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Abstract

Background Currently, only trastuzumab, ramucirumab,
and apatinib effectively treat gastric cancer. Thus, addi-
tional novel targets are required for this disease.

Methods We investigated the immunohistochemical and
fluorescence in situ hybridization expression of MET,
ROSI, and ALK in four gastric cell lines and a cohort of 98
gastric cancer patients. Crizotinib response was studied
in vitro and in vivo.

Results  Crizotinib potently inhibited in vitro cell growth
in only one cell line, which also showed MET amplifica-
tion. A positive correlation between crizotinib sensitivity
and MET overexpression was observed (P = 0.045) in the
histoculture drug response assay. Meanwhile, patient-
derived tumor xenograft mouse models transplanted with
tissues with higher MET protein expression displayed a
highly selective sensitivity to crizotinib. In the 98 patients,
MET overexpression was found in 42 (42.9 %) and MET
was amplified in 4 (4.1 %). ROS1 and ALK overexpression
were found in 25 (25.5 %) and O patients, respectively.
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However, none of the patients screened harbored ALK or
ROS1 rearrangements. No significant association was
found between overall survival and MET or ROS1 status.
We also observed a stage IV gastric cancer patient with
MET amplification who experienced tumor shrinkage and
clinical benefit after 3 weeks of crizotinib as fourth-line
treatment.

Conclusions Crizotinib may induce clinically relevant
anticancer effects in MET-overexpressed or MET-ampli-
fied gastric cancer patients.
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Introduction

There is increasing interest in the development of targeted
therapies for gastric cancer after the encouraging results of
trastuzumab in human epidermal growth factor receptor-2
(HER2)-positive populations. However, the reported inci-
dence of HER2-positive gastric cancer patients varies from
7 to 34 % [1-6], leaving a considerable proportion of cases
whose clinical regimens are limited to chemotherapy.
Additional aberrantly activated receptors and downstream
pathways are now being explored, including epidermal
growth factor receptor (EGFR), vascular endothelial
growth factor receptor 2 (VEGFR-2), fibroblastic growth
factor receptor (FGFR), and the MET proto-oncogene
(MET), to assess their therapeutic potential in gastric
cancer.

Crizotinib (PF-02341066), an oral small molecule inhi-
bitor that targets both anaplastic lymphoma kinase (ALK)
and MET, has shown tremendous promise in the treatment
of non-small-cell lung cancer (NSCLC) harboring either
ALK [7, 8] or c-ros avian UR2 sarcoma virus oncogene
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homolog 1 (ROS1) [9] rearrangements or MET amplifi-
cations [10]. In addition to NSCLC, the oncogenic fusion
gene of ALK has been identified in several types of cancer,
such as anaplastic large-cell lymphoma [11] and neurob-
lastoma [12]. In lung cancer, ALK rearrangement is asso-
ciated with the presence of signet ring cells [13]. However,
a greater understanding of ALK in gastric cancer is
required. Earlier studies failed to find ALK fusion in 555
gastrointestinal cancer samples [14] and in 432 gastric
cancer samples [15].

Rearrangement in ROS1 has previously been found in
1-2 % of NSCLCs [16] and 8.7 % of cholangiocarcinomas
[17]. However, ROS1 rearrangement is generally not
expressed in the stomach; its incidence was only 0.6 %
according to ROS1 break-apart fluorescent in situ
hybridization (FISH) [18]. Due to the limited number of
cases reported, no clinicopathological characteristics have
been ascribed to this potentially unique molecular subset of
gastric cancer. Pronounced clinical responses to crizotinib
have been seen in NSCLC [10], gastric cancer [19], and
glioblastoma [20] patients with MET amplification, which
is consistent with its mechanism of action. MET gene
mutations in the kinase domain are almost lacking in gas-
tric carcinomas. Therefore, the MET gene abnormality is
mostly attributed to gene amplification [21-23]. MET-
amplified gastric cancer cells have shown marked sensi-
tivity to crizotinib both in vitro and in vivo [24]. MET-
positive tumors have been significantly associated with
increased metastatic potential, increased depth of tumor
invasion [25, 26], poor differentiation, advanced stage, and
poor prognosis [18]. MET overexpression, examined by
immunohistochemistry (IHC), has been reported in
approximately 50-60 % of advanced gastric cancers [21,
25, 26].

Given that crizotinib might be a promising therapeutic
agent in a specific group of gastric cancer patients, our
present study was performed to examine the expression of
MET, ROSI1, and ALK in four gastric cancer cell lines and
a single cohort of gastric cancer patients. Sensitivity and
response to crizotinib were also determined using a histo-
culture cytotoxicity assay and patient-derived tumor
xenograft mouse models.

Materials and methods
In vitro cytotoxicity studies

The cytotoxicity of crizotinib in the gastric cell lines
MKN45, AGS, SNU-1, and N87 was determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium MTT)
assay. Cells were seeded in 96-well plates (3000 cells per
well) with antibiotic-free RPMI 1640 plus 10 % fetal

bovine serum at 37 °C with 5 % CO, for 24 h. The cells
were then treated with crizotinib for another 72 h to
determine the 50 % inhibition concentrations (IC50).
Optical density was spectrophotometrically measured at
570 nM. Each experiment was carried out in triplicate and
data are presented as geometric means.

Western blotting

Western blotting analysis was performed in four gastric
cell lines as described previously [27]. Cells were incu-
bated in the absence or presence of 0.05 nM crizotinib for
48 h, after which cell lysates were prepared and subjected
to western blotting analysis. Primary antibodies against
phosphorylated MET (Tyr1234/1235), total protein kinase
B (AKT), phosphorylated AKT, total extracellular signal
regulated kinase (ERK), phosphorylated ERK, total and
phosphorylated forms of signal transducers and activators
of transcription 3 (STAT3) were obtained from Cell Sig-
naling Technology (Danvers, MA, USA). Antibodies
against total MET were from Abcam (Cambridge, MA,
USA), and those against B-actin were from Sigma—Aldrich
(Ronkonkoma, NY, USA). All antibodies were used at
1:1000 dilution with the exception of those to B-actin
(1:200).

Patients

This study included 98 patients who underwent gastrec-
tomy at the General Surgery Department of Drum Tower
Hospital between 2010 and 2012. MET, ROS1, and ALK
were examined in all samples. Of these, 40 samples that
had sufficient freshly removed tumor tissues were further
used for measurement of in vitro crizotinib sensitivity by
histoculture drug response assay, and 30 samples had suf-
ficient tumor tissues for further patient-derived tumor
xenograft mouse model analysis. The present study was
approved by the ethics committee of Drum Tower Hospital
and informed consent was obtained from all subjects.

Histoculture drug response assay (HDRA)

Sensitivity to crizotinib in vitro was examined in 40 tumor
samples by histoculture drug response assay. Briefly,
approximately 10-mg fresh tumor specimens were placed
on prepared collagen surfaces in 24-well microplates.
There were eight parallel culture wells for crizotinib testing
and eight parallel culture wells for control. Plates were
incubated for 7 days at 37 °C in the presence of crizotinib
dissolved in RPMI 1640 medium containing 20 % fetal
bovine serum to a concentration of 0.0625 pg/ml from a
50-pg/ml stock solution. An MTT assay was then used to
examine the cytotoxicity. Absorbance per gram of cultured
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tumor tissue was determined using the mean absorbance of
tissue from eight parallel culture wells. The weight of
tumor tissue was determined before culture. The inhibition
rate was calculated using the following formula: inhibition
rate (%) = (1 — T/C) x 100, where T is the mean absor-
bance of treated tumor/weight and C is the mean absor-
bance of control tumor/weight.

In vivo antitumor efficacy in xenograft models

Thirty samples that had sufficient freshly removed tumor
tissues were further used for measurement of in vivo
crizotinib sensitivity by patient-derived tumor-xenograft
mouse model antitumor studies. Balb/c nude mice
(4-6 weeks old; Vital River, Beijing, China) weighing
18-22 g were raised under a specific pathogen-free envi-
ronment. Each tumor sample was implanted into 10 mice.
A fresh tumor specimen (approximately 27 mm?®) was
subcutaneously transplanted within 30 min into the lower
right axilla of each moce. When 80 % of the tumors had
reached a volume of 100 mm3, the mice were randomly
divided into vehicle and treatment groups (five per group).
Five tumors (17.8 %) grew in the immunodeficient mouse
models. Tumor-bearing nude mice were treated with
crizotinib 10 mg/kg/qd (treatment group) or 0.9 % saline
(vehicle control group) by gavage. Subcutaneous tumor
volumes and mice body weight were measured twice a
week. Tumor volumes were calculated by the formula:
tumor volume = [length x (width)z]/Z. Relative tumor
volumes were calculated by V/V1, where V is the absolute
tumor volume and V1 is the average tumor volume of the
group before the first crizotinib dosing.

Immunohistochemistry (IHC)

IHC analyses were performed on 2-mm-thick, formalin-
fixed, paraffin-embedded sections. Slides were deparaf-
finized and pretreated with 3 % hydrogen peroxide (H,0O,)
in methanol. Antigen retrieval was then performed with
1 mM EDTA, pH 8.0 in a steam pressure cooker. MET
(rabbit monoclonal, clone EP1454Y; Abcam), ROSI
(rabbit polyclonal; Abcam), and ALK (mouse monoclonal,
clone 5A4; Abcam) antibodies were diluted to 1:100, 1:50,
and 1:50, respectively, and the sections were incubated
with the primary antibody at 4 °C overnight, followed by
secondary antibody. All slides were counterstained with
hematoxylin. The stained slides were separately reviewed
by two pathologists who were blinded to the FISH results
and the patients’ clinicopathologic characteristics. Slides
were scored using HistoScore (H score), which depends on
two parameters as described previously. Discrepancies
were resolved by consensus review. The first parameter
was the intensity of the stained cells (0-3, no evidence of
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staining to strong staining reaction) and the second
parameter was an estimate of the percentage of the cells
that were stained (<5 % = 0, 6-25 % = 1, 26-50 % = 2,
51-75 % = 3, and >75 % = 4). H was the intensity score
multiplied by the percentage of positive scores. The final
IHC result was categorized as IHC 0 if H = 0, IHC1+ if
H = 14, IHC 2+ if H = 5-8, and IHC 3+ if H was more
than 8 [28]. A minimum of 100 cells were evaluated in
calculating the H score. Patients with IHC 2-3+ were
considered to be overexpressing the protein.

Fluorescence in situ hybridization (FISH) analysis

FISH analysis was performed on 4-mm-thick, formalin-
fixed, paraffin-embedded tissue sections. MET/CEP7
FISH probe (Vysis MET SpectrumRed FISH probe kit and
CEP7 Spectrum Green probe; Abbott Molecular, Abbot
Park, IL, USA) was used to identify MET amplifications.
For ALK and ROS1 testing, commercially available
break-apart probes specific to the ALK and ROS1 genes
(Vysis LSI Dual Color and Break Apart Rearrangement
Probe, respectively; Abbott Molecular) were used
according to the manufacturer’s instructions. FISH anal-
ysis was performed using an Olympus BX61 epifluores-
cence microscope (Olympus, NY, USA). At least 60
tumor nuclei were counted for each case. Images were
captured using a charge-coupled device (CCD) camera
and merged using dedicated software (CytoVision, Santa
Clara, CA, USA). For MET analysis, tumors with a MET/
CEP7 ratio of >2, the presence of tight gene clusters, or
>15 copies of the gene in >10 % tumor cells were
considered to show amplification, as previously reported
[24, 29]. When samples displayed more than 15 % break-
apart signals or isolated red signals in 50 tumor cells,
ROS1 or ALK rearrangements were scored as positive
[30, 31].

Statistical analysis

Spearman’s rank method was used to assess the correlation
between the IHC results and in vitro crizotinib sensitivity.
A two-sample ¢ test was used to compare the tumor vol-
umes of different groups. Characteristics of the two groups
were compared using the chi-square test. The Mann—
Whitney U test and the Kruskal-Wallis test were used to
gauge the associations between crizotinib sensitivity and
patients’ clinicopathological parameters. The survival dis-
tributions were obtained by the Kaplan—-Meier method and
compared using the log-rank test. All statistical calcula-
tions were performed with the Statistical Package for the
Social Sciences for Windows version 17 (SPSS Inc., Chi-
cago, IL, USA). A two-sided P value of <0.05 was con-
sidered statistically significant.
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Results

MET amplification is associated with increased
sensitivity to crizotinib in gastric cancer cell lines

The cytotoxicity of crizotinib in four gastric cancer cell
lines, as determined by MTT assay, as well as the MET,
ROSI1, and ALK statuses of the cell lines according to IHC
and FISH are summarized in Table 1. A strong antiprolif-
erative response to crizotinib was only achieved in the
MKN45 cell line (IC50 value of 40 nM), which showed
MET IHC 34 and also MET amplification by FISH
(Fig. 1a). All other cell lines showed minimal responses to
crizotinib (IC50 values >1.4 puM). To assess the pharma-
codynamic modulation of MET signaling using crizotinib
in vitro, western blotting analysis was conducted. MET

phosphorylation was only observed in MKN45; it was not
seen in non-MET-amplified cell lines (Fig. 1b). Crizotinib
inhibited the phosphorylation of MET and its downstream
signal transducers AKT, ERK, and STAT3 in gastric can-
cer cell line MKN45, indicating that the antiproliferative
effect of crizotinib is exerted through the inhibition of
phospho-cMET and downstream signaling (Fig. 1c).

Patient characteristics

All 98 patients had histologically proven gastric adeno-
carcinoma. The median age was 59.0 years (range 30-82).
Most patients were male (72.4 %). Of the 98 patients, 2
(2.0 %) had stage I, 7 (7.1 %) had stage II, and 89
(90.8 %) had stage III disease at the time of diagnosis
(Table 2).

Table 1 In vitro sensitivity with respect to biomarker positivity according to IHC/FISH

Cell line Biomarker positivity according to IHC/FISH In vitro antiproliferative IC50
(nM) of crizotinib
MET ROS1 ALK
MKN45 3+4/positive O/negative O/negative 40
SNU-1 O/negative O/negative O/negative 1400
AGS O/negative 1+/negative O/negative 1800
NCI-N87 O/negative 2+/negative O/negative 7400
Fig. 1 Effects of crizotinib on a Cc
human gastric cancer cell lines 100 4 MNK45
classified according to MET o
amplification status. a Effects of Crizotinib - +
o 80 -
crizotinib on cell growth as
determined with the MTT assay. =
b MKN45, AGS, SNU-1, and € o0+ AKT e
N87 were subjected to western -%
blotting analysis with antibodies 3 40 P-AKT =
to phosphorylated or total forms S
of MET. c MKN4S5 cell lines o 20 ERK - —
were subjected to western
blotting analysis with antibodies
to phosphorylated or total forms 04 P-ERK ===
of AKT, ERK, or STAT3 T v T T T T T
0 5000 10000 15000 20000 25000 ;s
Crizotinib(nM) STAT:
P-STAT3 ===
b MNK45 AGS SNU-1 N87
Crizotinib + - + - + - + - ACTIN  c———
P-MET

C-MET wwa s

ACTIN o oo oo s S a— a— S_—
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MET protein overexpression is associated
with increased sensitivity to crizotinib
in histoculture drug response assay

Crizotinib sensitivity was successfully tested in 40 tumor
samples. There were no significant associations between
crizotinib sensitivity and clinical characteristics, including
age (P = 0.09), sex (P = 0.73), histology (P = 0.17),
tumor site (P = 0.55), stage (P = 0.28), or histological
grade (P = 0.47). Of the 40 specimens, 21 (52.5 %)
showed MET overexpression. Only one (2.5 %) specimen
was MET positive in FISH analysis. Fourteen (35.0 %)
tumors had ROSI1 overexpression and none had ROSI1
amplification. All samples were negative for ALK by IHC
or FISH analysis. The inhibition rate in the histoculture
drug response assay varied from 13 to 86 % (median
52 %). The inhibition rate of the only MET-amplified
gastric cancer specimen was 69 %, meaning that it was
considered sensitive to crizotinib. A significant difference
could be observed between the inhibition rates of crizotinib
in the MET IHC positive group and the MET IHC negative
group (P = 0.027). A positive correlation was observed
between crizotinib sensitivity and MET overexpression
(P = 0.045, Fig. 2). No correlation was observed between
crizotinib sensitivity and MET amplification (P = 0.966),
probably due to the limited number of amplified cases. No
correlation was observed between crizotinib sensitivity and
ROS1 IHC results (P = 0.71).

MET protein overexpression predicts selective
sensitivity to crizotinib in vivo

Of the five freshly removed tumor tissues that were used to
create patient-derived tumor xenograft mouse models, one
tumor tissue was MET 24+/ROS1 2+/ALK 0+, three were
MET 14/ROS1 14+/ALK 0+, and the remaining sample
was negative for MET, ROSI, and ALK by IHC. No
samples showed amplification of MET or rearrangement of
ROS1 and ALK by FISH analysis. Nude mice implanted
with MET 24/ROS1 2+/ALK 04 showed statistically
significant tumor regression when compared with vehicle
controls (P < 0.001, Fig. 3a). In contrast, subcutaneous
nude mice implanted with MET 14/ROS1 1+/ALK 0+
(Fig. 3b) or triple-negative (Fig. 3c) tissue did not show
significant tumor regression over the same period of
crizotinib treatments.

MET, ROS1, and ALK gene alterations and overall
survival

The prevalence of MET, ROS1, and ALK protein over-

expression and gene amplification and their associations
with clinicopathological characteristics and survival were
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evaluated in 98 patients. MET overexpression (as defined
by IHC 2+ or 34) was found in 42 patients (42.9 %)
(Fig. 4a). FISH analysis showed a MET amplification rate
of 4.1 % (4/98) (Fig. 4b, c). MET amplification was found
in 4 out of 42 patients (9.5 %) with MET overexpression,
but in none of the 56 patients with MET IHC scores of 0 or
1+. ROSI staining was visible in the perinuclear area with
a dot-like accentuation in gastric cancer. Twenty-five
samples (25.5 %) exhibited ROS1 protein overexpression
(Fig. 4d). Positive ROS1 IHC staining correlated with male
sex (P = 0.01), signet ring cell carcinoma histology
(P = 0.002), and advanced stage (P = 0.02). Although
ROS1 THC positivity was relatively common, no cases
were positive for ROS1 in FISH analysis (Fig. 4e). In
addition, ALK gene amplification and protein overexpres-
sion were not seen in any of these samples (Fig. 4f, g).

The median overall survival was 14 months (95 %
CI = 11.9-16.1 months) in the overall patient group.
There were no significant associations between overall
survival and age (P = 0.16), sex (P = 0.75), Lauren typ-
ing (P = 0.33), MET protein levels (P = 0.21), or ROS1
protein levels (P = 0.14).

Clinical responses to crizotinib in a MET-amplified
gastric cancer patient

A 31-year-old female stage IV gastric cancer patient with
MET amplification and MET overexpression (IHC 3+)
(Fig. 5a, b, c) but without gene rearrangement and/or
protein overexpression of ROS1 and ALK was treated with
crizotinib 250 mg twice daily following progression after
third-line chemotherapy. Tumor markers decreased rapidly
after 3 weeks of treatment with crizotinib. Computed
tomography scan showed a partial response to treatment
with reduction of tumor burden (partial response by
Response Evaluation Criteria in Solid Tumors; Fig. 5d, e).
She also showed rapid pain relief and improved perfor-
mance status after treatment.

Discussion

Evidence exists for the role of MET in signaling pathways
such as the PI-3-kinase/AKT, Rass/RAF/MEK/ERK, STAT,
and FAK pathways, which are associated with cell prolif-
eration, migration, invasion, and angiogenesis [32-34]. A
number of novel agents targeting the MET/HGF axis have
undergone clinical trials in gastric cancer patients, includ-
ing MET antibodies such as onartuzumab (MetMab) and
rilotumumab and small-molecule tyrosine kinase inhibitors
such as crizotinib, AMG337, INC280 and volitinib.
Preliminary results from trials of MET inhibitors have
generated both hope and disappointment. In a previous
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Table 2 Patient characteristics

and MET, ROS!. and ALK Characteristic 21, titaglg) E\PEA4 Os)tudy cohort Elar:z?_t;iiz;f:ﬁ i
status model study cohort (N = 5)

Age

>60 48 (49.5 %) 19 (47.5 %) 1 (20.0 %)

<60 49 (50.5 %) 21 (52.5 %) 4 (80.0 %)
Sex

Male 71 (72.4 %) 28 (70.0 %) 3 (60.0 %)

Female 27 (27.6 %) 12 (30.0 %) 2 (40.0 %)
Tumor site

Distal stomach 36 (37.1 %) 15 (37.5 %) 3 (60.0 %)

Proximal stomach 19 (19.6 %) 8 (20.0 %) 0 (0.0 %)

Whole stomach 42 (43.3 %) 17 (42.5 %) 2 (40.0 %)
Stage

1 2 (2.0 %) 1 (2.5 %) 0 (0.0 %)

1I 7 (7.1 %) 6 (15.0 %) 0 (0.0 %)

i 89 (90.8 %) 33 (82.5 %) 5 (100.0 %)
Histological grade

Mixed 1-2 1 (1.1 %) 1 (2.6 %) 0 (0.0 %)

2 15 (16.3 %) 7 (17.9 %) 0 (0.0 %)

Mixed 2-3 23 (25.0 %) 13 (33.3 %) 1 (20.0 %)

3 53 (57.6 %) 18 (46.2 %) 4 (80.0 %)
MET overexpression

Yes 42 (42.9 %) 21 (52.5 %) 1 (20.0 %)

No 66 (67.3 %) 19 (47.5 %) 4 (80.0 %)
MET amplification

Yes 4 4.1 %) 125 %) 0 (0.0 %)

No 94 (95.9 %) 39 (97.5 %) 5 (100.0 %)
ROSI1 overexpression

Yes 25 (25.5 %) 14 (35.0 %) 1 (20.0 %)

No 73 (74.5 %) 26 (65.0 %) 4 (80.0 %)
ROSI1 rearrangement

Yes 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)

No 98 (100.0 %) 40 (100.0 %) 5 (100.0 %)
ALK overexpression

Yes 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)

No 98 (100.0 %) 40 (100.0 %) 5 (100.0 %)
ALK rearrangement

Yes 0 (0.0 %) 0 (0.0 %) 0 (0.0 %)

No 98 (100.0 %) 40 (100.0 %) 5 (100.0 %)

phase II study of rilotumumab in combination with epiru-
bicin, cisplatin, and capecitabine (ECX) as first-line treat-
ment in patients with advanced gastric or esophagogastric
junction cancer, the addition of rilotumumab to ECX
appeared to improve the progression-free survival (PFS)
outcome. Patients with MET-positive cancer in the rilotu-
mumab treatment arm had a longer median overall survival
than patients in the ECX plus placebo treatment group
(10.6 vs 5.7 months) [35]. However, a phase III study of

rilotumumab (RILOMET-1) was stopped early due to an
increased number of deaths in the rilotumumab and
chemotherapy treatment arm when compared to the
chemotherapy treatment arm [36]. Unfortunately, prelimi-
nary results of a phase II study of onartuzumab in combi-
nation with mFOLFOX6 in metastatic HER2-negative
gastric cancer revealed a higher rate of serious toxicities in
the experimental arm but a similar progression-free sur-
vival [37]. Due to these disappointing results, the
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important challenge facing the effective development of
MET-targeted agents is to pinpoint a methodology for
identifying the population that could achieve maximal
benefit. Success will be dependent on the accurate assess-
ment of the genetic alterations in patients. Earlier clinical
trials considering onartuzumab and rilotumumab used
MET IHC overexpression as a patient selection approach.
Later phase I/II gastric cancer trials of AMG337, INC280,
and volitinib used MET amplification by FISH or a
sequential approach that combined IHC and FISH. The
present study, based on the use of IHC followed by con-
firmatory FISH analysis, is the first to comprehensively
characterize MET, ROS1, and ALK oncogenic alterations
in gastric cell lines and a cohort of gastric cancer patients.

We examined MET, ROSI, and ALK status in gastric
cancer cell lines and compared the effects of crizotinib
between a MET-amplified cell line and various cell lines
that were negative for this genetic alteration. We confirmed
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Fig. 3 Tumor volumes after crizotinib treatment in patient-derived
tumor xenograft mouse models. a Nude mice bearing MET 2+/ROS1
2+/ALK 0+ human gastric cancer tissue (¥**P < 0.001), b nude mice
bearing MET 14+/ROS1 14+/ALK 0+ human gastric cancer tissue,
and ¢ nude mice bearing MET 0+/ROS1 0+/ALK 0+ human gastric
cancer tissue

that MKN45 was positive for MET amplification and dis-
played high sensitivity to the crizotinib-targeted agent
in vitro, and that hypersensitivity to crizotinib was pre-
dominantly dependent on MET signaling through the
inhibition of phospho-MET and the downstream signaling
ERK, AKT, and STAT pathways—results that were largely
consistent with those of previous reports [24, 32, 38].

A higher MET protein overexpression rate (42.9 %) was
found in our current analysis compared with other studies in
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Fig. 4 Representative gastric cancer cases with overexpression and
amplification of MET, ROSI1, and ALK. a Strong membrane and
cytoplasmic staining (IHC 3+) for MET. b A case positive for MET
amplification (red signal MET, green signal CEP7). ¢ A case negative

Chinese gastric cancer patients [24, 32]. These results are
likely a consequence of higher proportion of advanced stage.
In our study, 89 patients (90.8 %) had stage III disease. A
previous study of advanced gastric cancer showed that
approximately 50 % of the population had MET protein
overexpression [26]. IHC could be considered a practical
screening test for MET amplification. In our present study,
MET amplification was found in only four patients, in
accordance with the protein overexpression profile, which is
a similar rate to that reported in a previous publication [32].
Although MET amplification has been described as an
unfavorable factor for outcomes in gastric cancer, ovarian
cancer, and NSCLC [39], a similar effect on overall survival
was not observed in our current cohort, probably due to the
small number of amplified patients. In our histoculture drug
response assay tests, a positive correlation between crizo-
tinib sensitivity and MET overexpression was observed.
Furthermore, in vivo sensitivity to crizotinib was observed

for MET amplification (red signal MET, green signal CEPT7).
d Strong ROS1 staining (IHC 3+) in the perinuclear area with dot-
like accentuation. e ROS1 FISH without split signals. f A case
negative for ALK IHC. g ALK FISH without split signals

in nude mice transplanted with tumor tissues showing rela-
tively high MET (IHC 2+) expression. We also observed
that a patient with advanced gastric cancer with MET
amplification experienced tumor shrinkage (partial response
according to the Response Evaluation Criteria in Solid
Tumors) after 3 weeks of treatment with crizotinib follow-
ing progression after third-line chemotherapy. All of these
data support the notion that MET overexpression and
amplification might represent a potential therapeutic sub-
category in gastric cancer patients. These findings are in line
with previously reported results that crizotinib possesses
clinical activity towards esophageal and gastroesophageal
adenocarcinomas harboring MET amplification [19], as well
as recent parallel results in a NSCLC case [10].

Although the MET-amplified sample showed sensitivity
to crizotinib in histoculture drug response assay tests, no
correlation was observed between crizotinib sensitivity and
MET amplification, probably because only one sample
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Fig. 5 Diagnostic features and response of a MET-amplified gastric
cancer patient who responded to crizotinib. a Hematoxylin and eosin
staining. b Strong MET staining (IHC 3+). ¢ Positive for MET

showed MET amplification. Furthermore, MET can be
examined at both the gene and the protein level. Gene
amplification by FISH is considered the gold standard at
present. Meanwhile, IHC is the most useful technique for
identifying protein expression. Unfortunately, a consensus
on the evaluation criteria for MET positivity using IHC or
FISH is not currently available. Moreover, whether THC
overexpression or FISH amplification truly represent
genetic alterations remains unknown. In our study, we used
a strict FISH-positive standard. Only tumors with a MET/
CEPT7 ratio of >2 or the presence of tight gene clusters or
>15 copies of the gene in >10 % tumor cells were con-
sidered to show MET amplification. Samples with high
polysomy were classified FISH negative. Samples that were
FISH negative but showed MET overexpression might also
be sensitive to crizotinib. When we compared the inhibition
rate of crizotinib in the MET IHC 2-3+4- group with that in
the MET IHC 0-1+ group, a significant difference was
found (P = 0.027). Nonetheless, histoculture drug response
assays have some technical limitations, including cancer
heterogeneity and treatment-associated adverse events. To
overcome these problems, we utilized eight parallel culture
wells containing materials drawn from different parts of a
patient’s tumor sample for crizotinib sensitivity testing and
eight parallel culture wells for the control.

The success application of crizotinib in ALK-rearranged
NSCLC [40, 41] has opened the door to the possible
treatment of other ALK-rearranged carcinomas with
crizotinib. Data from previous reports on lung cancer
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amplification (red signal MET, green signal CEP7). d Pretreatment
image of the patient. e Partial response after 3 weeks of crizotinib
(250 mg twice daily)

showed that most of the samples with ROS1 and ALK
rearrangements had signet ring cell histology [13, 42].
Consistent with this evidence, the results of the present
study also suggest that ROS1 protein overexpression is
related to certain clinicopathologic features, such as male
sex, advanced tumor stage, and signet ring cell carcinoma
histology. Signet ring cell carcinoma is more common in
gastrointestinal tumors that have different biological
characteristics. Advanced signet ring cell carcinoma has
long been thought to have a worse prognosis than other
forms of gastric cancer due to a high risk of peritoneal
metastasis [43]. Thus, exploring ROS1 and ALK rear-
rangements may lead to a breakthrough in the treatment of
patients with signet ring cell carcinoma. However, none of
our patients harbored ROS1/ALK rearrangement, suggest-
ing that its prevalence in gastric cancer is low. Similar to
our current results, a previous study of 1889 colorec-
tal carcinoma patients reported that no cases were positive
for ROS1 by IHC, and that only one case (0.05 %) showed
ALK rearrangement [44]. Similarly, a study that was
specifically performed to analyze the incidence of ALK
translation in signet ring cell carcinoma failed to detect any
ALK translocation in signet ring cell carcinomas of the
upper gastrointestinal tract [45]. Another study failed to
detect the presence of ALK fusion in 555 gastrointestinal
cancer samples [14] and 432 gastric cancer samples [15].
We therefore conclude that ALK fusion is not present in
gastrointestinal cancer and might be specific to NSCLC,
particularly adenocarcinoma.
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Novel ALK fusion genes, C2orf44-ALK [46] and CAD-
ALK [15], were recently detected in colorectal cancer
samples via next-generation sequencing. These findings
suggest that a previously unrecognized ALK fusion subset
may be overlooked by the existing FISH, RT-PCR, and
IHC detection methods. Thus, whether the low frequency
of ALK fusion is due to insufficiently sensitive detection
methods or its inherent qualities remains to be determined.
Although we found that 8 out of 98 samples (8.2 %)
exhibited ROS1 IHC 3+, none of our samples were FISH
positive. In contrast, it has been reported that rabbit mon-
oclonal ROS antibodies (clone D4D6; Cell Signaling
Technology, Danvers, MA, USA) showed 100 % sensi-
tivity and 93.4 % specificity for predicting ROS1 rear-
rangement in lung cancer [13]. It seems plausible that the
rabbit monoclonal antibody is superior to the rabbit poly-
clonal antibody we used in this study. However, additional
reasons for the lower prevalence of ROS1 rearrangement
may contribute to different tumor types. Another study that
used the same ROS1 antibody as our current study found
that 23 out of 495 gastric cancer samples (4.6 %) exhibited
IHC 3+. Nonetheless, the incidence of ROSI1 rearrange-
ment based on ROS1 break-apart FISH is estimated to be
only 0.6 % (3/495) [18]. All of these data show that ROS1
and ALK rearrangements remain barely detectable in gas-
trointestinal tumors.

In conclusion, our current analyses reveal associations
between the oncogenic drivers MET, ROSI, and ALK and
the response of gastric cancer cells to the potent small
molecule inhibitor crizotinib both in vitro and in vivo.
Significantly, we also investigated MET, ROSI, and ALK
gene amplifications in a cohort of gastric cancer patients.
We found that crizotinib may induce clinically relevant
anticancer effects in MET-overexpressing and MET-am-
plified gastric cancer patients.
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