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Abstract

Poly(ADP-ribosyl)ation (PARylation), a type of post-translational modification catalyzed by poly(ADP-ribose) polymerase
(PARP), is implicated in numerous biological processes including DNA repair, chromatin remodeling, programmed cell
death, RNA regulation, and PAR-dependent ubiquitination. The advent of PARP inhibitors represents a new synthetic lethality
paradigm for killing tumors bearing BRCA mutations in which tumor-specific defects are exploited to create a vulnerability
that causes tumor cell death. To date, four PARP inhibitors have been approved by the US Food and Drug Administration for
treatment of several types of cancer. In this review, we summarize the current knowledge of the molecular functions of PARP1
and highlight the recent advances in the use of PARP inhibitors in cancer treatment and the problem of drug resistance.
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Introduction

Since Chambon et al. first reported poly(ADP-ribosyl)ation
(PARylation) in 1963, researchers have continued to make
new discoveries about this post-translational modification
(PTM) (Chambon et al., 1963). Over the past 60 years, PAR-
ylation has been found to play an important role in DNA
repair, chromatin remodeling, programmed cell death, RNA
regulation, and PAR-dependent ubiquitination (Anderson
& Kedersha, 2008; Bock et al., 2015; Eustermann et al.,
2011; Li et al., 2015; Smith et al., 2019). In parallel, the
discovery of the synthetic lethality between poly(ADP-
ribose) polymerase (PARP) inhibitors (PARPis) and breast
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cancer susceptibility gene (BRCA) mutations has also made
PARPis a research hotspot in the anti-cancer field (Bryant
et al., 2005; Farmer et al., 2005). To date, PARPIis are the
most successful example of using synthetic lethality to kill
tumor cells. In this paper, after providing a brief review of
PARylation and the PARP family, we focus on the current
status and progress in understanding PARP molecular func-
tions. In addition, the most recent findings regarding the
clinical application of PARPis and the mechanisms of drug
resistance are also described to enlighten future research.

PARylation and PARP
What is PARylation?

PARylation is a reversible post-translational modification
that alters protein function. Specifically, (ADP-ribosyl)
ation transferases, also known as PARPs, catalyze the cova-
lent attachment of ADP-ribose to target proteins (Gibson
& Kraus, 2012) (Fig. 1). ADP-ribose is predominantly
attached to the serine residues of the target substrates, which
include PARP itself and other proteins, such as histones,
DNA repair proteins, transcription factors, and chromatin
modulators (Palazzo et al., 2018). PARylation consists of
three processes: first, an ADP-ribose monomer is attached
to an amino acid residue (initiation), and then a (2°-1"") or
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Fig.1 Dynamic synthesis and degradation of PAR chain. The
dynamic PARylation process involves a complex interplay between
PARPs and PAR-degrading enzymes. Specifically, PARylation is ini-
tiated when PARPs recognize specific signals such as DNA damage
or other signaling events. PARP then be recruited to the target protein
and begin to break down NAD +into ADP-ribose units, leading to the

(2°’-2""") ribose-ribose glycosidic bond is formed between
ADP-ribose units (elongation or branching) (Rolli et al.,
1997). These catalytic processes form linear or branched
PAR structures on target proteins, the size of which depends
on the accessibility of the substrate (Alvarez-Gonzalez &
Mendoza-Alvarez, 1995; Ruf et al., 1998).

Excessive PARylation, which disrupts chromatin mod-
ification and DNA synthesis, is highly cytotoxic (Prok-
horova et al., 2021). To avoid these cytotoxic effects, PAR
glycohydrolase (PARG), ADP-ribosylhydrolase 3 (ARH3),
terminal ADP-ribose protein glycohydrolase (TARG), and
mono-ADP ribosylhydrolase 1/2 (MACROD1/2) catabo-
lize PAR chains to maintain PARylation levels within a
dynamic harmless range (Brochu et al., 1994; Jankevicius
et al., 2013; Oka et al., 2006; Sharifi et al., 2013) (Fig. 1).
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attachment of ADP-ribose units to the target protein to create a linear
or branched PAR chain. Once DNA damage is repaired, PARG and
ARH3 cleave the bonds between ADP-ribose subunits, while TARG
and MACRODI1/2 remove the terminal ADP-ribose attachments,
which results in the complete removal of PARylation from target pro-
teins. PAR, poly(ADP-ribose); MAR, mono(ADP-ribose)

PARG and ARH3 are the main enzymes that cleave the
bonds between ADP-ribose subunits, and PARG is much
more efficient than ARH3 in the clearance of PAR chains
(Oka et al., 2006; Slade et al., 2011). TARG and MAC-
ROD1/2 remove the terminal serine-ADP-ribose attach-
ments, which results in the complete removal of PARyla-
tion from target proteins (Peterson et al., 2011; Rosenthal
et al., 2013). ARH3 is also responsible for the degrada-
tion of mitochondrial matrix-associated PAR (Niere et al.,
2012). The release of ADP-ribose subunits can generate
ATP for DNA repair, which guarantees rapid repair of
DNA damage even under energy depletion (Maruta et al.,
2007). In addition, PARG is also involved in regulating
chromatin structure during DNA damage (Rack et al.,
2016).
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The PARP family

Seventeen PARP family members have been discovered in
mammalian species; these proteins are named PARP1-16
with PARPS having two subtypes, PARP5a and PARP5b
(Langelier et al., 2012). However, not all PARP members
have the same ability to synthesize PAR. PARP1, PARP2,
and PARPS have the highest activity, PARP9 and PARP13
lack catalytic activity, and other PARPs only synthesize
mono(ADP-ribose) (Vyas et al., 2014). The different cat-
alytic activities of the PARPs correspond to their differ-
ent intracellular localizations. PARPI is only detected in
the nucleus, while PARP6, PARPS, PARP12, PARP13,
PARP15, and PARP16 are more likely to be localized in the
cytoplasm. Other PARPs have been found in the nucleus and
cytoplasm (Vyas et al., 2013).

Since PARPs were identified, most research has focused
on PARPI1, the founding member of the PARP family. To
date, six domains have been identified in PARP1, namely
three zinc-binding domains (Znl, Zn2, Zn3), an auto modi-
fication domain (AD), a Trp-Gly-Arg domain (WGR), and
a catalytic domain (CAT) (Alemasova & Lavrik, 2019). Zn1
and Zn2 are responsible for recognizing particular DNA
structures and single-strand breaks (SSBs) and promoting
allosteric activation of other domains, while Zn3 is associ-
ated with DNA-dependent catalytic activity and chromatin
compaction (Langelier et al., 2010, 2011). The WGR domain
is the central component interacting with DNA when DNA
is damaged (Langelier et al., 2012). The CAT consists of
a helical subdomain and ADP-ribosyl transferase (ART)
domain, which is the catalytic core and responsible for the
binding of NAD" and acceptor (Ruf et al., 1996). ART is
highly conserved in all PARP family members, and its His-
Tyr-Glu triad is regarded as the ART signature (Alemasova
& Lavrik, 2019). When a DNA lesion occurs, Znl, Zn3,
and WGR bind to the damaged DNA, which induces helical
domain unfolding and binding to NAD?, thereby activating
PARPI (Langelier et al., 2012).

Molecular functions of PARylation and PARP
DNA repair

A wide variety of endogenous or exogenous noxious stim-
uli such as radiation and chemical mutagens can induce
genomic DNA damage, including SSBs and double-strand
breaks (DSBs) (Huang & Kraus, 2022). SSBs occur with
a high frequency in every cell, once every 1-10 s, but they
do not cause mutations in all cases (Demple & Harrison,
1994). The main reason for this is the rapid DNA damage
repair mediated by PARP1 (Fig. 2). As a DNA lesion sensor,
PARPI1 recognizes SSBs, becomes activated, and PARylates

itself or other proteins (Eustermann et al., 2011). The PAR-
ylated proteins then recruit DNA repair factors that repair
DNA damage by interacting with histone PARylation fac-
tor 1 (HPF1), a coregulator of PARP1-dependent histone
PARylation (Eustermann et al., 2011; Gibbs-Seymour
et al., 2016). HPF1 prevents excessive auto-modification
of PARPI and promotes histone PARylation to ensure an
efficient cellular response to DNA damage (Gibbs-Seymour
et al., 2016).

X-ray repair cross-complementing 1 (XRCC1) is another
effector playing a leading role in DNA damage repair
(Hanzlikova et al., 2017). In response to the PARylation of
PARPI1, XRCCl is rapidly recruited to DNA damage sites
and attracts other SSB repair proteins such as DNA ligase 3
(LIG3), DNA polymerase 3 (POLB), and bifocal polynucle-
otide kinase 3’-phosphatase (PNKP) (Caldecott et al., 1994,
1996; Whitehouse et al., 2001). Notably, XRCC1 acts as a
regulator of PARPI activity. Recent studies have found that
XRCCl1-deficient cells cannot rapidly resume transcription
after DNA base damage because of abnormal PARP1 activ-
ity (Adamowicz et al., 2021). If not repaired in time, accu-
mulated SSBs lead to more severe DNA damage—DSBs. In
that case, PARP1 recognizes DSBs and participates in the
early recruitment of mitotic recombination 11 (MREI11) to
promote homologous recombination (HR) (Schlacher et al.,
2011).

In eukaryotic cells, HR is a high-fidelity repair pathway,
in which homologous sequences of the sister chromatid are
used as a template to repair damage during the S phase (Ray
Chaudhuri & Nussenzweig, 2017). Specifically, the MRN
complex, consisting of MRE11, RADS50, and NBS1, recog-
nizes DSBs and binds to the damaged DNA end, and pro-
motes the end resection to produce 3’ single-strand DNA
(Haince et al., 2008). BRCA1, BRCA?2 and partner and
localizer of BRCA2 (PALB2) are then recruited to regulate
the binding of RADS51 to DNA damage sites(C.-C. ). Next,
RADS51 catalyzes DNA extension after the pairing of 3’ sin-
gle-stranded DNA with homologous sequences on the sister
chromatid (Yang et al., 2017). Finally, the copied double-
strand DNA is connected to the nicked DNA by DNA ligase
to complete repair.

Although PARPI is the most active member of the PARP
family, other members have also been reported to play a role
in DNA damage repair (Amé et al., 1999; Beck et al., 2014;
Q. ). Hanzlikova et al. found overlapping roles for PARP1
and PARP2 in the recruitment of endogenous XRCC1 and
PNKP into oxidized chromatin (Hanzlikova et al., 2017).
As mentioned earlier, the rapid recruitment of XRCCl1 is
a critical step in repairing SSBs. Although the total ADP-
ribosylation level is visibly reduced in the lack of PARPI,
the individual PARP2 protein is sufficient to maintain near-
normal XRCC1 recruitment (Hanzlikova et al., 2017).
Moreover, PARP3 and PARP1 act synergistically in response
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Fig.2 The role of PARP1 in DNA repair and synthetic lethality.
Endogenous or exogenous noxious stimuli induce genomic DNA
SSBs. Under normal physiological conditions, PARP1 acts as a DNA
lesion sensor to recognize SSBs and undergoes moderate auto-PAR-
ylation by interacting with HPF1. Activated PARP1 recruits DNA
repair factors including XRCC1, LIG3, POLB, and PNKP to repair
DNA damage. In the presence of PARPis, PARPI is “trapped” on

to X-irradiation in human and mouse cells (Boehler et al.,
2011). In the absence of PARP3, cells become more sensi-
tive to antitumoral drugs generating DSBs and show a sig-
nificant delay in the repair of radio-induced DSBs (Beck
et al., 2014). Besides, Day et al. found that PARP3 regulates
G quadruplex DNA in response to DNA damage, which sup-
presses repair by nonhomologous end-joining (NHEJ) and
HR (Day et al., 2017).

Chromatin remodeling
Once DNA damage occurs, cells initiate chromatin remod-
eling promptly to increase DNA accessibility, facilitating

the entry of repair proteins to repair the damaged DNA
strand. Smith et al. found that PAR-dependent chromatin
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nicked DNA and fails to be auto-PARylated. The “trapped” PARP1
then causes replication fork collapse, which potentially upgrades the
SSB to a DSB. With wild-type BRCA, the MRN complex recognizes
DSBs and promotes HR, while with mutant BRCA, DSBs either
remain unrepaired or are repaired through NHEJ, which leads to cell
death

remodeling promotes the formation of a particular chromatin
conformation rather than simply unfolding chromatin (Smith
et al., 2019). This exposes the DNA damage and makes it
more accessible to binding repair proteins to improve the
efficacy of DNA repair (Smith et al., 2019). The PARylated
PARPI recruits chromatin remodeling enzymes namely
HPF1, amplified-in-liver-cancer 1, aprataxin and PNKP-like
factor, and chromodomain helicase DNA binding protein 6
(CHD®6) to induce chromatin remodeling and pull repair fac-
tors close to DNA damage (Bilokapic et al., 2020). In addi-
tion, PARP1-mediated PARylation can modulate chromatin
conformation independent of DNA damage. H1 histone, a
major substrate of PARP1, is released from chromatin during
DNA replication. Then PARP1 takes the place of H1 his-
tone and binds with linker DNA, facilitating the formation
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of a chromatin conformation conducive to transcription
(Krishnakumar et al., 2008). Of note, PARP1 mediates the
condensation of chromatin when it is not bound to DNA,
but promotes decondensation when it binds DNA (Bock
et al., 2015). The bidirectional interaction between PARP1
and histone indicates that histone can also regulate PARP1
activity. Consistent with this, a study in Drosophila found
that histone H2A and H2B can suppress the catalytic activity
of PARP1, while histone H4 continually activates PARP1
by interacting with the CAT domain, which facilitates chro-
matin remodeling through the accumulation of PARylation
modifications (Boamah et al., 2012).

Cell death

Excessive PARylation is cytotoxic. Overactivation of PARP1
leads to cell death through the following three pathways.
First, the process of PARylation consumes a large amount
of NAD*, which impacts glycolysis and oxidative phospho-
rylation, ultimately resulting in metabolic catastrophe and
cell death (Alano et al., 2010). Second, PAR can mediate a
form of programmed cell death named parthanatos, which is
an important cell death pathway in neurons. PAR-mediated
parthanatos is associated with Parkinson's disease, brain
damage following ischemia/reperfusion, and other neuro-
logical diseases (Park et al., 2020). The proposed mecha-
nism underlying PAR-mediated parthanatos is related to
apoptosis-inducing factor (AIF), a caspase-independent
apoptosis-inducing factor, which is located in mitochondria
under physiological conditions and participates in oxida-
tive phosphorylation (Daugas et al., 2000). The release of a
large amount of PAR into the cytoplasm triggers the trans-
location of AIF from the cytoplasm to the nucleus, which
results in DNA fragmentation and chromatin condensation,
and ultimately induces parthanatos both in vivo and in vitro
(Mashimo et al., 2021; S.-W. Yu et al., 2002, 2006). It is
argued that AIF binds PAR with high affinity, promoting
AIF release from mitochondria (Gagné et al., 2008). In
addition, mitochondrial membrane depolarization caused
by the depletion of NAD* may promote AIF release (S.-
W. Yu et al., 2002). The third way in which overactivation
of PARP1 leads to cell death is through PARP1-mediated
necrosis, another type of programmed cell death distinct
from apoptosis (Xu et al., 2006). Exposure to high levels of
reactive oxygen species/reactive nitrogen species can over-
activate PARP1 and induce necrosis, which is involved in
c-Jun N-terminal kinase activation and mitochondrial dys-
function (Chiu et al., 2011; Xu et al., 2006).

Other functions

Early studies on PARP and PARylation mainly revealed their
role in the regulation of DNA, and later studies gradually

revealed their role in the regulation of RNA. In eukaryotes,
the DNA sequence is first transcribed into pre-mRNA, which
undergoes alternative splicing, capping, and polyadenylation
before being exported from the nucleus (Bock et al., 2015).
PARP1 and PARylation modulate the alternative splicing
process in two ways. On the one hand, PARP1 directly
affects alternative splicing by binding with the chromatin
structure that regulates RNA polymerase elongation (Bock
et al., 2015). On the other hand, PARP1 participates in the
PARylation of splicing factors to regulate spliceosome pro-
tein activity or expression, which indirectly affects alterna-
tive splicing (Isabelle et al., 2012; Matveeva et al., 2016). In
addition, PARP1-mediated PARylation of poly(A) polymer-
ase, the enzyme catalyzing poly-adenylation, blocks mRNA
maturation (Manco et al., 2022). Heterogeneous nuclear-
ribonucleoproteins, a subgroup of RNA-binding proteins
(RBPs) and PAR-binding proteins, affect mRNA trafficking
and splicing by binding to PAR (Gagné et al., 2003; Ji &
Tulin, 2013).

PARylation is also involved in RNA regulation during
stress. When cells encounter external stimuli and stress,
initiation of mRNA translation is reduced or inhibited.
mRNAs and the corresponding RBPs aggregate to form
membrane-less organelles—stress granules. In the inter-
phase cytoplasm, PAR catalyzes stress granule assembly to
recruit RBPs to specific locations, thereby regulating mRNA
translation and stability under stress (Anderson & Keder-
sha, 2008). Studies have found that the RNA decay factor
G3BP1, translational suppressor TIA1, and miRNA-binding
argonaute proteins (Agol-4) are modified by PARylation
in an unstressed state (Isabelle et al., 2012; Leung et al.,
2011). The level of PARylation of these proteins increases
during stress, which relieves miRNA-mediated translation
inhibition and miRNA-directed mRNA cleavage (Leung
etal., 2011).

Recent studies have found cross-talk between PARylation
and other protein PTMs such as phosphorylation, acetyla-
tion, methylation, and ubiquitination, to fine-tune protein
functions and create a complex signaling network (Kassner
etal., 2013; Lietal., 2015; Messner et al., 2010; Zhou et al.,
2020). For example, PARylation of the target protein may
serve as a signal for its subsequent ubiquitylation and induce
ubiquitin—proteasome degradation (Li et al., 2015). Ubiqui-
tin E3 ligase binds to PAR through the PAR-binding motif
and is activated to promote substrate ubiquitylation (DaRosa
et al., 2015). The PAR-dependent E3 ligases identified so
far include BRCA1-BARD, RNF146, CHFR, and Iduna,
which regulate the abundance of substrate proteins, such
as Axinl/2, 3BP2, PTEN, AMOT-family proteins, PARP1,
RNF146, and PARPSa/b (Hu et al., 2021; Kang et al., 2011;
Kashima et al., 2012; Zhang et al., 2011). However, there
are still questions to be answered, such as what factors deter-
mine the specificity of PAR-dependent ubiquitylation targets
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and whether other E3 ligases are also PAR-dependent. In
addition, PARylation and other PTMs can be mutually exclu-
sive events, and the presence of one modification can influ-
ence the other. Acetylation and PARylation compete for the
same lysine. Indeed it has been demonstrated that histone H4
lysine 16 acetylation impairs the PARylation of the histone
H4, which is essential for regulating transcription and chro-
matin remodeling (Messner et al., 2010).Zhou et al. found
that enhanced STAT3 PARylation can significantly inhibit
its phosphorylation at TRY705 in hepatoma cells (Zhou
et al., 2020). Similarly, PARylation of histone H3 inhibits
SET7/9-dependent methylation of H3 (Kassner et al., 2013).
In conclusion, the crosstalk between PARylation and other
PTMs is a dynamic and complex network that regulates vari-
ous cellular processes. Understanding the interplay between
these modifications will provide insights into the regulation
of protein function in health and disease.

PARP inhibitor (PARPi)

Mechanism of PARPi action

Two studies in 2005 both observed that BRCA1/2-deficient
cells were highly sensitive to PARPis, which resulted in
apoptosis of cancer cells (Bryant et al., 2005; Farmer et al.,
2005). Based on this phenomenon and the fact that SSB
repair predominantly depends on PARP, scientists proposed
the synthetic lethality theory (Fig. 2). PARPi binds to cata-
lytic sites in PARP, which “traps” it on nicked DNA and
prevents its auto-PARylation. The “trapped” PARP1 then
causes replication fork collapse, which potentially upgrades
SSBs to the more severe type of damage, DSBs. However,
HR, the preferred DSB repair pathway, is defective in
BRCA1/2 mutant cells. Consequently, DSBs remain unre-
paired, which ultimately leads to cell death. Other models
involving synthetic lethality have been proposed to explain
the antitumor effect of PARPis. In BRCA1-deficient cells,
PARPis derepress the error-prone NHEJ pathway by inhib-
iting PARylation of Ku70/Ku80; the use of this rapid but
low-fidelity repair pathway increases the probability of cell
death (Hochegger et al., 2006; Patel et al., 2011). In addition,
PARP1-dependent microhomology-mediated end-joining,
a compensatory DNA repair pathway, which is more active
when HR is deficient, is also inhibited by PARPis, facilitat-
ing DSB accumulation (Ceccaldi et al., 2015).

Clinical approval of PARPis
Considerable research has focused on the use of PARPis
as single agents to exploit tumor-specific defects (Drew

et al., 2016; Gelmon et al., 2011; Litton et al., 2018; Mirza
et al., 2016; Mukhopadhyay et al., 2010). To date, the FDA
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has approved four PARPis, namely olaparib, rucaparib,
niraparib, and talazoparib. Olaparib was the first PARPi
approved by the US Food and Drug Administration (FDA)
(in 2014) for the treatment of relapsed platinum-sensitive
ovarian cancer with germline BRCA mutations. The effi-
cacy of this treatment was supported by data from a phase
II randomized trial showing that patients with BRCA muta-
tions had a longer median progression-free survival (PFS)
with olaparib therapy than with placebo therapy (Ledermann
et al., 2014). Subsequent clinical trials supported the effi-
cacy of olaparib as a treatment for BRCA-mutated plati-
num-sensitive relapsed serous ovarian cancer and BRCA-
mutated ovarian cancer after platinum-based therapy, and it
was approved as a first-line maintenance therapy in ovarian
cancer (Golan et al., 2019; Poveda et al., 2021; Robson et al.,
2017).

The second PARPI, rucaparib was approved by the FDA
in 2016 for the treatment of patients with advanced ovar-
ian cancer with BRCA mutations who had received two
or more previous chemotherapy regimens, combined with
an FDA-approved next-generation sequencing-based com-
panion diagnosis (Kristeleit et al., 2017). In 2018, the FDA
approved rucaparib as a second-line maintenance therapy
for adult patients with recurrent ovarian cancer that were
in complete or partial remission prior to being treated with
platinum-containing chemotherapy, without the need for a
companion diagnosis (Coleman et al., 2017).

Niraparib was the third approved PARPi (in 2017) and
the first PARPi used as maintenance therapy for platinum-
sensitive ovarian cancer; it was also approved as mainte-
nance therapy for ovarian cancer in 2019 (Mirza et al., 2016;
Moore et al., 2019). In 2018, the FDA approved the most
recent PARPi—talazoparib—for germline BRCA-mutant
HER2-negative locally advanced or metastatic breast can-
cer (Litton et al., 2018). However, despite the approval of
olaparib, rucaparib, and niraparib as maintenance therapies,
the FDA is preparing to withdraw marketing approval for
their use as third-line or higher treatments because of their
potential to increase the risk of death.

In vitro studies have shown that different PARPis vary in
cytotoxicity, which is significantly correlated with trapping
capacity, despite having an equal ability to inhibit the cata-
Iytic activity of PARP (Murai et al., 2014). Thus, the dosage
of PARPi used for clinical applications depends on the trap-
ping capacity. For example, talazoparib shows the greatest
PARP trapping ability and the highest cytotoxicity among
these PARPis, which means that a lower dose is generally
selected in the clinic (Lord & Ashworth, 2017).

Unanswered questions about synthetic lethality

While PARPis have resulted in the expected clinical suc-
cess for certain tumor types, subsequent research and
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clinical trials have reported unanticipated results. For
example, several clinical trials have shown that PARPis
not only significantly improve the survival of ovarian
cancer patients harboring BRCA mutations but also have
high efficacy in patients with wild-type BRCA (Coleman
et al., 2019; Gonzalez-Martin et al., 2019; Ray-Coquard
et al., 2019). In addition, in some tumors with a smaller
probability of carrying BRCA mutations than ovarian
and breast cancer, such as prostate cancer and pancreatic
ductal adenocarcinoma, PARPi showed unexpectedly high
efficacy, leading to its approval for clinical application
(Clarke et al., 2018; Raphael et al., 2017; Robinson et al.,
2015). These findings show that the underlying mechanism
of synthetic lethality has not been fully elucidated.

Although many models have been proposed, there are
still some issues regarding the interaction between PARPis
and BRCA mutations. A controversial point is the hypoth-
esis that most cancer-associated BRCA1 mutations are
located in the domains involved in the core DNA damage
response function because BRCA-deficient tumor cells
fail to repair DSBs. However, abundant BRCA1 mutations
have instead been found in or near the middle region of
the protein (Mallery et al., 2002; Manke et al., 2003; Reb-
beck et al., 2015; Solmaz et al., 2020). The mechanism by
which PARPis destroy cells with intact DNA DSB repair
function must still be addressed. Moreover, PARPis should
have similar efficacies for HR-deficient patients with non-
BRCA mutations, but this is not the case. It was found
that tumors bearing certain non-BRCA HR factor mutants,
such as ataxia telangiectasia mutated (ATM), are not as
sensitive to PARPis as tumors with BRCA mutants (Rafiei
et al., 2020).

At present, BRCA and HR status are important factors
affecting the selection of drugs for ovarian and breast can-
cer patients. However, even if BRCA mutation testing or
HR deficiency (HRD) testing is performed according to the
guidelines before drug administration, the clinical effect is
not fully in line with expectations (Del Campo et al., 2019).
Thus, uncovering the molecular mechanism of PARPi in
synthetic lethality will guide clinical trials toward outcomes
of antitumor efficacy beyond HRD status.

Acquired resistance to PARPis

PARPiI treatment often has good efficacy in the initial appli-
cation, but acquired resistance emerges gradually, which is
a serious clinical problem. The following section provides
a brief overview of the mechanisms of PARPi resistance,
including restoration of HR, stabilization of the replication
fork, overexpression of efflux pumps, and inactivation of
PARG (Fig. 3).

Restoration of HR

The restoration of HR is the most well-described mecha-
nism by which BRCA-deficient cells acquire chemothera-
peutic resistance. Among the several ways to achieve res-
toration of HR, the chief one is reversion mutations of
BRCA1/2 (Fig. 3a) (Ganesan, 2018). Most mutations in
BRCA1/2 are frameshifts, producing non-functional trun-
cated proteins and subsequently resulting in BRCA1/2-
dependent HRD (Gorodetska et al., 2019). However,
insertions/deletions may reoccur near the original mutated
regions, which restores the reading frame and gives rise to
partially functional proteins (Barber et al., 2013; Kondra-
shova et al., 2017; Norquist et al., 2011). Multiple studies
have found secondary mutations of BRCA1/2 in PARPi-
resistant tumors, resulting in the restoration of HR (Barber
et al., 2013; Loehr et al., 2022; Norquist et al., 2011; Patch
et al., 2015). This “sneaky” mechanism supports both
tumorigenesis and the development of drug resistance.
It is unclear whether reversion mutations are induced by
DNA damage reagents such as PARPis or are pre-existing
and selected by PARPi treatment. Restoration of HR also
occurs in BRCA-independent HRD cells and results in
the development of resistance to PARPi and platinum; in
these cells restoration is caused by reversion mutations in
other HR genes such as RAD51C, RAD51D, and PALB2
(Goodall et al., 2017; Kondrashova et al., 2017).

Another mechanism underlying the restoration of HR is
the release from DNA end resection inhibition (Fig. 3b).
When DNA damage is generated, resected DNA ends ini-
tiate HR to repair the DSB while the unresected DNA
ends promote the initiation of NHEJ (Ceccaldi et al.,
2016). Tumor protein p53 binding protein 1 (TP53BP1)
is the initiator of NHEJ, and it is involved in inhibition
of end resection. Deletion of TP53BP1, as well as its
downstream proteins replication timing regulatory fac-
tor 1 (RIF1), mitotic arrest deficient 2 like 2 (MAD2L2),
and the shieldin complex, leads to restoration of DNA
end resection and HR in BRCA1-deficient mouse models
(Bunting et al., 2010). Similarly, it was reported that the
CTCI1-STNI1-TEN1 complex could protect DSBs from end
resection to inhibit the initiation of HR (Barazas et al.,
2018). In line with the above observations, clinical data
indicate that patients with BRCA 1-deficient breast cancer
acquire PARPi and platinum resistance due to mutations
in TP53BP1 (Waks et al., 2020). Of note, the restoration
of HR due to the deletion of TP53BP1 and its downstream
proteins was exclusively observed in BRCA1-deficient
tumors (Dias et al., 2021). Unfortunately, this resistance
mechanism is difficult to overcome because of the restora-
tion of DNA repair function, and in this case immunother-
apy or anti-angiogenic drugs may be promising options.
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Restoration of HR

Overexpression of efflux pumps
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Fig.3 Mechanisms of PARPI resistance. a, b Restoration of HR. a
The frameshift mutation of an HR-related protein produces a non-
functional truncated protein, while a reversion mutation near the
original mutated region restores the reading frame, enabling the
expression of a partially functional protein. b When DNA damage
is generated, resected DNA ends (in red) initiate HR to repair the
DSB while unresected DNA ends (in green) promote the initiation of
NHEJ. TP53BP1 is the initiator of NHEJ and is involved in inhibition
of end resection. In BRCA1-deficient tumors, deletion of TP53BP1,
as well as its downstream proteins RIF1, MAD2L2, and the shieldin
complex, leads to restoration of DNA end resection and HR. ¢ Sta-
bilization of the replication fork. In BRCA-deficient cells, nucleases

Stabilization of the replication fork

Apart from HR, BRCA1/2 is also involved in maintaining
replication fork stability (Liptay et al., 2020). In BRCA-
deficient cells, nucleases including MRE11 are recruited
to stalled replication forks and mediate their degradation
due to the loss of BRCA1/2 protection (Fig. 3¢) (Liptay
et al., 2020). Several proteins have been identified as regu-
lators of replication fork protection in the context of BRCA
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including MRE11 and MUSS81 are recruited to the stalled replica-
tion fork and mediate its degradation due to the loss of BRCA1/2
protection. Depletion of CHD4 as well as PTIP and EZH?2 inhibits
the recruitment of nucleases and stabilizes the replication fork, con-
ferring resistance to PARPis. In parallel, fork collapse could be pre-
vented by RADX. d Overexpression of efflux pumps. Overexpression
of efflux pumps contributes to decreasing the intracellular concentra-
tion of drugs, giving rise to multidrug resistance. e Inactivation of
PARG. PARG and PARPi together act as barriers to the formation of
PAR chains; thus, PARG downregulation rescues PARylation upon
PARPiI treatment

deficiency. Depletion of CHD4 as well as PAX interacting
protein 1 (PTIP) inhibits MRE11 recruitment and stabi-
lizes the replication fork, conferring resistance to PARPis
(Guillemette et al., 2015; Ray Chaudhuri et al., 2016). In
line with this, clinical survival analysis showed a signifi-
cant correlation between reduced CHD4 expression and a
shorter PFS (Guillemette et al., 2015). MUSS8I structure-
specific endonuclease subunit (MUS81) is another nucle-
ase participating in the degradation of the replication fork.
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The deficiency of enhancer of zeste 2 polycomb repressive
complex 2 subunit (EZH2) prevents MUS81 recruitment at
the stalled fork and maintains fork stability. A low level of
EZH2 is considered to be a predictor of chemotherapy resist-
ance and poor prognosis in cancer patients bearing BRCA2
mutations (Rondinelli et al., 2017). In addition, the single-
strand DNA binding protein RADX prevents fork collapse
by regulating RADS51. Inactivation of RADX drives chemo-
therapeutic resistance in BRCA2-deficient cells through fork
collapse mediated by over-activated RADS51 (Dungrawala
et al., 2017). Notably, the mechanisms of replication fork
stabilization stated here are independent of the restoration of
HR, which indicates that the replication fork may serve as a
target for preventing the emergence of drug resistance in the
future (Dungrawala et al., 2017; Ray Chaudhuri et al., 2016).

Overexpression of efflux pumps

Overexpression of efflux pumps contributes to decreasing
the intracellular concentration of drugs, giving rise to mul-
tidrug resistance (Fig. 3d) (Andrei et al., 2020; Lepeltier
et al., 2020). Research in mouse models of BRCA 1-deficient
breast cancer showed that long-term exposure to olaparib
upregulates ABCB1, an ATP-binding cassette transporter
family member, and confers resistance to PARPis; this resist-
ance can be overcome by an ABCA1 inhibitor (Jaspers et al.,
2015). Similar upregulation was observed in chemo-resistant
ovarian cancer patients (Patch et al., 2015). Furthermore, a
recent study reported that overexpression of ABCB1 induces
olaparib-taxane cross-resistance in advanced prostate cancer,
indicating that ABCB1 has the potential to be a target for
overcoming common drug resistance (Lombard et al., 2019).

Inactivation of PARG

PARG inactivation is another newly discovered PARPi
resistance mechanism, in which PARPis are overcome
without HR restoration (Fig. 3e). Loss of PARG occurs fre-
quently in mouse mammary tumors in parallel with PARPi
resistance (Gogola et al., 2018). The main mechanism is that
PARG and PARPi together act as barriers to the formation
of the PAR chain; thus, PARG downregulation rescues PAR-
ylation upon PARPi treatment. In vitro studies have shown
that treatment with high concentrations of olaparib results
in a dramatic but not complete reduction in PAR and that
endogenous PARG activity is necessary for effective PAR
inhibition by PARPi (Gogola et al., 2018). Clinical cohorts
of naive triple-negative breast cancer and ovarian cancer
patients receiving PARPi treatment showed that pre-existing
PARG-depleted cells could be selected by PARPi treatment
(Gogola et al., 2018; Moudry et al., 2016). On the other
hand, PARG deficiency confers tumors with high sensitivity
to radiation and chemotherapeutics on account of replication

catastrophe (Amé et al., 2009; Pillay et al., 2019). Therefore,
although PARG inhibition is detrimental to PARPi efficacy,
it leads to cell vulnerability, which can be utilized to target
drug-resistant tumors.

Strategies to overcome PARPi resistance

Based on the increased likelihood of acquired PARPi resist-
ance, research on PARPi combination therapy is in full
swing to further optimize treatment efficacy and extend indi-
cations. Initially, the main goal of research on PARPis was
to enhance the sensitivity of cancer cells to chemotherapy
drugs by utilizing low-dose PARPi as a complementary ther-
apy. Data from a phase I clinical trial showed that PARPis
act as chemosensitizers with high cytotoxicity, which may
be related to PARPi inhibition of other normal functions
of PARP (Calabrese et al., 2004; Ferraris, 2010; Powell
et al., 2010). In addition, myelosuppression was observed
in patients combined with temozolomide (Plummer et al.,
2008). Research on chemotherapy combinations was ham-
pered by the above adverse effects until a phase III clini-
cal trial showed that the planned chemotherapy dose was
well tolerated by patients treated with veliparib (a PARPi),
which may be attributed to the relatively low toxic effects
compared with other PARPi (Coleman et al., 2019). How-
ever, whether combined with platinum, alkylating agents, or
topoisomerase inhibitors, none of the combined chemother-
apy and PARPi treatments are as effective as monotherapy.
Combination of PARPis and biological agents such as
antiangiogenic agents is a promising therapy because these
treatments do not cause myelosuppression. Antiangiogenic
agents can inhibit tumor angiogenesis to form a hypoxic
microenvironment, which suppresses tumor growth in par-
allel with downregulation of BRCA1 to form an HR-defi-
cient phenotype that can be targeted by PARPis. Data from
a phase II study showed that olaparib combined with the
VEGFR inhibitor cediranib significantly improved the PFS
of ovarian patients, especially patients without BRCA muta-
tions compared with olaparib monotherapy (16.5 months
versus 5.7 months) (Liu et al., 2014). At the same time, the
AVANOVAZ? study reported that platinum-sensitive recur-
rent ovarian cancer patients with wild-type BRCA benefited
more from the combination of niraparib and bevacizumab
(an anti-VEGFR antibody) than patients with BRCA muta-
tions (Mirza et al., 2019). The significant efficacy of antian-
giogenic agents provides the opportunity to expand the indi-
cations of PARPis, particularly for HR-proficient patients.
High levels of damaged DNA and erroneously repaired
DNA are recognized by the innate immune system, which
initiates an antitumor immune response, whereas tumors
activate the immune checkpoint of T cells to escape from
immune system attacks. Based on this mechanism, PARPi
and immune checkpoint inhibitors such as anti-PD-1/PD-L1
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have been used in combination for tumor treatment. PARPi
increases the incidence of DNA errors and anti-PD-1/PD-L1
simultaneously encourages the antitumor response (Stew-
art et al., 2018). Ongoing trials of PARPi combined with
immune checkpoint inhibitors show good tolerability and
promising median PFS regardless of BRCA status, which
suggests that patients may derive a greater benefit from the
combination than one drug alone (Drew et al., 2019; Kon-
stantinopoulos et al., 2019).

Conclusion and future perspectives

Over the past 60 years since the discovery of PARP1, addi-
tional biological functions of PARP1 have continued to be
uncovered. In addition to DNA repair, chromosome remod-
eling, cell death, and other functions described in detail
above, PARP1 has recently been found to interact with
0% methylguanine-DNA methyltransferase (MGMT) in
both a non-catalytic (DNA independent) and catalytic (DNA
dependent) manner to form a new DNA damage-induced
PARP1-MGMT protein complex. This complex underpins
pathway crosstalk in O%-methylguanine repair in Ewing
sarcoma cells and provides a new potential target for can-
cer treatment (Cropper et al., 2022). In addition, new find-
ings regarding the association of PARP1 with the immune
system suggest that PARP1 activity can regulate the tumor
microenvironment in non-small cell lung cancer (Juncheng
et al., 2022). In the absence of PARP1, T cells exhibit signs
of activation, such as increased expression of inducible co-
stimulators and decreased expression of PD-1 in cytotoxic
T lymphocytes (Juncheng et al., 2022). Beyond that, another
study identified PARP1 as an effector of insulin-like growth
factor binding protein 7 (IGFBP7), a biomarker used to pre-
dict different types of acute kidney injury (J. Yu et al., 2022).
IGFBP7 promotes kidney injury and inflammation through
a PARP1-dependent mechanism.

The rapid translation of PARPi to clinical use is attributed
to the discovery of synthetic lethality, which represents a
new paradigm for killing tumors bearing BRCA mutations
by exploiting tumor-specific defects to create a vulnerability
that causes tumor cell death. In less than a decade, four kinds
of PARPis have been approved by the FDA for clinical use
in the treatment and maintenance of ovarian cancer, breast
cancer, prostate cancer, and pancreatic ductal adenocarci-
noma. At present, the selection of a PARPi mostly depends
on the assessment of BRCA mutation or HRD status, but the
clinical effect is not fully in line with expectations because
the anti-tumor mechanism of PARPi has not been fully clari-
fied, and the efficacy remains to be improved. Hence, it is
necessary to further explore the mechanisms of PARPis,
especially the synthetic lethality with BRCA mutations, and
develop biomarkers to better identify the best treatments for

@ Springer

patients. In addition, future research should focus on over-
coming the targeted drug resistance of these patients. Com-
bined treatment may be a promising direction, as well as a
way to increase the value and efficacy of such drugs through
synergistic effects.
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