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Introduction

Gastroesophageal adenocarcinoma (GEC) remains a challeng-
ing problem in oncology. Gastric cancer (GC) is the fourth most 
common malignancy worldwide. In 2010, there were 21,000 new 
cases of GC and 10,570 deaths in the US.1 The incidence of prox-
imal GC and gastroesophageal junction adenocarcinomas (GEJ) 
is rising in the USA, while the endemic form, associated with  
H. pylori infection in the distal stomach is declining.2 Esophageal 
cancer, of which distal/GEJ accounts for around 60%, is also 
a lethal malignancy, with 16,640 cases diagnosed and 14,500 
deaths in 2010; there is an estimated 350% increase in the US 
in the last three decades for unclear reasons. Because it is often 
difficult to differentiate GEJ adenocarcinomas originating from 

RON (MST1R) is one of two members of the MET receptor tyrosine kinase family, along with parent receptor MET. RON 
has a putative role in several cancers, but its expression and function is poorly characterized in gastroesophageal 
adenocarcinoma. A recognized functional role of MET tyrosine kinase in gastroesophageal cancer has led to early phase 
clinical trials using MET inhibitors, with unimpressive results. Therefore, the role of RON in gastroesophageal cancer, 
as well as its role in cooperative signaling with MET and as a mechanism of resistance to MET inhibition, was studied 
in gastroesophageal tissues and cell lines. By IHC, RON was highly overexpressed in 74% of gastroesophageal samples 
(n = 94) and overexpression was prognostic of poor survival (p = 0.008); RON and MET co-expression occurred in 43% 
of samples and was prognostic of worst survival (p = 0.03). High MST1R gene copy number by quantitative polymerase 
chain reaction and con�rmed by �uorescence in situ hybridization and/or array comparative genomic hybridization, was 
seen in 35.5% (16/45) of cases. High MST1R gene copy number correlated with poor survival (p = 0.01), and was associated 
with high MET and ERBB2 gene copy number. A novel somatic MST1R juxtamembrane mutation R1018G was found in 11% 
of samples. RON signaling was functional in cell lines, activating downstream e�ector STAT3, and resulted in increased 
viability over controls. RON and MET co-stimulation assays led to enhanced malignant phenotypes over stimulation of 
either receptor alone. Growth inhibition as evidenced by viability and apoptosis assays was optimal using novel blocking 
monoclonal antibodies to both RON and MET, versus either alone. SU11274, a classic MET small molecule tyrosine kinase 
inhibitor, blocked signaling of both receptors and proved synergistic when combined with STAT3 inhibition (combination 
index <1). These preclinical studies de�ne RON as an important novel prognostic marker and therapeutic target for 
gastroesophageal cancer warranting further investigation.
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the gastric cardia versus distal esophagus3 and due to their simi-
lar aggressive behavior, these tumors are treated equally in the 
metastatic setting.4,5 Overall 5-year survival is poor (<20% for all 
patients) and tumors treated with curative resection have a high 
risk of metastatic recurrence despite neoadjuvant and/or adju-
vant treatment strategies.6 Patients with metastatic disease have a 
median overall survival on the order of 9 to 11 months. Clearly, 
more efficacious therapies are desperately needed to improve 
these outcomes. Recently, novel targeted biologic agents have 
resulted in improved outcomes in a number of cancers, includ-
ing gastroesophageal cancers. Because HER2 (ERBB2) is ampli-
fied in approximately 10–20% of GEC, traztuzumab antibody 
treatment was evaluated in a large randomized phase III trial 
(ToGA) in combination with chemotherapy, and was reported 
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cooperative signaling may result in more aggressive phenotypes, 
(iii) and/or RON signaling may render resistance to MET inhibi-
tion (and vice versa). Here we show that RON is indeed highly 
expressed, and that MSP, RON, HGF and MET co-expression 
and co-activation is frequent and prognostic of survival in our 
GEC patient cohort. To our knowledge, this is the first report of 
MST1R increased gene copy number (high polysomy correlating 
with increased expression levels), and a novel juxta-membrane 
mutation from tissue samples. In vitro, we demonstrate that 
RON is a therapeutic target using novel monoclonal extracellular 
blocking antibodies, and with small molecule kinase inhibition, 
as well as two independent proof-of-concept siRNA and shRNA 
protein knockdown models. We show that RON expression and 
gene copy number is indeed an important prognostic marker in 
our GEC cohort. RON specific inhibitors abrogated oncogenic 
phenotypes, and our results support the notion that future inhi-
bition strategies for the MET receptor family may require dual 
inhibition of both receptors to circumvent signaling synergy and 
redundancy as a mechanism of resistance.

Results

RON-MSP and MET-HGF expression in GEC tissues and cell 
lines. RON expression correlated with histologic progression and 
overall survival. To characterize RON and activated phospho-
RON (p-RON) expression in GC and GEJ carcinogenesis, we 
examined primary human tissues (n = 94, 35 US and 59 Korean 
cohorts) obtained from curative-intent resection by IHC [Figs. 
1 (A and B), 2 and Table 1]. RON and p-RON expression was 
minimal (low-none) in normal mucosa; there was a universal 
increase in staining intensity from preneoplastic lesions to inva-
sive adenocarcinoma (Fig. 1A). Cellular location of staining in 
tumor cells was seen as combinations of membranous, cytoplas-
mic and/or nuclear for both RON and p-RON; the invasive 
front of tumors in general exhibited intense expression (Fig. 1A). 
RON was highly and diffusely expressed in 74% of tumors (Fig. 
1C), and the remainder of cases showed low/moderate diffuse 
staining, whereas no cases were completely negative. These data 
indicate that the expression of RON and p-RON are upregu-
lated upon progression from normal mucosa to metaplasia and 
through to invasive adenocarcinoma.

To validate the IHC sample sets, tumor stage was correlated 
with median overall survival (OS) (Fig. 3). RON high expres-
sion was independently prognostic of worse OS (median 30 vs. 
>72 months, Cox p = 0.0079 HR 2.489, stage adjusted Cox p 
= 0.0187, HR 11.6) (Fig. 1C). These data suggest that tumors 
highly expressing RON may have a worse prognosis than those 
with low expression, independent of their stage.

RON and MET co-expression in GEC tissue. To characterize 
the co-incidence of RON and MET expression, serial sections of 
tissue blocks were evaluated (n = 35), showing 43% of cases with 
high RON and MET co-expression. Normal mucosa stained neg-
ative for MET. MET staining (both high and low) was diffusely 
expressed in the tumor in 29% (10/35) of cases, focally intense 
patchy 37% (13/35) or predominantly in the stromal compart-
ment 17% (6/35), whereas 8.6% (3/35) had a mix of MET 

to have a modest improvement in overall median survival ver-
sus chemotherapy alone (13.8 vs. 11.1 months, respectively) in a 
select ERBB2 amplified subgroup of GC and GEJ patients.7 Aside 
from HER2, it is believed that the MET receptor tyrosine kinase 
(RTK) plays an important role in GEC.

Upregulation of MET and its ligand, hepatocyte growth fac-
tor (HGF), are correlated with the development and metastasis of 
cancers, including GC and GEJ.8,9 MET gene clustered amplifi-
cation occurs in approximately 5–10% of GEC and rendered cell 
lines with this amplification sensitive to targeted MET inhibi-
tion in preclinical models.10-12 Interim results of the phase II trial 
of GSK089, a combined MET/VEGFR2 inhibitor, for chemo-
refractory metastatic GEC cancer reported stable disease in 15% 
(6/41) of patients, but paradoxically these patients were not those 
with MET gene amplification (3/41) (Jhawer et al. J Clin Oncol  
26: 2008 [May 20 suppl; abstr 4572]).

RON (MST1R, recepteur d’origine nantais), the other mem-
ber of the MET family, is a RTK for the ligand macrophage- 
stimulating protein (MSP, MST1), which is associated with in 
vitro and in vivo cell dissociation, motility and matrix invasion—
all of which are surrogate markers of an aggressive cancer pheno-
type with metastatic potential.13-16 MST1R has 60% homology 
to MET in the kinase domain.17 Both proteins are translated to 
precursor proteins, that undergo proteolytic cleavage to � and 
� subunits linked by disulfide bonds.13 RON immunoreactivity, 
although found in the fetus, was not observed in adult gastric 
mucosa except in incidental intestinal metaplastic cells in adult 
autopsies.18 Immunohistochemistry (IHC) of various tumor 
types revealed RON overexpression, including GEC.19,20 RON 
mediates oncogenic phenotypes in lung, thyroid, pancreas, pros-
tate, colon and breast cancer cells21-29 and predicts a poor prog-
nosis in human breast cancer.30 RON promotes similar, but not 
identical, MSP-independent and MSP-dependent phenotypes 
in breast cancer cells.31 Co-expression of RON with MET and 
the induction of RON expression by HGF-MET signaling have 
both been described in hepatocellular carcinoma.32 The MET 
and RON receptors may cross-talk.33 Co-expression of MET and 
RON portends a worse prognosis in ovary, breast and bladder 
cancers.34-36 However, current MET inhibitors, namely anti-HGF 
and anti-MET antibodies, in early clinical trials are specific to 
the HGF/MET axis.37,38,86,87 Small molecule MET inhibitors cur-
rently evaluated in clinical trials, such as PHA-665752, GSK089 
and PF-2341066, inhibit RON and other kinases only at several 
fold higher levels above the MET inhibitory concentrations.39-41 
Given RON and MET signaling redundancy, it is possible that 
resistance to MET inhibition is mediated by RON signaling.

Based on this background, we have characterized the expres-
sion and activation of the RON and MET receptors, including 
their ligands, MSP and HGF, and downstream proliferative 
and anti-apoptotic transcription factor, STAT3, in GEC tissues 
and cell lines. We also describe MST1R gene alteration (copy 
number changes and mutation) in these same samples. Further, 
given the homology of RON and MET and their redundant 
downstream activation pathways, with similar cellular pheno-
types, we hypothesized that (i) RON may have an independent 
prognostic and/or functional role in GEC, (ii) RON and MET 
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Figure 1. Expression of MET family receptors and growth factors correlated with histologic progression and overall survival. (A) Representative images 
showing RON (top) and p-RON (bottom) increasing from minimal to high expression upon progression from normal mucosa to invasive  
adenocarcinoma. Tumors of both di�use and intestinal histology are represented. (B) Top row, RON and MET co-expression, shown in three rep-
resentative samples. Sample #1, (p9, Table 1) demonstrates focal staining of MET compared to RON that occurred in 46% (16/35) of cases. Sample 
#2 is representative of 37% (13/35) of cases showing di�use co-staining of both RON and MET. Sample #3 demonstrates MET overexpression in the 
stromal compartment occurring in 34% of cases (12/35). (B) Bottom rows, representative co-expression of RON, MET, p-RON, p-STAT3, MSP and HGF 
are demonstrated in two di�erent lymph node (LN) samples, #1 signet ring (SR) and #2 intestinal (Int). LN #1 shows MET and HGF expression in the 
stromal compartment, while LN #2 reveals MET and HGF expression within the tumor. (C) Clinical correlation of RON (left), MET (middle) or both (right), 
proteins detected by IHC with overall survival (months) in the American (US) patient cohort, N = 35.
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[Figs. 1B (bottom rows) and 17B]. Thus, co-expression of RON, 
MET and their activated forms supports the possibility of sig-
naling co-activation and cooperation with consequent aggressive 
phenotypes, manifesting in poor patient prognosis.

MSP and HGF expression in GEC tissue. To evaluate the role 
of an autocrine loop of RON-MET activation via GEC produc-
tion of the ligands, tissues were stained with anti-MSP and anti-
HGF. There was minimal expression of these growth factors in 
normal mucosa (low levels occasionally seen in the basal region), 
but expression increased from gastritis and metaplasia to dyspla-
sia and adenocarcinoma. Both MSP and HGF showed strong 

diffusely in the tumor and in the stroma, and 8.6% (3/35) had 
patchy MET tumor staining together with stromal staining. RON 
staining (both high and low) was observed diffusely throughout 
the tumor in all cases (Fig. 1B, top row). RONhigh-METhigh stain-
ing was associated with worse OS compared to RONlow-METlow 
staining (median 30 vs. >80 months, Cox p = 0.027); RONhigh-
METlow also showed worse survival over RONlow-METlow stain-
ing (median 14 vs. >80 months, p = 0.031) (Fig. 1C). There were 
no cases with RONlow-METhigh. Activated p-RON and p-MET 
mirrored RON and MET co-staining frequency, showing mem-
branous, cytoplasmic (stippled) and/or nuclear staining patterns 

Figure 2. Tissue immunohistochemistry controls. Tissue microarray (TMA) of various tumors were used as controls at 10X unless otherwise indicated. 
Top row (left to right): RON positive TMA control (+ve Ctrl), RON negative TMA control (-ve Ctrl) with RON blocking peptide 1:1, RON positive control of 
gastric cancer sample, RON negative control with RON blocking peptide 1:1; second row: p-RON positive control, p-RON negative control with block-
ing peptide 1:1, p-STAT3, p-STAT3 40X; third row: MET, p-MET, MSP, HGF; bottom row: RON normal liver, RON normal kidney, p-RON normal liver, p-RON 
normal kidney.
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(Figs. 4 and 5C). Only one gastric cell line, Snu-1, did not highly 
express either RON, MET or both. RON and MET membranous 
expression was also determined by FACS analysis (Fig. 5A and B) 
and immunofluorescence (IF) (Figs. 18 and 19), and results cor-
related with overall IB expression. AXL tyrosine kinase, of close 
homology to the MET family kinases, was not expressed in any 
of the GC lines by IB except Hs746t (Fig. 4A). Cell line cDNA 
(obtained from the starved state) revealed expression of both MSP 
and HGF transcripts, and correlated with IB expression (Fig. 4B 
and C). Interestingly Snu-1, which had no RON or MET expres-
sion, expressed both ligands at high levels. Collectively, these results 
indicate high RON and MET expression along with an autocrine 
and/or paracrine production of MSP and HGF by GEC cell lines.

MST1R gene alteration. Since MET and ERBB2 gene ampli-
fication and mutations have been described in GEC and other 
cancers, and to explore the mechanisms underlying the high pro-
tein expression of RON that we observed in GEC, we screened 
19 GEC cell lines and a cohort of 45 tissue samples for gene copy 
number (GCN) and mutations in MST1R.

MST1R gene copy number in GEC cell lines and tissues. Since 
high EGFR, MET and IGF1R gene copy number (GCN), includ-
ing high polysomy and clustered gene amplification, has been 

membranous and diffuse cytoplasmic staining (Fig. 1B, bottom 
rows). These data support the possibility of MET family recep-
tor autocrine signaling in GEC. Interestingly, 25% of samples 
revealed HGF overexpression solely in the stromal compartment 
(Fig. 1B, last column lanes 2 and 3), similar to MET, suggesting 
unique roles of MSP-RON and HGF-MET axes in the tumor 
versus stroma, respectively, in these cases.

Downstream mediator of proliferation, activated STAT3, expres-
sion in GEC. Because p-STAT3 was recently shown to be a poor 
prognostic indicator for GC42-44 its expression was evaluated in 
malignant versus normal tissues to determine its association 
with RON expression and activation. p-STAT3 extensity and 
intensity progressively increased from preneoplastic to neoplastic 
tissues; it was not present in adjacent normal tissues, but was 
associated with RON and MET high expression (Figs. 1B and 
2). STAT3 was highly expressed in 30/35 (86%) and p-STAT3 
in 26/35 (74%), directly correlating with RON and p-RON 
expression. These data support the hypothesis that STAT3 is an 
important downstream mediator of RON and MET in GEC.

RON, MET, MSP and HGF expression in GEC cell lines. 
Expression of RON, MSP, MET and HGF were analyzed by 
immunoblotting (IB) in gastric and esophageal cancer cell lines 

Table 1. Catalog of tissues used for immunhistochemistry studies

Tissues Fixation Number of samples Stage I/II/III/IV
Histology

diffuse/Int

Overall survival

alive/dead

Gastric AC OCT 9 NA

Gastric PN OCT 9 NA NA NA

Gastric normal OCT 4 NA NA NA

Gastritis OCT 4 NA NA NA

Gastric AC

US cohort
Paraffin

36

(with 17 LN, 1 liver mets)
13/5/11/7 17/19 14/21

GE JXN TMA Paraffin 23 (174) NA NA NA

Histology

BE 44

LGD 38

HGD 76

AC 16

NA NA NA

Gastric AC TMA 
(Korean)

Paraffin 59 24/14/10/11 33/25 27/32

Histology

PD 23 
MD 11 
WD 11 

Mucinous 4 
Signet ring 8 

Papillary 1 
UD 1

4/7/5/7 
5/2/2/2 
9/2/0/0 
1/1/1/1 
4/2/2/2 
1/0/0/0 
0/0/0/1

23/0 
0/11 
0/11 
1/3 
8/0 
0/1 
1/0

7/16 
4/7 
7/4 
1/3 
7/1 
1/0 
0/1

Gastric PN TMA 
(Korean)

Paraffin 59 NA NA NA

Int, intestinal; AC, adenocarcinoma; PN, paraneoplastic matched to AC; LN, tumor involved lymph nodes; GE, JXN gastroesophageal junction; TMA,  
tissue microarray; BE, Barrett esophagus; MD, moderately differentiated; WD, well differentiated; UD, undifferentiated; NA, not applicable/available. 
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in NCI-N87 was 100% concordant with FISH and qPCR 
results (Table 2).

GCN alterations of MET, MST1R and HER2 in four 
GEC cell lines by FISH. Alterations in MET gene. Probe 
hybridization efficiency was confirmed by performing 
FISH on normal lymphocyte metaphase chromosomes and 
interphase nuclei using BAC clone RP11-163C9; 7q31.2 
(Fig. 6A). The mean number of each signal per cell was 
2.04. The mean MET:CEP7 ratio was 1.0; 92% of cells 
showed two copies of each signal. The scoring efficiency 
was confirmed by performing FISH on gastric cancer cell 
lines with known MET amplification status detected previ-
ously using various methods.12,48,49

The results of our analysis are presented in Figure 6B. 
As expected,12 MKN-45 cells were amplified for MET 
(mean MET per cell = 25.7, ratio = 4.5) and polysomic for 
chromosome 7 (mean CEP7 per cell was 5.7) (Fig. 6B, top 
left). In addition, further analysis of metaphase prepara-
tions revealed the occurrence of numerous copies of deriva-
tives of chromosome 7 with either loss of MET signals or 
MET duplications and translocations on different chromo-
somes, similar to as described for the clonal line derived 
from MKN-45 called GTL-16.50,51

We also confirmed that the NCI-87 cell line is MET-
non-amplified and is disomic for chromosome 7,12 (Fig. 
6B, top right). Moreover, we detect MET:CEP7 ratio 0.53 
as a result of loss of one MET signal as part of the deletion 
of the chromosomal segment on 7q leading to the chromo-
some 7 derivative.

As expected, AGS cells were MET-non-amplified with a 
normal two copies of each signal per cell and normal 1.02 
ratio of MET:CEP7 (Fig. 6B, bottom left). Previously, 
using qPCR, SNP and FISH arrays12,48,52 the gastric cancer 
cell line Hs746t was described as having MET amplifica-
tion, while detailed FISH scoring results and images were 

not presented. Here we showed, however, that this cell line does 
not carry true MET amplification (mean MET/cell = 3.63; mean 
CEP7/cell = 2.92; MET:CEP7 ratio = 1.24). Yet, because approx-
imately 57% of cells showed four and more copies of MET per 
cell (high polysomy), we classified Hs746T cells as FISH+.

Alterations in MST1R (RON) gene by FISH. To detect the 
MST1R gene, the size of which is only 16.9 kb, we used two 
overlapping fosmids WI2-1337B15 and WI2-1244I5 combina-
tion of which contains the full-length of MST1R DNA (Fig. 
6C). Visualization of the FISH probe made for this small gene 
is a challenge, particularly when performed on FFPE tissue sec-
tions. Therefore, in addition to fosmids, we labeled DNA from 
BAC clone RP11-915H6 as a control probe for MST1R FISH. 
Since RP11-915H6 and all other most appropriate and available 
BAC clones spanning this region cover a significant number 
of neighboring genes around the MST1R locus as compared to 
WI2-1337B15 and WI2-1244I5 fosmids, and because the probe 
generated from the combination of these two fosmids gave ade-
quate bright signals, results of RP11-915H6 FISH were omitted 
here and will be presented elsewhere. Efficiency of the dual probe 
hybridization was confirmed by FISH on normal lymphocyte 

described to be prognostic of clinical outcomes and predictive of 
response to targeted inhibition in cancers,45-47 MST1R GCN was 
evaluated by qPCR in 19 GEC lines, and then results were vali-
dated in selected cell lines, (Tables 2 and 3), by FISH (Cappuzzo 
method45), and array Comparative Genomic Hybridization 
(aCGH, 1X1M Agilent).

GCN in cell lines by qPCR. High MET, ERBB2 and FGFR2 
GCN was confirmed in positive control cell lines, (MET: MKN-
45, SNU-5 and Hs746t; ERBB2: NCI-N87; FGFR2: KATO-
III and SNU-16), consistent with previous reports of known 
clustered amplification determined by FISH12 (Table 3). GCN 
of all three genes by qPCR in GC cell lines was validated with 
aCGH in NCI-N87 (Fig. 6F–H), and by FISH (see below) 
in NCI-N87, AGS, MKN-45 and Hs746t (Table 2 and Fig. 
6A–E). Protein expression as evaluated by IB correlated with 
GCN; however, decreased MST1R and MET copy numbers of 
1 in NCI-N87 did not correlate with protein expression, which 
was high (Fig. 4A). Comparison of FISH and qPCR methods of 
GCN detection were 92% concordant for all three genes (11/12) 
in the four cell lines evaluated (qPCR did not identify balanced 
polysomy of MST1R seen by FISH in Hs746t), and aCGH done 

Figure 3. Patient sample clinical correlates. (A) Overall survival by tumor 
pathological stage (94: 35 American, 59 Korean) that were evaluated by immu-
nohistochemistry and gene copy number. (B) Overall survival by ethnicity.
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pattern, matching to the near-diploid description of this cell line 
by ATCC (CRL-1739; www.atcc.org).

GCN alterations of MST1R, MET and HER2 in three 
FFPE GEC tissues by FISH. To verify the efficiency of home-
brewed MET and MST1R probes in formalin fixed and paraffin 
embedded (FFPE) human gastric cancer sections and to com-
pare GCN FISH results with those of quantitative polymerase 
chain reaction (qPCR) and array comparative genomic hybrid-
ization (aCGH) assays, we performed a pilot FISH study of 
three randomly selected gastric cancer cases from the cohort of 
tumors with defined status of GCN detected by these two meth-
ods. Results are presented in Table 2. All three tumors showed 
MET copy number gain and were classified as MET FISH posi-
tive (FISH+). Of them, one tumor had high amplification with 
mean MET:CEP7 ratio of 14.93, and immunohistochemistry 
confirmed high expression [Figs. 1B (lane 1, #1 MET) and 7B 
(lane 2, #2 p-MET)]. The other two tumors were categorized 
as having high polysomy. The proportion of cells with ≥4 MET 
copies was 87 and 45% in these cases.

metaphase chromosomes and interphase nuclei (Fig. 
6C). The mean number of MST1R and CEP3 signals 
per cell was 2.07 and 2.06 respectively. The mean 
MST1R:CEP3 ratio was 1.0, and 94% of cells showed 
two copies of each signal.

In MKN-45 cells, both MST1R and CEP3 signals 
show classical examples of balanced trisomy in 82% 
of cells. The mean number of MST1R and CEP3 sig-
nals per cell was 3.09 and 3.10 respectively; the mean 
MST1R:CEP3 ratio was 1.0. Strikingly, the pattern of 
MST1R copy number alterations in the other three cell 
lines, NCI-N87, AGS and Hs746t, was similar to those 
of MET alterations in these cells described above. In 
particular, NCI-87 cells were MST1R FISH- and diso-
mic for chromosome 7 with MST1R:CEP3 ratio of 0.52 
because of deletion of one copy of MST1R gene (Fig. 
6D). MST1R FISH in AGS cells revealed two presum-
ably normal copies of each signal in 89% of cells (bal-
anced disomy). Finally, as was observed for MET, no 
true amplification was detected (MST1R/cell = 3.5, 
CEP3/cell = 3.85, MST1R:CEP3 = 0.91), but Hs746t 
cells were classified as MST1R FISH+ because of high 
polysomy (balanced tetrasomy) present for both MST1R 
and chromosome 3 in more then 45% of cells (Fig. 6D 
and Hs746t insert). In addition, we detected 3MST1R 
to 4CEP3 in 29% of cells due to loss of one copy of 
MST1R and formation of chromosome 3 derivative, 
probably, as a secondary event to the tetrasomy event. 
Thus, for both MET and MST1R genes, Hs746t cells 
were classified as FISH+. Complex genomic heteroge-
neity and aberrations detected in Hs746t cells were 
matched to the description of this cell line by ATCC 
(HTB-135; www.atcc.org).

Alterations in HER2 (ERBB2) gene by FISH. 
HER2:CEP17 FISH conducted here confirmed findings 
of other investigators that NCI-N87cells were highly 
HER2-amplified, and MKN-45 and AGS cells were 
HER2 non-amplified53,54 (Fig. 6E). However, here for the first 
time, we described HER2:CEP17 FISH in Hs746t cells. We found 
that while Hs746t cells were non-amplified, they represent a clas-
sical example of cells with trisomy for HER2 and chromosome 17 
(balanced trisomy). Three HER2 and three CEP17 signals were 
detected in the majority of cells (87%) and resulted in the mean 
HER2:CEP17 ratio of 1.01 (mean HER2/cell = 3.17; mean CEP17/
cell = 3.15).

In summary, MET was FISH+ in MKN-45 and Hs746t cells 
(amplified and highly polysomic, respectively) and FISH- in 
NCI-N87 and AGS cells, whereas MST1R was FISH+ in Hs746t 
cells (highly polysomic) and FISH- in three other cell lines (bal-
anced trisomy in MKN-45) (Table 2). The detected similarity 
in GCN alterations in NCI-N87, AGS and Hs746T gastric can-
cer cell lines analyzed here may suggest non-incidental occur-
rence in aberrations of MET and MST1R genes, in contrast to 
HER2 GCN alterations. HER2 was FISH+ (amplified) only in 
NCI-N87 cells. Copy number of all three genes and correspond-
ing chromosomes in AGS cells showed comparable to normal 

Figure 4. RON, MET, MSP, HGF expression in gastric cancer cell lines. (A) Rep-
resentative immunoblot (IB) of the eight gastric cancer cell lines for RON, MET, 
AXL, STAT3 and Paxillin relative to β-Actin loading control. (B) Representative IB 
of MSP expression. β-Actin loading control (top two rows). RT-PCR of MSP mRNA 
extracted from the  gastric cell lines. RT-PCR of GAPDH mRNA is shown as a load-
ing control (bottom two rows). (C) HGF IB expression and β-Actin loading control 
(top two rows) and RTPCR of HGF mRNA with GAPDH as loading control (bottom 
two rows).
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were less consistent with qPCR results. When ERBB2 was scored 
in a similar manner to MST1R and MET, results became more 
concordant between the three modalities.

GCN of human tumors by qPCR. Given the relative concor-
dance with FISH data and qPCR in the three samples, DNA from 
GEC human tissue samples and adjacent grossly normal tissue 
and paraneoplastic tissue was then evaluated by highthroughput 
qPCR (Fig. 7A and Table 3). Of 45 cancer tissues available for 
analysis, high GCN was as follows: MST1R 36% (16/45), ERBB2 
29% (13/45), MET 6.7% (3/45), FGFR2 6.7% (3/45) and GCN 
co-elevation was frequent (Fig. 7A and N = 53; 45 tissue + 8 
GC cell lines). IHC protein expression of RON, MET and their 
phosphorylated forms correlated with MST1R and MET GCN 
status by qPCR (Table 3 and Fig. 7B). Next we analyzed the 
association between MST1R and MET GCN alteration detected 
by qPCR with patient outcome. MST1R and MET GCN co- 
elevation was associated with worse OS compared to MST1R 
and MET normal copy number (median 6 vs. >70 months,  
p = 0.009) (Fig. 7C).

Interestingly, similar to MET, GCN alterations were found 
in the MST1R gene. In particular, all three cases showed MST1R 
copy number gain, and two of three cases were classified as FISH+

as a result of MST1R high polysomy detected in more then 40% 
of cells. According to the HER2 FISH classification system, none 
of these three cases were HER2-amplified, thus were FISH-.

These results were compared with qPCR results in these three 
tissues. FISH (Figs. 6 and 7D) and aCGH (Fig. 6F and H) both 
confirmed high GCN in tissue samples with 67% (4/6) concor-
dance between qPCR and FISH for MST1R and MET (Table 2) 
where neither qPCR nor aCGH identified balanced polysomy of 
MET seen by FISH in p44; and a gain of MST1R seen by qPCR 
was not detected by aCGH or FISH in p44. For MST1R, none 
of the three tissue samples evaluated by FISH showed clustered 
gene amplification or a gene/CEP ratio >1.8, but rather the high 
GCN was reflective of high polysomy (≥ four copies of the gene 
in ≥40% cells, Fig. 7D). ERBB2 FISH was subjected to stan-
dard scoring methods, which considers high polysomy (four to 
six mean copies/cell) to be FISH equivocal, and therefore results 

Figure 5A. Expression of RON and MET on gastric cancer cell lines. (A) RON membranous expression of Hs-746t, NCI-N87, AGS, Snu-1, Snu-5 and 
Snu-16 by FACS is in accordance with gastric cancer immunoblot expression shown in Figure 2A. RON speci�c antibody biogen 101 (blue), control 
mouse IgG (red).
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SMAD4, which is frequently deleted in 
cancer and associated with increased RON 
expression,55 had a GCN by qPCR of 1.35 or 
less in 26% of samples (14/53; five cell lines 
and nine tissues); decreased SMAD4 copy 
number did not occur in the setting of high 
MST1R GCN (Table 3). As in the cell lines, 
we observed that the pattern of copy number 
alterations in MST1R was frequently parallel 
to those detected for MET.

Together, these data reveal that high 
MST1R GCN is frequent in GEC and is due, 
based on our analysis to date, to polysomy as 
determined by FISH. High GCN correlated 
with high protein expression by IHC and IB 
(Figs. 4A and 7B). MST1R was often co- 
elevated with MET and/or ERBB2 and, 
importantly, MST1R GCN was prognostic of 
OS in our GEC cohort.

MST1R mutational analysis in GEC. 
To screen for gene mutations, DNA from 
fresh frozen tissue was extracted from nine 
tumors and their adjacent grossly normal tis-
sue (Table 1; Fig. 7E and F). Complete DNA 
gene sequencing of these nine tumor samples 
for MST1R and MET revealed one sample 
[Figs. 7F (patient 1, left) and 8 (A and C)] 
with a novel heterozygous missense change 
(R1018G) in MST1R exon 13 juxtamembrane 
(JM) domain, which was also found in the 
paired adjacent grossly normal but histologi-
cally metaplastic tissue. Although unclear if 
this change in the patient was somatic or germ-
line (completely histologically normal tissue 
was unavailable for this case), the novelty of 
this undocumented heterozygous change in 
the normal HAPMAP database (see Materials 
and Methods) led to targeted sequencing of 
the remainder of FFPE tumor tissues, which 
exhibited 11% (6/53; 1/9 frozen, 5/36 FFPE, 
0/8 cell lines) of samples containing this het-
erozygous change [Figs. 7F (patient 2, right) 
and 8]. In one patient, the primary tumor 
and metastatic lymph node samples revealed 
wild-type sequence A/A, whereas the liver 

Figure 5B–C. Expression of RON and MET on GEC 
cell lines. (B) RON membranous expression in 
cell lines MKN-45, KATO-III and AGS with HT1080 
positive control breast cancer line, with starved 
and 10% FBS conditions. Blue and red, mouse and 
goat control Ig; orange, MET; green, RON. MET ex-
pression is decreased in KATO-III serum compared 
to starved, while FBS conditions do not have any 
e�ect on expression in the other cells. (C) Expres-
sion of MET and RON in esophageal cancer cell 
lines. �-Actin loading control.
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Table 2. Gene copy number (GCN) alterations of MET, MST1R, HER2 in GEC cell lines and FFPE GEC tissues detected by qPCR, aCGH and FISH

qPCR: Gain, > seven copies of gene as compared to LINE-1 control; ND, normal disomy; Del, deleted one copy. FISH: 1Mean copy number of gene per 
cell; 2mean copy number of centromere enumeration probe (CEP) per cell; 3mean gene to CEP ratio; 4GCN classification; 5FISH equivocal: Ampl, ampli-
fication, ≥15 copies of gene per cells in ≥ 10% of cells or gene to CEP ratio ≥2; Del, deletion, < two copies per cell or gene to CEP ratio <0.8; ND, normal 
disomy, ≤ two copies in >90% of cells; Tri, trisomy, three copies in ≥10% of cells; HP, high polysomy, ≥ four gene copies in ≥40%; 4FISH+, FISH positive 
defined by amplification or high polysomy. Balanced,  gene copy gain or loss is balanced with that of corresponding chromosome as determined by 
CEP; UB, unbalanced gain or loss with that of corresponding chromosome as determined by CEP; equivocal, four to six HER2 copies per cell. aCGH: NA, 
not attempted; Del, deleted one copy; Tri, trisomy.

metastasis had the somatic mutation A/G (Fig. 7F, patient 2, 
right). To further evaluate implications of this mutation, exami-
nation using ProphylerER revealed that this position was a highly 
conserved DpYR motif across a number of receptors and species 
(Fig. 8B). Additionally, previous reports in the homologous posi-
tion of MET (R1004) demonstrated this motif as being critical 
for membrane receptor binding and degradation by CBL ubiqui-
tination—and site-directed mutagenesis led to increased MET 
expression.56 Furthermore, using CanPredict, this change resulted 
in a SIFT score of 0 (intolerant) and GOSS score of 11.16 (con-
sistent with cancer variant), in silico (see Materials & Methods).

To evaluate the incidence of mutant Kras in our sample 
set, Kras codon 12/13 mutations were confirmed in previously 
described mutant GEC and lung cancer cell lines (AGS, Snu-1, 
A549) but no mutations (codon 12/13 or 61) were found in any 

of the tumor samples. No MET mutations were found in this 
cohort analysis. These data suggest that Kras and MET mutations 
are infrequent in GEC, while a novel MST1R JM mutation at the 
conserved binding site of c-CBL occurs in approximately 10% of 
cases, posing a likely mechanism for RON overexpression in this 
subset of tumors. A larger cohort of samples is being screened for 
this mutation and confirmatory functional analyses are ongoing.

MST1R germline SNPs that are more prevalent in normal 
Asians are more frequently observed in “European” tumor samples 
than in European Hapmap normal samples. To evaluate single 
nucleotide polymorphism (SNP) frequency differences across 
normal ethnic populations, we previously performed a com-
prehensive computational analysis to identify kinases and their 
ligands containing SNPs with significant differential ethnic fre-
quencies (eSNPs) in the human kinome across the three normal 
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GENE MET RON HER2 FGFR2 MSP HGF SMAD4

Chromosome 7q31 3p21.3 17q21.1 10q26.1 3p21 7q21.1 18q21.1

Gastric cell lines

HS746t 9.51 2.78 1.88 3.42 1.68 1.03

KatoIII 0.89 2.32 3.10 486.00 3.19 0.68 2.20

NCI 0.87 1.08 114.14 0.83 1.15 0.86

AGS 1.69 2.37 1.91 2.41 1.28 0.84

MKN-45 17.60 2.20 2.59 1.78 1.91 0.07

Snu-1 1.65 3.04 2.25 3.14 2.07 2.30

Snu-5 18.33 2.28 1.95 3.40 7.22 0.84

Snu-16 2.49 2.08 1.77 320.00 2.53 3.86 2.19

Patient Frozen tissues (OCT)

sample #

1 F2D 3.61 1.70 1.86 2.46 2.09 2.48 0.80

2 F3D (adjacent nl of F4) 2.04 1.605

2 F4D 4.28 1.19 42.98 1.64 2.19 2.61 1.18

3 F6D 2.22 1.36 1.50 2.74 1.71 1.85 1.28

4 F8D 2.16 1.74 1.52 1.42 1.92 2.32 1.00

5 F10D 2.21 1.60 1.52 2.11 1.25 1.67 1.18

6 F11D 2.01 2.41 1.48 1.85 1.86 1.77 0.87

7 F14D 1.83 1.05 1.31 1.47 1.64 2.17 0.45

8 F15D 1.91 1.59 1.58 1.63 2.39 1.87 1.09

9 F18D 2.94 1.43 2.02 1.72 1.82 2.74 1.31

10 F23 gastritis 1.91 0.65

11 F24 gastritis 2.93 0.99

12 F25 gastritis 1.99 0.53

13 F26 gastritis 2.15 0.61

Patient Paraffin embedded (FFPE)

sample #

1 P1D LN 2.38 3.6 1.51 2.4 1.82

1 P2D primary 1.44 4.01 2.93 2.78 3.33 0.91 2.24

2 P3D 2.46 4.49 3.97 2.27 1.97 1.92

3 P4D LN 2.29 4.1 3.37 1.4 3.25 2.56 1.88

3 P5D primary 1.85 2.97 2.47 0.42

4 P6D 2.34 6.29 3.54 0.99 3.4 1.45 1.83

5 P7D 2.05 3.15 2.79 1.89 1.83 1.35 2.19

6 P8D 6.17 24.3 8.77 1.77 9.63 3.39 2.7

7 P9D primary 74.3 38.29 16.98 6.2 17.86 2.8 3.89

7 P10D LN 21.77 43.83 55.69 10.83 0.98 14.48

8 P11D LN 3.07 3.9 4.8 0.58 3.06 2.38 3.4

8 P12D primary 2.87 5.19 2.56 3.88

9 P13D primary 4.04 9.1 0.95 7.61 1.9

9 P14D LN 2.9 11.97 49.4 0.45 6.1 1.51 4.94

10 P15D 2.11 7.3 6.03 3.02 4.78 1.85 3.86

11 P16D 2.29 4.07 3.12 0.63 4.24 1.24 3.02

12 P17D primary 1.43 7.6 7.78 1.15 3.99 1.26 2.01

12 P18D LN 2.19 4.29 2.98 1.62

Table 3. Gene copy number by qPCR
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Table 3 (continued). Gene copy number by qPCR

13 P19D 3.09 5.46 3.51 0.69 4.41 2.65 4.56

14 P20D primary 1.83 3.43 0.7 3.31 0.69

14 P21D LN 2.46 4.43 2.76 3.73 1.85 3.25

15 P22D primary 2.8 5.55 0.8 4.15 1.28

15 P23D LN 2.44 13.06 4.89 5.31 1.17 4.72

16 P24D LN 2.1 4.11 4.57 3 1.35 4.43

16 P25D 1.98 3.52 0.86 3.11 1.1

17 P26D 10.73 115.1 39.26 11.41 92.7 4.56 13.5

18 P27D primary 2.74 5.36 4.78 0.59 4.09 1.35 3.66

18 P28D LN 2.16 4.29 2.39 1.1

19 P29D primary 1.73 2.63 1.06 2.65 1.47

19 P30D LN 1.97 5.36 16.4 4.28 0.99 3.27

20 P31D 1.87 3.93 3.01 0.82 2.6 1.1 2.39

21 P32D 4.14 7.61 4.17 0.65 6.46 1.01 3.08

22 P33D 1.81 6.97 4.64 0.91 4.68 1.15 2.8

23 P34 primary 3.57 5.91 4.66 5.19 1.9 5.38

23 P35 liver met 2.25 15.6 2.39 8.49 1.08

23 P36D LN 3.34 4.78 7.2 1.44

24 P37 LN 3.04 7.25 6.98 5.16 1.68 6.68

24 P38D primary 2.07 2.73 2.23 1.08

25 P39D primary 5.62 32.59 5.97 17.59 2.51

25 P40D LN 3.48 24.79 29.4 15.85 1.33 18.66

26 P41D 4.05 7.73 16.87 0.74 8.07 1.32 13.54

27 P42D 3.08 6.76 6.67 3.74 1.36 4.08

28 P43D 0.44 32.2 105.28 21.36 17.49 0.42 32.19

29 P44D primary 2.73 14.13 10.97 1.46 5.06 0.5 7.2

29 P45 LN 3.3 8.2 5.45 1.52

30 P46 8.91 79.19 151.33 7.5 26.48 1.01 73.6

31 P49 1.81 1.75 2.09 0.65 2.13 1.21 2.04

32 P52 2.45 3.18 4.92 0.59 2.53 1.48 4.7

33 P53 2.09 2.81 3.35 0.92 2.38 1.95 2.93

34 P56 recur 2.11 3.55 2.79 0.8 3.46 1.16 2.88

34 P59 2000 3.23 3.25 2.45 1.4

35 P61 3.22 3.08 3.22 0.87 2.36 1.32 3

36 P65 gallbladder met 2.42 2.7 2.38 0.79 2.05 1.54 2.52

36 P67 primary 1.91 1.43 0.8 1.71

Adjacent normals (FFPE)

6 P68 nl stomach of P8 3.06 1.7

7 P69 nl prox mg P9,10 4.75 2.53

9 P70 nl antrum of P13,14 1.84 2.35 1.03 2.32

24 p71 nl distal mg of P37,38 3.05 1.98

29 p72 nl stomach P44,45 3.87 2.65

 

Esophageal cell lines

TE1 2.08

TE8 1.92

TE12 1.78
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Table 3 (continued). Gene copy number by qPCR

SGKT4 2.4

SGKT5 3.28

Flo 2.53

KYSE 110 3.11

KYSE 140 2.54

KYSE 220 2.59

KYSE 520 2.98

KYSE 550 2.44

HAPMAP populations (JPT/CHB, CEU and YRI).57 Table 4 
exhibits the MST1R, MET, MST1 (MSP) and HGF eSNPs from 
that study. MST1 did not have any eSNPs. One HGF eSNP, 
rs5745635 (EXON 3 synonymous), was seen in the YRI African 
population. MET and MST1R both had eSNPs among YRI/
CEU (European/Caucasian) and JPT/CHB (Asian) popula-
tions. MET had three exonic eSNPs: rs41736 (EXON 20 synony-
mous), rs2023748 (EXON 21 synonymous) and rs41737 (EXON 
21 synonymous); 27 MET eSNPs were intronic (n = 19) and 
within 10 kb of the gene (n = 8). MST1R had two exonic eSNPs: 
rs2230590 (EXON 4 missense A/G Gln/Arg, GOSS 11.16, SIFT 
0.41) and rs1062633 (EXON 20 missense A/G Gln/Arg, GOSS 
11.16, SIFT 0.06); three other eSNPs were identified in introns 
(n = 1, rs7627864) and within 10 kb of the gene (n = 2).

Given the higher GEC incidences in Asians as compared to 
Europeans/North Americans, we sought to determine if MST1R 
eSNP alleles/genotypes that are more prevalent in Asians are 
associated with GEC incidence. We therefore hypothesized 
that Asian eSNP alleles/genotypes may be more prevalent in 
Caucasian tumors than in Caucasian normals. We analyzed the 
two exonic MST1R missense eSNPs (rs2230590, rs1062633) and 
one intronic eSNP (rs7627864) across 36 tumor tissues and eight 
cell lines (Fig. 7E). This revealed a discordant frequency (geno-
type and allele) in the Caucasian cancer cohort as compared to 
Caucasian normal HAPMAP frequencies (p < 0.03), particularly 
the exon 20 rs1062633 (p = 0.01) (Figs. 7G and 9). These pre-
liminary findings suggest that a prevalence of Asian eSNPs in 
European GEC patients may exist and that these germline eSNPs 
may predispose this cohort to GEC.

RON and MET function, signaling and inhibition. RON-
mediated aggressive phenotypes were enhanced with MET co-acti-
vation; aggressive phenotypes were abrogated optimally when RON 
blocking antibodies were combined with MET blocking antibod-
ies. To understand potential cross-talk and synergy between the 
RON and MET pathways, GEC cell lines were exposed to vari-
ous growth factor conditions with or without RON and/or MET 
blocking antibodies to evaluate the effect on cell cycle and apop-
tosis (Figs. 9A and 10) and viability (Figs. 9C, 11 and 12). When 
AGS, having high RON and moderate MET expression (Fig. 4A) 
and normal gene copy numbers (Table 2) was exposed to com-
bined MSP and HGF, a higher percentage of cells were seen in S 
and G

2
 phases and less in sub-G

1
 in comparison to either growth 

factor alone (Figs. 9A and 10). Apoptosis was optimal when com-
bining both RON and MET blocking antibodies versus either 
alone, by cell cycle analysis (sub-G

1
) and independent evaluation 

by Annexin-V assay (Figs. 9A, B and 10). phospho-Tyrosine 
(p-Tyr) IB revealed a time-dependent response to MSP expo-
sure in GEC lines (Fig. 9B) and also a dose-dependent response 
(data not shown). Global p-Tyr and RON, MET and STAT3 
phosphorylation was strongest as detected by densitometry when 
exposed to both MSP and HGF combined (Figs. 9B, D and 11). 
Biochemical evidence of MSP-RON signaling disruption in AGS 
was observed, completely abrogating p-RON and downstream 
p-AKT in the presence of novel extracellular RON blocking anti-
bodies (Fig. 9B, bottom left). Similar trends were seen in MKN-
45, showing optimal inhibition of viability with both RON and 
MET blocking antibodies (Fig. 12). Transwell migration assay 
showed a decreased motogenic response of cells optimally in the 
presence of both inhibiting antibodies, versus either antibody 
alone (Fig. 13). Taken together, these data suggest that maximal 
pro-tumorigenic signaling is achieved when both pathways are 
engaged, and that therapeutic blocking of both RON and MET 
pathways in GEC achieved optimal anti-tumorigenic effect.

SU11274 abrogated cancer phenotypes, inhibiting both RON 
and MET signaling. To evaluate the effect on viability, cells were 
treated with the small molecule MET kinase inhibitor SU11274.41 
SU11274 decreased viability of GEC cell lines (Figs. 9C and 11). 
MET amplified MKN-45 (Fig. 6D) exhibited a lower IC

50
 than 

the other non-MET amplified lines. Biochemical evidence of 
MKN-45 cell lysates revealed that even at low doses (0.2 uM), 
both HGF-MET and MSP-RON signaling axes were inhibited 
(Fig. 9D, left). In contrast ERBB2 amplified NCI-N87 showed 
an IC

50
 of 17.5 uM and did not have a significant decrease in 

p-RON or p-MET with SU11274 at 2 uM (Fig. 9D, middle). 
These data revealed, first, that although MET amplified tumors 
have constitutive activation due to MET overexpression, they are 
still responsive to growth factor stimulation with either HGF or 
MSP, and optimally in the presence of both. Second, in addition 
to known abrogation of HGF-MET signaling, SU11274 inhib-
ited the observed MSP induced RON signaling in MKN-45 cells 
[Fig. 9B (right) and D (left)]. This suggests that SU11274 inhib-
its both MET signaling (both constitutive signaling due to MET 
overexpression from gene amplification, and HGF induced sig-
naling) and MSP induced RON signaling at similar nanomolar 
dose levels in MKN-45.

Combination of SU11274 and pimozide synergistically abrogated 
viability. STAT3 was activated upon RON and/or MET stimula-
tion (Fig. 9B and D). Treatment with the STAT3/5 inhibitor, 
pimozide,58 led to decreased viability of cell lines, notably AGS; 
the combination of SU11274 with pimozide was synergistic in 
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control (data not shown). Baseline levels of RTKs and STAT3 
were evaluated by IB in various GEC and lung cancer lines (Fig. 
15C, top left); MET and RON expression levels appear slightly 
different due to difference in exposure time compared to Figure 
4A for cell lines that are present in both blots, however relative 
expression patterns persisted. Biochemical analysis of AGS from 
days 3–6 post-siRNA transfection revealed a feedback loop upon 
knockdown of either RON or MET alone that resulted in a recip-
rocal increase in expression of the other receptor, most evident 
with MET knockdown and resulting increased RON expression 
(Fig. 15C, bottom left). With dual siRNA knockdown however, 
expression of both receptors was significantly and optimally 
decreased. Kras mutated A549 (lung) and ERBB2 amplified NCI-
N87 lines showed similar results (Fig. 15C), again most evident 
with increased RON expression in the setting of MET knock-
down in A549. Expression of other receptor tyrosine kinases, 
including HER2, was not affected in this feedback loop in GEC. 
EGFR expression was increased upon knockdown of MET and/
or RON in the lung cancer cell line A549. These data provide 
proof of concept that for GEC, RON and MET redundant sig-
naling and functional reciprocity can adjust for, in a matter of 
days, removal of the other receptor through a negative feedback 
loop, but that this phenomenon can be overcome with simultane-
ous neutralization of both receptors, without effect on unrelated 
receptors like HER2.

To evaluate the effect of RON knockdown with an alter-
nate gene silencing strategy, an AGS inducible shRNA line was 
generated in which the shRNA is controlled by a doxycycline 
responsive promoter. We observed that this cell line formed fewer 
colonies in soft agar and showed decreased proliferation as com-
pared with the scrambled shRNA control line; however, colony 
formation was not dependent on the presence of MSP, suggesting 
RON was signaling in a ligand-independent manner to promote 

MKN-45 and NCI-N87 as indicated in isobolograms with com-
bination indices at ED50 and ED75 <1 [Figs. 9C (left) and 14]. 
Biochemical evidence revealed decreased p-STAT3 in NCI-N87 
cells treated with pimozide over controls (Fig. 9D, right).

Combined chemotherapy and SU11274 synergistically inhib-
ited viability. To evaluate the effect of RON and MET inhibi-
tion combined with chemotherapy, GEC cells were treated with 
SU11274 (given our findings of dual inhibition of both RON and 
MET receptors with this drug) and/or oxaliplatin chemotherapy, 
resulting in a synergistic decrease in viability as indicated in iso-
bolograms and combination indices at ED

50
 and ED75 <1 [Figs. 

9C, (right) and 14]. Our in vitro study suggests that enhanced 
cell kill can be achieved in GEC cells more effectively by using 
the RON and MET inhibitor SU11274 combined with oxalipla-
tin chemotherapy, versus either inhibition strategy alone.

Combined siRNA knockdown of RON and MET inhibited sig-
naling feedback loops and led to optimal anti-tumorigenic effect. To 
directly address the role of redundancy and resistance between 
RON and MET signaling axes in cell lines, we assessed the 
effect of siRNA knockdown of RON, MET or both (Figs. 15 
and 16). In AGS cells (Kras mutant, adherent) wound migra-
tion was inhibited with RON or MET protein knockdown alone  
(not significant), but was optimal with knockdown of both pro-
teins simultaneously p = 0.0042 (Fig. 15A). Similarly, apopto-
sis was highest in the setting of dual MET and RON protein 
knockdown with 28.05% of cells in early and late apoptosis  
(bottom right and top right, respectively), versus either alone 
(MET-19.58%; RON-25.76%) (Fig. 15B) although the apop-
totic effect appeared to be a predominantly RON-mediated 
event which is consistent with previous reports in reference 59. 
Negative control, Snu-1, did not show any difference in viabil-
ity or apoptosis (negative for RON and MET expression) with 
siRNA RON and MET assays compared to scrambled siRNA 

Figure 6A–E (See pages 22 and 24). Alterations in gene copy number of MET, MST1R and HER2 in MKN-45, NCI-N87, AGS and Hs746t GEC cell lines 
detected by FISH (A–E) and aCGH (F–H). (A) Genomic position of BAC RP11-163C9 clone selected for homebrewed MET FISH probe (top) and repre-
sentative photomicrograph of MET:CEP7 FISH in control cells from normal human lymphocytes (bottom) in metaphase and interphase (insert) are 
shown. Here and in (B), the MET gene is localized by red �uorescent signals and chromosome 7 centromere (CEP7) is localized by green �uorescent 
signals. The cells were counterstained with DAPI (blue). Two signals for each probe can be detected on chromosome 7 as a normal pattern. (B) Images 
of MET:CEP7 FISH in GEC cell lines in metaphase and interphase (inserts) are presented. MKN-45 cells show multiple red signals representing highly 
ampli�ed and translocated MET copies on three nonhomologous chromosomes (arrow). Five copies of derivative chromosome 7 (der7) with one 
der7 carrying MET gene are visible. One copy of chromosome 7 with presumably normal MET signal was also detected (arrowhead). In NCI-N87 cells 
(top right part), one copy of MET and two copies of CEP7 are visible. MET was deleted in 87% of cells. FISH image of AGS cell line (bottom left) depicts 
two copies of presumably normal MET and CEP7 signals that were detected in 90% of cells. Three copies of chromosome 7 and four copies of MET 
(one copy translocated to nonhomologous chromosome) represent Hs746t cells (bottom right). (C) Genomic position of BAC RP11-915H6 clone and 
two fosmid clones WI2-1337B15 and WI2-1244I15 selected for homebrewed MST1R FISH probe are shown (top). Images of MST1R:CEP3 FISH in control 
normal human lymphocytes in metaphase and interphase (insert) are presented (bottom). The MST1R gene is detected by green �uorescent signals 
and chromosome 3 centromere (CEP3) is detected by red �uorescent signals. The combination of fosmid clones (bottom left) gave optimal probe size 
that was speci�c to MST1R DNA, and gave bright FISH signals comparable to BAC probe signals (bottom right). Normal pattern of two signals for each, 
MST1R and CEP3 probes can be detected on chromosome 3. (D) Images of MST1R:CEP7 FISH in GEC cell lines in metaphase and interphase (inserts) are 
presented. MKN-45 cells show three copies of each, MST1R and CEP3 (balanced trisomy; top left). One copy of MST1R and two copies of CEP3 are visible 
in NCI-N87 cells (top right part). MST1R was deleted in 83% of these cells. AGS cell line carries two copies of each presumably normal MST1R and CEP3 
signals (bottom left). Hs746t cells revealed heterogeneous pattern of alterations of MST1R and chromosome 3 signals (bottom right). Image of Hs476t 
shows cell with balanced tetrasomy for both signals and partial metaphase spread in insert with three MST1R and four CEP3 signals. (E) Images of 
HER2:CEP17 FISH in GEC cell lines in metaphase and interphase (including inserts in top left and bottom right) are presented. The HER2 gene is local-
ized by red �uorescent signals and chromosome 17 centromere CEP17 is localized by green �uorescent signals. MKN-45 HER2-nonampli�ed cells show 
balanced tetrasomy for both signals (top left). NCI-N87 show classical example of true gene ampli�cation forming intact amplicon on one chromo-
some 17; another, presumably normal chromosome 17, carries one copy of HER2 (top right). On the bottom left, FISH image of AGS cell line depicts two 
copies of presumably normal HER2 and CEP17 signals. Hs746t cells were HER2 FISH- and show three copies of each HER2 and chromosome 17 (balanced 
trisomy; bottom right).
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Figure 6F–H. Correlation of 
qPCR and aCGH (Agilent 1M array 
normalized to pooled normal lym-
phocyte DNA) gene copy number 
results for NCI-N87. Gene copy 
number by qPCR are indicated 
(F). aCGH copy number (blue, 
deletion; red, gain) See Table 1 in 
text for details. (G) Evaluation of 
genome copy number by aCGH; 
chromosome 7 results are shown 
from tumor sample (p9) competi-
tively hybridized with adjacent 
grossly normal tissue sample (p69) 
revealing increased MET copy 
number in the tumor. (H) Evalu-
ation of genome copy number 
by aCGH; chromosome 3 results 
are shown of tumor sample (p44) 
competitively hybridized with 
adjacent grossly normal tissue 
sample (p72) revealing increased 
RON copy number (trisomy) in the 
tumor, adjacent to a large deleted 
region.
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Figure 7 (See opposite page). MST1R (RON) gene alteration and correlation with clinical outcome. (A) Venn diagram of qPCR high gene copy number 
(GCN) of MST1R, MET, ERBB2 (HER2) results for 53 samples (45 GEC tissue and 8 GEC cell lines). (B) Images of three selected samples demonstrating the 
correlation of protein expression detected by immunohistochemistry (IHC) with GCN alterations detected by qPCR. Sample #1: MST1R high GCN (GCN+) 
and MET not high (GCN-) (top left); total RON, MET and STAT (top) and phosphorylated (phospho) (bottom). Sample #2 (p9, see Table 1): representa-
tive images of MST1R and MET high GCN (top right); p-RON (top) and p-MET (bottom). Sample #3: representative images of MST1R not high GCN 
paraneoplastic tissue and primary tumor (bottom left), and MST1R high GCN in the metastatic lymph node (LN) (bottom right). (C) Correlation of GCN 
alterations in MST1R (left), MET (middle), or both (right), with overall survival (months) in the American (US) patient cohort, N = 36. (D) Representative 
MST1R:CEP3 �uorescence in situ hybridization (FISH) from a selected gastric tumor tissue sample (p26, Table 1), that had showed high MST1R GCN by 
qPCR (left). Mean MST1R copies per cell was 6.22, mean CEP3 copies per cell was 4.03, the MST1R to CEP3 ratio was 1.54. Tumor showed more than �ve 
copies of the MST1R gene (green signal) in more than 40% of tumor cells and was classi�ed as FISH+ due to MST1R high polysomy. The nuclei shown 
possessed nine copies of MST1R and nine copies of CEP3. RON protein high expression, (right) by immunohistochemistry (40x) correlated with the 
polysomic FISH scored region (100x). (E) MST1R gene structure with identi�ed R1018G juxtamembrane (JM) domain Exon 13 mutation and the 3 eSNPs 
(rs2230590, Exon 4; rs1062633, Exon 20; and rs7627864; Intron 19). (F) Patient 1, left: samples that revealed heterozygous R1018G in both paraneoplastic 
metaplasia (left) and tumor (right). Images showing H&E and RON/P-RON immunohistochemical expression. Patient 2, right: Chromatograms dem-
onstrating the novel MST1R heterozygous R1018G in the exon 13 JM domain. Example of liver metastasis demonstrating a somatic change (A/G) com-
pared to primary tumor and metastatic lymph node (LN) (A/A). (G) Association of MST1R eSNP rs1062633 genotype and allele frequency with European 
normal versus European tumor samples. HAPMAP normal (nl) genotype N = 90, AA n = 13, AG n = 38, GG n = 39; cancer genotype N = 20, AA n = 8, AG 
n = 7, GG n = 5. Pearson chi2 = 7.18, p = 0.028. HAPMAP nl allele N = 180, A n = 64, G n = 116; cancer allele N = 40, A n = 23, G n = 17. Pearson Chi2 6.59, p = 
0.01. Trend analysis for proportions p > chi2 = 0.0164.

Figure 8. Somatic heterozygous juxtamembrane domain mutation at mRNA position A3316AG, amino acid position R1018G. (A) Mutation position is 
displayed on exon 13 mRNA position 3,316 (red downward arrow). Indicated change is in the �rst position of codon AGA (R) to GGA (G) (blue boxes). (B) 
DYR motif amino acid positions 1,016–1,018 are conserved as depicted here (taken from prophylER analysis). (C) Chromatogram of frozen tissue gastric 
cancer sample (F6) at genomic position A8415AG, translating into the missense R1018G change.
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MET:

                       1 rs10271561 INTRON 1

                         2 rs714180 INTRON 1

3 rs38841 INTRON 1

                       4 rs6954316 INTRON 1

5 rs38850 INTRON 1

6 rs38851 INTRON 2

7 rs38852 INTRON 2

8 rs38854 INTRON 2

9 rs38855 INTRON 2

10 rs38858 INTRON 2

11 rs38859 INTRON 3

12 rs2237717 INTRON 11

13 rs2299439 INTRON 15

14 rs10435378 INTRON 19

15 rs6978135 INTRON 19

16 rs193688 INTRON 19

17 rs183642 INTRON 19

18 rs6951311 INTRON 19

19 rs41735 INTRON 19

20 rs41736 EXON 20 synonymous

21 rs2023748 EXON 21 synonymous

22 rs41737 EXON 21 synonymous

23 rs41738 3' UTR

24 rs41739 3' UTR

25 rs6566 3' UTR

26 rs16945 Tail

27 rs41743 10 kb downstream

28 rs42336 10 kb downstream

29 rs41746 10 kb downstream

30 rs41747 10 kb downstream

HGF: 1 rs5745635 EXON 3, synonymous

MSP none

RON:

     1 rs2230590 [missense A/G Gln/Arg] EXON4 genomic DNA (g)5205

    2 rs1062633 [missense A/G Gln/Arg] EXON20 genomic DNA (g)16131

                    3 rs7627864 intron 19 genomic DNA (g)14694

                4 rs2352984 10kupstream

                 5 rs868891 10kupstream

Selected Intragenic MST1R (RON) eSNPs (g16131, g5205, g14694):

HAPMAP Normals

n g16131 Exon 20 Gln to Arg

AA AG GG

Asian 120 86 31 3

European 90 13 38 39

African 90 15 47 28

n g5205 Exon 4   Gln to Arg

Table 4. RON/MET/MSP/HGF HAPMAP eSNPs, frequencies and tumor eSNP frequency by ethnicity
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Table 4 (continued). RON/MET/MSP/HGF HAPMAP eSNPs, frequencies and tumor eSNP frequency by ethnicity

AA AG GG

Asian 120 86 31 3

European 90 15 51 24

African 90 11 42 37

n g14694 Intron 19

CC CG GG

Asian 120 90 29 1

European 90 14 60 16

African 90 58 32 0

g16131 # Total alleles = AA*2 + AG GG*2+ GA

A vs G

#Total alleles n % n %

Asian 240 203 84.6 37 15.4

European 180 64 35.6 116 64.4

African 180 77 42.8 103 57.2

Cancer Tissue Samples

n g16131 Exon 20 Gln to Arg

AA AG GG

Asian 9 6 1 2

European 20 8 7 5

African American 12 2 6 4

Hispanic 1 0 0 1

India 2 2 0 0

n g5205 Exon 4    Gln to Arg

AA AG GG

Asian 9 7 1 1

European 20 8 8 4

African American  12 1 8 3

Hispanic 1 0 0 1

India 2 2 0 0

n g14694 Intron 19

CC CG GG

Asian 9 9 0 0

European 20 9 9 2

African American 12 7 4 1

Hispanic 1 0 1 0

India 2 2 0 0

g16131 # Total alleles = AA*2 + AG, GG*2+ GA

A vs G

#Total alleles n % n %

Asian 22 17 77.3 5 22.7

European 40 24 60 17 42.5

African 24 10 41.7 14 58.3
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Figure 9 (See opposite page). RON function, signaling and inhibition. (A) Left, cell cycle of AGS under selected growth factor and blocking monoclo-
nal antibody combinations. Gated events = 10,000. Right, apoptosis by annexin V (abscissa) and propidium iodide (PI, ordinate) in AGS with selected 
growth factor and blocking monoclonal antibody combinations. Gated cells = 20,000. (B) Top, immunoblot showing p-Tyr 4G10 and p-RON, p-MET,  
p-STAT3 relative to loading control with exposure to varying growth factor conditions over time. C, control. Bottom, e�ect on p-RON and p-AKT 
(odyssey blot) of pre-incubation with novel extracellular monoclonal RON blocking antibody (R Ab) at varying concentration and MSP exposure versus 
controls. p-AKT = red, total AKT = green. (C) Top left, viability of GEC lines with SU11274 (black), pimozide (grey) or combination (red). Bottom left, 
isobolograms demonstrating combination indices at ED50 (red) and ED75 (green). Top right, viability of GEC lines with SU11274 (black), oxaliplatin (grey) 
or combination (red). Bottom right, isobolograms demonstrating combination indices at ED50 (red) and ED75 (green). (D) E�ect of SU11274 inhibition 
on GEC lines with growth factor combinations (1 minute exposure) on global phosphorylation (p-Tyr 4G10) and p-RON, p-MET, p-STAT3 and p-EGFR 
relative to loading control for MKN-45 [left, SU11274(0.2 uM)] and NCI-N87 (middle, SU11274 [2 uM]). M, MSP; H, HGF. Right, e�ect on global phosphory-
lation (p-Tyr 4G10) and p-STAT3 of treatment with MSP with or without pimozide (12 uM) over time.

growth (Fig. 15D and E). RT-qPCR and IB confirmed decreased 
mRNA and protein expression of RON upon shRNA activation 
in this model, respectively, as compared to control (Fig. 15F and 
G). MET expression increased upon knockdown of RON with 
transient siRNA RON infection in wild-type AGS and in the 
AGS RON shRNA line (Fig. 15G).

Immunofluorescent detection of RON, MET, p-RON and 
p-MET, E-cadherin and vimentin in AGS cells under varying 
growth and inhibitory conditions. To determine cellular spatial 
expression of RON, MET, p-RON and p-MET in AGS cells 
upon exposure to growth factors and inhibitors, proteins were 
labeled by IF and were analyzed by confocal microscopy immu-
nofluorescence (IF) along with total internal reflection fluores-
cence (TIRF) and high resolution stimulated emission depletion 
(STED) imaging (Figs. 17–19). RON (red) and MET (green) 
were both distributed diffusely at the membrane, cytoplasm and 
nucleus of AGS cells, as evaluated by C-terminal antibodies; 
RON and MET co-expression was evident in the merged image 
(yellow) (Figs. 17A, 18G and 19A). The extracellular N-terminal 
RON antibody (Biogen, green) revealed membranous expression 
in a reticular pattern (Figs. 17D, 18C–E and 19) that was con-
fined to the cell membrane as detected by XZY axis STED imag-
ing (Fig. 19). Activated p-RON (red) revealed focal membranous 
and stippled cytoplasmic staining as well as diffuse nuclear stain-
ing (Figs. 17C, D, 18C–E and 19), consistent with staining pat-
terns visualized by IHC (Fig. 17B), and was particularly intense 
in multinucleate dividing cells (Fig. 18D and E) and at the cell 
membrane as visualized by TIRF (Fig. 19). p-RON (red) was 
optimally inhibited with both RON and MET blocking anti-
bodies versus either alone after exposure to both MSP and HGF 
(Fig. 17C) with the appearance of more apoptotic bodies than 
with either antibody alone or versus corresponding controls (Fig. 
19). This suggests that HGF induced MET activation resulted in 
trans-phosphorylation of RON, leading to RON blocking anti-
body resistance when used alone, but that this was overcome with 
simultaneous MET blocking antibody inhibition.

To evaluate protein expression patterns in the AGS inducible 
RON shRNA line and the scrambled shRNA control, we evalu-
ated IF after 9 days of doxycycline exposure in 10% FBS (Fig. 
17D). RON expression clearly decreased to <50% in the RON 
shRNA line, both using the RON beta intracellular antibody 
(red) and the extracellular antibody (green). Similarly, p-RON 
and p-STAT3 (red) were decreased in the RON shRNA line. 
Conversely, MET expression (green) was increased to greater 
than 50% in the RON shRNA line. p-MET expression was 

increased over the scrambled shRNA control. Finally, to deter-
mine the effect on epithelial-mesenchymal transition (EMT), 
E-cadherin and vimentin expression was evaluated (Fig. 17D), 
revealing a striking increase in E-Cadherin >100% and a 
decrease in vimentin expression >76% in the RON shRNA line 
over control. Collectively, these IF data corroborate our findings 
that RON and MET are co-expressed at the membrane, cyto-
plasm and nucleus, and that their activation by growth factors is 
optimally abrogated by dual RON and MET inhibition. RON 
protein knockdown results in a mesenchymal to epithelial con-
version, but also a reactive reciprocal increase in MET expression.

Discussion

In this report, we have characterized the expression, gene altera-
tion and inhibition of the RON and MET signaling axes in GEC 
cell lines and human GEC tissues that had curative intent sur-
gery. These studies revealed that expression of these proteins is 
minimal in normal GEC mucosa. In contrast, both receptors and 
their ligands are expressed at higher levels in precursor lesions 
of metaplasia and Barrett’s esophagus, with increasing expres-
sion upon progression to invasive adenocarcinoma. RON highly 
expressing tumors (74%) and particularly those with both RON 
and MET (43%), had a worse overall survival, irrespective of 
tumor stage. This result is similar to the recent observation that 
RON expression was an independent predictor of decreased sur-
vival and early relapses in node-negative breast cancer patients.35 
Overall, these findings suggest that in addition to advanced tumor 
stage, early stage tumors with high RON and/or MET expression 
do poorly. One may speculate that these patients would benefit 
from a more aggressive therapeutic approach, either with chemo-
therapy in early stage disease where it is not routinely used, or, by 
adding RON-MET targeted inhibition to standard neoadjuvant 
and/or adjuvant perioperative care. A limitation to these explor-
atory analyses is the patient cohort heterogeneity with respect to 
their perioperative treatment, which included chemotherapy or 
chemoradiotherapy before and/or after surgery, or surgery alone. 
Thus, the prognostic implications derived from our patient 
cohort should be evaluated further in a prospective manner in 
a uniformly treated and adequately powered patient population.

The autocrine and paracrine secretion of MSP and HGF 
has been defined in tumors and mesenchymal tissues,60-62 and 
we evaluated MSP for the first time to our knowledge in tis-
sue samples by IHC. Both MSP and HGF were overexpressed 
in GEC tumor compared to normal, and we confirmed mRNA 
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Figure 10. Cell cycle and apoptosis in AGS wild-type cells. (A and B) Cell cycle as evaluated by �ow cytometry (FC) of AGS cells under varying growth 
factor and blocking antibody combinations are shown. RON102, RON extracellular blocking antibody; MET Ab, MET extracellular blocking antibody; M, 
MSP; H, HGF. (C and D) Apoptosis was evaluated in AGS cells treated with SU11274 by FC (C) and immon�uorescence (IF) confocal microscopy (D) using 
Annexin-V FITC and PI near red channels. FC show 30,000 events per condition. Representative IF images are shown at 10x.

production and protein expression in GEC cell lines. Snu-1, hav-
ing minimal RON or MET expression, had high mRNA and pro-
tein levels of both MSP and HGF. One hypothesis is that this 
cell line, derived from ascites fluid, may have been involved in 
a tumor-stroma co-existence, secreting MSP/HGF in a paracrine 
fashion to nearby stromal components such as macrophages or 
fibroblasts that expressed RON and MET. The other cell lines 

expressed both receptors, suggesting an autocrine loop in these 
cases.

The mechanism of RON receptor overexpression in GEC 
remains to be fully elucidated; there are several proposed mecha-
nisms of RON overexpression. For example, activation of the 
HGF-MET axis leads to subsequent increases in RON expres-
sion.32 This may explain our findings for MET gene amplified 
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cell lines MKN-45, SNU-5 and H1993 (which have MET over-
expression and constitutive activation) that MET siRNA knock-
down led to decreased RON expression (data not shown), rather 
than increased RON expression as observed for non-MET ampli-
fied lines. Additionally, it has been reported that loss of tumor 
suppressor SMAD4 expression contributes to aberrant increases 
in RON expression.55 We showed frequent SMAD4 copy loss in 
GEC (28%), which provides a mechanistic explanation for RON 
overexpression observed in those tumors. Also, RON upregula-
tion as a result of Kras mutation has been suggested in pancre-
atic cancer;25 however, no Kras mutations were detected in our 
samples, suggesting that this mechanism is rare in GEC, con-
sistent with previous reports in reference 63. Other regulators 
of RON expression potentially include microRNA, which may  
play a role in fine tuning RON protein expression, as was shown 
with MET and miR-34b, miR-34c and miR-199a*, although this 
has yet to be demonstrated.64 Alternate mRNA splicing and alter-
nate transcription have been described, adding yet another layer 
of complexity to RON regulation and function.65-67 Furthermore, 
“gene dosage” or increased MST1R gene copy number (GCN) 
may correlate with protein expression.

Clustered gene amplification of MET occurs in approximately 
5–10% of GEC,10-12 and of ERBB2 in 10–20%.7 However, this 
is the first report showing increased MST1R copy number in any 
cancer. Approximately 33% of samples had high MST1R GCN 
by qPCR, while adjacent normal tissue was significantly lower by 
qPCR, although not normal in most cases. This may be explained 
by the limitations of the qPCR technique, which averages the 
GCN across all cells from the adjacent “normal” sample, and 
therefore may include contaminating tumor and pre-neoplastic 
cells within the normal mucosa, potentially leading to an overall 
slightly increased copy number.

Figure 11. KATO-III p-Tyr immunoblot of stimulation and inhibition. p-Tyr immunblot of KATO-III. (A) p-Tyr immunoblot and RON and MET phospho-
antibodies relative to actin loading control upon stimulation with MSP (M), HGF (H) or both at 1 minute, versus starved control (C). MSP 50 ng/mL, HGF 
20 ng/mL. (B) p-Tyr immunoblot relative to actin loading control seen after exposure to FBS for 6 hours versus starved control (last lane), under varying 
inhibitor pre-treatment conditions. Su, Su11274; Met Ab, Met extracellular blocking antibody, 5 ug/mL; RON Ab, RON extracellular blocking antibody 5 
ug/mL.

Figure 12. E�ect of with growth factors and blocking antibodies on 
MKN-45 viability. MSP (M 50 ng/ml) and HGF (H, 20 ng/ml) combination 
resulted in synergistic increase in viability (left group). Preincubation 
with MET and RON blocking antibodies (MET R&D Ab, RON R&D Ab) 
together led to optimal abrogation of viability (right group, red) over 
either blocking antibody alone (second and third groups).

MST1R GCN was co-elevated with ERBB2, MET and/or 
FGFR2 in approximately half of the high GCN cases (n = 11/21), 
which may be explained by a global genomic chromosomal 
instability that leads to selection of a number of amplifications/
deletions throughout the genome that contribute to the overall 
oncogenicity of the cell.68 In support of this phenomenon, evalu-
ation of the whole genome by aCGH of NCI-N87 demonstrated 
several deletions and gains. It should be noted, however, that 
MST1R and MET copy numbers are both only 1 in NCI-N87 
(confirmed by FISH, qPCR and aCGH), while protein expres-
sion is high and functional. Therefore, whereas an increased 
GCN (both gene amplification and polysomy) tended to predict 
higher expression patterns (particularly amplification), decreased 
copy number of one did not alone predict low expression lev-
els, suggesting caution should be used in bioinformatics models 
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Figure 14. Gastric cancer cell line IC50 tables for in vitro drug viability 
studies. IC50 (umol/L) of individual drugs and combinations are indi-
cated for AGS, MKN-45 and NCI-N87 for SU11274 and pimozide (A) and 
SU11274 and oxaliplatin (B). SU, SU11274.

Figure 13. Transwell migration with inhibiting antibodies. Transwell 
migration is optimally inhibited by the combination of RON and MET 
blocking antibodies. RON blocking antibody (Biogen Idec) and MET 
blocking antibody (R&D) combination inhibited AGS transwell migra-
tion optimally versus either antibody alone.

that make this assumption based on aCGH genome-wide stud-
ies. In addition to aCGH, FISH also demonstrated chromosomal 
instability in samples. For example, in MKN-45, it was demon-
strated to have high polysomy of MST1R and MET as well as 
clustered amplification of MET. However, we could not confirm 
that the cell line Hs746t is MET amplified as in Smolen et al. 
but rather increased GCN by qPCR was due to polysomy when 
assessed by FISH. Analysis by FISH highlights the limitations of 
qPCR and aCGH in differentiating elevated GCN due to poly-
somy versus gene amplification. As such, it should be noted that 
an elevated GCN for MST1R and MET by qPCR in the three 
FFPE tissue samples assessed by FISH were actually due to poly-
somy, except for p9 which had true MET amplification that was 
heterogeneous and patchy within the tumor specimen. Also, as 
has been previously described, qPCR often overestimates GCN 

Figure 15 (See opposite page). RON siRNA knockdown abrogates malignant phenotypes in GEC optimally with combined MET knockdown. (A) 
Wound healing assay under siRNA RON, MET or both versus scrambled siRNA control. *p = 0.0042. C = scrambled siRNA control, AGS = wild-type 
line (B) apoptosis by annexin V (abscissa) and propidium iodide (PI, ordinate) in AGS cells (30,000 events) under siRNA RON, MET or both. (C) Top 
left, immunblot of cell lines showing HER2, EGFR, RON, MET, FGFR2 and STAT3 expression relative to loading control. Remaining immunoblots show 
expression of RON, MET, EGFR and HER2 relative to loading control, in the presence of siRNA RON, siRNA MET or siRNA RON and MET combined rela-
tive to scrambled siRNA control (Scr) from lysates obtained on days 3 to 5 after siRNA transfection. (D) Soft agar colony formation assay (*p = 0.089, 
**p = 0.0166, ***p = 0.178) and (E) proliferation, evaluation of an AGS inducible RON knockdown (shRON) line over scrambled shRNA control (shC) line 
with or without MSP. (p = 0.022 shRON versus shC). (F) Con�rmatory mRNA decrease by RT-qPCR of the shRON AGS line over scrambled shRNA (shC) 
control and AGS wild-type (wt) lines. (G) Representative immunblot showing RON expression of the inducible shRON AGS line after induction with 
doxycycline and lysates obtained after 9 days and reciprocal increase in MET expression, compared to the inducible scrambled shRNA (shC) control 
and compared to the wild-type AGS line with no siRNA control (C), scrambled siRNA control (Scr) and siRNA RON (siRON). Signi�cance determined by 
Student’s t-test.

compared to FISH,46,69,70 and this was seen for MST1R for sample 
p44. Potential reasons for the discrepancies we observed between 
qPCR, aCGH and FISH results, include the aforementioned 
“DNA averaging” and heterogeneity of cells in the sample (het-
erogeneous tumor, dysplasia, metaplasia and stroma-fibroblasts, 
leukocytes, etc.) which can significantly influence qPCR and 
aCGH results. Another includes DNA quality, particularly of 
FFPE DNA. Additionally, the choice of the control qPCR gene, 
as well as the control DNA used for competitive hybridization 
for aCGH may affect results. Any or all of these explanations can 
account for the increased rate of discordancy between the three 
modalities that we observed in heterogenous FFPE tissue samples 
in comparison to relatively homogenous cell lines. Accordingly, 
of the three FFPE cases with high MST1R and MET GCN by 
qPCR analyzed by FISH thus far, all had at least MET polysomy 
but only one case, p9, showed clustered MET gene amplification; 
of the same three cases showing gain of MST1R by qPCR, two 
showed high polysomy by FISH. On the other hand, while FISH 
is most accurate in identifying the true gene copy within the 
tumor pathohistological architecture, it is laborious and costly. 
qPCR is a quick method to screen a large number of tumors for 
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Figure 16. MKN-45 viability siRNA and growth factor studies. Dual RON and MET protein knockdown achieved optimal inhibition of viability and total 
cellular phophorylation. (A) Growth factor (GF): Control viability ratio of MKN-45 versus siRNA condition. Optimal inhibition is achieved with dual 
siRNA protein knockdown of both RON and MET over either alone, especially in the presence of both growth factors MSP and HGF. siRNA condition: (1) 
control, (2) siRNA scrambeled control, (3) siRNA RON, (4) siRNA MET, (5) siRNA RON + MET. siRNA for RON or MET was 50 nMol in each condition. Total 
concentration was 100 nMol siRNA in each condition (e.g., 3. siRNA RON 50 nmol + scrambled siRNA 50 nmol). (B) p-Tyr immunoblot of MKN-45 lysates 
under varing siRNA conditions and growth factor combinations (exposure 1 minute). (C) -R, -M, -RM: control, siRNA RON, MET, both, respectively.

copy number aberrations with a potentially acceptable concor-
dancy rate with FISH results.71

Tumor samples confirmed to have high MET and MST1R 
GCN by FISH revealed that the adjacent histologically normal 
mucosa were disomic by FISH, supporting the notion that chro-
mosomal instability and the development of polysomy is associ-
ated with histologic progression of disease.72 The correlation of 

histologic tumor progression that we observed with increasing 
GCN of MST1R and MET through polysomy is consistent with 
a previous report correlating histologic progression and worse 
outcome of patients with nonrandom chromosome 3 gain in 
GEC.72 Tissue p9 showed patchy areas of MET gene amplifica-
tion that correlated with very high protein expression by IHC 
in the primary tumor (particularly the invasive front), whereas 

Figure 17 (See opposite page). RON, p-RON, MET, p-MET, E-Cadherin and Vimentin immuno�uorescence (IF). (A) Wild-type AGS RON (red, c-terminal 
β-chain) and MET (green, c-terminal β-chain) expression and merged image (yellow). (B) Representative immunohistochemistry images (10x left, 20x 
right) from two separate gastric cancer tissues displaying stippled p-RON cytoplasmic staining, similar to that seen by IF in 6c. (C) Representative im-
ages displaying wild-type AGS with p-RON (red) under varying growth factor and inhibitor combinations. Negative control with secondary rabbit an-
tibody without primary antibody. R Ab, RON blocking antibody; M Ab, MET blocking antibody; SU, SU11274. (D) Inducible shRNA RON knockdown AGS 
(shRON) and scrambled shRNA control line (shControl) immuno�uorescence. First row, intracellular c-terminal RON (red) and c-terminal MET (green). 
Second row, p-STAT3 (red) and extracellular RON102 (green). Third row, p-RON (red) and p-MET (green). Fourth row, E-cadherin (red) and vimentin 
(green). All IF �elds at 60x, DAPI (blue) and phyloidin (grey).
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Figure 17. For �gure legend, see page 36.
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Figure 18A–E. RON, MET, p-RON immuno�uorescence and co-localization in wild-type AGS cells in 10% FBS. (A) Representative negative controls with 
secondary rabbit (red) and mouse (green) alone. (B) MET (green) and RON (RED, c-terminal) and merged image; (C–E) RON (green, extracellular) and 
p-RON (red) and merged image.
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Figure 18F–I. RON, MET, p-RON immuno�uorescence and co-localization in wild-type AGS cells in 10% FBS. (F) RON-MET co-localization indicated in 
yellow. (G) RON-MET co-localization of image in Figure 6A. (H and I) RON-pRON co-localization indicated in yellow.

other areas of tumor only showed high polysomy and lower MET 
expression levels. Moreover, the metastatic lymph node for this 
same patient showed MET amplification in all of the tumor cells 
when evaluated by FISH, again supporting the notion of clonal 
evolution and selection for metastatic capability. Given the 
aforementioned tumor heterogeneity resulting in gene amplified 
and non-gene amplified tumor clones, this must be considered 
when evaluating MST1R and MET so as to not miss true ampli-
fication by FISH in the primary tumor, as previously reported 
for ERBB2.73,74 In advanced disease, it may be higher yield to 
evaluate a metastatic lesion(s) to assess for gene amplification of 
MET and MST1R, as these are the relevant lesions which will 
ultimately determine clinical outcomes.71 This concept needs 
further investigation.

Another mechanism for increased protein expression includes 
the ubiquitin ligase Cbl, which mediates proteasome degradation. 
Alteration of this molecule’s ability to bind to membrane pro-
teins plays a role in the stability and activation of various RTKs, 
including RON.75 We describe here a novel R1018G mutation, to 
our knowledge not reported in any normal or malignant tissues 
to date, in the MST1R exon 13 juxtamembrane (JM) domain 

containing the conserved Cbl DpYR binding motif that occurred 
in 6 of 54 samples (11%)—none were observed in cell lines. A 
previous report defined this conserved motif, through artificial 
mutation, as a critical binding domain of Cbl initiated degra-
dation of MET.56 This suggests a mechanism for RON upreg-
ulation and overexpression in these samples. In one case, the 
mutation was observed in metaplastic tissue, whereas in another 
it was observed only in the liver metastasis. Further evaluation is 
required to determine if this mutation plays a role and is suffi-
cient for tumor initiation and/or if it is more important for tumor 
progression. Affect of this mutation on inhibition strategies as 
compared to wild-type MST1R is currently being evaluated.

Multiple RTKs are co-activated in tumors and redundant 
inputs drive and maintain downstream signaling, thereby limiting 
the efficacy of therapies targeting single RTKs.76 Combined inhi-
bition of multiple key targets may become an effective strategy to 
overcome this phenomenon. We observed that MST1R and MET 
GCN were often co-elevated in patient tissues corresponding 
with expression by IHC, and that RON and MET co-expression 
portended a very poor prognosis. We then showed in vitro that 
co-activation of RON and MET resulted in cooperation, both 
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phenotypically and biochemically in GEC cell lines. Although 
RON or MET targeted inhibition alone led to decreased aggres-
sive phenotypes over controls, dual receptor inhibition resulted in 
optimal results particularly when both receptors were engaged. 
This was observed using combination RON and MET siRNA 
protein knockdown, or with small molecule tyrosine kinase 
inhibition with SU11274, or with MET and novel RON specific 
extracellular blocking antibodies. We have shown that in GEC 
lines, RON and MET redundant signaling can adjust for, in a 
matter of days, removal of the other receptor through a feedback 
loop, but this can be overcome with simultaneous neutralization 
of both receptors. We observed enhanced protein knockdown of 
both RON and MET at the same siRNA concentration of 50 
nM when combined together versus either alone (with 50 nM 
of scrambled siRNA). This occurred without effect on the levels 
of unrelated RTKs such as HER2 and FGFR2. The observed 
synergy of RON and MET inhibition using SU11274 with con-
current chemotherapy or the STAT3 inhibitor pimozide suggests 
that future clinical approaches to GEC trial design should con-
sider these combinations to optimize outcomes. In vivo murine 
models are ongoing to further evaluate these inhibition strategies.

GEC is a lethal malignancy with poor clinical outcomes 
due to early metastasis and high recurrence rates after curative 
intent surgery—even in early stage disease.1,6 MET, HER2 and 
EGFR inhibition is currently being evaluated in early phase clini-
cal trials with modest benefit.5,77 The data presented here reveal 
that RON is an independently important prognostic marker 
and therapeutic target in GEC given its strong expression, high 
GCN and activating JM mutation. Moreover, RON and MET 
co-expression, redundant cooperative signaling, and functional 
reciprocity suggest that combined inhibition of RON and MET 
is paramount to overcome resistance signaling networks of this 
receptor tyrosine kinase family. Future inhibition strategies will 
require dual inhibition of both pathways to circumvent signaling 
synergy and redundancy.

Materials and Methods

Patient tissues, tissue processing, tissue microarray (TMA) 
construction. Human gastric and gastroesophageal junction tis-
sue samples were obtained in accordance with the University of 
Chicago Institutional Review Board-approved protocols (Table 
1). Overall survival was determined by obtaining the date of 
death in the social security death index registry in accordance 
with the protocols, www.ssdi.rootsweb.ancestry.com/, using the 
patient’s full name and last four numbers of their social security 
for confirmation, and the documented date of diagnosis in the 
hospital records. A total of 35 formalin fixed paraffin embed-
ded (FFPE) GC tissue samples for immunohistochemistry  

(36 for gene alteration analyses) were obtained from the University 
of Chicago (referred to as US cohort) pathology archives from 
between 2002–2008. When available, lymph node metastases 
were used from these same patients (n = 17) and liver metastasis 
in one case. A GEJ TMA prepared at the University of Chicago 
contained a total of 23 cases, with 176 cores from various areas 
of these tissues containing 44 Barrett metaplasia, 38 low grade 
dysplasia, 76 high grade dysplasia and 16 invasive adenocarci-
noma. This TMA had eight control tissues (liver 2, placenta 2, 
kidney 2 and colon 2). Additionally, a set of fresh frozen (OCT) 
clinically unlinked samples was analyzed for full gene screen-
ing of MST1R and MET mutation (nine paired gastric cancer/
paraneoplastic normal, four normal gastric samples from patients 
without a diagnosed cancer and four chronic gastritis samples 
without cancer). Finally, a Korean TMA containing 59 GEC 
samples with linked clinical information and a separate TMA 
with their 59 adjacent paraneoplastic tissues were obtained cour-
tesy of Dr. Yung-Jue Bang from the Seoul National University 
Hospital, constructed using Super Bio Chips.

Ethics statement. All research involving human tissue samples 
was approved by the University of Chicago Institutional Review 
Board (IRB) and conducted in accordance with the protocols. 
Informed consent was obtained in accordance with the tissue 
procurement protocols.

Immunohistochemistry (IHC). IHC staining was performed 
using HRP-labeled dextrose-based polymer complex bound to 
secondary antibody (DAKO Cytomation, Carpinteria, CA) as 
previously described in references 61 and 78. Then, five micron 
tissue sections were incubated for 1 h at room temperature with 
the rabbit polyclonal antibodies against c-Met (Zymed, 1:100), 
p-Met Y1230/4/5 (Biosource, 1:25), RON (Santa Cruz, 1:100), 
p-RON (Santa Cruz, 1:100), Stat3 (Santa Cruz, 1:100) and 
rabbit monoclonal antibody against p-Stat3tyr705 #9131 (Cell 
Signaling, 1:25 dilution). Mouse monoclonal antibody against 
MSP beta chain (R&D, 1:100 dilution) and goat antibody 
against HGF (R&D, 1:25 dilution). This step was followed by 30 
min incubation with goat anti-rabbit IgG conjugated to a horse-
radish peroxidase (HRP)-labeled polymer (EnvisionTM+ System, 
DakoCytomation, Carpinteria, CA). Negative controls were 
performed by substituting the primary antibody step with non-
immune mouse immunoglobulins, as well as RON and p-RON 
blocking peptide for the RON C20 and p-RON antibodies. A 
TMA consisting of several tumor types was used as positive con-
trol for all antibodies (Fig. 2).

Scoring was performed by an experienced pathologist based 
on intensity (0 none, 1 low, 2 intermediate, 3 high), blinded to 
the clinical data, determined based on previous studies and the 
pathologist’s expertise.78 Descriptive patterns such as extensity 
of tumor (e.g., diffuse versus patchy/focal), cellular localization 

Figure 19A–F (See opposite page). RON, MET, p-RON TIRF and STED imaging. (A and B) XY view (A) of MET (green) and RON (RED, c-terminal) with 
merged image and (B) cross-sectional XZY view of MET (green) and RON (RED, c-terminal) with merged image below showing di�use membranous, 
cytoplasmic and nuclear staining of both receptors. (C and D) XY view, (C) RON (green, extracellular) and p-RON (red) with merged image. Top right, 
STED image of RON (green) and (D) cross-sectional XZY view of RON extracellular (green) and p-RON (RED, c-terminal) with merged image below, 
showing the extracellular RON epitope as only membranous staining, while p-RON is di�usely staining in the membrane, cytoplasm and nucleus. (E) 
Cell in the XY and XZY view F-Actin (green) and p-RON (RED, c-terminal) with merged image. (F) Represnetative images of cells pretreated with RON 
and MET blocking antibodies combined and then exposed to MSP and HGF with apoptotic bodies (green p-MET, red p-RON, yellow F-Actin).
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Figure 19G–J. RON, MET, p-RON 
TIRF and STED imaging. (G) TIRF 
imaging at 150 nm depth of extra-
cellular RON (green) and p-RON 
(red) with DAPI (blue), with larger 
images of RON and p-RON below 
of cells in 10% FBS. (H) Representa-
tive TIRF image of a multinucleate 
cell in 10% FBS at varying depths 
(110 nm top, 150 nm middle, 200 
nm top); and (I) RON (green, ex-
tracellular), p-RON (red) and DAPI 
(blue) of this cell at 250 nm depth. 
(J) Representative TIRF image of a 
multinucleate cell exposed to MSP 
and HGF and larger merged image 
below. F-Actin (green), p-RON (red) 
and DAPI (blue). All cells in 10% FBS 
except where indicated in (F and J).
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of staining (membranous, cytoplasmic and nuclear) and tissue 
localization (invasive front versus central) were documented.

Cell culture and reagents. The human GC cell lines Hs-746t, 
KATO-III, NCI-N87, AGS, Snu-1, Snu-5, Snu-16 and esopha-
geal cancer cell lines SKG4, SKG5, T12, TE1, TE3, TE8, Flo, 
Kyse 110, Kyse 140, Kyse 220, Kyse 520, Kyse 550, HT1080, 
A549 and H1993 were obtained from the American Type Culture 
Collection and grown in the recommended media with FBS and 
standard humidified incubator at 37°C and 5% CO

2
, unless oth-

erwise noted. MKN-45 was obtained from the DSMZ—The 
German Collection of Cell Cultures.

Immunoblotting. Cell lysate preparation, SDS-PAGE and 
immunoblot analysis was performed as previously described 
in references 61 and 78. Immunoblot membranes were probed 
with antibodies to mouse antiphosphotyrosine 4G10 anti-
body (1:1,000, Upstate Biotechnology), rabbit anti-pRON 
pY1238/1239 (1:1,000; Santa Cruz Biotechnology), rabbit anti-
pMET pY1230/1234/1235 (1:1,000; Biosource International), 
rabbit anti-pSTAT3 pY705 #9131 (1:1,000, Cell Signaling), 
rabbit anti-pEGFR (1:1,000, Cell Signaling), rabbit anti-RON 
Beta-chain c-20 (1:1,000, Santa Cruz Biotechnology), rabbit 
anti-MET c-12 (1:1,000, Santa Cruz Biotechnology), rabbit 
anti-Axl c-20 (1:500, Santa Cruz Biotechnology) and rabbit anti-
STAT3 H190 (1:1,000, Santa Cruz Biotechnology). Detection of 
β-actin (1:10,000, Sigma) served as loading control.

Assays to detect gene copy number (GCN) alterations. 
Quantitative real-time polymerase chain reaction (qPCR). Genomic 
DNA was obtained from 8 GC and 11 eosphageal cell lines, and 
45 GEC tissues (36 FFPE and nine frozen tumor) along with 
nine paired frozen gastric cancer/paraneoplastic normal, four 
normal gastric and four chronic gastritis samples from patients 
without a diagnosed cancer) with the Qiagen (DNeasy) kit. Gene 
copy number was determined using qPCR, using the ABI 7700 
system (Applied Biosystems, Foster City, CA) and the iQ SYBR 
green PCR kit (Bio-Rad Laboratories) as previously described in 
reference 69. Gene copy was considered increased with at copy 
number of ≥ seven as previously described in reference 12.

Primer sequences were as follows: MET forward 5'-TGC TGA 
GCC ATG TTG ACT TC-3', reverse 3'-CTT GTG GGG AGA 
CTG GAA AA-5'; HGF forward 5'-TTT GCT GCT CTG GGA 
AGT TT-3' reverse 3'-GTC TCC ATC TGG GCA TTT GT-5'; 
MST1R forward 5'-ATC TTG GTC CCT GCT CAC AG-3' reverse 
3'-ATC TTG GTC CCT GCT CAC AG; MSP forward 5'-GGC 
CTG GGA GGG TAC CTG-3' and reverse 3'-CGA GAG CTG 
AGA TCC CTC TG-5'; ERBB2 forward 5'-AAG AGC AAG GGT 
GTT TGT CC and reverse 3'-TTA GTT GGG TCC CCT TTG 
TG; FGFR2 forward 5'-CTG GAGCTGGAATGAAAAGC and 
reverse 3' TGCCTAGAAACAACCCATCC; SMAD4 forward 
5'-CAATGGGCAGAATAGACTGG and reverse 3'-CGC TCA 
AGC AAT CCT CCT AC. Confirmatory MST1R pairs included 
forward 5'-GGA AGT CTC AAA GCC TGT GC and reverse 
3'-TCC CAT TCC TTG GTC CAA TC and forward 5'-CTT 
CCA TTT CCA GCT GAA GG and reverse 3'-AGC ACA CCA 
AAT GAC CAC TG.

Array comparative genomic hybridization (aCGH). Genomic 
DNA was obtained from the cell line NCI-N87 and formalin 

fixed paraffin embedded (FFPE) tissues, p9 and p44. As refer-
ences, normal pooled human lymphocyte DNA (Promega) was 
used for cell lines and adjacent grossly normal tissue DNA was 
used for FFPE samples (p9 with p69; p44 with p72; Table 4). 
DNA was labeled according to the respective protocols provided 
by the manufacturer (Agilent technologies) and co-hybridized to 
Agilent 1 x 1 M CGH arrays at Argonne Ntl. Lab, Illinois. Slides 
were scanned and images quantified using Feature Extraction 
software v10.5 to extract background corrected intensity values. 
Copy number segments were derived by subsequent analysis with 
Partek Genomic Suite v6.5.

Fluorescence in situ hybridization (FISH). Dual-color FISH 
assays were conducted using following probes: MET/CEP7 
probe mixture containing homebrewed MET DNA (BAC 
clone RP11-163C9; 7q31.2) labeled with SpectrumOrange 
and the SpectrumGreen CEP7 (centromere enumeration probe 
for chromosome 7); MST1R/CEP3 probe mixture containing 
homebrewed MST1R (RON) DNA (combination of fosmids 
WI2-1337B15 and WI2-1244I5 or BAC clone RP11-915H6; 
3p21.31) labeled with SpectrumGreen and the SpectrunOrange 
CEP3; HER2/CEP17 probe mixture and centromere enumera-
tion probes CEP7 and CEP3 were provided by Vysis/Abbott 
Molecular (Des Plaines, IL). Homebrewed probes were directly 
labeled using Nick Translation Kit (Vysis/Abbott Molecular) 
according to manufacturer instructions. Chromosomal map-
ping and hybridization efficiency for each probe mixture were 
verified in metaphase spreads of normal peripheral blood lym-
phocytes. Metaphase cell preparations from normal peripheral 
blood lymphocytes and from gastric cell lines MKN-45, NCI-
N87, AGS and Hs746t were done according to routine proto-
cols.79 For amplified MET, MKN-45 and Hs746t cell lines were 
used as positive controls and NCI-N87 and AGS cells were used 
as negative controls.12,48,49,52 For HER2 amplification, NCI-N87 
cells were used as positive control and MKN-45 and AGS cells 
were used as negative control.53,54 In a pilot study of MET, 
MST1R and HER2 FISH in human GEC, tissue sections from 
three patients mounted on conventional slides were processed 
according to Vysis/Abbott Molecular pretreatment protocol for 
formalin-fixed paraffin-embedded specimens adjusted for gas-
tric epithelia. In all FISH experiments, the hybridization proce-
dure and post-hybridization washes were done as described by 
Vysis/Abbott Molecular.

FISH results interpretation. In each specimen, an aver-
age of 80 (range, 30–100) well-defined malignant nuclei were 
scored. The absolute number of each signal, the mean copy num-
ber of signal per cell, the ratios MET:CEP7, MST1R:CEP3 and 
HER:CEP17, and the percentage of cells with given copy num-
ber of each signal per cell were calculated. Analysis of GCN 
alterations in MST1R and MET were performed and cut-off 
points were applied as previously described for MET, EGFR and 
IGF1R genes.45,47,80 Interpretation of HER2/CEP17 FISH was 
performed as previously described for GEC.7,73 To our knowl-
edge, the cut off points for MET FISH-positivity has not yet 
been standardized; FISH studies of MST1R have not yet being 
reported. We did not exclude the possibility that in addition to 
true amplification, increased gene copy number by polysomy  
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various time periods (0–60 mins) with MSP, HGF or both, and 
then lysates were obtained. Cells were incubated with anti-RON 
monoclonal blocking antibodies (Biogen; R&D systems mouse 
anti human-RON) with or without mouse anti-human HGFR 
(MET) monoclonal antibody (R&D systems, Abcam AB10681) 
(10 ug/ml) for 15–30 minutes prior to stimulation with growth 
factors. Similarly, cells were incubated with the small molecule 
MET specific inhibitor SU11274 (Pfizer) for varying times (30 
min to 24 h) and at varying concentrations prior to stimulation 
with growth factors.

Odyssey infrared blots were incubated with 1:5,000 fluo-
rescent secondary antibody in the dark in 0.1% Tween-20 in 
blocking solution: IRDye 800 anti-mouse Molecular Probes 
(Rockland Immunochemicals, PA) and Alexa Fluor 700 anti-
rabbit (Molecular Probes, OR). The molecular marker was 
SM0671 (Fermentas International Inc., Canada). Images were 
acquired with the Odyssey infrared imaging system and ana-
lyzed by the software program as specified in the Odyssey soft-
ware manual.

Gene silencing assays. Small interfering RNA (siRNA) 
gene silencing studies were performed as previously described 
in reference 78. Four pooled siRNA oligonucleotides targeting 
RON and MET mRNA were obtained from Dharmacon, Inc., 
and used according to the instructions of the manufacturer. 
Scrambled siRNA was used as a control. All studies used a total 
of 100 nM of siRNA, [e.g., RON (50) + scrambled (50) or MET 
(50) + RON (50) or scrambled (100)].

AGS RON shRNA knockout (KO) targeting exon 12 and 
scrambled control lines were generated by transduction with a 
TRIPZ lentiviral inducible shRNAmir vector using plasmid 
VSV-G packaging into HEK293T cells. The vector was replica-
tion competent only in the HEK293 cells. The constructs were 
transduced into the AGS cell line and selected with puromycin. 
Induction of shRNA was achieved with doxycycline 1.5 ug/mL. 
mRNA knockdown was confirmed by qPCR and protein knock-
down by IB (Fig. 15F and G), in the AGS KO line versus the 
AGS scrambled control line and wild-type AGS line.

Soft agar, transwell and wound migration assays. Soft Agar, 
Transwell and Wound migration assays were performed as previ-
ously described in reference 82.

Viability and apoptotic assays. Viability, proliferation and 
apoptosis by annexinV were determined as previously described 
in references 61 and 82.

Flow cytometry. Cell cycle and annexin apoptotic studies were 
performed as previously described in reference 41.

Immunofluorescence. Immunofluorescence was performed 
as previously described in reference 78. All images were back-
ground subtracted and normalized to negative controls using the 
AF Lite Leica Imaging Software. Total internal reflection fluores-
cence (TIRF) was performed on the Leica AM TIRF MC and 
Stimulated Emission Depletion (STED) performed on the Lieca 
TCS STED CW per the manufacturer’s instructions.83,84

Statistical analysis. Data are expressed as the mean ± SE. 
For comparison between two groups, Student’s t-test (continu-
ous variables) or chi square test (categorical data) was used. For 
comparing means between > two groups, one-way ANOVA was 

(balanced and unbalanced) may be one possible mechanism 
underlying the protein overexpression of MET and RON. Briefly, 
tumors (or cell lines) with a MET:CEP7 (or MST1R:CEP3) sig-
nal ratio <2 were considered non-amplified, whereas those with 
a ratio of 2 or greater (or ≥15 copies of MET or MST1R per cells 
in ≥10% of cells) were considered amplified. The alterations in 
number of gene signals due to alterations in number of the cor-
responding chromosome were classified as following: disomy, 
≤ two gene copies in more than 90% of cells; trisomy, three 
gene copies in ≥10% of cells; low polysomy, ≥ four gene copies 
in ≥10% but less than 40%; high polysomy, ≥four gene cop-
ies in ≥40%. FISH positivity (FISH+) was defined by the high 
number of the copies of MET or MST1R (amplification or high 
polysomy). Interpretation of HER2:CEP17 FISH was performed 
according to ASCO-CAP guidelines for breast cancer81 adapted 
for gastric cancer (Janjigian et al. J Clin Oncol 2010; 28:15), 
where tumors with HER2:CEP17 signal ratio of >2.2 were con-
sidered FISH+ (amplified), those with a ratio <1.8 were FISH-

(non-amplified) and tumors with ratios 1.8–2.2 were equivocal 
for HER2 amplification. Standard criterion for HER2-positivity 
in GEC (HER2:CEP17 ratio ≥2) was also assessed.73

DNA sequencing and mutational/eSNP analysis. Eleven 
PCR primer pairs spanning the entire coding region of 
MST1R were used to sequence nine OCT frozen GC tis-
sues (Table 1). The adjacent “normal” tissues of the surgically 
resected tumor specimens were identified histopathologically 
and RON was sequenced as well to differentiate somatic ver-
sus germline changes. All mutations/SNPs were confirmed by 
sequencing in both directions. Exon 13 R1018G was found in 
one of nine samples and in its adjacent metaplasia; therefore, 
targeted sequencing of the remaining FFPE tissues was done 
using the following primer pair: forward 5'-CTT CCT CCC 
AAC CTG AAT GA and reverse 3'-GTG GTG GAA TCC 
AGA CCA TC. For eSNP genotyping (see Sup. Materials 
for details), the following pairs were used: rs1062633 forward 
5'-CTT GGG TGG AAA TTG CCT TA reverse 3'-TGG ACG 
CAC ATT CAT CTC AT; rs7627864 forward 5'-TGC CTT 
GGG TTT GCT CTT AC and reverse 3'-CTG GCC TGT 
TGG TCT CAA; rs2230590 forward 5'-ACC CTA GCC 
TAC TGT GTA CCG and reverse 3'-GAG CCA GGA CAC 
TCC TTC TG. Mutational in silico analysis was performed at 
www.cgl.ucsf.edu/Research/genentech/canpredict/index.html  
for SIFT (Sorts Intolerant From Tolerant) and GOSS Gene 
Ontology Similarity Score (GOSS) score acquisition of muta-
tions and eSNPs, as well as www.prophyler.org/for amino acid 
position conservation analysis. Determination of the frequency 
of the novel R1018G mutation (mRNA 3316A>AG) and eSNP 
polymorphisms in normal HAPMAP populations was per-
formed at www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?locusId = 
4486.

Growth factor stimulation and signal blocking assay. To 
determine the effect of MSP (R&D systems) and/or human 
recombinant HGF (Calbiochem) stimulation on cell biochem-
istry, cells were starved overnight then washed with PBS twice. 
The growth factors were added at varying doses as low as 50 
ng/ml (MSP) and 20 ng/ml (HGF). Cell lines were treated for 
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