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The epidermal growth factor receptor (EGFR) tyrosine kinase signaling pathways
regulate cellular activities. The EGFR tyrosine kinase inhibitors (EGFR-TKIs) repress
the EGFR pathway constitutively activated by somatic EGFR gene mutations and
have drastically improved the prognosis of non-small-cell lung cancer (NSCLC)
patients. However, some problems, including resistance, remain to be solved.
Recently, combination therapy with EGFR-TKIs and cytotoxic agents has been
shown to improve the prognosis of NSCLC patients. To enhance the anticancer
effects of EGFR-TKIs, we examined the cross-talk of the EGFR pathways with
ataxia telangiectasia-mutated (ATM) signaling pathways. ATM is a key protein
kinase in the DNA damage response and is known to phosphorylate Akt, an EGFR
downstream factor. We found that the combination of an ATM inhibitor,
KU55933, and an EGFR-TKI, gefitinib, resulted in synergistic cell growth inhibition
and induction of apoptosis in NSCLC cell lines carrying the sensitive EGFR muta-
tion. We also found that KU55933 enhanced the gefitinib-dependent repression
of the phosphorylation of EGFR and/or its downstream factors. ATM inhibition
may facilitate the gefitinib-dependent repression of the phosphorylation of EGFR
and/or its downstream factors, to exert anticancer effects against NSCLC cells
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N on-small-cell lung cancer is a common cause of cancer-
related deaths worldwide.” Platinum-based combination
chemotherapy has been applied to patients with advanced
stage, metastatic, or recurrent NSCLC, but the effectiveness of
this treatment is limited.”> Over the past decade, the develop-
ment of EGFR-TKIs, gefitinib and erlotinib, has drastically
improved the prognosis of NSCLC patients.®>

Epidermal growth factor receptor is an Erb family tyrosine
kinase that regulates signaling pathways controlling cellular
activities. It has been reported that 10% of NSCLC patients
carry mutations in the EGFR gene.” The deletion of exon 19
and the L858R point mutation in exon 21 of EGFR have been
found in the histologically normal respiratory epithelia around
the lung cancer cells.”” Moreover, the expression of these
EGFR gene mutants in mouse type II pneumocytes leads to
lung adenocarcinoma.®® Therefore, EGFR mutations are con-
sidered to play important roles in the development of lung can-
cer. These mutations cause EGF-independent EGFR
phosphorylation."” The EGFR-TKIs compete with ATP at a
critical ATP-binding site of EGFR, and thus inhibit the kinase
activity for its phosphorylation."" As the EGFR mutations
increase the affinity of the receptor to EGFR-TKIs, NSCLC
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with the sensitive EGFR mutation.

cells carrying these mutations are highly sensitive to
EGFR-TKIs."'? Therefore, the deletion of exon 19 and the
L858R point mutation in exon 21 are referred to as sensitive
mutations."*'¥

Despite impressive clinical responses to kinase-targeted ther-
apy, almost all patients acquire drug resistance to these agents
after approximately 1 year.""> One of the most common resis-
tance mechanisms to EGFR-TKI in NSCLC patients is the
T790M point mutation in EGFR exon 20, which decreases the
affinity of EGFR to EGFR-TKIs.!'® Therefore, the EGFR
T790M point mutation is referred to as a resistant mutation.
Second-generation EGFR-TKIs, which bind irreversibly to the
ATP binding sites of EGFR, were developed to overcome the
drug resistance. However, they only showed a partial anti-
cancer effect against the NSCLC cells with the resistant EGFR
mutation, and caused more side-effects than the traditional
EGFR-TKIs, gefitinib and erlotinib."”  Third-generation
EGFR-TKIs, which target EGFR T790M point mutation, are
under development.""® Another approach to overcome the drug
resistance of NSCLC cells is the combination of sev-
eral chemotherapeutic agents with EGFR-TKIs. In recent clini-
cal trials, favorable outcomes have been observed using
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combinations of anticancer drugs, such as platinum-doublet or
S-1 with gefitinib."*%%

The cross-talk between signaling pathways reportedly plays
a role in the coordination of the cellular responses to various
external and internal stresses.*® Ataxia telangiectasia-mutated,
is a key protein kinase involved in the DNA damage response
to deleterious DSBs.** In response to DNA damage or repli-
cation stress, ATM kinase is rapidly activated to phosphorylate
downstream proteins involved in cell cycle control, DNA
repair, and apoptosis, including histone H2AX, Chk2, BRCAI,
and p53.(25) Therefore, ATM inhibitors could enhance the anti-
cancer effects of radiation or anticancer drugs that induce
DNA damage. ATM also reportedly enhances Akt ?hosphory—
lation resulting from insulin treatment and IR.®® Akt is a
downstream kinase in the IGFR and EGFR pathways. Inhibi-
tion of the ATM activity represses Akt activation, leading to
reduced cell growth and induction of apoptosis in cancer cells
with Akt overphosphorylated by insulin growth factor.*>
However, it remains unknown whether ATM is involved in the
regulation of the EGFR pathway in NSCLCs.

In this study, we showed that ATM inhibition, along with
EGFR inhibition by gefitinib, synergistically represses the
growth of NSCLC cells carrying the EGFR gene with the sensi-
tive mutation, but not that of cells carrying the wild-type allele.
We also found that the ATM inhibitor enhanced the EGFR-TKI-
dependent repression of the phosphorylation of EGFR and/or its
downstream factors, in NSCLC cells with the EGFR mutation
that confers sensitivity to EGFR-TKIs. These findings suggest
that ATM is involved in the regulation of the EGFR pathway in
NSCLC cells that are sensitive to EGFR-TKISs.

Materials and Methods

Detailed information on human NSCLC cell lines is shown in
Table 1.%72?
All experimental procedures are provided in Data S1.

Results

Inhibition of ATM kinase activity enhances the EGFR TKI-depen-
dent repression of NSCLC cell growth. To explore the possibility

Table 1. Cell lines, epidermal growth factor receptor (EGFR) status,
and sensitivity to gefitinib

Sensitivity for

Cell line Histology EGFR status gefitinib
PC-9 Adenocarcinoma Exon 19 deletion High
(E746-750)
HCC827 Adenocarcinoma Exon 19 deletion Very high
(E746-750)
Calu-6 Anaplastic Wild Low
VMRC- Adenocarcinoma Wild Low
LCD
A549 Adenocarcinoma Wild Low
H441 Adenocarcinoma Wild Low
H596 Adenosquamous Wild Low
carcinoma
RERF- Adenocarcinoma Wild Low
LC-OK
RERF- Adenocarcinoma Wild Low
LC-MS

Sensitivity for gefitinib was defined as: low, 1Cso > 1 uM; high,
1C50 < 100 nM; very high, 1Cso < 10 nM.
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that ATM is involved in the regulation of the EGFR pathway,
we examined the enhancement of the antitumor effect of
EGFR-TKIs by the inhibition of ATM kinase activity. For this
purpose, we first studied the growth inhibition of NSCLC cell
lines. We used two lines with sensitive EGFR mutations, PC-9
and HCCS827, and two lines with wild-type EGFR, Calu-6 and
VMRC-LCD, and treated them with the EGFR-TKI gefitinib
or the ATM kinase inhibitor KU55933 (Table 1). The growth
inhibition by the treatment with gefitinib, even at a low con-
centration, was confirmed for PC-9 and HCC827 cells, but not
for Calu-6 and VMRC-LCD cells, consistent with previous
reports (Fig. 1a—d).°” We then examined the effect of
KU55933 on the growth of these NSCLC cell lines (Table 1),
and found that the growth inhibition rates were ~40% for PC-9
and Calu-6 cells, and only ~20% for HCC827 and VMRC-
LCD cells (Fig. Sla). These findings suggest that the
ATM kinase plays a limited role in the regulation of NSCLC
cell growth under normal conditions, regardless of the EGFR
status.

Next, we examined the effect of the ATM kinase inhibitor
on the growth of NSCLC cells treated with gefitinib. The com-
bination of gefitinib and KU55933 showed a significant syner-
gistic effect on cell growth for PC-9 and HCCS827 cells
carrying the sensitive EGFR mutation (Fig. la,b,e). In contrast,
no synergistic effect was observed for Calu-6 or VMRC-LCD
cells carrying wild-type EGFR (Fig. 1c,d). The absence of syn-
ergistic growth inhibition of KU55933 with gefitinib in cells
carrying wild-type EGFR was confirmed in five additional
NSCLC cell lines, using high concentrations of gefitinib
(Table 1, Fig. S1b).?”?? These findings suggest that the
ATM kinase activity is involved in the regulation of the gefi-
tinib-induced growth repression of NSCLC cells carrying the
sensitive EGFR mutation.

Effects of ATM inhibition on gefitinib-mediated repression of
phosphorylation of EGFR and its downstream factors. Inhibition
of EGFR phosphorylation by EGFR-TKI leads to blockage of
the EGFR downstream pathway and induces cell growth inhi-
bition and apoptosis. Therefore, we considered that the
enhancement of gefitinib-induced cell growth inhibition by
the ATM inhibitor could be due to the further repression of
the phosphorylation of EGFR and/or its downstream mole-
cules. To gain mechanistic insight into the enhancement of
gefitinib-induced cell growth inhibition by the ATM inhibitor,
we examined the phosphorylation status of EGFR in PC-9
cells. An immunoblotting analysis confirmed the repression of
EGFR phosphorylation by gefitinib in PC-9 cells (Fig. 2a.,b).
Importantly, KU55933 enhanced the gefitinib-induced repres-
sion of EGFR phosphorylation observed in PC-9 cells (Fig. 2a,
b). Moreover, the combined treatment with KU55933 and gefi-
tinib synergistically repressed the phosphorylation of Akt and
ERK, downstream factors in the EGFR pathway, in PC-9 cells
(Fig. 2a). Enhancement of the gefitinib-induced inhibition of
Akt phosphorylation by KU55933 was also observed in
HCC827 cells, which are sensitive to gefitinib (Fig. S2a). In
contrast, the EGFR phosphorylation levels were significantly
lower in Calu-6 and VMRC-LCD cells without EGF stimula-
tion, as compared to those in PC-9 and HCCS827 cells
(Figs 2¢,S2b). Although the phosphorylation at Ser473 of Akt
was repressed by KU55933 alone in Calu-6 and VMRC-LCD
cells with wild-type EGFR, the combined effect with gefitinib
was not observed (Figs 2¢,S2b). These findings suggest that
the KU55933-mediated enhancement of gefitinib-induced cell
growth inhibition of PC-9 and HCC827 cells is due to the syn-
ergistic repression of the phosphorylation of EGFR with the
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sensitive mutation and/or its downstream factors. As the can-
cer cells with wild-type EGFR uncontrollably proliferate
through signaling mechanisms other than EGFR, the inhibition
of Akt and ERK phosphorylation in cells with wild-type EGFR
by the ATM inhibitor might occur through a different mecha-
nism from the repression of the EGFR pathway in cells with a
mutated EGFR.

Next, to investigate the mechanism by which the ATM inhi-
bitor enhances the gefitinib-induced repression of the EGFR
pathway, we examined the expression of Mig-6, an EGFR neg-
ative regulator, after treating PC-9 and Calu-6 cells with gefi-
tinib, KU55933, or both. Mig-6 is reportedly induced by the
RAS-MEK-MAPK/ERK pathway, and prevents EGFR activa-
tion throu%h binding to the C-lobe in the kinase domain of
EGFR.®""? In the NSCLC cells with the sensitive EGFR
mutation, the overexpression of Mig-6 enhanced the inhibitory
effect of gefitinib.®®” In PC-9 cells harboring the sensitive
mutated EGFR, the expression of Mig-6 was significantly
induced by treatment with the ATM inhibitor in combination
with gefitinib, as compared to that with gefitinib alone
(Figs 2d,S2¢). In contrast, in Calu-6 cells, the expression of
Mig-6 was not affected by KU55933 (Fig. S2d). These results
suggest that KU55933 could enhance the antitumor effect of
gefitinib by upregulating Mig-6 expression and the gefitinib-
induced repression of the EGFR pathway.

Gefitinib-induced apoptosis of NSCLC cells is facilitated by ATM
inhibition. Gefitinib reportedly induces apoptosis in cells carry-
ing the sensitive mutation of the EGFR gene.C%* As
KUS55933 enhanced the repression of the phosphorylation of
EGFR and its downstream factors in PC-9 and HCC827 cells,

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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indicating the synergistic inhibition of cell growth.

we speculated that the gefitinib-induced apoptosis of PC-9 and
HCCB827 cells is also facilitated by the ATM inhibitor. To test
this possibility, we examined the induction of apoptosis after
gefitinib and/or KU55933 treatment of NSCLC cells. Flow
cytometry analyses revealed that the gefitinib treatment
increased the percentage of sub-G; fractions in PC-9 and
HCC827 cells carrying the sensitive EGFR mutation. The
increase in the sub-G; fraction in these cells after gefitinib
treatment was significantly enhanced by the addition of
KU55993 (Fig. 3a). In contrast, the sub-G; fraction was not
increased by the combination of gefitinib and KU55933 in
Calu-6 or VMRC-LCD cells with the wild-type EGFR gene.
These findings suggest that inhibition of ATM facilitates the
gefitinib-induced apoptosis of NSCLC cells carrying the gefi-
tinib-sensitive EGFR mutation.

To confirm the enhancement of the gefitinib-induced apopto-
sis by KU55993 in cells harboring the sensitive EGFR muta-
tion, we used annexin V binding and caspase 3 assays. The
annexin V assay revealed that the percentage of annexin V
(+) / propidium iodide (—) early apoptotic cells was signifi-
cantly higher in PC-9 cells treated with the combination of
KUS55933 and gefitinib than in those treated only with gefitinib
(Fig. 3b). Furthermore, the anti-caspase 3 immunoblotting
analysis showed that the amount of cleaved caspase 3 was sig-
nificantly higher in both PC-9 and HCCS827 cells carrying the
sensitive  EGFR mutation, treated with the combination of
KU55933 and gefitinib, compared to those treated with gefi-
tinib only (Fig. 3c,d). Taken together, these findings strongly
support the notion that the inhibition of ATM kinase activity
and the treatment with gefitinib facilitate the induction of

Cancer Sci | April 2016 | vol. 107 | no.4 | 446
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apoptosis in NSCLC cells carrying the sensitive EGFR muta-
tion.

Gefitinib neither disturbs DNA repair nor induces DNA dam-
age. ATM phosphorylates itself and DNA repair-related fac-
tors, such as histone H2AX, in response to DSB induction.®*>
Therefore, the synergistic inhibitory effects of gefitinib and
KU55933 on cell growth in PC-9 and HCC827 cells might be
due to the disturbance of the DNA damage response pathway
involving ATM. To investigate this possibility, we examined
the phosphorylation status of ATM in gefitinib-treated cells
after IR. Immunoblotting analyses of PC-9 and HCCS827 cells,
using antiphosphorylated ATM antibodies, revealed that gefi-
tinib treatment did not affect ATM phosphorylation after IR,
suggesting that gefitinib does not affect ATM activation after
DNA damage induction (Fig. 4a). We next examined whether
gefitinib induces DNA damage by analyzing the focus forma-
tion of YH2AX, a marker of DSBs. Immunofluorescence stain-
ing of PC-9 and HCCS827 cells revealed that there were no
significant differences in the percentages of YH2AX foci-posi-
tive cells before and after treatment with gefitinib (Fig. 4b).
Similar results were obtained using HCCS827 cells (Fig. S3).
Taken together, these findings suggest that gefitinib neither dis-
turbs the DNA damage response nor induces DNA damage in
PC-9 and HCC827 cells.

Sensitive EGFR mutation is required for enhanced gefitinib-
induced anticancer effects by ATM inhibition. Enhancement of
the gefitinib-induced apoptosis and cell growth inhibition
by KUS55933 was observed only in PC-9 and HCC827 cells

Cancer Sci | April 2016 | vol. 107 | no.4 | 447

carrying the sensitive mutation of the EGFR gene. NIH-3T3
mouse fibroblast-like cells exogenously expressing EGFR with
the sensitive mutation showed higher levels of EGFR
autophosphorylation and greater sensitivity to EGFR-TKI com-
pared to those expressing exogenous wild-type EGFR.C®
Therefore, we tested whether the enhancement of the antitumor
effect of gefitinib by KUS55933 is associated with the EGFR
mutation. We constructed U20S cells stably expressing
FLAG-tagged EGFR"™" or EGFR™" (Fig. 5a). An immunoblot-
ting analysis using antiphosphorylated EGFR antibodies
revealed that the phosphorylation level was significantly higher
in EGFR™" than EGFR™" (Fig. 5b). The repression of EGFR
phosphorylation by gefitinib was confirmed in EGFR™" cells
(Fig. 5b). We next examined the effect of KU55933 on gefi-
tinib-induced apoptosis in U20S cells. A flow cytometry anal-
ysis revealed that the KU55933 treatment increased the sub-G;
fraction of gefitinib-treated EGFR™" cells (Fig. 5¢). In con-
trast, no significant increase in the sub-G; fraction by
KU55933 treatment was observed in gefitinib-treated EGFR™"
cells. These findings strongly support the notion that the sensi-
tive mutation of the EGFR gene plays a role in the enhance-
ment of gefitinib-induced apoptosis, through the inhibition of
ATM kinase.

Discussion

In this study, we have examined the enhancement of
EGFR-TKI sensitivity by combination therapy and shown the

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Fig. 3. Apoptosis induced by the combination of KU55933 with gefitinib. (a) The sub-G; fraction was measured by flow cytometry in PC-9,
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involvement of ATM kinase in the EGFR pathway. The com-
bination of the ATM inhibitor KU55933 and the EGFR-TKI
gefitinib exerted synergistic cell growth inhibition and
enhanced apoptosis in NSCLC cells carrying the sensitive
EGFR mutation. KU55933 enhanced the gefitinib-dependent
repression of phosphorylation of EGFR and/or its downstream
factors in NSCLC cells. These findings suggest that the inhibi-
tion of ATM kinase facilitates the anticancer effect of gefi-
tinib, by enhancing the repression of the EGFR pathway in
NSCLC cells with the sensitive EGFR mutation.

In NSCLC cells carrying the sensitive EGFR mutation, the
ATM inhibitor enhanced the gefitinib-dependent repression of
phosphorylation of EGFR and/or its downstream factors. In
contrast, it was difficult to detect the enhancement of the gefi-
tinib-induced repression of the modification of wild-type
EGFR as it was not overphosphorylated under normal condi-
tions, unlike EGFR with the sensitive mutation. The ATM
kinase plays a limited role in the regulation of NSCLC cell
growth under normal conditions, regardless of the EGFR sta-
tus. The ATM inhibitor, however, enhanced the gefitinib-
induced cell growth inhibition and apoptosis only in NSCLC
cells carrying the sensitive EGFR mutation. Moreover, the
exogenous expression of mutated EGFR synergistically
induced apoptosis with the ATM inhibitor and gefitinib. There-
fore, the sensitive EGFR mutation could be required to
enhance the anticancer effect of gefitinib by the ATM inhibi-
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tor. In addition, the expression of Mig-6, a negative regulator
of the EGFR pathway, was upregulated by KU55933 in PC-9
cells, but not in Calu-6 cells. Increased Mig-6 expression
effectively inhibits signal transduction to the downstream path-
way when EGFR with the sensitive mutation is activated.®”
Taken together, the increase of Mig-6 expression by the ATM
inhibitor may enhance the gefitinib sensitivity of NSCLC cells
with the sensitive EGFR mutation.

The ATM inhibitor reportedly suppresses the activation of
Akt, induces apoptosis, and suppresses cell proliferation under
conditions with IGFR overactivation.®® As EGFR and its
downstream factors, including Akt, were constantly activated in
NSCLC cells carrying the sensitive EGFR mutation, the ATM
inhibitor could also repress the overactivation of the down-
stream factors of EGFR, as in cells with an activated IGFR
pathway."'” The ATM inhibitor alone failed to inhibit the
phosphorylation of Akt in NSCLC cells with the sensitive
EGFR mutation. However, the ATM inhibitor alone repressed
PC-9 cell growth, but failed to do so in HCC827 cells with
the EGFR sensitive mutation. These findings suggest that the
ATM inhibitor has different targets in these cells. Indeed, the
ATM inhibitor enhanced the gefitinib-induced repression of
phosphorylation of EGFR and downstream factors Akt and
ERK in PC-9 cells, whereas only the phosphorylation of Akt
was synergistically inhibited with the combined treatment in
HCC827 cells. In our study, the ATM inhibitor increased Mig-
6 expression in PC-9 cells, but not in HCC827 cells (data not
shown). The ATM inhibitor might enhance the effect of
gefitinib in HCC827 cells through other feedback mechanisms
for EGFR downstream factors, including Akt. Further studies
are required to clarify the mechanisms underlying the enhanced
effects of gefitinib by the ATM inhibitor in NSCLC cells with

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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the sensitive EGFR mutation, as several mechanisms could
facilitate the antitumor effect of gefitinib by the ATM inhibitor.

In this study, we have shown the enhanced anticancer effect
of an EGFR-TKI by the ATM inhibitor, KU55933. Improve-
ment of outcomes with combination therapy may either delay
or prevent the acquisition of resistance. However, no clinical
trials for the treatment of NSCLC have included such ATM
inhibitors. Therefore, further studies concerning the combined
effects of EGFR-TKIs with various ATM inhibitors, such as
caffeine or telomelysin, may provide new insights for the
development of treatment strategies for NSCLC cases with
sensitive EGFR mutations.®**"
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