (T21) upon severe replication stress (212). In line with mild replication stress
upon the loss of POLE4, we detected pRPA (S33) signal in untreated POLE4 KO cells, which
was potentiated by PARPi (Fig. 15A). The pRPA (S33) signal was reversed by ATRi,
confirming that it is an ATR target (212). Furthermore, the important role of ATR in signaling
replication stress in POLE4 KO is mirrored by their sensitivity to ATRi (Fig. 15B), providing
evidence for a synthetic lethality between ATR inhibition and loss of POLE4, consistent with
earlier reports (171, 206).

45



DMSO OP  ATRi OP+ATRI £ 4004
¢ O @ ©O o @ O =
S So e S N
NN AR Y 5
S Q¢ &N Q &N Q¢ N Q % 60+
o
7]
PARP1 | T S N 404
L]
RPA (S33) E 20
p - 3
- = 04 %M
1 10
ATRi (uM)

== wild-type == POLE4 KO

Figure 15: Susceptibility to replication stress upon loss of POLE4

(A) Immunoblot showing the levels of pRPA (S33) in the indicated genotypes upon treatment with Olaparib
(5 uM, 24h), ATRi (5 uM, 24h) or both of them. PARP1 was used as a loading control. (B) Cell survival
assay showing sensitivity of POLE4 KO to ATRi treatment compared to their parental HeLa cell line. The
treatment was changed once during the 7-day long experiment. Mean + SEM (n=3). Asterisks indicate p-
values obtained by two-way ANOVA (¥*** p< 0.0001).

Failure to mitigate replication stress in POLE4 KO upon PARPi caused a striking increase in
the pRPA (T21) signal, which correlated with the population of cells accumulated in G2/M
in comparison to wild-type cells (Fig. 16A). The sensitivity of POLE4 KO to ATRi was also
reflected by induced pRPA (T21) signal (Fig. 16A), supporting severe replication stress,
which could be converted to replication catastrophe phenotype as a result of DSB
accumulation. To test this hypothesis, we quantified the levels of YH2AX upon the DNA
alkylating agent, methyl methanesulfonate (MMS) treatment as a positive control. As
expected, MMS treatment led to elevation of YH2AX signal, albeit with no significant
difference between wild-type and POLE4 KO cells (Fig. 16B). Although Olaparib neither
caused DSB in wild-type nor in POLE4 KO as shown by low YH2AX levels (Fig. 16B), ATRi
led to a surge in the percentage of YH2AX positive cells only in POLE4 KO (Fig. 16B)
differentiating the cellular response of POLE4 KO to PARPi and ATRi. The conversion of
ATRi-induced ssDNA gaps to DSB has been reported and correlated with the activation of
other PIKKs, such as DNA-PK and Ataxia-telangiectasia mutated (ATM) (213).

46



DMSO Olaparib ATRI B DMSO Olaparib ATRiI MMS

adA)-pIim
adA)-piim

r- r' "r'_'

ﬁf‘r{

DNA content
DNA content conten

PRPA (T21)
YH2AX

OM ¥3710d
OM ¥370d

»
t=}
>
o
>
i
=]
Z

o ns . [ wild-type
‘ POLE4KO

w
o
1

W wild-type
Il POLE4 KO

N
o
1

-
o
I

Percentage of YH2AX" cells (%)

Percentage of pRPA(T21)* cells (%)

o-.ﬁ_i_i-_

DMSO Olaparib ATRiI MMS

DMSO Olaparib ATRI

Figure 16: Severe replication stress in POLE4 KO upon PARPi or ATRi treatment

(A) (Top) FACS experiment showing staining of pRPA (T21) correlated to the DNA content (propidium
iodide) in the indicated genotypes after 24h treatment with Olaparib (5 uM), ATRi (5 pM) or DMSO.
(Bottom) Bar chart of the percentages of pRPA (T21) positive cells from three independent experiments.
Asterisks indicate p-values obtained by one-way ANOVA (ns. Not significant, **** p<0.0001). (B) (Top)
FACS experiment showing staining of YH2AX correlated to the DNA content (propidium iodide) in the
indicated genotypes after 24h treatment with Olaparib (5 uM), ATRi (5 uM) or 1h treatment with MMS
(0.1%). (Bottom) Bar chart of the percentages of yYH2AX positive cells from three independent experiments.
Asterisks indicate p-values obtained by one-way ANOVA (ns. not significant, ** p<0.01).

To confirm that POLE4 protects against the observed replication stress phenotype, we co-
transfected POLE4 KO cells with an empty vector or untagged POLE4 expressing plasmid
along with a GFP-expressing plasmid, then we challenged the cells with either PARPi or
ATRi and monitored the levels of pRPA (T21). During FACS analysis we gated the
transfected cells into two populations: GFP+ population likely to express POLE4 as well,
and GFP- population likely to lack POLE4 expression (Fig. 17A). We detected pRPA (T21)
signal upon either PARPi or ATRi in both GFP positive and negative populations of cells co-
transfected with the GFP expressing plasmid and empty vector (Fig. 17B), confirming that
GFP expression alone does not reduce replication stress in POLE4 KO. On the other hand,
in cells co-transfected with the plasmids expressing GFP and POLE4 and treated with either
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PARPi or ATRi, pRPA (T21) was detected only in the GFP- population corresponding to no
POLE4 expression. Importantly, in the GFP+ population, where POLE4 was expressed, the
replication stress phenotype was rescued (Fig. 17A, B). Similarly, sensitivity of POLE4 KO
to PARPi was partially reversed by transient expression of POLE4 as compared to the empty
vector control (Fig. 17C, D). Altogether, these results demonstrate that POLE4 protects

against replication stress associated with inhibition of either PARP or ATR.
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Figure 17: POLE4 suppresses replication stress induced by PARPi or ATRi

(A, B) FACS experiment showing staining of pRPA (T21) correlated to the DNA content (propidium iodide)
in POLE4 KO after transfection with GFP and either empty (E.V.) or POLE4-expressing plasmid, followed
by 16h treatment with Olaparib (5 uM), ATRi (5 uM) or DMSO. Cells gated to GFP positive and negative
populations during FACS analysis. (A) Representative FACS images of the experiments. (B) Percentages
of pRPA (T21) positive cells. Data are mean = SEM from three independent experiments. Asterisks indicate
p-values obtained by one-way ANOVA (** p< 0.01, **** p<(0.0001). (C) Immunoblot verifying POLE4
expression in POLE4 KO after transfection with (E.V.) or POLE4-expressing plasmid. B-actin was used as
loading control. (D) Cell survival assay showing sensitivity of POLE4 KO cells to Olaparib after being
transfected with the indicated constructs. The treatment was changed once during the 6-day long experiment.
Data are mean = SEM (n=3) of triplicate samples from one out of three independent experiments. Asterisks
indicate p-values obtained by two-way ANOVA (** p<0.01).
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4.2.5. PARPi-induced replication stress is driven by PIKKSs

Our findings point to the involvement of other members of the PIKK family in signaling
replication stress in POLE4 KO cells. To investigate this further, we examined the activity of
ATM and DNA-PK. In wild-type cells, immunoblotting showed that the activity of DNA-
PK, as indicated by its autophosphorylation, remained unchanged upon treatment with
Olaparib and/or ATRi (Fig. 18). However, in POLE4 KO, DNA-PK activity was significantly
increased after 24 hours of treatment with ATRi alone or in combination with Olaparib (Fig.
18). Similarly, phosphorylation of ATM (pATM), an indicator of ATM activation, revealed a
modest increase in wild-type cells following treatment with either Olaparib or ATRi alone,
but a substantial enhancement when both were combined. Comparatively, pATM levels were
further heightened in POLE4 KO cells in response to single treatments of Olaparib or ATRi,
as well as their combination (Fig. 18). These results underscore the intricate interplay

between PIKKs in POLE4 KO cells during replication stress response.
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o ,é;v . ® @' Figure 18: Upregulation of DNA-PK and ATM in POLE4
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Given that pRPA (T21) indicates severe replication stress and is characteristic of the G2/M
population of POLE4 KO treated with PARP1, we sought to illustrate the role of the PIKK
members in driving this phenotype. ATRi only and no other PIKK inhibitors significantly
induced pRPA (T21) in wild-type cells when combined with Olaparib (Fig. 19). In
POLE4KO, inhibiting ATR alone increased phosphorylation of RPA (T21), whereas neither
ATMi nor DNA-PKi drove such phenotype in POLE4 KO (Fig. 19). Conversely, all PIKK
inhibitors modulated pRPA (T21) signal in POLE4 KO upon Olaparib treatment: ATRi and
ATMi potentiated it, while DNA-PKi suppressed it (Fig. 19).
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Figure 19: Sever replication stress in POLE4 KO is mediated by PIKK

(Left) FACS experiment showing levels of pRPA (T21) correlated to the DNA content (propidium iodide)
of POLE4 KO and their parental HeLa cell line after 24h treatment of Olaparib (5 uM) and/or DNA-PKi (5
uM), ATRi (5 pM) or both. (Right) Bar chart illustrating percentages of pRPA (T21) positive HeLa wild-
type or POLE4 KO cells. Mean + SEM from four independent experiments. Asterisks indicate p-values
obtained by one-way ANOVA (ns. Not significant, * p<0.05, **** p<(0.0001).

To elucidate whether the population of cells with severe replication stress is blocked in G2
or allowed to enter mitosis with these defects, we co-stained POLE4 KO and wild-type cells
with a mitotic marker, which is Serine 10 phosphorylation of histone H3 (pH3S10), along
with the pRPA (T21) antibody. The dual staining of pH3(S10) and pRPA (T21) demonstrated
that PARPi-induced pRPA (T21)-positive POLE4 KO cells were arrested in G2, unless ATR
was inhibited (Fig. 20A), indicating that ATR primarily orchestrates the G2/M transition in
POLE4 KO. Curbing ATR activity by chemical inhibition caused premature mitotic entry of
cells suffering from replication stress, which explains the replication catastrophe phenotype
we observed earlier (Fig. 16B) and the hypersensitivity to ATRi (Fig. 15B). Consistent with
this, while challenging POLE4-deficient cells with either PARP1 or ATR1 alone in a low dose
did not have major impact on their survival, their combination synergistically induced cell
death in POLE4 KO cells (Fig. 20B). This underscores POLE4 deficiency as a biomarker to
co-treatment with ATRi1 and PARPi, a therapeutic combination currently under evaluation in

clinical trials (214).
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Figure 20: Premature mitotic entry underlies synergistic killing of POLE4 KO upon co-treatment
with PARPi and ATRi

(A) (Left) FACS experiment showing mitotic entry indicated by pH3(S10) signal of cells suffering from
replication stress indicated by pRPA (T21) signal in POLE4 KO and their parental HeLa cell line after 24h
of Olaparib (5 pM) and/or ATRi (5 uM), ATMi (5 uM), DNA-PKi (5 uM) treatment. (Right) Bar chart
showing the mean + SEM of percentages of pRPA (T21)/pH3(S10) double positive cells from three
independent experiments. Asterisks indicate p-values obtained by one-way ANOVA (ns. Not significant,
*Ex% p<0.0001). (B) Cell survival assay of POLE4 KO and their parental HeLa cell line treated with the
indicated concentrations of PARPi and/or ATRi. The bars represent normalized survival of the cells. The
treatment was changed once during the 7-day experiment. Mean + SEM (n=3). The figure was derived from
three independent experiments. Asterisks indicate p-values obtained by two-way ANOVA (**** p<0.0001).

Altogether, these data establish ATR as the major PIKK kinase to regulate mitotic entry of
POLE4 KO suffering from replication stress induced by PARPi. Additionally, our results
indicate that replication stress phenotype in POLE4-deficient cells are modulated in part by
the activity of DNA-PK.
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4.2.6. Sensitivity of POLE4 KO to PARP inhibitors is independent of BRCA1 status

Given that PARPi sensitivity was initially associated with BRCA-deficient cells
characterized by HR deficiency (16, 17), we sought to investigate whether POLE4 KO are
HR defective. To that end, we monitored the ability of POLE4 KO to mount Rad51 foci
following PARPi treatment. Rad51 foci formation is a critical step in HR repair as it directs
the homology search and strand invasion, thereby mediating homology-directed repair (16,
17). As expected, BRCA1-deficient cells failed to form Rad51 foci upon PARPi treatment
compared to BRCA1-proficient controls, consistent with previously reported HR impairment
(Fig. 21A). Strikingly, POLE4 KO cells demonstrated efficient Rad51 foci formation upon
Olaparib treatment, even surpassing the levels observed in their wild-type counterparts (Fig.
21B). This phenotype can be explained by the increased presence of ssDNA gaps observed
previously in response to PARPi (Fig. 12A, B).
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Figure 21: POLE4 KO have functional HR pathway

(A) Immunofluorescence experiment of Rad51 staining in RPE-1 BRCA1-deficient cells and their wild-
type after treatment with 10 uM of Olaparib for 48h. (Top) Representative images of the staining. Scale bar,
10 um. (Bottom) Quantification of Rad51 foci count. The experiment is representative of three independent
repetitions. Asterisks indicate p-values obtained by one-way ANOVA (ns. Not significant, * p< 0.05). (B)
Immunofluorescence experiment of Rad51 staining in POLE4 KO cells and their parental HeLa cell line
after treatment with 10 uM of Olaparib for 48h. (Top) Representative images of the staining. Scale bar, 10
pm. (Bottom) Quantification of Rad51 foci count. The experiment is representative of three independent
repetitions. Asterisks indicate p-values obtained by one-way ANOVA (ns. Not significant, **** p<(0.0001).
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These results indicate that POLE4 KO have functional HR pathway, therefore, POLE4 and
BRCAI function in parallel rather than in the same route of inducing PARPi sensitivity and
targeting both of them would exacerbate PARPi sensitivity. To validate this hypothesis, we
depleted BRCA1 in both wild-type and POLE4 KO and applied a low dose of PARPi. Indeed,
sensitivity of POLE4 KO depleted from BRCA1 was strikingly higher compared to losing
either of them (Fig. 22A), supporting the idea of POLE4 serving as a possible target to
potentiate PARPi-induced sensitivity of BRCA 1-deficent cancers.
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Figure 22: Loss of POLE4 enhances PARPi sensitivity of BRCA1-deficeint cells and overcomes
acquired resistance associated with restoration of HR

(A) Cell survival assay showing sensitivity of POLE4 KO and their parental HeLa cells to Olaparib after
transfection with the indicated siRNA. The treatment was refreshed once during the 7-day long experiment.
The figure is derived from three independent experiments, mean £ SEM. Asterisks indicate p-values
obtained by two-way ANOVA (¥*** p<0.0001). (B) Cell survival assay showing sensitivity of POLE4 KO
and their parental HeLa cells to Olaparib after transfection with the indicated siRNA. The treatment was
refreshed once during the 7-day long experiment. The figure is derived from three independent experiments,
mean = SEM. Asterisks indicate p-values obtained by two-way ANOVA (ns. Not significant, ** p<0.01,
**E% p<0.0001).

Finally, we aimed to elucidate whether POLE4 loss could bypass the synthetic viable
phenotype observed in BRCA1-deficient cells upon the loss of the NHEJ factor 53BP1 (163—
165). Thus, we employed RNAI to target either BRCA1, 53BP1, or both in wild-type and
POLE4 KO cells. As expected, depleting BRCA1 in wild-type cells induced sensitivity to
Olaparib, which was reversed by co-depletion of BRCA1/53BP1 (Fig. 22B). Importantly, the
simultaneous depletion of BRCA1/53BP1 did not rescue PARPi sensitivity in POLE4 KO
cells as it did in wild-type cells (Fig. 22B), demonstrating that targeting POLE4 hold the
potential of exacerbating PARPi-induced synthetic lethality in BRCA1-depleted cells and
circumventing the acquired resistance mechanism triggered by HR rewiring upon loss of

53BP1 in BRCAT-compromised cells (162).
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5. Discussion

Implementing personalized medicine strategies has been a paradigm shift in the fight against
cancer as it allowed for an informed medical intervention for each patient by understanding
the molecular mechanisms driving tumor formation, therefore, permitting the selection of the
best therapeutic strategy that would offer maximum elimination of malignancies with

minimum side effects.

The exploitation of the synthetic lethal interaction between PARPi and BRCA-deficient
tumors is one of the most promising and quickly advancing strategies of personalized cancer
therapy as it took less than a decade from its experimental discovery (16, 17) to the clinical
approval. Since then, this approach has been the epicenter of extensive basic, translational
and clinical research to expand our understanding of PARPi, their mode of action, the
processes that they interfere with, the genetic backgrounds in which they promote cell death
and how this could be implemented in the clinical treatment regimens. Not surprisingly, these
efforts yielded the expansion of PARPi applicability beyond BRCA-deficiency to include
tumors with mutations in HR-related genes that rendered this pathway inactive, and

phenocopied the BRCA-deficiency, a term known as BRCAness (215).

In the current work, we aimed to further increase this knowledge by identifying and
validating novel genetic alterations that sensitize cells to PARPi. Furthermore, we worked
towards uncovering the molecular mechanisms and pathways that underlie this sensitivity to
offer a better understanding of PARPi. Finally, we explored the possibility of overcoming

PARPi resistance by targeting the genes identified in this work.

ALC1 was among the top hits we identified in a genome-wide CRISPR knockout screen with
the PARP1, Olaparib (173). This PAR-binding chromatin remodeler plays an important role
in chromatin relaxation upon DNA damage, which is crucial to guarantee timely and efficient
repair process (176). Our data demonstrated that ALC1 deletion induced sensitivity to
different PARPi in a PARP1-dependent manner. Mechanistically, we uncovered ALCI1 role
in mobilizing PARP1 from the sites of DNA lesions and that its deletion even in the context
of active ADP-ribosylation resulted in delaying PARP1 release from sites of DNA damage.
Importantly, ALC1 KO cells showed increased PARP1 trapping on the damage sites upon
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PARPi which caused accumulation of DSB and G2/M cell cycle arrest. This is consistent
with the original model of PARP1i sensitivity due to enhanced PARP trapping (124).

Clinically, ALCI is an oncogene that is amplified in different types of solid tumors and
associated with poor prognosis (179-182). Moreover, the region where ALC1 gene is located
was reported to be amplified in breast cancer (216) and linked to poor response to
chemotherapy in ovarian cancer (217). This is also supported by our data showing that ALC1
overexpression reduced the sensitivity of BRCA1 and BRCA2 deficient cells to PARPi
treatment. Taken together, our work strongly argues for analyzing ALC1 expression status as
a biomarker to predict tumors’ response to PARPi treatment. Considering that ALCI1
amplification drives tumorigenesis and in light with our current data as well as others (218—
220) showing the hypersensitization of cells to PARPi when ALC1 is targeted, ALC1 can
serve as an ideal target for selective inhibitors. Indeed, these data justified the development

of compounds to target ALC1 which showed therapeutic potentials (221, 222).

Crucially, our results established loss of ALC1 as an inducer of sensitivity to PARPi
regardless of HR status, since reactivating HR through loss of 53BP1, which is a common
PARP1 resistance mechanism (163—-165), did not rescue PARP1 sensitivity in ALC1 KO as
was the case in BRCA1-depleted cells (162) indicating that ALC1 deficiency does not follow
the BRCAness phenotype, and supporting the logic that inhibiting ALC1 could synergize

with PARP1 treatment and potentially re-sensitize resistant cells.

Similarly, our findings indicated that loss of the accessory subunit of DNA polymerase
epsilon POLE4 mirrored the phenotype of ALCI1 deficiency in the context of HR-
independent PARP1 sensitivity, paving the way for POLE4 status to be analyzed as a
diagnostic tool for identifying PARP1 susceptible tumors. This is not only supported by the
fact that loss of 53BP1 in POLE4 KO did not rescue PARPi sensitivity, but importantly
POLE4 KO cells were able to mount Rad51 foci, a crucial step in HR (16, 17), unlike the
case for BRCA1-deficent cells. These data established POLE4 to be parallel to BRCAI, a
hypothesis validated by our observation that loss of both POLE4 and BRCA1 increased

PARPi1 sensitivity beyond the levels noticed when either of them were missing alone.

PARPI sensitivity is attributed to trapping of PARP1 and/or PARP2 (124, 207, 208). Our data
demonstrated that PAPRi sensitivity in genetic backgrounds deficient of either ALC1 or
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POLE4 is mainly dependent on the presence of PARP1 rather than PARP2, further supporting
the efforts aimed at developing PARP1-specific inhibitors (223, 224). Nevertheless, the
underlying mechanisms of PARPI sensitivity in those two genetic backgrounds are different.
While ALCI plays a substantial role in mobilizing PARP1 at the damage site, therefore
facilitating the repair process, POLE4 does not impact PARP1 kinetics.

PARPiI sensitivity is correlated with abnormal elevation of ssDNA gaps (107, 108), which is
a major source of replication stress. Studies in yeast point to a function of the POLe complex
in regulating the activity of the S-phase checkpoint by either the catalytic subunit or its
accessory one Dpb4 in conditions associated with replication stress (186, 225, 226).
Moreover, seamless progression of replication fork requires the presence of both accessory
subunits (185), which is supported by reports of defective activation of origins of replication
in mice and worms upon POLE4 deletion (187, 227, 228), a phenotype that is exacerbated
by agents that induce replication stress (187). Consistent with these reports, our data showed
that POLE4-deficient cells have slower replication fork and are susceptible to inducers of

replication stress, consolidating the requirement of POLE4 to suppress replication stress.

Increased fork speed due to PARPi treatment leads to replication stress (105). Taking into
account that loss of POLE4 produced the opposite phenotype with forks going slower than
in wild-type even in PARPi treatment scenario, it is likely that POLeg instability as a
consequence of POLE4 deficiency (187) resulted in decreased fork speed that only got
exacerbated with PARP1 being trapped on the DNA upon PARPi. This scenario along with
discontinuous DNA synthesis when the accessory subunits of POLg are missing (185)
necessitate an efficient post-replicative repair activity to deal with the generated gaps (229).
Considering that POLE4 KO are impaired in this process, this could explain the high levels
of ssDNA gaps observed in these cells upon PARP1 treatment.

The ATR kinase is critical to protect against replication stress (230). When ssDNA gaps
accumulate, RPA binds these structures promoting ATR recruitment (231). This is followed
by ATR activation which promotes a cascade of signaling events aimed to regulate DNA
replication and cell-cycle progression (232, 233). ATR blocks cells from entering mitosis
with unrepaired lesions and slows down the replication speed to mitigate replication stress

(234). Loss of POLE4 caused upregulation of ATR activity indicating a replication stress
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phenotype which got potentiated upon PARPi treatment. This is also supported by high levels
of ssDNA gaps in POLE4 KO treated with Olaparib. These findings demonstrate that POLE4

is important to protect against replication stress.

Consistent with this, the combination of PARPi and ATRi was found to synergistically
eliminate BRCA-deficient cells due to premature entry to mitosis (235, 236). A real challenge
to combination therapy is the increase of toxic side effects which can be circumvented by
identifying biomarkers of sensitivity towards such combination. Our work presents POLE4
as such biomarker to this combination due to two main mechanisms. On one hand, ATRi
enhances the replication stress phenotype in PARPi-treated POLE4 KO, as is the case with
RNase H2 deficient cells (237, 238). On the other hand, G2-blocked POLE4 KO due to
PARPi treatment would be released into mitosis upon inhibiting ATR leading to replication

catastrophe as reported with loss of ATM (239, 240) or BRCA deficiency (235, 236).

PIKK share concerted roles in response to replication stress. Moreover, ATM is upregulated
upon PARPi treatment (241, 242).This is further validated by our results of ATM activation
upon PARPi and/or ATRi in wild-type but to a greater level in POLE4 KO as well. On the
other hand, DNA-PK signaling is only upregulated in POLE4 KO and associated with the
observed replication stress phenotype. Such DNA-PK activation was reported in HR-
deficient cells treated with PARPi (203). These observations support a notion of imbalanced
PIKK signaling due to POLE4 loss which contributes to the observed sensitivity.

In summary, the sensitivity of ALC1 KO and POLE4 KO to PARPi treatment is driven by
different mechanisms. POLE4 loss slows down replication speed leading to ssDNA gaps
behind replication forks and mild replication stress, which the cell could still overcome when
ADP-ribosylation is active. However, upon PARPi treatment, replication is further slowed
down with massive accumulation of ssDNA gaps leading, driven mainly by inefficient post-
replicative repair. This results in severe replication stress signaling involving ATR and DNA-
PK which causes cell death. On the other hand, ALC1 KO sensitivity towards PARP1 is a
consequence of the loss of ALC1’s role in regulating PARP1 dynamics at sites of DNA
damage. Active ADP-ribosylation could still facilitate PARP1 release from sites of DNA
lesions even in genetic backgrounds where ALCI is missing. Importantly, in case of PARPi

treatment, ALC1 loss along with inhibition of ADP-ribosylation lead to enhanced retention of
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PARPI1 at the damage site, hindering recruitment of repair factors and causing persistence of

DNA lesions and eventually cell death (Fig. 23).

Finally, this work represents an effort to expand our understanding of targeted cancer therapy
with PARP1 by exploring how sensitivity to these drugs can be induced by targeting different
genes. While both ALC1 KO and POLE4 KO demonstrate HR-independent PARPi
sensitivity that could be helpful to evade acquired resistance due to HR restoration, the
underlying molecular mechanisms for this sensitivity are different. This offers clear insight
into the intertwined nature of the mechanisms by which PARPi induce cytotoxicity. Yet, it
projects the promising possibilities to expand the applicability of these inhibitors to uncharted

territories in the context of cancer treatment.
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Figure 23: Distinct mechanisms driving PARPi sensitivity in POLE4- and ALC1- deficient cells

In POLE4 KO replication speed is reduced due to decreased processivity of the Pole complex, leading to
mild replication stress, nevertheless, cells recover from it. However, PARPi treatment causes huge elevation
of ssDNA gaps, therefore, exacerbating the replication stress phenotypes in POLE4 KO, driven mainly by
ATR and DNA-PK, which eventually results in cell death. On the other hand, ALC1 KO susceptibility to
PARPi is due to impaired PARP1 dynamics at DNA lesions. When DNA damage occurs in ALCI1 KO,
PARPI can be still mobilized - albeit to a slower rate - due to ADP-ribosylation, facilitating repair of the
lesion and cell survival. When the cells are challenged with PARPi, ALC1 loss accompanied by abolishing
of ADP-ribosylation potentiate PARP1 trapping at the DNA lesions, preventing recruitment of repair factors
and leading to accumulation of double-strand breaks and cell death.
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6. Summary

The ultimate goal of cancer therapy is to eliminate malignant cells with minimum side effects.
This can be better achieved by targeting certain pathways that are essential for the tumor
rather than using cytotoxic agents which kill cells indiscriminately. Moreover, the
advancements in genomics allowed for investigating the genetic background of tumors to
identify the genetic alterations underlying tumorigenesis in each patient and determine the

best therapeutic strategy, an approach known as personalized medicine.

The best representation of personalized medicine in the context of cancer treatment, is the
exploitation of a phenomenon called synthetic lethality, where two mutations with viable
phenotype for each one of them cause lethality if they are present together. As such,
identifying pathways or genetic alterations that underlie tumor formation and targeting their
synthetic lethal partners represents a promising therapeutic approach. This rationale paved
the way for the discovery of the synthetic lethal interaction between Breast Cancer

Susceptibility protein (BRCA) and PARP inhibitors (PARPi).

BRCA1 and BRCA2 are tumor suppressors crucial for the functionality of the double strand
breaks (DSB) repair pathway, homologous recombination (HR) which ensures faithful repair
of these lesions, therefore, preserving genomic integrity. Loss of either BRCA1 or BRCA2

impairs HR and predisposes to several cancers, mainly breast and ovarian cancers.

PARPi mainly inhibit an enzyme called PARP1. PARPI catalyzes the posttranslational
modification, ADP-ribosylation. Moreover, it has a crucial role in the repair of single-
stranded DNA (ssDNA) breaks. Upon damage induction, PARP1 recruits to the site of DNA
damage and mediates ADP-ribosylation of itself and nearby proteins, resulting in chromatin
relaxation and facilitating recruitment of DNA repair factors, before its timely dissociation
from the lesion site. PARP1 not only block ADP-ribosylation, but also increase the retention
time of PARP1 at the damage site causing a so-called “PARP trapping” phenomenon. The
“trapped PARP1” at the site of DNA lesion hinders its repair and could be transformed to
DSB upon collision with ongoing replication forks. These DSB can be faithfully repaired
through HR. However, in HR-deficient backgrounds, such as BRCA1- or BRCA2-deficient
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tumors, the cells rely on the error-prone non-homologous end joining (NHEJ) pathway to

repair the DSB, leading to genomic instability and eventually cell death.

This model explains the synthetic lethal interaction between BRCA deficiency and PARPi
treatment which led to the FDA-approval of PARPi to be used in the clinics to treat patients
of breast and ovarian cancers with BRCA-deficiency. Continuous research allowed for the
expansion of PARP1 usage to tumors that are deficient of HR regardless of their BRCA status,
aterm known as BRCAness. Although PARPi have improved treatment outcomes for patients
significantly, cases of acquired resistance started to emerge. Extensive research have
identified different molecular mechanisms that could underlie PARPi resistance. Importantly,
restoration of HR functionality is the main resistance mechanism that was identified not only
at the bench but also in clinical cases. Altogether, efforts have been focused on identifying

genetic alterations that could enhance PARP1 sensitivity and overcome acquired resistance.

To identify genetic targets that could be used to induce sensitivity to PARPi treatment, we
carried out previously a genome-wide CRISPR knockout screen with the PARPi, Olaparib.
This approach permitted the identification of a large dataset of genes, which when knocked
out, the cells become sensitive to Olaparib. Among these genes are the oncogenic chromatin
remodeler ALC1, and the accessory subunits of DNA polymerase epsilon POLE3 and
POLEA4.

In this work, we utilized CRISPR/Cas9 technology to generate ALC1 KO, POLE3 KO and
POLE4 KO cells, we also validated their sensitivity to different clinically-approved PARPi
and demonstrated that this sensitivity depended on the presence of PARP1 as the main target
of these inhibitors. Furthermore, we investigated the molecular mechanisms by which loss

of ALC1 or POLEA4 resulted in PAPRI sensitivity.

ALCI1 is a chromatin remodeler directly recruited to the sites of DNA damage by active ADP-
ribosylation to facilitate chromatin relaxation allowing for repair factors to be recruited and
mediate the resolving of genomic lesions. Moreover, ALC1 is an oncogene that is
overexpressed in different types of cancer and associated with poor prognosis. In this project,
we revealed that knocking out ALC1 impaired the release of PARP1 from the sites of DNA
damage. This phenotype was further potentiated when PARP1 were introduced, resulting in

enhanced PARPI1 trapping on the chromatin which hindered the repair of DNA lesions
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leading to accumulation of DSB which underlined the cytotoxicity of PARPi in ALC1 KO.
Importantly, we demonstrated that ALC1 functioned upstream of the DSB repair choice
between HR and NHEJ, therefore, restoration of HR functionality, a common mechanism of
PARPi resistance, did not rescue PARPi sensitivity in ALC1 KO cells. Additionally, we
uncovered that ALC1 overexpression, a phenomenon observed in several cancers, induced
PARPi resistance. This observation is crucial to direct medical intervention in these tumors

to ensure maximum and timely benefits for the patients.

Similar to ALCI1 KO, sensitivity of POLE4 KO to PARPi was HR-independent. Along with
this notion, we proved that targeting both POLE4 and BRCA1 enhanced PARPi sensitivity
and bypassed acquired resistance associated with rewiring of HR pathway. A phenotype that
could hold significant implications for clinical applications. Mechanistically, we illustrated
that while POLE4 did not impact PARP1 dynamics on the sites of DNA damage, it held an
important role in replication stress tolerance. Loss of POLE4 slowed down replication speed
and resulted in replication stress and upregulation of ATR activity. These phenotypes were
further exacerbated upon PARPi treatment leading to replication catastrophe phenotype
mediated by increased activity of both ATR and DNA-PK. Importantly, we revealed that
POLE4 KO suffering from replication stress are sensitive to ATR inhibitor and combining
both Olaparib and ATRi caused premature mitotic entry of stressed POLE4 KO which had

synergistic killing effect on these cells.

Taken together, this work identified genetic alterations that modulate PARP1 sensitivity and
postulated the molecular mechanisms underlying this modulation. Beside the importance of
these discoveries in terms of understanding mechanisms of PARPi sensitivity and resistance,
they could hold significant clinical benefits, either by probing for these genetic alterations in
tumor samples to facilitate informed medical interventions, or by potentially encouraging the

development of novel inhibitors against these genes.

61



7. Osszefoglalé

A rakterapiak célja a rosszindulatu sejtek eltavolitasa tigy, hogy kozben a lehetd legkevesebb
mellékhatdst okozzak. Sajnos, a citotoxikus szerek altalaban nem tesznek kiilonbséget az
egészséges ¢€s transzformalt sejtek kozott, valogatas nélkiil pusztitjak el az osztddo sejteket.
Ezért célszeribb 1) tipusu terapidk kifejlesztése, amelyek a tumorsejtek szédmara
nélkiilozhetetlen utvonalakat specifikusan gatoljak. A genomika fejlodése lehetové tette a
daganatok genetikai hatterének vizsgalatat, az egyes betegekben bekodvetkezd genetikai
valtozasok meghatarozasat, aminek koszonhetden kivalaszthat6é a legalkalmasabb terapids

stratégia és megvalosithatd a személyre szabott orvoslas.

A személyre szabott orvoslas legjobb példaja a szintetikus letalitasnak nevezett jelenség
kiaknazasa. A szintetikus letalitas alapja, hogy két, 6Gnmagaban életképes fenotipusu mutacié
egylittesen sejthalalt okoz. Ha sikeriil azonositani a tumorfejlédéshez vezetd utvonalakat,
genetikai valtozasokat és megtaldlni szintetikus letalis partnereiket, akkor azok gatlasa
igéretes terapias megkdzelités lehet. Sikertorténetként emlithetjiik az emlérdkra érzékenyitd
fehérje (Breast Cancer Susceptibility Protein, BRCA) és a PARP inhibitorok (PARP1) kdzotti
szintetikus halalos kdlcsonhatds azonositasat, amely megnyitotta az utat a PARPi klinikai
hasznalata el6tt. A BRCA1 és BRCA2 tumorszuppresszorok, amelyek elengedhetetlenek a
DNS kettés szaltorés (DSB) javitasi utvonaldnak, a homolég rekombinacionak (HR)
mikodéséhez. A HR biztositja ezeknek a sériiléseknek hibamentes javitasat és ez altal
megdrzi a genomi integritdst. A BRCA1 vagy BRCA2 mutacidi esetében a HR utvonal
karosodik, ami szamos raktipusra, foként emld- és petefészekrdkra hajlamosit. A PARPi
elsdsorban a PARP1 nevill enzimet gatolja. A PARP1 katalizalja az ADP-ribozilaciot, ami
fehérjék és nukleinsavak poszttranszlacios modositasa. A PARP1 dontd szerepet jatszik az
egyszalu DNS (ssDNS) torések javitdsdban: a DNS-karosodés helyére toborozodik, ezaltal
aktivalodik, 6nmagat és mas fehérjéket ADP-ribozilal. Ennek hatdsara a kromatin fellazul, a
PARP1 disszocial a DNS sériilés helyérdl, mig mas DNS hibajavito faktorok odakotodnek és
aktivalodnak. A PARPi nemcsak blokkolja az ADP-ribozilaciot, hanem ndveli a PARP1
retencids idejét a karosodas helyén, ami ugynevezett "PARP csapdazasi" jelenséget okoz. A
DNS-1€ézi6 helyén 1évé "csapdaba esett PARPI" akadalyozza annak javitdsat, és a

folyamatban 1€v6 replikacios villakkal val6 titk6zés esetén DSB-vé alakulhat. Ezek a DSB-
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k hibamentesen javithatok a HR-val, de a BRCA1- vagy BRCA2-hianyos daganatokban a
sejtek a hibara hajlamos nem homoldg végcsatlakozasi (NHEJ) tGtvonalra tdimaszkodnak a
DSB javitasdhoz, ami genomi instabilitashoz és végiil sejthaldlhoz vezet. Ezzel a modellel
magyarazhatdo a BRCA-hiany és a PARPi-kezelés kozotti szintetikus haldlos kdlcsonhatas,
ennek alapjan hagyta jova az Egyesiilt Allamok Elelmiszer- és Gyogyszeriigyi Hivatala
(Food and Drug Administration, FDA) a BRCA-hianyos eml6- és petefészekrakos betegek
PARPi kezelését. Az intenziv kutatasoknak koszonhetéen a PARPi hasznalata kiterjesztheto
egyéb olyan daganatokra is, amelyekben a HR utvonal a BRCA statuszuktol fiiggetleniil
hianyos. Habar a PARP1 jelentdsen javitotta a betegek terapias esélyeit, bizonyos esetekben
un. szerzett rezisztencia alakulhat ki. A PARPi rezisztencia alapjat képezd kiillonbozo
molekularis mechanizmusok azonositasa érdekében kiterjedt kutatasok folynak. A f6
mechanizmusnak a HR funkcionalitds helyreéllitdsa bizonyul, amelyet nemcsak
laboratoriumi kisérletkeben, de klinikai esetekben is azonositottak. Hatalmas erdfeszitések
folynak olyan genetikai valtozasok azonositdsara, amelyek novelhetik a PARPi

érzékenységet €s lekiizdhetik a szerzett rezisztenciat.

Annak érdekében, hogy 1) genetikai célpontokat azonositsunk a PARPi-kezeléssel szembeni
érzékenység kivaltasahoz, genomszintli CRISPR knockout sziirést végeztiink egy PARP1, az
Olaparib segitségével. Ezzel a megkozelitéssel azonositottuk azt a génkészletet, amelyek
kititésekor a sejtek érzékennyé valnak Olaparibra. Ezek kozé a gének kozé tartozik a
kromatin-atrendez6dében részt vevo onkogén fehérje, az ALC1, valamint a DNS-polimeraz

epszilon POLE3 és POLE4 jarulékos alegységei.

Jelen munkéban CRISPR/Cas9 technologiat alkalmaztunk ALC1, POLE3 és POLE4 hianyos
sejtek (KO) eldallitasara, validaltuk érzékenységiiket kiillonbozd klinikailag jovahagyott
PARPi-ra, és kimutattuk, hogy ez az érzékenység a PARPI1 jelenlététdl fiigg. Tovabba
megvizsgaltuk azokat a molekularis mechanizmusokat, amelyek révén az ALCl vagy
POLE4 elvesztése PAPRI érzékenységet eredményezett. Az ALC1 egy kromatin atrendezd
fehérje, amely a poli-ADP-rib6z kozvetlen kotése révén felhalmozdodik a DNS-kéarosodas
helyszinén, ahol a kromatin fellazitasaval lehetdvé valik a DNS hibajavito faktorok kotodése
¢és a genomikus 1€éziok helyreallitasa. Az ALC1 onkogénnek tekinthetd, amely taltermelddése

a kiilonboz6 raktipusoban rossz prognézissal jar. Ebben a projektben feltartuk, hogy az ALCI
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hianyaban lassul a PARPI1 levalasa a DNS-karosodéas helyérél. Ez a fenotipus tovabb
erdsodik a PARPi jelenlétében, ami fokozott PARP1 csapdazast eredményez a kromatinon,
akadalyozva a DNS-1€zidk javitasat, DSB felhalmozodashoz vezet, végiil sejthalalt valt ki az
ALC1 KO-ban. Kimutattuk, hogy az ALC1 a HR és az NHEJ hibajavitasi utvonalak kozotti
valasztast megelézéen mikddik, ezért a HR mikodésének helyreallitdsa, ami PARPi
rezisztencia alapja, nem mentette meg az ALC1 hidnyos sejteket a PARPi-okozta sejthalaltol.
Ezen kiviil feltartuk, hogy az ALC1 talmikodése, amely szamos rakban megfigyelheto
jelenség, PARPI rezisztencidhoz vezet. Ez a megfigyelés hozzajarul ahhoz, hogy ezekben a
daganatokban az ALC1 célzasaval kozvetlen és elonyos orvosi beavatkozast végezzenek. Az
ALC1 KO-hoz hasonléan a POLE4 KO PARPi-ra valé érzékenysége is HR-fiiggetlen.
Kimutattuk, hogy mind a POLE4, mind a BRCAT1 gatlasa ndvelte a PARPi érzékenységet,
rdadasul a POLE4 hidnya esetén a HR ttvonal Ujrahuzalozasaval jaro szerzett ellenallas is
megkeriilhetd. Ennek a fenotipusnak nagy jelentdsége lehet a klinikai alkalmazasokban. A
molekularis mechanizmust illetden kimutattuk, hogy bar a POLE4 nem befolyasolja a
PARP1 dinamikajat a DNS-karosodas helyén, de fontos szerepet jatszik a replikacios stressz
kivédésében. A POLE4 elvesztése lelassitja a replikacios sebességet, replikacios stresszhez
¢s az ATR (Ataxia-telangiectasia mutated and RAD3-related) kinaz aktivalodasdhoz vezet.
Ezek a folyamatok tovabb erdsodtek a PARPi kezelés hatasdra, ami replikacios
katasztrofdhoz vezetett, amelyben mind az ATR, mind a DNA-PK (DNA-dependent protein
kinase) fokozott aktivitisa szerepet jatszott. Emellett kimutattuk, hogy a replikacids
stresszben szenvedd POLE4 KO érzékeny az ATR kindz gatloszerére (ATRi), valamint az
Olaparib ¢és az ATRi1 kombinéldsa a POLE4 KO sejteknek a mitdzisba valo korai belépését

okozza, és ez altal szinergikusan gyilkos hatast gyakorol ezekre a sejtekre.

Osszefoglalva, jelen munkdban olyan genetikai valtozisokat azonositottunk, amelyek
fokozzak a PARPi érzékenységet, és megallapitottuk a szenzitivitds alapjaul szolgalo
molekularis mechanizmusokat. Amellett, hogy ezek a felfedezések fontosak a PARPi
érzékenység és rezisztencia mechanizmusainak megértése szempontjabdl, jelentds klinikai
eldonyokkel jarhatnak, akar azaltal, hogy ezekre a genetikai valtozasokra sziirve lehetoveé
teszik a személyre szabott orvosi beavatkozéasokat, vagy potencidlisan 0sztonzik uj

inhibitorok kifejlesztését ezen gének ellen.
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11. Appendix

TABLES AND THEIR LEGENDS

Table S1. Dharmacon smart pool siRNA

Target Name Reference

CTRL ON-TARGET plus Non-targeting Control siRNAs D-001810-01-20
PARP1 ON-TARGET plus Human PARP1 siRNA L-006656-03-0005
PARP2 ON-TARGET plus Human PARP2 siRNA L-010127-02-0005
BRCA1 ON-TARGET plus Human BRCA1 siRNA L-003461-00-0005
53BP1 ON-TARGET plus Human TP53BP1 siRNA L-003548-00-0005
POLE4 ON-TARGET plus Human POLE4 siRNA L-009850-02-0005
POLE3 ON-TARGET plus Human POLE3 siRNA L-008460-01-0005

Table S2. Antibodies and antibody-like reagents used in this study

Target Host Company Reference Dilution | Dilution | Dilution
in [F in FACS n WB
53BP1 Rabbit | Abcam ab36823 - - 1:3000
Actin Mouse | Abcam Abl14128 - - 1:5000
ALCI1 Rabbit | Abcam ab213929 - - 1:1000
Beta-Actin Mouse | Thermo MAS5-15739 - - 1:5000
Fisher
Scientific
BrdU Mouse | Santacruz sc-32323 1:200 1:200 -
BrdU Mouse | Becton 347580 1:400 - -
Dickinson
BrdU Rat Abcam 6326 1:400 - -
BRCAI1 Rabbit | Proteintech | 22362-1-AP - - 1:1000
BRCAL1 Rabbit | Abcam ab213929 - - 1:1000
CHRACI15 Rabbit | ABclonal A14896 - - 1:1000
gamma H2AX | Rabbit | Abcam ab81299 - 1:250 -
(phospho S139)

89




GAPDH Rabbit | Thermo PA1-16777 - - 1:4000
Fisher

Ku 70 Mouse | Santa Cruz | sc-5309 - - 1:1000

mCherry Mouse | CliniScienes | E-AB-  20015- | - - 1:2000

200

PARP1 Rabbit | Abcam ab32138 - - 1:2000

PARP2 Rabbit | Proteintech | 55149-1-AP - - 1:2000

pATM Rabbit | Abcam ab81292 - - 1:5000

pATR (T1989) | Rabbit | Abcam ab223258 - - 1:1000

pDNAPK Rabbit | Invitrogen | PA5-78130 - - 1:1000

p-Histone Mouse | Invitrogen | MA5-15220 - 1:200 -

H3(Ser10)

POLE3 Rabbit | ABclonal A6469 - - 1:1000

POLE4 Rabbit | ABclonal A9882 - - 1:1000

pRPA (S33) Rabbit | Fortis Life | A300-249A - - 1:1000
sciences

pRPA (T21) Rabbit | Abcam ab109394 - 1:2000 -

Rad51 Rabbit | Abcam ab133534 1:1000 - -

Tubulin Mouse | Thermo sc #62204 - - 1:2000
Fisher

Secondary antibodies

Alexa Fluor | Goat Invitrogen | A11008 1:500 1:500 -

488

anti-rabbit IgG

Alexa Fluor | Goat Invitrogen A11001 1:500 1:500 -

488

anti-mouse IgG
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Alexa Fluor Goat Biotium 200023 1:500 - -

488

anti-rat IgG

Alexa Fluor | Goat Invitrogen | A21428 1:500 1:500 -

555

anti-rabbit IgG

Alexa Fluor | Goat Invitrogen A21422 1:500 1:500 -

555

anti-mouse IgG

Alexa-Fluor- Goat Thermo A21123 1:500 - -

546 Fisher

anti-mouse IgG

Alexa Fluor | Goat Invitrogen | A21235 - 1:500 -

647

anti-mouse IgG

Anti-Mouse Goat Invitrogen A16066 - - 1:5000
IgG-HRP

Anti-Rabbit Goat Thermo G-21234 - - 1:5000
IgG-HRP Fisher
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Table S3. Inhibitors used in this study

Inhibitor Commercial name Company Reference
ABT-888 Veliparib Selleck Chemicals S1004
AG014699 Rucaparib MedChem Express HY-10617A
AZD2281 Olaparib Selleck Chemicals S1060
BMN-673 Talazoparib MedChem Express HY-16106
KU-55933 ATMi Selleck Chemicals S1092
MK-4827 Niraparib Selleck Chemicals S2741
NU7441 DNAPKi Selleck Chemicals S2638
VE-821 ATRIi Selleck Chemicals S8007
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