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Abstract
The Ataxia Telangiectasia Mutated (ATM) protein kinase is mutated in several human cancers, presenting potential oppor-
tunities for targeted cancer therapy. We previously reported that the poly-ADP-ribose polymerase (PARP) inhibitor olaparib 
induces transient G2 arrest but not cell death in ATM-deficient lung cancer cells, while the combination of olaparib with the 
ATM- and Rad3-related (ATR) inhibitor VE-821 induced cell death. Here, we show that combination of olaparib plus the 
clinically relevant ATR inhibitor AZD6738 also induces cell death in ATM-deficient lung, prostate and pancreatic cancer cells 
with little effect on their ATM-proficient counterparts. Together, our data suggest that lung, prostate and pancreatic patients 
whose tumours exhibit loss or inactivation of ATM may benefit from combination of a PARP inhibitor plus an ATR inhibitor.

Keywords ATM · ATR inhibitor · Pancreatic adenocarcinoma · Prostate cancer · Lung adenocarcinoma · Olaparib · VE-
821 · AZD6738

Introduction

A goal of precision oncology is to achieve better tumour 
control by targeting tumours based on their specific genetic 
or epigenetic characteristics. Perhaps one of the best exam-
ples of such an approach is the development of poly-ADP-
ribose polymerase (PARP) inhibitors to target tumours with 
defects in DNA damage response (DDR) genes (Pommier 
et al. 2016). PARP inhibitors were first shown to target 
breast cancer cells with depletion of the breast and ovarian 
cancer susceptibility proteins BRCA1 and BRCA2 (Bryant 
et al. 2005; Farmer et al. 2005) and are now FDA approved 
for use in BRCA -deficient ovarian cancer with clinical tri-
als showing potential in BRCA -deficient breast, prostate 
and pancreatic cancers (Lord and Ashworth 2017; Coleman 
et al. 2017; Golan et al. 2019; Mateo et al. 2019; Mirza et al. 
2016; Moore et al. 2018; Robson et al. 2017; Mateo et al. 
2015). BRCA1 and 2 play important roles in the detection 
and repair of DNA double-strand breaks (DSBs) through 
the homologous recombination (HR) repair pathway (Boul-
ton 2006), leading to the idea that cells with deficiency in 
DSB repair pathways may be sensitive to PARP inhibitors. 
Indeed, siRNA depletion of other proteins involved in the 
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cellular response to DSBs, including Ataxia Telangiectasia 
Mutated (ATM), also sensitized cancer cells to PARP inhibi-
tion (McCabe et al. 2006; Bryant and Helleday 2006).

ATM is an apex signalling kinase that plays a central role 
in the cellular response to DNA damage (Shiloh 2014). Loss 
of both copies of ATM leads to ataxia telangiectasia (A-T), 
a devastating childhood condition characterized by neuro-
logical degeneration, cancer predisposition and immune 
deficiencies (Shiloh and Lederman 2016; Rothblum-Oviatt 
et al. 2016). In addition, ATM is mutated in a variety of 
human cancers (reviewed in (Choi et al. 2016; Jette et al. 
2020)), leading us to hypothesize that PARP inhibitors 
could have therapeutic potential in cancers with loss or 
mutation of ATM. Indeed, up to 40% of mantle cell lym-
phoma (MCL) have loss of ATM (Greiner et al. 2006) and we 
showed that ATM-deficient MCL cells are sensitive to the 
PARP inhibitor olaparib in both cell line and animal models 
(Williamson et al. 2010). Similarly, ATM-deficient chronic 
lymphocytic leukaemia (CLL) cells are sensitive to PARP 
inhibitors (Weston et al. 2010). PARP inhibitor sensitivity 
in ATM-deficient MCL cells was enhanced when p53 was 
also deleted or inactivated and p53-deficient MCL cell lines 
were sensitive to PARP inhibitors in the presence of an ATM 
kinase inhibitor, KU55933 (Williamson et al. 2012). ATM 
has also been reported to be mutated in ~ 12.5% of gastric 
cancers (Kim et al. 2013a, b) and we found that p53-deficient 
gastric cancer cell lines with shRNA-mediated depletion of 
ATM, or in which ATM was inhibited using KU55933, were 
also sensitive to olaparib (Kubota et al. 2014). Similarly, 
ATM is mutated in approximately 16% of colorectal can-
cers and we showed that ATM-deficient colorectal cancer 
cell lines are sensitive to olaparib and this sensitivity was 
enhanced when TP53 was also deleted (Wang et al. 2017). 
In these studies, olaparib sensitivity was inferred from either 
trypan blue exclusion assays (Williamson et al. 2010, 2012) 
or clonogenic survival assays (Kubota et al. 2014; Wang 
et al. 2017), however, the mechanism of olaparib-induced 
sensitivity in these cell lines was unclear.

Recently, we deleted ATM from p53-proficient A549 
cells using CRISPR/Cas9 and showed that olaparib reduced 
cell proliferation and caused reversible G2 arrest but not 
cell death in ATM-deficient A549 cells (Jette et al. 2019). 
We hypothesized that addition of an ATR inhibitor would 
abolish the G2 checkpoint and lead to cell death. Indeed, 
we found that addition of the ATR inhibitor VE-821 led 
to apoptosis in olaparib-treated ATM-deficient A549 cells, 
while no cell death was detected in isogenic, olaparib and 
VE821-treated ATM-proficient cells (Jette et al. 2019). 
These studies suggested that combination of a PARP inhibi-
tor and an ATR inhibitor could be an effective treatment for 
ATM-deficient tumour cells, however, it was important to 
determine whether the same effect was observed in ATM-
deficient cell lines from other cancer types.

Prostate cancer is the most commonly diagnosed can-
cer in men in Canada (Canadian Cancer Statistics 2019), 
accounting for almost 10% of all cancer deaths amongst 
males. Next-generation sequencing has indicated that up to 
10% of prostate cancers harbour mutations in at least one 
DDR gene, with BRCA2 and ATM being the most commonly 
mutated (Mateo et al. 2017). Moreover, the results of the 
recent TOPARP-B clinical trial support a role for olaparib 
in metastatic castration-resistant prostate cancer with DDR 
gene aberrations (Mateo et al. 2019).

Pancreatic cancer is one of the most lethal forms of can-
cer with a 10-year survival of less than 10% and accounts 
for approximately 6% of all cancer deaths in Canadians 
(Canadian Cancer Statistics 2019). ATM is mutated in some 
hereditary forms of pancreatic cancer (Grant et al. 2014; 
Roberts et al. 2012) as well as ~ 6% of sporadic pancreatic 
adenocarcinoma, with 4% of overall mutations resulting in 
deletion of the ATM protein (Kim et al. 2014). In patients 
with metastatic pancreatic cancer and germline BRCA1/2 
mutations, olaparib maintenance treatment following first-
line platinum-based chemotherapy resulted in a significant 
improvement in progression-free survival, in contrast to pla-
cebo (Golan et al. 2019).

The encouraging evidence of clinical efficacy of therapy 
targeting the heterogeneous group of DDR alterations in 
these tumour groups (Moore et al. 2018; Mirza et al. 2016; 
Robson et al. 2017; Golan et al. 2019; Mateo et al. 2015, 
2019) prompted us to ask whether prostate and pancreatic 
cancer cell lines with ATM deficiency would be sensitive 
to PARP inhibitor either alone or in combination with an 
ATR inhibitor. We depleted ATM from prostate and pancre-
atic cancer cell lines and show that, as in lung cancer cells, 
olaparib alone reduces cell proliferation but that addition 
of the ATR inhibitor, AZD6738 (Foote et al. 2015, 2018) 
is required to induce apoptosis in ATM-deficient prostate 
and pancreatic cancer cells. Importantly, no cell death was 
observed in isogenic ATM-proficient cells treated with 
olaparib or AZD6738 alone or in combination.

Materials and methods

Cell lines

A549 lung adenocarcinoma, Panc 10.05 pancreatic can-
cer and PC-3 prostate cancer cell lines were obtained from 
ATCC and checked regularly for mycoplasma. Cells were 
maintained in a humidified incubator in the presence of 5% 
 CO2 at 37 °C in either Dulbecco’s Modified Eagle Medium 
(DMEM) (ThermoFisher Scientific, MA, USA) plus 10% 
(w/v) Hyclone Fetalclone III Serum (A549 cells), F-12K 
nutrient mixture (1 ×) Kaighn’s modification (ThermoFisher 
Scientific, MA, USA) with 10% (w/v) fetal bovine serum 
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(FBS) (PC-3), or RPMI 1649 (1 ×) (ThermoFisher Sci-
entific, MA, USA) in the presence of 15% (w/v) Hyclone 
Fetalclone III Serum (Panc 10.05 cells). All media was sup-
plemented with 50 μg/mL penicillin–streptomycin (Gibco, 
ThermoFisher Scientific). BT and L3 cells were cultured as 
described previously (Wang et al. 2017).

Immunoblots

Cells were harvested by NETN lysis as described previously 
(Jette et al. 2019). The antibody to ATM was from Upstate 
(#05-513), the antibody to Ku was from Abcam (#33242), 
and antibodies to DNA-PKcs were generated in house as 
described previously (Douglas et al. 2010).

Generation of ATM‑deficient cell lines

A549 cells with CRISPR/Cas9 deletion of ATM or DNA-
PKcs have been described previously (Jette et al. 2019). Sta-
ble knock down of ATM in pancreatic cancer Panc 10.05 
cells was achieved using shRNA as described previously 
(Elkon et al. 2005; Williamson et al. 2010). For CRISPR/
Cas9 depletion of ATM in PC-3 cells, three short guide 
RNAs targeting exons 9, 16 and 23 of human ATM were 
designed, synthesized and ligated into pSpCas9 (BB)-2A-
GFP (pX458) vector, a gift from Dr. Feng Zhang (Addgene 
plasmid #48138). Constructs were transfected into PC-3 
cells using Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s recommended procedures and GFP-
containing cells were sorted by flow cytometry. Genomic 
DNA was isolated from wild-type cells and PC-3 cells trans-
fected with sgRNA constructs targeting ATM exons 9, 16 
or 23. The DNA fragment around the target site was ampli-
fied by PCR and PCR products were cleaved by Surveyor 
Nuclease S as per the manufacturer’s recommended condi-
tions. Surveyor Nuclease S assay confirmed the presence of 
CRISPR activity in exon 9, 16 and 23 sgRNA constructs. 
TIDE analysis showed that over 90% of cells transfected 
with the sgRNA construct targeting exon 16 contained inser-
tion/deletion mutations. No cells were recovered from cells 
transfected with the sgRNA construct targeting exon 9 (out 
of over 800 colonies screened) or targeting exon 23 (out of 
over 800 colonies screened). Only one clone, PC-3 E16 was 
recovered from the sgRNA construct targeting exon 16 (out 
of 2400 colonies screened). Clone PC-3-E16 was expanded 
and DNA sequencing revealed that one allele of ATM had 
a one nucleotide (Adenine) deletion in exon 16 which cre-
ated a premature stop codon, while the other allele had a 
12-nucleotide deletion in exon 16 predicted to cause a one 
amino acid mutation and a four amino acid deletion. This 
clone was used for all subsequent experiments.

Inhibitors

Olaparib and AZD6738 were purchased from Selleck Chem-
icals, dissolved in DMSO and stored as stock solutions at 
10 mM at − 20 °C and − 80 °C, respectively.

Trypan blue viability assays

Trypan blue assays were carried out using trypan blue solu-
tion (BioRad) and a TC-20 automated cell counter (Bio-
Rad) according to the manufacturers’ instructions. Briefly, 
50,000–100,000 cells were seeded for each experiment. 
Cells were allowed to attach for 16 h, then treated with either 
1 μM olaparib, 0.3 μM AZD6738, a combination of olaparib 
(1 µM) and AZD6738 (0.3 µM) or an equivalent volume of 
DMSO. Cells were harvested after 48, 96, 120 and 144 h. 
The mean with SEM of three independent experiments is 
shown. Statistical significance was determined by one-way 
ANOVA. p values of less than 0.05 were considered statisti-
cally significant and are indicated by an asterisk.

Annexin assays

Cells were seeded at 50,000–100,000 cells per 6 cm dish, 
treated as above and then analysed by annexin staining and 
flow cytometry using an Annexin Apoptosis assay (Ther-
moFisher Scientific Cat#V13241). Cells were harvested after 
48, 96, 120 and 144 h. The mean with SEM of three inde-
pendent experiments is shown and statistical significance 
was determined by one-way ANOVA. p values of less than 
0.05 were considered statistically significant and are indi-
cated by an asterisk.

Results

ATM‑deficient A549 lung cancer cells are sensitive 
to the combination of olaparib and AZD6738

ATM or the related protein kinase DNA-PKcs (DNA-
dependent protein kinase catalytic subunit) were deleted 
from A549 lung cancer cells as described previously (Jette 
et al. 2019). Western blot confirmed that no ATM protein 
was detected in the A549–CRISPR–ATM cells compared 
to A549 control cells (Fig. 1a). As reported previously, 
CRISPR deletion of DNA-PKcs also resulted in a significant 
reduction in ATM expression, however, this did not translate 
into sensitivity to olaparib (Jette et al. 2019) (Fig. 1a, b). 
We next treated the ATM-deficient, DNA-PKcs-deficient 
and control A549 cells with olaparib (1 µM), AZD6738 
(0.3 µM) or a combination of both inhibitors and the num-
ber of viable cells was determined using the trypan blue 
exclusion assay. The number of viable control A549 cells 
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was unaffected by incubation with either inhibitor alone or 
by a combination of both inhibitors (Fig. 1b, c), although 
as reported previously, A549–CRISPR–DNA-PKcs cells 
grew more slowly than control cells (Jette et al. 2019; Ruis 
et al. 2008) (Fig. 1b). Incubation with olaparib or AZD6738 
alone decreased the number of viable ATM-deficient cells 
by about 50% at the 114-h time point, whereas incubation 
with both compounds decreased the number of viable cells 
by about 90% at the 114-h time point (Fig. 1b, c). However, 
as shown previously for VE-821 (Jette et al. 2019), neither 
olaparib nor AZD6738 induced apoptosis as single agents, 
suggesting that the decrease in the number of viable cells is 
due to a decrease in cell proliferation rather than an increase 
in cell death. In contrast, the combination of olaparib plus 
AZD6738 induced apoptosis in the ATM-deficient cells 
as determined by annexin staining, while leaving control 
ATM-proficient and DNA-PKcs-deficient cells unaffected 
(Fig. 1d). Thus, as with the ATR inhibitor VE-821 (Jette 
et al. 2019), the combination of olaparib plus an ATR inhibi-
tor (AZD6738) induces apoptosis in ATM-deficient A549 
cells, while ATM-competent cells are relatively unaffected 
by either agent alone or in combination.

ATM‑deficient PC‑3 prostate cancer cells are 
sensitive to the combination of olaparib 
and AZD6738

We next depleted ATM from PC-3 cells using CRISPR/
Cas9 (Fig. 2a). PC-3 cells are derived from bone metasta-
sis of a prostate cancer patient and have homozygous TP53 
mutation. No mutations are reported for ATM, BRCA1 or 
2 or PTEN in the Catalogue of Somatic Mutations in Can-
cer (COSMIC) database (Bamford et al. 2004; Forbes et al. 
2011), however, PC-3 cells do not express PTEN protein 
(Fraser et al. 2012), possibly due to promoter methylation. 
Despite multiple attempts, we were unable to obtain com-
plete deletion of ATM using CRISPR/Cas9, but we isolated 
one clone, E16-1, in which one allele of ATM had a one 
nucleotide (adenine) deletion in exon 16 which created a 
premature stop codon, while the other allele had a 12-nucle-
otide deletion in exon 16 predicted to cause a one amino 
acid mutation and a four amino acid deletion. Western blot 
indicated that this clone expressed very low levels of ATM 
protein, approximately 10% of that in control PC-3 cells 
(Fig. 2a). ATM-deficient and control PC-3 cells were treated 
with olaparib (1 µM), AZD6738 (0.3 µM) or a combination 
of both inhibitors and assayed for the number of viable cells 
and cell death as above. The decrease in viable cells at the 
144-h time point in the ATM-deficient cell lines was 28% 
and 39% for olaparib and AZD6738 alone, respectively, and 
83% for the combination of olaparib plus AZD6738 (Fig. 2b, 
c). Importantly, cell death, as determined by the annexin 
staining, was only observed in ATM-deficient PC-3 cells 

Fig. 1  ATM-deficient A549 lung cancer cells undergo cell death 
when incubated with olaparib plus the ATR inhibitor AZD6738 but 
not either agent alone. a A549–CRISPR–control, A549–CRISPR–
DNA-PKcs and A549–CRISPR–ATM cells were incubated with 
olaparib (1 µM) for 0, 1, 2 or 4 days then harvested by NETN lysis 
and 50 µg total protein was run on SDS PAGE and immunoblotted for 
DNA-PKcs, ATM or Ku80 (loading control) as indicated on the right. 
b–d A549–CRISPR–control (black bars), A549–CRISPR–DNA-
PKcs (white bars) and A549–CRISPR–ATM cells (grey bars) were 
incubated with olaparib (1  µM), AZD6738 (0.3  µM) or both olapa-
rib (Ola) and AZD6738 (Azd) for 48–144  h and assayed for either 
cell viability using the trypan blue exclusion assay (b, c) or apoptosis 
using annexin staining (d). Control samples were incubated with an 
equal volume of DMSO. c Quantitation of a at the 144-h time point 
for ATM-proficient (left) and ATM-deficient (right) lung cancer cell 
lines. O represents olaparib and A represents AZD6738. Results 
show the mean with SEM of three separate experiments. Statistical 
significance was determined by one-way ANOVA. *p < 0.05 when 
compared to other treatment groups of that cell line and the DMSO 
control. In b, #p < 0.05 when compared to DMSO control of that cell 
line only
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treated with both olaparib and AZD6738 (Fig. 2d), so, as 
in ATM-deficient lung cancer cells, olaparib alone reduced 
proliferation without inducing cell death while the combina-
tion of olaparib plus AZD6738 induced cell death.

ATM‑deficient Panc‑10.05 pancreatic cancer cells 
are sensitive to the combination of olaparib 
and AZD6738

To test whether ATM-deficient pancreatic cancer cells are 
also sensitive to olaparib and AZD6738, we depleted ATM 
from Panc 10.05 cells using shRNA, as described previously 
(Williamson et al. 2010, 2012; Wang et al. 2017). Effec-
tive depletion of ATM protein was achieved as shown by 
western blot (Fig. 3a). Panc 10.05 cells are heterozygous 
for c.3077+103A>G mutation in ATM and homozygous 
for I255N in TP53. ATM-deficient and shGFP Panc 10.05 
(control) cells were treated with olaparib (1 µM), AZD6738 
(0.3 µM) or a combination of both inhibitors as above. As 
in lung and prostate cancer cells, olaparib and AZD6738 
alone had no significant effect on viability in ATM-proficient 
pancreatic cancer cells, whereas the combination of olapa-
rib plus AZD6738 reduced the number of viable cells by 
almost 70% compared to a 6% or 17% decrease in viability 
for either treatment alone (Fig. 3b, c). Moreover, as in lung 
and prostate cancer cells, cell death was observed in ATM-
deficient cells treated with the combination of olaparib plus 
AZD6738 but not either agent alone. Similarly, no cell death 
was observed in ATM-proficient pancreatic cancer cells 
treated with olaparib and AZD6738 alone or in combina-
tion (Fig. 3d).

Discussion

PARP inhibitors are proving to be highly effective in target-
ing cancers with mutations in the BRCA1 and BRCA2 genes. 
Since BRCA1 and BRCA2 proteins play key roles in the 
detection and repair of DSBs, these findings open up the 
possibility that cancers with mutations in other DNA repair 
genes may also respond to PARP inhibitor therapy. One such 
candidate is ATM, a DNA damage activated protein kinase 
that plays an important role in regulation of cell cycle check-
points, cell survival after DNA damage and repair of com-
plex DNA DSBs (Blackford and Jackson 2017). Moreover, 
the ATM gene is mutated in a number of cancers including 
lymphoma, lung, prostate and pancreatic cancers (Gao et al. 
2013; Cerami et al. 2012), offering opportunities for preci-
sion therapy.

We previously showed that the PARP inhibitor olaparib 
reduces cell proliferation and induces reversible G2 arrest 
in ATM-deficient A549 lung cancer cells (Jette et al. 2019). 
We hypothesized that disruption of the G2 checkpoint using 

Fig. 2  ATM-deficient PC-3 prostate cancer cells undergo cell death 
when incubated with olaparib plus the ATR inhibitor AZD6738 
but not either agent alone. a ATM was depleted from PC-3 prostate 
cancer cells using CRISPR/Cas9 as described above. Extracts were 
generated by NETN lysis and 50 µg total protein run on SDS PAGE 
and immunoblotted for ATM, DNA-PKcs or Ku80 as shown (a). BT 
and L3 are lymphoblastoid cell lines from a control (BT) and an A-T 
patient (L3) as described previously (Williamson et al. 2010). Molec-
ular weight markers are indicated in kDa on the right-hand side. 
Asterisk represents non-specific cross-reacting bands. The effects of 
olaparib and AZD6738 on cell viability and apoptosis are shown in 
b, c (viability) and d (apoptosis). *p < 0.05 when compared to other 
treatment groups of that cell line and the DMSO control. #p < 0.05 
when compared to DMSO control of that cell line only. c Quantita-
tion of a at the 144-h time point for ATM-proficient (left) and ATM-
deficient (right) prostate cancer cell lines
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an ATR inhibitor would overcome the olaparib-induced 
G2/M arrest and induce cell death. Indeed, we found that 
the combination of the ATR inhibitor VE-821 with olaparib 
induced apoptosis in ATM-depleted A549 lung cancer cells 

with little effect on viability of ATM-proficient A549 cells 
(Jette et al. 2019). Here, we extend these studies to show 
that the ATR inhibitor AZD6738, which is in clinical trials 
for a number of solid tumours (Foote et al. 2015, 2018), 
also induces cell death in olaparib-treated ATM-deficient 
lung, prostate and pancreatic cancer cells with little effect 
on ATM-proficient control cells. This suggests that the com-
bination of a PARP inhibitor with an ATR inhibitor may 
be useful in the treatment of a variety of cancer types with 
ATM deficiency. We speculate that combination of an ATR 
inhibitor with olaparib could also have benefit in cases of 
PARP inhibitor resistance and/or in patients with muta-
tions in other DDR gene subsets that make tumours less 
responsive to PARP inhibition, however, this remains to be 
determined.

As discussed, PARP inhibitors are FDA approved for 
use in ovarian cancer and are in clinical trials for a number 
of other cancers, including breast, prostate and pancreatic 
cancer. In an initial clinical trial of 60 patients with meta-
static prostate cancer, five were shown to have somatic or 
germline mutations in ATM and four of the five responded 
favourably to olaparib (Mateo et al. 2017), suggesting that 
ATM is a promising target in prostate cancer. Subsequently, 
olaparib treatment was shown to result in a statistically sig-
nificant increase in radiographic progression-free survival 
(rPFS) compared to physician’s choice therapy in patients 
with metastatic castration-resistant prostate cancer and DDR 
gene alterations, for example in BRCA1/2, ATM and PALB2 
(Hussain et al. 2019). However, exploratory analyses suggest 
that patients with ATM gene defects may not experience as 
impressive rates of progression-free survival in response to 
olaparib treatment alone as patients with other DDR gene 
alterations. This early evidence supports the need to exam-
ine combination therapy to enhance the clinical efficacy 
in this unique DDR gene alteration. Our observation that 
olaparib alone does not cause cell death in ATM-deficient 
prostate cancer cell lines may explain why men with muta-
tion in ATM exhibited inferior outcome to olaparib treatment 
compared to those with BRCA1 mutation (Marshall et al. 
2019), supporting our hypothesis that combination of PARP 
inhibitor with an ATR inhibitor may be more appropriate for 
tumours with ATM deficiency.

Critical to adoption of PARP inhibitors in the clinic will 
be the accurate identification of patients who may benefit 
from the selected treatment. Data from TCGA Pan Cancer 
Atlas studies, available on c-Bioportal (Cerami et al. 2012; 
Gao et al. 2013) (accessed March 15, 2020) reveal that 
ATM is mutated in approximately 6% of all cancers (677 of 
10,967 samples), with 766 identified mutations (522 mis-
sense, 230 truncating, 8 in-frame and 6 other) that are scat-
tered throughout the coding sequence, with very few occur-
ring in multiple tumour samples. An exception is R337C/H 
that occurs in 22 out of 677 (3%) of the samples analysed 

Fig. 3  ATM-deficient Panc 10.05 pancreatic cancer cells undergo cell 
death when incubated with olaparib plus the ATR inhibitor AZD6738 
but not either agent alone. a ATM was depleted from Panc 10.05 pan-
creatic cancer cells using shRNA as described previously (William-
son et  al. 2010). Extracts were generated by NETN lysis and 50 µg 
total protein run on SDS PAGE and immunoblotted for ATM, DNA-
PKcs or Ku80 as shown. BT and L3 are ATM positive and negative 
controls as in Fig. 2. The effect of olaparib and AZD6738 on viability 
and apoptosis is shown in b, c (viability) and d (apoptosis). Quan-
titation of viability at the 114-h time point is shown in c. Statistical 
analysis and asterisk are as in Figs. 1 and 2
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(discussed in Jette et al. 2020). Moreover, the functional 
consequences of the vast majority of ATM mutations are 
unknown, thus screening patients by DNA sequence alone 
may not be informative. However, analysis of ATM muta-
tions in Ataxia Telangiectasia, a cancer predisposition syn-
drome caused by loss or inactivation of both copies of the 
ATM gene (Rothblum-Oviatt et al. 2016) has shown that 
many missense mutations result in protein truncation (Gilad 
et al. 1998). Indeed, immunohistochemistry of ATM protein 
expression in lung adenocarcinoma patient samples revealed 
that over 40% had low protein expression, despite only 10% 
showing gene mutation (Villaruz et al. 2016). In addition, 
promoter methylation has been shown to lead to ATM gene 
silencing in some cancer cells (Hirakawa et al. 2019; Kim 
et al. 2002; Jette et al. 2020). Therefore, it is possible that 
more patient samples may lack ATM expression or function 
than indicated by exome sequencing alone and that methods 
for assaying ATM protein expression and/or activity will be 
required for patient selection.

Our results also highlight how the type of assay used to 
measure sensitivity of cultured cells to a compound can 
influence interpretation of results. Our results using clo-
nogenic survival assays indicated that ATM-deficient cells 
are highly sensitive to olaparib (less than 1% survival at 
1 µM olaparib) (Jette et al. 2019), however, subsequent 
results based on a better understanding of the mechanism 
of action of olaparib indicated that these cells were only 
arrested in G2 and did not show evidence of cell death by 
either sub-G1 DNA or annexin staining. Only after including 
the ATR inhibitor VE-821 did we observe evidence of cell 
death (Jette et al. 2019). These data illustrate how inferring 
cell viability from a clonogenic survival/colony formation 
assay (Franken et al. 2006) can be misleading, as the assay 
measures the ability of a single cell to proliferate to form a 
colony, usually of 50 or more cells, not viability/cell death, 
and, as shown by our work, a cell that is arrested in G2 
is still viable; it is just unable to form colonies. Therefore, 
the type of viability assay used for determining sensitivity 
to olaparib and possibly other PARP inhibitors needs to be 
carefully chosen.
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