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Dancing with the DNA damage response: S

next-generation anti-cancer therapeutic

strategies
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Abstract: Maintenance of genomic stability is a critical determinant of cell survival and relies
on the coordinated action of the DNA damage response (DDR), which orchestrates a network
of cellular processes, including DNA replication, DNA repair and cell-cycle progression.

In cancer, the critical balance between the loss of genomic stability in malignant cells and
the DDR provides exciting therapeutic opportunities. Drugs targeting DDR pathways taking
advantage of clinical synthetic lethality have already shown therapeutic benefit - for example,
the PARP inhibitor olaparib has shown benefit in BRCA-mutant ovarian and breast cancer.
Olaparib has also shown benefit in metastatic prostate cancer in DDR-defective patients,
expanding the potential biomarker of response beyond BRCA. Other agents and combinations
aiming to block the DDR while pushing damaged DNA through the cell cycle, including PARP,
ATR, ATM, CHK and DNA-PK inhibitors, are in development. Emerging work is also uncovering
how the DDR interacts intimately with the host immune response, including by activating

the innate immune response, further suggesting that clinical applications together with
immunotherapy may be beneficial. Here, we review recent considerations related to the DDR
from a clinical standpoint, providing a framework to address future directions and clinical

opportunities.
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The DNA damage response

Genome instability is described as one of the hall-
marks of cancer.! Human DNA is continuously
exposed to potential sources of damage, both
exogenous — such as ultraviolet and ionizing radi-
ations, chemicals and chemotherapeutics — and
endogenous — such as reactive oxygen species and
faulty DNA replication.?3 Cells have evolved a
complex DNA damage response (DDR), which is
in charge of repairing DNA damage and promot-
ing the maintenance of genome integrity. Defects
in DDR are associated with increased mutational
load and genome instability and are a well-recog-
nized cause of neoplastic transformation and pro-
liferation. Cells harbouring DDR defects can
become reliant on other repair pathways for sur-
vival, which makes DDR targeting an attractive
therapeutic strategy.!»?

Mechanisms of DDR are numerous and partially
overlap. Their functioning involves multiple sen-
sors of damage, signalling factors that activate
cell-cycle checkpoints and effector proteins of
repair. This orchestra is responsible for process-
ing the two main types of DNA lesions: single-
strand breaks (SSBs) and double-strand breaks
(DSBs) (Figure 1).4 If DNA is not repaired, rep-
lication stress results. Replication stress is slowing
of the DNA replication fork.> It is a highly
dynamic chain of events starting from acutely
arrested forks with fully assembled replisomes,
uncoupling of the DNA helicase and polymerase,
RPA coated ssDNA and ATR activation.> If rep-
lication stress persists, stalled forks are converted
into ‘collapsed forks’ with dissociation and/or
impaired modifications of replisome compo-
nents.%’” Further extension of replication stress
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Figure 1. DDR pathways. (a) DNA strand breaks activating DNA repair pathways; (b] stalled replication fork

leading to ATR activation.

converts forks to DNA DSBs, causing replication
catastrophe and cell death.®

SSBs can result from endogenous oxidative dam-
age, defective activity of cellular enzymes or erro-
neous incorporation of ribonucleotides in DNA.°
Repair can occur through base excision repair
(BER), nucleotide excision repair (NER) and
mismatch repair (MMR).1© BER is involved in
the removal of small base adducts. Poly (ADP-
ribose) polymerase-1 and 2 (PARP1 and PARP2)
are crucial proteins for BER, acting as sensors of
SSB and promoting the recruitment and

activation of critical downstream SSB repair
effectors such as XRCC1.° NER is engaged in the
repair of lesions that cause a distortion of the
DNA helix, generally as a result of UV-induced
damage. It promotes the removal of short oligo-
nucleotides, involving ERCCI1 as one of the key
effector proteins.!1-12 The MMR system is respon-
sible for correcting base-base mispairing and
insertion/deletion loops that can occur during
DNA replication. These faulty areas of DNA are
recognized by the proteins MSH2, MSH3 and
MSH6, which recruit MLH1 and PSM2 on the
sites of damage, enabling repair.!> Unrepaired
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SSBs can lead to cell death or to the collapse of
DNA replication forks, with the formation of
DSBs.?

DSBs are among the most destructive DNA
lesions. Repair occurs through homologous
recombination (HR), non-homologous end join-
ing (NHE]) and single-strand annealing (SSA).
HR is an accurate process taking place during the
S and G2 phases of the cell cycle, and promoting
precise repair of the damaged area of DNA by
using the sister chromatid as a template. Several
genes with a tumour-suppressor activity are cru-
cial to this process, including BRCA1, BRCA2,
PALB2 and RADS5I, and their functioning is
essential for an error-free repair.!* Defective HR
cells are redirected towards more error-prone
DSB repair pathways such as NHE], which
occurs throughout the whole cell cycle, and SSA.
In this circumstance, repair is performed by direct
ligation of the two DNA broken strands, which
can lead to DNA loss and increased mutagenic
potential.15

Defects in the components of the DDR network
drive a variety of hereditary and sporadic tumours.
Loss-of-function mutations in the MMR system
are associated with the formation of repeated
DNA sequences, a phenotype known as microsat-
ellite instability (MSI). MSI can result from
mutations of MMR genes at the germline level
which are characteristic of the hereditary non-
polyposis colorectal cancer (HNPCC or Lynch
syndrome) or from somatic mutations or epige-
netic silencing through methylation of MLHI1
promoter. Somatic loss of MMR components has
been described in 15% of sporadic colorectal can-
cers as well as in other non-colorectal cancers,
particularly endometrial cancer.!® Aberrations in
HR genes correlates with genome instability and
cancer susceptibility. Loss of function in the genes
BRCAI and BRCA?Z2 is a predisposing factor for
the development of hereditary and sporadic can-
cers: ovarian, breast, pancreatic and prostate can-
cers.'”-18 BRCA1/2 deficiency can arise from
germline or somatic gene mutations or from
BRCA /2 epigenetic silencing. Methylation of the
BRCAI1 promoter is described in 11-14% of spo-
radic breast cancers and 5-31% of ovarian can-
cers.1920 A subset of sporadic tumours has been
found to share common features with BRCA-
deficient tumours by means of mutation or epige-
netic deregulation of genes involved in the HR,
including RADS51, RAD54, DSS1, RPAI, NSBI,
ATR, ATM, CHEKI, CHEK2, FANCD2,

FANCA and FANCC 2.21:22 Data from large-
scale genome analysis in ovarian cancer from The
Cancer Genome Atlas (TCGA) report an inci-
dence of 51% of alterations in HR genes in 316
samples analysed.?? Sequencing of metastatic
castration-resistant prostate cancers has revealed
aberrations in key DDR genes in up to 23% of
cases.?*

With the widening wuse of next-generation
sequencing techniques, the plethora of DDR
defects being detected is ever increasing, focusing
efforts in developing effective therapeutic strate-
gies to target these.

Targeting DDR defects through synthetic
lethality

DNA damage has for years represented a back-
bone of cancer treatment. Platinum compounds
such as cisplatin and carboplatin, by inducing
interstrand or intrastrand cross-linking, cause dou-
ble helix disruption leading to DNA damage.
Despite their activity in a broad spectrum of can-
cers, treatment resistance develops through a num-
ber of mechanisms which can involve upregulation
of DDR components.2> DDR inhibitors have been
developed, and as a first approach were tested in
combination with platinum agents. However, the
overlapping toxicity profile represented a chal-
lenge.2¢ Testing as single agents has followed based
on the observation of synthetic lethality occurring
between two or more DDR components in specific
molecular contexts.?’” Two genes are considered
synthetic lethal when cell viability is conserved if
either of them is inactive, whereas the impairment
of both results in cell death.?® Cancer cells with
defects in one DDR pathway often depend on
other pathways for their survival, and targeting
these pathways of reliance can be exploited to
cause selective cancer cell death.

PARP inhibitors

The paradigm in this field is represented by the
development of PARP inhibitors in BRCA1/2-
defective cells.* PARP1 and PARP2 are key sen-
sors of DNA damage and are crucial in activating
the cascade of SSB repair and BER. Their inhibi-
tion causes an increase in DSBs, which are nor-
mally repaired by HR. In cells harbouring defects
in the HR system, such as BRCA1/2 mutant cells,
inhibition of PARP enzymes results in cell-cycle
arrest and apoptosis of cancer cells through syn-
thetic lethality.29:30
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The clinical application of PARP inhibitors is
most advanced in ovarian cancer, where the PARP
inhibitor olaparib has received regulatory approval
in a number of settings. In a phase II study of 57
patients with BRCAI/2-mutant ovarian cancer
treated with olaparib 400 mg twice per day, Audeh
and colleagues have reported an overall response
rate of 31%.3! A phase II trial enrolled 64 patients
with high-grade serous ovarian cancers and dem-
onstrated an overall response rate of 41% in the
BRCA1/2-mutant group.3? Based on these find-
ings, olaparib received accelerated approval from
the FDA in 2014 for fourth-line or later treatment
of germline BRCAI1/2-mutant ovarian cancer.
Subsequent trials have investigated the role of
olaparib as maintenance therapy after platinum-
based chemotherapy with subsequent FDA
approval in the platinum-sensitive, non-BRCA-
mutated setting. In a randomized placebo con-
trolled phase II trial by Ledermann and colleagues,
olaparib significantly improved progression-free
survival (PFS) in 265 patients with recurrent plat-
inum-sensitive high-grade serous ovarian cancer
[median PFS 8.4 months versus 4.8 months; haz-
ard ratio 0.35; p < 0.001]. A subgroup analysis of
the study has reported that the benefit of mainte-
nance olaparib was increased in the BRCA1/2
mutant sub-population (median PFS 11.2 months
versus 4.3 months; hazard ratio 0.18; p < 0.000).33
This trial has led to the European Medicines
Agency (EMA) approval of olaparib in BRCA1/2-
mutant or platinum-sensitive ovarian cancer
(regardless of BRCA status) as maintenance after
complete or partial response to platinum-based
chemotherapy. The SOLO II phase III trial of 295
patients with platinum-sensitive BRCA 1/2-mutant
ovarian cancer, pretreated with at least two lines
of chemotherapy, saw a significant PFS benefit of
olaparib compared to placebo (19.1 months versus
5.5 months; hazard ratio 0.30; p < 0.0001), which
has led to approval by the FDA for the tablet for-
mulation in this setting.34

Olaparib has shown encouraging activity in a phase
II trial in 27 patients with BRCAI/2-mutant
advanced breast cancer, which has reported an
overall response rate of 41%.3> More recently,
results from the randomized phase III trial
OLYMPIAD compared olaparib versus standard
chemotherapy in patients with germline BRCA-
mutant HER2-negative breast cancer treated with
two or fewer chemotherapy lines. Among the 302
patients enrolled, olaparib showed a significant
benefit in PFS (7.0 months versus 4.2 months; HR
for disease progression or death, 0.58; p << 0.001).36

Olaparib has also proven remarkable activity in
DDR-defective metastatic castrate-resistant pros-
tate cancer (mCRPC), which represent up to
23% of all prostate cancer cases.?* Mateo and col-
leagues conducted a phase II trial (TOPARP-A)
of olaparib 400 mg twice daily in unselected
mCRPC patients pretreated with docetaxel and
abiraterone and/or enzalutamide. Among the 49
patients enrolled, a response by the composite
endpoint (comprising RECIST 1.1, PSA or CTC
count) was reported in 16 (33%) patients, includ-
ing PSA decline greater than 50% in 11 patients
and 6 radiologic partial responses. Notably, the
investigators performed next-generation sequenc-
ing on all patients enrolled, which has identified
homozygous deletions or deleterious mutations in
DNA repair-related genes in 16 out of 49 (33%),
including BRCA1/2, ATM, PALB2, FANCA and
CHK2. Among these DDR mutation carriers
olaparib showed significantly increased activity,
with responses occurring in 14 out of 16 (88%)
patients. This trial has granted olaparib break-
through therapy designation approval in
BRCA1/2- or ATM-mutant mCRPC patients
pretreated with one line of taxane chemotherapy
and a new-generation antihormonal agent. The
study further corroborates the strong rationale in
developing PARP inhibition in DDR-defective
patients beyond BRCA mutations. The second
stage of the trial (TOPARP-B) is currently ongo-
ing and prospectively recruiting patients carrying
a DDR-defective signature to validate PARP
inhibition activity in this subgroup.3’

Other PARP inhibitors have now reached the late
stages of clinical development: rucaparib
(AGO014699; Clovis), talazoparib (BMNG637;
Medivation), veliparib (ABT-888; AbbVie) and
niraparib (MK4827; Tesaro). Of note, rucaparib
has received breakthrough therapy designation in
BRCA1/2-mutant ovarian cancer progressing on
two lines of platinum regimens based on the PFS
benefit reported in the phase III trial ARIEL-2;38
niraparib (MK4827; Tesaro) has been approved
by the EMA and FDA as maintenance treatment
of recurrent platinum-sensitive ovarian cancer,
having showed activity in both BRCA-mutant
and wildtype patients in the NOVA trial.3®

Single-agent activity of PARP inhibitors in non-
HR-defective tumours has so far been limited;
combination strategies of PARP with DNA-
damaging cytotoxic agents could enhance sensi-
tivity to PARP inhibition and a number of trials
addressing this question are currently under way
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(Table 1).4° Furthermore, acquired resistance to
PARP inhibition is common. As observed with
platinum agents, modifications in DDR pathways
can occur through activation of NER, MMR and/
or HR pathways, allowing for increased repair
and promoting treatment resistance.4! Similarly,
increasing evidence is revealing a number of
mechanisms underlying resistance to PARP inhi-
bition.#? Several mechanism of resistance have
been proposed, among which the restoration of
BRCA function through secondary frameshift
mutations is the most well established.*?
Restoration of HR function by somatic mutations
confers olaparib resistance.**%> Combination of
PARP inhibitors with other DDR agents, poten-
tially exploiting DDR synthetic lethalities, or with
chemotherapeutic agents are currently explored
approaches in trying to overcome PARP inhibitor
resistance.*?4% In the era of new DDR agents,
treatment resistance will have to be taken into
account.

ATM inhibitors

ATM is a key protein in HR repair of DSB via
HR. ATM acts as a signalling protein with hun-
dreds of downstream substrates, including
CHKZ2, a cell-cycle checkpoint activator. In pre-
clinical studies, ATM inhibitors have sensitized
cells to ionizing radiation and DSB-inducing
agents; early-phase clinical testing of ATM inhib-
itors is currently ongoing.*” ATM has a synthetic
lethal relationship with PARP1 and preclinical
models exhibit enhanced sensitivity to PARP
inhibition of ATM-deficient cells.*® Synthetic
lethality exists also between ATM and ATR and
between both ATM and ATR with XRCC, a rel-
evant component of SSB repair through BER.%°

ATR inhibitors

ATR is an essential DDR kinase activated in
response to replication stress and stalled replica-
tion forks. Through activation of multiple down-
stream effectors of which CHK1 and Weel are
the most well characterized, ATR signalling pro-
motes cell-cycle control and DNA repair through
HR. Cancer cells, which harbour high levels of
replication stress, are more likely to rely on the
ATR pathway for survival.’® Among agents in
clinical testing, VX-970 (Vertex Pharmaceutical;
now M6620, Merck), an intravenous ATR inhib-
itor, has shown target modulation and meaning-
ful tumour control in a phase I trial as a single
agent and in combination with carboplatin,

including tumour responses in a patient with an
ATM-deficient colorectal cancer and a patient
with a BRCAI-mutant, platinum- and PARP-
inhibitor-resistant high-grade serous ovarian can-
cer.’1,52  Early-phase combination trials of
VX-970 with gemcitabine and cisplatin exhibited
encouraging activity results.>3:5¢ Another oral
ATR inhibitor, AZD6738 (Astrazeneca), has
shown promising preclinical activity and is cur-
rently being tested in phase I trials as monother-
apy or in combination with olaparib, radiotherapy
regimens, carboplatin and immunotherapy
agents (Table 2).455 ATR inhibition has been
found to be synthetic lethal, with a number of
DDR components in preclinical models includ-
ing ERCC1,>° XCRCC1,* CHK1%7 and ATM,?’
which could serve as a background for new clini-
cal trials.

DNA-PK inhibitors

DNA-PK (DNA-dependent serine/threonine pro-
tein kinase catalytic subunit) acts as a sensor of
DNA damage and is crucial for repair through
NHE]. High levels of DNA-PK are correlated to
poor prognosis and resistance to chemotherapy and
radiotherapy in several tumour models.>%%0 The
inhibition of DNA-PK through small molecules
has proven particularly active when combined with
agents inducing DSBs, such as radiotherapy and
topoisomerase inhibitors. Clinical studies involving
DNA-PK inhibitors as a single agent or in combi-
nation with chemotherapy or radiotherapy are
currently ongoing in patients with solid and haema-
tological neoplasms (Table 2).61,62

CHKT inhibitors

CHKI1 is the most important phosphorylation
target of ATR and mediates DNA repair and
checkpoint activation.’® CHK1 inhibitors are cur-
rently undergoing clinical testing both in combi-
nation with cytotoxics and as single agents.
Among them, LY2606368 (Eli Lilly) as mono-
therapy has shown promising signs of anti-tumour
activity and safe toxicity profile in a phase I trial,3
and combination trials with cytotoxics are ongo-
ing. Other CHKI1 inhibitors currently in early-
phase trials are GDC-0575 and SRA737, which
are being tested as single agents and in combina-
tion with enhancers of replication stress (Table
2). Preclinical studies have reported a synergistic
effect of combination of CHKI1 inhibitors with
PARP inhibitors and a trial investigating this
strategy is now recruiting (Table 2).64:65
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ATR and CHKI activity is closely interrelated
and there is an established synthetic lethal rela-
tionship between the two, which provides a
rational for combination therapies of ATR and
CHKI1 inhibitors.’” CHKI1 inhibition has been
found to be synthetic lethal with the Weel kinase
in preclinical models (see below).66:67

DNA-PK inhibitor
Radiotherapy
PD-1 Inhibitor
PARP Inhibitor
PD-1 Inhibitor
ATR Inhibitor
Chemotherapy
PDL-1 Inhibitor

CHK1 inhibitor
PARP inhibitor
PARP Inhibitor

Drug target

Phase

WeeT inhibitors

Weel is a key controller of cell-cycle checkpoint,
particularly at the G2 phase; when activated by
DNA damage it prevents progression of the cell to
mitosis, allowing time for repair.%® The Weel inhib-
itor AZD1775 (MK1775; Astrazeneca) exhibited
single-agent activity as well as in combination with
cytotoxic agents (gemcitabine, carboplatin, cispl-
atin) in early-phase trials and a favourable safety
profile. Interestingly, two partial responses were
observed in BRCAI-mutant patients, suggesting a
role for Weel inhibition in HR-defective can-
cers.%%70 AZID1775 has undergone testing in a phase
II trial in combination with carboplatin in patients
with p53 mutant platinum-resistant ovarian cancers
and has shown an overall response rate of 43%.7! A
phase II trial of AZD1775 in 121 ovarian cancer
patients with platinum-sensitive disease randomized
patients to AZD1775 in combination with pacli-
taxel-carboplatin or paclitaxel-carboplatin alone. A
small PFS benefit was seen with a PFS of 34.14 ver-
sus 31.85 weeks (hazard ratio 0.63; p = 0.080).72

Biomarkers of DDR inhibitors

As demonstrated by the clinical development of
PARP inhibitors to date, the clinical utility of
DDR inhibitors relies on establishing biomarkers
of response to allow appropriate patient selection.
Many putative biomarkers reflect aberrations in
DDR pathways or genomic signatures that result
from DNA damage.”?

Clinical biomarkers

Sensitivity to platinum-based chemotherapy is
often taken as a surrogate biomarker of ‘BRCA-
ness’ and thus sensitivity to PARP inhibitors. The
FDA has approved platinum sensitivity as a bio-
marker for olaparib in the maintenance setting.
However, this clinical biomarker is limited; some
patients who respond to platinum do not respond
to PARP inhibitors (for example, due to NER
mutations) and some whom are resistant to plati-
num respond to PARP inhibition (for example,
due to loss of TP53BP1 or REV7).32.74-76

The Safety, Pharmacokinetics and Antitumor Activity of BGB-A317 in Combination with BGB-290 in Subjects with Advanced Solid

Phase 2, Multi-Arm Study of Niraparib Administered Alone and in Combination with PD-1 Inhibitor in Patients with Non-Small Cell
Tumors

Phase 1 Trial of MSC2490484A, an Inhibitor of a DNA-dependent Protein Kinase, in Combination with Radiotherapy
Lung Cancer

Ascending Doses of AZD6738 in Combination with Chemotherapy and/or Novel Anti Cancer Agents

Combination Study of Prexasertib and Olaparib in Patients with Advanced Solid Tumors

Title

ClinicalTrials.
gov identifier
NCT03057145
NCT02516813
NCT03308942
NCT02660034
NCT02264678

Table 2. (Continued)
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Genomic biomarkers

As discussed, olaparib’s EMA (though not FDA)
approval for treatment of ovarian cancer man-
dates germline BRCA1/2-mutant ovarian cancer
and BRCA1/2 or ATM mutation in mCRPC.
Attempts are being made to predict the larger
patient population who can benefit from DDR
inhibitors. Single-agent activity of olaparib has
been reported in patients with sporadic cancers,
which is likely explained by the presence of non-
BRCAI1/2 HR defects conferring susceptibility to
PARP inhibition.3%33 Nevertheless, reliable bio-
markers of response to PARP inhibition are yet to
be defined and the increasing availability of
genomic analysis can be expected to add mean-
ingful information for patient selection.21:77

Several oncogenic features, such as alterations of
replication timing and progression, lead to repli-
cation stress and are thus proposed as potential
biomarkers for DDR inhibitor response, includ-
ing ATR and ATM inhibitors.”® RAS mutant
cancers have been shown to have dependence on
the DDR and KRAS mutations have been shown
to induce hypersensitivity to ATR in cell lines,”®
as have CCNE1, CCND2 and MYC.8° In ovarian
cancer, lipid phosphatase inositol polyphosphate
4-phosphatase type II (INPP4B) loss (found in
40% of patients) causes a DNA repair deficit.8!
Other cell-cycle regulators including CDC25A4
also increase replication stress.82

Aberrations in DDR/cell-cycle checkpoint genes
cause replication stress in preclinical data. These
include aberrations in including FA, Rb,8°
ERCCI1, ribonucleotide reductase,’> XRCCI1%
and ATM.,% and can thus be proposed as poten-
tial biomarkers for DDR inhibition.

The SWI/SNF chromatin-remodelling complex
is composed of multiple components including
ARIDI1A, ARID1B, SMARCA4 and SMARCBI,
and modulates DNA replication, transcription
and repair.85:86 Defects in ARID1A sensitize
tumour cells to ATR inhibition via topoisomerase
2A and cell-cycle defects.8” Other epigenetic
modulators including loss of the chromatin-
remodelling protein ATRX and H3K36me3-
deficiency have been shown to render cells
hypersensitive to CHK1 and ATR inhibition.88:89

Significant heterogeneity characterizes DNA
repair defects; prevalence varies across different
tumour types. MSI occurs more frequently in
colorectal cancer, whereas HR defects are more

frequently detected in breast and ovarian can-
cers.? While genome sequencing has broadened
the detection of DDR defects in other tumour
types, precise estimates across different cancers
are yet to be defined. In addition, the degree to
which each DNA repair deficiency constitutes a
catastrophic event, therefore rendering cells more
susceptible to DDR inhibition, is still a point of
uncertainty. Heterogeneity also exists in the
impact of different DNA repair defects on patient
outcome — for example, MSI colorectal cancers
are characterized by better prognosis compared to
genomically stable CRC.°! These aspects consti-
tute a limitation in the development of DDR
agents. Despite encouraging results from early-
phase trials, development is still challenged by
lack of predictive biomarkers. A better under-
standing of each deficiency in the context of spe-
cific tumour types and the identification of
validated biomarkers for patient selection will be
critical for the development of these compounds.

Genomic scars

In DDR-deficient cells, DNA damages accumu-
lates. This ‘genomic scar’ has different features
depending on the pathway affected. For example,
in HR deficiency there are large genomic dele-
tions and loss of heterozygosity (LOH).92-94
BRCA1/2 mutations manifest as tandem duplica-
tions, and microhomology-mediated deletions.®>
Mismatch repair manifests as microsatellity insta-
bility.?> The use of genomic scars as a predictive
marker is not established. In the ARIELS3 trials of
rucaparib maintenance following platinum chem-
otherapy in ovarian cancer, LOH was assessed. In
those patients with BRCA wildtype tumours and
LOH, 30% of patients in the rucaparib group
achieved a benefit of over 1 year compared to 5%
in the placebo group. LOH was, however, clearly
not completely predictive of benefit.¢ In the
NOVA trial of niraparib maintenance following
platinum chemotherapy in ovarian cancer, HR
deficiency was assessed by the myChoice HRD
test which measures LOH, large-scale transitions
and telomeric allelic imbalances. The HRD score
did not predict niraparib benefit.38

Functional assays

Functional assays are being developed, that aim
to give a real-time read-out of DNA repair. These
include the RAD51 focus formation assay that
has been shown to correlate with HRR defects®7-%8
and the gamma-H2AX foci that correlates with
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Figure 2. DDR agents and interaction with the immune environment.

DNA DSBs.9%100 Assays for replication stress
include the DNA fibre assay. This technique uti-
lizes labelled nucleotides that become incorpo-
rated into DNA at the activated replication forks.
Cells are lysed and DNA fibres stained using fluo-
roprobes and visualized using fluorescent micros-
copy. Information or origin firing, elongating
forks and replication fork stalling can thus be
obtained.!01:102 Clinical validation is awaited.

DDR inhibitors and the immune system

In recent years the key role that immune modula-
tion has in oncogenesis has been recognized and
the classic “hallmarks of cancer” have been
updated to include “evasion of the immune sys-
tem” as a key factor in tumourigenesis.! Emerging
work is also revealing a tight coordination between
the DDR and the immune defence systems
(Figure 2).

Mutational burden and the immune system

DNA damage and repair influences responses to
immunotherapy.!%3 The burden of somatic muta-
tions varies greatly between tumours, with mela-
noma, lung and bladder having the highest

mutational load.®> Mutations that cause a change
in protein expression result in mutant proteins
being bound by MHC class I and presented to
T-cells, resulting in T-cell stimulation. These
proteins are known as neoantigens and can arise
from any changes that alter the open reading
frame (ORF) sequences in the genome, such as
missense mutations, fusion transcripts, frameshifts
and stop losses.!%* Thus, neoantigen expression is
closely correlated with mutational load.105-107

It has been found that tumour mutational load
correlates with response and survival in CTLA-4
antagonists in metastatic melanoma.!05:196 This
has also been demonstrated in non-small cell lung
cancer, where, in two independent cohorts, higher
nonsynonymous mutation burden in tumours
was associated with improved objective response,
durable clinical benefit and PFS.1°7 Tumours
with a mutational landscape in which C>A
transversions are common, typical of tobacco
exposure, are more likely to benefit from immune
checkpoint inhibition.!°® Measures of mutational
load have classically been burdens of single nucle-
otide variants (SNVs). It has also been demon-
strated that a number of small insertions and
deletions (indels) cause frameshifts correlating
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with immunogenicity in a pan-cancer panel with
correlation with immune checkpoint inhibitor
responses seen in melanoma.1%9

Neoantigen expression has been shown to corre-
late with response to immune checkpoint inhibi-
tor and survival.195-107 Toss of neoantigens is also
implicated in immune checkpoint inhibitor resist-
ance.!10 The clonality of neoantigens is thought
to play a role in response; loss of clonal expression
of neoantigens is associated with immune check-
point inhibitor resistance.!10:111

DDR, mutational burden and response to

immune checkpoint inhibitors

Deficits in DDR increase mutational burden;
indeed, on large-scale genomic screens, defects in
components of the DDR (including BRCAI1/2
and ATM) result in unique mutational signatures
in tumours.?%-112 It can also be expected that the
mutational burden will result in neoantigen bur-
den and so influence responses to immunother-
apy. Defects in DDR result in distinct
immunological characteristics — for example, in
breast cancer BRCAI/2-mutant tumours having
higher levels of tumour-infiltrating lymphocytes
and PD-L1.113,114

The most well-established example of DDR defi-
cit and its influence on response to immunother-
apy comes from MMR-deficient tumours. It has
been demonstrated the MMR-deficient colorectal
cancers have an activated immune microenviron-
ment and upregulation of immune checkpoints
such as PD-LL1 and CTLA-4.115 A phase II trial of
the PD-1 inhibitor pembrolizumab demonstrated
an objective response rate of 40% for MMR-
deficient non-colorectal cancer patients and 71%
for MMR-deficient colorectal cancer patients,
contrasting to 0% for MMR-proficient patients.
This clearly correlated with mutational load, with
1782 somatic mutations in MMR-deficient
tumours compared to 73 somatic mutations in
MMR-proficient tumours.!’® MMR-deficient
tumours had a higher somatic mutational burden
and neoantigen load. The study has since
expanded to 12 MMR-deficient tumour types
with objective radiographic responses seen in
53% of patients, and complete responses in 21%
of patients. Responses were durable, with median
PFS and overall survival not yet reached.!!?
Following this trial, the FDA has approved pem-
brolizumab for treatment of MMR-deficient
tumours.

In endometrial cancer with POLE mutations
causing MSI there is a higher number of CD3+
and CD8+ tumour-infiltrating lymphocytes and
increased PD-1 expression on tumour-infiltrating
lymphocytes compared to microsatellite stable
tumours.!1® In trials of pembrolizumab in non-
small cell lung cancer, patients with prolonged
responses were more likely to have mutations in
DDR genes such as POLE, POLD1 and MSH2.107
In melanoma patients treated with the PD-1
inhibitors pembrolizumab or nivolumab, a high
proportion of responders (6/21) had a BRCAZ2
mutation compared to 1/17 non-responders.!1®
Breast cancer patients with BRCA1/2-mutated
tumours have a greater number of clonal muta-
tions compared to wildtype.120

DDR, immune cytokines and STING

DNA damage results in an increase in levels of
inflammatory cytokines, including TNF-o and
IL-6 via ATM and ATR.!2:122 PARP inhibition
synergizes with CTLA-4 blockade in a mouse
ovarian model via IFN-gamma secretion.123 The
stimulator of interferon (STING) pathway plays
a key role in innate immunity. Agonists of the
STING pathway have been identified as enhanc-
ing anti-cancer immunity, with inhibitors of the
pathway (B-catenin/wnt) inhibiting anti-cancer
immunity.12¢ STING pathway activating drugs
are in development.!?5:126. DDR is intimately
linked to the innate immune system.!?” There is
evidence that cytosolic DNA sensors directly acti-
vate the STING pathway,!2%129 which activate
type I interferons which are known to augment
cytotoxic T-cell priming,!3° and promote immu-
nogenic cell death. DDR pathways may also
directly activate the STING pathway.!31:132

DDR and downregulation of MDSC and TREGs
Regulatory T-cells (TREGS) have an immu-
nomodulatory role. DNA damage resulting from
chemotherapy such as cyclophosphamide, temo-
zolamide, gemcitabine and 5-FU has been shown
to reduced TREG levels.!33136 Whether DDR
inhibitors can indirectly cause a similar effect is,
as yet, unknown.

DDR inhibitors in combination with
immunotherapy

Given the interplay of DDR pathways and the
immune system, synergy of DDR inhibitors and
immunotherapy can be proposed. DDR inhibitors
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Figure 3. The DDR treatment paradigm.

could increase the mutational burden, making
tumours more immunogenic. However, it is, as yet,
unknown whether treatment with a DDR inhibitor
results in a similar change in mutational load, neo-
antigen profile or STING pathway activation as
occurs with DDR genomic deficits. Some early
preclinical data are supportive. BMN 673, a PARP
inhibitor, increases CD8+ T-cells and increased
IFN-gamma and TNF-a in BRCAI-deficient
murine ovarian cancer,!37 and PARP inhibition has
also been shown to upregulate PD-1.1.13® Clinical
trials of combination immunotherapy and DDR
inhibitors are ongoing (Table 2).*

Conclusions and future challenges

We are at an exciting time in the clinical develop-
ment of DDR inhibitors, where the dynamic
interplay between DDR, therapeutic inhibition
and the immune response offers a window of
opportunity for the augmentation of anti-tumour
effects.

For the patient-facing clinician, the take-home
message is that a subset of cancers can be molecu-
larly stratified for treatment with DDR inhibitor
agents. While the frequency of DNA repair
defects in each specific subtype of cancer remains
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to be determined, access to molecular profiling is
becoming more widespread and affordable. The
identification of patients with DDR defects
should prompt early referrals for inclusion into
clinical trials of rational combinations of DDR
inhibitors which will hopefully lead to improved
patient outcomes and survival (Figure 3).
Envisaging the future, adaptive combinatorial
treatments with DDR inhibitors tailored to match
evolving tumour profiles and their resulting vul-
nerabilities is likely to become a reality.

Funding

This research received no specific grant from any
funding agency in the public, commercial or not-
for-profit sectors.

Conflict of interest statement
The authors declare that there is no conflict of
interest.

ORCID iD

A Minchom (* https://orcid.org/0000-0002-9339-7101

References
1. Hanahan D and Weinberg RA. Hallmarks of
cancer: the next generation. Cell 2011; 144:
646-674.

2. Jackson SP and Bartek J. The DNA-damage
response in human biology and disease. Nature
2009; 461: 1071-1078.

3. Lord CJ and Ashworth A. The DNA damage
response and cancer therapy. Nature 2012; 481:
287-294.

4. Brown JS, O’Carrigan B, Jackson SP, er al.
Targeting DNA repair in cancer: beyond PARP
inhibitors. Cancer Discov 2017; 7: 20-37.

5. Zeman MK and Cimprich KA. Causes and
consequences of replication stress. Nat Cell Biol
2014; 16: 2-9.

6. Lambert S and Carr AM. Checkpoint responses
to replication fork barriers. Biochimie 2005; 87:
591-602.

7. Tercero JA, Longhese MP and Diffley JF.
A central role for DNA replication forks in
checkpoint activation and response. Mol Cell
2003; 11: 1323-1336.

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

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Caldecott KW. DNA single-strand break repair.
Exper Cell Res 2014; 329: 2-8.

Abbotts R and Wilson DM, III. Coordination of
DNA single strand break repair. Free Radic Biol
Med 2017; 107: 228-244.

Cleaver JE, Lam ET and Revet I. Disorders

of nucleotide excision repair: the genetic and
molecular basis of heterogeneity. Natr Rev Genet
2009; 10: 756-768.

Hoeijmakers JH. Genome maintenance
mechanisms for preventing cancer. Nature 2001;
411: 366-374.

Jiricny J. The multifaceted mismatch-repair
system. Nat Rev Mol Cell Biol 2006; 7: 335-346.

Moynahan ME and Jasin M. Mitotic
homologous recombination maintains genomic
stability and suppresses tumorigenesis. Nat Rev
Mol Cell Biol 2010; 11: 196-207.

Lieber MR. NHE] and its backup pathways in
chromosomal translocations. Nat Struct Mol Biol
2010; 17: 393-395.

McConechy MK, Talhouk A, Li-Chang HH,

et al. Detection of DNA mismatch repair
(MMR) deficiencies by immunohistochemistry
can effectively diagnose the microsatellite
instability (MSI) phenotype in endometrial
carcinomas. Gynecol Oncol 2015; 137: 306-310.

Futreal PA, Liu Q, Shattuck-Eidens D, ez al.
BRCA1 mutations in primary breast and ovarian
carcinomas. Science 1994; 266: 120-122.

Wooster R, Bignell G, Lancaster ], ez al.
Identification of the breast cancer susceptibility
gene BRCA2. Narure 1995; 378: 789-792.

Lord CJ and Ashworth A. BRCAness revisited.
Nat Rev Cancer 20165 16: 110-120.

Turner N, Tutt A and Ashworth A. Hallmarks
of ‘BRCAness’ in sporadic cancers. Nat Rev
Cancer 2004; 4: 814-819.

McCabe N, Turner NC, Lord CJ, et al.
Deficiency in the repair of DNA damage by
homologous recombination and sensitivity
to poly(ADP-ribose) polymerase

inhibition. Cancer Res 2006; 66: 8109—
8115.

Lord CJ, McDonald S, Swift S, ez al. A high-
throughput RNA interference screen for DNA
repair determinants of PARP inhibitor
sensitivity. DNA Repair 2008; 7: 2010—

20109.

Cancer Genome Atlas Research Network.
Integrated genomic analyses of ovarian
carcinoma. Nature 20115 474: 609-615.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://orcid.org/0000-0002-9339-7101

Therapeutic Advances in Medical Oncology 10

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Robinson D, Van Allen EM, Wu YM, ez al.
Integrative clinical genomics of advanced
prostate cancer. Cell 2015; 162: 454.

Rabik CA and Dolan ME. Molecular
mechanisms of resistance and toxicity associated
with platinating agents. Cancer Treat Rev 2007;
33: 9-23.

Oza AM, Cibula D, Benzaquen AO, et al. Olaparib
combined with chemotherapy for recurrent
platinum-sensitive ovarian cancer: a randomised
phase 2 trial. Lancer Oncol 2015; 16: 87-97.

Reaper PM, Griffiths MR, Long JM, et al.
Selective killing of ATM- or p53-deficient
cancer cells through inhibition of ATR. Nar
Chem Biol 2011; 7: 428-430.

Kaelin WG Jr. The concept of synthetic lethality
in the context of anticancer therapy. Nat Rev
Cancer 2005; 5: 689—-698.

Turner N, Tutt A and Ashworth A. Targeting
the DNA repair defect of BRCA tumours. Curr
Opin Pharmacol 2005; 5: 388-393.

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.

Audeh MW, Carmichael J, Penson RT, ez al.
Oral poly(ADP-ribose) polymerase inhibitor
olaparib in patients with BRCA1 or BRCA2
mutations and recurrent ovarian cancer: a
proof-of-concept trial. Lancer 2010; 376:
245-251.

Gelmon KA, Tischkowitz M, Mackay H,

et al. Olaparib in patients with recurrent
high-grade serous or poorly differentiated
ovarian carcinoma or triple-negative breast
cancer: a phase 2, multicentre, open-label,
non-randomised study. Lancet Oncol 20115 12:
852-861.

Ledermann J, Harter P, Gourley C, et al.
Olaparib maintenance therapy in platinum-
sensitive relapsed ovarian cancer. New Eng ¥
Med 20125 366: 1382-1392.

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-0v21): a double-blind,
randomised, placebo-controlled, phase 3 trial.
Lancer Oncol 2017; 18: 1274-1284.

Tutt A, Robson M, Garber JE, er al. Oral
poly(ADP-ribose) polymerase inhibitor olaparib
in patients with BRCA1 or BRCA2 mutations
and advanced breast cancer: a proof-of-concept
trial. Lancer 2010; 376: 235-244.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Robson M, Goessl C and Domchek S. Olaparib
for metastatic germline BRCA-mutated breast
cancer. N Engl F Med 2017; 377: 1792—-1793.

Mateo J, Carreira S, Sandhu S, ez al. DNA-
repair defects and olaparib in metastatic
prostate cancer. N Engl ¥ Med 2015; 373:
1697-1708.

. Swisher EM, Lin KK, Oza AM, et al. Rucaparib

in relapsed, platinum-sensitive high-grade
ovarian carcinoma (ARIEL2 Part 1): an
international, multicentre, open-label, phase 2
trial. Lancet Oncol 2017; 18: 75-87.

Mirza MR, Monk BJ, Herrstedt ], et al.
Niraparib maintenance therapy in platinum-
sensitive, recurrent ovarian cancer. N Engl ¥
Med 20165 375: 2154-2164.

del Rivero J and Kohn EC. PARP inhibitors: the
cornerstone of DNA repair-targeted therapies.
Omncology 2017; 31: 265-273.

Martin LP, Hamilton TC and Schilder R]J.
Platinum resistance: the role of DNA repair
pathways. Clin Cancer Res 2008; 14: 1291-1295.

Fojo T and Bates S. Mechanisms of resistance
to PARP inhibitors: three and counting. Cancer
Discov 20135 3: 20-23.

Lord CJ and Ashworth A. PARP inhibitors:
synthetic lethality in the clinic. Science 2017;
355:1152-1158.

Swisher EM, Sakai W, Karlan BY, ez al.
Secondary BRCA1 mutations in BRCA1-
mutated ovarian carcinomas with platinum
resistance. Cancer Res 2008; 68: 2581-2586.

Norquist B, Wurz KA, Pennil CC, ez al.
Secondary somatic mutations restoring
BRCA1/2 predict chemotherapy resistance in
hereditary ovarian carcinomas. ¥ Clin Oncol
2011; 29: 3008-3015.

Montoni A, Robu M, Pouliot E, er al.
Resistance to PARP-inhibitors in cancer
therapy. Front Pharmacol 2013; 4: 18.

Hickson I, Zhao Y, Richardson CJ, ez al.
Identification and characterization of a novel
and specific inhibitor of the ataxia-telangiectasia
mutated kinase ATM. Cancer Res 2004; 64:
9152-9159.

Aguilar-Quesada R, Munoz-Gamez JA, Martin-
Oliva D, er al. Interaction between ATM and
PARP-1 in response to DNA damage and
sensitization of ATM deficient cells through
PARP inhibition. BMC Mol Biol 2007; 8: 29.

Sultana R, Abdel-Fatah T, Perry C, ez al. Ataxia
telangiectasia mutated and Rad3 related (ATR)
protein kinase inhibition is synthetically lethal

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

A Minchom, C Aversa et al.

in XRCCI1 deficient ovarian cancer cells. PLoS
One 2013; 8: e57098.

50. Rundle S, Bradbury A, Drew Y, ez al. Targeting
the ATR-CHKI1 axis in cancer therapy. Cancers
2017; 9: pii: E41.

51. Hall AB, Newsome D, Wang Y, ez al.
Potentiation of tumor responses to DNA
damaging therapy by the selective ATR inhibitor
VX-970. Oncorarget 20145 5: 5674-5685.

52. O’Carrigan B, de Miguel Luken M],
Papadatos-Pastos D, ez al. Phase I trial of
a first-in-class ATR inhibitor VX-970 as
monotherapy (mono) or in combination
(combo) with carboplatin (CP) incorporating
pharmacodynamics (PD) studies. ¥ Clin Oncol
2016; 34: abstract 2504.

53. Plummer ER, Dean EJ, Evans TR]J, ez al. Phase
I trial of first-in-class ATR inhibitor VX-970
in combination with gemcitabine (Gem) in
advanced solid tumors (NCT02157792). ¥ Clin
Oncol 20165 34: 2513.

54. Shapiro G, Wesolowski R, Middleton M, et al.
Abstract CT012: Phase 1 trial of first-in-class
ATR inhibitor VX-970 in combination with
cisplatin (Cis) in patients (pts) with advanced
solid tumors (INCT02157792). Cancer Res
2016; 76: CT012.

55. Vendetti FP, Lau A, Schamus S, ez al. The
orally active and bioavailable ATR kinase
inhibitor AZD6738 potentiates the anti-tumor
effects of cisplatin to resolve ATM-deficient
non-small cell lung cancer in vivo. Oncotarget
2015; 6: 44289-44305.

56. Mohni KN, Kavanaugh GM and Cortez D.
ATR pathway inhibition is synthetically lethal in
cancer cells with ERCCI1 deficiency. Cancer Res
2014; 74: 2835-2845.

57. Sanjiv K, Hagenkort A, Calderon-Montano JM,
et al. Cancer-specific synthetic lethality between
ATR and CHKI1 kinase activities. Cell Reports
2016; 17: 3407-3416.

58. U.S. National Library of Medicine. Database of
Clinical Studies, https://clinicaltrials.gov (2017,
accessed 19 February 2017).

59. Cornell L, Munck JM, Alsinet C,
et al. DNA-PK: a candidate driver of
hepatocarcinogenesis and tissue biomarker that
predicts response to treatment and survival. Clin
Cancer Res 20155 21: 925-933.

60. Abdel-Fatah TM, Arora A, Moseley P, ez al.
ATM, ATR and DNA-PKcs expressions
correlate to adverse clinical outcomes in
epithelial ovarian cancers. BBA Clin 2014; 2:
10-17.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

. Harnor SJ, Brennan A and Cano C. Targeting

DNA-dependent protein kinase for cancer
therapy. Chem Med Chem 2017; 12: 895-900.

Zhao Y, Thomas HD, Batey MA, ez al.
Preclinical evaluation of a potent novel DNA-
dependent protein kinase inhibitor NU7441.
Cancer Res 2006; 66: 5354-5362.

Hong D, Infante J, Janku F, er al. Phase I study
of LY2606368, a checkpoint kinase 1 inhibitor,
in patients with advanced cancer. ¥ Clin Oncol
20165 34: 1764-1771.

Yin Y, Shen Q, Zhang P, ez al. Chkl inhibition
potentiates the therapeutic efficacy of PARP
inhibitor BMNG673 in gastric cancer. Am ¥
Cancer Res 2017; 7: 473-483.

Mitchell C, Park M, Eulitt P, ez al. Poly(ADP-
ribose) polymerase 1 modulates the lethality
of CHKI1 inhibitors in carcinoma cells. Mol
Pharmacol 2010; 78: 909-917.

Magnussen GI, Emilsen E, Giller Fleten K,
et al. Combined inhibition of the cell cycle
related proteins Weel and Chk1/2 induces
synergistic anti-cancer effect in melanoma.
BMC Cancer 2015; 15: 462.

Guertin AD, Martin MM, Roberts B, ez al.
Unique functions of CHK1 and WEE1 underlie
synergistic anti-tumor activity upon pharmacologic
inhibition. Cancer Cell Int 2012; 12: 45.

Geenen JJJ and Schellens JHM. Molecular
pathways: targeting the protein kinase Weel in
cancer. Clin Cancer Res 2017; 23: 4540-4544.

Do K, Wilsker D, Ji ], ez al. Phase I study of
single-agent AZD1775 (MK-1775), a Weel
kinase inhibitor, in patients with refractory solid
tumors. ¥ Clin Oncol 2015; 33: 3409-3415.

Leijen S, van Geel RM, Pavlick AC, et al. Phase
I study evaluating WEEI inhibitor AZD1775

as monotherapy and in combination with
gemcitabine, cisplatin, or carboplatin in patients
with advanced solid tumors. ¥ Clin Oncol 2016;
34: 4371-4380.

Leijen S, van Geel RM, Sonke GS, er al. Phase
II study of WEEI inhibitor AZD1775 plus
carboplatin in patients with TP53-mutated
ovarian cancer refractory or resistant to first-line
therapy within 3 months. ¥ Clin Oncol 2016; 34:
4354-4361.

Oza AM, Weberpals JI, Provencher DM,

et al. An international, biomarker-directed,
randomized, phase II trial of AZD1775 plus
paclitaxel and carboplatin (P/C) for the
treatment of women with platinum-sensitive,
TP53-mutant ovarian cancer. ¥ Clin Oncol
2015; 15s: abstract 5506.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://clinicaltrials.gov

Therapeutic Advances in Medical Oncology 10

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Stover EH, Konstantinopoulos PA, Matulonis
UA, et al. Biomarkers of response and resistance
to DNA repair targeted therapies. Clin Cancer
Res 20165 22: 5651-5660.

Ceccaldi R, O’Connor KW, Mouw KW, ez al.
A unique subset of epithelial ovarian cancers
with platinum sensitivity and PARP inhibitor
resistance. Cancer Res 2015; 75: 628-634.

Bunting SF, Callen E, Kozak ML, ez al.

BRCA1 functions independently of homologous
recombination in DNA interstrand crosslink
repair. Mol Cell 2012; 46: 125-135.

Xu G, Chapman JR, Brandsma I, ez al. REV7
counteracts DNA double-strand break resection
and affects PARP inhibition. Nature 2015; 521:
541-544.

Yap TA, Sandhu SK, Carden CP, er al.
Poly(ADP-ribose) polymerase (PARP)
inhibitors: exploiting a synthetic lethal strategy
in the clinic. CA Cancer ¥ Clin 2011; 61: 31-49.

Hills SA and Diffley JF. DNA replication and
oncogene-induced replicative stress. Current Biol
2014; 24: R435-R444.

Grabocka E, Commisso C and Bar-Sagi D.
Molecular pathways: targeting the dependence
of mutant RAS cancers on the DNA damage
response. Clin Cancer Res 20155 21: 1243—
1247.

Gaillard H, Garcia-Muse T and Aguilera A.
Replication stress and cancer. Nat Rev Cancer
2015; 15: 276-2809.

Ip LR, Poulogiannis G, Viciano FC, er al.

Loss of INPP4B causes a DNA repair defect
through loss of BRCA1, ATM and ATR and
can be targeted with PARP inhibitor treatment.
Oncotarget 2015; 6: 10548-10562.

Ruiz S, Mayor-Ruiz C, Lafarga V, et al.

A genome-wide CRISPR screen identifies
CDC25A as a determinant of sensitivity to ATR
inhibitors. Mol Cell 2016; 62: 307-313.

Mohni KN, Thompson PS, Luzwick JW, ez al.
A synthetic lethal screen identifies DNA repair
pathways that sensitize cancer cells to combined
ATR inhibition and cisplatin treatments. PLoS
One 2015; 10: e0125482.

Kwok M, Davies N, Agathanggelou A, ez al.
Synthetic lethality in chronic lymphocytic
leukaemia with DNA damage response defects
by targeting the ATR pathway. Lancer 2015;
385(Suppl. 1): S58.

Jeggo PA and Downs JA. Roles of chromatin
remodellers in DNA double strand break repair.
Exp Cell Res 2014; 329: 69-77.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Hohmann AF and Vakoc CR. A rationale
to target the SWI/SNF complex for cancer
therapy. Trends Gener 2014; 30: 356-363.

Williamson CT, Miller R, Pemberton HN, ez al.
ATR inhibitors as a synthetic lethal therapy for
tumours deficient in ARID1A. Nature Comm
2016; 7: 13837.

Flynn RL, Cox KE, Jeitany M, ez al. Alternative
lengthening of telomeres renders cancer cells
hypersensitive to ATR inhibitors. Science 2015;
347: 273-2717.

Pfister SX and Ashworth A. Marked for death:
targeting epigenetic changes in cancer. Nature
Rev Drug Discov 2017; 16: 241-263.

Lengauer C, Kinzler KW and Vogelstein B.
Genetic instability in colorectal cancers. Nature
1997; 386: 623-627.

Popat S, Hubner R and Houlston RS.
Systematic review of microsatellite instability
and colorectal cancer prognosis. ¥ Clin Oncol
2005; 23: 609-618.

Alexandrov LB and Stratton MR. Mutational
signatures: the patterns of somatic mutations
hidden in cancer genomes. Curr Opin Genet Dev
2014; 24: 52-60.

Helleday T, Eshtad S and Nik-Zainal S.
Mechanisms underlying mutational signatures
in human cancers. Nat Rev Gener 20145 15:
585-598.

Watkins JA, Irshad S, Grigoriadis A, et al.
Genomic scars as biomarkers of homologous
recombination deficiency and drug response in
breast and ovarian cancers. Breast Cancer Res
2014; 16: 211.

Alexandrov LB, Nik-Zainal S, Wedge DC, ez al.
Signatures of mutational processes in human
cancer. Nature 2013; 500: 415-421.

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. Lancer 2017;
390: 1949-1961.

Naipal KA, Verkaik NS, Ameziane N, ez al.
Functional ex vivo assay to select homologous
recombination-deficient breast tumors for
PARP inhibitor treatment. Clin Cancer Res
2014; 20: 4816-4826.

Mukhopadhyay A, Elattar A, Cerbinskaite A,
et al. Development of a functional assay for
homologous recombination status in primary
cultures of epithelial ovarian tumor and
correlation with sensitivity to poly(ADP-ribose)

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

A Minchom, C Aversa et al.

polymerase inhibitors. Clin Cancer Res 2010; 16:
2344-2351.

99. Redon CE, Weyemi U, Parekh PR, ez al.
gamma-H2AX and other histone post-
translational modifications in the clinic.
Biochimica et Biophysica Acta 2012; 1819:
743-756.

Willers H, Gheorghiu L, Liu Q, er a/. DNA
damage response assessments in human tumor
samples provide functional biomarkers of
radiosensitivity. Semin Radiar Oncol 2015; 25:
237-250.

Schlacher K, Christ N, Siaud N, ez al. Double-
strand break repair-independent role for
BRCAZ2 in blocking stalled replication fork
degradation by MRE11. Cell 2011; 145:
529-542.

100.

101.

102. Nieminuszczy J, Schwab RA and Niedzwiedz
W. The DNA fibre technique: tracking
helicases at work. Methods 20165 108:

92-98.

103. Mouw KW, Goldberg MS, Konstantinopoulos
PA, et al. DNA damage and repair biomarkers
of immunotherapy response. Cancer Discov

20175 7: 675-693.

Hacohen N, Fritsch EF, Carter TA, et al.
Getting personal with neoantigen-based
therapeutic cancer vaccines. Cancer Immunol Res
2013; 1: 11-15.

Snyder A, Makarov V, Merghoub T, ez al.
Genetic basis for clinical response to CTLA-4
blockade in melanoma. New Eng ¥ Med 2014;
371:2189-2199.

104.

105.

106. Van Allen EM, Miao D, Schilling B, ez al.
Genomic correlates of response to CTLA-4
blockade in metastatic melanoma. Science 2015;

350: 207-211.

107. Rizvi NA, Hellmann MD, Snyder A, er al.
Cancer immunology: mutational landscape
determines sensitivity to PD-1 blockade in
non-small cell lung cancer. Science 2015; 348:

124-128.

Alexandrov LB, Ju YS, Haase K, et al.
Mutational signatures associated with tobacco
smoking in human cancer. Science 2016; 354:
618-622.

Turajlic S, Litchfield K, Xu H, er al. Insertion-
and-deletion-derived tumour-specific
neoantigens and the immunogenic phenotype:
a pan-cancer analysis. Lancet Oncol 2017; 18:
1009-1021.

Anagnostou V, Smith KN, Forde PM, ez al.
Evolution of neoantigen landscape during

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

immune checkpoint blockade in non-small cell
lung cancer. Cancer Discov 2017; 7: 264-276.

McGranahan N, Furness AJ, Rosenthal

R, et al. Clonal neoantigens elicit T cell
immunoreactivity and sensitivity to immune
checkpoint blockade. Science 2016; 351:
1463-1469.

Nik-Zainal S, Alexandrov LB, Wedge DC, ez al.
Mutational processes molding the genomes of
21 breast cancers. Cell 2012; 149: 979-993.

Mulligan JM, Hill LA, Deharo S, ez al.
Identification and validation of an anthracycline/
cyclophosphamide-based chemotherapy
response assay in breast cancer. ¥ Natl Cancer
Inst 20145 106: djt335.

Strickland KC, Howitt BE, Shukla SA, ez al.
Association and prognostic significance of
BRCA1/2-mutation status with neoantigen load,
number of tumor-infiltrating lymphocytes and
expression of PD-1/PD-L1 in high grade serous
ovarian cancer. Oncotarget 2016; 7: 13587—
13598.

Llosa NJ, Cruise M, Tam A, er al. The vigorous
immune microenvironment of microsatellite
instable colon cancer is balanced by multiple
counter-inhibitory checkpoints. Cancer Discov
2015; 5: 43-51.

Le DT, Uram JN, Wang H, ez al. PD-1
blockade in tumors with mismatch-repair
deficiency. N Engl ¥ Med 2015; 372: 2509—
2520.

Le DT, Durham JN, Smith KN, ez al.
Mismatch repair deficiency predicts response of
solid tumors to PD-1 blockade. Science 2017;
357: 409-413.

Howitt BE, Shukla SA, Sholl LM, et al.
Association of polymerase e-mutated and
microsatellite-instable endometrial cancers with
neoantigen load, number of tumor-infiltrating
lymphocytes, and expression of PD-1 and
PD-L1. JAMA Oncol 2015; 1: 1319-1323.

Hugo W, Zaretsky JM, Sun L, et al. Genomic
and transcriptomic features of response to
anti-PD-1 therapy in metastatic melanoma. Cell
20165 165: 35-44.

Nik-Zainal S, Van Loo P, Wedge DC, ez al. The
life history of 21 breast cancers. Cell 2012; 149:
994-1007.

Karakasilioti I, Kamileri I, Chatzinikolaou

G, er al. DNA damage triggers a chronic
autoinflammatory response, leading to fat
depletion in NER progeria. Cell Metab 2013; 18:
403-415.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 10

Visit SAGE journals online
journals.sagepub.com/
home/tam

®SAGE journals

122.

123.

124.

125.

126.

127.

128.

129.

130.

Brown JS, Sundar R and Lopez J. Combining
DNA damaging therapeutics with
immunotherapy: more haste, less speed. Br ¥
Cancer. Epub ahead of print 9 November 2017.
DOI: 10.1038/bjc.2017.376.

Higuchi T, Flies DB, Marjon NA, et al.
CTLA-4 blockade synergizes therapeutically
with PARP inhibition in BRCA1-deficient
ovarian cancer. Cancer Immunol Res 2015; 3:
1257-1268.

Gajewski TF. The next hurdle in cancer
immunotherapy: overcoming the non-T-cell-
inflamed tumor microenvironment. Semin Oncol
2015; 42: 663-671.

Corrales L, Glickman LH, McWhirter SM,

et al. Direct activation of STING in the tumor
microenvironment leads to potent and systemic
tumor regression and immunity. Cell Rep 2015;
11: 1018-1030.

Tang CH, Zundell JA, Ranatunga S, er al.
Agonist-mediated activation of STING induces
apoptosis in malignant B cells. Cancer Res 2016;
76: 2137-2152.

Chatzinikolaou G, Karakasilioti I and Garinis
GA. DNA damage and innate immunity:
links and trade-offs. Trends Immunol 2014; 35:
429-435.

Barber GN. STING: infection, inflammation
and cancer. Nat Rev Immunol 2015; 15:
760-770.

Galluzzi L, Buqué A, Kepp O, ez al.
Immunogenic cell death in cancer and
infectious disease. Nat Rev Immunol. Epub
ahead of print 17 October 2016. DOI: 10.1038/
nri.2016.107.

Deng L, Liang H, Xu M, ez al. STING-
dependent cytosolic DNA sensing promotes
radiation-induced type I interferon-dependent
antitumor immunity in immunogenic tumors.
Immuniry 2014; 41: 843-852.

131.

132.

133.

134.

135.

136.

137.

138.

Sen T, Chen L, Rodriguez BL, et al. Abstract
B72: combining immune checkpoint inhibition
and DNA damage repair (DDR) targeted
therapy in small cell lung cancer (SCLC).
Cancer Immunol Res 2017; 5: B72. DOI:
10.1158/2326-6074.tumimm16-b72.

Kondo T, Kobayashi J, Saitoh T, ez al. DNA
damage sensor MRE11 recognizes cytosolic
double-stranded DNA and induces type I
interferon by regulating STING trafficking.
Proc Nat Acad Sci USA 2013; 110: 2969-2974.

Ercolini AM, Ladle BH, Manning EA, ez al.
Recruitment of latent pools of high-avidity
CD8(+) T cells to the antitumor immune
response. ¥ Exp Med 2005; 201: 1591-1602.

Banissi C, Ghiringhelli F, Chen L, ez al.
Treg depletion with a low-dose metronomic
temozolomide regimen in a rat glioma model.
Cancer Immunol Immunother 2009; 58: 1627—
1634.

Suzuki E, Kapoor V, Jassar AS, ez al.
Gemcitabine selectively eliminates splenic
Gr-1+/CD11b+ myeloid suppressor cells in
tumor-bearing animals and enhances antitumor
immune activity. Clin Cancer Res 2005; 11:
6713-6721.

Vincent J, Mignot G, Chalmin F, er al.
5-fluorouracil selectively kills tumor-associated
myeloid-derived suppressor cells resulting

in enhanced T cell-dependent antitumor
immunity. Cancer Res 2010; 70: 3052-3061.

Huang J, Wang L, Cong Z, et al. The PARP1
inhibitor BMN 673 exhibits immunoregulatory
effects in a BRCA1(—/-) murine model of
ovarian cancer. Biochem Biophys Res Commun
2015; 463: 551-556.

Jiao S, Xia W, Yamaguchi H, ez al.

PARP inhibitor upregulates PD-L.1

expression and enhances cancer-associated
immunosuppression. Clin Cancer Res 2017; 23:
3711-3720.

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam



