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ABSTRACT

Lung cancer is the leading cause of cancer-related mortality in the USA and
worldwide, and of the estimated 1.2 million new cases of lung cancer diagnosed
every year, over 30% are lung adenocarcinomas. The backbone of 1st-line systemic
therapy in the metastatic setting, in the absence of an actionable oncogenic driver,
is platinum-based chemotherapy. ATM and ATR are DNA damage signaling kinases
activated at DNA double-strand breaks (DSBs) and stalled and collapsed replication
forks, respectively. ATM protein is lost in a number of cancer cell lines and ATR
kinase inhibitors synergize with cisplatin to resolve xenograft models of ATM-
deficient lung cancer. We therefore sought to determine the frequency of ATM loss in
a tissue microarray (TMA) of lung adenocarcinoma. Here we report the validation of a
commercial antibody (ab32420) for the identification of ATM by immunohistochemistry
and estimate that 61 of 147 (41%, 95% CI 34%-50%) cases of lung adenocarcinoma
are negative for ATM protein expression. As a positive control for ATM staining, nuclear
ATM protein was identified in stroma and immune infiltrate in all evaluable cases. ATM
loss in lung adenocarcinoma was not associated with overall survival. However, our
preclinical findings in ATM-deficient cell lines suggest that ATM could be a predictive
biomarker for synergy of an ATR kinase inhibitor with standard-of-care cisplatin.
This could improve clinical outcome in 100,000’s of patients with ATM-deficient lung
adenocarcinoma every year.

INTRODUCTION

ATM (ataxia telangiectasia-mutated) and ATR
(ataxia telangiectasia and Rad 3-related) are serine/
threonine protein kinases that phosphorylate a broad and
overlapping catalogue of several thousand substrates that
collectively impact cell cycle progression, DNA replication
and repair, transcription, translation and metabolism [1-3].

Above poorly defined thresholds of DNA damage, ATM
and ATR kinase signaling can also lead to either apoptosis
or senescence [1-3]. ATM is activated within seconds to
minutes of exposure to ionizing radiation (IR) and other
agents that induce DNA double-strand breaks (DSBs) [4-7].
ATR is activated within minutes to hours of exposure to
agents that induce stalled and collapsed replication forks
and at DSBs after end-resection [8].
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Mutations in ATM that result in the absence of
detectable protein cause the childhood disease ataxia
telangiectasia (A-T) [4, 9]. A-T is characterized by
progressive neurodegeneration, increased incidence of
lymphoid malignancies and profound radiosensitivity [4,
9, 10]. Mice that express no ATM protein are viable, have
an increased incidence of lymphoid malignancies and are
radiosensitive, but show no signs of neurodegeneration
[11, 12]. In contrast, expression of ATM kinase-inactive
protein causes early embryonic lethality in mice [13, 14].
Deletion of ATR also causes early embryonic lethality
in mice [15]. Thus, ATM loss may allow tumor cells a
proliferation and survival advantage, while mutations
that inactivate ATM kinase and ATR loss may be lethal.
Acquired ATM loss may be exploited for clinical benefit
as pharmacologic ATR kinase inhibitors including VE-
821, VE-822/VX970 and AZD6738 synergize with
cisplatin to kill ATM-deficient cancer cells in vitro and to
resolve xenograft models of ATM-deficient lung cancer
in vivo [16—-19].

The frequency of loss of ATM protein has not
been reported in lung cancer previously. In large-scale
genomics efforts, fourteen mutations, including 1
nonsense, | splice-site and 2 frameshift mutations, were
identified in 13 of 188 (7%) lung adenocarcinomas [20].
Twenty-two mutations, including 2 nonsense, 1 splice-site
and 1 frameshift mutation, were identified in 20 of 183
(11%) lung adenocarcinomas [21]. Molecular profiling
identified 25 mutations, including 8 nonsense, 1 splice
site and 4 frame-shift mutations, in 24 of 230 (10%)
lung adenocarcinomas, and amplification and deletion
were each identified in 3 lung adenocarcinomas [22]. In
total, in the latter study, ATM was altered in 27 of 230
(12%) lung adenocarcinomas. It is important to consider

that the majority of somatic mutations identified in ATM
have no known functional consequence. Here we report
the validation of a commercial antibody for the detection
of ATM by immunohistochemistry. Remarkably we
show that 61 of 149 (41%) lung adenocarcinomas can
be considered negative for ATM protein expression. This
finding is important as the combination of an ATR kinase
inhibitor with standard-of-care cisplatin may improve
clinical outcome in 100,000’s of patients with ATM-
deficient lung adenocarcinoma every year.

RESULTS

Selectivity of anti-ATM antibody [Y170]
(ab32420)

Rabbit monoclonal anti-ATM antibody [Y170]
(ab32420) identified a nuclear antigen in tissue sections
generated from formalin fixed, paraffin embedded (FFPE)
human lymphoblastoid cells (GM14680) that express
ATM, but not in lymphoblastoid cells (GMO01526)
derived from an ataxia telangiectasia patient that express
no detectable protein by immunoblotting (Figure 1).
Basic immunohistochemistry controls including no
primary antibody and isotype control primary antibody
were negative for staining (Supplementary Figures S1
and S2). Ab32420 also identified a nuclear antigen in
a tonsil, salivary gland, breast, head and neck cancer,
squamous oral cancer and gastric cancer (Figure 2).
Positive staining was reversed by prior incubation of
ab32420 with the peptide antigen used to generate the
antibody (Figure 3). Ab32420 did not detect antigen
in tissue sections generated from FFPE mouse and rat
liver or mammary tissue (Figure 4). Rabbit monoclonal

Figure 1: Rabbit monoclonal anti-ATM antibody [Y170] (ab32420) identifies a nuclear antigen in human lymphoblastoid
cells expressing ATM. A. GM14680 cells that express ATM, and B. GM01526 cells derived from an ataxia telangiectasia patient that

express no ATM detectable protein by immunoblotting.
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Figure 2: Rabbit monoclonal anti-ATM antibody [Y170] (ab32420) identifies a nuclear antigen in formalin fixed,
paraffin embedded human cancers. Ab32420 identified a nuclear antigen in a tonsil, salivary gland, breast, head and neck cancer,
squamous oral cancer and gastric cancer.

A B  ab32420
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Figure 3: Rabbit monoclonal anti-ATM antibody [Y170] (ab32420) staining is blocked by immunizing peptide. A/C.
ADb32420 positive control with no blocking peptide, B/D. ab32420 incubated with a 10 x excess of immunizing peptide at 4°C overnight.
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anti-ATM antibody ab32420 was generated using a
synthetic peptide identical to the human ATM protein
around serine-1981. The human ATM sequence around
human serine 1981 is EKRSLAFEEGSQSTTISSLSE;
the mouse ATM sequence around serine 1987 is
EKRSPTFEEGSQGTTISSLSE; the rat ATM sequence
around serine 1987 is EKRSPTFEEGSQGTTISSLSE.
Thus, ab32420 recognizes a human-specific antigen in
immunohistochemistry whose expression is consistent
with that of the ATM protein. Since serine-1981 is
phosphorylated after IR and exposure to other agents that
induce DSBs [7, 23, 24], and also in human cancers as
a consequence of replicative stress [25, 26], and because
phosphorylation on ATM serine-1981 can have a very high
stoichiometry [7], it is important to determine whether
ab32420 identifies either the non-phosphorylated or
phosphorylated protein selectively.

To determine the phospho-selectivity of ab32420
in immunoblotting, FLAG-epitope tagged ATM (FLAG-
ATM) and fluorescent protein tagged ATM (mEOS2-
FLAG-ATM) were expressed in human embryonic kidney
293T cells and whole cell lysates were prepared [14, 23].
Whole cell lysates were resolved and immunoblotted with
either ab32420 or anti-FLAG MS5 antibody (Figure 5A).
Ab32420 and anti-FLAG identified a single band in the
extract expressing FLAG-ATM as endogenous ATM and
FLAG-ATM are not resolved by SDS-PAGE. Ab32420 and
anti-FLAG identified two bands in the extract expressing
mEOS2-FLAG-ATM as endogenous ATM and mEOS2-
FLAG-ATM are resolved by SDS-PAGE. The anti-FLAG

Mouse Liver

antibody identifies the N-terminal FLAG-tagged ATM
protein more efficiently than the internal FLAG-tagged
mEOS2-FLAG-ATM as expected. Ab32420, but not anti-
FLAG, identified a single band in the whole cell extract
generated from mock-transfected cells.

To determine whether ATM serine-1981 is essential
for ab32420 binding, FLAG-ATM wild-type and FLAG-
ATM serine-1981-alanine mutant were expressed in 293T
cells and recombinant proteins were immunoprecipitated
using anti-FLAG M2 agarose [7]. Immunoprecipitates
were resolved and immunoblotted with either ab32420
or anti-FLAG M5. Ab32420 identified both FLAG-ATM
wild-type and FLAG-ATM serine-1981-alanine mutant
(Figure 5B). Since ATM detection with ab32320 and anti-
FLAG are comparable, substitution of serine-1981 for
alanine-1981 does not compromise detection of ATM by
ab32420.

To determine whether ATM serine-1981
phosphorylation disrupts ATM identification by
ab32420, H460 lung adenocarcinoma cells stably
expressing either an shRNA that targets ATM or a
scrambled shRNA [27], were treated with KU55933, a
small molecule ATM kinase inhibitor [28], and exposed
to 2 Gy IR. Whole cell extracts were generated,
resolved and immunoblotted with either ab32420 or
anti-FLAG M5 (Figure 5C). Neither the radiation nor
the ATM kinase inhibitor affected the identification
of ATM by ab32420 even though serine-1981 was
efficiently phosphorylated by radiation treatment in
the absence of an ATM inhibitor. We conclude that
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Figure 4: Rabbit monoclonal anti-ATM antibody [Y170] (ab32420) does not detect antigen in mouse and rat.
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ab32420 does not selectively identify either the non-
phosphorylated or phosphorylated form of ATM in
immunoblotting, but rather recognizes total ATM
protein in western blotting.

To  determine  whether  phosphorylation
disrupts epitope identification by ab32420 in
immunohistochemistry (IHC), tissue sections were
incubated with alkaline phosphatase prior to incubation
with ab32420. Alkaline phosphatase treatment did
not change the identification of the nuclear antigen

A = s
S
O] O
=7 =7
=L —
< o < &
90 90
<Do Swmo
L ET @E?<=
anti-ATM
ab32420 [EEEEE R anti-FLAG
s o
250 kDa = i .
-
150 = -
100 = o o——
75~ dsaa
50 =
37 =
C AATM
2 Gy 2 Gy
™ ™ [4p) o
o (o] (ep] (o]
T EL LT EL
c g c 8 = g < g
SR A B B
anti-ATM
ab32420 swememe—

by ab32420 (Figure 6). We conclude that there is no
selectivity of ab32420 for the non-phosphorylated
or phosphorylated form of ATM in IHC. These
controls are important since the stoichiometry of
ATM phosphorylation in primary fibroblasts is at least
50% following 2 Gy IR [7], and ATM serine-1981
phosphorylation would result in false negative/reduced
staining for ATM if the phosphorylated protein were not
identified by ab32420.
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Figure 5: Rabbit monoclonal anti-ATM ab32420 does not selectively identify either the non-phosphorylated or
phosphorylated form of ATM in immunoblotting. A. FLAG-ATM and mEOS2-FLAG-ATM were expressed in 293T cells and
whole cell lysates were immunoblotted with either ab32420 or anti-FLAG MS5 antibody. B. FLAG-ATM wild-type and FLAG-ATM serine-
1981-alanine mutant were expressed in 293T cells and recombinant proteins were immunoprecipitated using anti-FLAG M2 agarose and
immunoblotted with either ab32420 or anti-FLAG M5. C. H460 lung adenocarcinoma cells stably expressing either an shRNA that targets
ATM or a scrambled shRNA were treated with KUS55933, a small molecule ATM kinase inhibitor and exposed to 2 Gy IR. Whole cell
extracts were generated, resolved and immunoblotted with either ab32420 or anti-FLAG MS5.
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ATM expression in a lung adenocarcinoma TMA

A tissue microarray (TMA) of lung adenocarcinomas
obtained from the the University of Pittsburgh Lung
Specialized Program of Research Excellence (SPORE) was
stained for ATM at the Biomarker Division of AstraZeneca
in Cambridge, UK. An immortalized cell line from an
ataxia telangiectasia individual that expresses no ATM and
a similar cell line from a patient that expressed ATM were
used as technical controls (Figure 1). Unambiguous positive
and negative nuclear staining was identified by ab32420 in
the lung adenocarcinomas (Figure 7).

Patient tumors were considered evaluable if at least
two cores were stained for ATM in the stroma and immune
infiltrate, since ATM is known to be expressed at high level
in lymphocytes [24]. Of the 227 unique patients in the
TMA, 147 had evaluable lung adenocarcinomas (Table 1),
with most exclusions due to inadequate tissue or negative

staining in the lymphocytes or stroma. A core was scored
as ATM negative if >90% of tumor cells were negative
for nuclear ATM staining and <10% of tumor cells were
positive for ATM staining, as previously described [29,
30]. If any of 2 or more cores stained positive for ATM
in tumor cell nuclei that case was scored as positive.
The distribution of ATM staining in tumor cores tends
to follow a bi-modal distribution with clear distinction
between “positive” and “negative” staining cores. The
90% negative tumor nuclei cutoff for ATM low/negative
used here was chosen to be consistent with that previously
established in the literature [30]. Overall, 61 (41%, 95%
confidence interval 34%-50%) of lung adenocarcinomas
were ATM negative and 86 (59%, 95% confidence interval
50%-66%) were ATM positive.

ATM deficiency was not associated with age,
gender, race, EGFR or KRAS mutation, smoking
history, pathologic stage, degree of inflammation, or

Ki67+ AP

oY + AP

Figure 6: Rabbit monoclonal anti-ATM ab32420 does not selectively identify either the non-phosphorylated or
phosphorylated form of ATM in immunohistochemistry. ab32420 and Ki67 staining is not affected by alkaline phosphatase
treatment of tissue sections. Phosphotyrosine (pY) staining is lost after alkaline phosphatase treatment of tissue sections.
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Table 1: ATM loss is not associated with clinical pathologic features of lung adenocarcinomas

All (n=147) ATM Negative (n=61) ATM Positive (n=86) P-value
N (%) N (%) N (%)
Age, mean (range) 65 (39-88) 66 (44-88) 65 (39-87) 0.43°
Gender 0.74¢
Female 78 (53) 31 (51) 47 (55)
Male 69 (47) 30 (49) 39 (45)
Race 0.86¢
White 134 (91) 55 (90) 79 (92)
Black 8(6) 4 (6) 4(5)
Pacific Islander 2(1) 1(2) 1(1)
Unknown 3(2) 1(2) 2(2)
Genotype 0.20¢
EGFR 39 (26) 18 (30) 21 (24)
KRAS 73 (50) 33 (54) 40 (47)
WT 35 (24) 10 (16) 25 (29)
Smoking History 0.53¢
Current 40 (27) 15 (25) 25 (29)
Former 87 (59) 35(57) 52 (60)
Never 19 (13) 10 (16) 9 (10)
Unknown 1(1) 1(2)
52:?;)0]5%0 Stage (AJCC 0.64°
1A 40 (27) 16 (26) 24 (28)
1B 33(22) 13 (21) 20 (23)
IIA-IIB 37 (25) 14 (23) 23 (27)
IIIA-IIIB 26 (18) 13 21) 13 (15)
4 10 (7) 4(7) 6(7)
N/A* 1(1) 1(2)
Surgical Procedure 0.001¢
Lobectomy 119 (81) 51(84) 68 (79)
Pneumonectomy 8(5) 7 (11) 1(1)
Wedge Resection 20 (14) 3(5 17 (20)
Adjuvant Chemotherapy 0.40°
No 142 (97) 60 (98) 82 (95)
Yes 5(3) 1(2) 4(5)
Angiolymphatic invasion 0.30¢
No 65 (44) 24 (39) 41 (48)
Yes 79 (54) 36 (59) 43 (50)
(Continued)
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All (n=147) ATM Negative (n=61) ATM Positive (n=86) P-value
N (%) N (%) N (%)
Unknown 3(2) 1(2) 2(2)
Pleural invasion 0.49¢
No 87 (59) 38 (62) 49 (57)
Yes 58 (39) 22 (36) 36 (42)
Unknown 2(1) 1(2) 1(1)
Inflammation 0.60¢
Mild 99 (67) 39 (64) 60 (70)
Moderate 35 (24) 17 (28) 18 (21)
Severe 11(7) 4(6) 7(8)
Unknown 2(1) 1(2) 1(1)
AJCC = American Joint Committee on Cancer
“No lymph nodes removed-cannot assess pathologic stage
*Wilcoxon rank sum test
‘Fisher’s exact test
dChi-square test
presence of angiolymphatic or pleural invasion (Table DISCUSSION

1). Overall survival following diagnosis ranged from
2-131 months (median 34 months) for the 74 patients
(50%) with recorded date of death; the remaining 73
patients were known to be alive after 14-126 months of
follow-up. ATM status was not associated with overall
survival, either in univariate analysis (Figure 8, Table
2, log-rank p-value=0.33) or controlling for known
prognostic factors pathologic stage (rank-order as
continuous variable 1-7), age, sex, and genotype (hazard
ratio for ATM positive 1.18, 95% CI 0.72-1.92, Wald
p-value=0.52).
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We show here that 61 of 147 (41%) of lung
adenocarcinomas have been demonstrated to be negative
for ATM protein expression. In large-scale genomics
efforts, ATM coding sequence alterations were identified
in <12% lung adenocarcinoma [20-22]. Our validation
experiments show that ab32420 recognizes human ATM
and that there is no selectivity of ab32420 for either ATM
serine-1981 or ATM phosphoserine-1981. There is no
evidence for another post-translational modification within
8 amino acids of serine-1981 in ATM. Thus, the available
data suggest that a yet to be identified mechanism controls

Figure 7: ATM loss is identified in lung adenocarcinoma. A. ATM positive lung adenocarcinoma, and B. ATM loss in lung

adenocarcinoma with ATM positive staining in immune infiltrate.
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Table 2: Survival Analysis

1 Year Overall Survival
Rate (95% confidence

interval)

5 Year Overall Survival
Rate (95% confidence

Median Overall Survival
(95% confidence interval)
interval)

ATM Positive N=86
ATM Negative N=61

94% (87-98 months)
93% (83-97 months)

59% (47-68 months)
51% (38-63 months)

77 months (54-131 months)
64 months (40-NE months)

Overall survival landmarks did not differ by ATM status.
NE = not evaluable.

either the translation or degradation of ATM protein in
lung adenocarcinoma.

This is not the first report of rabbit monoclonal
anti-ATM antibody ab32420 in IHC. Anti-ATM
antibody ab32420 identified ATM reduction or loss in
158 of 314 (59%) of colorectal cancers and this was
associated with worse disease-free survival [31]. Anti-
ATM antibody ab32420 identified ATM loss in 67 of
555 (12%) of pancreatic cancers and patients with ATM
loss and normal 7P53 had worse overall survival [32].
A second study identified loss of ATM phosphorylation
on serine-1981 in 54 of 133 (41%) of pancreatic cancers
and this also associated with worse overall survival [33].
Anti-ATM antibody ab32420 identified ATM loss or
reduction in 616 of 1183 (52%) and ATM high in 567
of 1183 (48%) breast cancers and ATM loss or reduction
was associated with poor survival in estrogen receptor
negative breast cancer [34]. In a second study, anti-ATM
antibody ab32420 identified ATM low in 22 of 168 (13%)
and ATM high in 79 of 168 (47%) hormone negative
breast cancer and ATM low in 36/130 (28%) and ATM
high in 66/130 (51%) hormone positive breast cancers
[35]. In this study, ATM low associated poorer survival
outcomes and this effect was more pronounced in the
hormone negative breast cancers where a multivariate

Overall survival

00 02 04 06 08 1.0

analysis demonstrated that ATM low predicted survival
independent of tumor size and lymph node status [35].
The assay described in detail here has also been used
by AstraZeneca to select patients with recurrent or
metastatic gastric cancer and ATM loss for a trial of
olaparib plus paclitaxel followed by maintenance on
olaparib [29]. Thus, IHC with ab32420 has clinical
utility as a biomarker for prognosis and, potentially,
personalized medicine.

Lung cancer cell lines are sensitized to cisplatin
by ATR kinase inhibitors in vitro and in cell line and
patient derived xenografts (PDX) in vivo [16, 17, 36,
37]. Furthermore, cisplatin and ATR kinase inhibitors
synergize to kill ATM-deficient lung cancer cells
in vitro and to resolve ATM-deficient xenografts in
vivo [16—18]. Our finding that 61 of 147 (41%) of
lung adenocarcinomas are ATM negative suggests
that combinations of an ATR kinase inhibitor with
standard-of-care cisplatin may improve clinical outcome
in 100,000’s of patients with ATM-deficient lung
adenocarcinoma every year. A multicenter phase 1/
phase 1b clinical trial with AZD6738 (NCT02264678)
is currently recruiting patients in the United States,
France, South Korea and the United Kingdom to test this
hypothesis [38, 39].
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Figure 8: Kaplan-Meier survival curves illustrate that ATM is not associated with overall survival (log-rank p-value

0.33).
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MATERIALS AND METHODS

Patients and tissue microarray (TMA)

Samples were obtained by selection of lung cancer
patients who underwent thoracic surgical procedures
at the University of Pittsburgh Cancer Institute (2004—
2011) and whose tumor tissues were stored as FFPE
tissue in an IRB-approved tissue bank protocol. Tissue
microarrays were constructed using randomly selected
archival lung adenocarcinomas with known EGFR and
KRAS mutation status. Hematoxylin- and eosin- stained
sections were used to select areas of each FFPE tissue
specimen that contained representative tumor cells.
At least 4 cores of 1.0 mm in diameter were extracted
from the selected area of each tissue block and arrayed
on new recipient blocks using a commercially available
microarray instrument (Beecher Instruments Manual
Arrayer; Beecher Instruments, Inc., San Prairie, WI).
Seven TMA blocks were generated which included 230
samples from 227 patients.

Clinical and pathological information for patients
and tumors were abstracted from the UPCI cancer registry,
supplemented by chart review: age, gender, race, smoking
history, pathological stage, surgical procedure, adjuvant
treatment, inflammation, angiolymphatic or pleural
invasion, and overall survival from diagnosis.

Detailed immunohistochemistry staining
procedure

Rabbit monoclonal anti-ATM antibody [Y170]
ab32420 was generated by Epitomics, who were
subsequently purchased by Abcam, using a synthetic
peptide around serine-1981.

1. Sections were de-waxed in two changes of
xylene for 5 min each.

2. Sections were re-hydrated through graded
alcohols (100%, 90% and 70%) for 5 min each.

3. Sections were washed in running water for 5 min.

4. Antigen retrieval was performed in a
conventional pressure cooker in pH9 antigen retrieval
buffer (Dako S2367) for 5 min at pressure.

5. Slides were rinsed in TBS-Tween 0.05% (TBS-T)

6. Endogenous peroxidase was blocked in 3%
H202 in TBS-T for 10 min.

7. Slides were washed twice in TBS

8. Dako serum free protein block (X0909) was
applied for 15 min.

9. Serum free protein block was blown off the slides
(do not wash).

10. Sections were incubated with primary anti-ATM
ab32420 antibody at 1.2 ug/ml in TBS-T for 60 min.

11. Slides were washed in TBS-T.

12. Sections were incubated with secondary antibody
Dako ChemMate Envision (K5007) for 30 min.

13. Slides were washed twice in TBS-T.

14. Sections were incubated with chromagen Dako
DAB peroxidase substrate solution (K5007) for 10 min.

15. Slides were washed in running water.

16. Sections were counterstained with Carazzi’s
haematoxylin.

17. Sections were dehydrated through graded
alcohols (70%, 90% and 100%) for 5 min each.

18. Sections were cleared in two changes of xylene
for 5 min each.

19. Slides were mounted using xylene based
mounting media.

Tissue culture

NCI-H460 were purchased from the American
Type Culture Collection (ATCC) in November, 2013.
Cells were periodically tested for mycoplasma (Lonza
MycoAlert Mycoplasma Detection Kit). Experiments
were conducted on cells with fewer than 20 passages after
initial resuscitation. The shRNA targeting ATM has been
described previously [27]. Cells were cultured in RPMI-
1640 (containing 2 mM I-glutamine) supplemented with
10% FBS, penicillin/streptomycin in a humidified incubator
at 37°C with 5% CO,. 293T cells were cultured in DMEM
supplemented with 10% FBS, penicillin/streptomycin in
a humidified incubator at 37°C with 5% CO,. 293T cells
were transfected using Lipofectamine 2000 according to the
manufacturer’s instructions (ThermoFisher Scientific).

Immunoblotting

Whole cell extracts were prepared in: 50 mM Tris-
HCl pH 7.5, 150 mM NacCl, 50 mM NaF, 1% Tween-20,
0.5% NP40 and 1 X protease inhibitor mixture (Roche
Applied Science, Indianapolis, IN).

ATM kinase inhibitors KU55933 (AstraZeneca,
Macclesfield, UK) was used at final concentrations of 10
uM [28]. Cells were y-irradiated in a Shepherd Mark 1
Model 68 ['¥’Cs] irradiator (J.L. Shepherd & Associates,
San Fernando, CA) at a dose rate of 71.1 Rad/min. SDS-
PAGE using 3 — 8% Tris-Acetate gels (NuPAGE Novex)
and Western blotting were performed using standard
techniques. Anti-Flag was used at 1:1,000 (M5, Sigma-
Aldrich) and anti-ATM ab32420 was used at 1:2,000.

Statistical analysis

Overall survival (OS) was measured from the date
of diagnosis to the date of death, or censored at the last
date the patient was known to be alive. The primary
analysis used Kaplan-Meier methods and the log-rank
test to assess the univariate relationship between ATM
status and OS. Multivariable Cox proportional hazards
models were fitted to evaluate ATM in addition to known
prognostic factors such as age, sex, and pathologic stage.

www.impactjournals.com/oncotarget

Oncotarget



For patients with multicentric disease, pathology could
be updated from cancer registry entries to reflect the
highest stage for synchronous disease. This reflected
the use of pathology stage as a covariate reflecting the
patient’s prognosis rather than an independent marker
for the tissue present in the TMA. Sample size was
determined by the available tissue and follow-up events
in the TMA, which was assembled for use by multiple
University of Pittsburgh lung SPORE projects. Statistical
analyses were conducted using SAS/STAT software,
version 9.4 (SAS Institute, Inc., Cary, NC), with all
p-values two-sided.

CONFLICTS OF INTEREST

None. Helen Jones, Neil Smith, Mark O’Connor and
Andrew Pierce are employees of AstraZeneca as clearly
stated in author affiliations.

GRANT SUPPORT

This work was supported by NIH Grants ROI
CA148644, P50 CA090440, and UM1 CA186690. Use
of the UPCI Tissue and Research Pathology Services/
Health Sciences Tissue Bank, UPCI Cancer Information
Services (CIS) Facility, and UPCI Biostatistics Facility
was supported by P30CA047904.

REFERENCES

1. Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER,
3rd, Hurov KE, Luo J, Bakalarski CE, Zhao Z, Solimini
N, Lerenthal Y, Shiloh Y, Gygi SP and Elledge SJ. ATM
and ATR substrate analysis reveals extensive protein
networks responsive to DNA damage. Science. 2007,
316:1160-1166.

2. Ciccia A and Elledge SJ. The DNA damage response:
making it safe to play with knives. Molecular cell. 2010;
40:179-204.

3. Choi S and Bakkenist CJ. Brd4 shields chromatin from
ATM kinase signaling storms. Science signaling. 2013;
6:pe30.

4. Savitsky K, Bar-Shira A, Gilad S, Rotman G, Ziv Y,
Vanagaite L, Tagle DA, Smith S, Uziel T, Sfez S, Ashkenazi
M, Pecker I, Frydman M, et al. A single ataxia telangiectasia
gene with a product similar to PI-3 kinase. Science. 1995;
268:1749-1753.

5. Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa
L, Smorodinsky NI, Prives C, Reiss Y, Shiloh Y and Ziv Y.
Enhanced phosphorylation of pS3 by ATM in response to
DNA damage. Science. 1998; 281:1674-1677.

6. Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K,
Sakaguchi K, Appella E, Kastan MB and Siliciano JD.
Activation of the ATM kinase by ionizing radiation and
phosphorylation of p53. Science. 1998; 281:1677-1679.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bakkenist CJ and Kastan MB. DNA damage activates ATM
through intermolecular autophosphorylation and dimer
dissociation. Nature. 2003; 421:499-506.

Cimprich KA, Shin TB, Keith CT and Schreiber SL. cDNA
cloning and gene mapping of a candidate human cell cycle
checkpoint protein. Proceedings of the National Academy
of Sciences of the United States of America. 1996;
93:2850-2855.

Gilad S, Khosravi R, Shkedy D, Uziel T, Ziv Y, Savitsky
K, Rotman G, Smith S, Chessa L, Jorgensen TJ, Harnik
R, Frydman M, Sanal O, Portnoi S, Goldwicz Z, Jaspers
NG, et al. Predominance of null mutations in ataxia-
telangiectasia. Human molecular genetics. 1996; 5:433-439.
McKinnon PJ. ATM and the molecular pathogenesis of
ataxia telangiectasia. Annual review of pathology. 2012;
7:303-321.

Barlow C, Hirotsune S, Paylor R, Liyanage M, Eckhaus
M, Collins F, Shiloh Y, Crawley JN, Ried T, Tagle D and
Wynshaw-Boris A. Atm-deficient mice: a paradigm of
ataxia telangiectasia. Cell. 1996; 86:159-171.

Herzog KH, Chong MJ, Kapsetaki M, Morgan JI and
McKinnon PJ. Requirement for Atm in ionizing radiation-
induced cell death in the developing central nervous system.
Science. 1998; 280:1089-1091.

Daniel JA, Pellegrini M, Lee BS, Guo Z, Filsuf D, Belkina
NV, You Z, Paull TT, Sleckman BP, Feigenbaum L and
Nussenzweig A. Loss of ATM kinase activity leads to
embryonic lethality in mice. The Journal of cell biology.
2012; 198:295-304.

Yamamoto K, Wang Y, Jiang W, Liu X, Dubois RL, Lin
CS, Ludwig T, Bakkenist CJ and Zha S. Kinase-dead ATM
protein causes genomic instability and early embryonic
lethality in mice. The Journal of cell biology. 2012;
198:305-313.

Brown EJ and Baltimore D. ATR disruption leads to
chromosomal fragmentation and early embryonic lethality.
Genes & development. 2000; 14:397-402.

Toledo LI, Murga M, Zur R, Soria R, Rodriguez A, Martinez
S, Oyarzabal J, Pastor J, Bischoff JR and Fernandez-
Capetillo O. A cell-based screen identifies ATR inhibitors
with synthetic lethal properties for cancer-associated
mutations. Nature structural & molecular biology. 2011;
18:721-727.

Reaper PM, Griffiths MR, Long JM, Charrier JD, Maccormick
S, Charlton PA, Golec JM and Pollard JR. Selective killing of
ATM- or p53-deficient cancer cells through inhibition of ATR.
Nature chemical biology. 2011; 7:428-430.

Vendetti FP, Lau A, Schamus S, Conrads TP, O’Connor
MJ and Bakkenist CJ. 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.
doi: 10.18632/oncotarget.6247.

Kwok M, Davies N, Agathanggelou A, Smith E, Oldreive
C, Petermann E, Stewart G, Brown J, Lau A, Pratt G, Parry

www.impactjournals.com/oncotarget

57724

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

H, Taylor M, Moss P, et al. ATR inhibition induces synthetic
lethality and overcomes chemoresistance in TP53 or ATM
defective chronic lymphocytic leukemia cells. Blood. 2015.

Ding L, Getz G, Wheeler DA, Mardis ER, McLellan
MD, Cibulskis K, Sougnez C, Greulich H, Muzny DM,
Morgan MB, Fulton L, Fulton RS, Zhang Q, Wendl MC,
Lawrence MS, Larson DE, et al. Somatic mutations affect
key pathways in lung adenocarcinoma. Nature. 2008;
455:1069-1075.

Imielinski M, Berger AH, Hammerman PS, Hernandez B,
Pugh TJ, Hodis E, Cho J, Suh J, Capelletti M, Sivachenko
A, Sougnez C, Auclair D, Lawrence MS, et al. Mapping the
hallmarks of lung adenocarcinoma with massively parallel
sequencing. Cell. 2012; 150:1107-1120.

Cancer Genome Atlas Research N. Comprehensive
molecular profiling of lung adenocarcinoma. Nature. 2014;
511:543-550.

White JS, Choi S and Bakkenist CJ.
chromosome damage accumulates rapidly in the absence of
ATM kinase activity. Cell cycle. 2008; 7:1277-1284.
Bakkenist CJ, Czambel RK, Clump DA, Greenberger JS,
Beumer JH and Schmitz JC. Radiation therapy induces the

Irreversible

DNA damage response in peripheral blood. Oncotarget.
2013;4:1143-1148. doi: 10.18632/oncotarget.1084.
Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K,
Guldberg P, Sehested M, Nesland JM, Lukas C, Orntoft T,
Lukas J and Bartek J. DNA damage response as a candidate
anti-cancer barrier in early human tumorigenesis. Nature.
2005; 434:864-870.

Bartkova J, Bakkenist CJ, Rajpert-De Meyts E, Skakkebaek
NE, Sehested M, Lukas J, Kastan MB and Bartek J. ATM
activation in normal human tissues and testicular cancer.
Cell cycle. 2005; 4:838-845.

White JS, Choi S and Bakkenist CJ. Transient ATM kinase
inhibition disrupts DNA damage-induced sister chromatid
exchange. Science signaling. 2010; 3:ra44.

Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM,
Orr Al, Reaper PM, Jackson SP, Curtin NJ and Smith GC.
Identification and characterization of a novel and specific
inhibitor of the ataxia-telangiectasia mutated kinase ATM.
Cancer research. 2004; 64:9152-9159.

Bang YJ, Im SA, Lee KW, Cho JY, Song EK, Lee KH, Kim
YH, Park JO, Chun HG, Zang DY, Fielding A, Rowbottom
J, Hodgson D, et al. Randomized, Double-Blind Phase 11
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. Journal of clinical oncology. 2015; 33:3858-3865.

Kim HS, Kim MA, Hodgson D, Harbron C, Wellings
R, O’Connor MJ, Womack C, Yin X, Bang YJ, Im SA,
Lee BL and Kim WH. Concordance of ATM (ataxia
telangiectasia mutated) immunohistochemistry between

31.

32.

33.

34.

35.

36.

37.

38.

39.

biopsy or metastatic tumor samples and primary tumors
in gastric cancer patients. Pathobiology : journal of
immunopathology, molecular and cellular biology. 2013;
80:127-137.

Beggs AD, Domingo E, McGregor M, Presz M, Johnstone
E, Midgley R, Kerr D, Oukrif D, Novelli M, Abulafi M,
Hodgson SV, Fadhil W, Ilyas M, et al. Loss of expression
of the double strand break repair protein ATM is associated
with worse prognosis in colorectal cancer and loss of Ku70
expression is associated with CIN. Oncotarget. 2012;
3:1348-1355. doi: 10.18632/oncotarget.694.

Kim H, Saka B, Knight S, Borges M, Childs E, Klein
A, Wolfgang C, Herman J, Adsay VN, Hruban RH and
Goggins M. Having pancreatic cancer with tumoral loss
of ATM and normal TP53 protein expression is associated
with a poorer prognosis. Clinical cancer research. 2014;
20:1865-1872.

Kamphues C, Bova R, Bahra M, Klauschen F, Muckenhuber
A, Sinn BV, Warth A, Goeppert B, Endris V, Neuhaus P,
Weichert W and Stenzinger A. Ataxia-telangiectasia-
mutated protein kinase levels stratify patients with
pancreatic adenocarcinoma into prognostic subgroups with
loss being a strong indicator of poor survival. Pancreas.
2015; 44:296-301.

Abdel-Fatah TM, Arora A, Alsubhi N, Agarwal D, Moseley
PM, Perry C, Doherty R, Chan SY, Green AR, Rakha E,
Ball G, Ellis IO and Madhusudan S. Clinicopathological
significance of ATM-Chk2 expression in sporadic breast
cancers: a comprehensive analysis in large cohorts.
Neoplasia. 2014; 16:982-991.

Feng X, Li H, Dean M, Wilson HE, Kornaga E, Enwere
EK, Tang P, Paterson A, Lees-Miller SP, Magliocco AM
and Bebb G. Low ATM protein expression in malignant
tumor as well as cancer-associated stroma are independent
prognostic factors in a retrospective study of early-stage
hormone-negative breast cancer. Breast cancer research :
BCR. 2015; 17:65.

Vendetti FP, Lau A, Schamus S, Conrads TP, O’Connor
MJ and Bakkenist CJ. 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. doi: 10.18632/
oncotarget.6247.

Hall AB, Newsome D, Wang Y, Boucher DM, Eustace
B, Gu Y, Hare B, Johnson MA, Milton S, Murphy CE,
Takemoto D, Tolman C, Wood M, et al. Potentiation of
tumor responses to DNA damaging therapy by the selective
ATR inhibitor VX-970. Oncotarget. 2014; 5:5674-5685.
doi: 10.18632/oncotarget.2158.

O’Connor MJ. Targeting the DNA Damage Response in
Cancer. Molecular cell. 2015; 60:547-560.

www.clinicaltrials.gov

WWw

.impactjournals.com/oncotarget

57725

Oncotarget



