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Susceptibility of ATM-deficient pancreatic cancer cells to radiation
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ABSTRACT
Ataxia telangiectasia mutated (ATM) is inactivated in a significant minority of pancreatic ductal
adenocarcinomas and may be predictor of treatment response. We determined if ATM deficiency renders
pancreatic cancer cells more sensitive to fractionated radiation or commonly used chemotherapeutics.
ATM expression was knocked down in three pancreatic cancer cell lines using ATM-targeting shRNA.
Isogenic cell lines were tested for sensitivity to several chemotherapeutic agents and radiation. DNA repair
kinetics were analyzed in irradiated cells using the comet assay. We find that while rendering pancreatic
cancer cells ATM-deficient did not significantly change their sensitivity to several chemotherapeutics, it
did render them exquisitely sensitized to radiation. Pancreatic cancer ATM status may help predict
response to radiotherapy.
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Background

Pancreatic cancer is the third-leading cause of cancer death in
the USA, with a 5-year survival rate of 8%.1 Patients with locally
advanced or borderline resectable disease commonly receive
combination chemotherapy and radiotherapy despite the lack of
clear evidence that radiotherapy improves outcomes.2,3 Stereotac-
tic body radiation therapy (SBRT) is currently undergoing evalu-
ation as a therapy for pancreatic cancer.4-6 A recent phase II
study using SBRT to treat unresectable pancreatic cancer
reported a local control rate of 57% but with significant toxicity
(4.5% of patients suffered gastric perforation).6 Thus, SBRT may
improve outcomes, but more studies are needed.

It is likely that a pancreatic cancer’s molecular profile influ-
ences its response to radiotherapy. One predictor of radiation
response is status of ATM, a phosphatidylinositol 3-kinase-like
kinase (PIKK) that has a primary role in orchestrating the com-
plex DNA damage response (DDR),7 chromatin remodeling,
response to oxidative stress,8 and other cellular functions. Bial-
lelic germline inactivation of ATM causes the severe, develop-
mental neurodegenerative disease, Ataxia Telangiectasia,9

which carries a 25% lifetime risk of cancer. Patients with Ataxia
Telangiectasia are unable to respond effectively to DNA dou-
ble-stranded breaks (DSBs) and are hypersensitive to radiation.
ATM has been identified as a pancreatic cancer susceptibility
gene and biallelic inactivation of the ATM gene has been iden-
tified in the pancreatic cancers of patients with heterozygous
germline ATM mutations.10,11 Deleterious germline ATM
mutations are one of the most common known causes of inher-
ited pancreatic cancer10,11,12,13 and are also identified in
patients with apparently sporadic pancreatic cancer.14,15 In

addition, a small percentage of pancreatic cancers harbor bial-
lelic, somatic inactivation of ATM.16 Immunohistochemical
analysis of a large series of pancreatic cancers found loss of
ATM protein expression in 38/347 (11%) of cancers from
patients without a family history of the disease and in 12 out of
49 (24.5%) cancers from patients with a family history of the
disease.17

Overall, ATM inactivation occurs sufficiently often in
pancreatic ductal adenocarcinomas that it could be impor-
tant to determine if a patient’s pancreatic cancer harbors
inactivating ATM mutations or if loss of ATM protein
expression when making decisions about therapy. Although
ATM status is known to be important in predicting radia-
tion and chemotherapy response in certain settings, pancre-
atic cancer is considered a relatively radio- and chemo-
resistant cancer and not much is known about whether or
not ATM status has an important role in determining treat-
ment response. One study found that knockdown of either
ATM or the ATM-interacting protein APPL in MIA PaCa2
cells results in radiosensitization and defective DNA
repair.18 Simeone et al have found that another one of
ATM’s many downstream effectors, ATDC, influences
response to radiotherapy in preclinical models.19 ATM
expression is associated with radioresistance in glioblastoma
cells.20 ATM status has also been shown to influence
response to chemotherapy in preclinical studies and in
some clinical trials. For example, suppression of ATM in
p53-deficient mouse embryonic fibroblasts sensitizes them
to doxorubicin.21 ATM-deficient chronic lymphocytic
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leukemia cells die when treated with an ATR inhibitor.22

Lymphomas23,24 and gastric cancers25 with ATM deficiency
are more likely to respond to the PARP inhibitor, olaparib.
In some settings, ATM inactivation can confer resistance to
certain chemotherapy,26 perhaps because of other concur-
rent molecular alterations such as p53 status.27,21,28

In this study, we examined the effect of ATM-depletion
in multiple pancreatic cancer cell lines in response to sev-
eral chemotherapeutic agents and to fractionated radiation.
We also examined the effect of radiation on DNA integrity
and repair kinetics in ATM-deficient pancreatic cancer
cells.

Results

ATM knockdown and chemosensitivity

ATM expression was knocked down using shRNA in two cell
lines with wild-type ATM and with mutant TP53 (MIA PaCa2,
Panc2.5) and one wild-type ATM cell line with wild-type TP53
(Panc8.13) (Figure 1).

We first evaluated if ATM knockdown affected the che-
mosensitivity of pancreatic cancer cells to several commonly
used chemotherapeutic agents. We included agents used to
treat pancreatic cancer such as the nucleoside gemcitabine,
the topoisomerase inhibitors topotecan and doxorubicin,
the Parp inhibitor, olaparib, the MEK inhibitor, trametenib,
the intercalating agent cisplatin, and the cross-linking agent
mitomycin c, as well as two drugs that could in theory
potentiate the effects of ATM knockdown, namely, Ve821
(an ATR inhibitor) and Nu7441 (a DNA-Pkcs inhibitor).
While most of these drugs were cytotoxic, we observed no
significant difference in the chemosensitivity of ATM-defi-
cient cells vs. ATM-wild-type cells for any of the drugs
tested (Figure 2). Prior studies have found that evidence
that AT-deficient cancer cells are more sensitive to certain
drugs such as topoisomerase inhibitors,29 Parp inhibitors23-
25 and MEK inhibitors,30 they were not found to be more
sensitive to DNA methylating agents or mitomycin C.31 It
is likely that the chemosensitivity of ATM-deficient cancer
cells is very dependent on the cell type and mutational
background. We did find that the BRCA2-mutated pancre-
atic cancer cell line Capan-1 was exquisitely sensitive to
low-dose olaparib as has been previously reported (data not
shown).32

Radiosensitivity

We compared the cloning efficiency of irradiated ATM-profi-
cient vs. ATM-knockdown pancreatic cancer cells. Panc2.5,
MIA PaCa-2, and Panc8.13 cells all showed markedly reduced
cloning efficiency at all radiation doses across a range of plating
densities in ATM-deficient cells compared to ATM wild-type
cells (representative results shown in Figure 3). In all three cell
lines, the difference in cloning efficiency between ATM-defi-
cient and wild-type cells grew with each radiation dose. While
surviving wild-type clones generally appeared healthy and sta-
ble at lower doses, surviving ATM-deficient cells at any dose
frequently exhibited aberrations: cell enlargement, multinuclea-
tion, and twisted, malformed cell boundaries consistent with
having sustained genotoxic insult.33

To evaluate if ATM-deficient cells were able to survive
irradiation by repairing DSBs with compensatory DNA
repair mechanisms such as ATR and DNA-PKcs pathways,
we repeated our radioclonogenicity assays combining irradi-
ation with an ATR inhibitor or with a DNA-PKcs inhibitor.
In each case, while ATM-deficient cells were more sensitive
to the drug/radiation combination than wild-type cells, we
saw no evidence of a greater effect on cloning efficiency to
suggest that the drug was having any synergistic effect
(Figure 4).

We also examined the sensitivity of ATM-deficient pancre-
atic cancer cells to fractionated radiation. Fractionation target
more cells at different stages of the cell cycle, helping to over-
come the relative resistance of cells during S phase.34 We
applied fractionated radiation doses to ATM-knockdown
Panc2.5 and Panc8.13 cells. Cells were treated with either 5 Gy
or a therapeutically equivalent 6 Gy over 3 doses of 2 Gy each.
We find that in both cell lines, the fractionated doses were mar-
ginally more effective at inhibiting clonogenic growth than the
single 5 Gy dose against ATM-deficient but not ATM wild-type
pancreatic cancer cells (Figure 5).

We were additionally interested in whether any synergis-
tic effect could be observed between treatment with ola-
parib, a PARP inhibitor, and fractionated radiation. In both
tested cell lines, treatment of ATM knockdown pancreatic
cancer cells with 100 nM olaparib or an equivalent concen-
tration of DMSO one hour before fractionated radiation
resulted in a total loss of clonogenicity (Figure 6). Treat-
ment with 100 nM olaparib one hour before fractionated
radiation resulted in a total loss of clonogenicity for ATM
wild-type Panc8.13 cells and 2.94% cloning efficiency in
ATM wild-type Panc2.5 cells.

Radiation-induced DNA damage

Using the comet assay, we observed a reduced fraction of DNA
in the comet head immediately after treating MIA PaCa-2 cells
with 4 Gy radiation (Figure 7A). This reduction was equivalent
between wild-type and ATM-deficient cells, indicating that
ATM status did not affect the rate at which DNA damage
occurs in the cell, but rather its ability to tolerate and repair
that damage.

We next used the comet assay to quantify the repair
kinetics of pancreatic cancer cells and the effect of ATMFigure 1. ShRNA-mediated knockdown of ATM.

992 M. AYARS ET AL.



knockdown. After MIA PaCa2, Panc2.5, and Panc8.13 cells
were treated with 4 Gy radiation, we observed comparable
DNA damage in wild-type and ATM-deficient cells immedi-
ately post-exposure, but significantly reduced repair in
ATM-deficient cells compared to ATM-wild-type cells
(Figure 7). These results are consistent with prior findings
that the repair of 10–15% of DSBs is ATM-dependent.35

Discussion

We find that ATM-deficient pancreatic cancer cells are
more sensitive to radiation but not to several chemothera-
peutic agents. An important question is how well these
results might translate into clinical settings. ATM mutations
can be detected in fine needle aspirate samples, and loss of
tumoral ATM expression could be obtained in fine needle
biopsies of pancreatic cancer tumor masses36,37 and so it
would be attractive to test the hypothesis that ATM-
mutated or otherwise ATM-deficient pancreatic cancers are
more sensitive to radiotherapy than ATM-wild-type cancers
and if this is the case whether or not the use of radiother-
apy for local disease control should take into account the
results of tumor molecular profiling.38,39

Interestingly, we did not find any significant differences
in the chemosensitivity of ATM-deficient compared to

ATM-intact pancreatic cancer cells with intact ATM even
for the Parp inhibitor, olaparib. Prior in vitro studies40 and
clinical trials have found PARP inhibitors such as olaparib
to be especially effective for ATM-deficient breast and pros-
tate cancers.41,42 PARP inhibitors are particularly effective
for cancers with defects in homologous repair, such as from
BRCA mutations, and there is evidence that these agents
can be effective in patients with pancreatic cancer who have
BRCA mutations in unpublished observations from a phase
I clinical trial (NCT01296763).43

In summary, our results support the hypothesis that ATM-
deficient pancreatic cancer cells are more sensitive to fraction-
ated radiation than wild-type pancreatic cancer cells. Our
results support the rationale for determining the role using the
ATM status of a pancreatic cancer to predict response to frac-
tionated radiotherapy.

Materials and methods

Cell culture

Human pancreatic cancer cell lines MIA PaCa2, Panc 2.5,
and Panc 08.13 were obtained from the American Type
Culture Collection (Rockville, MD, USA). These cancer cell
lines were recently authenticated using genetic markers by

Figure 2. Chemosensitivity of ATM-deficient vs. ATM-wild-type pancreatic cancer cells. Cells were exposed to serial dilutions of each agent from 1 nM to 100 um for three
days, then assayed for viability with AlamarBlue. Ic50 values were calculated from the dose-response curve.

Figure 3. Radiosensitivity of ATM-deficient pancreatic cancer cells. Cells were plated at 96 wells and irradiated. After 14–21 days, positive wells were counted as those
with one or more colonies of >50 cells, cloning efficiencies were calculated for each condition, and normalized to the untreated cells of each cell line.
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the Johns Hopkins Genetics Core facility. All cell lines, were
cultured in Dulbecco’s modified Eagle’s medium (Life Tech-
nologies, Inc., Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (Mediatech, Inc., Manassas, VA,
USA) and 1% antibiotics (Pen/Strep; Life Technologies) and
incubated at 37�C in a humidified atmosphere of 5% CO2

in air.

shRNA inhibition of ATM

Hairpin shRNA sequences targeting ATM were designed with
the Oligoengine software (www.oligoengine.com) and ordered
from Integrated DNA Technologies (www.idtdna.com):

Pair 1:
Forward: 5’-AGCTTAAAAAGAGGTCAAACCTAGAAAG

CTCTCTTGAAGCTTTCTA GGTTTGACCTCGGG
Reverse: 5’-GATCCCCGAGGTCAAACCTAGAAAGCTTC

AAGAGAGCTTTCTAGG TTTGACCTCTTTTTA
Pair 2:
Forward:5’-GATCCCCGCTGCAGAGTCAATCAATATTC

AAGAGATATTGATTGACTCTGCAGCTTTTTA
Reverse:5’-AGCTTAAAAAGCTGCAGAGTCAATCAATA

TCTCTTGAATATTGATTGACTCTGCAGCGGG

Sequences were annealed and ligated into linearized pSuper.
retro.puro vector. Subcloning Efficiency DH5a Competent
Cells (ThermoFisher) were transformed with constructs and
selected with 100 mg/ml ampicillin LB agar plates. Isolated bac-
teria were grown overnight in liquid LB broth with 100 mg/ml
ampicillin and processed for plasmid using a GeneJET Plasmid
Miniprep Kit (ThermoFisher). Harvested plasmid was checked
for the correct insertion by Sanger sequencing (sequencing
primer: 5’-GGAAGCCTTGGCTTTTG).

Panc2.5 and Mia PaCa2 cells were transfected with
shRNA Pair 1. Panc8.13 cells were transfected with shRNA
Pair 2. 1.5 mg of pSuper construct and 1 mg of amphotropic
envelope expression vector (pVSV-G) were used to transfect
GP-293 cells (ATCC) in 6-well dishes using Lipofectamine
2000 (Life Technologies) according to the manufacturer’s
protocol. Medium was changed after 24 hours. After an
additional 24 hours, cell culture supernatants were har-
vested, filtered with 0.22 mM filters, and diluted 1:2 in fresh
medium. Polybrene was added to dilute viral supernatant at
6 mg/mL which was then added to cells at 30% confluency
in 6-well plates. After 24 hours, viral media was replaced
with fresh media. After an additional 48 hours, media was
replaced with fresh media containing Puromycin. Selection
continued for 7 days.

A

B

C

D

Figure 4. Chemoradioclonogenicity of ATM-deficient cells. Cells were treated with Ve821, an ATR inhibitor (MIA PaCa-2 cells, A, B) or Nu7441, a DNA-PKcs inhibitor
(Panc2.5 cells, C, D) one hour before irradiation. After 14–21 days, the number of wells (out of 96) with one or more colonies of >50 cells were determined, cloning effi-
ciencies were calculated for each condition, and normalized to the untreated cells of each cell line.

Figure 5. Effect of fractionated radiotherapy on radioclonogenicity. Radiation doses were applied every 24 hours to cells grown in 96-well plates. Cloning efficiency values
were calculated from the number of wells out of 96 containing clones of 50 or more cells for each treatment. Cloning efficiency values were normalized to the cloning effi-
ciency values of each untreated cell line.
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Western blot

Total protein lysates were extracted in RIPA buffer (Roche
Diagnostics, Indianapolis, IN) with cOmplete Mini tablets
(Roche Diagnostics) and homogenized with a Bioruptor
(Diagenode, Denville, NJ) for 8 cycles (30s high, 30S off).
Protein concentrations were determined using the Pierce
BCA Protein Assay Kit (ThermoScientific, Waltham, MA).

Membranes were incubated overnight at 4� C with primary
antibodies: rabbit anti-ATM (Abcam, Cambridge, MA) or
goat anti-Actin (Santa Cruz Biotechnology). Membranes
were incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibody in 5% dry milk for 1 hour. Bound
antibody was detected with a Pierce ECL Plus kit
(ThermoScientific).

Figure 6. Effect of combining olaparib and fractionated radiation on clonigenic growth. Cells were plated on 96-well plates. Every 24 hours, media was replaced with nor-
mal media C 100 nM olaparib or normal media C 0.1% DMSO. Fractionated radiotherapy doses were applied one hour after changing media. Cloning efficiency values
were calculated from the number of wells out of 96 containing clones of 50 or more cells for each treatment. Cloning efficiency values were normalized to the cloning
efficiency values of each untreated cell line.

A

B

C

D

Figure 7. DNA repair kinetics of ATM-deficient cells. The comet assay was used to evaluate DNA damage in cells post-irradiation. For each condition, 100 cells were
imaged and analyzed for the proportion of DNA in their head (intact) and tail (damaged). (A) Immediately post-irradiation, there is no significant difference in the propor-
tion of damaged DNA between ATM-deficient and wild-type cells. (B-D) The comet assay was performed on cells at multiple time points post-irradiation.
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Chemosensitivity

Chemosensitivity assays were performed using a previously
described protocol.44 In brief, cells were plated at a density of
3,000 cells/well in the 60 center wells of 96-well plates. Media was
aspirated 24 hours later and replaced with 200 ml/well drug-sup-
plemented media. Drugs were serially diluted 10-fold in standard
growth medium at concentrations ranging from 1 nM to 100 mM.
For drugs dissolved in dimethyl sulfoxide (DMSO) vehicle,
untreated cells were incubated in DMSO-supplemented media as
a negative control. Plates were incubated for 72 hours. 10% Ala-
marBlue Cell Viability reagent (ThermoFisher Scientific) was
added to each well as per the manufacturer’s protocol. Readings
were performed using a BMG FluoStar Galaxy instrument (BMG
Labtechnologies; excitation at 544 nM, reading at 590 nM). Statis-
tical analyses were performed and ic50 curves were generated
using Graphpad Prism 6.0.

Radioclonogenicity

Cells were plated at low density (9 cells/well for Panc2.5 and
MIA PaCa2 cells, 45 cells/well for Panc8.13) and irradiated in a
Gammacell 40A (cesium-137 source) at doses of 0, 2, 4, or
6 Gy, then allowed to grow until distinct colonies of >50 cells
were countable in untreated plates (8-21 days, depending on
the cell line). For fractionated radiation experiments, doses
were delivered every 24 hours. Staining was performed with
Crystal Violet solution (5% Crystal Violet, 25% methanol) and
wells with 1 or more colonies of >50 cells were counted. Clon-
ing efficiency was calculated as: (-ln (total wells-clone wells/
total wells))/(number of cells/well) normalized to the number
of clone-positive wells on untreated plates.

Chemoradioclonogenicity

Cells were plated at low density (9 cells/well) and allowed to
attach overnight. Media was replaced by serially-diluted drugs
at 16 wells/dose: MIA PaCa2 (1 nM-10 mM Ve821 ATR inhibi-
tor) and Panc2.5 (1 nM-1 mM Nu7441 DNA-PKcs inhibitor).
Plates were irradiated in a Gammacell 40A at 0, 1, 2, 4, or 6 Gy
(MIA Paca2) and 0, 2, or 4 Gy (Panc2.5). After 14 days, staining
was performed with Crystal Violet solution and wells with 1 or
more colonies of >50 cells were counted. Cloning efficiency
was calculated as previously.

Comet assay

Comet assay was performed as previously described.45 Cells
were detached and resuspended in 5 mL media at 2 £ 105 cells/
mL stored on ice to minimize DNA damage from handling.
CometAssay LMAgarose (Trevigen, Gaithersburg, MD) was
kept ready in a 37� water bath. On ice, cells were irradiated in a
Gammacell 40A at 4 Gy.

50 mL of cells were combined with 400 ml of LMAgarose and
gently mixed. 50 mL of mix was added to each well of a Flare
Slide (Trevigen) and spread evenly with a pipet tip. Slides were
immediately incubated on a 4� metal surface to cool. Chilled
slides were immersed in a glass dish filled with CometAssay
Lysis Solution (Trevigen) for 1 hour at 4� C. Slides were washed

twice for 15 min in TBE solution and electrophoresed for 40
minutes at 4� C in TBE buffer using 1 V/cm length of the box.
DNA was stained with DAPI ProLong Gold Antifade Mount-
ant (ThermoFisher Scientific) and imaged on a Confocal
Eclipse Ti-E microscope (Nikon Instruments, San Quirico,
Italy). Pictures were taken of 50 cells for each sample and ana-
lyzed with CometScore software (www.autocomet.com).

Statistics

Descriptive statistical values and plots were generated using
Graphpad Prism 6.0. Chemosensitivity ic50 values were calcu-
lated using a log (inhibitor) vs. normalized response equation
with a variable slope. Goodness of fit was determined by
adjusted R2 value. Radioclonogenicity was calculated as: (-ln
(total wells-clone wells/total wells))/ (number of cells/well) nor-
malized to the number of clone-positive wells on untreated
plates. Clone-positive wells were defined as any well with one
or more clones of 50 or more cells. For comet assays, Comet-
Score software was used to manually delineate tail and head
regions of photographed comets by an operator blinded to sam-
ple group. The proportion of DNA localized to the head region
was averaged for 50 comets per sample group and compared at
each time point using a student’s t-test.
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