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ABSTRACT

Poly (ADP-ribose) polymerases (PARP) inhibitors (PARPi) are the first-approved
anticancer drug designed to exploit synthetic lethality. PARPi selectively kill cancer
cells with homologous recombination repair deficiency (HRD), as a result, PARPi
are widely employed to treated BRCA1/2-mutant ovarian, breast, pancreatic and
prostate cancers. Currently, four PARPi including Olaparib, Rucaparib, Niraparib,
and Talazoparib have been developed and greatly improved clinical outcomes in
cancer patients. However, accumulating evidences suggest that required or de novo
resistance emerged. In this review, we discuss the molecular mechanisms leading to
PARPi resistances and review the potential strategies to overcome PARPi resistance.

INTRODUCTION

As genetic information, DNA is replicated
continuously during an individual’s lifetime. Endogenous
sources such as reactive oxygen species (ROS) and
exogenous sources including heavy metals and genotoxic
chemicals could damage DNA [1, 2]. DNA damage
triggers a series of signaling cascades that promotes
repair of broken DNA. Poly (ADP-ribose) polymerases
(PARP) is a group of enzymes that catalyze ADP-ribose
modification on the substrate proteins. PARP family
contains 17 members and PARP1 is the most abundant
one. As the DNA damage sensor, PARP1 recognizes
and accumulates at damaged DNA sites, facilitating the
recruitment of repair proteins through PARylation [3].
Inhibition of PARP1 results in DNA double-strand breaks
(DSBs), which are the most severe type of DNA damage.
PARPI inhibition-induced DSBs are highly replies on
homologous recombination (HR)-mediated pathway to
repair. Consequently, PARP1 inhibition induces synthetic
lethality in BRCAI/2-mutant cancer cells. Lynparza
(Olaparib), the first PARP inhibitor (PARPi), was
approved by the FDA in 2014 as a first-line maintenance

treatment for BRCA-mutated advanced ovarian cancer.
PARPi is the first approved-drug that was developed
utilizing the concept of synthetic lethality. Unfortunately,
a significant number of cases of acquired and de novo
resistance to PARPi have emerged during treatment in
clinics due to a series of complex interaction mechanisms.
In our present review, we summarize the mechanisms for
PARPi’s acquired and de novo resistance and propose
therapeutic strategies to reverse resistance and optimize
PARPi1 therapies in the future.

DNA DOUBLE-STRAND BREAK
REPAIR PATHWAYS

Non-homologous end joining (NHEJ) and
homologous recombination (HR) are two major pathways
to repair the DNA double- strand breaks (DSB). HR is
a key pathway during late S phase to G2 phase of the
mammalian cell cycle, as it leads to precise repair of DNA
damage using the sister chromatid as the repair template,
which is less error-prone and a more conservative path
[4]. BRCA is a key protein in the HR pathway. NHEJ is
an error prone pathway and is active throughout of the cell
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cycle. During NHEJ, DSB sites are repaired by blunt end
ligation with low fidelity. Consequently, NHEJ usually
results in small insertion or deletion. HR and NHEJ using
different repair machinery to complete the repair process.
For HR, DSBs are first processed by Mrell-Rad50-
NBS1(MRN) complex mediated-end resection to produce
3’-ssDNA overhang, which is subsequently coated by RPA
and finally displaced by Rad51 recombinase to complete
the repair process. Regarding NHEJ, broken ends are
firstly hold by heterodimer Ku70/80 (Ku) and then recruit
DNA-PKcs, Artemis, XRCC4 and Ligase IV to fill the
by error-prone DNA polymerases. Failure to repair DSBs
leads to accumulation of genetic aberrations, cell cycle
arrest and apoptosis. “Synthetic lethality” is a term used
to describe a situation in which a defect in either gene has
no or little effect on cell survival, but when both genes are
defective together, the cell death rate is greatly increased

Protein A

No alterations

Protein A altered

protein B altered

Both altered

[5] (Figure 1). The principle can be used to selectively
kill tumor cells without affecting normal somatic cells.
In BRCA1/2-deficient patients, inhibition of PARPs may
lead to accumulation of DNA DSBs and resulting in cell
death (Figure 2).

PARP IN THE CONTEXT OF DNA
REPAIR IN BRCA1/2-MUTATED
CANCERS

The mechanism of PARPi

Poly (ADP-ribose) polymerases (PARP) inhibitors
(PARPi) have been shown to be effective against
homologous recombination repair deficient tumors in a
synthetically lethal interaction. PARP1 is the primary poly
(ADP-ribose) polymerase responsible for accelerating

Protein B —) Cell survives

——>» Cell survives

——>» Cell survives

——> Cell death

Figure 1: Schematic of synthetic lethality. Concomitant alteration of two genes or proteins results in cellular apoptosis, whereas
altering either gene or protein individually does not elicit apoptotic response.
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the global rate of single-strand break repair (SSBR) in
human cells. PARP2 also has a role in SSBR and has an
overlapping role with PARP1 for recruitment of XRCCI.
In addition, PARP3 deficient cells also display genome
instability and delayed repair of single strand break [6].
After DNA damage, PARP1 catalyzes the posttranslational
polymerization of ADP-ribose units (PARs) from NAD+
molecules onto target proteins via covalent linkages to
acidic residues. this auto- and hetero-modification recruits

I

(NN NN NRRRNANAAi|

additional DNA repair molecules, such as XRCC1 to the
site of damage, promoting the effective repair of DNA [7]
(Figure 3).

PARPi are a class of anti-cancer drugs which
compete with nicotinamide (NAD+) for the catalytically
active site of PARP molecules. Two of the benzamides,
3-aminobenzamide and 3methoxybenzamide, were found
to be competitive inhibitors, with K1 values of less than
2 uM [8]. As of the current moment, PARP inhibitors
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Figure 2: Synthetic lethality between PARP inhibitors and homologous recombination deficiency. PARP entrapment on
DNA damage blocks the replication machinery, and loss of PARP activity prevents replication fork reinitiation. This results in DSBS
requiring repair by homologous recombination. In the case of homologous recombination defects, such as BRCA1/2 mutations, PARP1-
trapping lesions cause excessive fork degradation by the MRE11 nuclease, leading to fork collapse.
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have been investigated either as standalone treatments
in cancers with depleted BRCA1/2 genes or in cancers
exhibiting BRCA-like characteristics. They are also being
studied in combination with other DNA-damaging agents
such as ionizing radiation across a wide spectrum of
cancer types. A total of nine drugs are progressing through
various phases of drug development [9, 10].

A large body of evidence has pointed to an
involvement of PARP function in the base excision repair
pathway, which generates SSBs as repair intermediates.
PARP inhibition leads to persistent single-strand gaps in
DNA [10]. DSBs can be produced by replication across
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a single-stranded nick or by rupture of a DNA strand at a
stalled replication fork. If these gaps are encountered by a
replication fork, arrest would occur and the single-strand
gaps may degenerate into DSBs [11].

Two pathways dominate the repair of two- ended
DSBs: NHEJ and HR. Normally these DSBs can be
repaired by HR [12]. HR of an exchange type is induced
by DSB associated with replication forks, HR at the HPRT
gene is rapidly induced in the early S phase by DSB at
replication forks [13]. Replication forks frequently stall
during normal DNA replication at DNA lesions, or
template-bound proteins [14]. Because of mechanisms

Single strand Break (SSB)

PARP1 Binds SSB

NAD™* dependent PARylation

' Recuitment of proteins
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T
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Repair of SSB

Figure 3: The activity of PARP1 in the repair of SSB via the BER pathway. DNA damage is quickly detected and bound by
PARP. PARP utilizes NAD+ as a substrate to facilitate auto-poly(ADP-ribosyl)ation, form ADP-ribose polymers. this auto-modification
recruits additional DNA repair molecules, such as XRCCI1 to the site of damage, promoting the effective repair of DNA.
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that deal with stalled replication, stalling does not usually
give rise to persistent DNA breakage, and BRCA?2 is an
essential component of corresponding mechanisms in
mammalian cells. In the absence of BRCA1 or BRCA2,
the replication fork cannot be restarted and collapses
[15]. Resulting in persistent chromatid fragmentation that
cannot be repaired. when HR is disrupted/altered, DSBs
usually repaired by NHEJ are instead repaired by other
mechanisms, that give rise to chromosomal translocations
and deletions [16]. That would cause large numbers
of chromatid breaks and aberrations, leading to loss of
viability.

Base excision repair

The PARP1 and PARP2 isoforms play a crucial role
in the base excision repair (BER) pathway, particularly in
addressing single-stranded DNA breaks. Constitutively
present, these isoforms are activated in response to
DNA damage. PARP1, upon activation, engages in the
poly (ADP-ribosyl) ation of nuclear proteins. PARP1
comprises three domains, an N-terminal DNA binding
domain (DBD), a central domain responsible for auto-
modification (AMD), and a C-terminal catalytic domain
(CD), accountable for DNA binding, self-modification,
and enzymatic catalysis. The DNA-binding domain of the
protein is characterized by two zinc finger structures and
a nuclear localization sequence at the N-terminus. This
domain is responsible for the recognition of both single-
strand nicks (SSBs) and double-strand breaks (DSBs) in
DNA[17]. PARP2 is another member of the PARP protein
family closely associated with the PARP1 enzyme. It
possesses a catalytic domain but lacks the N-terminal
DNA binding domain [18]. PARP1 and PARP2 engage
in mutual interactions and share common associates,
including XRCC1, DNA polymerase beta, and DNA ligase
III, which are directly implicated in the Base Excision
Repair (BER) pathway [19].

When DNA damage occurs, the zinc-finger DNA-
binding domains facilitate the recruitment of PARP1
and PARP2 to the damaged DNA site. Subsequently,
PARP enzymes catalyze posttranslational modifications
by adding ADP-ribose to specific nuclear proteins
[18, 20]. PARP-1 interacts with SSB or DSB in DNA,
facilitating the cleavage of poly (ADP-ribose) (PAR)
from nicotinamide adenine dinucleotide (NAD+). This
enzymatic process results in the release of nicotinamide
and ADP-ribose as byproducts [21]. PARP utilizes NAD+
as a substrate to facilitate auto-poly (ADP-ribosyl) ation,
as well as the poly(ADP-ribosyl)ation of other proteins,
form ADP-ribose polymers.

PARP2 activity in response to DNA damage is
about 10 times less than PARP1 activity, but PARP2
is also important, the PARP1/2 heterodimer have a
concerted role during base excision repair [20]. Moderate
activity of PARP1 is favorable for DNA repair while its

overactivation might commit cells to death. PARP2 in
regulation of PARP1 activity, to prevent overactivation of
PARP1 bound to DNA damage [22].

Long, branched, poly (ADP-ribose) (PAR) chains
serve to attract the recruitment of the Base Excision Repair
(BER) protein complex, facilitating the advancement of
the repair process [23] (Figure 4). The PAR-Binding
Motif features hydrophobic amino acids interspersed with
charged basic residues [24]. PAR carries a negative charge,
which enhances the enlistment of DNA repair proteins
engaged in the Base Excision Repair (BER) pathway to the
location of DNA damage, and assists in the displacement
of PARP-1 and PARP-2 from the sites of damage, thereby
enabling the entry of other repair proteins [25, 26]. Thus,
PARP facilitates efficient DNA repair and survival of cells.
Inhibition of PARP elevates the occurrence of DNA strand
breaks, rendering PARP-deficient cells highly susceptible
to carcinogenic agents [27].

PARP1 trapping

Besides simply blocking PAR synthesis, PARPi
may also kill tumor cells via a ‘trapping’ mechanism
[28]. The subset of BER SSB intermediates that become
uncoupled somewhere during the repair pathway, are
bound by PARP1 when it is present in the cell. PARP
inhibitors did not impair the recruitment of PARP-1 but
block the reversal of this process, trap the PARP1 enzymes
at damaged DNA [29], leading to the accumulation of
significant amounts of PARP1 and PCNA at the sites of
damage, thereby delaying their dissociation [30].

PARP activity can promote recruitment of other
DNA repair proteins to accelerate repair of DNA strand
breaks, of which XRCC1 and its protein partners are
among the most important [31]. XRCCI is a multidomain
protein with no known catalytic activity. Yet, it interacts
with a number of repair protein, e.g., PARP1, Pol b, and
lig-IITa, and is thought to function as a scaffold able to
modulate and coordinate the various steps of BER. Poly
(ADP-ribosyl) ation is mandatory for the recruitment of
the XRCCI1 protein by PARP-1 at sites of DNA damage
[29], The trapping effect of PARP inhibitors inhibits this
process.

In addition to the catalytic inhibition of PARP
inhibitors, Trapped PARP-DNA complexes exhibit higher
cytotoxicity compared to unrepaired SSBs resulting from
PARP inactivation. This suggests that PARP inhibitor
function, at least in part, as agents that trap PARP enzymes
on DNA, acting as poisons. PARP inhibition by Olaparib
is more cytotoxic than genetic depletion of PARP, it
synergistically increases the cytotoxicity of MMS in a
PARP1-dependent manner, as it induces the trapping of
PARP1-DNA complexes [32].

PARP inhibitors potentiate the cytotoxicity of DNA
alkylating agents such as methyl methanesulfonate (MMS)
and temozolomide (TMZ) at least in part by preventing
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this destabilization, thereby trapping PARP1 at sites of
DNA damage [33, 34]. PARP inhibitors trap PARP by 2
non-mutually exclusive mechanisms. One is by inhibition
of PARylation, which increases the binding of PARP to
DNA. It is related to the inhibition of catalytic activity; the
other is drug binding to the NADD site, which allosterically
enhances the DNA binding of PARP’s N-terminal zinc
finger domain for damaged DNA independent of catalytic
inhibition [32]. Among them, the first mechanism whereby
inhibition of automodification stabilizes DNA binding is
more important [35].

The single agent cytotoxicity of different PARP
inhibitors does not correlate with their ability to inhibit
PARylation [32, 33]. Hence, distinctions must be made
between inhibitors based on their trapping potency, at least
when considering single agent activity. Still, it is important
to stress that all PARP inhibitors currently in the clinic
are catalytic inhibitors, and where they vary is in their
effectiveness in trapping PARP onto DNA [28] (Figure 5).

THE MECHANISM FOR THE
RESISTANCE OF PARPI

The restoration of HR repair activity

As explained above, HR deficiency (HRD) is an
important prerequisite for the synthetic lethality of PARPi.
Therefore, restoration of HR activity would be expected to
result in decreased sensitivity of cells to PARPi. According
to the available experimental studies, there are several
reasons for the recovery of HR (Figure 6).
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In HR repair, BRCA1/2 are key proteins involved in
HR repair. BRCA1 promotes terminal resection to initiate
HR, whereas BRCA2 mediates sister chromatid invasion.
Loss of function due to wild-type BRCA genes in tumor
cells is one of the causes of HR defects. In a large number
of clinical reports, the recovery of BRCA1/2 function
is the most common mechanism causing secondary
PARPI resistance [36, 37], which occurs frequently and
is highly correlated with the use of platinum-based drugs
and PARPi [38]. BRCA1/2 gene revers mutation can
recover the Open Reading Frame (ORF) of BRCA1/2 to
restore protein expression [39, 40], and eventually lead to
PARPI resistance in tumor cells through accumulation of
cytogenetic mechanisms.

For BRCAL, it is composed of N-terminal domain
(BRCT), N-terminal RING domain and coiled-coil
domain. Among them, the conserved N-and C-terminal
domains are critical for the response to targeted therapy
in HR deficiency. Thus, BRCAl-deficient cells with
mutations that disrupt either the N - or C-terminal domains
have a poor response to PARPi [38]. For example, in
BRCA 1-deficient breast cancer mice, a model carrying
the BRCA1C61G missence mutation were found to have
broken the N-terminal RING domain of BRCAI, and be
significantly resistant to PARPi [41]. BRCA2 contains a
DNA-binding region and BRC repeats. And BRC plays
an important role in RADS1 binding and mediation
of the recruitments of RADS51 and strand exchange in
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Figure 4: DNA damage and repair pathways. When a single strand break (SSB) occurs in DNA, PARPs and a series of effector
molecules work together to repair the break, resulting in base excision repair (BER). When DNA undergoes double-strand break (DSB)
damage, both non-homologous end joining (NHEJ) repair and homologous recombination (HR) repair pathways act together.
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HR. BRCAZ2-deficient ovarian cancer cells carrying a
frameshift mutation in the allele c.6174delT have been
found BRC-altered and confirmed to be PARPi resistant
[42]. A secondary BRCA2 c.9106C>G mutation was
identified in the DNA of patients with PARPI resistance,
resulting in substitution of the stop codon with another
amino acid and restoration of BRCA2 function [39]. In
addition, patients presenting with the secondary BRCA?2
mutation ¢.4705_4708delGAAA also have PARPi
resistance [39]. A series of recurrent mutations affect the
key functional sites of BRCA1/2 by deleting amino acid

residues, adjusting the number of amino acids, changing
the position of stop codons or other ways, and restoring
the ORF. However, the data show different proportions of
BRCA1/2 reversal mutations in different cancer patients,
and further validation is needed in a larger base of samples
[43, 44].

Reversal of BRCA1 promoter methylation

In some tumor samples, BRCA1l promoter
methylation caused a decrease in BRCAI1 expression,
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Figure 5: PARP trapping mechanism. PARPI trapping lesions prevents PARP1 from leaving the site of DNA damage, blocking the
replication machinery and leading to replication fork collapse. [f BRCA is proficient, it can restart the replication fork: if BRCA is mutated,
it can result in persistent chromatid fragmentation that cannot be repaired, eventually leading to cell death.
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resulting in a loss of BRCA1 function. Although BRCA1
promoter methylation has no obvious effect on tumor
development per se, it can increase the sensitivity of
tumor cells to PARPi [45]. Therefore, mechanistically,
achieving BRCA1 promoter demethylation in these
cells also leads to PARPi resistance. Actually, BRCAL1
can indeed be restored to normal expression levels by
demethylation when detected in clinical tumor recurrence
samples [38]. What’s more, it has been confirmed that the
repair of BRCA1 hypermethylated promoter is also one of
the repair pathways of HRR in patient-derived xenograft
(PDX). However, the exact mechanism of BRCAI
demethylation is still unclear.

In addition to BRCA1/2 reverse mutations and
promoter demethylation, HR restoration by BRCA1/2-
independent mechanisms was also found in a large
proportion of BRCA1/2 deficient cells, which was
confirmed to cause PARPI resistance in mouse tumors [46].

53BPI  CtIP -

\OOO0C00000N s XOC0O00C\

Degrades 5’end

DNA end resection

NHEJ is divided into classical non-homologous
end joining (C-NHEJ) and alternative non-homologous
end joining (A-NHEJ) that including the more common
microhomology-mediated end joining (MMEJ) involving
the DNA polymerase POLQ. Among them, NHEJ is a
non-template repair, which easily leads to gene errors,
aberrations, and chromosome instability. HR, on the other
hand, is more critical because it uses the complementary
DNA strand of the adjacent sister chromatid as a template
with higher accuracy.

The choice of the two pathways is biased in
different cell cycles, which is related to the way of
DNA end resection. The different degree of DNA end
resection determines the different overhang length of
3 ‘single-stranded DNA (ssDNA), which is a primary
factor affecting the selection of DNA damage repair

Sister Chromatids

Strand invasion of sister chromatid

Figure 6: HR repair pathways. The DNA undergoes a DSB. BRCA1 and 53BP1 preempt binding sites at DSBs and together with
factors such as MRN and CtIP affect base resection at the 5 ‘end. BRCA2 promotes the invasion of a strand of DNA into sister chromatids,
which undergo homology pairing. Strands complete elongation and repair. DSB repair was completed.
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pathway [47]. C-NEHJ does not require DNA end hanging
and can occur throughout the cell cycle and, in particular,
is more prominent in the GO and G1 phases. In contrast,
MME]J requires minimal end resection to produce short
microhomology fragments (<25 nucleotides) and shows
an advantage in early S phase [47, 48]. HR requires full
exposure of the 3 ‘end of DNA to invade the homologous
region and ensure the accuracy of repair, which occurs in
S and G2 phases [48]. For example, MME]J is activated
by local DNA end resection, where the MRE11-RADS50-
NBS1 (MRN) complex and C-terminal binding protein
interacting protein (CtIP) introduce gaps near DSB
lesions and degrade DNA using 3 -5 exonuclease
activity, whereas more extensive resection by BLM/
Exol-catalyzed is more effective for HR [48]. Meanwhile,
REV7, PTIP, RIF1 and other proteins have been observed
to block the occurrence of HR by inhibiting DNA end
resection, and inversely promote NHEJ selection [38].

Understanding the factors that influence HR and
NHEIJ pathway selection is critical to understanding PARPi
resistance: When DNA damage occurs, 53BP1 recognizes
and binds DSBs, and recruits a range of DNA damage
repair factors. Moreover, S53BP1 has a positive effect on
c-NHEJ by cooperating with downstream products, such
as RIF1-Shieldin complex and PTIP, to limit DNA end
resection [47]. However, BRCA1 crowded out 53BP1
binding sites when occupying DSBS, and together with
CtIP, MRN, promoted extensive DNA resection (Figure 6).
In addition, three nucleases MRE11, EXO1 and DNA2/
BLM play important roles in the process of DNA end
resection. Loss of the excision pathway responsible for all
three proteins results in profound excision defects and HR
pathway blockage [47].

The current study suggests that the expression
of several of the above key proteins that influence the
selection of DNA damage repair pathways, even in the
absence of BRCA1/2, can influence PARPI resistance to
some extent by modulating the dependence of cells on HR
repair.

a. CtIP protein is a key factor for DSB repair. The
study found that, Spleen associated tyrosine (Syk)
overexpression in high-grade ovarian cancer
(HGSOC) and triple-negative breast cancer (TNBC)
enhanced the ability of CtIP to ablate DNA ends after
adequate phosphorylation, leading to HRR restoration
and PARPi resistance [49].

b. MRN /n vitro experiments have shown that mutations
in the MRN complex lead to increased sensitivity
of tumor cells to PARPi. For example, knockdown
of MREII, one of the components of the MRN
complex, resulted in increased sensitivity of tumor
cells to PARPi [50, 51]. Conversely, overexpression
of MRN complex may contribute to PARPi resistance.
Moreover, histone acetyltransferase PCAF recruits
MREI11 and EXOL1 to acetylate H4K8, which aids
in replication fork degradation in BRCA-deficient

cells. In certain BRCA2-mutated cancers, decreased
PCAF stabilizes stalled forks and confers resistance to
PARP; [52].

c. 53BPI Loss of 53BP1 reversed HR loss and reduced
PARPi sensitivity in BRCA1-deficient cells, but
had no significant effect in BRCA2-deficient cells
[53, 54]. Meanwhile, downstream compounds that
cooperate with 53BP1 also play a role in PARPi
sensitivity. Among them, REV7, as part of the
Shieldin complex, is a key protein that coordinates
the selection of cellular DNA double-strand break
repair pathways [55]. In cellular molecular analysis,
the Shieldin complex is a downstream effector of
53BP1-RIF1, which inhibits 5 '-3" DNA end resection
by binding to ssDNA and recruiting cell signaling
technology (CST) complex. The ssDNA overhangs
required for HR repair be cut off, causing the cells to
turn to NHEJ [55]. Thus, loss of REV7 restores DNA
end resection by CtIP at DSBs and HR pathways,
leading to PARPi resistance [53, 56]. Restoration
of HR and PARPi resistance were confirmed by
reconstructing DSBs end resection in Rev7-null
human and mouse BRCA 1-deficient cells [57].

d. POLQ DNA polymerase theta (POLQ) is a key
protein mediating MMEJ and prevents overexposure
of ssDNA gaps. One study showed that high
expression of POLQ was found in BRCA2-deficient
ovarian cancer tumor cells, and it was suspected
that the elevation of the alternative pathway MMEJ
complemented the HR defect. The genomic instability
of cancer cells and their cellular hyper-reliance on
alternative poly-ADP ribose polymerase (PARP)-
mediated DNA repair pathways are explained by the
loss of HR [58]. In past reports, the combination of
POLQ inhibitors (POLQi) and PARPi has shown
great potential in the treatment of patients with
BRCA-deficient tumors [59].

In addition to the changes in the above proteins that
directly cause PARPI resistance, research data suggest
that the related protein functional activity factors also
mediately regulate the sensitivity of cells to PARPI,
and indeed can lead to PARPI resistance. For example,
cyclin-dependent kinases (CDKs) promote end resection
by mediating the phosphorylation of MRN complexes
and CtIP. Numerous cell assays and clinical cases have
shown that the ability of CDKs to block end resection
induces PARPiI resistance [60—63]. Besides, inhibitor of
DNA-binding 3 (ID3) [64], bromodomain-containing
protein 7 (BRD7) [65], identified inositol polyphosphate
4-phosphatase type B (INPP4B) [66], mediator of DNA
damage checkpoint protein 1 (MDC1) [67], Polo-like
kinase 1 (Plk1) [68], Zinc finger432 (ZNF432) [69], salt-
inducible kinase 2 (SIK2) [70], DNA helicase B (HELB)
[71] and so on. It has also been shown that the chromatin
environment and the complexity of DSB end also affect
the selection of DNA damage repair pathways [47].
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At present, the influence of these reasons on PARPi
resistance cannot be completely denied.

At this time, HRR defects caused by BRCA1/2
deletion lose importance, HRR is restored under the action
of other factors, and the efficiency of synthetic lethality is
greatly reduced, which leads to PARPI resistance.

MUTATION OR DELETION OF PARP

When DNA undergoes single-strand break (SSB),
base excision repair (BER) is activated. PARPs signaling
responds rapidly [72], recruiting DNA repair factors such
as MREI11, EXO1, BRCA1, and BRCA2, and poly (ADP-
ribosylation) (PARylation) occurs [73]. PARylation is
a reversible modification process mediated by PARP to
form poly (ADP-ribosylation) chain (PAR). PARP1 is the
master protein in PARylation in most cells [73—75], which
recognizes sites of DNA damage through zinc finger
proteins [76]. PARPi can kill tumor cells by inhibiting the
PARP1 enzyme and trapping the PARP1-DNA complex
to impedes ssDNA break repair [57, 77]. Therefore,
when PARPI is mutated or its expression is reduced,
PARPi loses its specific binding target, leading to PARPi
resistance.

Theoretically, reduced PARP1 expression decreases
PARPI sensitivity by reducing PARPi binding sites, as
has been shown in the PDX model of breast cancer, and
in vitro studies in human ovarian cancer tumor lines have
shown that PARP1 deficiency leads to PARPi acquired
resistance [37, 57, 78]. However, resistance induced by
PARP1 knockdown is uncommon in clinical practice
[79].

Besides, the loss of function caused by PARP
mutations is also one of the causes of PARPI resistance.
Part of the PARPi-resistance population lacked the
nucleotides encoding amino acid residues K119 and
S120. Therefore, ZnF domain mutations caused the
reduction PARP1-DNA binding efficiency and resulted in
PARPI resistance. In addition, part of PARPi resistance
is attributed to mutations in amino acid residues which
interact with hydrogen bonds connecting the DNA binding
domain and catalytic domain, such as D45, H742, D743
E688, leading to PARPI resistance by disrupting PARP1
capture [80]. Actually, de novo PARPI resistance caused
by PARP1 mutation had been identified in ovarian cancer
patient [80].

Furthermore, PARG is the catalyst of the reverse
reaction of PARylation and catalyzes the decomposition
of PAR chains [81]. The reduction of PARG expression
increases the efficiency of PARylation to a certain extent,
resulting in more accumulation of PAR chains, which
theoretically hinders the PARPi pathway due to the
reduction of PARP1-DNA binding [82]. Genetic screening
has confirmed that PARG deficiency induced PARPi
resistance in mouse breast tumor cells, and even this
mechanism was relatively common in BRCA2-deficient

mouse breast tumor cell resistance [46]. Therefore, the
search for factors that can induce PARG overexpression
may be helpful in patients with drug resistance due to
PARG loss.

REPLICATION FORK STABILIZATION

Recent studies have shown that replication
fork stability also makes BRCA gene-deficient cells
chemoresistant through a series of complex interaction
mechanisms [83]. When DNA replication hits a roadblock
including exogenous and endogenous sources of genotoxic
stress [84], which slow, stall, collapse, and break DNA
replication forks, cells will respond to replication stress
through fork reversal, fork breakage or fixing or bypassing
DNA damage to maintain genome stability [85].

Loss of replication fork reversal

Replication fork reversal is a dual-edged sword, it
allows cells time to repair or bypass DNA lesions, but it
is deleterious if left unprotected [85]. However, if the cell
is unable to undergo replication fork reversal, the cell will
not have the chance to produce enzymatically degraded
substrates, or to undergo subsequent replication fork repair
or bypass DNA lesions, which would have theoretically
increased the replication fork’s stability, and decreased
stress-induced DNA breaks in BRCA-deficient cells and
increased resistance to PARP inhibitors [86].

Members of the SNF2-family, SMARCALI,
ZRANB3, and HLTF, promote fork remodeling to facilitate
fork reversal [87] (Figure 7A). The polyubiquitinated form
of the DNA polymerase clamp PCNA, which is mediated
by HLTF and possesses both ubiquitin ligase and fork-
remodeling activities, recruits ZRANB3 to replication
fork stalling sites [87]. SMARCALI is recruited to stalled
forks by RPA-bound ssDNA [86] (Figures 7B and 8).
Additionally, recent studies have revealed that breast
cancer cells lacking BRCA1 and SMARCALI1 exhibit
resistance to PARP inhibitors and cisplatin, which is
accompanied by RF stabilization but does not result in HR
restoration [86, 87]. Furthermore, the two remaining SNF2
family genes are unable to compensate for the loss of any
one of the aforementioned SNF2 family genes, which
results in PARP inhibitors resistance [86].

Replication fork protection from degradation

MREI11, recruited at stalled replication forks, is
implicated in ssDNA degradation with endonuclease
activity that promotes 5 -3’ resection of DNA ends
[88], and contributes to the instability of nascent DNA
as a crucial factor [8§9]. BRCA2 is crucial in preventing
MREI11-dependent degradation of reversed replication
forks [85]. When PARP inhibitor is administered to
BRCA-deficient cells to generate replication stress,
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MREI1 exonuclease shows increased activity, leading to
significant degradation of the cells’ nascent DNA strand
and promoting genomic instability [83].

Nevertheless, not all BRCA-deficient cells
exhibit an elevated response to PARP inhibitors, and a
subpopulation of cells remains immune to DNA damage
because of deficiencies in the PTIP (Pax interaction with
transcription-activation domain protein-1) or MLL3/4
histone methyltransferase complex [83, 90, 91]. At
BRCA1/2-deficient double-strand breaks, HR activity is
not restored by PTIP absence. Rather, its lack prevents the
MREI11 nuclease from being drawn to replication forks
that have stalled, so shiclding developing DNA strands
from severe destruction [83] (Figure 8). Furthermore,
there is a connection between MLL3-mediated chromatin
opening and MRE11 nuclease recruitment to stopped
replication forks [92]. For this reason, chromosomal
aberrations have partially recovered in BRCA2/MLL4
doubly deficient cells [83]. A genome-wide shRNA screen
showed that BRCAZ2 cells exhibit chemoresistance with
deletion of the nucleosome remodeling protein CHD4,
and that resistance recovery is not dependent on HR but
is linked to increased tolerance to DNA damage [93].
Along with MRE11, PARP1 participates in the stalling and
restarting of the replication fork and facilitates MRE11’s
localization during the fork stall as well as the formation
of effective ssDNAs [94]. Hence, whereas PARP inhibitors
may subject BRCA-deficient cells to genotoxic stress,
PARPI1 deletion somewhat preserves the cells’ genetic
integrity [83]. Based on the evidence available, it appears
that acquired resistance to PARP inhibitors could be
primarily caused by replication fork protection.
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DNA REPLICATION GAPS
SUPPRESSION

According to recent research, PARP1 regulates
the rate of fork elongation and recognizes the unligated
Okazaki fragments (OF), both of which are critical
functions in DNA replication [95]. The BRCA protein fails
to close replication gaps in cells with a defective BRCA-
mediated HR pathway [96]. Meanwhile, through its ability
to synthesize protein-conjugated polymers of ADP-ribose
or PAR, PARPI attracts proteins to ssDNA [96]. PARP1
can capture the ssDNA to assist other effectors to fill
the DNA replication gaps. Thus, DNA replication gaps
are a critical factor in determining the synthetic lethality
of PARP inhibitors in cases of BRCA deficiency [96].
However, the cells in a patient with Fanconi anemia
who had one mutant RADS51 allele were shown to have
a growing ssDNA and to be sensitive to PARP inhibitors
even though they had a functioning HR pathway. This
indicated that the ssDNA persistence was what caused
PARP inhibitor sensitivity, independent of the HR pathway
condition [86].

Replication gap suppression (RGS) on the lagging
strand, declining the unligated Okazaki fragments,
lessens the production of S-phase poly-ADP-ribose
(PAR), and several other effectors, excluding BRCA and
PARP, are expressed in BRCA-deficient cells to finish
OF processing, which inhibits PARP function resulting
in to resistance to PARP inhibitors [86, 97]. In another
way, the unreplicated ssDNA gaps on the leading strand,
however, are the result of human Primase and DNA-
directed Polymerase (PRIMPOL)-regulated fork repriming

B TLS

Rad6
Rad18 1

N
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Figure 7: Cells employ post-replicative repair to filling the DNA replication gaps. (A) Template switching (TS) is triggered
by poly-ubiquitylation of PCNA and mediated by HLTF, Ubc13-Mns2 and Rad5. (B) Replication protein A (RPA) also Poly-ubiquitylation
of PCNA promotes translesion DNA synthesis (TLS) and is mediated by Rad6 and Rad18.
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skipping and will be filled in following replication by
translesion synthesis (TLS) or template switching (TS)
termed post-replicative repair (PRR) [98] (Figure 7).
Theoretically, all of the aforementioned ssDNA gaps in
BRCA-deficient cells, brought on by unligated Okazaki
fragments or PRIMPOL repriming, will eventually
increase PARPI sensitivity because they will accumulate
and cause genomic instability without BRCA 1/2-mediated
HR filling the DNA replication gaps [86]. In addition
to the above-mentioned reduction of PAR in S-phase
and restoration of OF processing on the lagging strand,
other factors that support genomic stability and PARP
inhibitor resistance include an increase in replication
protein A (RPA) levels and TLS- or TS-mediated PRR
enhancement on the leading strand [86]. The two primary
sub-pathways of DNA damage tolerance (DDT) are
error-prone TLS and error-free TS, which are facilitated
by the sliding clamp proliferating cell nuclear antigen
(PCNA) and are stimulated by PCNA polyubiquitination
mediated by Ubcl13-Mms2/Rad5 in late S-phase and
PCNA monoubiquitination reliant on Rad6/Rad18 in G2-
phase [99]. Furthermore, in BRCA-deficient cells, it has
been discovered that MED12 deletion restores HR and

Fork Reversal

increases replication fork stability, which results in RGS
and PARP inhibitor resistance.

THE ARISING OF ALTERNATIVE
FACTORS IN DSB REPAIR PATHWAYS

Many additional DSB repair pathways, including
as Nonhomologous End Joining (NHEJ) and Alternative
end joining pathways (Alt-EJ) including microhomology-
mediated end joining (MME]J) also termed theta-mediated
end joining (TMEJ), can replace HR in DSB repair
to exhibit PARP inhibitor de novo resistance through
improving genomic stability, even if BRCA-mutant
cells have a defective HRR and cannot repair fatal DSB
[100]. DNA polymerase theta (Pol6), which is mostly in
charge of mediating TMEJ, is encoded by the POLQ gene.
According to a recent study, BRCA-mutant breast cancers
with a defective HRR showed increased POLQ expression.
It exactly demonstrates that in contrast to normal, Pol0-
mediated TMEJ repair arises as an alternative repair route
and interacts with synthetic lethal genes for HR repair in
tumors of the BRCA-deficient phenotype [101]. Thus,
DSB-repair-deficiency depends on Pol® mediated-TMEJ,

~

SMARCAL1

ZRANB3
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Figure 8: Fork reversal. SMARCAL1 and ZRANB3 recruited to stalled forks by RPA-bound ssDNA promote fork remodeling to
facilitate fork reversal. MLL3/4 influence the function of MRN through MRE11 nuclease recruitment to stopped replication forks together

with PTIP and mediating chromatin opening.
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resulting in PARP inhibitor de novo resistance when Pol6
is overexpressed.

EPIGENETIC MODIFICATION

Epigenetic modification refers to the regulation of
gene expression, through chemical modifications to alter
DNA and proteins on chromosomes, thereby affecting
gene expression. This modification can affect multiple
levels of gene transcription, splicing, stability, translation,
nucleosome assembly and chromatin structure, thus
affecting the physiological and pathological processes
of cells, as well as the phenotype of offspring. Through
epigenetic changes, particularly abnormal modification
of histone proteins or genomic DNA, tumor cells develop
significant resistance to PARP inhibitors.

BRCA1 promoter methylation

Impaired HR was usually detected in neoplasm
samples, which is related to BRCA1 epigenetic silencing.
Normally, reduced methylation levels in the BRCA1
promoter region show an epigenetic silencing effect and
reduced BRCA1 mRNA expression levels [102]. BRCA1
knockdown increased sensitivity to PARP [103]. But
a new mechanism for de novo resistance in relation to
restoration of HR through BRCA1 promoter methylation
was detected. Place BRCA1 under the transcriptional
control of a heterologous promoter so that BRCA1 can
re-express, but BRCA1 promoter hypermethylation is
retained [104]. The specific mechanism is shown that
the first base of BRCA1 exon 2 was fused to other base,
and full-length BRCAT1 protein was detected in resistant
tumors by immunoblot analysis [104].

In addition, there are additional consequences of
BRCAI1 inactivation in myeloid neoplastic cells that give
transformed cells a growth advantage. BRCA1 recruits a
repressive complex to directly inhibits the promotor of
miR-155. miR-155 is an overexpressed oncomiR, which
has been proved to promote myeloid lineage expansion
of hematopoietic stem cells [104]. So, the silencing of
BRCAT1 could be related to increased miR-155 levels,
causing myeloid malignancies.

Acetylation of 53BP1

p53-binding protein 1 (53BP1) is a large scaffold
protein that mediates interactions with modified histones
and several effector proteins and consists of multiple
interacting surfaces of Double Strand Breaks (DSB)
reactions.

53BP1 avoids mutation-repair outcomes by
controlling the processing of DNA ends and dynamical
evolution of DSBs. Studies have shown that 53BP1
plays an important and multifaceted role in Non-
Homologous End Joining (NHEJ) mediated DSB repair.

The specific mechanism is that 53BP1 is recruited to the
chromatin structure around the DSB site and promotes
NHEJ repair, and TIRR is the regulatory molecule of
this recruitment process [105]. The primary function of
TIRR is to bind to the tandem Tudor domain of 53BP1
when there is no DNA damage, masking its H4K20Me2-
binding motif and thus keeping 53BP1 away from
chromatin [105]. At the same time, 53BP1 also blocks
DNA end-resection-dependent HR, which determines
DSB repair pathways.

Acetylation of 53BP1 has been proved to inhibit
NHEJ by negatively modulating recruitment of 53BP1
and promotes HR to decrease PARP inhibitors sensitivity
in BRCA1-deficient cells. The mechanism is shown that
the acetylation of K1626/1628 in the CPB-mediated
UDR mediated disrupts the interaction between 5S3BP1
and the nucleosome, and subsequently blocks the
recruitment of 53BP1 and its downstream factors PTIP
and RIF1 [106].

Hyperacetylation of 53BP1, similar to the absence
of 53BP1. The loss of 53BP1 similarly made BRCA1-
mutated cells resistant to PARP inhibition and restored
error-free repair of HR. Mechanistically, the loss of
53BP1 promotes ATM-dependent processing of the ends
of broken DNA to produce recombinant single-stranded
DNA [107]. More importantly, 53BP1 is a candidate
predictive biomarker for PARPi response [108].

PARP1 phosphorylation

PARP inhibitors kill tumor cells by inhibiting the
activity of PARP enzymes and trapping. Therefore, the
main reason for the resistance of tumor cells to PARP
inhibitors is the increase of PARP activity and the recovery
of PARP. In the screening of resistance to PARP inhibitors
using genetic screening method of highly active piggyBac
transposon in haploid mammalian cells, it was found that
the toxicity of PARP inhibitors to normal cells was related
to the expression of PARPI. the specific performance is
that cells with low expression of PARP1 and cells carrying
PARP1 mutations were more sensitive to PARP inhibitors
[109].

The receptor tyrosine kinase c-Met has been found
to bind and phosphorylate PARP1 at Tyr907 [110]. This
is a resistance mechanism that does not restore the HR
pathway, and phosphorylation of PARP1 can increase the
enzyme activity of PARP1 and reduces binding to PARP
inhibitors, resulting in insensitivity to PARP inhibitors
[110]. c-Met is a proto-oncogene. In the case of BRCA
inactivation, the expression of c-Met kinase is enhanced,
so its expression in TNBC cell lines is higher than that
in non-TNBC cell lines. Moreover, oxidative stress can
induce nuclear transport of c-Met and its interaction with
PARPI [110]. TNBC cell growth was inhibited when
c-Met inhibitor and PARP inhibitor were combined,
further demonstrating this resistance mechanism.

WWW.0oncoscience.us

81

Oncoscience



In addition, a multicomponent analysis of breast
tumors in genetically screened PARPi-sensitive and drug-
resistant BRCA2 mutated mice determined that depletion
of PAR glycohydrolase (PARG) restores PAR formation
and partially rescues PARP1 signaling [111]. PARG
depletion is more common in triple-negative breast cancer
and serous ovarian cancer, leading treatment efficacy can
not reach the expected.

ALTERATIONS IN CELL CYCLE

DNA repair is regulated by the cell cycle [112],
among which the most typical example is without
doubt the periodic inhibition of DNA double-strand
break (DBS) repair. In G1 and the early stage of S, the
repair of double-strand breaks is influenced by some
proteins, like 53BP1 and R1F1. Trough MRN, ATM is
gathered into DSBs and targets for example nucleosomes
(especially H2AX, resulting in YH2AX which can recruit
MDC1) are phosphorylated. MDC1 phosphorylation
contributes to histone H2A ubiquitylation by recruiting
the E3 ubiquitin ligase (RNF8 and RNF168). Along with
H4K20 methylation, this modification enables 53BP1
to recruit [113]. 53BP1 creates abutting joints for RIF1
and PTIP by phosphorylating in an ATM-dependent
approach [114] (Figure 9). 53BP1 intercepts excision at
DSBs, consequently leading DSB repair in the direction
of NHEJ. Therefore, 53BP1 plays a vital role in the PARPi
resistance [115].

Cyclin-dependent kinases (CDKs) activity is closely
related to DNA end resection. Dinaciclib is an inhibitor
of CDKs 1,2,5 and 9 that we all have known [116]. In
models of triple-negative breast cancer (TNBC) which
is an invasive breast carcinoma subgroup, dinaciclib as a
CDK12 inhibitor cuts down the expression of HR gene
in BCRA wild-type TNBC cells. And at the same time,
dinaciclib improves the sensitivity of these cells to PARP
inhibition. In addition, in triple-negative breast cancer
(TNBC), on account of the deletion of CDK12, it can
changeover both De nova PARPI resistance and acquired
PARPI resistance, regardless of in BRCA wild-type or
mutated models [117]. The expression of DNA replication
genes is adjusted by CDKI12, for example CDC6,
CCNEIl, and CDTI1. Cyclin El, the protein product of
CCNEI1, which can stimulate the progression of S phase,
is overexpressed in high proliferation cancer cells. Cyclin
E1 is phosphorylated by CDK12 at Ser366 position and
this brings about the upregulation of cyclin E1 in cancer
cells, for instance in the high-grade serous ovarian cancer
(HGSC) [118]. Breast Cancer (BC) cells exists flaw in
DNA double-strand break repair and, therefore, it is highly
sensitive to PARP inhibition. While in BRCA 1-mediated
activating S phase checkpoint and cell multiplication,
CDK-1 is necessity and overexpressed in BC cells [119].
Based on this point, in BC treatment resisting CDK-1 and
PARP-1 jointly contributes to decreasing cell proliferation

observably [120]. All of these evidences indicate that
CDKs played a role in interdicting DNA end resistance
and caused PARP inhibitor resistance. Combining PARPi
and CDKs inhibitors and putting into therapy may make a
difference promisingly [115].

PHARMACOLOGICAL ALTERATION

Generalized pharmacological changes may also
modulate PARP inhibitors resistance. Most of the
approved PARP inhibitors currently on the market are
substrates for the multidrug resistance protein (MDRI)
encoded by ABCBI1 [121], and the overexpression of
MDRI1 was associated with resistance to Olaparib.

When studying a new chemotherapy drug, it is
necessary to confirm whether they are substrates for
classical ABC transporters, such as P-glycoprotein (P-gp).
Unfortunately, Olaparib seems to be a P-gp substrate, and
P-gp overexpression models were found to be resistant
to Olaparib in specific experimental studies [122]. Long-
term treatment with Olaparib leads to upregulation of the
Abcbla/b gene encoding the P-gp efflux pump, which
develops resistance, but this resistance can be reversed
with the use of P-gp inhibitors [123].

Up to now, studies on the effect of pharmacological
changes on PARP inhibitors resistance in clinical practice
have not yet formed a system, and the underlying
mechanism is still unclear.

TUMOR MICROENVIRONMENT

TME plays a significant role in the initiation and
promotion of TNBC, including promoting proliferation
signaling, generating blood vessels, inhibiting cell
apoptosis and evading immune surveillance [124].
TME is complex and heterogeneous, and heterogeneity
is often considered a major challenge in breast cancer
treatment [125]. In the early stages of tumor growth,
tumor cells recruit relevant immune cells and matrix
components to form a microenvironment that inhibits
tumor inflammation, which is called TME. The interaction
between cellular and non-cellular components in TME
contributes greatly to the growth, invasion, metastasis and
drug resistance of tumor cells [126].

TME is a very complex system composed of
various types of cells and their secreted products (such as
cytokines, chemokines) and other non-cellular components
of the extracellular matrix.

Tumor-associated fibroblast CAF is a key ingredient
in the breast cancer microenvironment, and it has been
shown that the abundance of fibroblasts (CAF) in breast
cancer promotes resistance to chemotherapy drugs [127].
every subtype of CAF contributes to tumor growth
promotion. Among them, the CAF-S1 subgroup of breast
cancer promotes the immunosuppressive environment
through a multistep mechanism and enhances the ability of
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regulatory T cells to inhibit the proliferation of T effectors
[128]. In addition, fibroblasts will lack transforming
growth factor-f-receptor-B-2 (TGFBR2) in the presence
of chemotherapy drugs for the benefit of breast cancer
cell survival and metastasis, but normal fibroblasts
cannot achieve this process [129]. CAFs also generate the
matrix metalloproteinases (MMPs) to promote cancer cell
proliferation and recombination ECM [130].

It is essential for Tumor-associated macrophages
(TAMs) in the process of drug resistance. As everyone
knows, angiogenesis is a major mechanism of tumor
recurrence. The CCL18 of Breast cancer TAM promotes
the reconstitution of blood vessels around the tumor
after chemotherapy [131]. In treatment with PARP
inhibitors, although PARP inhibitors have toxic effects
on HR deficient cancer cells, it has no toxic effects on
HR intact cells in TME, such as TAM. PARP inhibitors
can cause TAM to reprogram, causing its cytotoxicity
and phagocytosis to become stronger [132]. In addition,
PARP inhibitors also enhance the signal transduction and
activator of transcription (STAT3) pathway in tumor cells,
promoting the pro-tumor polarization of TAM [133].

Hypoxia is a typical feature of tumor
microenvironment and an important intermediary of
drug resistance. Hypoxia activates signal transduction of
hypoxia-inducing molecules (HIF), which promote tumor

@,

®

growth and macrophage polarization [134]. Moreover,
hypoxia also promotes the secretion of angiogenic factors,
and the formation of blood vessels will positively promote
the production of tumor cells [135].

The role of growth factors and chemokines in the
regulation of TME should not be ignored. IL6, CSF2,
CCLS and VEGF are typical factors that regulate breast
cancer traits [136]. Cancer-associated fibroblasts (CAMs)
promote the cancer stem cell (CSC) phenotype in cancer
cells by secreting CCL2 [137]. The CSC phenotype plays
an important role in the development and drug resistance
of cancer.

Finally, let us understand more the non-cellular
components of the extracellular matrix (ECM) of TME.
ECM is an important complex scaffold of cancer cells,
and its composition and content changes reflect the
biological and physical characteristics to determine the
fate of tumor cells. The main components of ECM are
fibrin (such as collagen, elastin, fibronectin and laminin)
and proteoglycans (such as chondroitin sulfate, heparan
sulfate, keratin sulfate and hyaluronic acid) [130]. The
composition of ECM determines the sensitivity of primary
breast tumors to chemotherapy drugs. Fibrin regulates
Notch, Wnt, MaP and Akt in cancer cells to promote CSC
phenotype and provide support for cancer cell viability
[127]. Hyaluronic acid (HA) in ECM binds to CD44,
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Figure 9: S3BP1 intercepts DNA repair in cell cycle. By means of MRN, ATM is collected to DBS and phosphorylates targets,
among which YH2AX recruits MDC1. MDCl is also an ATM target. MDC1 phosphorylation gathers the E3 ubiquitin ligase RNF8, which
can generate histone H2A ubiquitylation by recruiting another E3 ubiquitin ligase (RNF168). This modification with the addition of H4K20
methylation permits 53BP1 gathering. 53BP1 which is phosphorylated in an ATM-dependent way creates docking sites for RIF1 and PTIP

therefore it blocks resection at DSBs.
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regulates the inhibitory activity of T cells CD24 and
CD25, and plays a key role in cell migration and invasion
[138]. ECM is increasingly recognized as an important
regulator of breast cancer, and there is increasing evidence
that ECM proteins induced in breast cancer play an
important role in breast cancer progression and metastasis
[139] (Figure 10).

In another way, PARP inhibitors induce DNA
damage within tumor cells, leading to cell death and
the release of DNA fragments. These fragments are
recognized by the intracellular sensor cGAS, which
activates the STING pathway, subsequently producing
the second messenger cGAMP and triggering a series of
immune responses. This process includes the activation
of transcription factors IRF3 and NF-kB, promoting the
expression of interferons and inflammatory cytokines,
which in turn further enhance immune cell activation and
antigen presentation. PARP inhibitors also impact the
TME through upregulating PD-L1 expression on tumor
cells and activating tumor-associated fibroblasts, which
could contribute to tumor growth and dissemination [140].

CONCLUSION

In summary, the mechanisms behind acquired
and de novo resistance to PARP inhibitors are complex
and multifaceted. A frequent route of acquired
resistance to PARP inhibitors is the restoration of
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HR repair activity via BRCA1/2 reverse mutation,
BRCA1 promoter methylation, and DNA end resection.
Furthermore, PARP mutations or deletions, replication
fork stabilization, suppression of DNA replication
gaps, DSB repair pathway changes, epigenetic
modifications, pharmacological alterations, and the
tumor microenvironment all play significant functions in
mediating resistance to PARP inhibitors. Understanding
these mechanisms is essential for developing targeted
therapeutic strategies to overcome PARPI resistance and
improve patient outcomes in the treatment of ovarian
cancer and other BRCA-mutated advanced cancers.
Inhibiting the HR pathway is a prevalent strategy,
wherein researchers are actively searching for small
molecules that can impair the functions of BRCA1/2,
as well as other crucial proteins in the HRR pathway,
including CtIP, MRN complex, 53BP1, and POLQ,
among others. Proteins belonging to the SNF2 family
and MLL3/4 have been found to enhance the stability
of replication forks and reduce stress-induced DNA
breaks in cells lacking BRCA function. This knowledge
could be leveraged for therapeutic development.
Furthermore, the combination of PARG inhibitors with
PARPi shows promise in clinical settings, as it increases
patients’ sensitivity to PARPi by decreasing PARylation.
Additionally, we have also found that improving the
tumor microenvironment may also serve as a potential
therapeutic approach to increase patients’ sensitivity
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Figure 10: TME is a system composed four parts: GF and Chemokine, ECM, CAF and TAM. IL6, CCL5, VEG are typical
growth factors in TME that regulate breast trait. CCL2 secreted by CAMS can promote CSC, and Fibrin in ECM also can achieve this by
regulating Notch, Wnt, Map, Akt in cancer cells. When HA in ECM binds to CD44, the inhibitory activity of T cells CD24, CD25 decreases
and promote cell migration. Moreover, the CAF-S1 subgroup of breast cancer enhances the ability of regulatory T cells and inhibits the
proliferation of T effectors. In the presence of chemotherapy, fibroblast will lack TGFBR2 for the benefit of cancer cells survival and
metastasis. The CCL8 in TAM can promote the constitution of blood vessels, which is a mechanism of tumor recurrence. When treating
with PARPi, PARPi can cause TAM to reprogram to increase its cytotoxicity and enhance the STAT3 pathway to promote the pro-tumor
polarization. And PARP1 has no toxicity on HR intact cells in TAM.
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to PARPi. Further clinical studies are both needed to
fully elucidate these mechanisms and develop effective
strategies to combat PARPI resistance.
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