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OVERVIEW

The presence of a BRCAmutation, somatic or germline, is now established as a standard of care for selecting patients with
ovarian cancer for treatment with a PARP inhibitor. During the clinical development of the PARP inhibitor class of agents, a
subset of womenwithout BRCAmutationswere shown to respond to these drugs (termed “BRCAness”). It was hypothesized
that other genetic abnormalities causing a homologous recombinant deficiency (HRD) were sensitizing the BRCA wild-type
cancers to PARP inhibition. Themolecular basis for these other causes of HRD are being defined. They include individual gene
defects (e.g., RAD51mutation, CHEK2mutation), homozygous somatic loss, and whole genome properties such as genomic
scarring. Testing this knowledge is possible when selecting patients to receive molecular therapy targeting DNA repair, not
only for patients with ovarian cancer but also endometrial and cervical cancers. The validity of HRD assays andmultiple gene
sequencing panels to select a broader population of patients for treatment with PARP inhibitor therapy is under evaluation.
Other non-HRD targets for exploiting DNA repair defects in gynecologic cancers includemismatch repair (MMR), checkpoint
signaling, and nonhomologous end-joining (NHEJ) DNA repair. This article describes recent evidence supporting strategies in
addition to BRCAmutation for selecting patients for treatmentwith PARP inhibitor therapy. Additionally, the challenges and
opportunities of exploiting DNA repair pathways other than homologous recombination for molecular therapy in gyne-
cologic cancers is discussed.

Our increased understanding of cancer biology coupled
with increasingly refined technology toexamine the cancer

genome has offered a rich supply of opportunities applicable
to improving outcomes in patients with gynecologic cancer.1

We now recognize at least six major interactive pathways
involved in DNA damage and repair.2 The most recent ex-
ample of molecularly targeted drug success in patients with
ovarian cancer is the development of PARP inhibitors as ther-
apeutics. The PARP inhibitor olaparib was the first drug
worldwide to be licensed in 2014 for a molecularly defined
population of patients with BRCA-mutated ovarian cancer.
The rapidity and success of identifying this molecularly di-
rected and defined therapeutic has catalyzed the gynecologic
cancer community to further explore the application of DNA
repair inhibitors as a class and question other ways DNA repair
defects might be harnessed for novel treatment approaches.
Targeting tumors with defective DNA repair exploits the

molecular differences between tumor and normal cells. This
mechanism is the basis for tumor-specific cell death induced
by PARP inhibitors in patients with BRCA-mutated ovarian
cancer.3,4 BRCA1 and BRCA2 are essential for maintaining
genomic stability through the error-free repair of DNA

double-strand breaks via the highly conserved homologous-
recombination repair (HRR) pathway.5 Although the syn-
thetic lethality between deleterious BRCA mutations and
PARP inhibition is well established,4,5 it is becoming increas-
ingly evident that gynecologic tumors have other molecu-
lar features, germline or somatic, which portend an HRD
or BRCA-like susceptibility to platinums and DNA repair in-
hibitors. Substantial efforts are underway to categorize the
breadth of molecular causes of HRD. Individual genetic mu-
tations and whole genome features, expressed as genomic
scarring, have been identified as HRD-causing and correlate
with potential responsiveness to DNA repair inhibitors.6-9 In
addition, defects in other DNA repair pathways, such as the
MMRpathway (common inpatientswith endometrial cancer)
and cell cycle checkpoint proteins, cause potential vulnera-
bilities that offer therapeutic possibilities (Fig. 1).10-13 Going
beyond BRCA-targeting in gynecologic cancers highlights the
potential for expanded therapeutic strategies. The pheno-
typic and genotypic consequences of HRD are a particular
vulnerability in patients with epithelial ovarian cancer, and
new insight shows how other events in endometrial, cervical,
and ovarian cancers also may yield a HRD phenotype. An
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immediate challenge is learning how best to navigate and
apply the new information at both the scientific and clinical
levels, where genetically defined treatment decisions are now
being made with patients.

HOMOLOGOUS-RECOMBINATION REPAIR AND
BRCA1/2
DNA is constantly subjected to damage by environmental
exposures and endogenous activities such as DNA replica-
tion and cellular free radical generation. These cause a variety
of DNA lesions, including base modifications, double-strand
breaks, and single-strand breaks.14 DNA repair is critical to
maintain genomic integrity by allowing cells to progress
through the cell cycle and complete replication without
errors.15 Homologous-recombination repair is the principle
mechanism by which double-strand breaks are repaired.
The BRCA1/2 genes, along with other genes in the Fanconi
anemia (FA) pathway, encode essential proteins for this
process. Homologous-recombination repair is a conserva-
tive form of DNA repair that restores the DNA to its original
sequence using the homologous normal DNA template dur-
ing S and G2/M phases of the cell cycle. When either BRCA1
or BRCA2 are defective, homologous recombination is dys-
functional and double-strand break repair proceeds using
error-prone nonconservative repair mechanisms such as NHEJ
and single-strand repair.5 Nonhomologous end-joining does
not use a DNA template and occurs in G0 or G1, propagating
error rather than repairing it.16 Any two free DNA break ends
are directly ligated during repair of double-strand breaks by
NHEJ.
A variety of mechanisms exist for repairing single-strand

breaks. These include base excision repair, nucleotide ex-
cision repair, and MMR, processes that are modulated by

PARP. PARP senses and binds to DNA-break sites, which
results in catalytic activation and the recruitment of other
components of the DNA repair complex.17 If a cell fails to
repair single-strand breaks before attempting replication, a
double-strand break will then form.
Inherited mutations in the tumor suppressor genes BRCA1

and BRCA2 account for the majority of familial ovarian
cancers.18 The BRCA1 and BRCA2 protein products function
in multiple cellular pathways, including cell cycle regulation
andmaintenance of genome integrity.19 Cells with defective
HRR must rely on alternative pathways for DNA repair to
survive, thereby providing potential therapeutic targets.
Patients with epithelial ovarian cancer and germline or so-
matic BRCA1 or BRCA2 mutations demonstrate impaired
ability to repair double-strand breaks through HRR, which
likely explains the increased sensitivity to platinum and the
potentiallymore favorable outcome comparedwith patients
who are wild-type.20,21

HOMOLOGOUS-RECOMBINATION REPAIR
INHIBITION
PARP Inhibition
PARP inhibitors were developed for BRCA1/2 mutant epi-
thelial ovarian cancer following observation that BRCA1/2
mutations greatly increased the in vitro sensitivity to PARP

FIGURE 1. Representation of the Main DNA Repair
Pathways and Interaction

This figure represents the six main DNA repair pathways and their close but
discrete interaction. Targetable proteins associated with each pathway for which
pharmacological agents exist appear in red.
Abbreviations: MMR, mismatch repair; BER, base excision repair; NHEJ,
nonhomologous end-joining; HRR, homologous recombination repair; NER,
nucleotide excision repair; TLJ, translesional joining.

KEY POINTS

• The synthetic lethality and validity of using BRCA1/2
mutation as a biomarker predictive of response to PARP
inhibition has been confirmed in clinical trials of patients
with ovarian cancer.

• Homologous recombinant deficiency (HRD) represents a
key vulnerability in patients with high-grade ovarian
cancer and possibly other gynecologic cancers, which
can be exploited using PARP inhibitors.

• Methods to identify HRD cancers and broaden the
applicability of DNA repair inhibitors are being
evaluated in the clinic.

• Nonhomologous recombinant DNA repair pathways,
such as mismatch repair and nonhomologous
end-joining, represent important targets for novel
therapeutic strategies in gynecologic cancer.

• Targeting cell cycle checkpoint proteins such as CHK1,
CHK2, and WEE-1 that regulate DNA damage and
repair is a promising therapeutic approach, particularly
in molecular subsets such as p53 mutant and
ARID1A-mutated gynecologic cancer.
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inhibition, exploiting a concept known as synthetic lethal-
ity.3,4 Synthetic lethality arises when a combination of de-
fects in two or more genes or proteins leads to cell death,
whereas a single defect is compatible with cell viability.
BRCA1/2 defective cells are dependent on non-HR DNA
repair and they are sensitive to any induction in double-
strand breaks. PARP inhibition produces stalled replication
forks, which increases the number of double-strand breaks
and leads to genetic chaos and cell death by apoptosis or
senescence.2 The “synthetic lethality” between BRCA1/2
mutations and PARP inhibition has been confirmed in
clinical trials.22-25 Multiple PARP inhibitors, including olaparib
(AZD2281), rucaparib (CO-338), veliparib (ABT888), and
niraparib (MK4827), are in clinical development either
as single agents or in combination therapy for the
management of patients with epithelial ovarian cancer
(Table 1).
Olaparib, (Lynparza/AZD2281) is the first licensed PARPi

for the treatment of BRCA-mutated epithelial ovarian can-
cer.26,27 The initial olaparib phase I study provided clinical
proof-of-concept of synthetic lethality between BRCA1/2
mutant tumors and PARP inhibition. Of the expansion phase
patients, 40% attained either RECIST partial or complete re-
sponse, CA-125 responses by Gynecological Cancer Intergroup
criteria, or both. Subsequent phase II studies evaluating olaparib
monotherapy in patients with relapsed epithelial ovarian cancer
have shown response rates of 31% to 41% inBRCA1/2-mutation
carriers and up to 21% in BRCA1/2 wild-type patients.28,29

A phase II trial investigating olaparib maintenance therapy
following an initial response to platinum therapy showed a
progression-free survival (PFS) extension from 4.3 months
with placebo to 11.2 months with olaparib (hazard ratio [HR]
0.18; 95% CI, 0.10–0.31) in tumors harboring BRCA1/2 mu-
tations. A benefit for olaparib maintenance in patients with
BRCA wild-type tumors was observed, although the magni-
tude was smaller (7.4 vs. 5.5 months; HR 0.54, 95% CI,
0.34–0.85).24,30 No overall survival (OS) benefit has been
observed at the current time of reporting, the reasons for
which are likely multifactorial.

Defects in Non-BRCA Homologous-Recombination
Repair Genes That Modulate Genomic Stability and
May Promote Sensitivity to DNA Repair Inhibitors
Genomic instability is an important therapeutic target in
gynecologic cancers, not just because of the advent of PARPi
but also because of the key roles of radiation and platinum
therapies in managing them. Platinum analogs induce intra-
and interstrand purine base cross-links (ICL), which form
covalent bonds and stress DNA repair. Repair of ICLs de-
pends on nucleotide excision repair and, secondarily, upon
double-strand break formation.14 The marked sensitivity of
epithelial ovarian cancer to platinum agents is thought to
be related to the high frequency of underlying HRR defects.
Germline or homozygous somatic mutations in other
members of the FA family, such as RAD51C, RAD51D, and
BRIP1, increase susceptibility to ovarian cancer.31-33 In vitro

studies have demonstrated that deficiency in these genes
and in other HRR-associated proteins, such as ATM, CHEK1,
CHEK2 and CDK12, also confer sensitivity to DNA damage
and DNA repair inhibition.31,34-36 These have been found
in sporadic epithelial ovarian cancer and other cancers in
which they appear to function to create a BRCA mutation-
like phenocopy.37 Understanding other DNA damage mech-
anisms and potential targets across gynecologic cancers
can further extend the success of DNA repair inhibitors,
exemplified by PARP inhibitors.
The Cancer Genome Atlas (TCGA) identified mutations

now recognized to be related to the HRR pathway in ap-
proximately 30% of high-grade serous ovarian cancers.38

This included somatic mutations in BRCA1/2 (3%), ATM and
ATR (2%), the FANC family (5%), and hypermethylation of
RAD51C (3%), as well as germline mutations in BRCA1 (9%)
or BRCA2 (8%). EMSY amplification (13%), which is proposed
to inactive BRCA2, has not been validated in patients yet.
Pennington and colleagues used targeted capture and
massively parallel genomic sequencing to examine germline
and somatic loss-of-function mutations in 30 genes, in-
cluding 13 HRR genes in 390 epithelial ovarian cancers.36

Thirty-one percent of ovarian cancers had a deleterious
germline (24%) and/or somatic (9%)mutation in one ormore
of the 13 HRR genes, with similar incidence in serous (31%)
and nonserous ovarian cancers (28%, p = .06). The germline
or somatic HRR gene mutations predicted platinum sensi-
tivity (p = .0002) and improved OS (p = .0006; Table 2). The
majority of germline and somatic HRR gene mutations were
in BRCA1/2, and 26% occurred in other HRR genes. A similar
frequency of mutations was observed in patients with non-
serous epithelial ovarian cancer but with a different spectrum
of targeted genes. The functionality of these additional
mutations has been observed with rucaparib in patients
with both germline and somatic RAD51C mutations within
the ongoing phase II ARIEL2 study (NCT01891344).39 It is
now being recognized in epithelial ovarian cancer and in
other tumor types that the presence of HRD might be a
viable strategy for selection for DNA repair inhibitor trials.
For example, 88% (14 of 16) of men with metastatic
castration-resistant prostate cancer in the TO-PARP phase II
olaparib study with a somatic mutation in an HRR gene,
including BRCA1, BRCA2, ATM, the FANC genes, and CHEK2,
responded to olaparib compared with only two of 33 (6%) of
patients who were wild-type.40

New Opportunities Leveraging Genomic Instability
Recent translational data show BRCA1/2-mutated epithelial
ovarian cancer has a greater immune infiltration.41,42 It has
been suggested that these cancers may have sensitivity to
immune checkpoint inhibitors targeting the PD-1/PD-L1
pathway. It is hypothesized that PD-1/PD-L1 targeting agents
may preferentially benefit these patients because BRCA1/2-
mutated and other HRR-deficient tumors have higher numbers
of neoantigens.41 This hypothesis remains tobe tested in clinical
trials.
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TheNeed for Biomarkers: Identifying theHomologous
Recombinant Deficiency Signature
The ability to perform rapid whole-genome sequencing
makes it feasible to classify cancers according to their un-
derlying mutational spectrum. A series of in vitro studies has
confirmed the presence of large subchromosomal deletions
and other genomic changes that cause allelic imbalance
and confer an HRD phenotype.6,43,44 This has yielded se-
veral assays or weighted signatures now being examined
as companion diagnostic predictive biomarkers. This HRR-
deficient mutational signature or “mutational scar” in-
dicates reliance on error-prone DNA repair pathways.9

Array-based technology using single nucleotide poly-
morphisms genotyping and comparative genomic hybrid-
ization has demonstrated that the genomes of high-grade
serous ovarian cancer harbor common loss of single parental
alleles. Wang and colleagues examined loss of heterozy-
gosity (LOH) and copy number changes in patients with high-
grade serous ovarian cancer and divided patients into two
clusters of LOH high and LOH low.44 High-levels of LOH were
associated with platinum sensitivity and improved PFS.
BRCA1/2-mutant tumors fell within the LOH high group; an
increased sensitivity to platinum was seen in the LOH high
group even after exclusion of these patients. An LOH-based
score has been developed that is strongly associated with
functional defects in BRCA1/2 and other genes implicated in
the HRR pathway.6 Prospective validation of a genomic scar
LOH assay is ongoing within the ARIEL2 rucaparib PARP
inhibitor phase II trial (NCT01891344) to dichotomize BRCA
wild-type patients who benefit from rucaparib. Initial results
suggest increased activity for rucaparib within the BRCA-like
population with high genomic LOH compared with the low

LOH population (PFS 7.1 vs. 3.7 months; HR 0.61), although
the benefitwas not as great as in theBRCA1/2mutant cohort
(PFS 9.4 months).39 Additional assays to identify structural
changes associated with HRD include the large-scale tran-
sitions assay quantifying chromosomal breaks of at least
10 Mb45 and the telomeric alleic imbalance score,43 both of
which correlate with alterations in BRCA1/2 and other HRR
pathway genes in patientswith ovarian cancer. Although each
of these assays offers the exciting prospect of identifying a
subset of BRCA-like tumors, which respond to HRR-directed
therapy, the relevance of each assay requires prospective
validation in clinical trials. Asmore data emerge from post hoc
analyses of tumor samples from completed studies, it is likely
that HRD mutational signatures for consideration of DNA
repair inhibition therapy will become more established.

DNA REPAIR INHIBITION BEYOND
HOMOLOGOUS-RECOMBINATION REPAIR
GENES
Nature has recognized the need to maintain genomic
integrity as demonstrated by at least six major—and
interactive—DNA repair pathways (Fig. 1). Dissection of HRR
has shown this interaction and identified new potential
targets for therapeutic intervention. Likewise, dissection of
developmental processes in patients with endometrial and
colon cancers, and now cervical cancers, has led to recog-
nition of other key DNA repair cancer risk genes. Some of
these risk genes are involved in other DNA repair or biologic
pathways critical to cellular survival.
Early results implicate deficiency in ARID1A, a key com-

ponent of the chromatin-remodeling complex, as sensitizing

TABLE 2. Known Deleterious Homologous Recombinant Deficiency Gene Frequencies in Ovarian Cancer

HR-Path-
way Gene

Observed Frequency All Epithelial
Ovarian Cancer (%)

Observed Frequency High-Grade
Ovarian Cancer (%) References

RAD51C 0.41–2.9 1.9 Walsh et al8, Pennington et al36, Minion et al83, Cunningham et al84,
Song et al85

RAD51D 0.35–1.1 0.95 Pennington et al36, Cancer Genome Atlas Research Network38, Song
et al85

RAD51B 0.06 0.95 Cancer Genome Atlas Research Network38, Song et al85

RAD50 0.2–1.0 — Walsh et al8, Minion et al83

RAD54L — 0.5 Kristeleit et al86

ATM 0.8–0.86 0.32–1.0 Pennington et al36, Cancer Genome Atlas Research Network38,
Minion et al83

BRIP1 0.9–4.0 0.32–1.0 Walsh et al8, Pennington et al36, Cancer Genome Atlas Research
Network38, Ramus et al87

CHEK2 0.4–5.0 0.32–1.0 Walsh et al8, Pennington et al36, Cancer Genome Atlas Research
Network38, Minion et al83

FANCA — 0.5 Kristeleit et al86

FANCI — 0.5 Kristeleit et al86

NBN 0.2–1.0 0.63–1.0 Walsh et al8, Pennington et al36, Cancer Genome Atlas Research
Network38, Candido-dos-Reis71, Minion et al83

PALB2 0.2–2.0 0.63 Walsh et al8, Pennington et al36, Cancer Genome Atlas Research
Network38, Ramus et al87
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tumor cells to PARP inhibition in vitro and in animal
models.46 ARID1A is a suppressor gene. It is recruited by the
homologous-recombinant protein ATR, upstream of the cell
cycle G2/M regulator, CHK1, to sites of DNA double-strand
breaks where it facilitates efficient processing of double-
strand breaks and sustains DNA damage signaling. Muta-
tions in ARID1A are common in clear cell and endometrioid
epithelial ovarian cancer occurring in up to 57% and 30%
of cases, respectively.47,48 Loss of ARID1A expression is also
common in patients with endometrioid endometrial cancer
(approximately 40%49), and similarly in patients with cer-
vical cancer. These results imply that DNA repair inhibitors
must be tested more broadly in patients with gynecologic
cancers.
DNA repair pathways have cell cycle specificity.50 Ac-

cordingly, many proteins of the cell cycle, especially within
the G2/M checkpoint, also regulate DNA damage and repair.
CHK1/2 and WEE-1 kinases are examples.51-53 Agents tar-
geting these kinases have minimal single-agent activity in
the absence of p53, or more likely, p53 and second (so
far undefined) mutations. Efficacy is much greater when
examined in a defined p53 mutant background in which
the G1/S checkpoint is aberrant and also in combination.
There is a subset of patients with ovarian cancer with wild-
type BRCA1/2 function and cyclin E amplification and
overexpression.38,54-56 Emerging data indicate that block-
ade of the G1/S checkpoint, such as with pertinent CDK
inhibitors, may unmask an unexpected sensitivity to DNA
repair inhibitors such as PARP inhibitors.57 Furthermore,
pharmacologic augmentation of hypoxia, such as in the use
of cediranib, can reduce expression of many key homologous-
recombinant proteins. This may underpin the activity of the
cediranib/olaparib combination in women who have wild-
type BRCA.58

Targeting Nonhomologous-Recombination Repair
DNA Repair Pathways
Mismatch repair deficiency. Mismatch repair deficiency is a
single-strand DNA repair mechanism. It maintains genomic
integrity by correcting base substitution mismatches and
small insertion-deletion mismatches generated by errors in
base pairing during DNA replication. Mismatch repair de-
ficiency is critical to maintaining genomic stability. Failure
to recognize and repair DNA mismatches results in micro-
satellite instability and a mutator phenotype, with mutation
rates 100- to 1,000-fold higher than in MMR proficient
cells.13 Loss of one of the MMR proteins (MSH2, MSH6,
MSH3,MLH1, and PMS2) is associated with an increased risk
of cancers, including endometrial, ovarian, colorectal, and
gastric cancers.59 Germline mutations in MMR genes give
rise to Lynch syndrome, which is associated with a 60% and
25% lifetime risk of developing endometrial and colon
cancers, and ovarian cancer, respectively.59,60 Somatic loss
of MMR genes can occur either by mutation or methylation,
such that MMR deficiency is associated with up to 30% of all
endometrial cancers.61

No direct therapy exists to target MMR-deficient tumors;
however, in vitro data suggest a number of potential di-
rections, including inhibition of select DNA polymerases
through an accumulation of oxidative DNA damage. Spe-
cifically, MSH2 deficiency is synthetically lethal with in-
hibition of DNA polymerase b (POLB), the DNA polymerase
that catalyzes nuclear base excision repair.MLH1 deficiency
is synthetically lethal with inhibition of DNA polymerase g
(POLG), the only polymerase specific tomitochondrial DNA.62

Methotrexate has been shown to be lethal toMSH2-deficient
cells through the accumulation of nuclear oxidative DNA
damage,63 leading to an ongoing phase II trial in colorectal
cancer (NCT00952016). Perhaps more promising is the
ability to target secondary mutations that arise as a result of
MMR deficiency believed to drive the tumorigenic pheno-
type. Secondary mutations in the double-strand break DNA
repair gene MRE11 are commonly associated with MMR-
deficient colorectal cancer and lead to PARP inhibitor sen-
sitivity in vitro.64 The role of PARP inhibition in patients with
endometrial cancer is ready for assessing in clinical trial with
accompanying tissue analysis for microsatellite instability,
MRE11, and PTEN status.
The TCGA endometrial cancer group61 identified a second

subgroup of endometrial cancers characterized by muta-
tions in POLE, a catalytic subunit DNA polymerase epsilon
involved in nuclear DNA replication and repair. Muta-
tions in POLE resulted in an ultramutated phenotype with a
mutation frequency approximately 10-fold greater than
seen in microsatellite instability tumors. The POLE-mutated
subgroup also had extraordinarily good survival. Very pre-
liminary data suggest that themicrosatellite instability/POLE
phenotype may result in marked increased frequency
in neoantigen production, rendering the tumors more
immunogenic and, therefore, vulnerable to immunother-
apy.65 Early preclinical data support the use of anti–PD-
L1 therapy in POLE-hypermutated and microsatellite
instability–positive endometrial cancers because they
have greater expression of PD-1, PD-L1, and tumor in-
filtrating lymphocytes.66 Several clinical trials currently
underway are evaluating the role of anti–PD-1/PD-L1 ther-
apy in endometrial cancer either as a single agent (e.g.,
NCT02628067) or in combination with carboplatin and
paclitaxel (NCT02549209).

Base excision repair. Many other potential targets have
been identified in other DNA repair pathways. The potential
therapeutic importance of DNA-PKcs in base excision repair
was identified during the demonstration that PARP was not
the base excision repair rate-limiting step.16 A normal role
of PARP is to maintain inactive DNA-PKcs, which keeps
NHEJ quiet. Agents now in clinical development are targeting
DNA-PKcs. DNA-PKcs has been implicated with adverse
outcome in patients with epithelial ovarian cancer, sug-
gesting theymay be a clinically relevant target in gynecologic
cancer.67 TRC-102 is an experimental agent targeting base
excision repair that also can be considered for patients with
gynecologic cancers.
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Cervical Cancer and DNA Repair Defects
The role of defective DNA repair in cervical cancer is less well
established. HPV infection and its associated production of
the oncoviral proteins E6 and E7 causes inactivation and
degradation of the p53 and pRB tumor-suppressor genes.
This results in cell cycle dysfunction and altered DNA repair
capacity.68 Because of defective DNA damage response,
cervical tumor cells are increasingly dependent on residual
repair pathways to cope with certain types of DNA damage.
In support of this, a correlation between response to DNA
damaging therapy and activation of DNA repair pathways
has been noted in clinical series, albeit involving relatively
small numbers of patients. Patients treated with chemo-
radiotherapy were found to have high expression of the
nucleotide excision repair protein ERCC1 associated with
a decreased PFS and worse OS69 and activation of the
FA/BRCA pathway correlated with treatment failure; con-
versely, impaired NHEJ repair was related to increased OS in
patients treated primarily with radiotherapy.70 These ob-
servations suggest that therapeutic exploitation of DNA
repair pathways may be useful in potentiating chemo-
radiotherapy, which is themainstay of treatment for cervical
cancer. Numerous early phase trials incorporating modu-
lators of DNA repair such as PARP, ATM and ATR inhibitors,
and triapine in combination with standard chemotherapy or
radiotherapy currently are underway in patients with ad-
vanced cervical cancer (NCT01281852, NCT02223923,
NCT02595879, NCT02466971).

NAVIGATING THE NEW INFORMATION
Picture the cartoon: a patient with the balloon above her
head full of question marks. The caption reads “What do I
do?” Themost difficult question for providers and patients is
how to weigh progress and new agents in the context of
population data when addressing individual patient de-
cisions. As our understanding of the meaning and roles of
HRD mutation and dysfunction progresses, we complicate
informing patients.
We always start with what’s simple. Germline deleterious

BRCA mutation in patients with ovarian cancer is the most
common and actionable finding that generally directs sim-
ple decisions as described above. BRCA mutation or geno-
mic instability as a result of HRD, in general, allows greater
confidence in the use of DNA damaging agents, DNA repair
inhibitors, cell cycle inhibitors, and novel combinations that
leverage these dysfunctional pathways.We know thatBRCA-
mutation patients with ovarian cancer are more responsive
and have better PFS, at least in the first decade after
diagnosis.1,71-73 Newer data of small, unpublished numbers
suggest that any homozygous loss of BRCA1/2may result in a
nearly identical phenotype to germline or somatic homo-
zygous loss, an HRD phenotype for which new directions
have been outlined.
Germline evaluations of BRCA and other recently identi-

fied HRD genes and broader gene panel testing are being
done for many patients, often without considering the

implications of the potential findings or the treatment plan
that the results should inform.74 Using a targeted panel of
HRR genes may allow the identification of HRD cancers,
notwithstanding a number of limitations.With the exception
of BRCA1/2, each individual HRR gene defect is present at
very low frequency in patients with ovarian cancer, and
the overall numbers of additional HRD patients identified
by testing this way is small (Table 2).8,74,75 Homologous
recombinant deficiency arises via heterogenous mecha-
nisms, which include epigenetic changes, gene amplifica-
tions, and chromosomal translocations. Therefore, a suitable
and validated genomic platform is required to capture all
patients with potentially actionable HRR aberrations. A third
concern is that not all genes are equally important in de-
termining therapeutic response, and the number of variants
of uncertain significance is massive, leaving many patients
and physicians without guidance.
Addressing whether there is sufficient overall risk to

mandate germline testing for all women across all 11 or
more genes (panel testing) or to focus on validated bio-
marker(s) is critical. The latter would allow us to address the
more complicated question of the role of haplo-insufficiency
complementation in genomic instability of more than one
of the homologous-recombinant genes or homologous-
recombinant plus another DNA repair pathway gene. Fi-
nancial, personal, and family costs make navigating this new
information more complicated.

Applying the New Information
BRCA1 or BRCA2 germline or homozygous somatic muta-
tions are now considered predictive biomarkers for plati-
num- and PARP inhibitor–sensitivity.36 A woman with a
BRCA1 or BRCA2 mutation who progresses on a platinum-
based therapy often will respond subsequently. Data are
limited to guide application of the platinum-resistant
moniker to such women. How to apply the growing data
related to complex DNA repair pathways and new agents
also is becoming more complex. The first question we need
to address urgently in the clinic is how to interpret loss of
sensitivity to such agents as the patient moves along the
treatment line. Acquisition of secondarymutations in BRCA1
or BRCA2 may result in resumption of BRCA1 or BRCA2
function.76,77 Estimates of frequency of these secondary
mutations range from single digits to nearly 40% of cases in
the small case numbers examined to date. Other potential
molecular events include loss of 53bp1, a regulator of the
poor fidelity NHEJ DNA repair pathway,78,79 and regula-
tion of phosphoproteins, such as DNA-PKcs,16 and others in
the DNA repair pathways, such as ATM and ATR.80-82 The
cause of true platinum resistance in these women is still a
conundrum.

WHERE TO GO NEXT?
DNA repair is a very complex series of parallel and interacting
pathways. There are several druggable targets within these
pathways. Progress in understanding these pathways and
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identifying areas of commonality, such as the role of CHK1
in both the G2/M cell cycle checkpoint and downstream of
ATM and ATR in DNA repair, has led to new therapeutic
approaches. This is an example of the concept that targeting
sites of biochemical convergence may yield more than the
sum of the inhibition of single independent targets. Che-
motherapy is targeted therapy.Most chemotherapies target
DNA damage. We now add the therapeutic category of
DNA repair inhibitors. How to exploit this new and growing
therapeutic category in the context of the treatment of all
women with ovarian cancers is a challenge and a great
opportunity (Table 3). This growth provides great oppor-
tunities beyond BRCA.

CONCLUSION AND FUTURE DIRECTIONS
Targeting defective DNA repair represents a viable treat-
ment option for patients with gynecologic malignancies.
Defective HRR is a key vulnerability for patients with high-
grade serous epithelial ovarian cancer, which is present in up
to 50% of patients. The use of PARP inhibitors allows the
exploitation of molecular differences between tumor nor-
mal tissues. To maximize the benefit from PARP inhibition, it
is important to identify those tumors not only characterized
by BRCA1/2mutations but also those with HRD as a result of

other mechanisms. Many questions remain unanswered.
These include what determines the best predictor of re-
sponse to PARP inhibition and how best to use them in
the management of epithelial ovarian cancer (i.e., as single
agents, in combination with chemotherapy, or as main-
tenance therapy)? Should we rechallenge with PARP in-
hibitors for patients in which PARP-directed therapy has
failed?
Several trials in progress will likely help answer these

questions. It is becoming increasingly apparent that tar-
geting defective DNA repair in patients with nonserous ep-
ithelial ovarian cancer, endometrial cancer, and cervical
cancer also may have therapeutic potential. This could be
achieved either through the identification of non-HRR genes,
which may modulate HRR pathways, or by targeting alter-
native DNA repair pathways such asMMR. Options likely will
increase in tandem with our understanding as long as we
keep asking relevant questions. The overall aim is, as always,
to increase benefit for our patients.
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