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Abstract: Poly-ADP ribose polymerase (PARP) inhibitors are currently used in the treatment of
several cancers carrying mutations in the breast and ovarian cancer susceptibility genes BRCA1
and BRCA2, with many more potential applications under study and in clinical trials. Here, we
discuss the potential for extending PARP inhibitor therapies to tumours with deficiencies in the DNA
damage-activated protein kinase, Ataxia-Telangiectasia Mutated (ATM). We highlight our recent
findings that PARP inhibition alone is cytostatic but not cytotoxic in ATM-deficient cancer cells and
that the combination of a PARP inhibitor with an ATR (ATM, Rad3-related) inhibitor is required to
induce cell death.
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1. PARP and PARP Inhibitors

Genome instability, characterized by the accumulation of mutations and chromosomal alterations
in the genome, is both a hallmark and a driver of cancer [1,2]. Yet the same genomic alterations
that predispose a cell to cancer may also render cells susceptible to targeted therapies. Accordingly,
a goal of precision oncology is to achieve better cancer control by targeting therapy to specific genetic
defects or aberrations in the tumour, while causing less damage to normal tissue and consequently,
fewer side-effects. One of the most dramatic examples of success in this area has been the use of
poly-ADP-ribose polymerase (PARP) inhibitors in the treatment of patients with tumours that harbour
inactivating mutations in the breast and ovarian cancer susceptibility genes, BRCA1 and BRCA2.

PARP was identified in the 1960s as an enzyme that metabolizes nicotinamide adenine dinucleotide,
NAD+ [3]. Early studies indicated that inhibition of PARP blocked repair of DNA strand breaks and
PARP inhibitors were soon considered as potential radiation sensitizers [4]. The first PARP inhibitor,
a simple analogue of nicotinamide was generated in 1971 [5] and, given the reported roles of PARP in
cell death and ischemia as well as DNA repair, there was increasing interest in the clinical applications
of PARP inhibition [6,7]. PARP is now established as one of a family of poly-ADP polymerases of
which PARPs 1, 2 and 3 have roles in the DNA damage response [8]. Of these, PARP 1 is the most
well-studied and the one to which we will refer in this review. PARP1 binds avidly to ends of DNA that
occur at single and double DNA strand breaks and then, in a process called PARylation, auto-modifies
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to create long polymers of poly-ADP-ribose (PAR). PAR chains interact with proteins involved in DNA
repair and other pathways, recruiting them to sites of DNA damage [9]. Importantly, PARylation
also serves to disengage PARP from DNA ends [10]. Most PARP inhibitors in use today prevent
PARylation, leading to trapping of PARP at DNA ends [11]. It was originally proposed that PARP
inhibition blocked base excision repair and single strand break repair pathways thus increasing reliance
on BRCA-dependent repair. However, this model has been challenged [12] and more recent studies
have shown that olaparib reduces cell proliferation by inducing replication stress [13] and that olaparib
sensitivity is due to engagement of homologous recombination repair (HRR) at replication forks [14].

In 2005, two seminal papers were published demonstrating that breast cancer cells with siRNA
depletion of BRCA1 or BRCA2 were exquisitely sensitive to the PARP inhibitor NU1025 [15,16]. BRCA1 and
BRCA2 are cancer predisposition genes that are inactivated in ~25% of inherited breast cancers, ~15% of
all ovarian cancers and several other cancers, suggesting that PARP inhibitors might have potential in
treating a wide-range of patients with BRCA-deficient tumours [17]. The PARP inhibitor AZD2881, also
known as olaparib or LynparzaTM, showed promise in mouse models of breast cancer [18] and quickly
moved into clinical trials, showing anti-tumour activity in BRCA-mutated cancers, even in phase I
studies [19]. Olaparib, the first PARP inhibitor to gain regulatory approval, is now FDA-approved in
advanced ovarian [20], breast [21], pancreatic [22] and prostate cancers [23], with the PARP inhibitors
rucaparib [24], niraparib [25] and talazoparib [26] also FDA-approved in varying indications [17,27].

BRCA1 and 2 play critical roles in detection, signalling and repair of DNA double strand breaks
(DSBs) via the HRR pathway. HRR is active in S phase at stalled replication forks and in G2 phase of
the cell cycle after DSBs have been resected to contain long ssDNA overhangs on their 3’ ends [28].
These long regions of ssDNA are bound by replication protein A (RPA) and BRCA2 plays a role in
the replacement of RPA with RAD51, the protein that initiates strand invasion and the search for a
homologous DNA sequence during HRR [28]. BRCA1 interacts with BRCA2 via the PALB2 protein,
and is recruited to DNA damage-induced foci where it participates in activating DNA repair and cell
signalling pathways [29]. Given the encouraging early results showing PARP inhibitor sensitivity in
BRCA-deficient cells, screens were initiated to identify other proteins that when knocked down with
siRNA might confer sensitivity to PARP inhibitors [30–32]. One of these was Ataxia Telangiectasia
Mutated (ATM).

2. ATM

ATM is a member of the phosphatidylinositol-3 kinase-like (PIKK) family of serine/threonine
protein kinases with critical roles in the cellular response to DNA damaging agents, such as ionizing
radiation (IR), that produce DSBs [33]. Like other members of the PIKK family, ATM is a large protein of
over 350 kDa that is composed of an extended N-terminal region containing multiple HEAT (Huntingtin,
Elongation factor 3, A subunit of protein phosphatase 2A and mammalian Target of rapamycin) repeats
and a C-terminal kinase domain that has amino acid similarity to phosphatidyl inositol-3 kinase (PI3K)
and is flanked and stabilized by conserved FRAP–ATM–TRRAP (FAT) and FAT-C domains. Generation
of DSBs and/or changes in chromatin structure lead to activation of ATM and its autophosphorylation
on serine 1981 [34]. Activated ATM phosphorylates a multitude of downstream targets including
p53, checkpoint kinase 2 (Chk2) and histone H2AX [35]. Indeed, phospho-proteomics studies have
identified hundreds of PIKK-dependent, DNA damage-induced phosphorylation events in cells [36,37].
Consistent with its role in the repair of IR-induced DSBs, cell lines with loss or inactivation of ATM are
radiation sensitive, have cell cycle checkpoint defects [38] and have defects in slow repair of complex
DNA damage lesions and DSBs in the context of heterochromatin [39]. Recently, roles in preventing
premature aging [40] and in reactive oxygen sensing [41] have also been reported.

Germline inactivation of both copies of the ATM gene causes Ataxia-Telangiectasia (A–T),
a devastating childhood condition characterized by ataxia (wobbly gait), telangiectasia (blood vessel
abnormalities) and progressive neurodegeneration, particularly in the cerebellum, that renders its
victims wheelchair-bound. A–T patients also have immune defects and cancer predisposition and
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usually succumb to their condition in their early twenties [42]. Accordingly, cell lines derived from A–T
patients and ATM knock out mice are hypersensitive to IR and other chemotherapeutic agents [43,44],
raising the possibility that cancers with loss of ATM may be more sensitive to DNA damaging agents
than their ATM-proficient counterparts [45].

3. Targeting ATM-Deficient Cancers

Genome sequencing has revealed that ATM is mutated in a variety of human cancers, including
mantle cell lymphoma (MCL), colorectal, lung and prostate cancers. Analysis of ATM mutation
frequency in The Cancer Genome Atlas (TCGA) cohort using c-Bioportal [46,47] indicates that ATM
is mutated in approximately 5% of all cancers, with some, such as MCL, with a much higher
mutation frequency of ~40% (Figure 1A). Similarly, ATM is mutated in ~20% of colorectal and uterine
cancers and approximately 10% of prostate and lung cancers (Figure 1A). The vast majority of these
mutations are missense mutations and are scattered throughout the coding region (Figure 1B and [45]).
An exception is R377C/H, which occurred in 74 of the 2263 (~3%) of the cancers queried (Figure 1B),
and has been identified as a cancer mutation hotspot [48,49]. The R337C/H mutation was prominent
in colorectal cancer, but not in prostate, lung or pancreatic cancer (Figure 1C–F). Although the
functional consequences of this and most other ATM mutations is not known, given that in A–T many
mutations in ATM induce protein truncation, protein destabilization and resulting loss of function [50],
combined with the fact that siRNA-mediated loss of ATM in cancer cell lines results in PARP inhibitor
sensitivity [30–32], it seems likely that many cancers with ATM mutation that lead to loss of function
could be candidates for PARP inhibitor treatment.

Given that ATM is mutated or lost in over 40% of MCL [51], we and others examined the effects of
ATM loss on PARP inhibitor sensitivity in human lymphoma cell lines that lack ATM protein expression.
These cell lines were more sensitive to olaparib than their ATM-proficient counterparts in both cell
line and animal models [52–54]. Moreover, the ATM kinase inhibitor KU55933 enhanced sensitivity
to olaparib in ATM-proficient cells indicating that ATM kinase activity protects from PARP inhibitor
sensitivity [53]. Similar results were observed in gastric cancer cell lines [55], and in colorectal cancer
cell lines with shRNA depletion of ATM [56]. Deletion of ATM in mouse models of lung cancer and
pancreatic cancer also induced sensitivity to PARP inhibitors and/or DNA damaging agents, as did
inhibitors of the related protein kinase ATR (ATM and Rad3-related) [57,58].

We observed that in MCL, gastric and colorectal cancer cell lines with loss or down regulation
of ATM, sensitivity to olaparib was enhanced when TP53 was also mutated or deleted [52,53,55,56].
However, in mouse models, both TP53-proficient and deficient cells were sensitive to olaparib [58].
Therefore, the effect of p53 status on PARP inhibitor sensitivity requires further clarification. Although
co-mutation of both ATM and TP53 is rare [59], co-mutation has been shown to occur in 2–3% of
non-small cell lung cancer where it increases tumour mutation burden and correlates with better
response to immune checkpoint therapy [60], suggesting additional opportunities for targeted therapy
for ATM-deficient tumours.

To address the mechanism of olaparib-induced cell sensitivity in human cells lacking ATM,
we used CRISPR/Cas9 to delete ATM from the p53-proficient lung adenocarcinoma cell line, A549.
In keeping with recent findings, olaparib alone reduced cell proliferation [13], but surprisingly, did not
induce cell death [61]. Rather, olaparib was found to induce reversible G2 arrest in ATM-deficient A549
cells [61]. Since the related protein kinase ATR plays a critical role in the G2 checkpoint [62], and given
ATM-deficient cells are sensitive to ATR inhibitors [58,63–65], we asked whether inhibition of ATR
using VE-821 [66,67], would ablate G2 arrest and induce cell death in olaparib-treated ATM-deficient
cells. This was indeed found to be the case. Combined treatment with olaparib plus ATR inhibition with
VE821 induced cell death only in ATM-deficient A549 cells, suggesting that patients with ATM-deficient
tumours could benefit from a combination of PARP and ATR inhibitors [61].
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Figure 1. Frequency of Ataxia-Telangiectasia Mutated (ATM) mutations in human cancer. (A) ATM 
was queried against all entries in the curated non-redundant data set on c-Bioportal (references 
[46,47]) accessed January 2020. Duplicate studies were removed and copy number variations are not 
included. The frequency of ATM alteration in various cancers is shown. (B) ATM is a 3056 amino 
acid protein consisting of a N-terminal TAN (telomere length maintenance and DNA damage 
repair) domain (residues 7–165), and a C-terminal kinase domain (residues 2714–2961) flanked by 
FAT (2097–2488) and FATC (3205–3055) domains. The location of mutations in ATM from all 
samples in the curated non-redundant data site available on c-Bioportal (references [46,47]), 
accessed January 2020 (duplicate sets removed and copy number variation not include) is shown. 
Mutations were distributed across the entire the coding region however, one mutation R337C/H was 
detected in 74 out of 2263 samples, across all cancers. (C) The R337C/H mutation was frequent in 
bowel cancer (22 out of 331 samples) but less so in lung (panel D), prostate (panel E) and pancreatic 
cancers (Panel F). 
ATM is frequently mutated in prostate cancer [68], as well as somatic and hereditary forms of 

pancreatic cancers [69,70], suggesting that patients with these cancers might also benefit from 
treatment with a PARP inhibitor. Nevertheless, PROFOUND, a phase III trial that examined the 

Figure 1. Frequency of Ataxia-Telangiectasia Mutated (ATM) mutations in human cancer. (A) ATM
was queried against all entries in the curated non-redundant data set on c-Bioportal (references [46,47])
accessed January 2020. Duplicate studies were removed and copy number variations are not included.
The frequency of ATM alteration in various cancers is shown. (B) ATM is a 3056 amino acid protein
consisting of a N-terminal TAN (telomere length maintenance and DNA damage repair) domain
(residues 7–165), and a C-terminal kinase domain (residues 2714–2961) flanked by FAT (2097–2488)
and FATC (3205–3055) domains. The location of mutations in ATM from all samples in the curated
non-redundant data site available on c-Bioportal (references [46,47]), accessed January 2020 (duplicate
sets removed and copy number variation not include) is shown. Mutations were distributed across
the entire the coding region however, one mutation R337C/H was detected in 74 out of 2263 samples,
across all cancers. (C) The R337C/H mutation was frequent in bowel cancer (22 out of 331 samples) but
less so in lung (panel D), prostate (panel E) and pancreatic cancers (Panel F).
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ATM is frequently mutated in prostate cancer [68], as well as somatic and hereditary forms
of pancreatic cancers [69,70], suggesting that patients with these cancers might also benefit from
treatment with a PARP inhibitor. Nevertheless, PROFOUND, a phase III trial that examined the
clinical efficacy of olaparib versus standard treatment (abiraterone acetate/enzalutamide) in patients
with metastatic, castration-resistant prostate cancer (mCRPC) and HRR gene alterations, revealed
less impressive rates of radiographic progression free survival benefit with olaparib in patients
with ATM alterations, in contrast to patients with other HRR gene alterations (e.g., BRCA2), based
upon exploratory, hypothesis-generating gene-by-gene subgroup analysis [23]. Thus, it appeared
necessary to consider therapeutic approaches that may enhance the efficacy of PARP inhibition in
ATM-deficient cancers.

We therefore examined whether the combination of olaparib plus an ATR inhibitor would be
effective in cell line models of prostate and pancreatic cancer. We depleted ATM from the prostate
cancer cell line PC-3 using CRISPR/Cas9 and found that although olaparib reduced cell proliferation,
ATM-deficient cells did not undergo apoptosis unless olaparib was combined with an ATR inhibitor,
either VE-821, as in [61] or AZD6738 [71], an ATR inhibitor in clinical trials [72]. Significantly, olaparib
and AZD6738 had little effect on ATM-proficient cells either alone or in combination [71]. Similar
results were seen with the pancreatic cancer cell line, Panc 10.05, in which ATM was depleted by
shRNA [71]. Thus, the combination of PARP and ATR inhibitors could be beneficial in a number of
ATM-deficient cancers, including lung, prostate and pancreatic [71]. While A549 has wild type p53 [73],
PC-3 are TP53 null [74] and Panc 10.05 contain a homozygous mutation at I225N [75,76], therefore
these data suggest that the sensitivity of ATM-deficient cells to the combination of PARP inhibitor and
ATR inhibitor is not dependent on p53 status.

Our results also highlight the importance of the method used to assess cell viability in determining
sensitivity of a cell line to a particular agent. Although ATM-deficient cells were highly sensitive
to olaparib in clonogenic survival assays and the number of viable cells was decreased compared
to ATM-proficient cells measured using the trypan blue exclusion assay, analysis of sub-G1 DNA or
annexin staining did not reveal evidence of cell death [61,71]. Rather, olaparib-treated, ATM-deficient
cells underwent reversible G2 arrest, and did not undergo cell death until an ATR inhibitor was
also added [61,71]. Moreover, similar results have been seen in a patient-derived xenograft model
of BRCA-mutant high-grade serous ovarian cancer, suggesting that PARP inhibition also increases
reliance on ATR-dependent G2 arrest in BRCA-deficient cells [77], thus the combination of PARP and
ATR inhibition may have benefits in other HDR-deficient cancers.

4. ATM Mutation Versus Loss of Function: Identifying Patients Who May Benefit from PARP
Inhibitor Treatment

To date, most work from our lab and others has centred on the effects of olaparib on cell lines or mice
in which ATM has been deleted [52–54,57,58,61,71] or inhibited with KU55933 [53,55]. An important
difference is that in cancer, ATM is mutated, but the effects of these mutations on ATM function are,
for the most part, unknown. As shown in Figure 1, literally hundreds of mutations have been identified
in ATM and these mutations are scattered throughout the coding region. Apart from R337H/C, a hotspot
mutation prevalent in colorectal cancer, other individual mutations are seen less frequently and their
effects on ATM function is not known. Recently, three papers describe cryo-electron microscopy
structures of Tel1, the well-conserved ATM homolog in lower eukaryotes, showing that ATM forms an
autoinhibited dimer [78–80], providing insight into the conformational changes necessary for ATM
activation. Three of these structures provide atomic models of the C-terminal kinase domain, and one,
from a thermophilic fungus, also provides an atomic model of the majority of the N-terminal heat
repeat domain in open and closed conformations. These structures provide the molecular basis to
begin to understand cancer-associated ATM mutations. Initial analyses predict many cancer-associated
mutations in the kinase domain are likely to impact ATM activity or protein folding [78,79], and the
equivalent residue to R337 appears to stabilize the packing of two helices in the N-terminal domain,
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with the R337C/H mutation possibly destabilizing this region of ATM [78]. The methods developed
to purify wildtype ATM homologs pave the way for more comprehensive studies to test the effect of
cancer-associated mutations on ATM activities and stability.

For the treatment of cancer patients based on ATM status, it will be critical to identify those
patients who have mutations that impact ATM activity or stability and are therefore most likely to
benefit from PARP/ATR inhibitor combination treatment. This may be challenging by DNA sequencing
alone, given the number of mutations identified and that their effects on ATM function are, for the most
part, not known. That being said, preliminary clinical trials have shown promising, if not controversial
results. In an initial trial of 60 men with mCRPC, 5 were shown to have mutation of ATM and
4 responded to olaparib [81]. A subsequent larger trial in a similar patient population demonstrated
7 of 19 patients with ATM mutation met at least one response criteria [82]. In contrast, a multicentre
retrospective review of patients with mCRPC treated with olaparib showed no patients with ATM
mutations achieved a PSA response and had significantly worse progression-free survival (PFS) and
overall survival compared to BRCA-mutated patients. The addition of olaparib to paclitaxel failed to
improve overall survival over paclitaxel alone in Asian patients with recurrent gastric cancer, both in
the overall patient population as well as those with low or absent ATM expression, as determined by
immunohistochemistry (IHC) [83]. Our findings that olaparib alone is cytostatic in ATM-deficient cells
and that PARP and ATR inhibitors need to be combined to kill ATM-deficient cells is in line with these
findings and suggest that this combinatorial approach could improve long-term survival in patients.

Despite the large number of uncharacterized mutations in ATM in cancer, many mutations known
to impact ATM function, such as those resulting in A–T, frequently induce protein destabilization [50].
Therefore, determining the presence of ATM protein in cancer patient biopsy samples through IHC
or other approaches may prove useful. Interestingly, although data from TCGA reveals that the
ATM gene is mutated in 12–14% of patient samples with lung adenocarcinoma, another study has
reported that ~40% of lung adenocarcinoma patients have low ATM protein expression by IHC [84].
A possible explanation for the apparent difference between ATM gene alteration and ATM protein
expression could be methylation of the ATM promoter leading to transcription silencing [85]. Indeed,
our analysis of methylation data in TCGA datasets revealed significant negative correlations between
ATM promoter methylation and ATM gene expression in prostate adenocarcinoma (p = 1.962 × 10−7,
Spearman’s rho = −0.23), lung adenocarcinoma (p = 0.001159, Spearman’s rho = −0.15) and colon
adenocarcinoma (p = 0.0372, Spearman’s rho = −0.13) (Figure 2). These findings suggest that ATM
promoter methylation may play a role in the regulation of ATM gene expression in these cancer types.

Another possibility for stratifying patients who will benefit from a combination of PARP and
ATR inhibitors would be to use a surrogate marker of ATM functionality, either through the use of
phosphospecific antibodies to ATM itself or its downstream targets or an RNA signature specific to
loss of ATM functionality. Indeed, the search for identifying tumours which exhibit “BRCAness” or
HRR deficiency is an area of active investigation [27,86]. Answers to these questions and more may
become apparent over the next few years as PARP inhibitor therapy is tested in more patients with
defects in DNA damage response genes.
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Figure 2. ATM promoter methylation and ATM gene expression in adenocarcinomas. Scatter plots
showing the correlation between methylation beta values of the ATM promoter probe cg01756564 and
ATM gene expression in TCGA datasets of (A) prostate adenocarcinoma (PRAD, n = 496), (B) colon
adenocarcinoma (COAD, n = 276) and (C) lung adenocarcinoma (LUAD, n = 454). Spearman’s rho
values are indicated in the top right. Grey region of linear fit indicates 95% confidence interval.
Asterisks in the top left indicate significance. * = p < 0.05, ** = p <0.01, *** = p < 0.001.

5. Concluding Remarks

In conclusion, basic research into DNA damage repair biochemistry led to the identification of
PARP, the inhibition of which, almost 40 years later, is showing great promise in the treatment of
BRCA-deficient ovarian, breast, prostate and pancreatic cancer patients [87–89]. Work from our lab
and others discussed here has shown that PARP inhibitors may also have potential in treating patients
with ATM-deficient tumours. Our recent studies have revealed that in ATM-deficient cancer cell lines,
olaparib is cytostatic not cytotoxic and that combination of olaparib with an ATR inhibitor is needed
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to induce cell death [61,71]. Moreover, similar results were seen in models of BRCA-mutant ovarian
cancer, suggesting that inhibition of ATR potentiates the effects PARP inhibition in BRCA-deficient
cells [77], thus the combination of PARP and ATR inhibition may have benefits in other HDR-deficient
cancers. It will be exciting to see whether this finding will also apply to other PARP inhibitors and,
most importantly, in the clinic for improving outcomes for cancer patients. Indeed, several clinical
trials using a PARP inhibitor in combination with an ATR inhibitor are ongoing (Table 1).

Table 1. List of ongoing clinical trials combining a poly-ADP ribose polymerase (PARP) inhibitor with
an ATR inhibitor. Information obtained from https://clinicaltrials.gov, accessed March 9 2020.

Clinical Trial
Number PARP Inhibitor ATR Inhibitor Other

Therapy/Status Cancer Type

NCT02723864 Veliparib/ABT-888 VX-970 Cisplatin Refractory Solid Tumours

NCT034R2342 Olaparib AZD6738 Platinum-sensitive or
platinum-resistant

Recurrent ovarian cancer
(CAPRI trial)

NCT03682289 Olaparib AZD6738 None stated
Renal cell carcinoma, urothelial
carcinoma, pancreatic cancers

and other solid tumours

NCT03787680 Olaparib AZD6738
DNA repair

proficient/DNA
repair deficient

Metastatic Castration-Resistant
Prostate Cancer (TRAP trial)

NCT04065269 Olaparib AZD6738 ARID1A loss versus
no loss Relapsed gynaecological cancers

NCT04267939 Niraparib BAY1895344 Recurrent Advanced Solid
Tumours and Ovarian Cancer

It is also possible that ongoing preclinical studies will reveal new synthetic lethal interactions
within the DNA damage response. Indeed, inhibitors to other proteins in the DNA damage response
are being developed [27]. Identification of alternative DNA damage response genes to target in
cancer could be useful as therapies in their own right and also in cases where tumours become
resistant to other therapies, such as is currently observed in BRCA-deficient tumours treated with
PARP inhibitors [90,91]. Finally, ATM has widespread cellular roles outside the DNA damage response,
including roles in cellular redox signalling [41] and regulation of autophagy [92,93], apoptosis and
other cell death pathways [94–98], further increasing potential opportunities to target ATM-deficient
cells with novel therapies.

Author Contributions: Conceptualization, N.R.J., M.K. (Michael Kolinsky), S.P.L.-M.; investigation, N.R.J., M.K.
(Mehul Kumar), S.R., G.A., S.G., S.Y., M.K. (Michael Kolinsky), G.J.W., P.B., S.P.L.-M.; writing—original draft
preparation, N.R.J., S.R., G.A., S.G., S.Y., M.K. (Michael Kolinsky), S.P.L.-M.; writing—review and editing, N.R.J.,
M.K. (Mehul Kumar), S.R., G.A., S.G., S.Y., M.K. (Mehul Kumar), G.J.W., P.B., S.P.L.-M.; funding acquisition,
S.P.L.-M. All authors have read and agreed to the published version of the manuscript.

Funding: S.P.L.-M. thanks the Alberta Cancer Foundation, the Cancer Research Society and the Pancreatic Cancer
Society of Canada for support. Work in the S.P.L.-M. and G.J.W. laboratories is also supported by NIH program
project grant CA92584.

Conflicts of Interest: S.Y. has received honoraria and/or consulting fees from Janssen, Pfizer, Roche, BMS, Merck,
AstraZeneca, Bayer, and Novartis. M.K. (Michael Kolinsky) has accepted honoraria and/or consulting fees
from Janssen, Ipsen, Astellas, BMS, Merck, AstraZeneca, Bayer, and travel support from Novartis. N.R.J., M.K.
(Mehul Kumar), S.R., G.A., S.G., G.J.W., P.B. and S.P.L.-M. declare no conflict of interest.

References

1. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
2. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
3. Chambon, P.; Weill, J.D.; Mandel, P. Nicotinamide mononucleotide activation of new DNA-dependent

polyadenylic acid synthesizing nuclear enzyme. Biochem. Biophys. Res. Commun. 1963, 11, 39–43. [CrossRef]

https://clinicaltrials.gov
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1016/0006-291X(63)90024-X


Cancers 2020, 12, 687 9 of 13

4. Ben-Hur, E.; Utsumi, H.; Elkind, M.M. Inhibitors of poly (ADP-ribose) synthesis enhance radiation response
by differentially affecting repair of potentially lethal versus sublethal damage. Br. J. Cancer Suppl. 1984,
6, 39–42.

5. Clark, J.B.; Ferris, G.M.; Pinder, S. Inhibition of nuclear NAD nucleosidase and poly ADP-ribose polymerase
activity from rat liver by nicotinamide and 5’-methyl nicotinamide. Biochim. Biophys. Acta 1971, 238, 82–85.
[CrossRef]

6. Tentori, L.; Portarena, I.; Graziani, G. Potential clinical applications of poly(ADP-ribose) polymerase (PARP)
inhibitors. Pharm. Res. 2002, 45, 73–85. [CrossRef] [PubMed]

7. Curtin, N.J.; Szabo, C. Therapeutic applications of PARP inhibitors: Anticancer therapy and beyond. Mol. Asp.
Med. 2013, 34, 1217–1256. [CrossRef] [PubMed]

8. Schreiber, V.; Dantzer, F.; Ame, J.C.; de Murcia, G. Poly(ADP-ribose): Novel functions for an old molecule.
Nat. Rev. Mol. Cell Biol. 2006, 7, 517–528. [CrossRef]

9. Izhar, L.; Adamson, B.; Ciccia, A.; Lewis, J.; Pontano-Vaites, L.; Leng, Y.; Liang, A.C.; Westbrook, T.F.;
Harper, J.W.; Elledge, S.J. A Systematic Analysis of Factors Localized to Damaged Chromatin Reveals
PARP-Dependent Recruitment of Transcription Factors. Cell Rep. 2015, 11, 1486–1500. [CrossRef]

10. D’Amours, D.; Desnoyers, S.; D’Silva, I.; Poirier, G.G. Poly(ADP-ribosyl)ation reactions in the regulation of
nuclear functions. Biochem. J. 1999, 342, 249–268. [CrossRef]

11. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping
of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef]

12. Helleday, T. The underlying mechanism for the PARP and BRCA synthetic lethality: Clearing up the
misunderstandings. Mol. Oncol. 2011, 5, 387–393. [CrossRef] [PubMed]

13. Maya-Mendoza, A.; Moudry, P.; Merchut-Maya, J.M.; Lee, M.; Strauss, R.; Bartek, J. High speed of fork
progression induces DNA replication stress and genomic instability. Nature 2018, 10. [CrossRef] [PubMed]

14. Balmus, G.; Pilger, D.; Coates, J.; Demir, M.; Sczaniecka-Clift, M.; Barros, A.C.; Woods, M.; Fu, B.; Yang, F.;
Chen, E.; et al. ATM orchestrates the DNA-damage response to counter toxic non-homologous end-joining
at broken replication forks. Nat. Commun. 2019, 10, 87. [CrossRef] [PubMed]

15. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.;
Hickson, I.; Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature 2005, 434, 917–921. [CrossRef] [PubMed]

16. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.;
Helleday, T. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature 2005, 434, 913–917. [CrossRef] [PubMed]

17. Kamel, D.; Gray, C.; Walia, J.S.; Kumar, V. PARP Inhibitor Drugs in the Treatment of Breast, Ovarian, Prostate
and Pancreatic Cancers: An Update of Clinical Trials. Curr. Drug Targets 2018, 19, 21–37. [CrossRef]

18. Evers, B.; Drost, R.; Schut, E.; de Bruin, M.; van der Burg, E.; Derksen, P.W.; Holstege, H.; Liu, X.;
van Drunen, E.; Beverloo, H.B.; et al. Selective inhibition of BRCA2-deficient mammary tumor cell growth
by AZD2281 and cisplatin. Clin. Cancer Res. 2008, 14, 3916–3925. [CrossRef]

19. Fong, P.C.; Boss, D.S.; Yap, T.A.; Tutt, A.; Wu, P.; Mergui-Roelvink, M.; Mortimer, P.; Swaisland, H.; Lau, A.;
O’Connor, M.J.; et al. Inhibition of poly(ADP-ribose) polymerase in tumors from BRCA mutation carriers.
N. Engl. J. Med. 2009, 361, 123–134. [CrossRef]

20. Moore, K.; Colombo, N.; Scambia, G.; Kim, B.G.; Oaknin, A.; Friedlander, M.; Lisyanskaya, A.; Floquet, A.;
Leary, A.; Sonke, G.S.; et al. Maintenance Olaparib in Patients with Newly Diagnosed Advanced Ovarian
Cancer. N. Engl. J. Med. 2018, 379, 2495–2505. [CrossRef]

21. Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.;
Armstrong, A.; et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation.
N. Engl. J. Med. 2017, 377, 523–533. [CrossRef] [PubMed]

22. Golan, T.; Hammel, P.; Reni, M.; Van Cutsem, E.; Macarulla, T.; Hall, M.J.; Park, J.O.; Hochhauser, D.;
Arnold, D.; Oh, D.Y.; et al. Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer.
N. Engl. J. Med. 2019, 381, 317–327. [CrossRef] [PubMed]

23. Hussain, M.; Mateo, J.; Fizazi, K.; Saad, F.; Shore, N.D.; Sandhu, S.; Chi, K.N.; Sartor, O.; Agarwal, N.;
Olmos, D.A.; et al. LBA12_PR—PROfound: Phase III study of olaparib versus enzalutamide or abiraterone
for metastatic castration-resistant prostate cancer (mCRPC) with homologous recombination repair (HRR)
gene alterations. In Proceedings of the ESMO Congress 2019, Barcelona, Spain, 27 September–1 October 2019.

http://dx.doi.org/10.1016/0005-2787(71)90012-8
http://dx.doi.org/10.1006/phrs.2001.0935
http://www.ncbi.nlm.nih.gov/pubmed/11846617
http://dx.doi.org/10.1016/j.mam.2013.01.006
http://www.ncbi.nlm.nih.gov/pubmed/23370117
http://dx.doi.org/10.1038/nrm1963
http://dx.doi.org/10.1016/j.celrep.2015.04.053
http://dx.doi.org/10.1042/0264-6021:3420249
http://dx.doi.org/10.1158/0008-5472.CAN-12-2753
http://dx.doi.org/10.1016/j.molonc.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21821475
http://dx.doi.org/10.1038/s41586-018-0261-5
http://www.ncbi.nlm.nih.gov/pubmed/29950726
http://dx.doi.org/10.1038/s41467-018-07729-2
http://www.ncbi.nlm.nih.gov/pubmed/30622252
http://dx.doi.org/10.1038/nature03445
http://www.ncbi.nlm.nih.gov/pubmed/15829967
http://dx.doi.org/10.1038/nature03443
http://www.ncbi.nlm.nih.gov/pubmed/15829966
http://dx.doi.org/10.2174/1389450118666170711151518
http://dx.doi.org/10.1158/1078-0432.CCR-07-4953
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa1810858
http://dx.doi.org/10.1056/NEJMoa1706450
http://www.ncbi.nlm.nih.gov/pubmed/28578601
http://dx.doi.org/10.1056/NEJMoa1903387
http://www.ncbi.nlm.nih.gov/pubmed/31157963


Cancers 2020, 12, 687 10 of 13

24. Coleman, R.L.; Oza, A.M.; Lorusso, D.; Aghajanian, C.; Oaknin, A.; Dean, A.; Colombo, N.; Weberpals, J.I.;
Clamp, A.; Scambia, G.; et al. Rucaparib maintenance treatment for recurrent ovarian carcinoma after
response to platinum therapy (ARIEL3): A randomised, double-blind, placebo-controlled, phase 3 trial.
Lancet 2017, 390, 1949–1961. [CrossRef]

25. Moore, K.N.; Secord, A.A.; Geller, M.A.; Miller, D.S.; Cloven, N.; Fleming, G.F.; Wahner Hendrickson, A.E.;
Azodi, M.; DiSilvestro, P.; Oza, A.M.; et al. Niraparib monotherapy for late-line treatment of ovarian cancer
(QUADRA): A multicentre, open-label, single-arm, phase 2 trial. Lancet Oncol. 2019, 20, 636–648. [CrossRef]

26. Litton, J.K.; Scoggins, M.E.; Hess, K.R.; Adrada, B.E.; Murthy, R.K.; Damodaran, S.; DeSnyder, S.M.;
Brewster, A.M.; Barcenas, C.H.; Valero, V.; et al. Neoadjuvant Talazoparib for Patients With Operable Breast
Cancer With a Germline BRCA Pathogenic Variant. J. Clin. Oncol. 2019. [CrossRef]

27. Pilie, P.G.; Tang, C.; Mills, G.B.; Yap, T.A. State-of-the-art strategies for targeting the DNA damage response
in cancer. Nat. Rev. Clin. Oncol. 2019, 16, 81–104. [CrossRef]

28. Wright, W.D.; Shah, S.S.; Heyer, W.D. Homologous recombination and the repair of DNA double-strand
breaks. J. Biol. Chem. 2018, 293, 10524–10535. [CrossRef]

29. Roy, R.; Chun, J.; Powell, S.N. BRCA1 and BRCA2: Different roles in a common pathway of genome
protection. Nat. Rev. Cancer 2012, 12, 68–78. [CrossRef]

30. Lord, C.J.; McDonald, S.; Swift, S.; Turner, N.C.; Ashworth, A. A high-throughput RNA interference screen
for DNA repair determinants of PARP inhibitor sensitivity. DNA Repair 2008, 7, 2010–2019. [CrossRef]

31. Turner, N.C.; Lord, C.J.; Iorns, E.; Brough, R.; Swift, S.; Elliott, R.; Rayter, S.; Tutt, A.N.; Ashworth, A.
A synthetic lethal siRNA screen identifying genes mediating sensitivity to a PARP inhibitor. EMBO J. 2008,
27, 1368–1377. [CrossRef]

32. McCabe, N.; Turner, N.C.; Lord, C.J.; Kluzek, K.; Bialkowska, A.; Swift, S.; Giavara, S.; O’Connor, M.J.;
Tutt, A.N.; Zdzienicka, M.Z.; 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. [CrossRef]
[PubMed]

33. Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The Trinity at the Heart of the DNA Damage
Response. Mol. Cell 2017, 66, 801–817. [CrossRef] [PubMed]

34. Bakkenist, C.J.; Kastan, M.B. DNA damage activates ATM through intermolecular autophosphorylation and
dimer dissociation. Nature 2003, 421, 499–506. [CrossRef] [PubMed]

35. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell 2010, 40,
179–204. [CrossRef]

36. Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R., III; Hurov, K.E.; Luo, J.; Bakalarski, C.E.;
Zhao, Z.; Solimini, N.; Lerenthal, Y.; et al. ATM and ATR substrate analysis reveals extensive protein
networks responsive to DNA damage. Science 2007, 316, 1160–1166. [CrossRef]

37. Bennetzen, M.V.; Larsen, D.H.; Bunkenborg, J.; Bartek, J.; Lukas, J.; Andersen, J.S. Site-specific phosphorylation
dynamics of the nuclear proteome during the DNA damage response. Mol. Cell. Proteom. MCP 2010, 9,
1314–1323. [CrossRef]

38. Shiloh, Y. ATM: Expanding roles as a chief guardian of genome stability. Exp. Cell Res. 2014. [CrossRef]
39. Goodarzi, A.A.; Jeggo, P.A. The heterochromatic barrier to DNA double strand break repair: How to get the

entry visa. Int. J. Mol. Sci. 2012, 13, 11844–11860. [CrossRef]
40. Shiloh, Y.; Lederman, H.M. Ataxia-telangiectasia (A-T): An emerging dimension of premature ageing.

Ageing Res. Rev. 2016. [CrossRef]
41. Ditch, S.; Paull, T.T. The ATM protein kinase and cellular redox signaling: Beyond the DNA damage response.

Trends Biochem. Sci. 2012, 37, 15–22. [CrossRef]
42. Rothblum-Oviatt, C.; Wright, J.; Lefton-Greif, M.A.; McGrath-Morrow, S.A.; Crawford, T.O.; Lederman, H.M.

Ataxia telangiectasia: A review. Orphanet J. Rare Dis. 2016, 11, 159. [CrossRef] [PubMed]
43. Barlow, C.; Hirotsune, S.; Paylor, R.; Liyanage, M.; Eckhaus, M.; Collins, F.; Shiloh, Y.; Crawley, J.N.; Ried, T.;

Tagle, D.; et al. Atm-deficient mice: A paradigm of ataxia telangiectasia. Cell 1996, 86, 159–171. [CrossRef]
44. Shiloh, Y.; Tabor, E.; Becker, Y. Abnormal response of ataxia-telangiectasia cells to agents that break the

deoxyribose moiety of DNA via a targeted free radical mechanism. Carcinogenesis 1983, 4, 1317–1322.
[CrossRef] [PubMed]

45. Choi, M.; Kipps, T.; Kurzrock, R. ATM Mutations in Cancer: Therapeutic Implications. Mol. Cancer Ther.
2016, 15, 1781–1791. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(17)32440-6
http://dx.doi.org/10.1016/S1470-2045(19)30029-4
http://dx.doi.org/10.1200/JCO.19.01304
http://dx.doi.org/10.1038/s41571-018-0114-z
http://dx.doi.org/10.1074/jbc.TM118.000372
http://dx.doi.org/10.1038/nrc3181
http://dx.doi.org/10.1016/j.dnarep.2008.08.014
http://dx.doi.org/10.1038/emboj.2008.61
http://dx.doi.org/10.1158/0008-5472.CAN-06-0140
http://www.ncbi.nlm.nih.gov/pubmed/16912188
http://dx.doi.org/10.1016/j.molcel.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28622525
http://dx.doi.org/10.1038/nature01368
http://www.ncbi.nlm.nih.gov/pubmed/12556884
http://dx.doi.org/10.1016/j.molcel.2010.09.019
http://dx.doi.org/10.1126/science.1140321
http://dx.doi.org/10.1074/mcp.M900616-MCP200
http://dx.doi.org/10.1016/j.yexcr.2014.09.002
http://dx.doi.org/10.3390/ijms130911844
http://dx.doi.org/10.1016/j.arr.2016.05.002
http://dx.doi.org/10.1016/j.tibs.2011.10.002
http://dx.doi.org/10.1186/s13023-016-0543-7
http://www.ncbi.nlm.nih.gov/pubmed/27884168
http://dx.doi.org/10.1016/S0092-8674(00)80086-0
http://dx.doi.org/10.1093/carcin/4.10.1317
http://www.ncbi.nlm.nih.gov/pubmed/6616760
http://dx.doi.org/10.1158/1535-7163.MCT-15-0945
http://www.ncbi.nlm.nih.gov/pubmed/27413114


Cancers 2020, 12, 687 11 of 13

46. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.;
Larsson, E.; et al. Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal.
Sci. Signal. 2013, 6, pl1. [CrossRef] [PubMed]

47. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.;
Larsson, E.; et al. The cBio cancer genomics portal: An open platform for exploring multidimensional cancer
genomics data. Cancer Discov. 2012, 2, 401–404. [CrossRef] [PubMed]

48. Chang, M.T.; Bhattarai, T.S.; Schram, A.M.; Bielski, C.M.; Donoghue, M.T.A.; Jonsson, P.; Chakravarty, D.;
Phillips, S.; Kandoth, C.; Penson, A.; et al. Accelerating Discovery of Functional Mutant Alleles in Cancer.
Cancer Discov. 2018, 8, 174–183. [CrossRef]

49. Chang, M.T.; Asthana, S.; Gao, S.P.; Lee, B.H.; Chapman, J.S.; Kandoth, C.; Gao, J.; Socci, N.D.; Solit, D.B.;
Olshen, A.B.; et al. Identifying recurrent mutations in cancer reveals widespread lineage diversity and
mutational specificity. Nat. Biotechnol. 2016, 34, 155–163. [CrossRef]

50. Gilad, S.; Khosravi, R.; Shkedy, D.; Uziel, T.; Ziv, Y.; Savitsky, K.; Rotman, G.; Smith, S.; Chessa, L.;
Jorgensen, T.J.; et al. Predominance of null mutations in ataxia-telangiectasia. Hum. Mol. Genet. 1996, 5,
433–439. [CrossRef]

51. Greiner, T.C.; Dasgupta, C.; Ho, V.V.; Weisenburger, D.D.; Smith, L.M.; Lynch, J.C.; Vose, J.M.; Fu, K.;
Armitage, J.O.; Braziel, R.M.; et al. Mutation and genomic deletion status of ataxia telangiectasia mutated
(ATM) and p53 confer specific gene expression profiles in mantle cell lymphoma. Pro. Natl. Acad. Sci. USA
2006, 103, 2352–2357. [CrossRef]

52. Williamson, C.T.; Muzik, H.; Turhan, A.G.; Zamo, A.; O’Connor, M.J.; Bebb, D.G.; Lees-Miller, S.P. ATM
deficiency sensitizes mantle cell lymphoma cells to poly(ADP-ribose) polymerase-1 inhibitors. Mol. Cancer
Ther. 2010, 9, 347–357. [CrossRef] [PubMed]

53. Williamson, C.T.; Kubota, E.; Hamill, J.D.; Klimowicz, A.; Ye, R.; Muzik, H.; Dean, M.; Tu, L.; Gilley, D.;
Magliocco, A.M.; et al. Enhanced cytotoxicity of PARP inhibition in mantle cell lymphoma harbouring
mutations in both ATM and p53. EMBO Mol. Med. 2012, 4, 515–527. [CrossRef] [PubMed]

54. Weston, V.J.; Oldreive, C.E.; Skowronska, A.; Oscier, D.G.; Pratt, G.; Dyer, M.J.; Smith, G.; Powell, J.E.;
Rudzki, Z.; Kearns, P.; et al. The PARP inhibitor olaparib induces significant killing of ATM-deficient
lymphoid tumor cells in vitro and in vivo. Blood 2010, 116, 4578–4587. [CrossRef] [PubMed]

55. Kubota, E.; Williamson, C.T.; Ye, R.; Elegbede, A.; Peterson, L.; Lees-Miller, S.P.; Bebb, D.G. Low ATM protein
expression and depletion of p53 correlates with olaparib sensitivity in gastric cancer cell lines. Cell Cycle
2014, 13, 2129–2137. [CrossRef] [PubMed]

56. Wang, C.; Jette, N.; Moussienko, D.; Bebb, D.G.; Lees-Miller, S.P. ATM-Deficient Colorectal Cancer Cells Are
Sensitive to the PARP Inhibitor Olaparib. Transl Oncol 2017, 10, 190–196. [CrossRef] [PubMed]

57. Perkhofer, L.; Schmitt, A.; Romero Carrasco, M.C.; Ihle, M.; Hampp, S.; Ruess, D.A.; Hessmann, E.; Russell, R.;
Lechel, A.; Azoitei, N.; et al. ATM Deficiency Generating Genomic Instability Sensitizes Pancreatic Ductal
Adenocarcinoma Cells to Therapy-Induced DNA Damage. Cancer Res. 2017, 77, 5576–5590. [CrossRef]
[PubMed]

58. Schmitt, A.; Knittel, G.; Welcker, D.; Yang, T.P.; George, J.; Nowak, M.; Leeser, U.; Buttner, R.; Perner, S.;
Peifer, M.; et al. ATM Deficiency Is Associated with Sensitivity to PARP1- and ATR Inhibitors in Lung
Adenocarcinoma. Cancer Res. 2017, 77, 3040–3056. [CrossRef]

59. Jiang, H.; Reinhardt, H.C.; Bartkova, J.; Tommiska, J.; Blomqvist, C.; Nevanlinna, H.; Bartek, J.; Yaffe, M.B.;
Hemann, M.T. The combined status of ATM and p53 link tumor development with therapeutic response.
Genes Dev. 2009, 23, 1895–1909. [CrossRef]

60. Chen, Y.; Chen, G.; Li, J.; Huang, Y.Y.; Li, Y.; Lin, J.; Chen, L.Z.; Lu, J.P.; Wang, Y.Q.; Wang, C.X.; et al.
Association of Tumor Protein p53 and Ataxia-Telangiectasia Mutated Comutation With Response to Immune
Checkpoint Inhibitors and Mortality in Patients With Non-Small Cell Lung Cancer. JAMA Netw. Open 2019,
2, e1911895. [CrossRef]

61. Jette, N.R.; Radhamani, S.; Arthur, G.; Ye, R.; Goutam, S.; Bolyos, A.; Petersen, L.F.; Bose, P.; Bebb, D.G.;
Lees-Miller, S.P. Combined poly-ADP ribose polymerase and ataxia-telangiectasia mutated/Rad3-related
inhibition targets ataxia-telangiectasia mutated-deficient lung cancer cells. Br. J. Cancer 2019, 121, 600–610.
[CrossRef]

62. Shaltiel, I.A.; Krenning, L.; Bruinsma, W.; Medema, R.H. The same, only different—DNA damage checkpoints
and their reversal throughout the cell cycle. J. Cell Sci. 2015, 128, 607–620. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://dx.doi.org/10.1158/2159-8290.CD-17-0321
http://dx.doi.org/10.1038/nbt.3391
http://dx.doi.org/10.1093/hmg/5.4.433
http://dx.doi.org/10.1073/pnas.0510441103
http://dx.doi.org/10.1158/1535-7163.MCT-09-0872
http://www.ncbi.nlm.nih.gov/pubmed/20124459
http://dx.doi.org/10.1002/emmm.201200229
http://www.ncbi.nlm.nih.gov/pubmed/22416035
http://dx.doi.org/10.1182/blood-2010-01-265769
http://www.ncbi.nlm.nih.gov/pubmed/20739657
http://dx.doi.org/10.4161/cc.29212
http://www.ncbi.nlm.nih.gov/pubmed/24841718
http://dx.doi.org/10.1016/j.tranon.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/28182994
http://dx.doi.org/10.1158/0008-5472.CAN-17-0634
http://www.ncbi.nlm.nih.gov/pubmed/28790064
http://dx.doi.org/10.1158/0008-5472.CAN-16-3398
http://dx.doi.org/10.1101/gad.1815309
http://dx.doi.org/10.1001/jamanetworkopen.2019.11895
http://dx.doi.org/10.1038/s41416-019-0565-8
http://dx.doi.org/10.1242/jcs.163766
http://www.ncbi.nlm.nih.gov/pubmed/25609713


Cancers 2020, 12, 687 12 of 13

63. Lecona, E.; Fernandez-Capetillo, O. Targeting ATR in cancer. Nat. Rev. Cancer 2018, 18, 586–595. [CrossRef]
[PubMed]

64. Min, A.; Im, S.A.; Jang, H.; Kim, S.; Lee, M.; Kim, D.K.; Yang, Y.; Kim, H.J.; Lee, K.H.; Kim, J.W.; et al.
AZD6738, A Novel Oral Inhibitor of ATR, Induces Synthetic Lethality with ATM Deficiency in Gastric Cancer
Cells. Mol. Cancer Ther. 2017, 16, 566–577. [CrossRef] [PubMed]

65. Vendetti, F.P.; Lau, A.; Schamus, S.; Conrads, T.P.; O’Connor, M.J.; Bakkenist, C.J. 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. [CrossRef] [PubMed]

66. Charrier, J.D.; Durrant, S.J.; Golec, J.M.; Kay, D.P.; Knegtel, R.M.; MacCormick, S.; Mortimore, M.;
O’Donnell, M.E.; Pinder, J.L.; Reaper, P.M.; et al. Discovery of potent and selective inhibitors of ataxia
telangiectasia mutated and Rad3 related (ATR) protein kinase as potential anticancer agents. J. Med. Chem.
2011, 54, 2320–2330. [CrossRef] [PubMed]

67. Reaper, P.M.; Griffiths, M.R.; Long, J.M.; Charrier, J.D.; Maccormick, S.; Charlton, P.A.; Golec, J.M.; Pollard, J.R.
Selective killing of ATM- or p53-deficient cancer cells through inhibition of ATR. Nat. Chem. Biol. 2011, 7,
428–430. [CrossRef]

68. Mateo, J.; Carreira, S.; Sandhu, S.; Miranda, S.; Mossop, H.; Perez-Lopez, R.; Nava Rodrigues, D.; Robinson, D.;
Omlin, A.; Tunariu, N.; et al. DNA-Repair Defects and Olaparib in Metastatic Prostate Cancer. N. Engl. J.
Med. 2015, 373, 1697–1708. [CrossRef]

69. Roberts, N.J.; Jiao, Y.; Yu, J.; Kopelovich, L.; Petersen, G.M.; Bondy, M.L.; Gallinger, S.; Schwartz, A.G.;
Syngal, S.; Cote, M.L.; et al. ATM mutations in patients with hereditary pancreatic cancer. Cancer Discov.
2012, 2, 41–46. [CrossRef]

70. Kim, H.; Saka, B.; Knight, S.; Borges, M.; Childs, E.; Klein, A.; Wolfgang, C.; Herman, J.; Adsay, V.N.;
Hruban, R.H.; et al. Having pancreatic cancer with tumoral loss of ATM and normal TP53 protein expression
is associated with a poorer prognosis. Clin. Cancer Res. 2014, 20, 1865–1872. [CrossRef]

71. Jette, N.; Radhamani, S.; Ye, R.; Yu, Y.; Kumar, M.; Arthur, G.; Goutam, S.; Bizmar, T.A.; Bose, P.; Yip, S.; et al.
ATM-deficient lung, prostate and pancreatic cancer cells are acutely sensitive to the combination of olaparib
and the ATR inhibitor AZD6738. MS ID#: BIORXIV/2020/991166.

72. Mei, L.; Zhang, J.; He, K.; Zhang, J. Ataxia telangiectasia and Rad3-related inhibitors and cancer therapy:
Where we stand. J. Hematol. Oncol. 2019, 12, 43. [CrossRef]

73. Yusein-Myashkova, S.; Stoykov, I.; Gospodinov, A.; Ugrinova, I.; Pasheva, E. The repair capacity of lung
cancer cell lines A549 and H1299 depends on HMGB1 expression level and the p53 status. J. Biochem. 2016,
160, 37–47. [CrossRef] [PubMed]

74. Chappell, W.H.; Lehmann, B.D.; Terrian, D.M.; Abrams, S.L.; Steelman, L.S.; McCubrey, J.A. p53 expression
controls prostate cancer sensitivity to chemotherapy and the MDM2 inhibitor Nutlin-3. Cell Cycle 2012, 11,
4579–4588. [CrossRef] [PubMed]

75. Forbes, S.A.; Bindal, N.; Bamford, S.; Cole, C.; Kok, C.Y.; Beare, D.; Jia, M.; Shepherd, R.; Leung, K.;
Menzies, A.; et al. COSMIC: Mining complete cancer genomes in the Catalogue of Somatic Mutations in
Cancer. Nucleic Acids Res. 2011, 39, D945–D950. [CrossRef] [PubMed]

76. Bamford, S.; Dawson, E.; Forbes, S.; Clements, J.; Pettett, R.; Dogan, A.; Flanagan, A.; Teague, J.; Futreal, P.A.;
Stratton, M.R.; et al. The COSMIC (Catalogue of Somatic Mutations in Cancer) database and website. Br. J.
Cancer 2004, 91, 355–358. [CrossRef]

77. Kim, H.; George, E.; Ragland, R.; Rafail, S.; Zhang, R.; Krepler, C.; Morgan, M.; Herlyn, M.; Brown, E.;
Simpkins, F. Targeting the ATR/CHK1 Axis with PARP Inhibition Results in Tumor Regression in
BRCA-Mutant Ovarian Cancer Models. Clin. Cancer Res. 2017, 23, 3097–3108. [CrossRef]

78. Jansma, M.; Linke-Winnebeck, C.; Eustermann, S.; Lammens, K.; Kostrewa, D.; Stakyte, K.; Litz, C.; Kessler, B.;
Hopfner, K.P. Near-Complete Structure and Model of Tel1ATM from Chaetomium thermophilum Reveals a
Robust Autoinhibited ATP State. Structure 2020, 28, 83–95. [CrossRef]

79. Yates, L.A.; Williams, R.M.; Hailemariam, S.; Ayala, R.; Burgers, P.; Zhang, X. Cryo-EM Structure of
Nucleotide-Bound Tel1(ATM) Unravels the Molecular Basis of Inhibition and Structural Rationale for
Disease-Associated Mutations. Structure 2020, 28, 96–104. [CrossRef]

80. Xin, J.; Xu, Z.; Wang, X.; Tian, Y.; Zhang, Z.; Cai, G. Structural basis of allosteric regulation of Tel1/ATM
kinase. Cell Res. 2019, 29, 655–665. [CrossRef]

http://dx.doi.org/10.1038/s41568-018-0034-3
http://www.ncbi.nlm.nih.gov/pubmed/29899559
http://dx.doi.org/10.1158/1535-7163.MCT-16-0378
http://www.ncbi.nlm.nih.gov/pubmed/28138034
http://dx.doi.org/10.18632/oncotarget.6247
http://www.ncbi.nlm.nih.gov/pubmed/26517239
http://dx.doi.org/10.1021/jm101488z
http://www.ncbi.nlm.nih.gov/pubmed/21413798
http://dx.doi.org/10.1038/nchembio.573
http://dx.doi.org/10.1056/NEJMoa1506859
http://dx.doi.org/10.1158/2159-8290.CD-11-0194
http://dx.doi.org/10.1158/1078-0432.CCR-13-1239
http://dx.doi.org/10.1186/s13045-019-0733-6
http://dx.doi.org/10.1093/jb/mvw012
http://www.ncbi.nlm.nih.gov/pubmed/26896489
http://dx.doi.org/10.4161/cc.22852
http://www.ncbi.nlm.nih.gov/pubmed/23187804
http://dx.doi.org/10.1093/nar/gkq929
http://www.ncbi.nlm.nih.gov/pubmed/20952405
http://dx.doi.org/10.1038/sj.bjc.6601894
http://dx.doi.org/10.1158/1078-0432.CCR-16-2273
http://dx.doi.org/10.1016/j.str.2019.10.013
http://dx.doi.org/10.1016/j.str.2019.10.012
http://dx.doi.org/10.1038/s41422-019-0176-1


Cancers 2020, 12, 687 13 of 13

81. Mateo, J.; Boysen, G.; Barbieri, C.E.; Bryant, H.E.; Castro, E.; Nelson, P.S.; Olmos, D.; Pritchard, C.C.;
Rubin, M.A.; de Bono, J.S. DNA Repair in Prostate Cancer: Biology and Clinical Implications. Eur. Urol.
2017, 71, 417–425. [CrossRef]

82. Mateo, J.; Porta, N.; Bianchini, D.; McGovern, U.; Elliott, T.; Jones, R.; Syndikus, I.; Ralph, C.; Jain, S.;
Varughese, M.; et al. Olaparib in patients with metastatic castration-resistant prostate cancer with DNA
repair gene aberrations (TOPARP-B): A multicentre, open-label, randomised, phase 2 trial. Lancet Oncol.
2019. [CrossRef]

83. Bang, Y.J.; Im, S.A.; Lee, K.W.; Cho, J.Y.; Song, E.K.; Lee, K.H.; Kim, Y.H.; Park, J.O.; Chun, H.G.; Zang, D.Y.;
et al. Randomized, Double-Blind Phase II Trial With Prospective Classification by ATM Protein Level to
Evaluate the Efficacy and Tolerability of Olaparib Plus Paclitaxel in Patients With Recurrent or Metastatic
Gastric Cancer. J. Clin. Oncol. 2015, 33, 3858–3865. [CrossRef] [PubMed]

84. Villaruz, L.C.; Jones, H.; Dacic, S.; Abberbock, S.; Kurland, B.F.; Stabile, L.P.; Siegfried, J.M.; Conrads, T.P.;
Smith, N.R.; O’Connor, M.J.; et al. ATM protein is deficient in over 40% of lung adenocarcinomas. Oncotarget
2016. [CrossRef] [PubMed]

85. Kim, W.J.; Vo, Q.N.; Shrivastav, M.; Lataxes, T.A.; Brown, K.D. Aberrant methylation of the ATM promoter
correlates with increased radiosensitivity in a human colorectal tumor cell line. Oncogene 2002, 21, 3864–3871.
[CrossRef] [PubMed]

86. Byrum, A.K.; Vindigni, A.; Mosammaparast, N. Defining and Modulating ‘BRCAness’. Trends Cell Biol. 2019,
29, 740–751. [CrossRef] [PubMed]

87. Bradbury, A.; Hall, S.; Curtin, N.; Drew, Y. Targeting ATR as Cancer Therapy: A new era for synthetic lethality
and synergistic combinations? Pharmacol. Ther. 2019. [CrossRef] [PubMed]

88. Ashworth, A.; Lord, C.J. Synthetic lethal therapies for cancer: what’s next after PARP inhibitors? Nat. Rev.
Clin. Oncol. 2018, 15, 564–576. [CrossRef] [PubMed]

89. Mateo, J.; Lord, C.J.; Serra, V.; Tutt, A.; Balmana, J.; Castroviejo-Bermejo, M.; Cruz, C.; Oaknin, A.; Kaye, S.B.;
de Bono, J.S. A decade of clinical development of PARP inhibitors in perspective. Ann. Oncol. Off. J. Eur. Soc.
Med. Oncol. ESMO 2019, 30, 1437–1447. [CrossRef]

90. Noordermeer, S.M.; van Attikum, H. PARP Inhibitor Resistance: A Tug-of-War in BRCA-Mutated Cells.
Trends Cell Biol. 2019, 29, 820–834. [CrossRef]

91. D’Andrea, A.D. Mechanisms of PARP inhibitor sensitivity and resistance. DNA Repair 2018, 71, 172–176.
[CrossRef]

92. Tripathi, D.N.; Zhang, J.; Jing, J.; Dere, R.; Walker, C.L. A new role for ATM in selective autophagy of
peroxisomes (pexophagy). Autophagy 2016, 12, 711–712. [CrossRef]

93. Zhang, J.; Tripathi, D.N.; Jing, J.; Alexander, A.; Kim, J.; Powell, R.T.; Dere, R.; Tait-Mulder, J.; Lee, J.H.;
Paull, T.T.; et al. ATM functions at the peroxisome to induce pexophagy in response to ROS. Nat. Cell Biol.
2015, 17, 1259–1269. [CrossRef] [PubMed]

94. Ngoi, N.Y.L.; Choong, C.; Lee, J.; Bellot, G.; Wong, A.L.A.; Goh, B.C.; Pervaiz, S. Targeting Mitochondrial
Apoptosis to Overcome Treatment Resistance in Cancer. Cancers 2020, 12, 574. [CrossRef] [PubMed]

95. Sia, J.; Szmyd, R.; Hau, E.; Gee, H.E. Molecular Mechanisms of Radiation-Induced Cancer Cell Death:
A Primer. Front. Cell Dev. Biol. 2020, 8, 41. [CrossRef]

96. Wu, Q.; Allouch, A.; Martins, I.; Brenner, C.; Modjtahedi, N.; Deutsch, E.; Perfettini, J.L. Modulating
Both Tumor Cell Death and Innate Immunity Is Essential for Improving Radiation Therapy Effectiveness.
Front. Immunol. 2017, 8, 613. [CrossRef] [PubMed]

97. Zhang, D.; Tang, B.; Xie, X.; Xiao, Y.F.; Yang, S.M.; Zhang, J.W. The interplay between DNA repair and
autophagy in cancer therapy. Cancer Biol. Ther. 2015, 16, 1005–1013. [CrossRef] [PubMed]

98. Boice, A.; Bouchier-Hayes, L. Targeting apoptotic caspases in cancer. Biochim. Biophys. Acta Mol. Cell Res.
2020, 1867, 118688. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.eururo.2016.08.037
http://dx.doi.org/10.1016/S1470-2045(19)30684-9
http://dx.doi.org/10.1200/JCO.2014.60.0320
http://www.ncbi.nlm.nih.gov/pubmed/26282658
http://dx.doi.org/10.18632/oncotarget.9757
http://www.ncbi.nlm.nih.gov/pubmed/27259260
http://dx.doi.org/10.1038/sj.onc.1205485
http://www.ncbi.nlm.nih.gov/pubmed/12032824
http://dx.doi.org/10.1016/j.tcb.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31362850
http://dx.doi.org/10.1016/j.pharmthera.2019.107450
http://www.ncbi.nlm.nih.gov/pubmed/31836456
http://dx.doi.org/10.1038/s41571-018-0055-6
http://www.ncbi.nlm.nih.gov/pubmed/29955114
http://dx.doi.org/10.1093/annonc/mdz192
http://dx.doi.org/10.1016/j.tcb.2019.07.008
http://dx.doi.org/10.1016/j.dnarep.2018.08.021
http://dx.doi.org/10.1080/15548627.2015.1123375
http://dx.doi.org/10.1038/ncb3230
http://www.ncbi.nlm.nih.gov/pubmed/26344566
http://dx.doi.org/10.3390/cancers12030574
http://www.ncbi.nlm.nih.gov/pubmed/32131385
http://dx.doi.org/10.3389/fcell.2020.00041
http://dx.doi.org/10.3389/fimmu.2017.00613
http://www.ncbi.nlm.nih.gov/pubmed/28603525
http://dx.doi.org/10.1080/15384047.2015.1046022
http://www.ncbi.nlm.nih.gov/pubmed/25985143
http://dx.doi.org/10.1016/j.bbamcr.2020.118688
http://www.ncbi.nlm.nih.gov/pubmed/32087180
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	PARP and PARP Inhibitors 
	ATM 
	Targeting ATM-Deficient Cancers 
	ATM Mutation Versus Loss of Function: Identifying Patients Who May Benefit from PARP Inhibitor Treatment 
	Concluding Remarks 
	References

