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Combined poly-ADP ribose polymerase and ataxia-
telangiectasia mutated/Rad3-related inhibition targets
ataxia-telangiectasia mutated-deficient lung cancer cells
Nicholas R. Jette1, Suraj Radhamani1, Greydon Arthur1, Ruiqiong Ye1, Siddhartha Goutam1, Anthony Bolyos1, Lars F. Petersen2,
Pinaki Bose1,2, D. Gwyn Bebb2 and Susan P. Lees-Miller1,2

BACKGROUND: Up to 40% of lung adenocarcinoma have been reported to lack ataxia-telangiectasia mutated (ATM) protein
expression. We asked whether ATM-deficient lung cancer cell lines are sensitive to poly-ADP ribose polymerase (PARP) inhibitors
and determined the mechanism of action of olaparib in ATM-deficient A549 cells.
METHODS: We analysed drug sensitivity data for olaparib and talazoparib in lung adenocarcinoma cell lines from the Genomics of
Drug Sensitivity in Cancer (GDSC) project. We deleted ATM from A549 lung adenocarcinoma cells using CRISPR/Cas9 and
determined the effects of olaparib and the ATM/Rad3-related (ATR) inhibitor VE-821 on cell viability.
RESULTS: IC50 values for both olaparib and talazoparib positively correlated with ATMmRNA levels and gene amplification status in
lung adenocarcinoma cell lines. ATM mutation was associated with a significant decrease in the IC50 for olaparib while a similar
trend was observed for talazoparib. A549 cells with deletion of ATM were sensitive to ionising radiation and olaparib. Olaparib
induced phosphorylation of DNA damage markers and reversible G2 arrest in ATM-deficient cells, while the combination of olaparib
and VE-821 induced cell death.
CONCLUSIONS: Patients with tumours characterised by ATM-deficiency may benefit from treatment with a PARP inhibitor in
combination with an ATR inhibitor.
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BACKGROUND
A key goal of precision oncology is to target cancer cells based on
characteristics that are unique to that tumour, thus minimising
deleterious effects on normal tissue. One recent and striking
example of the success of this approach is targeting DNA repair-
deficient cancers with poly-ADP ribose polymerase (PARP)
inhibitors. Cells with defects in genes required for repair of DNA
double-strand breaks (DSBs) via the homologous recombination
repair (HRR) pathway are exquisitely sensitive to PARP inhibitors,1,2

and the PARP inhibitors olaparib, rucaparib and niraparib have
been approved for use in patients with BRCA-deficient breast
and/or ovarian cancers, while talazoparib and veliparib are in
clinical trials.3–6

Importantly, synthetic lethality with PARP inhibitors may not be
limited to cells with mutation in the BRCA genes, as cells with
depletion of other DNA damage response proteins, including
ataxia-telangiectasia mutated (ATM) are also sensitive to PARP
inhibition.3,7,8 ATM is a member of the phosphatidylinositol-3
kinase-like (PIKK) family of serine/threonine protein kinases and
plays a critical role in regulating the cellular response to DNA
damage.9–11 Activation of ATM leads to phosphorylation of many

downstream targets that together regulate DSB repair pathway
choice, cell cycle checkpoints, DSB repair in heterochromatin and
other cellular processes.9,12–14 Loss of both copies of the ATM
gene leads to ataxia-telangiectasia, a devastating childhood
condition characterised by cerebellar degeneration, progressive
loss of neuromuscular control, cancer predisposition, immune
defects and telangiectasia.15 Additionally, many human cancers
harbour somatic mutations in ATM, including ~40% of mantle cell
lymphoma (MCL),16,17 ~18% of colorectal cancers18 and over 10%
of lung19 and prostate20 cancers, raising the possibility that ATM-
deficient tumours can be targeted with radiation, chemotherapy
and/or novel therapies such as PARP inhibitors.21 Indeed, we
previously showed that ATM-deficient MCL,22,23 colorectal24 and
gastric cancer25 cell lines with depletion or inhibition of ATM are
sensitive to olaparib, especially when accompanied by loss or
mutation of TP53.22,24,25 We also demonstrated that relative loss
of ATM has clinical implications, conferring worse outcome and
associated with improved benefit from cisplatin therapy.26

Another potential target for PARP inhibitor therapy is lung
cancer. Lung cancer is the leading cause of cancer death worldwide.
Approximately 40% of lung cancers are adenocarcinoma, while 30%
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are squamous cell carcinoma and 15% small cell carcinoma. The
frequency of somatic mutations in the ATM gene in lung
adenocarcinoma is estimated to be ~11%.27,28 Approximately
57% of ATM mutations are mis-sense, while 41% are predicted to
result in truncation of the ATM protein.27,28 Of note, it has been
reported that over 40% of lung adenocarcinoma are negative for
ATM protein staining by immunohistochemistry.29 Moreover,
deletion of ATM improved radiation response30 and sensitivity to
PARP inhibitors in mouse models of lung cancer,31 making ATM-
deficient lung cancer a potential target for both traditional and
novel therapeutics, such as PARP inhibitors.
Optimal use of PARP inhibitors as therapeutic agents requires a

thorough understanding of their mechanism of action and the
effects of modifying factors on PARP inhibitor susceptibility. PARP
proteins are involved in a wide range of cellular processes.32,33

The most well-studied member of the PARP family, PARP-1,
mediates DSB repair through alternative non-homologous end
joining (a-NHEJ) and facilitates repair of single-stranded DNA
(ssDNA) breaks.34,35 PARP also assists in repair of ssDNA breaks at
replication forks through poly-ADP-ribosylation (PARylation) of
target proteins.35 PARP inhibitors were originally proposed to act
by inhibiting base excision repair, thus enhancing production of
DSBs when cells attempted DNA replication. However, later
studies questioned this role, and subsequently PARP inhibitors
such as olaparib were shown to induce replication fork collapse,
accumulation of DNA damage and cell death.8,36,37 PARP inhibitors
have also been shown to cause uncontrolled acceleration of
replication fork threshold speed, giving cells less time for DNA
repair leading to accumulation of ssDNA breaks and reduction in
cell survival.38 Recently inhibition of poly-ADP ribose glycohydro-
lase (PARG), the enzyme that removes poly-ADP ribose (PAR), was
shown to induce PARylation at unligated Okazaki fragments,
further supporting a role for PARP in DNA replication.39

Mechanistically, olaparib induces DNA damage (as revealed by
histone H2AX phosphorylation,40,41) G2 arrest,42 decreased pro-
liferation38 and cell death42 in a variety of cell types.
How PARP inhibitors selectively target ATM-deficient cells is

poorly understood. In ATM-deficient cells, olaparib has been
shown to induce replication-dependent phosphorylation of
histone H2AX,40,42,43 autophosphorylation of DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) on serine 2056,44,45

phosphorylation of p53 on serine 15 and upregulation of p21.22 In
bladder cancer cells, olaparib was shown to induce reactive
oxygen species (ROS) and ROS production was potentiated in the
absence of ATM,43 suggesting that olaparib can induce ROS-
mediated cell death.
To better understand the potential for targeting ATM-deficient

lung cancer with PARP inhibitors, we studied the association
between PARP inhibitor sensitivity and ATM status in 61 lung
adenocarcinoma cell lines from the Genomics of Drug Sensitivity
in Cancer (GDSC) project. We found that mis-sense mutations in
ATM and low ATM gene expression were associated with increased
sensitivity to olaparib, while low ATM expression correlated with
sensitivity to talazoparib. Conversely, ATM gene amplification was
associated with reduced sensitivity to both olaparib and
talazoparib. Based on these data, we deleted either ATM or the
related protein kinase DNA-PKcs/PRKDC from A549 lung adeno-
carcinoma cell lines using CRISPR/Cas9, and used these cells to
examine the mechanism of action of olaparib. As expected, ATM-
deficient A549 cells were sensitive to both ionising radiation (IR)
and olaparib. Mechanistically, olaparib induced autophosphoryla-
tion of ATM and DNA-PKcs, as well as DNA-PK-dependent
phosphorylation of γ-H2AX and p53. Surprisingly, in ATM-
deficient A549 cells, olaparib induced transient, reversible G2
checkpoint arrest but not cell death. However, the addition of
VE-821, an inhibitor of the related PIKK, ATM and Rad3-related
(ATR),46 significantly enhanced cell death in olaparib-treated ATM-
deficient cells with little effect on ATM-proficient cells. Our study

sheds light on the mechanism of action of PARP inhibitors in
ATM-deficient cells and reveals that the addition of an ATR
inhibitor is required to induce cell death in olaparib-treated ATM-
deficient lung cancer cells. Together, these results suggest that the
combination of a PARP inhibitor with an ATR inhibitor may have
significance for the treatment of patients with ATM-deficient
cancers.

METHODS
Analysis of publicly available data on olaparib and talazoparib
sensitivity in lung cancer
Processed IC50 and area under the curve (AUC) drug sensitivity
data, robust multi-array average (RMA) normalised gene expres-
sion data, processed whole-exome sequencing (WES) variant calls,
copy number data derived from PICNIC,47 Affymetrix SNP6 array
segmentation files, and cell line annotation data were down-
loaded from the GDSC website (https://www.cancerrxgene.org/
downloads). Analyses were restricted to cell lines corresponding to
the Cancer Genome Atlas (TCGA) code “LUAD” (Supplementary
Table 1). ENSEMBL gene identifiers were converted to Human
Genome Organization (HUGO) gene symbols using the biomaRt
Bioconductor package.48 Pearson correlations were performed
between ln(IC50) values of olaparib/talazoparib and ATM gene
expression values. The correlation between ATM gene expression
and olaparib/talazoparib IC50 values was visualised using scatter-
plots. Associations with ATM mutation and gene amplification
were visualised using box plots. Cell lines containing both
amplifications and mutations of the ATM gene were excluded
from the analysis. Boxplots and scatterplots were plotted using the
ggplot2 package.49 Bioinformatics analyses were performed using
the R programming language.

Cell lines
A549 parental cells were purchased from the American Type
Culture Collection (ATCC) and were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (ThermoFisher Scientific, MA,
USA) in the presence of 50 µg/mL penicillin–streptomycin (Gibco,
ThermoFisher Scientific) and 10% (w/v) Hyclone Fetalclone III
Serum in 100 mm sterile plastic dishes. Cells were grown in a
humidified incubator under 5% CO2 at 37 °C. A549 cells with
CRISPR/Cas9-induced loss of expression of ATM, DNA-PKcs or
control cells were generated as described in Supplementary
Information.

Inhibitors
Olaparib, the DNA-PK inhibitor NU7441 and VE-821 were
purchased from Selleck Chemicals, Texas, USA, catalogue numbers
21060, S2638 and S8007, respectively.

Additional methods
Methods for generation of CRISPR cell lines, western blot, clonogenic
survival, trypan blue, cell cycle, annexin, ROS and γ-H2AX foci assays
are provided in Supplementary Material.

RESULTS
Analysis of drug sensitivity data from 61 lung adenocarcinoma cell
lines in the GDSC database revealed that cell lines with ATM
mutation were significantly more sensitive to olaparib than those
with wild-type ATM (Fig. 1a). Further, cell lines containing three or
more copies of the ATM gene (indicated by gene amplification)
were significantly less sensitive to olaparib than were cell lines
that were diploid for the ATM gene (Fig. 1b) and ATM mRNA
expression was higher in cell lines with amplified ATM (Supple-
mentary Fig. 1). We also observed a strong positive correlation
between IC50 values for olaparib and ATM gene expression (Fig. 1c
and Supplementary Fig. 2). Similarly, ATM gene amplification and
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mRNA expression were inversely correlated with talazoparib
sensitivity (Fig. 1e, f), and ATM mutation status trended towards
talazoparib sensitivity (Fig. 1d).
We previously showed that MCL,22,23 gastric25 and colorectal

cancer24 cell lines with depletion of ATM protein were more
sensitive to the PARP inhibitor olaparib than were ATM-proficient
control cells, and that sensitivity to olaparib was enhanced when
p53 was also deleted.22 Since less than 1% of lung cancer patients
have mutation in both ATM and TP53 (Supplementary Fig. 3), we
used CRISPR/Cas9-directed mutagenesis to delete ATM and DNA-
PKcs from A549 lung adenocarcinoma cells which have wild type
TP53. Control cells were treated with vector in the absence of guide
RNA (see Supplementary Methods for details). Expression of ATM
and DNA-PKcs protein was determined by western blot. As

expected, no ATM protein was detected in A549-CRISPR-ATM cells,
while levels of DNA-PKcs were unaffected by the absence of ATM
(Fig. 2a). As reported previously in tumour cells lacking DNA-PKcs,
and in rodent and human cells treated with siRNA to DNA-PKcs,50–52

loss of DNA-PKcs resulted in an ~80% reduction in ATM protein
expression (Fig. 2a). In contrast, expression of other PIKK family
members, ATR and mammalian target of rapamycin (mTOR) were
unaffected by DNA-PKcs loss (Fig. 2a), suggesting that reduced ATM
expression is specific to loss of DNA-PKcs.
We next tested the sensitivity of the CRISPR cell lines to IR and

olaparib using clonogenic survival assays. As expected, both A549-
CRISPR-ATM and A549-CRISPR-DNA-PKcs cells were sensitive to IR
(Fig. 2b), and A549-CRISPR-ATM cells were sensitive to olaparib
(Fig. 2c). In contrast, DNA-PKcs-depleted cells, despite having low
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Fig. 1 ATM deficiency is associated with PARP inhibitor sensitivity in lung adenocarcinoma cell lines described in the GDSC project.
a, b Boxplots comparing olaparib IC50 values between (a) ATM mutant and ATM wild-type cells and (b) ATM amplified and ATM diploid cells.
Cell lines containing >3 copies of the ATM gene were classified as “ATM amplified”. c Scatterplot showing the correlation between ATM gene
expression (mRNA) and olaparib IC50 values. d–f ATM deficiency is associated with talazoparib sensitivity in 59 lung adenocarcinoma cell lines
in the GDSC project. Boxplots comparing talazoparib IC50 values between (d) ATM mutant and ATM wild-type cells; e ATM amplified and ATM
diploid cells. f Scatterplot showing the correlation between ATM gene expression and talazoparib IC50 values
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levels of ATM (Fig. 2a) were relatively resistant to olaparib (Fig. 2c),
suggesting that residual ATM in these cells is sufficient to confer
olaparib resistance.
During the course of these experiments, we observed that the

colony size of olaparib-treated A549-CRISPR-ATM cells was
consistently smaller than that of control cells. To further examine
this observation, we measured the median radius of colonies in
A549-CRISPR-control, A549-CRISPR-ATM and A549-CRISPR-DNA-
PKcs cells treated with DMSO (control) or olaparib at 2 or 4 µM.
The median colony density in all cells was reduced by incubation
with olaparib, with the sizes of colonies in olaparib-treated ATM
and DNA-PKcs-depleted cells being the smallest (Supplementary
Fig. 4). Together, these experiments are consistent with reports
that olaparib inhibits cell proliferation.38

To further examine the effects of olaparib on cell proliferation,
control, CRISPR-DNA-PKcs and CRISPR-ATM A549 cells were
incubated with either DMSO or olaparib and the number of
viable cells was determined by the trypan blue exclusion assay.
Addition of olaparib reduced the number of viable ATM-deficient
cells at 72 h, and both control and ATM-deficient cells at 120 h
(Supplementary Fig. 5). DNA-PKcs-deficient cells grew slower than

either control or CRISPR-ATM A549 cells, but the apparent
decrease in cell growth after olaparib treatment was not
statistically significant (Supplementary Fig. 5). Additional char-
acterisation of the A549-CRISPR-DNA-PKcs cells will be described
separately (Lees-Miller et al., in preparation). Together, these
results confirm that olaparib reduces cell proliferation in ATM-
deficient cells.
To determine the mechanism by which olaparib reduces cell

proliferation, olaparib-treated cells were analysed for markers of
the DNA damage response. A549-CRISPR-control, A549-CRISPR-
ATM and A549-CRISPR-DNA-PKcs cells were either treated with
DMSO (4 days) or 4 µM olaparib for 1, 2 or 4 days. Cells were
harvested, whole-cell extracts generated by NETN lysis and 50 µg
protein was run on SDS-PAGE and analysed by immunoblot
(Fig. 3a and Supplementary Fig. 6). In control cells, olaparib
induced phosphorylation of DNA-PKcs on serine 2056, an
autophosphorylation site commonly used to infer DNA-PKcs
activation44,45 as well as autophosphorylation of ATM on serine
198153 (Fig. 3a, lanes 1–4 and panels b/c), consistent with olaparib
inducing DNA damage. As expected, DNA-PKcs serine 2056
phosphorylation was absent in CRISPR-DNA-PKcs cells (Fig. 3a,
lanes 5–8 and panel b) but unexpectedly, was enhanced in ATM-
deficient cells (Panel 3a, lanes 9–12 and panel b). Olaparib-
induced ATM 1981 phosphorylation was reduced in DNA-PKcs-
deficient cells (Fig. 3a, lanes 5–8 and panel c), consistent with less
ATM expression in DNA-PKcs deficient cells, and, as expected, was
absent in CRISPR-ATM cells.
We also probed extracts for other markers of the DNA damage

response, including phosphorylation of p53 on serine 15, Chk2 on
threonine 68, Chk1 on serines 317 and 345 and histone H2AX on
serine 139 (γ-H2AX),54,55 as well as for upregulation of cyclin-
dependent kinase (CDK) inhibitor p21/Cip1 and CDK1 regulatory
subunit cyclin B1.54 Olaparib-treated ATM-deficient cells showed
increased phosphorylation of p53 serine 15 and γ-H2AX (Fig. 3d, e)
as well as upregulation of p21 and cyclin B1 (Fig. 3a, lanes 9–12,
and Fig. 3f, g). However, no significant changes in Chk2 threonine
68 phosphorylation (Supplementary Fig. 6C) or Chk1 317 and 345
phosphorylation were observed (data not shown). Interestingly,
although olaparib-induced γ-H2AX phosphorylation was observed
in control and ATM-deficient cells (Fig. 3a, lanes 1–4 and 9–12 and
Fig. 3e), it was undetectable in CRISPR-DNA-PKcs cells suggesting
that olaparib-induced γ-H2AX phosphorylation requires DNA-PKcs
(Fig. 3a, e). Moreover, γ-H2AX phosphorylation in ATM-deficient
cells was significantly higher than in control cells (Fig. 3a, e),
raising the possibility that DNA-PKcs or ATR might be responsible
for the enhanced H2AX phosphorylation in ATM-CRISPR cells.
While both ATM and DNA-PKcs contribute to H2AX phosphor-

ylation in response to DNA damage,56 DNA-PKcs has been shown
to carry out H2AX phosphorylation in apoptotic cells.57,58 Indeed,
TRAIL and staurosporine-induced apoptosis generates a charac-
teristic DNA-PK-dependent ring of γ-H2AX around the nuclear
periphery that precedes apoptotic pan-nuclear H2AX staining.57,58

In addition, a recent study has linked DNA-PKcs to replication
stress-induced, pan-nuclear H2AX phosphorylation in S-phase
cells.59

To better understand the mechanism behind the enhanced,
olaparib-induced H2AX phosphorylation in ATM-deficient cells,
A549-CRISPR-control, A549-CRISPR-DNA-PKcs and A549-CRISPR-
ATM cells were treated with 4 µM olaparib for 1–4 days as in Fig. 3,
and analysed for γ-H2AX foci using immunofluorescence. Olaparib
induced γ-H2AX foci in control cells, while no foci were detected
in CRISPR-DNA-PKcs cells and a large increase in both foci number
and foci intensity was observed in CRISPR-ATM cells (Supplemen-
tary Fig. 7). In contrast, no pan-nuclear or apoptotic ring staining
was observed. Thus, the increased H2AX phosphorylation in ATM-
deficient cells appears to be due to increased numbers of DNA
damage foci rather than an increase in apoptosis or replication
stress.
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Fig. 2 Characterisation of A549 cells with CRISPR/Cas9 depletion of
ATM or DNA-PKcs. a Total cell extracts were prepared from A549-
CRISPR-control, A549-CRISPR-DNA-PKcs cells and A549-CRISPR-ATM
cells by NETN lysis. Fifty µg total protein was run on SDS-PAGE and
membranes were immunoblotted for DNA-PKcs, ATM, ATR, mTOR
and Ku80 (loading control) as shown on the right-hand side. The
asterisk indicates a non-specific band. Positions of molecular weight
markers in kDa are shown on the left-hand side. A list of antibodies
used in the study are provided in Supplementary Table 2. Bands
were quantitated and normalised to Ku80 as described in
Supplementary Methods. The level of ATM expression in A549-
CRISPR-DNA-PKcs cells was 17% of that in A549-CRISPR-control cells
while the level of DNA-PKcs in A549-CRISPR-ATM cells was 93% that
in control cells. Results are from 2 separate experiments. b, c A549-
CRISPR-control, CRISPR-ATM and CRISPR-DNA-PKcs cell lines were
treated with increasing doses of IR (b), or increasing concentrations
of olaparib (c), and analysed by clonogenic survival assays as
described in Methods. Results show the average of three separate
experiments with each treatment carried out in triplicate. Statistical
significance was determined using one-way ANOVA. Error bars
represent SEM, and * indicates a p-value < 0.05 when compared to
the control A549 cell line at the indicated time points
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To determine whether ATR contributed to phosphorylation of
H2AX in olaparib-treated ATM-deficient cells, cells were incubated
with olaparib (4 µM) for 1, 2 or 4 days in the presence of either the
ATR inhibitor VE-821,46 the DNA-PK inhibitor NU744160 or DMSO
control, and extracts were probed for H2AX phosphorylation as
above. As expected, NU4771 blocked olaparib-induced DNA-PKcs
2056 phosphorylation confirming that olaparib induces DNA-PKcs
autophosphorylation (Fig. 4a, b). Moreover, olaparib-induced
phosphorylation of H2AX was ablated by NU7441 but was
unaffected by VE-821, confirming that DNA-PKcs is required for
olaparib-induced H2AX phosphorylation in ATM-deficient cells
(Fig. 4 and Supplementary Fig. 8). Similarly, olaparib-induced
phosphorylation of p53 on serine 15 was also largely DNA-PKcs-
dependent, whereas cyclin B1 upregulation was reduced by ATR
inhibition at 24 h olaparib incubation (Fig. 4a, c and e). Together
these experiments show that olaparib induces an enhanced DNA-
damage response in ATM-deficient cells (compared to control
cells), marked by DNA-PK-dependent autophosphorylation (serine
2056), phosphorylation of p53 (serine 15), and H2AX (serine 139),
as well as upregulation of p21 and cyclin B1, pointing to activation
of a cell cycle checkpoint.

To test for the effects of olaparib on cell cycle phase,
asynchronously growing A549-CRISPR-control, A549-CRISPR-DNA-
PKcs and A549-CRISPR-ATM cells were treated with olaparib (4 µM)
for 24, 48, 72, 96 or 120 h then stained with propidium iodide and
analysed by flow cytometry for the percentage of cells in each
phase of the cell cycle (Fig. 5a). Olaparib had no significant effect
on the cell cycle profile of either control or DNA-PKcs-deficient
cells but induced marked G2 accumulation in ATM-deficient cells
(Fig. 5a, black bars). No histone H3-S10 phosphorylation was
observed in olaparib-treated ATM-deficient cells, suggesting that
arrest occurred in G2 not in early mitosis (data not shown).
Interestingly, in no sample did the percentage of apoptotic cells
(i.e. sub-G1 DNA population) reach more than 1% of the total cells
(data not shown), suggesting that olaparib does not induce cell
death in ATM-deficient cells. Absence of cell death was confirmed
when cells were stained for annexin as a marker of apoptosis
(Supplementary Fig. 9). Thus, olaparib appears to be cytostatic
rather than cytotoxic in ATM-deficient A549 cells under these
conditions.
To determine whether the olaparib-induced G2 arrest was

transient or sustained, cells were grown in the presence of
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Fig. 3 Olaparib induces a DNA damage response in ATM-deficient cells. a A549-CRISPR-control, A549-CRISPR-DNA-PKcs and A549-CRISPR-ATM
cells were treated with olaparib (4 µM) for 1, 2 or 4 days, following which NETN extracts were generated and samples were run on SDS-PAGE as
in Fig. 2a. Blots were probed for Ku80 as a loading control. Samples in lanes marked 0, were treated with DMSO for 4 days. Positions of
molecular weight markers in kDa are shown on the left-hand side. The asterisks indicate non-specific bands. Panels b–g show quantitation of
results from three separate experiments. Black bars represent control cells, white bars indicate A549-CRISPR-DNA-PKcs cells and grey bars
represent A549-CRISPR-ATM cells. Western blots from two additional experiments, as well as quantitation of Chk2 T68 phosphorylation, is
shown in Supplementary Fig. 6. Error bars represent mean with SEM of three independent experiments. One-way ANOVA was used to
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olaparib for 120 h then released into either fresh media or fresh
media containing 4 µM olaparib and analysed for cell cycle arrest
by flow cytometry with propidium iodide staining (Fig. 5b) and
viability using the trypan blue exclusion assay (Fig. 5c). Both G2
arrest and decreased proliferation were found to be transient in
olaparib-treated ATM-deficient cells, since cells continued through
the cell cycle and the number of viable cells increased when
olaparib was removed (Fig. 5b, c).
ATR is essential for DNA damage-induced G2 arrest where it

activates Chk1 to inhibit CDC25, preventing CDK1-cyclin A/B
activation, and upregulates p53 to induce p21 expression.61 Given
that olaparib induced transient G2 arrest in ATM-deficient A549 cells,
we reasoned that addition of a G2/M checkpoint inhibitor would
abrogate the G2 checkpoint and induce cell death. Indeed, the ATR
inhibitors NU6027 and VE-821 have been shown to increase the
cytotoxic effects of the PARP inhibitors rucaparib and veliparib in
various cancer cell lines,62–64 and resistance of Schlafen 11-deficient

cells to PARP inhibitors is overcome by inhibition of ATR65 but, to
our knowledge, the effects of ATR inhibition on olaparib-treated
ATM-deficient cells has not been determined.
To answer this question, cells were treated with DMSO (control),

olaparib (1 µM), VE-821 (2 µM) or a combination of olaparib and
VE-821, then cells were assayed for viability and apoptosis as
above. The combination of olaparib and VE-821 decreased viability
in ATM-deficient cells after 96, 120 and 140 h (Fig. 6a). To
determine whether ATM-deficient cells treated with the combina-
tion of olaparib and VE-821 were undergoing apoptosis, we
assayed for sub-G1 DNA (Fig. 6b) and annexin staining (Fig. 6c).
Significantly, in both experiments, apoptosis was observed in the
A549-CRISPR-ATM cells but not control cells, suggesting that the
combination of PARP inhibitor with inhibition of ATR is cytotoxic
only in ATM-deficient cells (Fig. 6c).
To determine whether the addition of ATR inhibitor simply

induced more DNA damage than PARP inhibitor alone, we asked
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whether ATR inhibitor would sensitise ATM-deficient cells to IR.
A549-CRISPR-control and A549-CRISPR-ATM cells were either
irradiated with 1, 2 or 4 Gy IR or treated with VE-821 then
irradiated and analysed by trypan blue staining and flow
cytometry for apoptosis. Addition of VE-821 did not decrease cell
viability compared to IR or VE-821 alone and did not increase
apoptosis under any conditions tested, suggesting that the
enhanced cell death observed by the combination of olaparib
and VE-821 in ATM-deficient cells is indeed due to inhibition
of ATR and not to a general increase in DNA damage
(Supplementary Fig. 10).
A recent report has shown that olaparib induces ROS in bladder

cancer cells,43 therefore, we also determined whether ROS levels
were elevated in our olaparib-treated ATM-deficient A549 cells
using a fluorescence-based assay. Although hydrogen peroxide
enhanced ROS production in this assay, neither ATM-deficient
A549 cells or other cell line treated with olaparib showed elevated
ROS levels (Supplementary Fig. 11), suggesting that ROS do not
contribute to the DNA damage response in olaparib-treated
A549 cells.

DISCUSSION
Using publicly available databases, we show that both ATM
mutation and ATM deficiency (diploid versus amplified) are
associated with olaparib sensitivity in a panel of human lung
adenocarcinoma cell lines (Fig. 1). In contrast, sensitivity to
talazoparib, a more potent PARP-trapping agent than olaparib,65

correlated with ATM expression and amplification status but not
ATM mutational status (Fig. 1d). This may reflect the small number
of ATM-deficient cell lines used in our analysis or subtle
differences between ATM mutational status and PARP inhibitor
sensitivity.
To empirically test whether olaparib can target ATM-deficient

human cell lines, we used CRISPR/Cas9 to deplete ATM and DNA-
PKcs from A549 cells, a human lung adenocarcinoma cell line, and
used these cells to interrogate the mechanism by which lung
adenocarcinoma cells respond to olaparib. Our results show that
olaparib induces autophosphorylation of DNA-PKcs on serine 2056
and ATM on serine 1981 as well as H2AX serine 139 and p53 serine
15 phosphorylation, indicative of induction of a DNA damage
response. Olaparib also induced upregulation of p21 and cyclin B1
and both phosphorylation and upregulation were more pro-
nounced in ATM-deficient cells than in control or DNA-PKcs
deficient cells. In addition, olaparib induced transient, reversible
G2 arrest in ATM-deficient cells but not cell death. Since the G2/M
checkpoint is only activated when the amount of DNA damage
exceeds 10–20 DSBs per cell,66 we suggest that in ATM-proficient
cells, the amount of olaparib-induced DNA damage is insufficient
to induce the checkpoint, whereas when ATM is absent,
unrepaired damage triggers checkpoint activation resulting in
transient G2 arrest. Thus, in these ATM-deficient cells, olaparib
alone was cytostatic but not cytotoxic. These observations could
account for the decreased proliferation rate observed by us and
others38 as well as the small colony size observed in the
clonogenic survival assays (Supplementary Fig. 4). Our results also
suggest that the type of assay used to measure cell viability and/or
cell death may influence the interpretation of results using
olaparib, as assays that measure mitochondrial cell death rather
than viability or proliferative potential may not detect the
transient, G2 arrest shown here in ATM-deficient cells.
Given that ATR is essential for the DNA damage-induced G2/M

checkpoint,61 we hypothesised that inhibition of ATR would
eliminate olaparib-induced G2 arrest, causing the cells to slip into
mitosis, resulting in cell death. Indeed, the decrease in cyclin B1
expression observed in cells treated with both olaparib and VE-
821 (Fig. 4), would support this idea. Moreover, addition of the ATR
inhibitor VE-821 to olaparib-treated ATM-deficient A549 cells
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relative to DMSO-treated cells as above

Combined poly-ADP ribose polymerase and ataxia-telangiectasia. . .
NR. Jette et al.

606



induced apoptosis, whereas ATM-proficient cells were relatively
unaffected. Our findings are thus in line with other studies that
have shown that the toxicity of ATR inhibitors is exacerbated by
loss of ATM (discussed in ref. 67) but in our experiments, this only
occurred in the additional presence of olaparib. Our studies are
also reminiscent of the finding that ATR inhibition (with VE-821) is
synergistic with both olaparib and talazoparib in cells deficient for
Schlafen-11 (SLFN11) and that resistance to PARP inhibitors by
Schlafen-11 inactivation can be overcome by ATR inhibition.65

Thus, we proposed that single-agent treatment PARP inhibitor
treatment in patients with ATM-deficient tumours may be less

efficacious than the combination of PARP inhibitor and ATR
inhibitor and that future clinical trials may need to consider
targeting ATM-deficient tumours with a PARP inhibitor combined
with an ATR inhibitor. Interestingly, the ATR inhibitor AZD6738 is
in clinical trials in combination with olaparib in triple-negative
breast cancer,67 suggesting that the effects of PARP inhibitors in
combination with ATR inhibitors could be tested in patients with
ATM-deficient tumours.
Although frequently attributed solely to ATM, both DNA-PKcs

and ATM contribute to DNA damage-induced phosphorylation
of H2AX.56 Here, we show that olaparib induced H2AX
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phosphorylation is undetectable in CRISPR-DNA-PKcs cells and in
ATM-deleted cells treated with the DNA-PK inhibitor NU7441,
suggesting that DNA-PKcs is required for olaparib-induced
phosphorylation of H2AX in these cells. Similarly, olaparib-
induced phosphorylation of p53 and upregulation of p21 was
reduced in DNA-PKcs-depleted cells. Like control cells, DNA-PKcs-
deficient A549 cells did not arrest in G2 in response to olaparib
and were not sensitive to olaparib in clonogenic assays. Together,
these findings suggest that DNA-PKcs is important for DNA
damage-induced phosphorylation of H2AX and initiating a DNA
damage response in A549 cells, but that the level of DNA damage
in these cells is below that needed to trigger the G2 checkpoint. In
contrast, in the absence of ATM, additional DNA damage triggers
the G2 checkpoint. However, this additional damage is still
insufficient to induce cell death unless ATR is also inhibited
(Supplementary Fig. 12). Thus, the three members of the PIKK
family play important roles in responding to olaparib. Since
olaparib-induced, DNA-PK-dependent phosphorylation of H2AX
and p53 was enhanced in ATM-deficient cells, this suggests that
the absence of ATM results in either more DNA damage
and hence more signalling by DNA-PKcs or increased activity of
DNA-PKcs.
In summary, our data suggest that olaparib induces DNA damage

that leads to phosphorylation of ATM, DNA-PKcs, p53 and H2AX
with consequent upregulation of p21 and cyclin B1. In control cells,
this damage is repaired without triggering a G2/M checkpoint. In the
absence of ATM, DNA-PK-dependent autophosphorylation (serine
2056), as well as phosphorylation of p53 (serine 15) and H2AX
(serine 139), increased. The increase in DNA damage triggered by
olaparib treatment and loss of ATM induces transient G2 arrest, but
not apoptosis. Finally, we propose that inhibition of ATR by VE-821
causes the cells to proceed into mitosis with a corresponding
increase in apoptotic cell death (Supplementary Fig. 12).
Our findings also confirm that loss of DNA-PKcs results in

reduced ATM expression. We previously showed that M059J cells,
which lack DNA-PKcs (then called p350)68 also have reduced levels
of ATM protein expression.50 Similarly, siRNA depletion of DNA-
PKcs resulted in reduced levels of ATM expression.52 Here we
show that CRISPR/Cas9 deletion of DNA-PKcs also causes reduced
ATM levels. The mechanism by which DNA-PKcs regulates ATM
expression is not yet known, however, the isogenic cell lines
generated and characterised in this study could be a valuable tool
in understanding the interplay between DNA-PKcs and ATM in the
DNA damage response. Interestingly, whereas both DNA-PKcs
deleted and ATM deleted A549 cells were equally sensitive to IR,
only ATM-deficient A549 cells were sensitive to olaparib. Thus,
although CRISPR-deleted DNA-PKcs cells have only ~20% of the
normal level of ATM, they still responded to olaparib in a similar
manner to wild type cells. We speculate that even low levels of
ATM expression may confer resistance to PARP inhibition, and
further investigation to determine whether tumours with low or
mutated ATM will be sensitive to olaparib plus or minus an ATR
inhibitor.
It has recently been reported that ATM-null mouse thymocytes

have mitochondrial DNA damage and enhanced levels of reactive
oxygen species (ROS)69 and a recent report has shown that
olaparib induces ROS in bladder cancer cells.43 However, we did
not see evidence of elevated ROS in either ATM-deficient cells or
A549 control cells treated with olaparib, suggesting that ROS do
not contribute to olaparib induced toxicity in A549 cells. It is also
worth noting that the bladder cancer cell line used in the previous
study had mutant TP5343 which could also affect mechanism of
action of olaparib. Indeed, we have previously reported that
deletion of p53 in combination with inhibition or depletion of
ATM enhanced sensitivity to olaparib in multiple cell types,22–25

however, cell death induced by ATR inhibitors is reported to be
independent of p53 status (discussed in ref. 67) Whether
p53 status will affect the response of ATM-deficient cells to

combination ATR and PARP inhibition remains to be determined.
However, since mutations in both ATM and TP53 is rare in lung
cancer cells (Supplementary Fig. 3) and other human tumours (1%
of 400 tumours analysed),70 the strategy described here of
targeting p53-proficient, ATM-deficient lung cancer cells with
the combination of an ATR inhibitor with a PARP inhibitor may
have clinical relevance in lung and other cancers.
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