BrIEF REPORT

De Novo Resistance to Epidermal Growth Factor Receptor-
Tyrosine Kinase Inhibitors in EGFR Mutation-Positive
Patients with Non-small Cell Lung Cancer

Masayuki Takeda, MD, PhD,* Isamu Okamoto, MD, PhD,* Yoshihiko Fujita, PhD,}
Tokuzo Arao, MD, PhD,} Hiroyuki Ito, MD, PhD,} Masahiro Fukuoka, MD, PhD,§
Kazuto Nishio, MD, PhD,} and Kazuhiko Nakagawa, MD, PhD*

Background: Somatic mutations in the epidermal growth factor re-
ceptor (EGFR) gene are a predictor of response to treatment with EGFR
tyrosine kinase inhibitors (TKIs) in patients with non-small cell lung
cancer (NSCLC). However, mechanisms of de novo resistance to these
drugs in patients harboring EGFR mutations have remained unclear.
We examined whether the mutational status of KRAS might be associ-
ated with primary resistance to EGFR-TKIs in EGFR mutation-positive
patients with NSCLC.

Methods: Forty patients with NSCLC with EGFR mutations who
were treated with gefitinib or erlotinib and had archival tissue
specimens available were enrolled in the study. KRAS mutations
were analyzed by direct sequencing.

Results: Three (7.5%) of the 40 patients had progressive disease,
and two (67%) of these three individuals had both KRAS and EGFR
mutatious.

Conclusions: Our results suggest that KRAS mutation is a negative
predictor of response to EGFR-TKIs in EGFR mutation-positive
patients with NSCLC.

Key Words: Drug resistance, Epidermal growth factor receptor,
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total of 40 patients with non-small cell lung cancer
(NSCLC) harboring epidermal growth factor receptor
(EGFR) mutations were treated  with gefitinib (n = 36) or
erlotinib (n = 4) between September 2002 and January 2009,
and three patients exhibited resistance to EGFR-tyrosine kinase
inhibitor (TKIs). (i) Case 1 was'a 63-year-old man who had
never smoked and was diagnosed with hing adenocarcinoma of
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stage TV. Molecular screening identified a deletion mutation in
exon 19 of EGFR, and he had received gefitinib as the second-
line therapy. Although he tolerated gefitinib well, the primary
lung lesion showed slow but steady growth, and he was removed
from therapy because of his progressive disease (PD) at day 58
(Figure 14). (ii) Case 2 was a 69-year-old man who had never
smoked, had adcnocarcinoma of stage 1B, harbored a delction
in exon 19 of EGFR, and was treated with erlotinib as the
third-line therapy. A chest computed tomography scan on day 28
revealed enlargement of the primary lung lesion, and the casc
was subsequently classified as PD (Figure 1B). (iii) Case 3 was
a 52-year-old man who was a current smoker, had lung adeno-
carcinoma of stage TV with left adrcnal metastasis, harbored a
deletion in exon 19 of EGFR, and received erlotinib as the
fourth-line therapy. Chest computed tomography on day 32
showed enlargement of the left adrenal metastasis, resulting in a
classification of PD (Figure 1C). Thus, these clinical data dem-
onstrated the existence of de novo resistance to EGFR-TKIs in
EGFR mutation-positive patients. We examined the mutational
status of KRAS in the three patients who showed PD as their best
response.’ An amino acid substitution at codon 12 (G12D) of
KRAS was identified in two of these three patients (Figure 1D-F).

DISCUSSION

Somatic mutations of the EGFR gene are associated with
an increased response to EGFR-TKI in patients with NSCLC.
Several: prospective clinical trials of EGFR-TKI treatment for
patients with NSCLC with EGFR mutations have subsequently
revealed radiographic response rates of 55 to 91%. It remains of
clinical concern, however, that a small proportion of patients
with NSCLC with EGFR mutations show de novo resistance to
EGFR-TKIs and that molecular markers to predict a lack of
response to these drugs remain to be identified. We have now
examined KRAS mutation status in EGFR mutation-positive
patients with NSCLC treated with EGFR-TKTs and found a high
incidence of concomitant KR4S mutation in individuals who did
not respond to these drugs. Our results indicate that KR4S
mutation may be clinically useful as a negative predictive
marker of sensitivity to EGFR-TKIs in patients with NSCLC
with EGFR mutations. Previous studies have also shown that
KRAS mutations are associated with resistance to EGFR-TKIs in
patients with NSCLC and that EGFR and KRAS mutations
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FIGURE 1. Clinical and molecular
characteristics of patients with non-

small cell lung cancer (NSCLC) who B
showed de novo resistance to epider-

mal growth factor receptor-tyrosine

kinase inhibitors (EGFR-TKIs). A-C,
Computed tomography (CT) images
obtained before and after EGFR-TKI
treatment for cases 1 to 3, respec-

tively. D~F, Sequence chromato- C
graphs of KRAS mutation status deter-
mined with tumor tissue isolated

before EGFR-TKI treatment for cases 1

to 3, respectively. Arrows indicate the
mutated nucleotide (G—A) in codon

12 for cases 2 and 3. Pre-treatment

appear to be mutually exclusive in such patients,'-3 suggesting
that KRAS mutations are predictors of unresponsiveness to
EGFR-TKIs in patients with NSCLC with wild-type EGFR. The
mutual exclusivity of EGFR and KRAS mutations combined
with their prevalence patterns in lung adenocarcinoma, with
KRAS mutations being preferentially found in smokers and
EGFR mutations in nonsmokers, suggests that the mutations in
these two genes might arise through different pathogenic path-
ways. Conversely, some studics have shown that KRAS muta-
tions do sometimes coexist with EGFR mutations in patients
with NSCLC 45 The extent of coexistence of EGFR and KRAS
mutations in NSCLC thus remains unclear, in large part as a
result of the low frequency of KRAS mutations, and the clinical
relevance of KRAS mutations in EGFR mutation-positive pa-
tients has remained unknown. We have now shown that paticnts
with NSCLC harboring EGFR mutations who exhibit de novo
resistance to EGFR-TKIs have a high incidence of KRAS mu-
tation, suggesting, that the presence of KRAS mutations might
provide a basis for the identification of EGFR mutation-positive
patients who are unlikely to benefit from EGFR-TKI treatment.
Our clinical findings arc consistent with preclinical data showing
that forced expression of mutant KRAS in PC-9 human NSCLC
cells, which harbor an activating mutation of EGFR, resulted in
a reduction in the sensitivity of thesc cells to gefitinib.6 Gefitinib
shuts down both PI3K-AKT and RAS-RAF-MEK-ERK signal-
ing pathways in PC-9 cells; however, expression of the KRAS
mutant resulted in constitutive activation of these signaling
pathways in a manner independent of EGFR activation, leading
to continued cell growth and survival.

In July 2009, gefitinib received a license from the Euro-
pean Medicines Agency for all lines of therapy in patients with
locally advanced or metastatic NSCLC positive for activating
mutations of EGFR. More patients with EGFR mutation-posi-
tive turnors will thus now receive EGFR-TKIs. Our present
results suggest that EGFR-TKIs should not be given routinely to
patients harboring concomitant KR4S and EGFR mutations. In
the évent that such patients do receive treatment with EGFR~
TKIs, they should be followed up after a short interval to obtain
early evidence of possible tumor progression.
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KRAS mutations cannot account for all cases of de nove
resistance to EGFR-TKIs in EGFR mutation-positive patients
with NSCLC. A recent study showed that loss of PTEN
contributes to erlotinib resistance in an EGFR mutation-
positive NSCLC cell line.” Loss of PTEN resulted in partial
uncoupling of the mutant EGFR from downstream signaling
and further activated the receptor, leading to erlotinib resis-
tance. Both homozygous deletion of PTEN and EGFR muta-
tion were detected in one of 24 clinical specimens of NSCLC
with EGFR mutations, although the efficacy of EGFR-TKIs
was not evaluated in the corresponding patient.

In conclusion, our results suggest that KRAS mutation
status should be assessed before initiation of EGFR-TKI
treatment in EGFR mutation-positive patients with NSCLC,
allowing cnrichment of the population of such paticnts who
are likely to prove responsive to the treatment.
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The efficacy of epidermal growth factor receptor (EGFR)~tyrosine
kinase inhibitors such as gefitinib and erlotinib in non-small ceil
lung cancer (NSCLC) is often limited by the emergence of drug
resistance conferred either by a secondary T790M mutation of
EGFR or by acquired amplification of the MET gene. We now show
that the extent of activation of the tyrosine kinase Src is markedly
increased in gefitinib-resistant NSCLC (HCC827 GR) cells with MET
amplification compared with that in the gefitinib-sensitive paren-
tal {HCC827) cells. In contrast, the extent of Src activation did not
differ between gefitinib-resistant NSCLC (PC9/2D) cells harboring
the T790M mutation of EGFR and the corresponding gefitinib-sen-
sitive parental (PC9) cells. This activation of Src in HCC827 GR cells
was largely abolished by the MET-TKI PHA-~665752 but was only
partially inhibited by gefitinib, suggesting that Sr¢ activation is
more dependent on MET signaling than on EGFR signaling in gefi-
tinib-resistant NSCLC cells with MET amplification. Src inhibitors
blocked Akt and Erk signaling pathways, resulting in both suppres-
sion of cell growth and induction of apoptosis, in HCC827 GR celis
as effectively as did the combination of gefitinib and PHA-665752.
Furthermore, Src inhibitor dasatinib inhibited tumor growth in
HCC827 GR xenografts to a significantly greater extent than did
treatment with gefitinib alone. These results provide a rationale
for clinical targeting of Src in gefitinib-resistant NSCLC with MET
amplification. (Cancer Sci 2009)

U pregulation of the:EGFR occurs frequently and is nega-
tively correlated with prognosis in many types of human
malignancy.(" Recognition:of the role of EGFR in carcinogen-
esis has prompted the development of EGFR-targeted thera-
pies.?) TKI of EGFR, such as gefitinib and erlotinib, both of
which compete with ATP for binding“to the tyrosine kinase
pocket of the receptor, have been extensively studied in patients
with NSCLC.® Sensitivity to these drugs has been correlated
with the presence of somatic mutations: that affect the kinase
domain of EGFR, such as deletions in exon_19 and the L858R
mutation in exon 21 of the EGFR ‘gene.® > However, the
acquisition of an additional mutation (T790M) in exon 20 of
EGFR results in the development of resistance to EGFR-
TKL"*' [rreversible EGFR-TKI are thought to be a potential
therapeutic option for overcoming such resistance.2%>"" Ampli-
fication of the gene for the receptor tyrosine kinase MET has
also recently been identified as a mechanism of gefitinib resis-
tance, being detected in 22% of tumnor samples from NSCLC
patients. with- EGFR mutations who. acquired- gefitinib- resis-
tance.?>*» Exposure of gefitinib-resistant NSCLC cells with
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MET amplification to the MET-TKI PHA-665752 or to gefitinib
alone did not inhibit cell growth or survival signaling, given that
both EGFR and MET signaling were found to be activated and
to be mediated by ErbB3 (also known as Her3) in these
cells. @2 However, the combination of gefitinib and PHA-
665752 gvercame gefitinib resistance attributable to MET ampli-
fication.®** No single agent that overcomes such resistance
has been identified to date.

The proto-oncogene SRC has been implicated in the develop-
ment and poor clinical prognosis of several types of solid tumor
as a result of the mediation by its product of signaling between
integrins or receptor tyrosine kinases and their downstream
effectors. 2 We have examined the potential role of Src in
EGFR or MET signaling and whether Src inhibitors might block
these signaling pathways in gefitinib-resistant NSCLC cells with
MET amplification. We also evaluated the potential antitumor
effect of Stc inhibitors in order to provide insight into the mech-
anism by which such inhibitors might overcome gefitinib resis-
tance in NSCLC cells with MET amplification.

Materials and Methods

Cell lines and reagents. The human NSCLC cell lines H1299,
H460, HCC827, HCC827 GRS, HCC827 GR6, and PCY were
obtained as described previousty “%?” H1838 and H820 cells
were obtained from the American Type Cultwre Collection
(Manassas, VA, USA). EBC-1 cells were obtained from the
Health: Science Research Resources Bank (Tokyo, Japan).
PCO/ZD cells were established as a %eﬁtinib‘resistant clone
from PCY cells as previously described™® and were shown to
harbor the T790M mutation of EGFR by both PCR invader and
PCR clamp: assays carried out as previously described.@%3"
HCC827, PCY, and PCI/ZD cells were cultured under a humidi-
tfied atmosphere of 5% CO, at 37°C in RPMI-1640 medium
(Sigma, St Louis, MO, USA) supplemented with 10% FBS.
HCCB827 GRS and HCC827 GRO6 cells were cultured in RPMI-
1640 medium supplemented with 10% FBS and | pm gefitinib.
Dasatinib: was kindly provided by Bristol-Myers Squibb (New
York, NY, USA), gefitinib was obtained from AstraZeneca
(Macclesfield, UK), PP1 was from Biomol Research Laborato-
ries (Plymouth Meeting, PA, USA), and PHA-665752 was from
Tocris Bioscience (Bristol, UK).
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Immunoblot analysis. Immunoblot analysis was carried out as
described previously.“” Antibodies to the Y845-phosphorylated
form of EGFR, to EGFR, to phosphorylated Erk, to Erk, to phos-
phorylated Akt, to Akt, and to B-actin as well as HRP-conju-
gated goat antibodies to mouse or rabbit 1gG were obtained as
described previously.?” Antibodies to the Y1234/Y1235-phos-
phorylated form of MET, to the Y1289-phosphorylated form of
ErbB3, to the Y416-phosphorylated form of Src, to Src, and to
PARP were obtained from Cell Signaling Technology (Beverly,
MA, USA). Aatibodies to MET were from Zymed (South San
Francisco, CA, USA) and those to ErbB3 were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Immunoprecipitation assay. Total cell lysates (500 ng protein)
were incubated overnight at 4°C with 5 pg of a mouse monoclo-
nal antibody (H-12) to total Src (Santa Cruz Biotechnology) in a
final volume of 200 pL.. The immune complexes were precipi-
tated by further incubation for 2 h at 4°C with a suspension of
protein G- and protein A-conjugated agarose (Calbiochem,
Darmstadt, Germany). The immunoprecipitates were resolved
by SDS-PAGE on a 7.5% gel, and the separated proteins were
subjected to immunoblot analysis as described previously,m)
with the exception that the incubation with primary antibodies
was carried out for 48 h. :

Cell growth inhibition assay. Cells were plated in 96-well flat-
bottomed plates and cultured for 24 h before exposure to various
concentrations of tested drugs for 72 h. TetraColor One (5 mm
tetrazolium monosodium salt and 0.2 mM 1-methoxy-5-methyl
phenazinium methylsulfate; Seikagaku, Tokyo, Japan) was then
added to each well, and the cells were incubated for 3 h at 37°C
before measurement of absorbance at 490 nm with a Multiskan
Spectrum instrument (Thermo Labsystems, Boston, MA, USA).
Absorbance values were expressed as a percentage of that for
untreated cells.

Assessment of tumor growth inhibition in vivo. Tumor cells
(2 x 10°%) were injected s.c. irito the right hind leg of 7-week-old
female athymic nude mice. The mice were divided into three
treatment groups of five animals: those freated over 28 days by
oral gavage daily of vehicle, gefitinib (50 mg/kg), or dasatinib
(15 mg/kg). Treatment was initiated when tumors in each group
achieved an average volume of 200 mm>, with tumor volume
being determined twice weekly after the ouset of treatment from
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Statistical analysis. Data are presented as means + SE as indi-
cated and were analyzed by Student’s r-test. A P-value of <0.05
was considered statistically significant.

Results

Src is activated in gefitinib-resistant NSCLC cells with MET
amplification. Amplification of MET is onc mechanism for the
acquisition of resistance to EGFR-TKI in NSCLC.%***¥ To
explore approaches that might overcome such resistance, we
examined the activation status of scveral signaling molecules in
sublines of the gefitinib-sensitive, EGFR mutation-positive
human NSCLC cell line HCC827 that have acquired MET
amplification and gefitinib resistance. Immunoblot analysis
revealed that the level of phosphorylation (activation) of both
MET and ErbB3 was markedly increased in the HCC827 GRS
and GR6 sublines compared with the parental HCC827 cells
(Fig. 1A), consistent with previous observations.®*?¥ Further-
more, we found that the level of Src activation was also mark-
edly increased in HCC827 GR cells compared with HCC827
cells (Fig. 1A). Such Src activation was not observed in
PC9/ZD cells (Fig. 1A), a subline of the gefitinib-sensitive,
EGFR mutation-positive human NSCLC cell line PC9 that has
acquired a secondary T790M mutation of EGFR and consequent
gefitinib resistance. These results thus suggested that Src might
contribute to gefitinib resistance in NSCLC cells with MET
amplification. We also found that H1838, EBC-1, and H820
NSCLC cells with MET ampliﬁcationm””s have higher activa-
tion of Src than that in NSCLC cells without MET amplification
(H1299 and H460) (Fig. 1B). These results suggested that Src
activation is associated with MET amplification in NSCLC cells.

Src activation blocked by a MET inhibitor in gefitinib-resistant
NSCLC cells with. MET amplification. Src associates with many
receptor tyrosine kinases including EGFR and MET and trans-
duces signals to a variety of downstream effectors of these
receptors.* %% To examine whether Src participates in
MET or EGFR signaling in cells with EGFR mutations and with
or without MET amplification, we examined the effects. of the
MET inhibitor PHA-665752 or the EGFR-TKI gefitinib on Src
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Fig. 1. Activation of Src in non-small celt lung cancer cells with or without MET amplification. (A} HCC827 cells, their gefitinib-resistant clones
with MET amplification (HCC827 GR5 and GR6); PCY cells, and their gefitinib-resistant clone with a secondary T790M mutation of epidermal
growth factor receptor (PC9/ZD) were incubated for 24 h in medium containing 10% serum. Cell lysates were then prepared and subjected to
immunoblot analysis with antibodies to phosphorylated (p-) or total forms of MET, ErbB3, and Sr¢ as well ‘as with those to p-actin (loading
control). (B) H1299 and H460 cells without MET amplification, and H1838, EBC-1, and H820 cells with MET amplification were incubated for 24 h
in medium containing 10% serum. Cell lysates were then prepared and subjected to immunoblot analysis with antibodies to phosphorylated (p-)
or total forms of MET and 5rc as well as with those to B-actin (loading control).
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activation in HCC827 and HCC827 GR cells. In the parental
HCC827 cells, Src activity (phosphorylation) was reduced by
PHA-665752 and was abolished by gefitinib (Fig. 2A). In con-
trast, Src activation was partially reduced by PHA-665752 and
was inhibited to a much lesser extent by gefitinib in HCC827
GR5 cells (Fig. 2A). Combined treatment with gefitinib and
PHA-665752 resulted in complete suppression of Src activation
in both the parental and GR cells (Fig. 2A). These results sug-
gested that Src activation is dependent on MET signaling to a
greater extent than on EGFR signaling in gefitinib-resistant cells
with MET amplification. whereas the opposite is the case for
cells without MET amplification.

Effects of Src inhibitors on EGFR, ErbB3, and MET activation in
gefitinib-resistant NSCLC cells with MET amplification. Src acti-
vates EGFR by phosphorylating the Y845 residue of the recep-
tor,m) and it also interacts with MET.®Y We therefore
examined the effects of the Src inhibitors PP1 and dasatinib on
EGFR, ErbB3, and MET activation. Both PP1 and dasatinib
abolished EGFR activation and inhibited ErbB3 and MET acti-
vation in parental HCC827 cells (Fig. 2A). In contrast, these Src
inhibitors did not suppress ErbB3 or MET activation and
induced only partial inhibition of EGFR activation in HCC827
GRS cells (Fig. 2A), suggesting that MET amplification affects
the interactions of EGFR, ErbB3, and MET with Src.

Increased association between MET and Src in gefitinib-
resistant NSCLC cells with MET amplification. We examined the
effects of MET amplification on the physical association of Src
with EGFR, MET, and ErbB3. Src was immunoprecipitated
from both HCC827 and HCC827 GRS cell lysates, and the
resulting precipitates were subjected to immunoblot analysis
with antibodies to EGFR, MET, ErbB3, or Src. The amount of
MET associated with Src was greater for HCC827 GRS cells
than for HCC827 cells, whereas the amount of EGFR associated
with Src was greater for HCC827 cells than for HCC827 GRS
cells (Fig. 2B). No association of ErbB3 with Src was apparent
for either cell type. These results suggested that MET amplifica-
tion results in an increase in the association between MET and
Src, as well as a concomitant decrease in that between EGFR
and Src, in HCC827 GR cells.

Src inhibitors block Akt and Erk signaling in gefitinib-resistant
NSCLC ‘cells with  MET amplification. We next examined the
effects of the Sr¢ inhibitors PP1 and dasatinib on Akt and Erk
signaling pathways, both of which are activated by EGFR and
MET. Both PPl and dasatinib induced complete inhibition of

Akt and Erk activation, as did gefitinib, in the parental HCC827
cells (Fig. 2A). Consistent with previous observations,”>™ the
combination of gefitinib and PHA-665752 inhibited Akt and Erk
activation in HCC827 GRS cells, whereas neither agent alone
had such an effect (Fig. 2A). Both PPl and dasatinib inhibited
Akt and Erk activation to similar extents as the combination of
gefitinib and PHA-665752 in HCC827 GRS cells (Fig. 2A). A
single agent (Src inhibitor) was thus sufficient to block Akt and
Erk signaling, which is important for cell survival and prolifera-
tion, respectively, in gefitinib-resistant NSCLC cells with MET
amplification.

Src inhibitor dasatinib suppresses growth of gefitinib-resistant
NSCLC cells with MET amplification. The combination of gefitinib
and PHA-665752 was recently shown to inhibit the growth of,
and to induce apoptosis in, HCC827 GR cells with MET amplifi-
cation, whereas neither agent alone had such an effect.***®
Given that we found that Src inhibitors block Akt and Erk sig-
naling pathways as effectively as the combination of gefitinib
and PHA-665752 in such cells, we examined whether dasatinib
might overcome gefitinib resistance in HCC827 GR cells. In the
parental HCC827 cells, both gefitinib and dasatinib as well as
the combination of gefitinib and PHA-665752 effectively inhib-
ited cell growth, but PHA-665752 alone had less inhibitory
effect (Fig.:3A). Dasatinib inhibited cell growth in a concentra-
tion-dependent manner by the same marked extent as the combi-
nation of gefitinib- and PHA-665752, even in HCC827 GRS
cells, whereas neither gefitinib nor PHA-665752 alone had a
substantial effect” (Fig. 3B). We also examined the effect of
dasatinib on apoptosis as assessed on the basis of cleavage of
the enzyme PARP in both HCC827 and HCC827 GRS cells. Da-
satinib (but not gefitinib) induced apoptosis in HCC827 GRS
cells to the same marked extent as did the combination of gefiti-
nib and PHA-665752, whereas dasatinib and gefitinib each
induced apoptosis in the parental HCC827 cells (Fig. 3C). These
results suggested that Src inhibitors efficiently induce growth
inhibition and apoptosis in gefitinib-resistant NSCLC cells with
MET amplification,

Src inhibitor dasatinib inhibits tumor growth in gefitinib-
resistant NSCLC xenografts with MET amplification. To deter-
mine whether the efficacy of dasatinib in gefitinib-resistant
NSCLC cells with MET amplitication observed in vitro might
also be apparent in vivo, we examined the antitumor effects of
dasatinib in nude mice with solid tumors formed by HCC827
GRS celis injected into the right hind leg. Gefitinib (50 mg/kg)
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could not reduce tumor size compared with vehicle treatment  pigcussion

Fig. 4. In contrast, dasatinib (15 mg/kg) inhibited tamor
growth in HCC827 GRS xenografts to a significantly greater
extent than did treatment with gefitinib or vehicle alone (Fig. 4).
These results indicated that Src inhibitor effectively exerts anti-
tumor effects in gefitinib-resistant NSCLC xenografts with MET

.amplification.
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Fig. 4. Effects of dasatinib on the growth of gefitinib-resistant non-
small cell lung cancer cells with MET amplification in vivo. Nude mice
with tumor xenografts established by s.c.:implantation of HCC827 GRS
cells were treated daily for 28 days with vehicle (control), gefitinib
{50 mgrkg), or dasatinib (15 mg/kg) by oral gavage. Tumor volume
was determined at the. indicated timés after the onset of treatment.
Points indicate the mean of values from five mice per group; bars
indicate SE. *P < 0.05 for dasatinib Versus control or gefitinib alone
(Student’s t-test).

The emergence of MET amplification induces ErbB3-dependent
downstream signaling mediated by Akt and Erk that is important
for cell. survival and proliferation, ultimately leading to the
development of gefitinib resistance, in NSCLC cells with EGFR
mutations. 22 ¥ Although the combination of the specific MET
inhibitor PHA-665752 and gefitinib is considered promising for
overcoming gefitinib resistance due to MET amplification, a sin-
gle-agent therapy to overcome such resistance would be more
desirable.?*=* We have shown that, in addition to MET activa-
tion, Src is markedly activated in NSCLC cells with MET ampli-
fication, including HCC827 GR cells. Forced expression of Src
has previously been shown to result in gefitinib resistance in
gallbladder adenocarcinoma cells®® and to pramote tumorigen-
esis in EGFR-overexpressing mammary epithelial cells.*” Tn
addition, MET and Src cooperate to mediate proliferation of
breast cancer cells in the presence of EGFR-TKI.®" Consistent
with these previous observations. our resulls now suggest that
Src contributes to gefitinib resistance in NSCLC cells with MET
amplification and is a potential target molecule for overcoming
such resistance.

To explore how Src activation affects MET or EGFR signal-
ing in gefitinib-resistant NSCLC cells with MET amplification,
we_examined the effects of Sic inhibitors on EGFR, ErbB3,
and MET activation in both HCC827 and HCC827 GRS cells.
Gefitinib was previously shown to inhibit ErbB3 and MET acti-
vation as well as BEGFR activation in the parental HCC827
cells, P340 gussestive of a functional interaction between
EGFR and both ErbB3 and MET in EGFR-mutant NSCLC
cells without MET amplification (Fig. 5A). In contrast, gefitinib
did not inhibit EtbB3 or MET activation in HCC827 GR cells,
with the combination of gefitinib and PHA-665752 being nec-
essary to achieve inhibition of ErbB3 activation in these cells
with MET ampliﬁcationfu‘z” In addition, endogenous ErbB3
was co-immunoprecipitated with MET from HCC827 GR cells
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Fig. 5. Models for signaling pathways in gefitinib-sensitive non-small cell lung cancer (NSCLQC) cells (A) and gefitinib-resistant NSCLC cells with
acquired MET ampilification (B). Src functions downstream of both epidermal growth factor receptor (EGFR) and MET as well as upstream of Akt
and Erk signaling pathways and EGFR. However, the dependency of Src signaling is shifted from EGFR to MET and MET associates with ErbB3
after the acquisition of MET amplification. EGFR mediates, at least in part, activation of MET in gefitinib-sensitive NSCLC cells, whereas EGFR and
MET function independently of each other in gefitinib-resistant NSCLC cells with acquired MET amplification. Pathways targeted by gefitinib or
PHA-665752 are indicated, and the relative activities of signaling pathways are denoted by the width of the arrows.

but not from HCC827 cells.®*™ These previous results thus
suggested that ErbB3 signaling becomes more dependent on
MET than on EGFR after emergence of MET amplification,
and that the MET-ErbB3 ugnahng complex is largely indepen-
dent of EGFR signaling (Fig. 5B).? We have shown that
Src inhibitors reduced the extent of EGFR activation in both
HCC827 and HCCB27 GRS cells, consistent with previous
observations showing that Src mediates EGFR activation by
phosphorylating its Y845 residue.“7+0 Tn HCC827 GRS cells
however, Src inhibitors did not inhibit ErbB3 or MET actnva—
tion, despite it doing so in the parental HCC827 cells. These
results support the notion that MET signaling is independent of
EGFR signaling as a result of the shift of the dependence of
ErbB3 sxgnalmg from EGFR to MET in HCC827 GR cells
(Fig. 5B).G>*)

We examined whether MET amplification affecis the physi-
cal association between Src and either EGFR, MET, or ErbB3
by immunoprecipitation. The association between MET and Src
was increased in HCC827 GR35 cells compared with that in
HCCB827 cells, whereas the association between EGFR and Src
was reduced in HCC827 GRS cells. These findings are consis-
tent with our results showing that PHA-665752 blocks Src acti-
vation to a greater extent in HCC827 GRS cells than in
HCCB27 cells, a pattern opposite to that for the effects of gefiti-
nib (Fig. 5). The mechanism of increased association between
MET and Src induced by acquired MET amplification has
remained unclear. It is possible that MET amplification alters
the protein expression which mediates binding of Src to MET.
On the basis of the notion that Src is activated downstream of
MET signaling in HCC827 GR cells, we examined the effects
of Src mhlbxtom in these cells on Akt and Erk €1gndlmg gath—
ways, both of which are known to be activated by Src.”

‘We have shown that Src inhibitors markedly inhibited Akt and
Erk signaling pathways in gefitinib-resistant NSCLC cells with
MET -amplification. Previous studies found that neither gefitinib
nor PHA-665752 alone blocked Akt or Erk pathways in
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Inhibition of Insulin-Like Growth Factor 1 Receptor by CP-751,871
Radiosensitizes Non-Small Cell Lung Cancer Cells

Tsutomu lwasa,’ Isamu Okamoto,' Minoru Suzuki,? Erina Hatashita,! Yuki Yamada,'
Masahiro Fukuoka,® Koji Ono,? and Kazuhiko Nakagawa’

Abstract

Purpose: Therapeutic strategies that target the insulin-like growth factor | receptor (IGF-
1R) hold promise for a wide variety of cancers. We have now investigated the effect of
CP-751,871, a fully human monoclonal antibody specific for IGF-IR, on the sensitivity of
human non-small cell lung cancer (NSCLC) cell lines to radiation.

Experimental Design: The radiosensitizing effect of CP-751,871 was evaluated on the ba-
sis of cell death, clonogenic survival, and progression of tumor xenografts, Radiation-
induced damage was evaluated by immunofiuorescence analysis of the histone
v-H2AX and Radb51.

Results: A clonogenic survival assay revealed that CP-751,871 increased the sensitivity
of NSCLC cells to radiation in vitro. CP-751,871 inhibited radiation-induced IGF-IR sig-
naling, and potentiated the radiation-induced increases both in the number of apoptotic
cells and in the activity of caspase-3. Immunofluorescence analysis of the histone
v-H2AX and Rad51 also showed that CP-751,871 inhibited the repair of radiation-
induced DNA double-strand breaks. Finally, combination therapy with CP-751,871
and radiation delayed the growth of NSCLC tumor xenografts in nude mice to a greater
extent than did either treatment modality alone.

Conclusions: These results show that CP-751,871 sensitizes NSCLC cells to radiation
both in vitro and in vivo, and that this effect of CP-751,871 is likely attributable to the
inhibition of DNA repair and enhancement of apoptosis that result from attenuation of
IGF-R signaling. Combined treatment with CP-751,871 and radiation thus warrants fur-
ther investigation in clinical trials as"a potential anticancer strategy. (Clin Cancer Res

2009;15(16):5117-25)

The insulin-like growth factor I receptor (IGF-IR) is a receptor
tyrosine kinase that contributes to the regulation of cell growth,
transformation, and apoptosis, and plays an important role in
tumor cell proliferation and survival (1, 2). Antisense oligonu-
cleotides, inhibitory peptides,”and kinase inhibitors that target
IGF-IR, as well as dominant negative mutant and soluble forms
of the receptor have been found to inhibit the proliferation of
tumor cell lines in vitro and in experimental mouse models
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(3-7). Targeting of IGF-IR is thus a promising strategy for cancer
therapy. The two most investigated therapeutic approaches in
predlinical models are based on specific tyrosine kinase inhibi-
tors and monoclonal antibodies (mAb; ref. 7-11). Although
IGF-IR tyrosine kinase inhibitors have a high affinity for IGF-
IR, cross-inhibition of the insulin receptor remains a problem
because of the high level of sequence similarity between the ty-
rosine kinase domains ‘of these two receptors (12). Such cross-
inhibition has the potential to induce symptoms of diabetes in
treated individuals (13). In contrast, antibodies that target the
extracellular domain of IGF-IR are highly selective for IGF-IR.
Currently available antibodies to. IGF-IR are of the IgG1 and
1gG2 isotypes (7-10). These two isotypes differ in that IgG2 anti-
bodies manifest a longer half-life in humans, whereas IgG1 anti-
bodies are more effective: at eliciting immune cell effector
functions (antibody-dependent cytotoxicity). CP-751,871 is a
potent, fully human IgG2 mAb specific for IGF-IR that inhibits
tumor growth as a single agent and enhances the efficacy of
other anticancer agents in human tumor xenograft models
(10). CP-751,871 is thus an attractive candidate diug for cancer
therapy, and dinical trials of this agent in combination with che-
motherapy are currently underway for certain types of cancer.
Overexpression of IGF-IR in NIH 3T3 fibroblasts confers
radioresistance in preclinical models (14). Expression and acti-
vation of IGF-IR have also been associated with resistance to
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Translational Relevance

Targeting of IGF-IR is a promising strategy for
cancer therapy. CP-751,871 is a fully human mono-
clonal antibody specific for IGF-IR that inhibits tumor
growth in human tumor xenograft models in vivo.
Although phase Il studies of CP-751,871 in combina-
tion with chemotherapy are currently underway for
certain types of cancer, the effects of CP-7561,871 in
combination with radiation have not been described.
We now show a radiosensitizing effect of CP-751,871
in non-small cell lung cancer cell lines in vitro and
in vivo. Qur preclinical data provide a rationale for
future clinical investigation of the therapeutic effica-
cy of CP-751,871 in combination with radiotherapy.

radiotherapy in cancer patients (15). Inhibition of IGF-IR by
antisense oligonucleotides, IGF-IR tyrosine kinase inhibitors,
or mouse mAbs to the receptor has been shown to enhance
the radiosensitivity of tumor cells (16-18). However, the effects
of fully human mAbs to IGF-IR on radiosensitivity in cancer
cells have not been characterized in detail. We have now exam-
ined the effects of the combination of CP-751,871 and radia-
tion on non-small cell lung cancer (NSCLC) cell lines as well
as the mechanism responsible for enhancement of radiosensi-
tivity by CP-751,871.

Materials and Methods

Cell culture and reagents.. The human NSCLC cell lines National
Cancer Institute (NCI)-H292 (H292), NCI-H460 (H460), NCI-H1299
(H1299), LK-2, and NCI-H1975 (H1975) were obtained from Ameri-
can Type Culture Collection (Manassas, VA). The cells were cultured
under an atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma, St.
Louis, MO) supplemented with 10% fetal bovine serum, Recombinant
human [GF-I was obtained from R&D Systems (Minneapolis, MN). CP-
751,871 was kindly provided by Pfizer Global Research & Development
(Groton, CT).

Immunoblot analysis.  Cells were washed twice with ice-cold PBS,
and then lysed in a solution containing 20 mmol/L Tris-HCI (pH
7.5),150 mmol/L NaCl; 1 mmol/L EDTA; 1%:Triton X-100,
2.5 mmol/L sodium: pyrophosphate, 1 mmiol/L: phenylmethylsulfonyl
fluoride, and leupeptin (1 pg/mL). The protein concentration of lysates
was determined with the Bradford reagent {Bio-Rad, Hercules, CA), and
equal amounts of protein were subjected to SDS-PAGE on a 7.5% gel.
The separated proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% nonfat dried milk in PBS for 1 h at room
temperature before incubation overnight at 4°C with rabbit polyclonal
antibodies to ‘phosphorylated human IGF-IR {1:1,000 dilution; Cell
Signaling, Beverly, MA), to human IGF-IR (1:1,000 dilution; MBL Inter-
national; Woburn; MA), to phosphorylated human AKT. (1:1,000 dilu-
tion; Cell Signaling); to human AKT (1:1,000 dilution; Cell Signaling),
or to B-actin (1:500 dilution;.Sigma). The membrane was. then
washed with PBS containing 0.05%. Tween 20 before incubation
for 1 h at room temperature with horseradish peroxidase-conjugated
goat antibodies to rabbit IgG (Sigma). [mmune complexes were finally
detected with chemiluminescence reagents (Perkin-Elmer Life Sciences,
Boston, MA).

Flow cytometric analysis of surface IGF-IR expression. Cells (2 x 10°)
were stained for 2 h at 4°C with an r-phycoerythrin-conjugated mAb to
IGF-IR (BD Biosciences; San Jose; CA) or with an isotype-matched con-
trol antibady (BD Biosciences). The cells were washed thrice before
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measuremnent of fluorescence with a flow cytometer {(FACScalibur; Bec-
ton Dickinson, San Jose, CA).

Clonogenic survival assay. Exponentially growing cells in 25-cm®
flasks were harvested by exposure to trypsin and counted. They were
diluted serially to appropriate densities, and plated in triplicate in
25-cm? flasks containing 10 mL of complete medium in the presence
of 50 nmol/L CP-751,871 or vehicle (PBS) before exposure at room
temperature to various doses of radiation with a “*Co irradiator at a rate
of ~0.82 Gy/min. After incubation for 4 h, the cells were washed with
PBS, cultured in antibody-free medium for 10 to 14 d, fixed with meth-

. anol/acetic acid (10:1, volume per volume), and stained with crystal

violet. Colonies containing >50 cells were counted. The surviving frac-
tion was calculated as: (mean number of colonies)/(number of inocu-
lated cells x plating efficiency). Plating efficiency was defined as the
mean number of colonies divided by the number of inoculated cells
for the corresponding nonirradiated cells. The surviving fraction for
combined treatment was corrected by that for CP-751,871 treatment
alone. The dose enhancement factor was then calculated as the
dose (Gy) of radiation that yielded a surviving fraction of 0.1 for vehi-
cle-treated cells divided by that for CP-751,871~treated cells (after
correction for drug toxicity).

Detection of apoptotic cells.  Cells were fixed with 4% paraformalde-
hyde for 1 h at room temperature, after which a2 minimum of 1,000 cells
per sample was evaluated for apoptosis with the use of the terminal
deoxyribonucleotide transferase~mediated nick-end labeling technique
(In situ Cell Death Detection kit; Boehringer Mannheim, Mannheim,
Germany).

Assay of caspase-3 activity. © Theactivity of caspase-3 in cell lysates was
measured with a CCP32/Caspase-3 Fluometric Protease Assay kit (MBL).
Fluorescence attributable to cleavage of the Asp-Glu-Val-Asp-7-amino-4-
trifluoromethyl coumarin (DEVD-AFC) substrate was measured at exci-
tation and emission wavelengths of 390 and 460 nm, respectively.

Immunofluorescence staining of y-H2AX and Rad51. Cells were
grown to 50% confluence in 2-well Lab-Tec Chamber Slides (Nunc,
Naperville, IL), deprived of serum overnight, exposed to 10 Gy of ra-
diation in the presence of 50 nmol/L CP-751,871 or vehicle in serum-
free medium, incubated for 4 h, and then cultured for various times
in complete medium alone. The cells were fixed with 4% paraformal-
dehyde for 10 min at room temperature, permeabilized with 0.1%
Triton X-100 for 10 min at 4°C, and exposed to 5% nonfat dried milk
for 10 min at room temperature: They were then washed with PBS
and stained’ overnight at 4°C with mouse mAbs to y-H2AX (Upstate
Biotechnology, Lake Placid, NY} at a dilution of 1:300 and with rabbit
polyclonal antibodies to Rad51. (Oncogene Research Products, San
Diego, CA) at a dilution. of 1:500. Immune complexes were detected
by incubation of the slides for 1 h at room temperature with Alexa
488-labeled goat antibodies to mouse [gG (Molecular Probes, Eugene,
OR) at a dilution of 1:700 and with Texas red-labeled goat antibodies
to rabbit 1gG (Vector Laboratories, Burlingame, CA) at a dilution of
1:300. The slides were mounted in fluorescence mounting medium
(Dako Cytomation, Hamburg, Germany), and fluorescence signals
were visualized with a confocal laser scanning microscope (Axiovert
200M; Carl:Zeiss, Oberkochen; Germany):equipped with- the LSM 5
PASCAL system (Carl Zeiss): Three random fields; each ‘containing
at least 50 cells, were examined at a magnification of x100, and the
percentage of cells containing >5 Rad51 foci per nucleus was deter-
mined (19). Nuclei containing >10 immunoreactive foci were counted
as positive for y-H2AX, and the percentage of positive cells was calcu-
lated (20).

Evaluation of tumor growth in vivo.- All animal studies were done
in accordance with the Recommendations. for Handling of Laboratory
Animals for Biomedical Research compiled by the Committee on Safety
and Ethical Handling Regulations for Laboratory Animal Experiments,
Kyoto University. The ethical procedures followed met the require-
ments of the United Kingdom Co-ordinating Committee on Cancer Re-
search guidelines (21). Tumor cells {2 x 10°) were implanted into the
right hind leg of 6-week-old female athymic nude mice (BALB/c nufnu).
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Tumor volume was determined from caliper measurement of tumor
length (L) and width (W) according to the formula LW?/2, Treatment
was initiated when tumors in each group of animals achieved an aver-
age volume of ~200 to 250 mm?®. Treatment groups (each containing
five mice) consisted of vehide control (PBS), CP-751,871 alone, vehicle
plus radiation, and CP-751,871 plus radiation. CP-751,871 was given
i.p. in a single dose of 500 pg per mouse; mice in the control and radia-
tion-alone groups were treated with vehicle (PBS). Mice in the radiation
groups received 10 Gy of radiation from a %°Co irradiator either as a
single fraction on day 1 of drug treatment or fractionated over 5 consec-
utive days (days 1 to 5); the radiation was targeted at the tumor, with the
remainder of the body shielded with lead. Growth delay (GD) was cal-
culated as the time required to achieve a 5-fold increase in volume for
treated tumors minus that for control tumors. The enhancement factor
was then determined as:

(GDcombination_GDCP—7S 1,871 ) / GDradiaKion .

Statistical analysis. Data are presented as means = SD and were
compared between groups with the unpaired Student's ¢ test. A P-value
of <0.05 was considered statistically significant. The effect of the com-
bination of CP-751,871 and radiation on cell survival was assessed by
calculation of the combination index with the use of CalcSyn software
Biosoft (Cambridge, United Kingdom). Derived from the median-effect
principle of Chou and Talalay (22), the combination index provides a
quantitative measure of the degree of interaction between 22 agents. A
combination index of 1 denotes an additive interaction, of >1 denotes
antagonism, and of <1 denotes synergy.

Resulits

IGF-IR expression in NSCLC cells. Immunoblot analysis re-
vealed that IGF-IR was expressed in all human NSCLC cell lines

tested (Fig. 1A). Flow cytometry further showed that IGF-IR was
expressed at the cell surface in each of these cell lines (Fig. 1B).
CP-751,871 inhibits IGF-IR signaling by blocking IGF-I
binding and inducing receptor down-regulation. The efficacy
of treatment with mAbs to IGF-IR is thought to be attributable
in part to the prevention of ligand binding to the receptor (9).
We examnined the effects of CP-751,871 on IGF-IR phosphory-
lation and on activation of the downstream effector AKT in-
duced by ligand stimulation. Immunoblot analysis showed
that IGF-1 induced marked phosphorylation both of IGF-IR
and of the protein kinase AKT in H460 cells, whereas CP-
751,871 largely prevented these effects of IGF-I {Fig. 1C). Anti-
bodies to IGF-IR have also been shown to induce receptor
down-regulation (12). We also found that CP-751,871 induced
a time-dependent decrease in the abundance of IGF-IR in H460
cells, with this effect being pronounced after only 2 hours
(Fig. 1D). These results thus suggested that CP-751,871 sup-
presses IGF-IR signaling through both the direct antagonism of
ligand binding and the induction of receptor down-regulation.
CP-751,871 sensitizes NSCLC cells to radiation in vitro. To
determine whether CP-751,871 affects the sensitivity of NSCLC
cells to radiation, we did a clonogenic survival assay. CP-
751,871 enhanced the cytotoxic effect of radiation in all tested
cell lines (Fig. 2A), with dose enhancement factors of 1.28,
1.20, 1.27, 1.20, and 1.25 for H460, H1299, H292, LK-2, and
H1975 cells, respectively. We examined whether the interaction
between CP-751,871 and radiation was additive or synergistic
by calculating the combination index based on the median-
effect principle of Chou and Talalay (22). Synergism with
CP-751,871 was apparent at radiation doses of 4, 6, and

H460

H1299

0
K
N
]
=

o ~

3 N

Z g
IGF-1R g e

B

H1299
Actin

c H292
IGF-1; - + - +
CPISIET: - -t
PIGF-1R

Actin

Time with CP-751,871 (h)
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Fig. 1. IGF-1R expression and the effects of CP-7561,871 on IGF-IR signaling in human NSCLC cell lines. A, H460, H292, H1299, LK-2, and H1975 cells
were deprived of serum overnight, lysed, and subjected to immunoblot analysis with antibodies to IGF-R and to B-actin {loading control). B, surface
expression of IGF-IR in serum-deprived H460, H1299, H292, L K-2, and H1975 cells was determined by flow cytometry. Representative histograms for cells
stained with a mAb to IGF-IR {green) or with an isotype-matched control antibody (black) are shown. C, H460 cells were deprived of serim overnight
and then incubated, first in the absence or presence of CP-751,871 (50 nmol/L) for 10 min; and then in the additional absence or presence of IGF-| {50 nmol/L}
for 10 min, in serum-free. medium. Cell lysates were prepared and subjected to immunoblot analysis with antibodies to phosphorylated (P-} or total
forms of IGF-IR or AKT, and to B-actin. D, serum-deprived H460 cells were incubated with 50 nmol/L CP-751,871 for the indicated times in serum-free
medium, after which cell lysates were subjected to immunoblot analysis with antibodies to IGF-IR and to B-actin.
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cells were washed with PBS and then cultured in antibody-free complete medium for 10 to 14 d for determination of colony-forming ability. Colonies were
counted, and the surviving fraction' was calculated. Plating efficiency for nonirradiated cells exposed to vehicle or CP-751,871, respectively, was 65.3%

and 48.3% for H460 cells, 60.5% and 45.0% for H1299 cells, 63.5% and 52.0% for H292 cells, 31.0% and 27.8% for LK-2 cells, and 87.5% and 52.0% for
H1975 cells. All surviving fractions for cells exposed to radiation were corrected for these baseline plating efficiencies. Data, means + SD from three

independent experiments.

8 Gy in all tested cell lines (Fig. 2B}, with combination index
values ranging between 0.42 and 0.99. These results thus
indicated that CP-751;871 increased the radiosensitivity of
NSCLC cell lines in wvitro.

CP-751,871 blocks radiation-induced IGF-IR activation. Acti-
vation of IGF-IR plays an important role in preventing the in-
duction of cell death by a variety of stimuli, including ionizing
radiation (23). We examined the effects of radiation and CP-
751,871 on IGF-IR signaling in NSCLC cells by immunoblot
analysis. Radiation induced time-dependent increases in the
phosphorylation of IGF-IR and AKT; with these effects being
first apparent 2 hours after. irradiation and still evident at
8 hours (Fig. 3A). CP-751,871 completely blocked these effects
of radiation on IGF-IR and AKT phosphorylation (Fig. 3B), sug-
gesting that radiation-induced activation of IGF-IR in NSCLC
cells'was inhibited by CP-751,871.

Enhancement of radiation-induced apoptosis by CP-
751,871, - We next examined whether the inhibitory effect of
CP-751,871 on IGF-]R=mediated survival signaling results in
enhancement of the proapoptotic activity of radiation. H460
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cells were exposed to radiation in the absence or presence of
CP-751,871, incubated for 4 h, and then cultured in antibody-
free medium for up to a total of 24, 48, or 72 hours. The percent-
age of apoptotic cells at 72 hours was markedly greater for cells
exposed to radiation and CP-751,871 than the sum of the values
for cells exposed to radiation or CP-751,871 alone (Fig. 4A). To
examine further the effect of radiation and CP-751,871 on the
apoptotic pathway, we measured the activity of caspase-3 in cell
lysates. Again, combined treatment of H460 cells with CP-
751,871 and radiation induced an increase in caspase-3 activity
greater than that induced by either treatment alone (Fig. 4B).
These data thus indicated that CP-751,871 promoted radia-
tion-indticed apoptosis in NSCLC cells.

CP-751,871 inhibits DNA repair in irradiated NSCLC
cells. Defects in DNA repair have been associated with en-
hanced sensitivity of cells to radiation (24), and activated IGF-
IR promotes genomic stability by enhancing DNA repair (25).
We therefore next investigated the effect of CP-751,871 on
DNA repair by immunostaining of cells with antibodies to the
phosphorylated form {y-H2AX) of histone 2AX, foci of which
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form at DNA double-strand breaks. Irradiation of H460 cells in-
duced the formation of y-H2AX foci, with the number of such
foci being maximal at ~1 hour and having largely returned to
the basal level by 24 hours (Fig. 5A). In the presence of CP-
751,871, however, the radiation-induced increase in the number
of y-H2AX foci persisted for at least 24 hours. Evaluation of the
percentage of H460 cells with y-H2AX foci at 24 hours after irra-
diation revealed that CP-751,871 significantly inhibited the
repair of double-strand breaks (Fig. 5B). The formation of
v-H2AX foci has been proposed to result in the recruitment of
downstream DNA repair factors to the sites of DNA damage
(26). The repair protein Rad51 is a key player in homologous re-
combination during DNA repair (27). Radiation induced the
formation of Rad51 foci in H460 cells, with this effect being max-
imal at 6 hours and still apparent at 24 hours after irradiation
(Fig. 5A and C). The radiation-induced formation of Rad51 fod
was largely prevented in the presence of CP-751,871. These re-
sults thus suggested that CP-751,871 sensitizes NSCLC cells to
radiation by inhibiting the Rad51-dependent repair of radia-
tion-induced double-strand breaks.

CP-751,871 enhances radiation-induced tumor regression. To
determine whether the CP-751,871~induced radiosensitization
of NSCLC cells observed in vitro might also be apparent in vivo,
we implanted H460 or H1299 cells into nude mice to elicit the
formation of solid tumors; After tumor formation, the mice were
treated with CP-751,871, radiation, or both modalities. Com-
bined treatment with radiation and CP-751,871 inhibited
H460 and H1299 tumor growth to a markedly greater extent
than did either modality alone (Fig. 6). The tumor growth delays
induced by treatment with radiation alone, CP-751,871 alone,
orboth CP-751,871 and radiation were 13.3, 5.4, and 23.7 days,
respectively, for H460 cells; and 1.6, 1.6, and 8.6 days, respec-
tively, for H1299 cells. The enhancement factor for the effect of
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CP-751,871 on the efficacy of radiation was 1.4 for H460 cells
and 4.4 for H1299 cells, revealing the effect to be greater than
additive. No pronounced tissue damage or toxicity, such as
weight loss, was observed in mice in any of the treatment
groups.

Finally, we evaluated whether the combination of CP-
751,871 and fractionated radiation treatment would result
in inhibition of tumor growth similar to that observed with
CP-751,871 plus single-fraction radiation. We examined on-
ly the H460 xenograft model in the fractionated radiother-
apy experiments. The tumor growth delays induced by
treatment with radiation alone, CP-751,871 alone, or both
CP-751,871 and radiation were 6.4, 2.7, and 27.2 days, re-
spectively (Supplementary Fig. S1). The enhancement factor
for the effect of CP-751,871 on the efficacy of radiation was
3.8. Again, there was no evidence of toxicity, such as body
weight loss, and there were no animal deaths in any of the
four groups. These data suggested that CP-751,871 en-
hances the tumor response to both single-dose and fraction-
ated radiotherapy in vivo.

Discussion

Several mAbs to IGF-IR that block ligand binding and induce
receptor down-regulation have been developed (8, 9). We have
now shown that €CP-751,871 suppresses IGF-IR signaling
through' direct antagonism of ligand binding and receptor
down-regulation. We also found that CP-751,871 sensitizes tu-
mor cells to radiation in vitro, and that combination treatment
with CP-751,871 and radiation results in a greater-than-additive
delay in tumor growth in tumor xenograft models without
systemic toxicity. The mechanism by which CP-751,871 en-
hances radiosensitivity seems to involve inhibition of the repair
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Fig. 3. Effects of CP-751,871 on IGF-IR and AKT phosphorylation

induced by radiation. Serum-deprived H460 cells were exposed to 10 Gy of
radiation in the absence (A} or presence (B} of 50 nmol/L. CP-751,871 in
serum-free medium. Cell lysates were prepared at the indicated times after
irradiation and subjected to immunoblot analysis with antibodies to
phosphorylated or total forms of IGF-IR or AKT, and to B-actin.

of radiation-induced double-strand breaks and potentiation of
cancer cell apoptosis.

Cellular stress induced by several chemotherapeutic agents or
radiation triggers the activation of IGF-IR signaling (14, 28, 29).
We. found that radiation induced IGF-IR phosphorylation in
NSCLC cells. Other growth factor receptors; such as the epider-
mal growth factor receptor, are also activated by radiation (30,
31). Reactive oxygen species and reactive nitrogen species gen-
erated by radiation are thought to shift the steady-state tyrosine
phosphorylation status of epidermal growth factor receptor to
the phosphorylated (active) form as a result of the inactivation
of critical cysteine residues in the catalytic center of corres-
ponding protein phosphatases (32-34). Activated epidermal
growth factor receptor signaling in turn promotes the release
of paracrine ligands; such as the pro form of transforming
growth factor o; and the consequent: activation of receptors
and intracellular signaling pathways (35). The insulin receptor
is a receptor tyrosine kinase that is also activated by a reactive
oxygen species-dependent mechanism (30, 36}.-Although the
precise mechanism by which radiation induces IGF-IR
phosphorylation remains to be elucidated, these previous obser-
vations suggest that radiation-induced IGF-IR activation may
occur in ligand-dependent or ligand-independent manners. We
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found that CP-751,871 blocked radiation-induced IGF-IR
activation, likely as a result of both competition with ligand for
binding to IGF-IR and receptor down-regulation. Given that
radiation-induced IGF-IR phosphorylation contributes to
radiation-induced acceleration of tumor cell repopulation and
enhancement of radioresistance (37), our data indicate that
CP-751,871 increases radiosensitivity by suppressing radiation-
induced IGF-IR activation.,

IGF-IR activation results in suppression of apoptosis sig-
naling pathways and promotion of cell survival. Previous
studies have shown that another type of antibody to IGF-
IR promotes apoptotic cell death (8, 38). In the present
study, we found that the combination of CP-751,871 and
radiation induced NSCLC cell apoptosis as well as the activa-
tion of caspase-3 to an extent greater than that apparent with
either agent alone. Our data thus suggest that CP-751,871 in-
hibits antiapoptotic signaling elicited by radiation-induced
IGF-IR activation. However, the fraction of apoptotic cells de-
tected under our experimental conditions was relatively
small. Given that the relation between apoptosis and radio-
sensitivity is controversial (39-41), we examined additional
mechanisms by which CP-751,871 might contribute to
radiosensitization.
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Fig. 4. Effects of CP-751,871 on radiation-induced apoptasis and caspase-3
activity in H460 cells. A, serum-deprived H460 cells were exposed {or
not) to 10 Gy of radiation in the presence of 50 nmol/L CP-7561,871 or vehicle
{PBS) in serum:free medium, incubated for 4 h, and then cuitured in
antibody-free complete medium for up to a total of 24, 48, or 72 h. The
percentage of apoptotic cells was then determined by terminal
deoxyribonucleotide transferase-mediated nick-end labeling staining. B,
lysates of cells treated as in A were.assayed for caspase-3 activity. 72 h
after irradiation. Data, means + SD from three independent experiments;
those in B are expressed relative to the corresponding value for the control
condition. *, P < 0.01 versus the corresponding value for treatment with
radiation or CP-751,871 alone.
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C, cells treated as in A were evaluated for the percentage of cells containing Rad51 foci. Data, means + SD from three independent experiments.

The IGF-IR signaling pathway has been implicated in regu-
lation: of DNA repair (29,42, 43). We investigated the effects
of CP-751,871 on the repair of radiation-iiduced DNA
damage by immunofluorescence staining of y-H2AX. Given
that y-H2AX appears rapidly at DNA double-strand breaks
and disappears as repair proceeds (44), it serves as a sensitive
and- specific: marker for unrepaired DNA damage. We found
that CP-751,871 inhibited the repair of radiation-induced
double-strand breaks. Ligand-induced IGF-IR activation:was
previously shown to attenuate a cytosolic interaction between
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the DNA repair protein Rad51 and insulin receptor substrate
1, a key mediator of IGF-IR signaling, resulting in the translo-
cation” of Rad51 to the sites of DNA double-strand breaks
(43). Given that radiation induced IGF-IR activation, we ex-
amined whether CP-751,871 in combination with radiation
might affect the subcellular distribution of Rad51. We found
that radiation increased the number of nuclear Rad51 fodi,
likely as a result of radiation-induced IGF-IR activation, where-
as. CP-751,871 inhibited this effect. These results indicate
that prevention of radiation-induced IGF-IR activation by
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groups: control, radiation alone, CP-751,871 alone, or the com

bination of CP-751,871 and radiation. CP-751,871 {500 pg) or vehicle was given i.p. ina

single dose, and mice in the radiation groups were subjected to jrradiation with a single dose of 10 Gy on day 1 of drug treatment. Tumor volume was
measured at the indicated times after the onset of treatment. Data, means = SD from five mice per group.

CP-751,871 results in insufficient recruitment of Rad51 to dou-
ble-strand breaks and consequent impairment of DNA repair.
Although it is possible that CP-751,871 also inhibits DNA re-
pair in a manner independent of Rad51, our results suggest
that radiosensitization' by CP-751,871 is mediated at least in
part by suppression of Rad51-dependent DNA repair.

In conclusion, our results indicate that CP-751,871 blocks
radiation-induced IGF-IR activation, and consequently sensi-
tizes tumor cells to radiation by inhibiting DNA repair and
promoting apoptosis. Our preclinical data suggest that clinical

evaluation of CP-751,871 in combination with radiation as a
potential anticancer therapy is warranted.
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Abstract

Sorafenib is a multikinase inhibitor whose targets include
B-RAF and C-RAF, both of which function in the extracellular
signal-regulated kinase (ERK) signaling pathway but which also
have distinct downstream targets. The relative effects of
sorafenib: on B-RAF and C-RAF signaling in tumor cells re-
main unclear, however. We have now examined the effects of
sorafenib as well as of B-RAF or C-RAF depletion by RNA
interference on cell growth and ERK signaling in non-small cell
lung cancer (NSCLC) cell lines with or without KRAS mutations.
Sorafenib inhibited ERK phosphorylation in cells with wild-type
KRAS but not in those with mutant KRAS. Despite this dif-
ference, sorafenib inhibited cell growth and induced G, arrest
in both cell types. Depletion of B-RAF, but not that of C-RAF,
inhibited ERK phosphorylation as well as suppressed cell
growth and induced G, arrest in cells with wild-type KRAS. In
contrast, depletion of C-RAF inhibited cell growth and induced
Gj arrest, without affecting ERK phosphorylation, in cells with
mutant KRAS; depletion of B-RAF did not induce Gy arrest in
these cells.. These: data suggest that B-RAF-ERK signaling and
C-RAF signaling play the dominant roles in regulation of cell
growth in NSCLC cells with wild-type or mutant KRAS,
respectively. The G; arrest induced by either C-RAF depletion
or sorafenib in cells with mutant KRAS was associated with
down-regulation of cyclin E. Our results thus suggest that
sorafenib inhibits NSCLC cell growth by targeting B-RAF in cells
with wild-type KRAS and C-RAF in those with mutant KRAS.
[Cancer Res 2009;69(16):6515-21]

Introduction

Lung. cancer is the leading cause of cancer-related mortality
worldwide (1). Treatment options are limited for patients with ad-
vanced metastatic lung cancer, with traditional cytotoxic chemother-
apy conferring only a limited survival benefit. Target-based therapies
are therefore being pursued as potential treatment alternatives. The
RAS-RAF-mitogen-activated protein. kinase (MAPK)/extracellular
signal-regulated kinase (ERK) kinase-ERK signaling. pathway is a
promising therapeutic target given its central role in regulation of
mammalian cell proliferation, relaying extracellular signals from
ligand-bound receptor tyrosine kinases (RTK) at the cell surface to
the nucleus via a cascade of specific phosphorylation events and
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beginning with the activation of the small GTPase RAS (2). Much
attention is thus being focused on the development of inhibitors of
this pathway.

RAF was the first effector kinase downstream of RAS to be
identified (3). To date, the most successful clinical inhibitor of RAF
activity is sorafenib (Nexavar, BAY 43-9006), an orally available
compound that has received approval by the US. Food and Drug
Administration for the treatment of advanced renal cell carcinoma
and hepatocellular carcinoma. Sorafenib is also currently undergo-
ing clinical evaluation for a variety of additional cancers, including
non-small cell lung cancer (NSCLC; refs. 4-7).

The mutational status of R4S and B-RAF genes is thought to affect
the sensitivity of tumor cell lines to sorafenib as a result of the in-

appropriate activation by such mutations of the MAPK pathway

mediated by ERK (8, 9). The sensitivity of tumor cell lines with
different RAS mutations to sorafenib is less well characterized than is
that of those with B-RAF mutations (10-14). Despite promising
results of clinical trials of sorafenib monotherapy in NSCLC patients
(4-7), little is known of the possible differences in the sorafenib
sensitivity of NSCLC cells according to the mutational status of
KRAS. We have therefore now examined the effects of RAF inhibition
on the growth of NSCLC cells with or without KRAS mutations and
further investigated the mechanisms of such effects.

Materials and Methods

Cell culture and reagents. The huran NSCLC cell lines NCI-H292 (H292),
LK-2, Sq-1, NCI-H520 (H520), PC9, NCI-H1650 (H1650), HCC827, NCI-H1975
(H1975), A549, NCI-H460 (H460), NCI-H23 (H23), NCI-H358 (H358), and NCI-
H1299 (H1299) were obtained from the American Type Culture Collection.
Ma70 cells were obtained as previously described (15): All cells were cultured
under a humidified atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma)
supplemented with 10% fetal bovinie serum. Sorafenib was kindly provided by
Bayer Pharmaceutical, dissolved in DMSO, and stored in aliquots at —20°C.

Assay of anchorage-dependent cell growth [3-(4,5-dimethylthiazol-2-
yB)-2,5-diphenyltetrazolium bromide assay]. Cells were plated in 96-well
flat-bottomed plates and “cultured for 24 h before exposure to' various con-
centrations' of sorafenib for 72 h. TetraColor One (5 mmol/L tetrazolium
monosodium salt "and" 0.2° mmol/L 1-methoxy-5-methyl phenazinium
methylsulfate: Seikagaku) was then added to each well; and the cells were
incubated for 3 h at 37°C before measurement of absorbance at 490 nm with a
Multiskan Spectrum instrument (Thermo Labsystems). Absorbance values were
expressed as a percentage of that for unireated cells, and the concentration of
sorafenib resulting in 50% growth mhlbxtlon (ICs0) was calculated.

Assay of horage-i fony formation in seft agar.
Anchorage-independent cell prohferanon in soft agar was assayed with the
use of a CytoSelect 96-Well Cell Transformation Assay (Cell Biolabs). In brief,
cells were cultured for 7 d in complete medium containing soft agar and
various concentrations of sorafenib. The agar matrix was then solubilized, the
cells were stainied with 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
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bromide (MTT) and lysed, and the absorbance at 570 nm was measured
relative to that at a reference wavelength of 690 nm. Normalized absorbance
values were expressed as a percentage of that for untreated cells, and the ICso
of sorafenib for inhibition of colony formation was calculated.

Cell cycle analysis. Cells were harvested, washed with PBS, fixed with
70% methanol, washed again with PBS, and stained with propidium iodide
(0.05 mg/mL) in a solution containing 0.1% Triton X-100, 0.1 mmol/L EDTA,
and RNase A (0.05 mg/mL). The stained cells (~1 X 10%) were then analyzed
for DNA content with a flow cytometer (FACSCalibur, Becton Dickinson) and
ModFit software (Verity Software House).

Immunoblot analysis. Cells were washed twice with ice-cold PBS and
then lysed in a solution containing 20 mmol/L Tris-HCI (pH 7.5), 150 mmol/L
NaCl, 1 mmol/L EDTA, 1% Triton X-100, 2.5 mmol/L sodium pyrophosphate,
1 mmol/L phenylmethylsulfonyl fluoride, and 1 pg/mL leupeptin. The protein
concentration of lysates was determined with the Bradford reagent (Bio-Rad),
and equal amounts of protein were subjected to SDS-PAGE on a 7.5% gel. The
separated proteins were transferred to a nitrocellulose membrane, which was
then exposed to 5% nonfat dried milk in PBS for 1 h at room temperature
before incubation overnight at 4°C with rabbit polyclonal antibodies to
human phosphorylated ERK (1:1,000 dilution; Santa Cruz Biotechnology),
ERK (1:1,000 dilution; Santa Cruz Biotechnology), FLAG epitope (1:1,000
dilution; Cell Signaling Technology), B-RAF (1:1,000 dilution; Santa Cruz Bio-
technology), C-RAF (1:1,000 dilution; Cell Signaling Technology), or B-actin
(1:500 dilution; Sigma) or with mouse monaclonal antibodies to cyclin E
(1:1,000 dilution; Santa Cruz Biotechnology). The membrane was then washed
with PBS containing 0.05% Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated goat antibodies to
rabbit (Sigma) or mouse (Santa Cruz Biotechnology) immunoglobulin G.
Immune complexes were finally detected with chemiluminescence reagents
(Perkin-Elmer Life Science).

Forced expression of KRAS-V12. An expression vector for FLAG-tagged
human KRAS-V12 was constructed by inserting the corresponding cDNA into
the pcDNA3 plasmid (Invitrogen). The expression vector was introduced into
H1299 cells by transfection for 48 h with the use of the Lipofectamine 2000
reagent (Invitrogen).

Gene silencing. Cells were plated at 50% to 60% confluence in six-well plates
or 25-cm” flasks and then incubated for 24 h before transient transfection for
48 h with small interfering RNAs (siRNAs) mixed with the Lipofectamine reagent.
The siRNAs specific for B-BAF (5-AGACAGGAAUCGAAUGAAA-3) or C-RAF
(5-CCUCACGCCUUCACCUUUA-3) mRNAs were obtained” from Dharmacon,
and a nonspecific siRNA (control) was obtained from Nippon EGT. The cells were
then subjected to immunoblot analysis or flow cytometry.

Statistical analysis. Data were analyzed by Student’s' two-tailed ¢ test.
A P value of <0.05 was considered statistically significant.

Resuits

Sorafenib inhibits cell growth by inducing G; arrestin NSCLC
cell lines independently of KRAS genotype. The various isoforms
of RAF are the principal effectors of RAS in the ERK signaling path-
way, and mutant RAS proteins trigger persistent activation of down-
stream effectors (3). To determine whether the mutational status of
KRAS might affect the sensitivity of NSCLC cells to sorafenib, an
inhibitor of the kinase activity of RAF (16), we first examined the
effects of this drug on the anchorage-dependent growth of NSCLC
cells with or without KRAS: mutations by the MTT assay. Sorafenib
inhibited cell growth with ICs; values ranging from 7.4 to 11.3 pmol/L
in NSCLC cells with wild-type KRAS and from 5.6 to 14.1' pmol/L
in those with mutant KRAS (Fig. 14), values that are within' the
clinically ‘rélevant ‘concentration range for this drug (17). This
inhibitory effect of sorafenib in cells with wild-type KRAS also
seemed to be independent of whether the cells contained a mutant
version of the epidermal growth factor receptor (EGFR) gene. We next
investigated the effects of sorafenib on anchorage-independent colony
formation in soft agar, a more clinically relevant model of NSCLC cell
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Flgure 1. Effects of sorafenib on the growth of NSCLC cell lines classified
according to KRAS and EGFR mutational status. A, the indicated NSCLC cell
lines were cultured for 72 h in complete culture medium containing various
concentrations of sorafenib, after which cell viability was assessed with the MTT
assay and the 1Cs, values of sorafenib for inhibition of cell growth were determined.
B, the indicated NSCLC cell lines were cultured for 7 d in complete medium
containing soft agar and various concentrations of sorafenib, after which colony
formation was evaluated and the ICs, values of sorafenib for inhibition of
anchiorage-iridependent cell proliferation were determined. All data are means of
triplicates from representative experiments that were repeated on three separate
occasions.

proliferation. Sorafenib inhibited anchorage-independent colony
formation with ICs, values of 5.6 to 11.1 pmol/L in cells with wild-
type KRAS and of 85 to 111 umol/L in those with mutant KRAS
(Fig. 1B). These data thus indicated that sorafenib inhibits the growth
of NSCLC cells in a manner independent of KRAS mutational status.

To investigate ‘the mechanism by which sorafenib inhibits
NSCLC cell growth, we examined the cell cycle profile by flow
cytometry. Sorafenib increased the proportion of cells in G, phase
of the cell cycle and reduced that of cells in'§ or G;-M phases in all
tested cell lines regardless of KRAS mutational status (Fig. 2).
Sorafenib did not increase the proportion of cells in sub-G, phase, a
characteristic ' of apoptosis. These data thus indicated -that
sorafenib inhibits cell growth by inducing arrest of the cell cycle
in G phase.

Effects of sorafenib on the ERK signaling pathway in NSCLC
cell lines. To examine the effects of sorafenib on the ERK signaling
pathway in NSCLC cells, we performed immuncblot analysis with
antibodies specific for phosphorylated (activated) ERK. Sorafenib
markedly inhibited ERK phosphorylation in cells with wild-type KRAS
regardless of the mutational status of EGFR (Fig: 34). In contrast,
sorafenib had no effect on the level of ERK phosphorylation in cells
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with mutant KRAS. To investigate further whether the effect of
sorafenib on ERK phosphorylation is dependent on KRAS mutational
status, we introduced an expression vector for FLAG epitope-tagged
KRAS with the activating Val'* mutation (KRAS-V12) into the human
NSCLC cell line H1299, which harbors wild-type endogenous KRAS.
Whereas sorafenib inhibited ERK phosphorylation in nontransfected
cells or cells transfected with the empty vector, it failed to do so in cells
expressing KRAS-V12 (Fig. 3B). These results thus suggested that
sorafenib blocks the ERK signaling pathway only in NSCLC ‘cells
harboring wild-type KRAS.

B-RAF but not C-RAF depletion inhibits ERK phosphorylation
in NSCLC cells with wild-type or mutant KRAS. The mammalian
RAF family includes A-RAF, B-RAF, and C-RAF, all of which function
in the ERK pathway but also have different downstream phosphor-
ylation targets and play distinct roles in signaling (18). Although
suggested to be a B-RAF inhibitor, sorafenib inhibits the activity of
C-RAF with a potency 4-fold that apparent for B-RAF (16), To inves-
tigate the downstream consequences of B-RAF and C-RAF signaling
in NSCLC cells, we examined the effects of the depletion of these
kinases with a siRNA-based approach. Immunoblot analysis revealed

A KRAS wild-type KRAS mutant B KRAS wild-type (H1299)
EGFR wild-type EGFR mutant EGFR wild-type None  _Vector KRAS-V12
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Sorafenib: — + o~ 4+ — 4 - 4 - 4+ —~- 4+ - 4+ — 4+ Sorafenib: - + — 4+ .— %

Figure 3. Effacts of sorafenib on ERK phosphotylation in NSCLC cells classified according to KRAS and EGFR status. A, cells were incubated for 2 h in the presence
or absence of sorafenib (15 pmol/L}); after which celllysates (25 g of soluble protein) were subjected to immunobiot analysis with antibodies to phosphorylated (p-ERK) or
total forms of ERK. B, H1299 cells were transiently transfected (or not) for 48 h with an expression vector for FLAG-tagged KRAS-V12 or with the corresponding empty
vector and were then incubated for 2 h in the presence or absence of sorafenib (15 pmol/L). Cell lysates (25 ug of soluble protein) were then subjected to immunoblot
analysis with antibodies to FLAG and to phosphorylated or total forms of ERK.
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