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Fig. 1. HCC exhibiting a marked response to sorafenib treatment harbors FGF3/FGF4 gene amplification. (A) Abdominal CT images obtained
pretreatment (left panel) and 2 months after treatment (right panel). (B) CGH analysis of the tumor. Paired background liver tissue was used as
a reference sample. A gain (>4 copies, red) and a loss (<0.5 copies, blue) of genomic copy number are shown. (C) Whole copy numbers of
chromosome 11 are shown. A highly amplified region is described in the lower panel. (D) Western blot analysis of FGF3 (arrow) in HCC and

paired background liver samples. I1B, immunoblotting.

GGA GGG TCA CAG CCT GGG GAG GAA GTG
GGT GAC CTT C-3’ (reverse). The stable transfec-
tants expressing EGFP or FGF3 or FGF4 for each cell
line were designated as A549/EGFP, A549/FGF3, and
AS549/FGF4.

Xenograft Studies. Nude mice (BALB/c nu/nu, 6-
week-old females; CLEA Japan Inc., Tokyo) were used
for in vivo studies and were cared for in accordance
with the recommendations for the handling of labora-
tory animals for biomedical research compiled by the
Committee on Safety and Ethical Handling Regula-
tions for Laboratory Animal Experiments, Kinki Uni-
versity. Mice were subcutaneously inoculated with a
total of 5 x 10° AS49/EGFP, AS49/FGF3, or A549/
FGF4 cells. Two weeks after inoculation, the mice
were randomized according to tumor size into two
groups to equalize the mean pretreatment tumor size
among the three groups (n = 20 mice per group).
The mice were then treated with a low dose of oral
sorafenib (n = 10, 15 mg/kg/day) or vehicle control
(n 10, Cremophor EL/ethanol/water) for 9 days.
Tumor volume was calculated as length x width® x
0.5 and was assessed every 2 to 3 days.

Statistical Analysis. The statistical analyses were
performed to test for differences between groups using
the Student # test or Fisher’s exact test. P < 0.05 was
considered statistically significant. All analyses were

performed using PAWS Statistics 18 (SPSS Japan Inc.,
Tokyo, Japan).

Results

Responder to Sorafenib Who Harbored FGF3/
FGF4 Gene Amplification. A 58-year-old woman was
diagnosed as having histologically confirmed advanced
HCC (Fig. 1A, left panel) with multiple lung metasta-
ses. She received combination treatment with sorafe-
nib, 5-fluorouracil (5FU), and interferon, and a subse-
quent treatment assessment revealed a partial response.
Because the disease was well controlled with sorafenib
treatment for 14 months (Fig. 1A, right panel), sur-
gery was performed. To characterize this tumor molec-
ularly, we performed array CGH analysis using frozen
surgical specimens of the HCC region and paired
background liver tissue as a reference control. The
array CGH analysis revealed a low-level gain in the
genomic DNA copy number for 1q, 8q, 10p, and 18p
and a high level gain at 11q13 (Fig. 1B). Interestingly,
the 11q13 region, a rare amplicons in HCC that con-
tains several genes, including FGF3, FGF4, CCNDI,
and FGF19, was highly amplified over 20 copies (Fig.
1C). Western blot analysis revealed that FGF3 was
overexpressed in the HCC specimen compared with
the paired background liver specimen (Fig. 1D).
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Fig. 2. FGF3/FGF4 gene amplification is frequently observed in responders to sorafenib in HCC. (A) FGF3/FGF4 gene amplification was deter-
mined using the TagMan copy number assay in DNA samples obtained from 48 HCC samples that had been treated with sorafenib. FGF3 ampli-
fication of >5 copies was cbserved in three of the sorafenib responders. *Complete response + partial response versus stable disease -+
progressive disease. (B) FGF3/FGF4 gene amplification mediates the overexpression of FGF3/FGF4 mRNA. The mRNA expression levels of FGF3
and FGF4 were examined in nine HCC samples that were available as frozen samples among 48 HCC samples that were treated with sorafenib.

Rel. mRNA, target gene/GAPD x 10°.

The 11q13 locus is known to be a frequenty ampli-
fied region in several human cancers except HCC.'?
Thus, we hypothesized that the amplification of 11q13
may be involved in a marked response to sorafenib.

FGF3/FGF4 Gene Amplification Is Frequently
Observed in Responders to Sorafenib. To address the
question of whether FGF3/FGF4 gene amplification is
also found in the HCC of other responders to sorafe-
nib, we examined HCC specimens collected from 11
other medical centers in Japan. Because most of the
HCC samples were collected as FFPE samples, we
used a TagMan Copy number assay.'® A copy number
assay revealed that FGF3/FGF4 amplification was
observed in three of the 10 (30%) HCC samples that
responded to sorafenib, whereas no amplification was
observed in the 38 specimens from patients with stable
or progressive disease (P = 0.006, Fig. 2A). The copy
numbers for FGF3/FGF4 were 10.2 = 0.8/6.7 £ 0.8,
26.7 = 0.4/35.1 = 3.1, and 162.5 = 9.0/165.0 =
12.5 copies in the amplified samples, whereas the copy
numbers of FGF3 for all the other samples were below
5 copies. The correlation between the FGF3 locus and
the FGF4 locus copy numbers was very high (R =
0.998), indicating that the DNA copy number assay

for FGF3/FGF4 was a sensitive and reproducible
method.

FGF3/FGF4 Gene Amplification Mediates the
Overexpression of FGF3/FGF4 Messenger RNA. We
examined the messenger RNA (mRNA) expression lev-
els of FGF3/FGF4 in nine HCC samples that were
available as frozen samples among the 48 sorafenib-
treated samples, as shown in Fig. 2A. One amplified
sample expressed extremely high mRNA levels of
FGF3/FGF4 compared with nonamplified samples
(Fig. 2B). The results demonstrated that FGF3/FGF4
gene amplificaton mediates the overexpression of
FGF3/FGF4 mRNAs and proteins (Figs. 2B and 1D).

FISH Analysis Confirmed FGF3/FGF4 Gene
Amplification. We used FISH analysis to examine
FGF3/FGF4 amplification and to verify the results of
the above-described PCR-based DNA copy number
assay. All FGF3/FGF4-amplified clinical samples were
confirmed as exhibiting high-level FGF3 amplification
using FISH analysis (Fig. 3). One patient showed mul-
tiple scattered signals, whereas two patients showed
large clustered signals. Nonamplified HCC yielded a
negative result for gene amplification. These results
clearly demonstrate the presence of FGF3/FGF4-
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Fig. 3. FISH analysis of FGF3-amplified HCC. Patient numbers were
indicated. Green staining indicates CEN11P loci; red staining indicates
FGF3 loci. High-power images are presented in each inset for a single
cancer cell. Amp, gene amplification.

amplified HCC among the clinical samples, and the
FISH analysis resules were consistent with those for
the copy number assay.

Frequency of FGF3/FGF4 Gene Amplification in
HCC. To determine the frequency of FGF3/FGF4
gene amplification in HCC, we performed a copy
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Fig. 4. FGF3/FGF4 gene amplification in a series of HCC samples
without sorafenib treatment. TagMan copy number assay for FGF3 and
FGF4 was used to examine DNA samples obtained from 82 surgical
specimens. Human normal genomic DNA was used as a normal con-
trol. Well, well-differentiated HCC; Mod, moderately differentiated HCC;
Poor, poorly differentiated HCC.

number assay for HCC samples without sorafenib
treatment in a series of surgical specimens. Two of the
82 (2.4%) HCC samples exhibited FGF3/FGF4 gene
amplification, with copy numbers of 10.7/15.3 and
133.3/112.7 copies, respectively (Fig. 4). One ampli-
fied HCC was a poorly differentiated tumor, whereas
the other was a moderately differentiated tumor.
Clinicopathological Features of Responders to Sor-
afenib. The clinico-pathological features of the sorafe-
nib responders are shown in Table 1. A comparison of
clinical factors (age, sex, viral status, alpha-fetoprotein
level, PIVKA-II, clinical stage, primary tumor size,
metastatic status, histological type, and tumor response
between responders and nonresponders) is given in Ta-
ble 2. Notably, multiple lung metastases over five nod-
ules was significantly higher among responders to sora-
fenib (responders, 5/13 [38%]; nonresponders, 2/42
[5%]; P = 0.006). Although the difference was not
significant, poorly differentiated HCC tended to be

Table 1. Clinico-pathological Characteristics in Sorafenib Responders

Patient  Age, Viral AFP PIVKA-Il,  Clinical HCC in Lung Other Histological Combi Tr FGF3/FGF4
No.  Years Sex Status ng/mL mAU/mL Stage the Liver Metastasis Metastases Type Treatment  Response  Amplification

1 52 M B 198 140 v 2 cm, x3 multi Adrenal gland Mod (-} PR {-)

2 63 M B 24 1,983 ] 6 cm (-} {(-) Mod (=) CR (=)

3 58 M c 16 14 i 9 cm, multiple (=) (=) Well (=) PR (=)

4 62 M B 8 130 i\ (=) x3 {-) Mod-Poor {(-) PR (-}

L) 47 F C 1,872 728 v 2 ¢m, multiple  Multiple (=) Poor +TAl CR (=)

6 66 M c 290 18,507* v 5 cm (-) (=) Mod (=) CR (-}

7 1 M c 404,100 1,328 v 5 cm, multiple  Multiple (=) Poor () CR (=)

8 66 M Non 49 7,173 v (=) x2 Pleural, LN Mod (=) PR Amplification

9 58 F B 715 101 v 11 ¢cm Multiple (—) Combinationt  +5FU/IFN PR Amplification

10 80 F c 378 21 n 3com, =3 (=) (=) Poor, Modt ) CR Amplification

11 57 M C 46,835 2,730 v 14 cm, multiple  Multiple () Mod (-) CR ND

12 7mM B 435 71,000 v 4 ¢m, multiple (=) (-) Mod (—) PR ND

13 84 M Non 5,410 B47,000* v 13 ¢m, multiple {—) (=) Poor -) PR ND

Abbreviations: AFP, alpha-fetoprotein; CR, complete response; F, female; IFN, interferon; LN, lymph node; M, male; Mod, moderately differentiated; ND, not done;
Non, non-B, non-C; Poor, poorly differentiated; PR, partial response; TAl, transcatheter arterial infusion; Well, well differentiated.

*Warfarin treatment (-+).
tHCC with cholangiocarcinoma component.
tFrom two different HCC nodules.
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Table 2. Clinicopathological Characteristics and FGF3/FGF4
Gene Amplification in Responders and Nonresponders to

Sorafenib
Characteristic {n = 13) (n = 42) P Value*
Age, years (range) 63 (47-84) 66 (22-89) 0.98
Sex, M/F 10/3 30/12 0.97
Viral status, no. 0.69
HBV 5 10
HCV 6 16
B+C 0 1
Non-B, non-C 2 15
AFP, ng/mL (range) 378 (8-404,100) 56 (2-114,248) 0.33
PIVKA-II, mAU/mL (range) 728 (14-847,000) 81 (11-147,000) 0.78
Clinical stage, no. 0.73
Il 0 1
1l 3 13
v 10 28
Primary tumor, cm (range) 5 (0-14) 3 (0-15) 0.20
Lung metastasis, no. 0.13
(=) 6 31
(+) 7 11
Multiple lung metastases, no. 0.006
<5 8 40
>5 5 2
Other metastases, no. 0.24
(=) 11 26
(+) 2 16
Histological type, no. 0.13
Well 1 7
Moderate 6 26
Poor 5 6
Combinationt 1 3
Response, no. ND
Complete response 6 —
Partial response 7 —
Stable disease — 16
Progressive disease 24
Not evaluable — 2

Abbreviations: AFP, alpha-fetoprotein; HBV, hepatitis B virus; HCV, hepatitis C
virus; ND, not done.

*P values of viral status and histological type were calculated between HBV
versus HCV and poorly differentiated versus nonpoorly differentiated.

THCC with cholangiocarcinoma component.

more common among responders to sorafenib (res-
ponders, 5/13 [38%]; nonresponders, 6/42 [14%]; P
= 0.13). These results suggest that multiple lung me-
tastases and a poorly differentiated histology may be
clinical biomarkers for sorafenib treatment in patients
with HCC.

Sorafenib Potently Inhibits Cellular Growth in
FGF3/FGF4-Amplified and FGFR2-Amplified Cell
Lines. We examined the growth inhibitory effect of
sorafenib in various cancer cell lines to evaluate
whether activated FGFR signaling is involved in the
response to sorafenib. Among 26 cell lines, KYSE220
was the only FGF3/FGF4-amplified cell line (data not
shown), and HSC-43, HSC-39, and KATOIIIl were
the only FGFR2-amplified cell lines.'* Sorafenib
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potently inhibited cellular growth in these four cell
lines at a sub-uM 50% inhibitory concentration (ICsg)
(Fig. 5A). The ICsq values were as follows: HSC43,
0.8 uM; HSC39, 0.6 uM; KATOIIL, 0.4 uM; and
KYSE220, 0.18 pM. These results suggest that acti-
vated FGFR signaling may be involved in the response
to sorafenib.

Sorafenib Inbibits Tumor Growth in FGF4-Intro-
ducing Cell Lines In Vivo. Finally, we established
cancer cell lines stably overexpressing EGFB FGF3, or
FGF4 w0 examine the relationship between the gene
function of FGF3 or FGF4 and drug sensitivity to sor-
afenib in vivo. Western blotting confirmed that exoge-
nously expressed FGF3 and FGF4 were secreted into
the culture medium (Fig. 5B). Sorafenib inhibited the
FGF4-conditioned, medium-mediated expression levels
of phosphorylated FGFR (Figure 5C). A similar result
was obtained using recombinant FGF4 (data not
shown). Mice inoculated with these cell lines were
treated with a low dose of oral sorafenib (15 mg/kg/
day) or without sorafenib (vehicle control). FGF3
overexpression did not increase the tumor volume
compared with EGFP tumors; however, FGF4 overex-
pression aggressively increased tumor volume and
clearly enhanced the malignant phenotype (Fig. 5D).
Notably, the low-dose sorafenib treatment significantly
inhibited the growth of the A549/FGF4 tumors,
whereas it was not effective against A549/EGFP and
A549/FGF3 twmors (Fig. SD). These results suggest
that overexpression of FGF4 is partially involved in
the response to sorafenib.

Discussion

The FGF3 gene was first identified and character-
ized based on its similarity to the mouse fgf3/ins2
gene, which is a proto-oncogene activated in virally
induced mammary tumors in mice."> Meanwhile, the
FGF4 gene was first identified in gastric cancer as an
oncogene HS7, which has the ability to induce the
neoplastic transformation of NIH-3T3 cells upon
transfection.'® These genes were initally regarded as
proto-oncogenes. FGF3 and FGF4 genes are located
side-by-side and are also closely located to the FGFI9
and CCNDI genes (within 0.2 Mb of the 11ql3
region)."> The 11q13 region is known as a gene-dense
region, and gene amplification of this region is fre-
quently observed in various solid cancers (including
breast cancer, squamous cell carcinoma of the head
and neck, esophageal cancer, and melanoma) at fre-
quencies of 13%-60%."> On the other hand, the fre-
quency of FGF3/FGF4 amplification in HCC remains
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Fig. 5. FGF3 and FGF4 overexpression and drug sensitivity to sorafenib in vitro and in vivo. (A) Growth inhibitory assay examining sorafenib in
various cancer cell lines in vitro. The growth inhibitory effect of sorafenib was examined using an MTT assay. The ICso values of each cell line are
shown in the graph. The black bars show that the ICsq values were below 1 uM. Amp, gene amplification. (B) Cancer cell lines stably overex-
pressing EGFP FGF3, or FGF4 were established and designated as A549/EGFP, A549/FGF3, and A549/FGF4. Western blot analysis confirmed
that exogenously expressed FGF3 and FGF4 were secreted into the culture medium. Sup., supematant. (C) NIH-3T3 cells were exposed to indi-
cated concentrations of sorafenib for 2 hours and were then stimulated with FGF4-conditioned medium for 20 minutes. (D) Mice inoculated with
A549/EGFP, A549/FGF3, or A549/FGF4 (n = 20 each) were treated with a low dose of oral sorafenib (n = 10, 15 mg/kg/day) or without (n

= 10, vehicle control). *P < 0.05.

largely unclear. Relatively small cohort studies have
reported that one out of 20 HCCs exhibited FGF3
amplification as determined via CGH analysis,'” and 3
out of 45 HCCs examined using Southern blot analy-
sis had a copy number >5;'® meanwhile, amplification
was not detected in 0 out of 42 surgically resected
HCCs." In the present study, two of the 82 (2.4%)
HCC samples exhibited FGF3/FGF4 gene amplifica-
ton in the HCC series. If only 2%-3% of HCC
patients harbor the FGF3/FGF4 amplification, its value
as a biomarker seems to be limited in clinics because a
frequency of 2%-3% is too low to stratify the patients
for specific targeted therapy. However, a combination
of biomarkers—including FGF3/FGF4 amplification,
lung metastasis, tumor differentiation, and other unre-
vealed dysregulation of FGFR signaling—may increase
the response prediction. In addition, 2%-3% of FGF3/
FGF4 amplification may be a promising therapeutic
target for future FGFR-targeted therapies in the treat-
ment of HCC.

Tumor shrinkage might be due to the mixed effect
(sorafenib + 5FU + interferon) of combination ther-
apy in the initially described patient. However, during

21

this patient’s long clinical course, tumor regrowth was
observed following withdrawal of sorafenib because of
oral hemorrhage, and tumor reshrinkage was observed
when sorafenib treatment recommenced. Thus, we
considered that tumor shrinkage might be achieved by
the effect of sorafenib on its own, rather than 5FU +
interferon.

Regarding determinants of drug sensitivity to sorafe-
nib, the mechanism of hypersensitivity in the gastric
cancer cell lines HSC-39, HSC-43, and KATO-III is
FGFR2 gene amplification and is thought to be the
addiction of these cell lines to this gene,'* since sorafe-
nib has a relatively weak but significant inhibitory
effect on FGFRI1 at a concentration of 580 * 100
nM.? This result suggests that the blockade of FGFR
signaling by sorafenib may lead to a significant treat-
ment response, at least in FGFR2-amplified cells. In
this study, we found that FGF4, but not FGF3 overex-
pression, was partially involved in the sensitivity to
sorafenib 7z vivo. The limitations of the study are the
small number of responder patients and the potential
bias in their selection because of the retrospective
study design. Further clinical study of responders to
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sorafenib is necessary. We are presently undertaking a
prospective molecular translational study (2010-2012)
in a cohort of Japanese patients with sorafenib-treated
HCEE.

Multiple lung metastases were frequently observed
among responders to sorafenib (38%) but were less
common among nonresponders (5%). Based on a Jap-
anese follow-up survey of patients with primary HCC,
lung metastasis was observed in 7% (169/2355) of the
patients at the time of autopsy.”’ Another study dem-
onstrated that 15% of patients were found to have ex-
trahepatic metastases, and lung metastasis was detected
in 6% of 995 consecutive HCC patients.”! When
compared with these data from large-scale studies, the
frequency of lung metastasis among responders to sor-
afenib seems quite high. In addition, a poorly differen-
tiated histological type tended to be more common
among responders, although the correlation was not
significant.

In conclusion, we found that FGF3/FGF4 gene
amplification, multiple lung metastases, and a poorly
differentiated histological type may be involved in the
response to sorafenib.
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Targeting of tumor angiogenesis with vaccines is a potentially
valuable approach to cancer treatment. Elpamotide is an immu-
nogenic peptide derived from vascular endothelial growth factor
receptor 2, which is expressed at a high level in vascular endo-
thelial cells. We have now carried out a phase | study to evaluate
safety, the maximum tolerated dose, and potential pharmacody-
namic biomarkers for this vaccine. Ten HLA-A*24:02-positive
patients with advanced refractory solid tumors received elpamo-
tide s.c. at dose levels of 0.5, 1.0, or 2.0 mg once a week on a
28-day cycle. Five patients experienced an injection site reaction
of grade 1 and 2, which was the most frequent adverse event. In
the 1.0 mg cohort, one patient experienced proteinuria of grade
1 and another patient developed both hypertension and protein-
uria of grade 1. No adverse events of grade 3 or higher were
observed, and the maximum tolerated dose was therefore not
achieved. The serum concentration of soluble vascular endothe-
lial growth factor receptor 2 decreased significantly after elpamo-
tide vaccination. Microarray analysis of gene expression in
PBMCs indicated that several pathways related to T cell function
and angiogenesis were affected by elpamotide vaccination,
supporting the notion that this peptide induces an immune
response that targets angiogenesis in the clinical setting. In con-
clusion, elpamotide is well tolerated and our biomarker analysis
indicates that this anti-angiogenic vaccine is biologically active.
Clinical trial registration no. UMIN000008336. (Cancer Sci 2012;
103: 2135-2138)

A ngiogenesis, defined as the formation of new blood ves-
sels from pre-existing vasculature5 is essential for tumor
growth and the spread of metastases.""” Vascular endothelial
growth factor (VEGF) is a pro-angiogenic molecule that plays
a central role in angiogenesis, primarily through activation of
VEGEF receptor 2 (VEGFR2). Several approaches to the targeting
of VEGF-VEGFR pathways, including those based on neutral-
izing antibodies to VEGF, small-molecule VEGFR tyrosine
kinase inhibitors, and soluble VEGFR constructs (VEGF-Trap),
are emer%ing as promising therapeutic options in clinical
oncology.”

Vascular endothelial growth factor 2 has been a major target
for anti-angiogenic therapy to date. Studies in mice have
shown that tumor angiogenesis is inhibited as a result of cellu-
lar immune responses induced by vaccination with cDNA
encoding mouse VEGFR2 or with a soluble fragment of the
receptor.*> On the basis of these findings, we have examined
the possibility of developing a novel anti-angiogenic immuno-
therapy for cancer in the clinical setting. We previously
identified peptide epitopes of human VEGFR2 and showed
that CTLs induced by these peptides manifest potent and
specific HLA class I-restricted cytotoxicity toward not only
peptide-pulsed target cells but also endothelial cells expressing

doi: 10.1111/cas.12014
@ 2012 Japanese Cancer Association
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endogenous VEGFR2.®’ Furthermore, vaccination with peptides
corresponding to these epitopes inhibited angiogenesis induced
by tumor xenografts, resulting in marked suppression of tumor
growth and prolongation of animal survival without the occur-
rence of fatal adverse events.

We have now carried out a phase I clinical trial for treat-
ment of HLA-A*24:02-positive patients with advanced refrac-
tory solid tumors by vaccination with the VEGFR2-169
peptide (elpamotide), which was previously shown to be the
most effective among human VEGFR2 epitopic peptides tested
for the ability to induce CTL precursors among PBMCs from
cancer patients.”’ We examined the safety of this treatment as
a primary endpoint, and the clinical and biological responses
as secondary endpoints.

Patients and Methods

Patient eligibility. HLA-A*24:02-positive individuals aged
>20 years with a histologically confirmed diagnosis of an
advanced tumor refractory to standard therapy were included
in the study if they had an Eastern Cooperative Oncology
Group performance status of <2, a life expectancy of
>3 months, and adequate or acceptable liver (serum bilirubin
concentration of <2x the upper limit of normal, and both
aspartate aminotransferase and alanine aminotransferase levels
in serum of <2.5x the upper limit of normal) and bone
marrow (absolute white blood cell count of >3000/mm® and
platelet count of =100 000/mm®) function. Patients were
excluded if they had symptomatic brain metastases, active
bleeding, malignant ascites requiring drainage, or serious medi-
cal conditions such as uncontrolled hypertension, arrhythmia,
or heart failure, or if they had been treated with an investiga-
tional drug within 4 weeks prior to study enrolment. Individu-
als were excluded if they had serious illness or concomitant
non-oncological disease that was difficult to control by medi-
cation. All subjects received information about the nature and
purpose of the study, and they provided written informed
consent in accordance with institutional guidelines.

Study design. The study was designed as a single-center,
open-label, dose-escalation phase I trial. The primary objective
was to evaluate the tolerability-safety and dose-limiting toxic-
ity (DLT) of elpamotide. Secondary objectives included deter-
mination of the maximum tolerated dose, preliminary
assessment of antitumor activity and effects on peripheral
blood biomarkers of angiogenesis in this patient population.
The study was approved by the appropriate Institutional
Review Board. Dose levels of elpamotide were 0.5, 1.0, and
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2.0 mg per body injected s.c. once a week on a 28-day cycle.
Intrapatient dose escalation was not permitted. If a patient
experienced a drug-related DLT, the treatment with elpamotide
was discontinued. The dose escalation-reduction scheme was
based on the occurrence of drug-related DLTs within the first
treatment cycle. If a DLT was not observed in any of the first
three patients, the dose was escalated to the next level. If a
DLT was observed in one of the first three patients, three addi-
tional patients were recruited to that dose level. If a DLT
occurred in only one of the first six patients, dose escalation
was permitted. If two or more of the six patients experienced a
DLT, an independent data monitoring committee determined
the dose escalation or reduction decision or stopped the
recruitment of additional patients.

Safety and efficacy assessments. The safety and tolerability
of elpamotide were assessed according to the Common Toxic-
ity Criteria for Adverse Events version 3.0. A DLT was
defined as a hematologic toxicity of grade 4 or a non-hemato-
logic toxicity of grade 3 or 4. Objective tumor response was
evaluated according to the Response Evaluation Criteria in
Solid Tumors version 1.0.®

Circulating level of soluble VEGFR2. The concentration of
soluble VEGFR2 (sVEGFR2) in serum was measured with
ELISA (THERMOmax; Molecular Devices, Sunnyvale, CA,
USA) before vaccination on day 1 and after OTS102 adminis-
tration on days 8 and 29.

Microarray analysis. The PBMCs were isolated from 3 mL
whole blood with the use of an Accuspin system (Sigma-
Aldrich, St. Louis, MO, USA) and were then immediately
suspended in an RNA stabilization solution (Isogen; Nippon-
gene, Tokyo, Japan) and stored at —80°C. Total RNA was sub-
sequently extracted from the cells and its quality checked as
described previously.”” The RNA was subjected to microarra
analysis (Affymetrix, Santa Clara, CA, USA) as described."'”
Analysis of the microarray data was carried out with BRB Ar-
rayTools software version 3.6.1 (http://linus.nci.nih.gov/BRB-
ArrayTools.html) developed by R. Simon and A. Peng. In
brief, a log, transformation was applied to the raw data, and
global normalization was used to calculate the median expres-
sion level over the entire array. Genes were excluded if the
proportion of data missing or filtered out was >20%. Genes
that passed the filtering criteria were then considered for fur-
ther analysis. Pathway (gene set) analysis was carried out with
the BRB ArrayTools software. The level of statistical signifi-
cance was set at P = 0.01. A P-value was first computed for
each gene, and the set of P-values was then summarized by
LS and KS statistics. The gene set comparison tool analyzes
285 predefined BioCarta gene sets for differential expression
among predefined classes (pre- vs. post-treatment).

Other statistical analysis. Serum sVEGFR2 levels at baseline
(pretreatment) were compared with those on days 8 or 29 with
Student’s paired r-test. A P-value of <0.05 was considered
statistically significant.

Results

Patient demographics. The characteristics of the 10 HLA-
A*24:02-positive patients enrolled in the study are shown in
Table 1. The patients included four with non-small-cell lung
cancer, three with gastric cancer, two with colorectal cancer,
and one with thyroid cancer, all of whom were refractory to
standard therapy. Doses of elpamotide for the escalation proto-
col included 0.5, 1.0, and 2.0 mg. Nine patients completed the
first cycle of four injections with elpamotide, with one patient
at the dose level of 2.0 mg being withdrawn from the study
after two doses of the vaccine because of disease progression.
Five patients were subjected to further cycles of vaccination.
The median duration of treatment was 58 days (range,
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Table 1. Characteristics of HLA-A*24:02-positive patients with
advanced refractory solid tumors (n = 10) vaccinated with elpamotide

Peptide dose

Characteristics

05mg(n=3 1.0mg(n=3) 20mg(n=4)
Median age (range), 58 (58-65) 64 (58-70) 57 (30-84)
years
Male/female 12 1/2 3N
Performance status 12 0/3 0/4
(0/1)
Non-small-cell lung 1 1 2
cancer
Gastric cancer 0 1 2
Colorectal cancer 1 1 0
Thyroid cancer 1 0 0

14-279 days), with a median of 8 (range, 2-33) elpamotide
vaccinations.

Safety. All 10 patients received at least one dose of the
study treatment and were evaluated for safety (Table 2). No
patient showed a toxicity of grade 3 or higher. Five patients
(50%) (two in the 0.5 mg cohort, one in the 1.0 mg cohort,
and two in the 2.0 mg cohort) developed immunologic reac-
tions, erythema, or induration of grade 1 or 2 at injection sites.
In the 1.0 mg cohort, one patient developed proteinuria of
grade 1 and another developed both hypertension and protein-
uria of grade 1. No DLT was thus observed in the trial.

Tumor response. Nine patients were evaluated for tumor
response. Although no complete or partial response was
observed, two patients had stable disease for at least two treat-
ment cycles (56 days). A 58-year-old female patient with
advanced thyroid cancer who had multiple metastases in her
lungs and muscle achieved stable disease that persisted for
>5 months after the 15th vaccination with elpamotide at
0.5 mg. A 70-year-old male with advanced gastric cancer had
been treated with three prior chemotherapy regimens. Given
that the tumor continued to grow despite chemotherapy, he
was enrolled in the elpamotide 1.0 mg cohort. Tumor size as
evaluated by computed tomography remained stable for
2 months after initiation of elpamotide treatment, with stable
disease being declared after the eighth vaccination. The patient
subsequently received another cycle of four vaccinations.
During this third cycle of treatment, ascites was detected by
computed tomography and progressive disease was declared.

Pathway analysis. To determine whether elpamotide vaccina-
tion induced systemic immunologic effects, we examined the
gene expression profiles of PBMCs from all 10 patients before

Table 2. Summary of toxicities of grades (G) 1/2 or 3

Peptide dose

0.5 mg 1.0 mg 2.0 mg
Adverse events (= 3) n=3) (=) Total
G1/2 G3 G12 G3 G122 G3
Reaction at injection site 2 0 1 0 2 0 5
Nasopharyngitis 1 0 0 0 1 0 2
Anorexia 1 0 0 0 1 0 2
MNausea 1 0 0 1] 0 0 1
Vomiting 1 0 0 0 0 0 1
Diarrhea 0 0 0 0 1 0 1
Fatigue 0 0 1 0 0 0 1
Fever 0 0 0 0 1 0 1
Hypertension 0 0 1 0 0 0 1
Proteinuria 0 0 2 0 0 0 7.
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vaccination, and on days 8 and 29 after the onset of vaccina-
tion. Pathway analysis of microarray data revealed that 17
pathways were selected from among 285 BioCarta pathways at
the nominal significance level of P = 0.01 for the LS or KS
permutation tests (Table 3). The pathways with the most
differentially expressed genes included those related to angio-
genesis and T cell function (Table 3), supporting the notion
that elpamotide vaccination indeed affects angiogenesis and T
cell activation in the clinical setting.

Serum level of sVEGFR2. The circulating level of sVEGFR2
was previously found to be reduced by other angiogenesis
inhibitors that directly target VEGFR2. We determined the
serum concentration of sVEGFR2 as a potential biomarker for
elpamotide vaccination. The serum concentration of sVEGFR2

Table 3. Pathways with most differentially expressed genes
between pre- and post-treatment among 285 BioCarta pathways

No. of LS KS
genes  P-value P-value

Related
pathways

Pathway
descriptions

VEGF, hypoxia, and 23 0.0018 0.0270
angiogenesis
Hypoxia-inducible 26
factor in the
cardiovascular
system
Role of nicotinic 13
acetylcholine
Melanocyte 14
development
and
pigmentation
pathway
Transcription 20
regulation by
methyltransferase
of CARM1
Classical complement 6
pathway
Role of Tob in T cell 26
activation
Lectin-induced 6
complement
pathway
Deregulation of CDK5 20
in Alzheimer’s disease
IL-12- and Stat4- 37
dependent
signaling pathway in
Th1 development
T cell receptor and CD3 15

" complex
NOS2-dependent IL-12 14
pathway in NK cells
T cytotoxic cell surface 28
molecules
T helper cell surface 28
molecules
Role of MEF2D in T cell 31
apoptosis
HIV-induced T cell 24
apoptosis
ADP-ribosylation factor 38

Angiogenesis

0.0055 0.0023  Angiogenesis

0.0075  0.1485 N/A

0.0093 0.1461 N/A

0.0097 0.0378 N/A

0.0141 0.0018 N/A

0.0146 0.0097 Tcell

0.0180  0.0018 N/A

0.0193 0.0054 N/A

0.0254  0.0078 T cell

0.0283 0.0023 T cell

0.0350 0.0031  Tecell

0.0354  0.0072 Tcell

0.0354 0.0072 Tcell

0.0358 0.0097 T ceil

0.0442  0.0012 Tcell

0.0485 0.0087 N/A

CARM1, coactivator-associated arginine methyltransferase 1; IL, inter-
leukin; NK, natural killer; Stat4, signal transducer and activator of
transcription-4; N/A, not applicable; VEGF, vascular endothelial growth
factor.
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decreased significantly (P = 0.026) over the first 4 weeks of
treatment (Fig. 1). The decrease in sVEGFR2 level tended to
be larger at the higher dose levels of elpamotide, although this
trend was not significant.

Discussion

The targeting of tumor angiogenesis with vaccines has poten-
tial advantages over such targeting of tumor cells directly in
cancer therapy.“ %'V First, tumor endothelial cells are more
accessible to the immune system than are tumor cells located
at a distance from the vessels."” Tumor endothelial cells are
thus readily accessed by lymphocytes in the bloodstream, and
CTLs can directly damage endothelial cells without penetration
into the tumor tissue. In addition, the lysis of even a small
number of endothelial cells within the tumor vasculature may
result in the disruption of vessel integrity, leading to inhibition
of the growth of numerous tumor cells. Endothelial cells are
thus a promising target for cancer immunotherapy. Second, the
loss or downregulation of HLA molecules on tumor cells is
thought to be a major reason for the limited clinical efficacy
of vaccines that target tumor cells.">*> Given that such HLA
loss has not been described for endothelial cells of newly
formed tumor vessels, the development of vaccines that target
vascular endothelial cells in tumor tissue may overcome the
problem of immune-escape of tumor cells.

Vascular endothelial growth factor receptor 2 is a functional
molecule associated with neovascularization and is highly
expressed in newly-induced tumor vessels but not in normal
vessels. The VEGFR2-169 peptide (elpamotide) derived from
VEGFR2 has been previously characterized by induction of
peptide-specific CTLs cag/ab]e of killing VEGFR2-expressing
human endothelial cells.®” The present phase I study was car-
ried out to examine the safety of elpamotide for HLA-
A*24:02-positive patients with advanced tumors. Injection site
reactions of grade 1 or 2 were the most frequent vaccine-
related adverse events. Specific toxicities that have often been
associated with anti-angiogenic treatment with antibodies to
VEGF or VEGEFR tyrosine kinase inhibitors include hyperten-

sVEGFR2 (ng/mL)
=4

4'-\.\.
__O__o

.5 mg
2F 1.0mg
0 —M—2.0mg
1 8 29
Time {days)

Fig. 1. Serum concentrations of soluble vascular endothelial growth
factor receptor 2 (SVEGFR2) before and after elpamotide vaccination.
Serum samples were collected at baseline (day 1) as well on days 8
and 29 for determination of sSVEGFR2 concentration. *P = 0.026
(paired t-test) for comparison of the mean values for nine patients
between days 1 and 29.
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sion and proteinuria.('6’l7) These toxicities occurred only at a
low grade in two patients in the present study. No adverse
events of grade 3 or higher were observed, indicating that
elpamotide vaccination is safe and well tolerated.

Although ex vivo and in vitro studies have provided insight
into the specific effects of peptide immunotherapy, they cannot
substitute for studies carried out in vivo. To date, however,
there has been no valid and widely accepted in vivo analysis to
achieve proof of concept during clinical development of cancer
vaccines. Microarray technology has allowed the identification
of genes related to a given process in a hypothesis-free
approach. The recent introduction of this technology to the field
of cancer research has provided insights related to the more
accurate classification of cancer, better definition of prognosis,
and novel approaches to therapy. Microarray analysis has also
proved to be a powerful tool for the identification and charac-
terization of genes related to the ontogeny, differentiation, and
activation of immune cells.""® We have now applied such anal-
ysis to PBMCs obtained from patients in order to monitor the
biological activity of elpamotide. To facilitate the interpretation
of the enormous amount of microarray data, we examined gene
sets related to biologically relevant pathways rather than indi-
vidual genes. The results of our analysis indicate that several
pathways related to T cell function and angiogenesis were sig-
nificantly affected by a single treatment with elpamotide, sup-
porting the notion that this peptide induces an immune
response that targets angiogenesis. Our present study thus sug-
gests that microarray analysis is a promising approach to
achieving proof of concept during early clinical trials of cancer
vaccines. We further explored if the changes in gene expression
correlated with treatment response; however, definitive differ-
ences between responders (stable disease) (n = 2) and non-
responders (n = 7) were not detected, perhaps due to small
sample size. Further investigation to validate whether it will be
useful for monitoring the treatment response is warranted.

Given that most angiogenesis inhibitors are cytostatic, it has
been difficult to assess the biological effects of these agents in
the early phase of clinical trials. Therefore, there is a need for
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validated biomarkers to monitor biological activity. The circu-
lating level of sVEGFR2 was previously found to be reduced
by other angiogenesis inhibitors that directly target
VEGFR2,9%2V 3lthough the mechanism underlying this con-
sistent effect is not fully understood."®'” In the present study,
serum sVEGFR2 concentrations showed a time-dependent
decrease at all elpamotide dose levels studied, and this effect
tended to be greater at the higher dose levels, suggesting that
sVEGFR?2 is a potential pharmacodynamic marker of drug
exposure.

Inhibition of angiogenesis has provided new treatment
avenues for cancer patients; however, there are no reliable
biomarkers available to predict therapy response. Although
tumor evaluation was not the primary objective of the present
study, and the small sample size precludes any conclusions
regarding treatment efficacy, the identification of predictive
biomarkers to stratify cancer patients is vital to move this anti-
angiogenic vaccine therapy forward. A randomized, controlled
clinical trial of elpamotide for advanced cancer patients is
being carried out in an effort to find such biomarkers.

In conclusion, elpamotide shows an acceptable safety profile
for patients with advanced solid tumors. The preliminary eval-
uation of the biological activity of elpamotide with the use of
microarray analysis as well as our serum marker (SVEGFR2)
and disease stabilization data indicate that this agent is indeed
biologically active.
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Abstract

Therapeutic strategies that target the tyrosine kinase MET hold promise for gastric cancer, but the
mechanism underlying the antitumor activity of such strategies remains unclear. We examined the antitumor
action of the MET tyrosine kinase inhibitor crizotinib (PF-02341066) in gastric cancer cells positive or negative
for MET amplification. Inhibition of MET signaling by crizotinib or RN A interference-mediated MET depletion
resulted in induction of apoptosis accompanied by inhibition of AKT and extracellular signal-regulated kinase
phosphorylation in gastric cancer cells with MET amplification but not in those without it, suggesting that MET
signaling is essential for the survival of MET amplification—positive cells. Crizotinib upregulated the
expression of BIM, a proapoptotic member of the Bcl-2 family, as well as downregulated that of survivin,
X-linked inhibitor of apoptosis protein (XIAP), and c-IAP1, members of the inhibitor of apoptosis protein
family, in cells with MET amplification. Forced depletion of BIM inhibited crizotinib-induced apoptosis,
suggesting that upregulation of BIM contributes to the proapoptotic effect of crizotinib. Crizotinib also
exhibited a marked antitumor effect in gastric cancer xenografts positive for MET amplification, whereas it
had little effect on those negative for this genetic change. Crizotinib thus shows a marked antitumor action both
in vitro and in vive specifically in gastric cancer cells positive for MET amplification. Mol Cancer Ther; 11(7);

1557-64. ©2012 AACR.

Introduction

Gastric cancer is the second most frequent cause of
cancer deaths worldwide (1). Chemotherapy has a bene-
ficial effect on survival in individuals with advanced-
stage gastric cancer, but even so overall survival is usually
still only about 1 year (1, 2). Substantial advances in the
development of molecularly targeted therapies for gastric
cancer have been achieved in recent years (3). Amplifica-
tion of the proto-oncogene MET is a frequent molecular
abnormality in gastric cancer (4-6), and a MET-tyrosine
kinase inhibitor (TKI) has been shown to induce apoptosis
in gastric cancer cells with MET amplification (7, 8).

Crizotinib (PF-02341066; Fig. 1A) was recently
approved by the U.S. Food and Drug Administration
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(FDA) for the treatment of patients with lung cancer
positive for fusion of the echinoderm microtubule-asso-
ciated protein-like 4 (EML4) and anaplastic lymphoma
kinase (ALK) genes. This agent also inhibits MET in
addition to oncogenic fusion variants of the tyrosine
kinase ALK (9, 10), and it may thus be an attractive
therapeutic option for individuals with gastric cancer
positive for MET amplification. We have therefore now
investigated the effects of crizotinib on cell survival and
signal transduction in gastric cancer cells with MET
amplification. We further examined the molecular mech-
anism underlying the antitumor action of MET inhibition.

Materials and Methods

Cell culture and reagents

Human gastric cancer cell lines positive (SNUS5,
Hs746T, MKN45, HSC58, 58Asl1, 58As9) or negative
(SNU1, N87, AGS, MKN1, MKN7, NUGC3, AZ521,
MKN?28, HSC39, SNU216) for MET amplification were
obtained as previously described (8, 11). All cells were
cultured under a humidified atmosphere of 5% CO, at
37°C in RPMI-1640 medium (Sigma) supplemented with
10% FBS and were passaged for <3 months before renewal
from frozen early-passage stocks obtained from the
respective sources. Cells were regularly screened for
mycoplasma with the use of a MycoAlert Mycoplasma
detection kit (Lonza). Crizotinib was kindly provided by
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p-MET MET, AKT, ERK, and STAT3
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Q o-AKT . - = == [—p——————— apoptosis in human gastric cancer
8 AT S s W e R R | oo Sres ol oD B
i —————— the indicated cell lines were
p-ERK = = | T X incubated in the absence (Cont} or
L P ERK e -+ % F § £ % % _J presence of crizotinib (PF; 200
s S | p-STAT3 -— - . - — nmch!LJ for 48 hours, after which
~ = — | lysates were prepared and
sTats ol iyine
(=] bl | s subjected to immunoblot analysis
i gl | o = = = with antibodies to phosphorylated
PARP  —=| p — — —_ —— — —4| (p) or total forms of MET, AKT, ERK,
Cl-PARP —=| v v — —_— or STAT3, to caspase-3, to PARP,
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£ g i f = P< 0.0I5 ;Iersus the corresponding
€ O ContPF ContPF ContPF Cont PF Gomt PF  Cont PF gontralvalla.
% SNUS 5BAs9 HSC58 58As1 MKN28  MKN1
MET amplification - (+) )

Pfizer Global Research & Development, and BEZ235 and
AZD6244 were from ShangHai Biochempartner.

Immunoblot analysis

Cells were washed twice with ice-cold PBS and
then lysed with 1x Cell Lysis Buffer (Cell Signaling
Technology) containing 20 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 1 mmol/L EDTA (disodium salt),
1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L sodium
pyrophosphate, 1 mmol/L B-glycerophosphate, 1 mmol/L
Na;VO,, leupeptin (1 pg/mL), and 1 mmol/L phenyl-
methylsulfonyl fluoride. The protein concentration of
cell lysates was determined with a BCA Protein Assay Kit
(Thermo Fisher Scientific), and equal amounts of protein
were subjected to SDS-PAGE on a 7.5% or 12% gel (Bio-
Rad). The separated proteins were transferred to a nitro-
cellulose membrane, which was then incubated with
Blocking One solution (Nacalai Tesque) for 20 minutes at
room temperature before incubation overnight at 4°C
with primary antibodies. Rabbit polyclonal antibodies to
phosphorylated human MET (pY1234/pY1235), total
AKT, phosphorylated AKT, phosphorylated extracellular
signal-regulated kinase (ERK), total STATS3, phosphory-
lated STAT3 (phospho-Tyr705), PARP, caspase-3, BIM,
Bcl-2, and X-linked inhibitor of apoptosis protein (XIAP)
were obtained from Cell Signaling Technology; those to
total ERK were from Santa Cruz Biotechnology; those
to total MET were from Zymed /Invitrogen; those to sur-
vivin were from Novus; those to c-IAP1 were from R&D

Systems; and those to B-actin were from Sigma. All anti-
bodies were used at a 1:1,000 dilution, with the exception
of those to P-actin (1:200). The membrane was then
washed with PBS containing 0.05% Tween-20 before incu-
bation for 1 hour at room temperature with horseradish
peroxidase—conjugated secondary antibodies (GE Health-
care). Immune complexes were finally detected with ECL
Western Blotting Detection Reagents (GE Healthcare).

Gene silencing

Cells were plated at 50% to 60% confluence in 6-well
plates or 25-cm” flasks and then incubated for 24 hours
before transient transfection for the indicated times with
siRNAs mixed with the Lipofectamine reagent (Invitro-
gen). The siRNAs specific for MET (MET-1, 5'-ACAA-
GAUCGUCAACAAAAA-3'; MET-2,5-CUACAGAAAU-
GGUUUCAAA-3), BIM (BIM-1, 5-GGAGGGUAUUU-
UUGAAUAA-3; BIM-2, 5-AGGAGGGUAUUUUUGA-
AUA-3), or AKT (AKT-1, 5-CCAGGUAUUUUGAU-
GAGGA-3; AKT-2, 5-CAACCGCCAUCCAGACUGU-
3') mRNAs, as well as corresponding scrambled (control)
siRNAs were obtained from Nippon EGT. The data pre-
sented for the effects of MET, BIM, or AKT depletion were
obtained with the corresponding siRNA-1, but similar
results were obtained with each siRNA-2.

Annexin V-binding assay
The binding of Annexin V to cells was measured with
the use of an Annexin-V-FLUOS Staining Kit (Roche).
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Cells were harvested by exposure to trypsin-EDTA,
washed with PBS, and centrifuged at200 x g for 5 minutes.
The cell pellets were resuspended in 100 uL of Annexin-V-
FLUOS labeling solution, incubated for 10 to 15 minutes at
15° t025°C, and then analyzed for fluorescence with a flow
cytometer (FACSCalibur) and Cell Quest software (Bec-
ton Dickinson).

Cell growth inhibition assay

Cells were transferred to 96-well flat-bottomed plates
and cultured for 24 hours before exposure to various
concentrations of crizotinib for 72 hours. Tetra Color One
(5mmol/L tetrazolium monosodium saltand 0.2 mmol/L
1-methoxy-5-methyl phenazinium methylsulfate; Seika-
gaku Kogyo) was then added to each well, and the cells
were incubated for 3 hours at 37°C before measurement of
absorbance at 490 nm with a Multiskan Spectrum instru-
ment (Thermo Labsystems). Absorbance values were
expressed as a percentage of that for untreated cells, and
the concentration of crizotinib resulting in 50% growth
inhibition (ICsy) was calculated.

Growth inhibition assay in vivo

All animal studies were conducted in accordance with
the Recommendations for Handling of Laboratory Ani-
mals for Biomedical Research compiled by the Committee
on Safety and Ethical Handling Regulations for Labora-
tory Animal Experiments, Kinki University (Osaka,
Japan). The ethical procedures followed conformed to the
guidelines of the United Kingdom Co-ordinating Com-
mittee on Cancer Research (12). Tumors cells (5 x 10°%)
were injected subcutaneously into the axilla of 5- to 6-
week-old female athymic nude mice (BALB/c nu/nu;
CLEA Japan). Treatment was initiated when tumors in
each group of 6 mice achieved an average volume of 300 to
900 mm?®. Treatment groups consisted of vehicle control
and crizotinib (25 or 50 mg/kg). Crizotinib was adminis-
tered by oral gavage daily for 4 weeks, with control
animals receiving a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Tumor volume
was determined from caliper measurements of tumor
length (L) and width (W) according to the formula
LW=/2. Both tumor size and body weight were measured
twice per week.

Statistical analysis

Quantitative data are presented as means + SD or SEM
from 3 independent experiments or for 6 animals per
group, unless indicated otherwise, and were analyzed
with the Student 2-tailed f test. A P value of <0.05 was
considered statistically significant.

Results
Crizotinib inhibits the proliferation of gastric cancer
cells with MET amplification

We first examined the effect of the MET-TKI crizotinib
on the proliferation of gastric cancer cells positive or

Table 1. IC5q values of crizotinib for inhibition of
the growth of gastric cancer cells in vitro

Crizotinib Crizotinib MET
response Cell line ICsq, pmol/L amplification
Sensitive MKN45 0.04 +
HSC58 0.05 +
58As1 0.06 +
58As9 017 +
SNU5 0.03 +
Hs746T 0.05 +
Resistant MKN1 8.57 -
AZ521 1.96 -
SNU216 419
N87 6.10 -
MKN7 >10 s
SNU1 0.80 -
HSC39 275 -
AGS 0.90 o
MKN28 3.73 -
NUGC3 2.65 -

NOTE: Data are means of triplicates from experiments that
were repeated a total of 3 times with similar results.

negative for MET amplification. Six cell lines with MET
amplification (MKN45, HSC58, 58As1, 58As9, SNUS,
Hs746T) were sensitive to crizotinib, with [Cs; values of
less than 200 nmol /L (Table 1). In contrast, crizotinib did
not substantially inhibit the proliferation of gastric cancer
cells without such gene amplification (Table 1). Tran-
scripts of the EML4-ALK fusion gene were not detected
in the crizotinib-sensitive gastric cancer cell lines by
reverse transcription PCR analysis (data not shown).
These data suggested that crizotinib has a marked anti-
proliferative effect specifically in gastric cancer cells with
MET amplification.

Effects of crizotinib on downstream signaling of MET
and on apoptosis in gastric cancer cells with or
without MET amplification

We next examined the effects of crizotinib on phos-
phorylation of ERK, AKT, and STAT3 in gastric cancer cell
lines. Crizotinib markedly inhibited the phosphorylation
of ERK, AKT, and STAT3, as well as that of MET in cells
with MET amplification (Fig. 1B; Supplementary Fig. S1).
In contrast, crizotinib had little effect on the phosphory-
lation of ERK, AKT, or STAT3 in gastric cancer cells
without amplification of MET (Fig. 1B). Determination of
cell-cycle distribution in SNU5, HSC58, 58As1, and 58As9
cells, all of which manifest MET amplification, revealed
that treatment with crizotinib for 72 hours increased the
size of the cell population in sub-G; phase, indicative of
the induction of apoptosis, as well as reduced that of the
cell population in S-phase (Supplementary Fig. 52). We
further investigated the effect of crizotinib on apoptosis.
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Immunoblot analysis showed that crizotinib triggered
the generation of the cleaved forms of caspase-3 and
PARP in cells with MET amplification but not in those
without it (Fig. 1B). Consistent with these results, an
Annexin V-binding assay revealed that crizotinib
induced a substantial level of apoptosis in MET ampli-
fication—positive cells but was largely without effect in
cell lines without MET amplification (Fig. 1C). These
data thus suggested that crizotinib inhibits the phos-
phorylation of ERK, AKT, and STAT3, resulting in
induction of apoptosis, in gastric cancer cells with MET
amplification, whereas such effects were not observed
in cells without MET amplification.

Effects of crizotinib on the expression of apoptosis-
related proteins in MET amplification-positive
gastric cancer cells

Given that crizotinib induced apoptosis in MET ampli-
fication—positive gastric cancer cells, we examined the
effects of this drug on the expression of apoptosis-related
proteins in such cells. Crizotinib upregulated the expres-
sion of BIM, a proapoptotic member of the Bcl-2 family of
proteins, whereas it had little effect on the expression of
other Bcl-2 family members including Bcl-2 (Fig. 2A).
Furthermore, crizotinib downregulated the expression of
members of the IAP family including survivin, XIAP, and
c-IAP1 in cells with MET amplification (Fig. 2A).

To verify that the effects of crizotinib on the expres-
sion of apoptosis-related proteins in MET amplifica-
tion—positive gastric cancer cells are indeed mediated
by MET inhibition rather than by nonspecific inhibition
of other kinases, we transfected gastric cancer cells with
siRNAs specific for MET mRNA. Transfection with
MET siRNAs resulted in a marked decrease in the
abundance of MET, which was accompanied by gener-
ation of the cleaved forms of both caspase-3 and PARP,

in SNU5 and 58As9 cells, both of which manifest MET
amplification (Fig. 2B). Similar to the effects of crizoti-
nib, depletion of MET by RNA interference (RNAi) also
resulted in upregulation of BIM and downregulation of
members of the IAP family, whereas it had little effect
on the expression of Bcl-2 in such cells (Fig. 2B). These
data thus suggested that the upregulation of BIM and
the downregulation of members of the IAP family,
including survivin, XIAP, and c-IAP], are related to the
induction of apoptosis by the MET inhibitor in gastric
cancer cells with MET amplification.

Inhibition of the MEK-ERK or PI3K-AKT pathways
results in BIM upregulation and survivin
downregulation, respectively, in MET amplification-
positive cells

To identify the signaling pathways responsible for
upregulation or downregulation of apoptosis-related pro-
teins by crizotinib, we examined the effects of specific
inhibitors of the mitogen-activated protein (MAP)/ERK
kinase (MEK) and of phosphoinositide 3-kinase (PI3K) in
MET amplification—positive cell lines. The MEK inhibitor
AZD6244 induced BIM expression without affecting the
abundance of the other proteins examined (Fig. 3A),
suggesting that expression of BIM is regulated by the
MEK-ERK pathway. On the other hand, the PI3K inhibitor
BEZ235 reduced the abundance of survivin without
affecting that of the other IAP family proteins including
c-IAP1 and XIAP (Fig. 3A). We also found that depletion
of AKT by RNAI resulted in downregulation of survivin
but not of XIAP or c-IAP1 in the MET amplification—
positive SNU5 and 58As9 cell lines (Fig. 3B). Together,
these data suggested that crizotinib regulates BIM and
survivin expression through inhibition of the MEK-ERK
and PI3K-AKT signaling pathways, respectively, in MET
amplification—positive gastric cancer cells.
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Role of BIM induction in crizotinib-induced
apoptosis in gastric cancer cells with MET
amplification

Induction of the proapoptotic BH3-only protein BIM
has been found to be important for TKI-induced apoptosis
in EGF receptor (EGFR) gene mutation-positive lung
cancer and HER2 amplification—positive breast cancer
(13-17). To investigate whether the upregulation of BIM
is related to the induction of apoptosis by crizotinib, we
transfected MET amplification—positive gastric cancer
cells with siRNAs specific for BIM mRNAs. Such trans-
fection resulted in marked inhibition of the upregulation
of BIM by crizotinib (Fig. 4A). Immunoblot analysis
showed that the attenuation of BIM induction was asso-

ciated with inhibition of crizotinib-induced apoptosis, as
revealed by a reduced extent of caspase-3 and PARP
cleavage (Fig. 4A). The Annexin V-binding assay also
revealed that such transfection resulted in inhibition of
crizotinib-induced apoptosis (Fig. 4B). These data thus
suggested that the induction of apoptosis by crizotinib in
gastric cancer cells with MET amplification is mediated, at
least in part, by upregulation of BIM.

Effect of crizotinib on the growth of gastric cancer
cells in vivo

Todetermine whether the antitumor action of crizotinib
observed in vitro might also be apparent in vive, we
injected 58As9 cells (positive for MET amplification),

A _ B
Figure 4, Effect of BIM depletion on MET amplification (+) *
apoptosis induced by crizotinib in SNUS 58AsO 60 1
gastric cancer cells with MET 3
amplification. A, the indicated cell PE: - + + + + =
lines were transfected with BIM or BIMSiRNA: - - + -+ 3
nonspecific siRNAS for 24 hours and oMET [ = [ o 40 1
then incubated for 48 hours with or £=1
without erizotinib (200 nmol/L). The MET g
cells were then lysed and subjected = 20 -
to immunoblot analysis with BIMg, I—_-_I- E
antibodies to the indicated proteins. chcampase | ] 8
B, cells treated as in (A) were assayed s — z
for apoptosis by staining with PARP ‘- - @ - -_‘ . ]
Annexin V followed by flow cl-PARP —— R ——
cytometry. Data are means + SD ) PF S . =
from 3 independent experiments. Actin [ v— e e w—| BIM siRNA - = * - -+
*, P < 0.05 for the indicated
comparisons. SNUS S8As
MET amplification (+)
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SNUS cells (positive for MET amplification), AZ521 cells efficacy. The receptor tyrosine kinase MET is considered
(negative for MET amplification), or MKIN28 cells (nega- one such potential target in cancer, and several MET-TKIs
tive for MET amplification) into nude mice to elicit the are currently undergoing clinical trials in humans. Ampli-
formation of solid tumors. After tumor formation, the fication of MET is often responsible for activation of MET
mice were treated with vehicle (control) or with crizotinib signaling, with such amplification occurring frequently in
at a daily dose of 25 or 50 mg/kg by oral gavage for 4 gastric cancer (4-6). We have now shown that crizotinib
weeks. Crizotinib at either dose eradicated tumors in mice exerted a marked antitumor action in gastric cancer cells
injected with 58 As9 or SNUS5 cells (Fig. 5; Supplementary with MET amplification. In such gastric cancer cells,
Fig. S3). In contrast, tumors in mice injected with AZ521 or attenuation of MET function either by treatment with
MKN28 cells were not affected by crizotinib treatment crizotinib or by MET-targeted RN Ai resulted in inhibition
even at the dose of 50 mg/kg/d (Fig. 5; Supplementary of AKT and ERK signaling as well as in the induction of
Fig. S3). Treatment with crizotinib at either dose was well- apoptosis, indicating that tumor cells with MET amplifi-
tolerated by the mice, with no signs of toxicity or weight cation are dependent on MET signaling for their growth
loss during therapy (data not shown). Crizotinib thus and survival. Targeting of MET signaling by MET-TKIs is
exhibited a marked antitumor effect in gastric cancer thus a potentially valuable therapeutic strategy for
xenografts positive for MET amplification, whereas it had patients with gastric cancer with MET amplification.
little effect on those negative for MET amplification, We also investigated the mediators of crizotinib-
consistent with our results obtained in vitro. induced apoptosis in MET amplification—positive gastric
cancer cells. We found that crizotinib induced upregula-
. . tion of BIM, a key proapoptotic member of the Bcl-2 family
Discussion of proteins that initiates apoptosis signaling by binding to
Aberrant activation of receptor tyrosine kinase signal- and antagonizing the function of prosurvival Bcl-2 family
ing pathways contributes to the development of various members (18). Furthermore, depletion of BIM by RNAi
types of cancer. Small-molecule inhibitors that target these resulted in inhibition of crizotinib-induced apoptosis in
activated kinases have been developed and have shown gastric cancer cells with MET amplification, indicating
substantial efficacy in clinical trials. The identification of that upregulation of BIM contributes to the induction of
patient subgroups that might actually benefit from treat- apoptosis by the MET-TKI in such cells. These findings are
ment with such drugs would be expected to optimize their consistent with those of previous studies of lung cancer
Mol Cancer Ther; 11(7) July 2012 Molecular Cancer Therapeutics
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cells with EGFR mutations and breast cancer cells with
HER2 amplification (13-17). However, our observations
revealed that depletion of BIM did not completely abolish
crizotinib-induced apoptosis, suggesting that another
apoptotic regulator might contribute to MET-TKI-
induced apoptotic cell death. We also found that crizoti-
nib induced downregulation of survivin, a member of the
IAP family that protects cells against apoptosis by either
directly or indirectly inhibiting the activation of effector
caspases (19). We found that a PI3K inhibitor or RNAi-
mediated depletion of AKT reduced the abundance of
survivin, indicating that the expression of survivin is
regulated by PI3K-AKT signaling in MET amplifica-
tion—positive gastric cancer cells. Previous studies have
shown that the expression of survivin is dependent on
PI3K-AKT signaling that operates downstream of recep-
tor tyrosine kinases and is essential for cell survival in
EGFR mutation-positive non-small cell lung cancer cells
as well as in breast cancer cells positive for HER2 ampli-
fication (16, 17). These results suggest that downregula-
tion of survivin via inhibition of the MET-PI3K-AKT
pathway likely also contributes to the induction of apo-
ptosis by crizotinib in MET amplification-positive gastric
cancer cells.

We have shown that crizotinib induced downregula-
tion of XIAP and c-IATP1 in gastric cancer cells with MET
amplification. We further showed that depletion of MET
by RNAi induced downregulation of XIAP and c-1AP1,
indicating that these proteins are also regulated by MET
signaling in MET amplification-positive gastric cancer
cells. We investigated which signaling pathway is
responsible for downregulation of XIAP and c-IAP1
resulting from inhibition of MET. Given that crizotinib
inhibited both ERK and AKT phosphorylation in MET
amplification—positive cell lines, we examined the
effects both of specific inhibitors of MEK and PI3K as
well as of siRNAs specific for AKT mRNA in such cells.
However, none of these agents induced downregulation
of XIAP or c-IAP1 in gastric cancer cells with MET
amplification. We previously showed that activation of
STAT3 is linked to MET signaling and that forced
expression of a constitutively active form of STAT3
attenuated MET-TKI-induced apoptosis in MET-acti-
vated gastric cancer cells, suggesting that inhibition of
STAT3 activity contributes to MET-TKI-induced apo-
ptosis (20). To investigate whether the regulation of
XIAP or c-IAP1 expression is mediated by STAT3 sig-
naling, we transfected SNU5 and 58As9 cells, both of
which manifest MET amplification, with an siRNA that
targets STAT3 mRNA. However, depletion of STAT3 by
RNAI had no substantial effect on expression of XIAP
and c-IAP1 in such cells (data not shown). Previous
studies have shown that XIAP and c-IAP1 were not
substantially affected by EGFR-TKIs in EGFR mutation—
positive non-small cell lung cancer cells or by HER2-
targeting agents in breast cancer cells positive for HER2
amplification (16, 17). Given that inhibition of MET
results in downregulation of XIAP and c-IAP1 in MET

amplification-positive gastric cancer cells, the mecha-
nism by which the expression of such proteins is reg-
ulated likely differs between MET and other receptor
tyrosine kinases including EGFR and HER2. However,
the signaling pathway responsible for downregulation
of XIAP and c-IAP1 by MET inhibition remains
unknown. Further studies are thus required to clarify
the regulation of XIAP and c-[AP1 and the contribution
of members of the IAP family to MET-TKI-induced
apoptosis in gastric cancer cells with MET amplification.
In conclusion, our results have shown that crizotinib
has pronounced effects on signal transduction and sur-
vival in gastric cancer cells with MET amplification. Cri-
zotinib has recently been approved for treatment of ALK-
driven lung cancer by the FDA on the basis of safety and
effectiveness data. The ICs; values of crizotinib for inhi-
bition of the growth of MET amplification-positive gastric
cancer cell lines were lower than the mean trough con-
centration of the drug achieved in the plasma of patients at
steady state (292 ng/mL or 644 nmol/L; ref. 21). Indeed,
crizotinib was recently found to exhibit antitumor activity
in 2 of 4 patients with MET amplification—positive gas-
troesophageal cancer (22), supporting further study of the
molecular mechanism underlying its antitumor action. In
the present study, we showed that BIM and IAP family
members including survivin, XIAP, and c-IAP1 play arole
in crizotinib-induced apoptosis in association with inhi-
bition of MET signaling in gastric cancer cells with MET
amplification. Our observations provide a basis for the
further development of MET-targeted therapy for
patients with gastric cancer with MET amplification.
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Background: Epidermal growth factor receptor (EGFR) mutation is predictive for the efficacy of EGFR tyrosine kinase
inhibitors in advanced non-small-cell lung cancer (NSCLC) treatment. We evaluated the performance, sensitivity, and

concordance between five EGFR tests.

Materials and methods: DNA admixtures (n = 34; 1%-50% mutant plasmid DNA) and samples from NSCLC
patients [116 formalin-fixed paraffin-embedded (FFPE) tissue, 29 matched bronchofiberscopic brushing (BB) cytology,
and 20 additional pleural effusion (PE) cytology samples] were analyzed. EGFR mutation tests were PCR-Invader®,
peptide nucleic acid-locked nucleic acid PCR clamp, direct sequencing, Cycleave™, and Scorpion Amplification
Refractory Mutation Systemn (ARMS)®. Analysis success, mutation status, and concordance rates were assessed.
Results: All tests except direct sequencing detected four mutation types at >1% mutant DNA. Analysis success rates
were 91.4%-100% (FFPE) and 100% (BB and PE cytology), respectively. Inter-assay concordance rates of successfully
analyzed samples were 94.3%-100% (FFPE; kappa coefficients: 0.88-1.00), 93.1%-100% (BB cytology; 0.86-1.00),
and 85.0%-100% (PE cytology; 0.70-1.00), and 93.1%-96.6% (0.86-0.93) between BB cytology and matched FFPE.
Conclusions: All EGFR assays carried out comparably in the analysis of FFPE and cytology samples. Cytology-
derived DNA is a viable alternative to FFPE samples for analyzing EGFR mutations.

Key words: cytology, EGFR mutation, FFPE, NSCLC, PCR

introduction

Epidermal growth factor receptor (EGFR) mutation is a key
predictive factor for the efficacy of EGFR tyrosine kinase
inhibitors in the treatment of patients with advanced non-
small-cell lung cancer (NSCLC) [1-3]. EGFR mutation testing
is necessary to enable the physician to offer the most suitable
therapy for a patient with advanced NSCLC.

Four EGFR mutation tests, PCR-Invader® [4], peptide
nucleic acid-locked nucleic acid (PNA-LNA) PCR clamp [5],
PCR direct sequencing [6], and Cycleave PCR™ [7] are used
commercially in Japan, with testing generally carried out by
centralized contracted laboratories. The Scorpion Amplification
Refractory Mutation System (ARMS)® [8] is another sensitive
globally available method and in particular was used in the
phase III Iressa Pan-Asia Study (IPASS) to determine EGFR
mutation status [1, 9]. A variety of methods, including direct
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sequencing, PCR-Invader, PNA-LNA PCR clamp, fragment
analysis, and Cycleave PCR, were used in the WJTOG3405
phase III study to select EGFR mutation-positive patients [2],
and the PNA-LNA PCR clamp method was used in the
NEJ002 study [3]. To date, a study to compare the sensitivity
and concordance of methods for EGFR mutation testing in
Japan has not been conducted.

Diagnostic practices, and therefore, samples available for
EGFR mutation analysis, differ between laboratories and
countries. Large surgical samples are optimal for EGFR
mutation analysis but small tissue from a tumor biopsy is the
most commonly used and preferred sample type for diagnosis
by clinicians [10, 11]. In clinical practice, tissue samples are
not always available for diagnosis, and cytology samples,
including bronchofiberscopic brushing (BB) cytology and
pleural effusion cytology samples, are used in Japan and
increasingly globally.

The aim of this study was to evaluate the sensitivity and
performance of different EGFR mutation tests using artificial
DNA admixtures, and clinical samples including formalin-fixed
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