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Abstract
Background: ATM and ATR are kinases implicated in a myriad of DNA-damage responses. ATM kinase inhibition
radiosensitizes cells and selectively kills cells with Fanconi anemia (FA) gene mutations. ATR kinase inhibition sensitizes
cells to agents that induce replication stress and selectively kills cells with ATM and TP53 mutations. ATM mutations and
FANCF promoter-methylation are reported in lung carcinomas.
Methods: We undertook functional analyses of ATM, ATR, Chk1 and FA proteins in lung cancer cell lines. We included
Calu6 that is reported to be FANCL-deficient. In addition, the cancer genome atlas (TCGA) database was interrogated
for alterations in: 1) ATM, MRE11A, RAD50 and NBN; 2) ATR, ATRIP and TOPBP1; and 3) 15 FA genes.
Results: No defects in ATM, ATR or Chk1 kinase activation, or FANCD2 monoubiquitination were identified in the lung
cancer cell lines examined, including Calu6, and major alterations in these pathways were not identified in the TCGA
database. Cell lines were radiosensitized by ATM kinase inhibitor KU60019, but no cell killing by ATM kinase inhibitor
alone was observed. While no synergy between gemcitabine or carboplatin and ATR kinase inhibitor ETP-46464 was
observed, synergy between gemcitabine and Chk1 kinase inhibitor UCN-01 was observed in 54 T, 201 T and H460, and
synergy between carboplatin and Chk1 kinase inhibitor was identified in 201 T and 239 T. No interactions between ATM,
ATR and FA activation were observed by either ATM or ATR kinase inhibition in the lung cancer cell lines.
Conclusions: Analyses of ATM serine 1981 and Chk1 serine 345 phosphorylation, and FANCD2 monoubiquitination
revealed that ATM and ATR kinase activation and FA pathway signaling are intact in the lung cancer cell lines examined.
As such, these posttranslational modifications may have utility as biomarkers for the integrity of DNA damage signaling
pathways in lung cancer. Different sensitization profiles between gemcitabine and carboplatin and ATR kinase inhibitor
ETP-46464 and Chk1 kinase inhibitor UCN-01 were observed and this should be considered in the rationale for Phase I
clinical trial design with ATR kinase inhibitors.
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Background
Ataxia telangiectasia mutated (ATM) and ATM and Rad3related (ATR) are kinases implicated in a myriad of DNA
damage responses [1]. Somatic mutations in ATM were
identified previously in 14 of 188 lung adenocarcinomas
(7 %) [2]. While the functional significance of the ATM
mutations identified has not been determined, ATM polymorphisms are known to affect lung cancer risk [3]. Further, since ataxia telangiectasia individuals with mutations
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in the ATM gene are extremely radiosensitive, ATM
kinase inhibition is expected to increase the efficacy of
radiotherapy [4, 5]. Consistent with this expectation,
three small-molecule, selective ATM kinase inhibitors
radiosensitize cells in vitro [6–9]. Thus, up to 7 % of
lung adenocarcinomas that have acquired somatic mutations that inactivate ATM may respond extremely
well to radiotherapy, while lung cancers that express
functional ATM are anticipated to be radiosensitized
by ATM kinase inhibitors.
ATM kinase inhibitors also kill cell lines with mutations
in genes that cause Fanconi anemia (FA), a multigenic disorder characterized by extreme sensitivity to interstrand
crosslinks (ICLs), with greater efficacy than complemented

© 2015 Beumer et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Beumer et al. BMC Cancer (2015) 15:649

control cell lines [10, 11]. Inactivation of the FA pathway
through promotor methylation of FANCF was identified
previously in 22 of 158 non-small-cell lung carcinomas
(NSCLCs) (14 %) [12]. Thus, up to 14 % of NSCLCs
may respond to single agent therapy with an ATM kinase inhibitor.
In contrast to ATM, ATR is an essential protein in mice
and ATR disruption by genetic means kills human cells
in vitro [13]. However, Seckel syndrome individuals have a
mutation in a splice site that results in the expression of
just 10 % of the typical levels of ATR protein, which allows
them to survive [14]. Since cells derived from Seckel syndrome individuals are extremely sensitive to mitomycin C
(MMC) and ultraviolet radiation, ATR kinase inhibition is
expected to increase the efficacy of chemotherapeutics
that induce replication stress. Consistent with this expectation, three small-molecule selective ATR kinase
inhibitors sensitize cells to agents that induce replication stress in vitro [15–17]. ATR kinase inhibitors also
kill cell lines with mutations in either ATM or TP53 with
greater efficacy than complemented control cell lines. Thus,
up to 7 % of lung adenocarcinomas that have acquired
somatic mutations that inactivate ATM may respond to
single agent therapy with an ATR kinase inhibitor.
Here we sought to elucidate whether the ATM, FA and
ATR pathways interact with each other and whether the
ATM, FA and ATR pathways may be new diagnostic and
therapeutic biomarkers for lung cancer.

Materials and methods
Ethics

No research involving human subjects or human material
is described in this manuscript.

Page 2 of 10

antisera (MAT3-4G10/8, Sigma-Aldrich, St. Louis, MO),
anti-p53 15S-P (9284, Cell Signaling Technology, Danvers,
MA), anti-p53 (sc6243-G, Santa Cruz Biotechnology, Santa
Cruz, CA), anti-Chk1 S345-P (2348S, Cell Signaling), and
anti-Chk1 2G1D5 (2360, Cell Signaling) were used. Whole
cell extracts were prepared in: 50 mM Tris-HCl pH 7.5,
150 mM NaCl, 50 mM NaF, 1 % Tween-20, 0.5 % NP40
and 1 × protease inhibitor mixture (Roche Applied Science,
Indianapolis, IN).
Clonogenic survival assays

Cells were prepared in suspension and treated with
KU60019 and increasing doses of ionizing radiation (IR).
Drug treatments were removed 17 h post-IR. After 10 days,
colonies were stained with crystal violet stain. All experiments were performed in triplicate.
Proliferation assays

MTT Assay (Trevigen, Gaithersburg, MD) was used to
measure cell proliferation. Drug combinations were evaluated using CalcuSyn (BIOSOFT, Ferguson, MO) software
based on the multiple drug effect equation of Chou-Talalay.
Experimental values were imputed into Calcusyn to calculate IC50 and a combination index (CI, a quantitative
measure of the synergy (CI < 1), additivity (CI = 1), or
antagonism (CI > 1) between drugs).
Log-transformed CI’s are plotted against growth
inhibition/effective dose (ED) with corresponding 95 %
confidence intervals. Synergism is indicated when the
95 % CI falls below the x-axis (log CI = 0; CI = 1), whereas
antagonism is indicated when the 95 % CI falls above the
x-axis, at each respective region of the effective dose.

Cell culture

TCGA analyses

54 T, 201 T and 239 T are NSCLC cell lines generated from
primary patient tissues at the University of Pittsburgh [18].
H460 and Calu6 were purchased from American Type
Culture Collection (ATCC). Cells were treated with 0.2 μM
MMC, 0.1 μM gemcitabine or carboplatin (Sigma Aldrich,
St. Louis, MO). ATM kinase inhibitors KU55933 [6] and
KU60019 [7] (AstraZeneca, Macclesfield, UK) were used at
final concentrations of 10 μM and 1 μM, respectively. ATR
kinase inhibitor ETP-46464 was used at a final concentration of 10 μM [15]. ETP46464 was synthesized at
the Medicinal Chemistry Shared Resource of the Ohio
State University Comprehensive Cancer Center (Columbus,
OH). Cells were γ-irradiated in a Shepherd Mark I Model
68 [137Cs] irradiator (J.L. Shepherd & Associates, San
Fernando, CA) at a dose rate of 71.1 Rad/min.

Analyses were undertaken using the cBio Cancer Genomics Portal at Memorial Sloane Kettering Cancer Center
[19]. At the time of writing, the following analyses had
been completed on this dataset: sequenced, 183; arraycomparative genomic hybridization (aCGH), 179; tumor
RNA-seq, 178; tumor mRNA microarray, 154; tumor
miRNA, 317; and methylation, 133.

Immunoblotting

Rabbit monoclonal anti-ATM 1981S-P (EP1890Y, Epitomics, Burlingame, CA), mouse monoclonal anti-ATM

Results
Functional analyses of ATM kinase activity in lung cancer
cell lines

ATM serine 1981 phosphorylation is associated with ATM
kinase activity, and alterations in ATM, MRE11A, RAD50
and NBN may disrupt this biomarker for functionality of
ATM kinase activation mechanisms [20]. ATM kinasedependent, ATM serine 1981 phosphorylation was induced
by IR in all cell lines (Fig. 1a). Mechanisms of ATM kinase
activation as determined by ATM serine 1981phosphorylation are thus intact in these cell lines.
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Fig. 1 a: The kinase activity of ATM was increased in lung cancer cell lines exposed to IR. Exponentially dividing lung cancer cell lines were
exposed to ATM kinase inhibitor KU60019 (ATMi) for 15 min. Cells were exposed to 2 Gy IR. Whole cell extracts were prepared at 1 h post-IR, resolved
and immunoblotted as indicated. b: FANCD2 was covalently modified in lung cancer cell lines exposed to an agent that induces ICLs. Exponentially
dividing lung cancer cell lines were exposed to 100 nM MMC and KU60019 for 18 h. Whole cell extracts were prepared and immunoblotted
as indicated. ICL-induced FANCD2 mobility shift (arrow) is seen in all the lung cancer cell lines examined and this shift is not inhibited by ATM
kinase inhibitor

Calu6 is being sequenced in the Catalogue of Somatic
Mutations in Cancer (COSMIC) Cell Lines Project at the
Sanger Center, Cambridge, UK and has a homozygous missense point mutation (R196*) in TP53. Of the other cell
lines, H460 is a large cell carcinoma with wild-type TP53,
201 T is a lung adenocarcinoma with wild-type TP53, and
54 T and 239 T are lung squamous cell carcinomas with
wild-type TP53. We selected lung cancer cell lines with
wild-type TP53 for this study as we sought to identify the
somatic mutations that compromised ATM and ATR
kinase-dependent signaling to p53. ATM kinase-dependent
IR-induced p53 serine 15 phosphorylation was seen in
54 T, 201 T, 239 T and H460 (Fig. 1a).
Functional analyses of the FA pathway in lung cancer cell
lines

A complex of FANCA, FANCB, FANCC, FANCE, FANCF,
FANCG, FANCL, and FANCM comprise the FA core complex that monoubiquitinates FANCD2 and FANCI following DNA damage [21]. Monoubiquitinated FANCD2 can
be resolved from unmodified FANCD2 in SDS-PAGE and
this “bandshift” is a biomarker for the functionality of
the FA core complex. ICL-induced monoubiquitinated
FANCD2 was observed in all cell lines (Fig. 1b). FA
core functionality is thus intact in all cell lines. This
data conflicts with a previous report that ICL-induced
monoubiquitinated FANCD2 and FANCL protein were
not detected in Calu6 [12]. We submitted our Calu6 to
ATCC for authentication and 100 % of the markers

examined were coincident between our Calu6 and those at
the ATCC. We purchased new Calu6 cells from the ATCC.
ICL-induced monoubiquitinated FANCD2 was observed in
the new Calu6. We conclude that FA core functionality is
intact in Calu6.
Analyses of lung cancer cell line killing by ATM kinase
inhibitors and IR

ATM kinase inhibitors radiosensitize cells in vitro [6–9].
ATM kinase inhibitors also kill cell lines containing mutations in FA genes [11]. While ATM kinase inhibitor radiosensitized 201 T, 239 T, Calu6 and H460, ATM kinase
inhibitor did not kill lung these lung cancer cell lines
in the absence of exogenous DNA damage (Additional
file 1: Figure S1). 54 T is not included in these data since
these cells did not form colonies.
Functional analyses of ATR kinase activity in lung cancer
cell lines

While ATM kinase activity is increased in response to
DSBs, ATR kinase activity is increased by replication
stress. However, from a therapeutic perspective these
two kinases interact as ATM kinase inhibition causes
DSBs to accumulate in cells and these activate ATR kinase
as they are repaired by homologous recombination repair
(HRR). Further, ATR kinase inhibition causes stalled replication forks to collapse and these activate ATM kinase
when they are cleaved by endonucleases.
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An ATR kinase-dependent phosphorylation on Chk1
serine-345 is required for Chkl activation, and alterations
in ATR, ATRIP and TOPBP1 may disrupt this biomarker
for functionality of ATR kinase activation mechanisms
[22]. ATR kinase-dependent Chk1 serine-345 phosphorylation was induced by gemcitabine in all cell lines (Fig. 2).
Mechanisms of ATR kinase activation are thus intact in
these cell lines. While ATR kinase inhibitor disrupts
gemcitabine-induced Chk1 serine 345 phosphorylation,
gemcitabine-induced ATM serine 1981 phosphorylation
is not disrupted in 54 T, 239 T, Calu6 or H460 by either
ATM or ATR kinase inhibitor (Fig. 2). ATM serine 1981
phosphorylation is ATM kinase-dependent in cells exposed to agents that induce DSBs [20]. However, ATM
serine 1981 phosphorylation has been shown to require
ATR in cells exposed to agents that induce stalled replication forks [23]. It is possible that gemcitabine-induced
ATM serine 1981 phosphorylation is both ATM and ATR
kinase-dependent in these lung cancer cell lines and that
inhibition of either kinase is insufficient to significantly
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reduce the phosphorylation. It is also possible that ATM is
phosphorylated by a different class of kinase and a recent
report that IKKβ phosphorylates ATM on serine 1981 in
cells exposed to alkylating agents is provocative [24].
Analyses of lung cancer cell line killing by ATR kinase
inhibitors and gemcitabine

We were interested to investigate cell killing by ATR kinase
inhibitor. We employed gemcitabine as a DNA damaging
agent to induce stalled replication forks that are not associated with ICLs. This was because we were initially concerned that ICLs would accumulate in FA-deficient lung
cancer cell lines. We employed both ATR and Chk1 kinase
inhibitors since these kinases are in the same signaling
pathway. Synergy in cell killing was seen between gemcitabine and Chk1 kinase inhibitor (UCN-01) in 54 T,
201 T and H460 at the higher response range (Fig. 3,
Additional file 2: Table S1). Chk1 kinase inhibition was
recently reported to increase sensitivity to gemcitabine
in two p53 mutant NSCLC cell lines with either high

Fig. 2 ATR kinase-dependent, Chk1 serine-345 phosphorylation was induced by gemcitabine in all cell lines. Exponentially dividing lung cancer
cell lines were exposed to gemcitabine and ATR kinase inhibitor ETP-46464 (ATRi) or ATM kinase inhibitor KU55933 (ATMi) for 4 h. Whole cell extracts
were prepared, resolved and immunoblotted as indicated
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that protect stalled replication forks. If this were the case
then increased cell killing might be seen with gemcitabine
and ATM kinase inhibitor but not gemcitabine and ATR
kinase inhibitor. However, gemcitabine was not potentiated by ATM kinase inhibition (Fig. 4, Additional file 2:
Table S2). Thus, the lesions induced by gemcitabine and
ATM kinase inhibition do not interact in the lung cancer
cell lines examined.
Analyses of lung cancer cell line killing by ATR kinase
inhibitors and carboplatin

Fig. 3 Synergy in cell killing was seen between gemcitabine and
Chk1 kinase inhibitor (UCN-01) in 54 T, 201 T, at the higher response
range, and H460 (Fig. 6, Table 1). However, no synergy was seen
between gemcitabine and ATR kinase inhibitor (ETP-46464).
Exponentially dividing lung cancer cell lines were treated with
increasing doses of gemcitabine, ATR kinase inhibitor ETP-46464
and Chk1 kinase inhibitor UCN-01 for 48 h and MTT reagent was
then added. Calcusyn was used to calculate a combination index
(CI), a quantitative measure of the synergy (CI < 1), additivity (CI =1),
and antagonism (CI > 1) between drugs. Log-transformed combination
indices (CI) are plotted against growth inhibition/effective dose (ED)
with corresponding 95 % confidence interval for a representative
experiment. Representative examples from at least 3 experiments
are shown (mean of 3 replicates)

(H1299) or low (H1993) Chk1 [25]. However, no synergy
was seen between gemcitabine and ATR kinase inhibitor.
Thus, ATR kinase inhibitor ETP-46464 and Chk1 inhibitor UCN-01 do not phenocopy each other in combination
with gemcitabine.
Analyses of lung cancer cell line killing by ATM kinase
inhibitors and gemcitabine

We were also interested in how cell killing by gemcitabine
would be affected by ATM kinase inhibition. We reasoned
that gemcitabine might induce DSBs in lung cancer cell
lines due to acquired mutations that disrupt mechanisms

Since the FA pathway was intact in all the cell lines examined we used carboplatin to induce stalled replication
forks at ICLs. Synergy in cell killing was seen between
carboplatin and Chk1 inhibitor in 239 T at the higher dose
range and in 201 T (Fig. 5, Additional file 2: Table S3).
Thus, while no synergy between gemcitabine or carboplatin
and ATR inhibition was observed in the lung cancer cell
lines used here, synergy between gemcitabine and Chk1 inhibition was observed in 54 T, 201 T and H460, and synergy
between carboplatin and Chk1 inhibition was identified in
201 T and 239 T. This contrasts with a recent report that
shows synergy between carboplatin and ATR kinase inhibitor ETP-46464 in ovarian cancer cell lines [26] and data
that documents synergy between carboplatin and another
ATR kinase inhibitor [17]. Chk1 kinase inhibition, but not
ATR kinase inhibition, blocks a mechanism(s) that is essential for survival in certain lung cancer cell lines treated with
either gemcitabine or carboplatin.
Analyses of ATM, FA, and ATR alterations in 212 lung
squamous cell carcinomas (TCGA)

Mechanisms of ATM and ATR kinase activation and FA
core functionality are intact in the cell lines examined.
To extend these findings we interrogated the publically
available database of 212 lung squamous cell carcinomas
in the TCGA to determine the incidence of alterations
that are predicted to compromise ATM and ATR kinase
activation and the FA pathway of ICL repair. ATM kinase
activation following low doses of IR requires the MRE11A,
RAD50 and NBN complex [27, 28]. The TCGA database contains 9 missense point mutations in ATM, 3 in
MRE11A, 4 in RAD50, and 1 in NBN (Fig. 6a, c). ATM
and MRE11A are each amplified in a single carcinoma.
MRE11A and RAD50 homozygous deletion are each identified in carcinomas. This is noteworthy because MRE11A
and RAD50 are essential genes in mice [29, 30]. Together
these 4 genes that are required for ATM kinase activation
are altered in 20/212 (9 %) of lung squamous cell
carcinomas (TCGA).
ATR activation requires ATRIP and TOPBP1 [31, 32].
The TCGA database contains 13 missense point mutations in ATR, 3 in ATRIP, and 7 in TOPBP1 (Fig. 6b, d).
ATR (located on human chromosome 3q22-q24) and
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Fig. 5 Synergy in cell killing was seen between carboplatin and
Chk1 kinase inhibitor (UCN-01) in 239 T, at the higher response range,
and 201 T. However, synergy was only seen in 54 T between carboplatin
and ATR kinase inhibitor (ETP-46464) at the lower dose range.
Exponentially dividing lung cancer cell lines were treated with
increasing doses of carboplatin, ATR kinase inhibitor ETP-46464
and Chk1 kinase inhibitor UCN-01 for 48 h and MTT reagent was
then added. Calcusyn was used to calculate a combination index
(CI), a quantitative measure of the synergy (CI < 1), additivity (CI =1),
and antagonism (CI > 1) between drugs. Log-transformed combination
indices (CI) are plotted against growth inhibition/effective dose (ED)
with corresponding 95 % confidence interval for a representative
experiment. Representative examples from at least 3 experiments
are shown (mean of 3 replicates)

Fig. 4 No synergy was seen between gemcitabine and ATM kinase
inhibitor. Exponentially dividing lung cancer cell lines were treated
with increasing doses of gemcitabine and a fixed concentration of
ATM kinase inhibitor KU55933 for 48 h and MTT reagent was then
added. Representative examples from at least 3 replicate experiments
are shown (mean, SD of 4 replicates)

TOPBP1 (located on human chromosome 3q22.1) are
co-amplified in 11 carcinomas. TOPBP1 and ATR are amplified independently in 1 and 12 carcinomas, respectively.
ATRIP homozygous deletion is identified in two carcinomas. This is noteworthy because homozygous loss-offunction of ATRIP is not compatible with mammalian
cell viability. Together these 3 genes that are required
for ATR kinase activation are altered in 45/212 (21 %)
of lung squamous cell carcinomas (TCGA). The striking conclusion from these analyses is that while ATM is
mutated in a subset of lung cancers, ATR is amplified
in subset of lung cancers.
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Fig. 6 a. Alterations in ATM, MRE11A, RAD50 and NBN were identified in 212 lung squamous cell carcinomas (TCGA). Amplification, homozygous deletion
and mutation are shown. b. Alterations in ATR, ATRIP and TOPBP1. c. Mutations in ATM. d. Mutations in ATR. G736* occurs in two independent carcinomas

At least 15 gene products constitute the FA pathway
that resolves ICLs encountered by DNA replication forks.
Together the 15 FA genes are altered by missense point
mutation, amplification or homozygous deletion in 72/212
(34 %) of lung squamous cell carcinomas in the publically
available TCGA database (Additional file 3: Figure S1).
The only FA proteins in which missense point mutations
are not identified were FANCD2 and RAD51C. The data
are summarized as follows: 6 missense point mutations in
FANCA; 4 in FANCB; 2 in FANCC; 1 in FANCE; 3 in
FANCF; 5 in FANCG; 1 in FANCL; 10 in FANCM; 1 in
FANCI; 12 in BRCA2; 6 in BRIP1; 6 in PALB2 (FANCN);
and 14 in SLX4 (FANCP). Amplifications of 8 FA genes
are identified across 22 carcinomas; 2 of the carcinomas
contain amplification in two FA genes (FANCG with
FANCI and BRIP1 with RAD51C). FANCG, PALB2 and
SLX4 homozygous deletions are identified in single carcinomas while FANCM homozygous deletions are identified
in 2 carcinomas. This is noteworthy because while Fancg,
Fancm and Slx4 are not essential for viability [33–35],
Palb2 is embryonically essential in mice [36].
Since inactivation of the FA pathway through methylation of the FANCF promoter was identified previously in
22 of 158 NSCLCs (14 %), we also examined mRNA expression levels for the FA genes in lung squamous cell
carcinomas in the publically available TCGA database. Together the 15 FA genes are altered by missense point mutation, amplification, homozygous deletion, up-regulation
(RNA), and down-regulation (RNA) in 102/212 (48 %) of
lung squamous cell carcinomas (TCGA) (Additional file 3:
Figure S1). In line with the reported inactivation of the FA
pathway through methylation of the FANCF promoter [12],

down-regulation of FANCF RNA is identified in 5/212 lung
squamous cell carcinomas in the publically available
TCGA database.

Discussion
Somatic mutations in ATM have been identified previously in 14 of 188 lung adenocarcinomas (7 %) (2). ATM
kinase activation and signaling were normal in the lung
cancer cell lines examined here. Missense point mutations
of ATM in 9/212 lung squamous cell carcinomas (4 %) are
present in the TCGA database. These heterozygous mutations span the gene and aside from one mutation in the
phosphatidylinositol 3-kinase domain (G2897S) none are
judged likely to have a significant impact on kinase activity
or expression. Missense point mutations in an extended
analysis of ATM, MRE11A, RAD50 and NBN are present
in 16/212 lung squamous cell carcinomas (7 %) are
present in the TCGA database. None of the missense
point mutations in MRE11A, RAD50 and NBN are judged
likely to have a significant impact on ATM kinase activity
or expression. Thus, our analysis does not suggest that a
significant number of lung squamous cell carcinomas will
be radiosensitive as a result of acquired missense point
mutations that affect ATM kinase activation.
Inactivation of the FA pathway through promotor
methylation of FANCF was also identified previously in
22 of 158 non-small-cell lung carcinomas (NSCLCs)
(14 %) [12]. FA pathway activation was normal in the
lung cancer cell lines examined here. Down-regulation of
FANCF mRNA is present in only 5/212 lung squamous
cell carcinomas (2 %) in the publically available TCGA
database. Together missense point mutation, amplification
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or homozygous deletion in the 15 FA genes are present
in 72/212 lung squamous cell carcinomas (34 %) in the
TCGA database. Of the 52 missense point mutations in
the 15 FA genes, 4 generate stop codons. None of the
remaining missense point mutations are predicted to
have a “high” impact on protein function. In summation,
our analysis does not suggest that a significant number of
lung squamous cell carcinomas will be sensitive to ICLs as
a result of acquired missense point mutations that affect
FA gene products.
Carcinomas with homozygous deletions in either
MRE11A, RAD50, ATRIP or PALB2, 4 genes that are
essential for mammalian cell viability, are present in the
publically available TCGA database. These data were
derived using GISTIC, a copy-number analysis algorithm
and are defined by “-2,” deep loss, possible homozygous
deletion. The simplest biological explanation for these observations is that the carcinomas are heterogenous and
contain two populations of cells that have lost different alleles of the gene. It is unlikely transformed cells can survive
without MRE11A, RAD50, ATRIP or PALB2 although significantly reduced levels may be tolerated, as evidenced by
the ATR expression in Seckel syndrome and hypomorphic
MRE11A and RAD50 mutations in ATLD and NBS-like
disorder patients, respectively [37, 38].
ATR, ATRIP and TOPBP1 are altered in 45/212 lung
squamous cell carcinomas (21 %) in the TCGA database.
One frame-shift mutation, one point mutation G736* (in
two independent carcinomas), and one point mutation
D1687H in ATR are likely to reduce ATR activity. In
contrast, the co-amplification of ATR (located on human
chromosome 3q22-q24) and TOPBP1 (located on human
chromosome 3q22.1) in 11 carcinomas may increase ATR
activity. These data were derived using GISTIC, a copynumber analysis algorithm and are defined by “+2,” highlevel amplification, possible amplification and as such are
subject to similar error as the data describing homozygous
deletion. However, the co-amplification of ATR and
TOPBP1 may serve as independent experimental validations of amplification of chromosome 3q22-q24. Certainly, amplification of ATR and TOPBP1 has been
separated in other carcinomas and the trend in the TCGA
database is towards inactivation of ATM kinase signaling
and increased ATR kinase signaling (Fig. 6).
Oncogene-induced replication stress activates the ATR
pathway in many neoplasias including lung [39, 40]. Therefore, the ATR kinase signaling may be a tumor suppressor
mechanism. However, alterations that compromise ATR
kinase signaling may be selected against since transformed
cells may have an increased dependency on the ATR pathway, analogous to oncogene addiction, to continue to
replicate and divide in the presence of replication stress.
However, and in contrast to expectations, no synergy between gemcitabine or carboplatin and ATR kinase inhibitor
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ETP-46464 was observed. In contrast synergy between
gemcitabine and Chk1 inhibition was observed in 54 T,
201 T and H460, and synergy between carboplatin and
Chk1 inhibition was identified in 201 T and 239 T. As
such, Chk1 kinase inhibition, but not ATR kinase inhibition, blocks a mechanism(s) that is essential for survival
in some lung cancer cell lines treated with either gemcitabine or carboplatin. Different sensitization profiles between ATR kinase and Chk1 kinase inhibitors have been
recently published in ovarian cancer cell lines using ATR
kinase inhibitor VE-821 [41], and lung cancer cell lines
using ATR kinase inhibitor VE-822 and Chk1 kinase inhibitor AZD7762 [42]. Our data may be attributed to a
Chk1 kinase-dependent mechanism that is ATR kinaseindependent. Alternatively, Chk1 kinase inhibition may be
dominant inhibitory over a survival pathway where ATR
kinase inhibition is not, perhaps because an alternate
mechanism can be recruited in the absence of ATR
kinase signaling. Finally, ETP-46464 may inhibit a signaling pathway, in addition to that initiated by ATR
kinase, that protects cells against the cytotoxic effects
of ATR and Chk1 kinase inhibition. In any event, our
data show that ATR kinase inhibition with ETP-46464
does not phenocopy Chk1 kinase inhibition with UCN-01
and as a consequence, ATR and Chk1 inhibitors may different sensitization profiles and this should be considered
in the rationale for Phase I clinical trial design with ATR
kinase inhibitors.

Conclusions
Analyses of ATM serine 1981 and Chk1 serine 345 phosphorylation, and FANCD2 monoubiquitination revealed
that ATM and ATR kinase activation and FA pathway signaling are intact in the lung cancer cell lines examined. As
such, these posttranslational modifications may have utility
as therapeutic biomarkers for the integrity of DNA damage
signaling pathways in lung cancer. Different sensitization
profiles between gemcitabine and carboplatin and ATR
kinase inhibitor ETP-46464 and Chk1 kinase inhibitor
UCN-01 were observed and this should be considered in
the rationale for Phase I clinical trial design with ATR kinase inhibitors.
Additional files
Additional file 1: Figure S1. Lung cancer cell lines were radiosensitized
by ATM kinase inhibitor. Cells were prepared in suspension and treated with
KU60019 and increasing doses of IR. Cells were seeded in 60 mm petri dishes.
Drug treatments were removed 17 h post-IR. After 10 days, colonies were
stained with crystal violet stain. A representative example of three experiments
is shown. (PDF 555 kb)
Additional file 2: Table S1. Gemcitabine, CHK1i and ATRi IC50 values
and combination indices (CI-ED50) in human lung cancer cell lines
(mean, SD). Table S2. Gemcitabine IC50 values and potentiation by ATMi
in human lung cancer cell lines (mean, SD). Table S3. Carboplatin, CHK1i
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and ATRi IC50 values and combination indices (CI-ED50) in human lung
cancer cell lines (mean, SD). (DOC 47 kb)
Additional file 3: Figure S1. Alterations in 15 FA genes were identified
in 212 lung squamous cell carcinomas (TCGA). Amplification, homozygous
deletion, up-regulation RNA, down-regulation RNA and mutation are
shown. (PDF 1919 kb)

Abbreviations
aCGH: array-comparative genomic hybridization; AT: Ataxia telangiectasia;
ATCC: American type culture collection; ATM: Ataxia telangiectasia mutated;
ATR: ATM and Rad3-related; DMSO: Dimethyl sulfoxide; DSB: DNA doublestrand break; FA: Fanconi anemia; HRR: Homologous recombination repair;
ICL: Interstrand crosslink; IR: Ionizing radiation; MMC: Mitomycin C;
NSCLC: Non-small-cell lung carcinoma; SDS-PAGE: Sodium dodecyl sulfate
polyacrylamide gel electrophoresis; TCGA: The cancer genome atlas.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
JHB and CJB designed the experiments. KYF, BNA and CJB completed the
experiments. JMS contributed essential reagents and expertise. JHB, JMS and CJB
wrote the manuscript. All authors have read and approved the final manuscript.
Acknowledgements
This work was funded in part by the Lung Cancer Research Foundation and
National Cancer Institute Grants R01CA148644, UM1CA186690, and P50CA090440.
Author details
1
Department of Pharmaceutical Sciences, University of Pittsburgh School of
Pharmacy, Pittsburgh, PA, USA. 2Molecular Therapeutics Drug Discovery
Program, University of Pittsburgh Cancer Institute, Pittsburgh, PA, USA.
3
Department of Radiation Oncology, University of Pittsburgh School of
Medicine, Pittsburgh, PA, USA. 4Department of Pharmacology, Masonic
Cancer Center, University of Minnesota Medical School, Minneapolis, MN,
USA. 5Department of Pharmacology and Chemical Biology, University of
Pittsburgh School of Medicine, Pittsburgh, PA, USA. 6Hillman Cancer Center,
Research Pavilion, Suite 2.6, 5117 Centre Avenue, Pittsburgh, PA 15213-1863,
USA.
Received: 7 October 2014 Accepted: 11 September 2015

References
1. Ciccia A, Elledge SJ. The DNA Damage Response: Making It Safe to Play
with Knives. Mol Cell. 2010;40(2):179–204.
2. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K, et al.
Somatic mutations affect key pathways in lung adenocarcinoma. Nature.
2008;455(7216):1069–75.
3. Yang H, Spitz MR, Stewart DJ, Lu C, Gorlov IP, Wu X. ATM sequence variants
associate with susceptibility to non-small cell lung cancer. International
journal of cancer Journal international du cancer. 2007;121(10):2254–9.
4. Gilad S, Khosravi R, Shkedy D, Uziel T, Ziv Y, Savitsky K, et al. Predominance
of null mutations in ataxia-telangiectasia. Hum Mol Genet. 1996;5(4):433–9.
5. Jackson SP. The DNA-damage response: new molecular insights and new
approaches to cancer therapy. Biochem Soc Trans. 2009;37(Pt 3):483–94.
6. Hickson I, Zhao Y, Richardson CJ, Green SJ, Martin NM, Orr AI, et al.
Identification and characterization of a novel and specific inhibitor of the
ataxia-telangiectasia mutated kinase ATM. Cancer Res. 2004;64(24):9152–9.
7. Golding SE, Rosenberg E, Valerie N, Hussaini I, Frigerio M, Cockcroft XF, et al.
Improved ATM kinase inhibitor KU-60019 radiosensitizes glioma cells,
compromises insulin, AKT and ERK prosurvival signaling, and inhibits
migration and invasion. Mol Cancer Ther. 2009;8(10):2894–902.
8. Rainey MD, Charlton ME, Stanton RV, Kastan MB. Transient inhibition of ATM
kinase is sufficient to enhance cellular sensitivity to ionizing radiation.
Cancer Res. 2008;68(18):7466–74.
9. White JS, Choi S, Bakkenist CJ. Irreversible chromosome damage
accumulates rapidly in the absence of ATM kinase activity. Cell Cycle.
2008;7(9):1277–84.

Page 9 of 10

10. Kim H, D’Andrea AD. Regulation of DNA cross-link repair by the Fanconi
anemia/BRCA pathway. Genes Dev. 2012;26(13):1393–408.
11. Kennedy RD, Chen CC, Stuckert P, Archila EM, De la Vega MA, Moreau LA,
et al. Fanconi anemia pathway-deficient tumor cells are hypersensitive to
inhibition of ataxia telangiectasia mutated. J Clin Invest. 2007;117(5):1440–9.
12. Marsit CJ, Liu M, Nelson HH, Posner M, Suzuki M, Kelsey KT. Inactivation of
the Fanconi anemia/BRCA pathway in lung and oral cancers: implications
for treatment and survival. Oncogene. 2004;23(4):1000–4.
13. Brown EJ, Baltimore D. ATR disruption leads to chromosomal fragmentation
and early embryonic lethality. Genes Dev. 2000;14(4):397–402.
14. O’Driscoll M, Ruiz-Perez VL, Woods CG, Jeggo PA, Goodship JA. A splicing
mutation affecting expression of ataxia-telangiectasia and Rad3-related
protein (ATR) results in Seckel syndrome. Nat Genet. 2003;33(4):497–501.
15. Toledo LI, Murga M, Zur R, Soria R, Rodriguez A, Martinez S, et al. A cell-based
screen identifies ATR inhibitors with synthetic lethal properties for cancerassociated mutations. Nat Struct Mol Biol. 2011;18(6):721–7.
16. Charrier JD, Durrant SJ, Golec JM, Kay DP, Knegtel RM, MacCormick S, et al.
Discovery of potent and selective inhibitors of ataxia telangiectasia mutated
and Rad3 related (ATR) protein kinase as potential anticancer agents. J Med
Chem. 2011;54(7):2320–30.
17. Reaper PM, Griffiths MR, Long JM, Charrier JD, Maccormick S, Charlton PA,
et al. Selective killing of ATM- or p53-deficient cancer cells through
inhibition of ATR. Nat Chem Biol. 2011;7(7):428–30.
18. Siegfried JM, Krishnamachary N, Gaither Davis A, Gubish C, Hunt JD, Shriver
SP. Evidence for autocrine actions of neuromedin B and gastrin-releasing
peptide in non-small cell lung cancer. Pulm Pharmacol Ther. 1999;12(5):291–302.
19. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio
cancer genomics portal: an open platform for exploring multidimensional
cancer genomics data. Cancer discovery. 2012;2(5):401–4.
20. Bakkenist CJ, Kastan MB. DNA damage activates ATM through intermolecular
autophosphorylation and dimer dissociation. Nature. 2003;421(6922):499–506.
21. Kim H, Yang K, Dejsuphong D, D’Andrea AD. Regulation of Rev1 by the
Fanconi anemia core complex. Nat Struct Mol Biol. 2012;19(2):164–70.
22. Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, et al. Chk1 is an
essential kinase that is regulated by Atr and required for the G(2)/M DNA
damage checkpoint. Genes Dev. 2000;14(12):1448–59.
23. Stiff T, Walker SA, Cerosaletti K, Goodarzi AA, Petermann E, Concannon P,
et al. ATR-dependent phosphorylation and activation of ATM in response to
UV treatment or replication fork stalling. EMBO J. 2006;25(24):5775–82.
24. Sakamoto K, Hikiba Y, Nakagawa H, Hirata Y, Hayakawa Y, Kinoshita H, et al.
Promotion of DNA repair by nuclear IKKbeta phosphorylation of ATM in
response to genotoxic stimuli. Oncogene. 2013;32(14):1854–62.
25. Grabauskiene S, Bergeron EJ, Chen G, Thomas DG, Giordano TJ, Beer DG,
et al. Checkpoint kinase 1 protein expression indicates sensitization to
therapy by checkpoint kinase 1 inhibition in non-small cell lung cancer.
J Surg Res. 2014;187(1):6–13.
26. Teng P, Bateman NW, Darcy KM, Hamilton CA, Maxwell GL, Bakkenist CJ,
et al. Pharmacologic inhibition of ATR and ATM offers clinically important
distinctions to enhancing platinum or radiation response in ovarian,
endometrial, and cervical cancer cells. Gynecol Oncol. 2015;136(3):554–61.
27. Carson CT, Schwartz RA, Stracker TH, Lilley CE, Lee DV, Weitzman MD. The
Mre11 complex is required for ATM activation and the G2/M checkpoint.
EMBO J. 2003;22(24):6610–20.
28. Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y.
Requirement of the MRN complex for ATM activation by DNA damage.
EMBO J. 2003;22(20):5612–21.
29. Xiao Y, Weaver DT. Conditional gene targeted deletion by Cre recombinase
demonstrates the requirement for the double-strand break repair Mre11
protein in murine embryonic stem cells. Nucleic Acids Res.
1997;25(15):2985–91.
30. Luo G, Yao MS, Bender CF, Mills M, Bladl AR, Bradley A, et al. Disruption of
mRad50 causes embryonic stem cell lethality, abnormal embryonic
development, and sensitivity to ionizing radiation. Proc Natl Acad Sci U S A.
1999;96(13):7376–81.
31. Cortez D, Guntuku S, Qin J, Elledge SJ. ATR and ATRIP: partners in
checkpoint signaling. Science. 2001;294(5547):1713–6.
32. Kumagai A, Lee J, Yoo HY, Dunphy WG. TopBP1 activates the ATR-ATRIP
complex. Cell. 2006;124(5):943–55.
33. Yang Y, Kuang Y, Montes De Oca R, Hays T, Moreau L, Lu N, et al. Targeted
disruption of the murine Fanconi anemia gene, Fancg/Xrcc9. Blood.
2001;98(12):3435–40.

Beumer et al. BMC Cancer (2015) 15:649

Page 10 of 10

34. Bakker ST, van de Vrugt HJ, Rooimans MA, Oostra AB, Steltenpool J, DelzenneGoette E, et al. Fancm-deficient mice reveal unique features of Fanconi anemia
complementation group M. Hum Mol Genet. 2009;18(18):3484–95.
35. Crossan GP, van der Weyden L, Rosado IV, Langevin F, Gaillard PH, McIntyre
RE, et al. Disruption of mouse Slx4, a regulator of structure-specific
nucleases, phenocopies Fanconi anemia. Nat Genet. 2011;43(2):147–52.
36. Rantakari P, Nikkila J, Jokela H, Ola R, Pylkas K, Lagerbohm H, et al.
Inactivation of Palb2 gene leads to mesoderm differentiation defect and
early embryonic lethality in mice. Hum Mol Genet. 2010;19(15):3021–9.
37. Stewart GS, Maser RS, Stankovic T, Bressan DA, Kaplan MI, Jaspers NG, et al.
The DNA double-strand break repair gene hMRE11 is mutated in individuals
with an ataxia-telangiectasia-like disorder. Cell. 1999;99(6):577–87.
38. Waltes R, Kalb R, Gatei M, Kijas AW, Stumm M, Sobeck A, et al. Human
RAD50 deficiency in a Nijmegen breakage syndrome-like disorder. Am J
Hum Genet. 2009;84(5):605–16.
39. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, et al. DNA damage
response as a candidate anti-cancer barrier in early human tumorigenesis.
Nature. 2005;434(7035):864–70.
40. Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, et al.
Oncogene-induced senescence is part of the tumorigenesis barrier imposed
by DNA damage checkpoints. Nature. 2006;444(7119):633–7.
41. Huntoon CJ, Flatten KS, Wahner Hendrickson AE, Huehls AM, Sutor SL,
Kaufmann SH, et al. ATR inhibition broadly sensitizes ovarian cancer cells to
chemotherapy independent of BRCA status. Cancer Res. 2013;73(12):3683–91.
42. Hall AB, Newsome D, Wang Y, Boucher DM, Eustace B, Gu Y, et al.
Potentiation of tumor responses to DNA damaging therapy by the selective
ATR inhibitor VX-970. Oncotarget. 2014;5(14):5674–85.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

