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Abstract

The principle of synthetic lethality, which refers to the loss of viability resulting from the disruption of two genes, which,
individually, do not cause lethality, has become an attractive target approach due to the development and clinical success of
Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi). In this review, we present the most recent findings on the use of
PARRPiI in the clinic, which are currently approved for second-line therapy for advanced ovarian and breast cancer associated
with mutations of BRCAI or BRCA2 (BRCA1/2) genes. PARPiI efficacy, however, appears to be limited by acquired and
inherent resistance, highlighting the need for alternative and synergistic targets to eliminate these tumors. Here, we explore
other identified synthetic lethal interactors of BRCA1/2, including DNA polymerase theta (POLQ), Fanconi anemia
complementation group D2 (FANDC?2), radiation sensitive 52 (RADS52), Flap structure-specific endonuclease 1 (FEN1), and
apurinic/apyrimidinic endodeoxyribonuclease 2 (APE2), as well as other protein and nonprotein targets, for BRCA1/2-
mutated cancers and their implications for future therapies. A wealth of information now exists for phenotypic and functional
characterization of these novel synthetic lethal interactors of BRCA1/2, and leveraging these findings can pave the way for

the development of new targeted therapies for patients suffering from these cancers.

Introduction

Breast cancer susceptibility gene 1 (BRCAI) and breast
cancer susceptibility gene 2 (BRCA2) are two tumor sup-
pressor genes, first linked to breast and ovarian cancer over
two decades ago. Elimination of patents on BRCAI or
BRCA2 (BRCA1/2) for diagnostic testing in 2013 has sig-
nificantly reduced the cost of genetic evaluation for these
genes and led to their inclusion onto many multigene
panels. BRCA1/2 proteins play a crucial role in DNA
double-strand break (DSB) repair mediated by the error-free
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homologous recombination (HR) pathway [1]. Addition-
ally, they have important roles in the protection of stalled
replication forks, transcription regulation, chromatin mod-
ulation, cell cycle regulation, checkpoint enforcement, tel-
omere maintenance, and transcription-coupled repair [1-3].
Given their indispensable contribution in maintaining
genomic stability, it is unsurprising that mutations in
BRCAI/2 confer high-penetrance susceptibility to breast
and ovarian cancers [4]. These mutations increase the risk
of developing breast cancer by 49-57% and ovarian cancer
by 18-40% [4]. Notably, BRCAI mutations frequently give
rise to the aggressive, higher-grade, triple-negative breast
cancer subtype which has poorer prognosis compared to
other breast cancer subtypes [5]. Breast tumors that arise
from BRCA2 mutations are predominantly high-grade
invasive ductal carcinoma presenting as a luminal subtype
of breast tumor harboring HR-deficiencies [6]. BRCA1/2
mutations account for ~15% of all ovarian cancer cases [7].
Histologically, these tumors stratify under the high-grade
serous ovarian cancer subtype. Globally, breast and ovarian
cancers are a leading cause of cancer-related deaths in
women. Annually, approximately over 3 million women are
diagnosed with breast or ovarian cancer. While ~5% of
breast and 15% of ovarian cancer cases are thought to arise
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due to mutations in BRCA1/2, a recently proposed weighted
model, HRDetect, which predicts BRCA1/2-deficiency with
a 98.7% sensitivity, has estimated that up to 22% of breast
cancer tumors may harbor mutations in these genes [8] and
identified HR-deficiency in 69% of triple-negative breast
tumors [9]. It is also noteworthy that therapeutic strategies
that benefit cancer patients with BRCAI/2 mutations have
also been shown to help patients with mutations in other
genes necessary for the HR pathway. These include muta-
tions in Ataxia Telangiectasia Mutated, Fanconi anemia
(FA) genes, and checkpoint kinase 2 [10]. Also, while
BRCA1/2 mutations are commonly associated with breast
and ovarian cancers, inherited and sporadic mutations in
these genes are also found in other cancer types, including
melanoma and cancer of the prostate and pancreas [11].
These mutations can be advantageous for targeted therapy
and synthetic lethal strategies have proven to be a promising
approach to targeting these tumors [12].

Synthetic lethality refers to a genetic interaction in which
the loss of two genes results in loss of viability, whereas the
perturbation of either one of the genes does not. In recent
years, through genetic screening and other methods, syn-
thetic lethal partners have been identified for several major
tumor suppressor genes, including BRCAI, BRCA2, and
PTEN. This review will focus specifically on synthetic
lethal interactions of BRCA1/2, including PARP, POLQ,
RAD52, FANCD?2, FENI, and APEX2. We will highlight
the physiological functions of these proteins, their status in
cancer and explore the essentiality of these genes in
BRCA1/2-deficient models. We will also briefly discuss
non-protein synthetic lethal interactions that have been
identified thus far and discuss strategies that have been, and
continue to be, exploited to target BRCAI/2- and HR-
deficient tumors.

Fig. 1 PARP deficiency and
synthetic lethality. PARP1/2
are DNA damage sensing and SSB
transducing enzymes. PARP
depletion kills HR-deficient cells
by compromising base excision v
repair (BER), a compensatory
pathway in the absence of
homologous recombination.
Chemical inhibition of PARP
leads to PARP trapping,
resulting in replication stress and
genomic instability, resulting in

loss of viability in HR- \
deficient cells.
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Poly (ADP-ribose) polymerase (PARP)

PARP inhibition was the first identified therapeutic syn-
thetic lethal interaction with BRCA1/2-deficiency. PARP1
and PARP2 are DNA damage sensing and transducing
enzymes that bind DNA via two zinc finger motifs and
transfer poly ADP-ribosyl (PAR) moieties onto DNA repair
effector proteins—a posttranslational modification process
known as PARylation. At DNA damage sites, including
single-strand break (SSB) sites, allosteric changes in
PARPI1 activates its catalytic function, contributing to
chromatin remodeling and the recruitment of proteins
involved in HR, nucleotide excision repair, and base exci-
sion repair (BER) [12-14]. Ultimately, PARP1 autoPAR-
ylation results in its release from repaired DNA [12].
Targeting PARP as a novel therapeutic strategy for elim-
inating BRCAI/2-mutated tumors first entered the spotlight
after two studies in 2005 reported a synthetic lethal inter-
action between PARP inhibition and BRCA1/2 mutations
[15, 16]. PARP inhibition using very potent small-molecule
inhibitors leads to replication fork collapse, chromosomal
instability, cell cycle arrest in G2, and subsequent apoptosis
in BRCA1/2-deficient cells. This finding, coupled with
previous studies that reported viable and fertile Parpl ™/~
mice [17], despite known PARPI1 function in response to
genomic assaults, garnered significant interest in targeting
PARP for the elimination of BRCA1/2-deficient tumors.
The initial model of the mechanism underlying this syn-
thetic lethal interaction was reported to be caused by the
accumulation of DSBs due to replication fork collapse when
the fork encounters persistent SSBs caused by PARP inhi-
bition [15] (Fig. 1). However, several studies have since
reported that some PARP inhibitors (PARPi; olaparib,
rucaparib, niraparib, and talazoparib) lead to the trapping of
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PARP molecules at sites of DNA damage by preventing
autoPARylation [18-20].

Currently, several FDA-approved PARPi are available for
treatment or maintenance of tumors originating at various sites
including breast, primary peritoneum, fallopian tubes, ovaries,
and pancreas [21, 22]. PARPi differ in their PARP-trapping
potency. In order from lowest to highest PARP-trapping
ability are veliparib, rucaparib, olaparib, niraparib, and tala-
zoparib. Veliparib is currently being investigated for the
treatment of solid triple-negative breast cancer and high-grade
serous ovarian tumors with documented mutations in BRCA1/
2, PALB2, and other HR genes (NCT03123211). It has been
and is also currently under investigation in other cancers
including gastric (NCT01123876), rectal (NCT01589419),
SCLC (NCT03227016), and other cancer types in combina-
tion with chemotherapeutics or radiotherapy. As of writing
this review, veliparib has not yet gained FDA approval
Details discussing clinical development of PARPi, their
mechanism of action, and adverse effects have been reviewed
elsewhere [23-25]. FDA-approved PARPi (rucaparib, ola-
parib, niraparib, and talazoparib) and their combinations in
conjunction with other anticancer agents are summarized in
Table 1 according to PARP-trapping potency, cancer site,
genomic variant, eligibility, and treatment purpose.

It is also noteworthy that given the compelling evidence
surrounding the interplay between the host immune system,
DNA damage, and inflammation in tumors [26], several
clinical trials are currently examining the efficacy of combin-
ing PARPi with immunotherapy. Active combinatorial trials in
gynecologic cancers, as well as breast, urothelial, lung, and
prostate cancer, are discussed elsewhere [27]. However,
PARPi are limited due to intrinsic and acquired resistance to
these drugs. Briefly, PARPi resistance mechanisms in HR-
deficient settings include reversion mutations in mutant
BRCA1/2 genes, restoration of HR via enhanced end resection,
DNA replication fork protection, restoration of PARylation, as
well as loss of PARP1. These mechanisms are reviewed in
detail elsewhere [28, 29]. This highlights the need of identi-
fying new synthetic lethal interactions of BRCA1/2 and other
HR genes, which may serve as novel targets or perhaps exhibit
synergy when targeted in combination with PARPi or current
chemo-, radio-, or immunotherapy regimens.

Radiation sensitive 52 (RAD52)

RADS5?2 is a DNA-binding protein that was first identified in
Saccharomyces cerevisiae through a genetic screen for
mutants sensitive to ionizing radiation (IR) [30]. Given the
essentiality of Rad52 for HR and DNA repair in S. cere-
visiae, surprisingly, RAD527~ mice are viable, fertile,
exhibit only moderate HR deficiency, no DNA damage
sensitivity, and no cancer predisposition [30]. Functionally,

RADS52 can bind ssDNA, playing a significant role in
single-strand annealing (SSA) and HR repair of DSBs [30].
Studies have demonstrated that in mammalian cells, HR
operates with at least two alternative sub-pathways includ-
ing the dominant BRCA1/2-dependent canonical pathway
and RADS52-dependent repair pathway [31, 32]. In the
RAD52-dependent HR pathway, RADS52 facilitates the
loading of RADS51 onto ssDNA coated with replication
protein A (RPA), leading to homologous pairing, and strand
invasion [33, 34]. Canonically, BRCA2 mediates assembly
of RADS51 on ssDNA through a complex consisting of
BRCA1/BRCA2/PALB2; however, in a BRCA1/2-deficient
background, RAD52 can compensate for this essential
component of HR [31, 32, 35]. Moreover, RADS5?2 interacts
with RPA-coated overhangs, aligns the complementary
regions, and trims 3’ overhangs in association with the
ERCCI1/XPF endonuclease complex, a crucial sequence of
events that promote the error-prone SSA repair of DSBs
[36, 37]. RADS2 also has been implicated in transcription-
coupled HR [38]. In the GO/G1 phase of the cell cycle,
Cockayne syndrome B protein detects DSB at sites of active
transcription and recruits RADS51, RAD51C, and RADS2 to
carry out HR-mediated repair using the newly synthesized
RNA as a template [38]. Additionally, RADS52 also limits
excessive remodeling of stalled replication forks [39].

As previously mentioned, RAD52 might not be an
essential protein for healthy tissues; however, there is evi-
dence that suggests RADS52 is critical for maintaining tumor
genome integrity. Using The Cancer Genome Atlas (TCGA)
database, a study found a significant association between
amplification of the genomic region containing the RAD52
gene and the development of lung squamous cell carcinoma
[40]. Additionally, two single nucleotide polymorphisms
were found to associate with higher RAD52 expression,
platinum resistance, and poor clinical outcome in cervical
squamous cell carcinoma patients [41-43]. Furthermore, due
to its compensatory roles in HR and SSA, RADS52 has been
reported to be essential for BRCAI1/2-deficient cancers
[32, 33] (Fig. 2). Targeting RAD52 in BRCA1/2- and HR-
deficient cancer cells sensitizes tumors to excess DSBs, while
healthy cells and tissues with intact BRCA1/2-dependent HR
remain unharmed [31, 32]. Mechanistically, it has been
reported that the synthetic lethal relationship between
RADS52 and BRCA1/2 is dependent on the endonuclease/
exonuclease/phosphatase family domain-containing protein 1
(EEPD1) [44]. EEPDI1 creates toxic intermediates post-
cleavage of stressed replication forks, which require either
BRCA1/2- or RADS52-dependent HR [44]. However, the
absence of RAD52 and BRCA1/2 results in DSB accumu-
lation and subsequent cell death. This synthetic lethal rela-
tionship has encouraged several groups to develop small-
molecule inhibitors of RAD52 (RADS52i). Several RADS52i,
including D-103, 6-hydroxy-DL-dopa, epigallocatechin, and
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Fig. 2 RADS52 deficiency and
synthetic lethality. RAD52
facilitates the loading of RADS1
onto ssDNA and also promotes
the error-prone SSA to repair
DNA double-strand breaks in
the context of BRCA1/2-
deficiency. Loss of RAD52
leads to loss of a compensatory
DNA repair pathway resulting in

BRCA1/2 Deficiency

DSB
/N N/ NRAN/N\Y/E
L End-resection
2y

DSB
V/\Y/ N/ NRN/\Y/)

v/, v/, VA
BrCA12 X

BRCA1/2 X lRADSZ Binding
dependent HR

dependent HR

i End-resection

BRCA1/2 + RAD52 Deficiency

RAD52
genomic instability and cell //_8/ A
death in BRCA1/2- ) o t
i RAD51 A oss of Compensatory
deficient cells. Recruitment \§S DNA Repair Pathways
- EEDS—

_ O
RAD52  RAD51

Strand invasion &

Error-free DNA repair L

Cell Survival

F779-0434, have been developed and have demonstrated
selective in vitro killing of BRCA1/2-deficient cells [45-47].
Several of these inhibitors, including D-103 and F779-0434,
have been shown to cause synergistic accumulation of DSBs
and eradication of BRCA-deficient tumor cells in immuno-
deficient mice in combination with PARPi with minimal
toxicity to normal cells and tissues [48]. These findings
indicate that inhibition of RADS52 could potentially improve
the therapeutic outcome of BRCA-deficient malignancies
treated with PARPi and limit the emergence drug-induced
clones and harm to normal tissues.

DNA polymerase theta (POL 0)

POL 0 is encoded by the POLQ gene and is broadly
expressed in normal tissues. POL 6 belongs to the A family
of DNA polymerases and is a crucial component of the
alternative end-joining (Alt-EJ) repair pathway of DSBs
[49, 50]. Alt-EJ occurs independently of the Ku protein
complexes, and it serves as a backup pathway for DNA
repair when HR, NHEJ, or BER become compromised [51].
Furthermore, the Alt-EJ pathway joins unprotected telo-
meres, which are generally joined by NHEJ in a POL 6-
dependent manner [52]. POL O contains a C-terminal
polymerase domain and an N-terminal helicase-like domain.
POL 0 promotes Alt-EJ by limiting RAD51 nucleation onto
ssDNA and stabilizing the annealing of two long 3’ ssDNA
overhangs (post-resection dependent on MRN and CtBP-
interacting protein (CtIP)) with as little as two bp of
homology and using one 3’ ssDNA overhang as a synthesis
primer [50, 53]. The helicase-like domain of POL 0 dis-
places RPA from ssDNA tails and its polymerase domain
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promotes microhomology and subsequent gap filling [54].
Thus, the occurrence of microhomologies at sites of break is
considered a defining signature of Alt-EJ [49]. Interestingly,
POL 6 has also been shown to add nucleotides to provide
microhomology due to its terminal transferase activity [55].
Ultimately, processing by POL 6 creates a stable, annealed
intermediate that is sealed by DNA ligase I or III. POL 6 has
also been implicated in DNA replication [56]. It has been
shown to function during the earliest steps of DNA repli-
cation and influences the timing of replication initiation
[56]. This function is modulated through its interaction with
the Orc2 and Orc4, components of the origin recognition
complex. Based on previously outlined functions of POL 6,
it is not surprising that Polg~'~ mice and cells display
elevated levels of spontaneous DNA damage, increased
formation of micronuclei, and sensitivity to DNA damaging
agents such as IR and mitomycin C [57, 58].
Overexpression of POL 6 has been reported in several
cancers, including stomach, lung, colon, breast, and ovarian
cancers [49]. Furthermore, patients with higher expression of
POL 0 had shorter relapse-free survival compared to patients
with relatively lower POL 0 expression [49]. These studies
suggest that low POL 0 expression may potentially confer a
selective disadvantage to tumors. POL 6 may drive tumor-
igenesis and lead to aggressive tumors through its functions in
Alt-EJ. Alt-EJ is intrinsically mutagenic, typically generating
deletions at the repair junction, and potentially being a major
driving force of genomic instability in human cancers [59].
Specifically, in HR-deficient cells, Alt-EJ acts as a compen-
satory form of DNA repair [60]. Deficiency in one DNA
repair pathway can result in cellular hyper-dependence on a
second compensatory DNA repair pathway. This dependency
is evident in HR-deficient tumors, which present a genomic

SPRINGER NATURE
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Fig. 3 POL 0 deficiency and
synthetic lethality. cPOL 0 is
crucial for alternative end-
joining repair of DNA double-
strand breaks. Loss of POL 0
leads to loss of a compensatory
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profile in which there are substantial deletions with micro-
homology due to overreliance on Alt-EJ [60] (Fig. 3). Con-
sistent with this notion, the abrogation of Alt-EJ through POL
0-depletion preferentially kills HR-defective cells in vitro and
in vivo. Furthermore, POL 6-depletion reduced the survival of
HR-deficient cells exposed to PARPi, cisplatin, or MMC
resulting in increased interest for POL 0 as a potential ther-
apeutic target in breast and ovarian cancers with BRCA1/2-
deficiency and other HR deficiencies [60]. Several companies
are currently in the process of developing POL 6 inhibitors.
Furthermore, using CRISPR-based genetic screens, a study
identified 140 synthetic lethal genes with POL 6, many of
which are involved in DNA damage repair pathways [61].
Interestingly, this study identified 275 out of 926 (29.7%)
breast cancers in TCGA cohort having a deficiency in one or
more of the 140 genes that are synthetically lethal with POL
0, highlighting the impact and benefit an effective POL 0
inhibitor might have on patient outcomes [61].

Fanconi anemia complementation group D2
(FANCD2)

The FANCD2 gene encodes FANCD2 protein. The FA
complementation group comprised of 22 proteins, including
FANCD?2, do not share sequence similarity but rather are
related by their assembly into protein complexes that func-
tion in similar signal transduction pathways. This FA path-
way is activated either during DNA replication or upon DNA
damage and serves to maintain genomic stability through the

SPRINGER NATURE

]

repair of interstrand crosslinks and stabilization of stalled
replication forks [62, 63]. Unsurprisingly, FA is an auto-
somal recessive disorder associated with mutations in genes
from the FA complementation group [63]. This rare disorder
is characterized by chromosomal abnormalities, increased
chromosomal breakage, defective DNA repair, and hyper-
sensitivity to DNA crosslinking agents [63]. Of the FA
proteins, FANCD?2 is the most evolutionarily conserved gene
[64]. Functionally, upon FA pathway activation, FANCD?2 is
monoubiquitinated at lysine 561 and with its partner FANCI,
coordinate several repair proteins and pathways such as HR
(through interaction with BRCA1/2, RADS5I1, etc.), transle-
sion DNA synthesis (through interaction with pol 1), and
nucleotide excision repair [64—67]. Importantly, mono-
ubiquitinated FANCD?2 is regarded as a functional repre-
sentation of activated FA signaling. FANCD?2 also localizes
to stalled replication forks to protect nascent strands from
excessive nucleolytic degradation and to modulate the
replication origin firing rate [68—70], indicating that it also
functions independently of the FA pathway.

Patients with FANCD2 mutations have increased risk of
developing myelogenous malignancies, squamous cell car-
cinomas, congenital abnormalities, and reduced fertility
[63]. These findings are also recapitulated in Fancd2™~
mice [71]. Even though FANCD?2 is classically identified as
a tumor suppressor, a study found that FANCD?2 is sig-
nificantly overexpressed in subgroups of ovarian, breast,
and uterine cancers associated with HR-deficiency and high
genomic instability [72]. Mechanistically, in BRCA1/2-
deficient cells, FANCD2 localizes to stalled replication



Exploiting synthetic lethality to target BRCA1/2-deficient tumors: where we stand 3007

BRCA1/2 Deficiency

DSB
/A N/ AR/
L End-resection

v/,

—\"/\Y/\'/)

| T

% Vs

—\'/\Y/\'/4

Replication Stress

_PARP1
@oLe
v/, T VA
Microhomology 2-20 bp
v

== Replication
Fork Protection

Mutagensis/Rearrangment
(insertions/deletions)

Cell Survival

Fig. 4 FANCD2 deficiency and synthetic lethality. cFANCD2 plays
a role in the alternative end-joining repair of DNA double-strand
breaks by recruiting POL 6 and PARPI, critical mediators of Alt-EJ.
Additionally, FANCD2 also localizes to stalled replication forks to
protect nascent strands from excessive degradation. Loss of FANCD2

forks and recruits POL 6 and CtIP, highlighting its
requirement for Alt-EJ [72]. In the absence of BRCA1/2,
replication stress is observed and the stability of the repli-
cation fork is compromised (Fig. 4). Reduced FANCD2
expression in BRCA1/2-deficient cells exacerbates replica-
tive stress and impairs Alt-EJ, leading to genomic instability
and substantially reduced cell viability [72]. Additionally,
FANCD?2 overexpression was found to confer resistance to
PARPi through replication fork stabilization, independently
of HR restoration. Thus, targeting FANCD?2 in specific
contexts, such as in HRD tumors and PARPi resistance
tumors, could be an important therapeutic strategy. Cur-
rently, no FANCD?2 inhibitors have been identified; how-
ever, high-throughput assays are being utilized to identify
small-molecule inhibitors for this protein [73].

Flap structure-specific endonuclease 1
(FEN1)

FENT1 is a highly conserved structure-specific endonuclease
that catalyzes the cleavage of bifurcated RNA or DNA
structures called 5’ flaps [74]. Such structures are generated
during long-patch BER or the synthesis of the lagging
strand. Removal of these 5’ flaps by FENI1 creates a single
nicked product that can be sealed by a DNA ligase. Addi-
tionally, FEN1 also plays a crucial role in telomere main-
tenance and processing of stalled replication forks [75]. Due
to its function in replication and maintenance of genomic
integrity, FEN1 is vital in highly proliferative tissues and its
deletion in mice leads to early embryonic lethality [76].
FENI1 is overexpressed in many cancers [77], including
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cancer of the testis, lung, and brain [78]. In an evolutio-
narily conserved synthetic lethal interaction network, FEN1
was identified as a broad-spectrum target for anticancer
therapy [79]. Genomic and protein expression analyses have
identified FEN1 as a critical biomarker in the breast, ovar-
ian, lung, liver, and other cancers [77, 80, 81]. FENI
overexpression has been associated with poor prognosis in
estrogen-receptor-positive and negative breast tumors and
high grade, high stage ovarian cancer. In lung cancer, it was
shown that C20, a small-molecule inhibitor of FEN1, sen-
sitizes lung cancer cells in vitro and mouse models to cis-
platin and other DNA damage-inducing agents [82]. Similar
observations have been reported in breast cancer using
another small-molecule inhibitor (SC13) of FENI.
Recently, using DNA repair-focused shRNA and CRISPR
screening in BRCA2-isogenic cell lines, FEN1 was identified
as a synthetic lethal target for BRCA1/2 [83]. Mechan-
istically, it was shown that FENI plays a role in
microhomology-mediated end joining (Fig. 5). However,
given the multifaceted functions of FENI in maintaining
genome integrity through its role in the processing of Oka-
zaki fragments, BER, among others [75], the phenotype
exhibited by loss of FEN1 in BRCA1/2-deficient cells is
likely due to impairment of several of its functions. Another
study has also since proposed targeting FEN1 in human
cancers with defects in HR [84]. It is worth mentioning that in
a BRCAI1/2-proficient setting, concomitant inhibition of
FEN1 with SC13 and PARP leads to DSB accumulation [85].
Since the toxic PARP-SSB intermediates that form due to
PARP trapping are resolved primarily through BER, and the
association of FEN1 loss with impaired BER, targeting this
enzyme should sensitize BRCAI1/2-deficient tumors to
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Fig. 5 FEN1 deficiency and
synthetic lethality. FEN1 play a
role in 5’ flap processing
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leading to genomic instability
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PARPiI. Several small-molecule inhibitors of FENT1 exist and
drugs targeting FEN1 are currently in production by several
companies. Thus, targeting FEN1 may be an important
therapeutic strategy that is efficacious alone, and may be
synergistic in combination with current treatment modalities
including cisplatin and PARPi.

Apurinic/apyrimidinic
endodeoxyribonuclease 2 (APE2)

Apurinic/apyrimidinic (AP) sites are pre-mutagenic lesions
primarily repaired through BER [86]. APEX2 encodes apuri-
nic/apyrimidinic endodeoxyribonuclease 2 (APE2), an AP
endonuclease crucial for this repair process. APE2 has weaker
endonuclease activity compared to APEIl, the major AP
endonuclease; however, APE2 has strong 3’ phosphodiester-
ase and 3’—5' exonuclease activity [87]. In addition to BER,
APEI and APE2 have also been implicated in HR [88]. While
both proteins were shown to regulate RADS1 expression,
APE2 was found to interact with various HR regulating pro-
teins, including BRCA1, BRCA2, BARDI1, RADS52, and
TP53. Short-hairpin mediated loss and chemical inhibition of
these AP nucleases have been shown to inhibit HR in multiple
myeloma cells [88]. In normal fibroblasts, overexpression of
these nucleases was shown to increase HR. APE2 also has a
role in class-switch recombination, cell cycle progression
during proliferation of lymphocytes, and the ATR-Chkl DNA
damage response pathway [89, 90]. Additionally, APE2 is
important in proliferating cell nuclear antigen (PCNA)-
dependent repair of H,O,-induced oxidative DNA damage
[91]. A recent study has identified that genomic alterations in
APE2 occur at a ~17% frequency using data available from
TCGA with upregulation of APE2 expression in kidney,
uterine, liver, lung, as well as breast cancer [92].

The aforementioned genetic screen conducted using DNA
repair-focused shRNA and CRISPR libraries also identified
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APEX?2 as a BRCA1/2 synthetic lethal target [83]. Validation
studies found increased YH2AX foci formation, elevated
CHK1 and RPA32 phosphorylation, and growth defects
following APE2 depletion in BRCAI/2-mutant cells.
Experiments to rescue cell proliferation suggested that the
nuclease activity of APE2 was critical for the survival of
BRCA2-mutant cells. Reconstitution of these APE2-depleted
BRCA2-mutant cells with wild-type APEI or its nuclease-
deficient point mutant was unable to rescue cell growth. It
should be noted that, unlike APE1, APE2 has been reported
to be strongly associated with replication forks using stable
isotope labeling with amino acids in cell culture and isolation
of protein on nascent DNA followed by mass spectrometry
(iPOND-SILAC-MS) [93]. According to the model recently
proposed in this study, APE2-PCNA interaction enables AP
site processing at replication forks, which would otherwise
lead to fork stalling, potentially contributing to DNA damage
and genomic instability in the absence of BRCA1/2 functions
[83] (Fig. 6). Interestingly, despite its high sequence simi-
larity with APE2, and its role as the major BER AP endo-
nuclease, APE1 was not identified to be synthetically lethal
with BRCA1/2 loss of function and its overexpression was
unable to rescue loss of viability in cells lacking APE2 and
BRCAZ2. A second study has also recently identified APEX2
as a synthetic lethal interactor of BRCAI/2 using a genome-
wide CRISPR screen [94]. The mechanistic model proposed
in this study suggests that the primary function of APE2 is to
reverse blocked 3’ DNA ends, thereby preventing endogen-
ously arising 3’ blocking lesions, which are a significant
vulnerability in BRCA1/2-deficient cells [94]. While the dual
loss of APE1 and APE2 sensitized multiple myeloma cells to
the PARPi PJ34, studies evaluating the synergy between loss
of APE2 function and PARP inhibition have not yet been
reported. However, given that PARP-SSB intermediates are
removed through BER, and APE2 function is essential for
this repair pathwayi, it is plausible that loss of APE2 will lead
to sensitization to PARPi.
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Fig. 6 APE2 (APEX2)
deficiency and synthetic
lethality. APE2 is crucial for
replication-associated base
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Other protein and nonprotein targets

With advances in genomic editing and genetic screenings,
more synthetic lethal interactors of BRCA1/2 have been
identified. A study utilized an epigenetic compounds library
to identify the histone deacetylases (HDACsS) inhibition as
synthetically lethal for BRCAI-mutated breast cancers [95].
Class I HDAC inhibition leads to global transcriptional
changes [95]. More specifically, it increases expression of
the thioredoxin-interacting protein, an inhibitor of the cri-
tical antioxidant, thioredoxin. This leads to reactive oxygen
species-mediated DNA damage accumulation and exacer-
bation of genomic instability in BRCA1-deficient cells, thus
resulting in cell death [95]. Another study using kinase
inhibitor screen has identified polo-like kinase 1 (PLK1) as
a potential synthetic lethal partner of BRCAI. Since
BRCAL plays a role in centrosome duplication and cyto-
kinesis [96], loss of PLK1 activity in BRCA1-deficient cells
led to giant multinucleated cells with large aggregates of
centrosomes, causing mitotic catastrophes and cytokinesis
failure, thereby, leading to cell death. Additionally, vola-
sertib, a PLK1 inhibitor currently in late-stage clinical trials
for adult acute myeloid leukemia patients, was used to
demonstrate the in vivo killing of BRCA1-deficient cancer
cells. Although volasertib has shown to have cardiovascular
side-effects [97], it still has the potential to be used for the
therapy of BRCA 1-deficient tumors. It should be noted that
PLK1 inhibition triggered mild synthetic lethal phenotypes
in BRCA2-deficient cells compared to a more robust phe-
notype observed in BRCA 1-deficient cells [98].

More recently, it has been demonstrated that targeting
DNA damage orchestrator E3 ubiquitin ligase ring finger
protein 168 (RNF168) can induce synthetic lethality in
BRCA1-deficient tumors [99-101]. Mechanistically, RNF168
was shown to act redundantly with BRCA1 to load PALB2-
BRCA2-RADS51 onto damaged DNA [99]. Therefore, inhi-
bition of RNF168-mediated chromatin ubiquitylation pathway
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in the absence of BRCA1 further compromised residual HR
and resulted in elevated genomic instability and cell death.
Interestingly, overexpression of RNF168 also led to cell death
in BRCA1-null cells [100]; this was due to robust recruitment
of 53BP1 resulting in inhibition of end resection, a key pro-
cess required for HR. In another recent study, RNF168 was
shown to maintain genomic stability in BRCA-deficient cells
through its role in R-loop resolution [101]. Mechanistically, it
was shown that RNF168 ubiquitylates helicase DHX9 to
recruit it to R-loops in BRCA-deficient cells [101]. Thus,
RNF168 deficiency resulted in R-loop exacerbation, which
then led to DSBs, senescence, and consequently cell death in
BRCA-mutant cells.

Depletion of oncogenic helicase amplified in liver cancer 1
(ALC1) was also recently shown in several studies to confer
synthetic lethality/sickness to HR-deficient cells and sensitize
cells to PARPi [102-105]. One study showed that ALCI1
catalytic activity is required for the release of trapped PARP2,
but not PARPI1, from damaged chromatin [102]. Thus,
depletion of ALCI resulted in PARP2 trapping and impaired
SSB repair response, subsequently leading to PARPi hyper-
sensitivity and synthetic lethality with BRCA1/2. Similarly,
another study demonstrated that ALCI is a key determinant
of PARPi toxicity and its deficiency causes synthetic sickness
in BRCA-mutant cells [103]. In this study, ALC1 was shown
to modulate chromatin accessibility to allow processing of
damaged bases. Thus, ALCI loss decreased chromatin
accessibility and association of base damage factors, resulting
in the accumulation of replication-associated damage,
increased trapping of PARP1/2, and dependence on HR
[103]. ALCI1 loss significantly reduced the survival of
BRCA-mutant cells and enhanced PARPi sensitivity by up to
250-fold [103]. An additional study also recently reported
that ALC1 underlies PARPi resistance and showed that
ALC1 deficiency enhances trapping of inhibited PARPI,
which results in impaired binding of both HR and NHEJ
repair proteins at DNA lesions [104]. The synthetic lethal

SPRINGER NATURE



3010

P. S. Patel et al.

interaction between defective ALC1 nucleosome remodeling
and HRD was also documented in another study [105]. This
study reported that ALCI1 loss resulted in incomplete pro-
cessing of BER intermediates, which consequently resulted in
DNA gaps after replication and a critical dependence on
repair via HR [105]. Taken together, these studies provide
plentiful evidence for targeting ALC1 alone or as a PARPi
sensitizer to augment current therapeutic strategies employed
to treat HR-deficient cancers.

Synthetic lethality in the context of BRCAI has also
been expanded to nonprotein targets. The silencing of
microRNA 223-3p (miR223-3p) enhanced Alt-EJ repair of
stressed replication forks. Thus, reconstituting expression of
miR223-3p in BRCAl-deficient cancers caused synthetic
lethality due to the AIlt-EJ dependency, as previously
highlighted in the context of POL 6 and FANCD?2 [106].

While the bona fide synthetic lethal targets of BRCA1/2
have some function in maintaining genomic stability
through several different mechanisms, there remains a
wealth of unexplored pathways that could be essential in a
BRCA1/2-deficient background. For instance, the afore-
mentioned study in which DNA repair-focused genetic
screens identified FEN1 and APEl as synthetic lethal
partners with BRCA1/2, also highlighted mRNA splicing as
an essential pathway in BRCA2-mutant cells [83]. Specifi-
cally, splicing factor 3B subunit 2, a component of the
U2 small nuclear ribonucleoprotein particle necessary for
forming the spliceosome [107], was found to be essential in
BRCA2-mutant cells in vitro. Furthermore, two spliceosome
inhibitors, spliceostatin-A and sudemycin D6, also resulted
in loss of viability of BRCA2-mutant cells. This highlights
the potential synthetic lethal relationship between the loss of
U2 spliceosome and BRCA?2; however, this finding was not
investigated in the context of BRCAl-deficiency, and the
mechanism of synthetic lethality has not yet been explored.

Due to the functions of BRCA1/2 in the prevention of
genomic instability through the protection of stalled replica-
tion forks from unscheduled nucleases, a vulnerability that
could be exploited has emerged in BRCA1/2-deficient cells
[69, 108]. Several groups have identified synthetic lethal
partners of BRCA1/2 that are involved in replication fork
protection such as CtIP, exonuclease 3’—5’ domain-
containing 2 (EXD2) and ubiquitin-specific peptidase 1
(USP1) [109-111]. CtIP has been shown to protect nascent
DNA strands following fork reversal by disrupting DNA2
nuclease activity [109]. This allows BRCA1/2-mediated
assembly of RADS51 nucleofilaments to prevent meiotic
recombination 11 (MREI1) fork degradation, ensuring fork
restart, thus maintaining genomic integrity. In the absence of
CtIP and BRCA1/2 proteins, both nascent strands at reversed
forks are vulnerable to over-resection by DNA2 and MREI 1,
thus resulting in genomic instability [109]. However, it
should also be noted that a recent study that identified CtIP as
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a crucial regulator of fork integrity suggested that germline
CtIP mutations may predispose to early onset breast cancer
due to deleterious fork degradation events rather than changes
in DSB resection efficiency [112]. Another factor, EXD2,
was also shown to counteract fork reversal, preventing
uncontrolled degradation of nascent DNA, thereby allowing
for efficient fork restart [110]. Combined deficiency of EXD2
and BRCA1/2 resulted in the loss of fork protection and lead
to collapsed forks adversely impacting genome stability and
cell viability [110]. It should also be noted that the loss of
EXD2 hampered Alt-EJ; thus, the mechanism for the
observed synthetic lethality is multifactorial. Another group
demonstrated that loss of USP1, a factor that stabilizes
replication forks by deubiquitinating PCNA and replacing the
translesion synthesis polymerase, leads to cell death in
BRCA1-deficient cells due to excessive replication fork
degradation [111].

While on the topic of replication stress, it should be
noted that four-stranded secondary DNA structures known
as G-quadruplexes (G4) also contribute to replication stress
[113]. These structures have regulatory functions in differ-
ent regions of the genome during transcription, translation,
etc., and their stabilization has deleterious effects on
genomic stability as they can act as a potent barrier to
replication machinery. Several stabilizers of G4 structures,
such as pyridostatin, have been shown to reduce the pro-
liferation of HR-defective cells by exacerbating defects
associated with HR-deficiency, including accumulation of
DSBs, checkpoint activation, and deregulating G2/M pro-
gression [114]. It is also important to note that pyridostatin
sensitivity has also been observed in HR-deficient cells that
have acquired resistance to the PARPi olaparib due to loss
of REV7 or 53BP1. These results highlight the therapeutic
potential of G4-stabilizing drugs for the elimination of HR-
deficient tumors, including tumors that exhibit PARPi
resistance. Two additional small-molecule drugs, CX-5461
and CX-3543, have been identified as G4 stabilizers that
selectively kill BRCA1/2-deficient tumors [115]; providing
further evidence supporting stabilization of G4 structures
for the elimination of BRCA1/2-deficient tumors. CX-5461
is currently in an advanced phase I clinical trial
(NCTO02719977) to assess tolerability in patients with
recurrent, metastatic, locally advanced, or unresectable
breast cancer with known BRCA1/2 or other HR germline
aberrations.

Concluding remarks

Despite recent success in clinical trials, the benefit of PARPi
is limited by inherent and acquired resistance, highlighting
the need for the identification of alternative and perhaps
synergistic targets. In this review, we have presented an
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integrative perspective on newly identified protein and non-
protein synthetic lethal interactions of BRCA1/2. We present
evidence that suggest that these findings could also target
other DNA repair deficiencies that present as HR-deficiency.
Novel targets are being identified at an unprecedented rate
using high-throughput approaches and efforts are underway
to map cancer dependencies systematically (DepMap Portal;
https://depmap.org/portal/); however, translation to the clinic
remains limited. Additionally, inherent assay limitations (2D
vs. 3D cell culture) should also be contemplated as they may
obscure novel potent synthetic lethal targets. Furthermore,
while current assays focus on identifying synthetic lethal
interactions at the gene level, limited research exists at the
domain or amino acid level for BRCA1/2. Future efforts
should consider synthetic lethal interactions specifically to the
domain or hotspot mutations to improve precision cancer
therapy and limit toxicities. As of writing this review, given
the hyper-dependence of cancer cells on replication and
continuous proliferative signaling, in addition to the possi-
bility of selective elimination of BRCAI/2-deficient cancer
cells, therapeutic strategies targeting the replication stress
response have emerged at the forefront of the next wave of
synthetic lethal targets.
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