Received: 17 March 2022 | Revised: 19 June 2022

Accepted: 25 June 2022

DOI: 10.1111/cas.15477

REVIEW ARTICLE

Cancer Science fW%15%

Reconsidering the mechanisms of action of PARP inhibitors
based on clinical outcomes

Hiroshi Onjit?® |

1Department of Obstetrics and
Gynecology, Ehime University Graduate
School of Medicine, Toon, Japan

ZDepartment of Biochemistry and
Molecular Genetics, Ehime University
Graduate School of Medicine, Toon, Japan

3Department of Cell Growth and Tumor
Regulation, Proteo-Science Center, Ehime
University, Toon, Japan

4Institute for Advanced Biosciences, Keio
University, Tsuruoka, Japan

Correspondence

Junko Murai, Department of Biochemistry
and Molecular Genetics Ehime University
Graduate School of Medicine, Shitsukawa,
Toon, Ehime 791-0295; Japan Institute for
Advanced Biosciences, Keio University,
Kakuganiji 246-2, Mizukami, Tsuruoka,
Yamagata 997-0052, Japan.

Emails: murai.junko.nk@ehime-u.ac.jp;
muraij@ttck.keio.ac.jp

Funding information

Japan Society for the Promotion

of Science, Grant/Award Number:
JP19HO03505; Yamagata prefectural
government and the City of Tsuruoka

Junko Murai®®*

Abstract

PARP inhibitors (PARPis) were initially developed as DNA repair inhibitors that inhibit
the catalytic activity of PARP1 and PARP2 and are expected to induce synthetic le-
thality in BRCA- or homologous recombination (HR)-deficient tumors. However, the
clinical indications for PARPis are not necessarily limited to BRCA mutations or HR
deficiency; BRCA wild-type and HR-proficient cancers can also derive some benefit
from PARPIs. These facts are interpretable by an additional primary antitumor mecha-
nism of PARPis named PARP trapping, resulting from the stabilization of PARP-DNA
complexes. Favorable response to platinum derivatives (cisplatin and carboplatin) in
preceding treatment is used as a clinical biomarker for some PARPIs, implying that
sensitivity factors for platinum derivatives and PARPis are mainly common. Such
common sensitivity factors include not only HR defects (HRD) but also additional
factors. One of them is Schlafen 11 (SLFN11), a putative DNA/RNA helicase, that sen-
sitizes cancer cells to a broad type of DNA-damaging agents, including platinum and
topoisomerase inhibitors. Mechanistically, SLFN11 induces a lethal replication block
in response to replication stress (ie, DNA damage). As SLFN11 acts upon replication
stress, trapping PARPis can activate SLFN11. Preclinical models show the importance
of SLFN11 in PARPi sensitivity. However, the relevance of SLFN11 in PARPI response
is less evident in clinical data compared with the significance of SLFN11 for platinum
sensitivity. In this review, we consider the reasons for variable indications of PARPis
resulting from clinical outcomes and review the mechanisms of action for PARPis as

anticancer agents.
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1 | INTRODUCTION

Among the PARP family members (PARP1-PARP17), PARP1 and
PARP2 act as DNA repair enzymes for DNA single-strand breaks.
Hence, catalytic PARP inhibition by PARP inhibitors (PARPis) pre-
vents the repair of DNA single-strand breaks, and PARPis act as
DNA repair inhibitors. Since the discovery of synthetic lethality of
PARPis in BRCA mutant cells that impair the repair of DNA double-
strand breaks (DSBs),"*? clinical PARPis with comparably high cat-
alytic inhibition potency (olaparib, niraparib, talazoparib, rucaparib,
and veliparib) have been developed. According to the original con-
cept, PARPis should be selectively toxic to BRCA mutation or HRD
cancer cells. However, clinical trials revealed the significant benefit
of PARPis in BRCA wild-type or HR-proficient cancers, while BRCA
mutation or HR-deficient cancers received superior benefit.5¢
Hence, current indications of PARPis have been expanded and are
not restricted to cancers with BRCA mutations (Table 1). Former
favorable response to platinum derivatives (cisplatin and carbopla-
tin) is used as a clinical biomarker for PARPi sensitivity regardless
of BRCA status. These facts are not interpretable by the initial syn-
thetic lethal model of PARPis.

A decade ago, we reported an additional primary mechanism
of action of PARPis, named PARP trappin,g,r.7'8 In the presence of
PARPis, PARP1 and PARP2 (hereafter, which we described as
PARP if not explicitly mentioned) bind the 5'-deoxyribose phos-
phate group-containing DNA ends noncovalently,” generating
highly toxic PARP-DNA complexes (Figure 1). As PARPis turn the
PARP protein toxic, they act as “PARP poisons,” which explains that
the antitumor effects of PARPis completely disappear in PARP-
deficient cells.® PARP-DNA complexes strongly block DNA repli-
cation, leading to DSBs with bulky PARP proteins at one strand of
5-DNA ends. Cancer cells employ multiple repair factors beyond
BRCA to manage PARP trapping. Hence, PARP-trapping lesions
can also damage HR-proficient cells (see our review for detailed
information'®). The potency of PARP trapping is widely different
among PARPIis, talazoparib being the strongest and veliparib the
weakest (Table 1). Structural studies revealed an allosteric folding
change of a helical domain of PARP1, leading to different reten-
tion potency of PARP1 on single-strand breaks.!* Overall, these
differences are reflected in the drug dosing; for example, the daily
dose of talazoparib is 1 mg, while the daily dose of other PARPIs is
hundreds mg, indicating that PARP-trapping potency is the limiting
factor to decide the clinical dose. The variety of indications and
usages of PARPis based on the results of clinical trials deepen the
understanding of PARPis and let us reconsider the most relevant
mechanisms of action of PARPis in the human body. In this review,
we first summarize recent topics about PARP trapping and then
consider the reasons for variable indications of PARPis resulting
from clinical outcomes. Next, we introduce Schlafen 11 (SLFN11) as
a cause of cross-sensitivity with platinum derivatives and propose
the “hyper synthetic lethal strategy” using SLFN11 protein expres-
sion and BRCA mutation as biomarkers for PARPis.

2 | HOW DO CANCER CELLS PROCESS
PARP-TRAPPING LESIONS?

Replication is often challenged by proteins covalently bound to DNA,
also known as DNA-protein crosslinks (DPCs). DPCs originate when
proteins become crosslinked to DNA after exposure to UV light or
aldehydes or due to faulty enzymatic reactions.'? A representative
example of enzymatic DPC is a topoisomerase 1 (TOP1)-DNA cleav-
age complex (TOP1cc) generated through the TOP1-mediated cova-
lent bond between 3'-DNA ends and the catalytic tyrosyl residue of
TOP1.% Failure in the self-resealing of TOP1ccs results in stabilized
TOP1-DPCs, which are trapped by TOP1 poisons, such as campto-
thecin (CPT), and its clinical derivatives irinotecan and topotecan.14
Because TOP1-DPCs are products of a physiological reaction, eu-
karyote cells possess multiple pathways to dissolve the TOP1-DPCs
by excising and ligating the associated breaks. Tyrosyl-DNA phos-
phodiesterase 1 (TDP1) cleaves the tyrosyl-DNA bonds, whereas
a structure-specific endonuclease MRE11 removes the TOP1-DPC
along with the adjacent DNA segment.'* A metalloprotease Spartan
(SPRTN) debulks TOP1-DPCs to make the peptide-DNA bonds ac-
cessible to the repair factors.™ Similar repair pathways exist for
TOP2-DPC with TDP2 and MRE11 for their excision.'®

Getting back to the subject of PARP trapping, the PARP-DNA
complex, a noncovalent bond at the 5-DNA ends, is an unnatural
product that is uniquely formed in the presence of PARPis. One
possible exception can be the case happening in XRCC1-deficient
condition, where PARP1 occupies DNA ends and blocks base exci-
sion repair.'® However, XRCC1-deficient cell is not found at the tran-
scription level and in mutation status in the NCI-60 and Genomics of
Drug Sensitivity in Cancer (GDSC) database (https://discover.nci.nih.
gov/cellminercdb/).Y” Then, it is questionable how human cells pro-
cess the unnatural PARP-trapping lesions. The 5-DNA ends should
be clean to access exonucleases (MRE11, CtIP, EXO1, and DNA2) to
initiate HR. Recently, several factors have been reported to process
trapped PARP1 or PARP2 (Figure 1).

The metalloprotease SPRTN involved in the debulking of TOP1-
DPCs is recruited to trapped PARP1 in S-phase to assist in the ex-
cision and replication bypass of PARP1-DNA complexes.*® Hence,
SPRTN-deficient cells are hypersensitive to talazoparib and olapa-
rib but not to veliparib.!® The serine protease FAM111A, a PCNA-
interacting protein, also plays a vital role in mitigating the effects
of protein obstacles on replication forks. FAM111A protects repli-
cation forks from stalling at PARP1-trapping lesions, thereby pro-

moting cell survival after PARPi treatment.?

Amplified in liver
cancer 1 (ALC1), a chromatin-remodeling enzyme, can remove
inactive PARP1 indirectly through binding to PARylated chroma-
tin.2° Consequently, ALC1 deficiency enhances PARP1 trapping,
conferring PARPi sensitivity, while ALC1 overexpression reduces
the sensitivity of BRCA-deficient cells to PARPis.?° Moreover, ALC1
appears strictly required for PARP2 release, and catalytic inactiva-
tion of ALC1 quantitatively traps PARP2 but not PARP1, enhanc-

ing PARPi-induced cancer cell kiIIing.21 Mass spectrometry-based
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FIGURE 1 Schematic representation
of the multiple pathways that resolve the

5 PARP PARP-DNA complex. A metalloprotease
3 Spartan (SPRTN) or a PCNA-interacting
. . serine protease FAM111A degrade
Protease activity, Chroma'qn Post_ t_ran_slatlonal trapped PARP1 (left). A chromatin-
remOde“ng modification remodeling enzyme ALC1 removes PARP1
ALC1 and/or PARP2. The model by Blessing et
,SPRTN a8 SUMO  Ub al. specifies that not PARP1 but PARP2
FAM111A w (by PIAS4) gov tf:p(by RNF4) is the target of ALC1-mediated PARP
50:@—_— % removal (middle). SUMOQylation on PARP1
by PIAS4 followed by ubiquitination on
PCNA Segregase )
31 and/ or activity PARP1 by the E3 ligase RNF4 promotes
DNA pol the recruitment of segregase p97 (right)
VY ALC1 V.8 97
PARP2 a9 o &P

interactomes identified an interaction between trapped PARP1 and
the ubiquitin-regulated p97 ATPase/segregase.22 Trapped PARP1
has been shown to be SUMOylated by PIAS4 and subsequently
ubiquitylated by the SUMO-targeted E3 ubiquitin ligase RNF4,
promoting the recruitment of p97 and removal of trapped PARP1
from chromatin (Figure 1).22 Notably, this pathway appears rather
general as it is also involved in the repair of trapped TOP cleavage
complexes.?® Thus, cells use redundant pathways to efficiently re-
move PARP-DNA complexes trapped by PARPIis. Inhibitors for the
resolving factors of trapped PARP are expected to synergize with
the trapping-PARPis.

3 | DIFFERENCES BETWEEN PARPIS
AND CONVENTIONAL DNA-DAMAGING
ANTICANCER DRUGS

PARPis generate lesions leading to replication-dependent DSBs with
trapped PARP. In terms of expectation of replication-dependent cell
death, platinum drugs and TOP inhibitors, which are conventional
DNA-damaging anticancer agents, also have similar mechanisms
of action in that they ultimately induce DSBs.?* Hence, HR genes
are common critical repair factors for PARPis and DNA-damaging
agents.

Here, we point out the differences between PARPis and the con-
ventional DNA-damaging agents that generate bulky DNA adducts.
Platinum drugs covalently crosslink DNA. TOP inhibitors trap cova-
lent TOP1- and TOP2-DPC. Therefore, even if the drug concentra-
tion is reduced, DNA lesions, once generated, will not be restored
unless they are repaired. In contrast, the PARP-DNA complex is not
a covalent bond, so the trapped PARP can be quickly released from
DNA when the concentration of PARPis becomes lower (Figure 2).8
We previously showed that when the PARPi was removed from
the cell culture medium, PARP-DNA complexes began to be re-
leased after 5minutes and were wholly released after 30 minutes
with the recovery of PARyIation.S Once trapped PARP is released,
the remaining single-strand breaks can be rapidly repaired by the

reactivated PARP regardless of HR status (Figure 2). However, if the
PARP-DNA complex has already generated collisions with replica-
tion forks, DSBs with clean (ie, protein-unbound) DNA ends remain.
The clean DSBs can be repaired in HR-proficient cells, while still
highly toxic in HR-deficient cells, which is attributed to the original
synthetic lethality model (Figure 2).

We assume that these points can partly explain the expected
clinical benefit among PARPis for HR-deficient cancers, as well as
the inconsistent clinical benefit among PARPis for HR-proficient
cancers (Table 1). Niraparib is a unique PARPI in terms that it is
approved for first-line maintenance in patients with advanced
ovarian cancer after initial response to platinum-based chemo-
Although the study design
is different, olaparib did not benefit HR-proficient cancers in the

therapy, regardless of BRCA status.®

first-line maintenance setting in the PAOLA-1 study that com-
bined olaparib and bevacizumab (VEGF inhibitor).?> Veliparib was
tested in combination with first-line chemotherapy (cisplatin and
paclitaxel) and as maintenance therapy as a single agent in ovarian
cancer in the VELIA study. The VELIA study revealed significant
benefits of veliparib in BRCA mutated or HR-deficient (myChoice
assay HRD score = 33) cancers, but not in BRCA wild-type or non-
HRD cancers.?®

According to our model, transient PARP trapping is toxic enough
for HR-deficient cancers if sufficient levels of DSBs are generated
by replication block (Figure 2). By contrast, maintaining PARP trap-
ping should be a key for anticancer acting in HR-proficient cancer
cells (Figure 2). The long elimination half-life (time required for the
blood concentration of a drug component to decrease by half) of
niraparib (~36h) and relatively high cell membrane permeability and
volume of distribution?’ possibly enable niraparib to maintain PARP
trapping and be effective in HR-proficient cancers. On the other
hand, the relatively short elimination half-life of olaparib (5-11h) or
veliparib (~6h), which accounts for their twice-daily administration
protocols (Table 1), may explain the lack of efficacy of these drugs in
HR-proficient cancers. Talazoparib, which has an extended half-life
(~58hours) and most potent PARP-trapping power, is supposed to

have the potency to benefit HR-proficient cancers. However, clinical
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FIGURE 3 Highly significant correlation of drug response in the Genomics of Drug Sensitivity in Cancer (GDSC) database between
cisplatin and PARP inhibitors (talazoparib, olaparib, and veliparib). The data were obtained using the public resource CellMinerCDBY (https://
discover.nci.nih.gov/cellminercdb/). Pearson's correlation (r), P value (p), number of the samples (n), and regression line (black line) are shown

trials have been selectively performed in breast cancer patients with
BRCA mutations, and the benefit of talazoparib in BRCA wild-type
cancers has not been evaluated.?®%’ In the setting of recurrent tu-
mors, olaparib, niraparib, and rucaparib benefit HR-proficient can-
cers to a significant extent but are less effective compared with
HR-deficient cancers®® (Table 1).

The VELIA study examined the effect of veliparib in combination
with first-line chemotherapy (cisplatin and paclitaxel) by comparing
the combination-only and chemotherapy-only groups. The study re-
vealed little additional effect of veliparib combination.?® These re-
sults are interpretable because PARP is not a primary repair factor
of the cisplatin-induced lesions (ie, PARP deficiency does not confer
hypersensitivity to cisplatin treatment)®! and because veliparib is a
relatively weak PARP trapper. It is assumed that the toxicity of cis-
platin and paclitaxel is dominant in the combination setting where

PARP inhibition has little impact on the toxicity.

4 | WHICH GENES CONTRIBUTE TO THE
CROSS-SENSITIVITY BETWEEN PARPIS AND
PLATINUM DERIVATIVES?

Although some repair factors are uniquely crucial for platinum de-
rivatives or PARPis,'® the utility of platinum sensitivity as a clinical
biomarker for PARPis implies that PARPis and platinum agents share
similar sensitivity and resistance factors. The clinical outcomes are
readily recapitulated across ~900 cell lines, revealing the extremely
high sensitivity correlation between PARPis (talazoparib, olaparib,
and veliparib) and cisplatin regardless of tumor types (Figure 3).
Notably, the P value of each PARPi correlates with their PARP-
trapping potency (Figure 3 and Table 1), indicating that such com-
mon sensitivity factors are involved in the cellular responses to
PARP-trapping lesions as well as DNA-crosslinking lesions. Because
both lesions eventually induce replication-coupled DSBs repaired by
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HR, such common factors are assumed to be HR-associated genes.
A recent report revealed associations between genome-wide loss
of heterozygosity (gLOH) and alternation of HR-associated genes
in 160,790 tumors.*? Known/likely deleterious alterations in HR-
associated genes were found in 18.9% of cases. HR-associated
genes include BRCA1, BRCA2, PALB2, BRAD1, ATR, ATRX, ATM, BAP1,
RAD51B, RAD51C, RAD51D, BRIP1, NBN, CHEK1, CHEK2, FANCA,
MRE11, and others. Hence, the ~20% of cases showing high sensitiv-
ity to both drugs can be explained by altered HR-associated gene
mutations. However, it is important to point out that cancer cells can
be sensitive to PARPis or cisplatin without such repair gene muta-
tions. In the NCI-60 cell lines, about 30 cell lines are susceptible to
talazoparib, while the rest are resistant.®® According to the mutation
analysis of repair genes,>* 15 cell lines are sensitive to talazoparib
without apparent DNA repair mutations in the list (data not shown).
However, we may miss unlisted repair factors involved in the cross-
sensitivity. Hence, we need to find a way to identify the patients
who do not carry HR gene mutations but are yet sensitive to PARPis

and platinum agents.

5 | SLFN11 1S A COMMON SENSITIZER TO
PLATINUM DERIVATIVES AND PARPIS IN
CANCER MODELS

We raise the issue of why each cell line dot in Figure 3 is along the re-
gression line but does not exhibit bipolar distribution. HR deficiency
drastically sensitizes cancer cells to PARPis with orders of magni-
tude in IC;, values, possibly leading to bipolar distribution if the
cross-sensitivity is majorly attributed to HR deficiency. The linear
distribution implies the presence of determining factors controlled
by expression level. One such factor is most likely SLFN11, a member
of the SLFN family,35 with a DNA/RNA helicase domain and a nuclear
localization signal. In 2012, using different cell line databases, two
independent laboratories identified that SLFN11 expression is highly

correlated with sensitivity of the TOP1 inhibitor topotecan.3¢%” The
high correlation also applies to cisplatin and DNA replication inhibi-
tors such as cytarabine.36 Although the initial actions are different,
these drugs commonly induce replication blocks, activate S-phase
checkpoint, and generate abnormal (stressed) replication forks.
Replication stress®® activates the kinase ataxia telangiectasia and
Rad3-related (ATR) that mediates S-phase checkpoint to support
cell survival by reducing replication speed and transiently inhibiting
origin firing. Our recent studies demonstrated that SLFN11 blocks
the elongation of stressed replicons in parallel to ATR and induces
cell death contrary to the effect of ATR.%? Recent studies have re-
vealed more actions for SLFN11, including tRNA cleavage leading

40-42

to insufficient ATR synthesis, chromatin opening,*® degrada-

tion of the replication initiation factor CDT1,** degradation of re-
versed replication forks*® and protection from proteotoxic stress. %6
These actions do not seem cell type-dependent but rather general
activities of SLFN11 regardless of tissues of origin. While the mecha-
nisms of SLFN11-mediated cell killing are not fully understood, the
importance of SLFN11 in drug sensitivity is validated in various

4750 3851) patient data are also accu-

50,52

settings see recent reviews
mulating with a broad type of cancers including breast cancer,
ovarian cancer,”® gastric cancer,>* bladder cancer,> small cell lung
cancer,’® esophageal cancer,”” and prostate cancer.>® Notably, most
of these data have been obtained without considering the presence
or absence of BRCA or HR deficiency. Thus, several independent
clinical protocols are being initiated to validate whether SLFN11
confers high sensitivity to DNA-damaging agents independently of
HR status in cancer patients.

The correlation between SLFN11 expression and drug sensitiv-
ity is also applicable to PARPis. We previously showed that SLFN11
expression is significantly correlated with sensitivity to talazoparib
in the NCI-60.%7 The significant correlation is also validated in the
GDSC database for talazoparib, olaparib, and veliparib (Figure 4).
Again, the P values were correlated with the PARP-trapping po-
tency. We showed that SLFN11 enhances sensitivity to olaparib
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SLFN11 expression and PARP inhibitors (talazoparib, olaparib, and veliparib). The data were obtained using the public resource
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FIGURE 5 Schematic representation to interpret the better clinical outcomes of olaparib in SLFN11-positive and BRCA-deficient cancers
than in SLFN11-negative and BRCA-deficient ones. (A) BRCA-deficient cells harbor replication gaps (single-strand DNA gap) under the
treatment of sub-micromolar concentration of olaparib. The single-strand binding protein replication protein A (RPA) protects the replication
gaps, but exhaustion of RPA results in genome instability, leading to synthetic lethality®? (left). In SLFN11-positive cells, SLFN11 likely binds
the DNA-bound RPA, possibly leading to SLFN11-mediated cell death named “hyper synthetic lethal.” (right, the smaller cartoon indicates
more shrunk cancer). Note that the sub-micromolar concentration of olaparib is not supposed to generate a PARP-DNA complex based on
our previous report but is enough to inhibit the catalytic activity of PARP.2 (B) Continuous PARP trapping is likely a key for the sensitivity

of SLFN11-positive cancer cells to PARP trappers. Continuous PARP trapping induces replication stress that activates SLFN11 toward cell

death

and talazoparib using genetically modified isogenic cell lines and
that SLFN11 and BRCA deficiency independently contribute to the
PARPi sensitivity.>? Two independent groups revealed the relevance
of SLFN11 for PARPI sensitivity in patient-derived xenograft (PDX)
models.?%¢! These facts make sense because PARP-DNA com-
plexes cause replication stress, activating SLFN11 toward cell death.
Together, the observations and conclusions listed above explain why
SLFN11 can be a primary common sensitivity factor for platinum
drugs and PARPIs.

6 | DOES SLFN11 NEED BRCA MUTATION
TO ENHANCE OLAPARIB SENSITIVITY IN
THE CLINICAL SETTING?

Recently, the group of AstraZeneca examined the effect of
SLFN11 on olaparib sensitivity.’® They first showed that pa-
tients with high-SLFN11 tumors had significantly longer overall
survival when treated with first-line platinum and etoposide in
small cell lung cancer. Although the role of SLFN11 was uncer-
tain in their cohort of high-grade serous ovarian cancers treated
with paclitaxel-platinum, they found that high levels of SLFN11
were associated with improved clinical outcomes with olaparib
treatment. Intriguingly, subgroup analyses revealed that only the
patients with BRCA mutation benefited from the high SLFN11 ex-
pression under the olaparib treatment, which is inconsistent with
the series of in vitro data where SLFN11 sensitizes cancer cells
regardless of BRCA status. Yet, a timely report by Cong® may pro-
vide an answer. Accordingly, BRCA-deficient cells harbor excess
single-strand DNA gaps in response to sub-micromolar concentra-
tions of olaparib due to an Okazaki fragment-processing defect
(Figure 5A). RPA protects the excess single-strand DNA gaps, but

the exhaustion of RPA increases unprotected single-strand DNA,
leading to genome instability®® (Figure 5A). Because SLFN11 is re-
cruited on chromatin via RPA binding, SLFN11 can enhance cell
death in BRCA-deficient cancer at the sub-micromolar olaparib
treatment condition (Figure 5A). HR-proficient cells should be in-
tact from SLFN11-mediated cell death without the DNA gaps and
PARP trapping under the sub-micromolar concentration of olapa-
rib.8 This scenario may explain the clinical outcome with olapa-
rib being more effective in BRCA mutant and high-SLFN11 cells
and may provide a “hyper synthetic lethal strategy” (Figure 5A).
As SLFN11 induces cell death under replication stress, niraparib
and talazoparib that can maintain PARP trapping possibly activate
SLFN11 also in BRCA-proficient cancers (Figure 5B). Hence, re-
sults of the analyses of clinical data of niraparib and talazoparib
are warranted.

7 | CONCLUSION

Eight years have passed since olaparib was first approved as a clini-
cally available PARPI, followed by other PARPis. Once the clinical in-
dications are set, the mechanisms of action are usually not discussed
anymore. However, the variety of clinical outcomes from different
PARPis give us chances to reconsider the therapeutically relevant
molecular mechanisms of action of PARPis in cancer patients and
reconnect them to the basic research.

ACKNOWLEDGMENTS

We would like to thank Dr. Yves Pommier (National Cancer Institute,
National Institutes of Health) for his expert opinions, discussions,
and editorial insights, and Dr. Shigeki Higashiyama (Proteo-Science
Center, Ehime University) for insightful discussions.



EEBRWATSE Cancer SCience

ONJI ano MURAI

CONFLICTS OF INTEREST

Hiroshi Onji has no conflict of interest to disclose. Junko Murai

received lecture fees from Takeda Pharmaceutical Co., Ltd. and

AstraZeneca plc, and research fees from Taiho Pharmaceutical Co.,

Ltd., and Modulus Discovery Inc.

ETHICAL APPROVAL
Approval of the research protocol by an Institutional Reviewer
Board.

ORCID

Hiroshi Onji
Junko Murai

https://orcid.org/0000-0001-5778-0149
https://orcid.org/0000-0003-2023-6160

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair
defect in BRCA mutant cells as a therapeutic strategy. Nature.
2005;434:917-921.

Bryant HE, Schultz N, Thomas HD, et al. Specific killing of BRCA2-
deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature. 2005;434:913-917.

Gonzalez-Martin A, Pothuri B, Vergote |, et al. Niraparib in pa-
tients with newly diagnosed advanced ovarian cancer. N Engl J Med.
2019;381:2391-2402.

Ledermann J, Harter P, Gourley C, et al. Olaparib maintenance
therapy in patients with platinum-sensitive relapsed serous
ovarian cancer: a preplanned retrospective analysis of outcomes
by BRCA status in a randomised phase 2 trial. Lancet Oncol.
2014;15:852-861.

Mirza MR, Monk BJ, Herrstedt J, et al. Niraparib maintenance ther-
apy in platinum-sensitive, recurrent ovarian cancer. N Engl J Med.
2016;375:2154-2164.

Coleman RL, Oza AM, Lorusso D, et al. Rucaparib maintenance
treatment for recurrent ovarian carcinoma after response to
platinum therapy (ARIEL3): a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet. 2017;390:1949-1961.

Krastev DB, Wicks AJ, Lord CJ. PARP inhibitors - trapped in a toxic
love affair. Cancer Res. 2021;81:5605-5607.

Murai J, Huang SY, Das BB, et al. Trapping of PARP1 and PARP2 by
clinical PARP inhibitors. Cancer Res. 2012;72:5588-5599.

Horton JK, Wilson SH. Predicting enhanced cell killing through
PARP inhibition. Mol Cancer Res. 2013;11:13-18.

Murai J, Pommier Y. PARP trapping beyond homologous recom-
bination and platinum sensitivity in cancers. Annu Rev Canc Biol.
2019;3:131-150.

Zandarashvili L, Langelier MF, Velagapudi UK, et al. Structural
basis for allosteric PARP-1 retention on DNA breaks. Science.
2020;368:eaax6367.

Ruggiano A, Ramadan K. DNA-protein crosslink proteases in ge-
nome stability. Commun Biol. 2021;4:11.

Pommier Y. Topoisomerase | inhibitors: camptothecins and beyond.
Nat Rev Cancer. 2006;6:789-802.

Sun 'Y, Saha S, Wang W, Saha LK, Huang SN, Pommier Y. Excision
repair of topoisomerase DNA-protein crosslinks (TOP-DPC). DNA
Repair. 2020;89:102837.

Hoa NN, Shimizu T, Zhou ZW, et al. Mrel1 is essential for the re-
moval of lethal topoisomerase 2 covalent cleavage complexes. Mol
Cell. 2016;64:580-592.

Demin AA, Hirota K, Tsuda M, et al. XRCC1 prevents toxic PARP1
trapping during DNA base excision repair. Mol Cell. 2021;81:3018-
3030.e15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rajapakse VN, Luna A, Yamade M, et al. CellMinerCDB for integra-
tive cross-database genomics and pharmacogenomics analyses of
cancer cell lines. iScience. 2018;10:247-264.

Saha LK, Murai Y, Saha S, et al. Replication-dependent cytotoxicity
and spartan-mediated repair of trapped PARP1-DNA complexes.
Nucleic Acids Res. 2021;49:10493-10506.

Kojima Y, Machida Y, Palani S, et al. FAM111A protects replica-
tion forks from protein obstacles via its trypsin-like domain. Nat
Commun. 2020;11:1318.

Juhasz S, Smith R, Schauer T, et al. The chromatin remodeler
ALC1 underlies resistance to PARP inhibitor treatment. Sci Adv.
2020;6:eabb8626.

Blessing C, Mandemaker IK, Gonzalez-Leal C, Preisser J, Schomburg
A, Ladurner AG. The oncogenic helicase ALC1 regulates PARP
inhibitor potency by trapping PARP2 at DNA breaks. Mol Cell.
2020;80:862-875.e866.

Krastev DB, Li S, Sun Y, et al. The ubiquitin-dependent ATPase p97
removes cytotoxic trapped PARP1 from chromatin. Nat Cell Biol.
2022;24:62-73.

Sun Y, Saha LK, Saha S, Jo U, Pommier Y. Debulking of topoisom-
erase DNA-protein crosslinks (TOP-DPC) by the proteasome,
non-proteasomal and non-proteolytic pathways. DNA Repair.
2020;94:102926.

Murai J. Targeting DNA repair and replication stress in the treat-
ment of ovarian cancer. Int J Clin Oncol. 2017;22:619-628.
Ray-Coquard |, Pautier P, Pignata S, et al. Olaparib plus bevaci-
zumab as first-line maintenance in ovarian cancer. N Engl J Med.
2019;381:2416-2428.

Coleman RL, Fleming GF, Brady MF, et al. Veliparib with first-line
chemotherapy and as maintenance therapy in ovarian cancer. N
Engl J Med. 2019;381:2403-2415.

Sun K, Mikule K, Wang Z, et al. A comparative pharmacokinetic study
of PARP inhibitors demonstrates favorable properties for niraparib ef-
ficacy in preclinical tumor models. Oncotarget. 2018;9:37080-37096.
Litton JK, Rugo HS, Ettl J, et al. Talazoparib in patients with ad-
vanced breast cancer and a germline BRCA mutation. N Engl J Med.
2018;379:753-763.

Litton JK, Scoggins ME, Hess KR, et al. Neoadjuvant Talazoparib for
patients with operable breast cancer with a germline BRCA patho-
genic variant. J Clin Oncol. 2020;38:388-3%94.

Matsumoto K, Nishimura M, Onoe T, et al. PARP inhibitors for
BRCA wild type ovarian cancer; gene alterations, homologous re-
combination deficiency and combination therapy. Jpn J Clin Oncol.
2019;49:703-707.

Murai J, Zhang Y, Morris J, et al. Rationale for poly(ADP-ribose)
polymerase (PARP) inhibitors in combination therapy with campto-
thecins or temozolomide based on PARP trapping versus catalytic
inhibition. J Pharmacol Exp Ther. 2014;349:408-416.

Westphalen B, Fine AD, Andre F, et al. Pan-cancer analysis of
homologous recombination repair-associated gene alterations
and genome-wide loss of heterozygosity score. Clin Cancer Res.
2021;28:1412-1421.

Murai J, Huang SY, Renaud A, et al. Stereospecific PARP trapping by
BMN 673 and comparison with olaparib and rucaparib. Mol Cancer
Ther. 2014;13:433-443.

Sousa FG, Matuo R, Tang SW, et al. Alterations of DNA repair genes
in the NCI-60 cell lines and their predictive value for anticancer
drug activity. DNA Repair. 2015;28:107-115.

Bustos O, Naik S, Ayers G, et al. Evolution of the Schlafen genes, a
gene family associated with embryonic lethality, meiotic drive, im-
mune processes and orthopoxvirus virulence. Gene. 2009;447:1-11.
Zoppoli G, Regairaz M, Leo E, et al. Putative DNA/RNA helicase
Schlafen-11 (SLFN11) sensitizes cancer cells to DNA-damaging
agents. Proc Natl Acad Sci U S A. 2012;109:15030-15035.


https://orcid.org/0000-0001-5778-0149
https://orcid.org/0000-0001-5778-0149
https://orcid.org/0000-0003-2023-6160
https://orcid.org/0000-0003-2023-6160

ONJI ano MURAI

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Barretina J, Caponigro G, Stransky N, et al. The cancer cell line en-
cyclopedia enables predictive modelling of anticancer drug sensi-
tivity. Nature. 2012;483:603-607.

Jo U, Murai Y, Takebe N, Thomas A, Pommier Y. Precision oncology
with drugs targeting the replication stress, ATR, and Schlafen 11.
Cancer. 2021;13:4601.

Murai J, Tang SW, Leo E, et al. SLFN11 blocks stressed replication
forks independently of ATR. Mol Cell. 2018;69:371-384.e376.

Li M, Kao E, Malone D, Gao X, Wang JYJ, David M. DNA damage-
induced cell death relies on SLFN11-dependent cleavage of distinct
type Il tRNAs. Nat Struct Mol Biol. 2018;25:1047-1058.

Li M, Kao E, Gao X, et al. Codon-usage-based inhibition of HIV pro-
tein synthesis by human schlafen 11. Nature. 2012;491:125-128.
Malone D, Lardelli RM, Li M, David M. Dephosphorylation activates
the interferon-stimulated Schlafen family member 11 in the DNA
damage response. J Biol Chem. 2019;294:14674-14685.

Murai J, Zhang H, Pongor L, et al. Chromatin remodeling and im-
mediate early gene activation by SLFN11 in response to replication
stress. Cell Rep. 2020;30:4137-4151.e6.

Jo U, MuraiY, Chakka S, et al. SLFN11 promotes CDT1 degradation
by CUL4 in response to replicative DNA damage, while its absence
leads to synthetic lethality with ATR/CHK1 inhibitors. Proc Natl
Acad Sci US A. 2021;118:e2015654118.

Okamoto Y, Abe M, Mu A, et al. SLFN11 promotes stalled fork
degradation that underlies the phenotype in Fanconi anemia cells.
Blood. 2021;137:336-348.

Murai Y, Jo U, Murai J, et al. SLFN11 inactivation induces proteo-
toxic stress and sensitizes cancer cells to ubiquitin activating en-
zyme inhibitor TAK-243. Cancer Res. 2021;81:3067-3078.

Moribe F, Nishikori M, Takashima T, et al. Epigenetic suppression of
SLFN11 in germinal center B-cells during B-cell development. PLoS
One. 2021;16:€0237554.

Rathkey D, Khanal M, Murai J, et al. Sensitivity of mesothelioma
cells to PARP inhibitors is not dependent on BAP1 but is enhanced
by temozolomide in cells with high-Schlafen 11 and low-06-
methylguanine-DNA methyltransferase expression. J Thorac Oncol.
2020;15:843-859.

Gardner EE, Lok BH, Schneeberger VE, et al. Chemosensitive re-
lapse in small cell lung cancer proceeds through an EZH2-SLFN11
Axis. Cancer Cell. 2017;31:286-299.

Winkler C, Armenia J, Jones GN, et al. SLFN11 informs on standard
of care and novel treatments in a wide range of cancer models. Br J
Cancer. 2021;124:951-962.

Zhang B, Ramkumar K, Cardnell RJ, et al. A wake-up call for cancer
DNA damage: the role of Schlafen 11 (SLFN11) across multiple can-
cers. Br J Cancer. 2021;125:1333-1340.

Coussy F, EI-Botty R, Chateau-Joubert S, et al. BRCAness, SLFN11,
and RB1 loss predict response to topoisomerase | inhibitors in
triple-negative breast cancers. Sci Transl Med. 2020;12:eaax2625.
Winkler C, King M, Berthe J, et al. SLFN11 captures cancer-
immunity interactions associated with platinum sensitivity in high-
grade serous ovarian cancer. JCl Insight. 2021;6:e146098.
Takashima T, Taniyama D, Sakamoto N, et al. Schlafen 11 predicts
response to platinum-based chemotherapy in gastric cancers. Br J
Cancer. 2021;125:65-77.

Taniyama D, Sakamoto N, Takashima T, et al. Prognostic impact of
Schlafen 11 in bladder cancer patients treated with platinum-based
chemotherapy. Cancer Sci. 2022;113:784-795.

Willis SE, Winkler C, Roudier MP, et al. Retrospective analysis of
Schlafen11 (SLFN11) to predict the outcomes to therapies affecting
the DNA damage response. BrJ Cancer. 2021;125:1666-1676.
Kagami T, Yamade M, Suzuki T, et al. The first evidence for SLFN11
expression as an independent prognostic factor for patients
with esophageal cancer after chemoradiotherapy. BMC Cancer.
2020;20:1123.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

= 2951
Cancer Science Ruins A

Conteduca V, Ku SY, Puca L, et al. SLFN11 expression in advanced
prostate cancer and response to platinum-based chemotherapy.
Mol Cancer Ther. 2020;19:1157-1164.

Murai J, Feng Y, Yu GK, et al. Resistance to PARP inhibitors by
SLFN11inactivation can be overcome by ATR inhibition. Oncotarget.
2016;7:76534-76550.

Lok BH, Gardner EE, Schneeberger VE, et al. PARP inhibitor ac-
tivity correlates with SLFN11 expression and demonstrates syn-
ergy with temozolomide in small cell lung cancer. Clin Cancer Res.
2017;23:523-535.

Stewart CA, Tong P, Cardnell RJ, et al. Dynamic variations in
epithelial-to-mesenchymal transition (EMT), ATM, and SLFN11
govern response to PARP inhibitors and cisplatin in small cell lung
cancer. Oncotarget. 2017;8:28575-28587.

Cong K, Peng M, Kousholt AN, et al. Replication gaps are a key
determinant of PARP inhibitor synthetic lethality with BRCA defi-
ciency. Mol Cell. 2021;81:3128-3144.€7.

Toledo LI, Altmeyer M, Rask MB, et al. ATR prohibits replica-
tion catastrophe by preventing global exhaustion of RPA. Cell.
2013;155:1088-1103.

Pujade-Lauraine E, Ledermann JA, Selle F, et al. Olaparib tablets as
maintenance therapy in patients with platinum-sensitive, relapsed
ovarian cancer and a BRCA1/2 mutation (SOLO2/ENGOT-Ov21): a
double-blind, randomised, placebo-controlled, phase 3 trial. Lancet
Oncol. 2017;18:1274-1284.

Moore K, Colombo N, Scambia G, et al. Maintenance Olaparib in
patients with newly diagnosed advanced ovarian cancer. N Engl J
Med. 2018;379:2495-2505.

Kaufman B, Shapira-Frommer R, Schmutzler RK, et al. Olaparib
monotherapy in patients with advanced cancer and a germline
BRCA1/2 mutation. J Clin Oncol. 2015;33:244-250.

Robson M, Im SA, Senkus E, et al. Olaparib for metastatic breast
cancer in patients with a germline BRCA mutation. N Engl J Med.
2017;377:523-533.

de Bono J, Mateo J, Fizazi K, et al. Olaparib for metastatic castration-
resistant prostate cancer. N Engl J Med. 2020;382:2091-2102.
Golan T, Hammel P, Reni M, et al. Maintenance Olaparib for ger-
mline BRCA-mutated metastatic pancreatic cancer. N Engl J Med.
2019;381:317-327.

Moore KN, Secord AA, Geller MA, et al. Niraparib monother-
apy for late-line treatment of ovarian cancer (QUADRA): a mul-
ticentre, open-label, single-arm, phase 2 trial. Lancet Oncol.
2019;20:636-648.

Kristeleit R, Shapiro Gl, Burris HA, et al. A phase |-l study of the
Oral PARP inhibitor rucaparib in patients with germline BRCA1/2-
mutated ovarian carcinoma or other solid tumors. Clin Cancer Res.
2017;23:4095-4106.

Swisher EM, Lin KK, Oza AM, et al. Rucaparib in relapsed, platinum-
sensitive high-grade ovarian carcinoma (ARIEL2 part 1): an in-
ternational, multicentre, open-label, phase 2 trial. Lancet Oncol.
2017;18:75-87.

Abida W, Patnaik A, Campbell D, et al. Rucaparib in men with met-
astatic castration-resistant prostate cancer harboring a BRCA1 or
BRCA2 gene alteration. J Clin Oncol. 2020;38:3763-3772.

Wahner Hendrickson AE, Menefee ME, Hartmann LC, et al. A phase
| clinical trial of the poly(ADP-ribose) polymerase inhibitor veliparib
and weekly topotecan in patients with solid tumors. Clin Cancer Res.
2018;24:744-752.

How to cite this article: Onji H, Murai J. Reconsidering the
mechanisms of action of PARP inhibitors based on clinical

outcomes. Cancer Sci. 2022;113:2943-2951. doi: 10.1111/
cas.15477


https://doi.org/10.1111/cas.15477
https://doi.org/10.1111/cas.15477

	Reconsidering the mechanisms of action of PARP inhibitors based on clinical outcomes
	Abstract
	1|INTRODUCTION
	2|HOW DO CANCER CELLS PROCESS PARP-­TRAPPING LESIONS?
	3|DIFFERENCES BETWEEN PARPIS AND CONVENTIONAL DNA-­DAMAGING ANTICANCER DRUGS
	4|WHICH GENES CONTRIBUTE TO THE CROSS-­SENSITIVITY BETWEEN PARPIS AND PLATINUM DERIVATIVES?
	5|SLFN11 IS A COMMON SENSITIZER TO PLATINUM DERIVATIVES AND PARPIS IN CANCER MODELS
	6|DOES SLFN11 NEED BRCA MUTATION TO ENHANCE OLAPARIB SENSITIVITY IN THE CLINICAL SETTING?
	7|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	ETHICAL APPROVAL
	REFERENCES


