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ABSTRACT

Aberrant accumulation of the receptor tyrosine kinase recepteur d’origine nantais (RON) has been verified in
gastric adenocarcinoma. Upregulation of RON and its splice variant RONA160 contribute to the growth and
migration in gastric cancer cells in vitro. However, the mechanisms of RON/RONA160-mediated gastric cancer
growth and metastasis remain vague. We therefore examined the actions of RON, RONA160, and B-catenin in
gastric cancer cells and tissue samples, and their effects on cell growth in vitro and in vivo. We found that in
gastric cancer samples and cell lines, there was positive correlation between RON/RONA160 and B-catenin
levels, and that they formed a RON/RONA160-B-catenin complex which was translocated to the nucleus.
Hypoxia led the binding of hypoxia-inducible factor-la to the RON/RONA160-B-catenin complex, which
increased nuclear translocation and expression of downstream oncogenic signaling molecules. Overexpression
of RON/RONA160 promoted the proliferation and migration of gastric cancer cells, which were also enhanced
by hypoxia. Suppression of RON using siRNA or anti-RON monoclonal antibody diminished gastric cancer cell
and tumor growth in vitro and in vivo. These findings establish a link between the receptor tyrosine kinase RON
and B-catenin and provide insight into the mechanism by which they contribute to gastric cancer progression.

INTRODUCTION

Receptor tyrosine kinases (RTKs) are high-affinity cell
surface receptors that participate in various signaling
pathways regulating cellular proliferation, survival,
apoptosis, and migration [1, 2]. RTKs also play
essential roles in the development and progression in
most types of cancer [3]. Indeed, RTK activity is
significantly higher in most malignant cancers than in
benign tumors or normal tissue, which suggests RTKs
may be useful targets for cancer therapy [4-6].

Recepteur d'Origine Nantais (RON), also known as
Macrophage-stimulating protein receptor (MST1R), is a
member of the c-Met RTK superfamily [7]. RON is
reported to be highly expressed in epithelial cancers,
including breast, colon, and gastric cancer, [8, 9], and
its expression is always accompanied by generation of
various splice variants [10]. So far, nine RON variants
have been identified in various primary carcinomas and
cancer cell lines, including RONA170, RONA165,
RONA165.e11p, RONA160, RONES5/6in, RONAISS,
RONAp110, RONA8S and RONASS5 [11-14]. RON and
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its splice variants exhibit prominent effects on the
occurrence, progression, and metastasis of rectal cancer
[15]. In gastric carcinoma, expression of RON and
RONAL165 is significantly up-regulated in the gastric
cancer tissue [16]. The truncation of RON to produce
RONAT160 leads to structural changes in the protein that
enhances human colorectal adenocarcinomas cells
growth in vitro and in vivo [17, 18]. Moreover, forced
expression of RONA160 effectively enhances the
growth and migration of gastric cells in vitro and in vivo
[19]. We therefore hypothesize that RON and
RONA160 contribute to the pathogenesis of gastric
cancer and have an essential stimulatory effect on the
proliferation and metastasis of gastric cancer cells.

Once activated by its ligand macrophage-stimulating
protein (MSP, MST1), RON initiates multiple down-
stream signaling cascades that affect cell adhesion and
motility, growth, and survival [20, 21]. These include
the oncogenic RAS/ERK, phosphatidylinostiol-3 kinase
(PI3K)/Akt, Wnt/B-catenin, nuclear factor-xB (NF-xB),
and focal adhesion kinase (FAK) pathways [22, 23].
Among the components of these pathways, B-catenin is
a key transcription factor and is required for RON-
induced cancer cell outgrowth and migration [24].
Overexpression of RON leads to B-catenin tyrosine
phosphorylation and accumulation and the constitutive
activation of transcription factor (TCF), which leads to
increased expression of the c-Myc and Cyclin D1
oncogenes [25, 26]. Knocking down RON using
specific siRNA or inhibition of RON’s tyrosine kinase
activity with the tyrosine kinase inhibitor BMS-
777607 suppresses cell proliferation and metastasis,
and extends survival through effects on multiple
signaling pathways, especially the B-catenin pathway
[27, 28]. Although the involvement of RON and
RONA160 gastric cancer cell growth has been
confirmed, it remains unclear whether the effect is
mediated by B-catenin signaling. Hypoxia is a hallmark
of solid tumors, driving metastatic pro-gression, drug
resistance, and recurrence [29]. Hypoxia can promote
nuclear translocation of RON and up-regulation of c-
Jun, leading to cell outgrowth and hypoxic adaptation
[30]. Similarly, hypoxia represses P-catenin-T-cell
factor-4 (TCF-4) complex formation, but induces the
interaction between [-catenin and HIF-la, thereby
enhancing expression of c-Myc, Cyclin D1, and c-Jun,
and cellular adaptation to hypoxia [31]. In that context,
we suggest B-catenin is obligatory for RON- and
RONA160-mediated gastric cancer cell pro-liferation,
and the interaction of RON and [B-catenin in gastric
cancer cells is more pronounced under hypoxic
conditions. To test that idea, we examined in detail the
actions of RON, RONA160, and B-catenin in gastric
cancer cells and their effects on cell growth under
normoxic and hypoxic conditions in vitro and in vivo.

RESULTS

RON/RONA160 levels correlate positively with -
catenin levels in human gastric cancer tissues

Previous studies indicate that RON is highly expressed
in gastric cancer tissues [32], but levels of its RONA160
variant and downstream signals are poorly understood.
We therefore evaluated the correlation between levels of
RON/RONA160 and B-catenin (the main mediator of
activated RON signaling). By immunoblotting 30
samples of gastric cancer tissue, adjacent paracancerous
tissues, and normal gastric tissues, we found that
expression of RON and RONA160 is positively
associated with the level B-catenin protein in gastric
cancer samples but not paracancerous or normal tissues
(Figure 1A). We also detected a positive linear cor-
relation between the levels of the RON/RONA160 and
B-catenin transcripts in all three types of gastric tissue
studied. Expression of mediators downstream of RON,
including c-Mye, Cyclin D1, c-Jun, survivin and AKT,
were also increased in gastric cancer tissues (Figure
1B). In addition, levels of c-Myc, Cyclin D1, survivin
and c-Jun proteins were increased with increases in
RON/RONA160 and f-catenin expression in cancer
tissues (Figure 1C and 1D). These results show that
there is a link between RON/RONA160 and B-catenin in
gastric cancer tissues, and that B-catenin may be a key
regulator of RON signaling during the pathogenesis of
gastric cancer.

RON/RONA160 activates Wnt/p-catenin pathway in
gastric cancer cells by binding B-catenin

To explore the interaction of RON/RONA160 and B-
catenin at a cellular level, we analyzed the transcript and
protein levels of RON and B-catenin and the downstream
effector molecules in two gastric cancer cell lines and one
normal human gastric mucosal epithelial cells. As in
gastric cancer tissues, RON and B-catenin were highly
expressed in KATOIII cells. This was accompanied by
up-regulation of c-Jun, survivin and AKT, and the
downregulation of c-Myc and Cyclin D1. In MGC-803
and SGC-7901 cells, which express lower levels of RON,
expression of downstream effect-tors was also reduced
(Figure 2A and 2B). Notably, forcing expression of
RON and RONA160 by transfecting MGC-803 cells the
recombinant plasmids pcDNA3.1-RON and pcDNA3.1-
RONA160 (Figure 2C) dramatically increased ex-
pression of B-catenin, TCF4 and c-Myc, particularly in
the RONA160 transfectants (Figure 2D). On the other
hand, Cyclin D1 expression was enhanced in RON-
transfected cells but not those transfected with
RONA160 (Figure 2D). Both RON and RONA160 also
increased expression of the anti-apoptotic protein
survivin (Figure 2D). In addition, upregulation of RON
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and RONA160 dramatically increased formation of a
RON/RONA160-B-catenin complex in MGC-803 cells
(Figure 2E), suggesting RON is able to recruit B-catenin
to trigger downstream signaling cascades.

Binding of RON/RONA160 to B-catenin promotes its
nuclear translocation

Activated P-catenin enters the nucleus and influences
the expression of numerous transcription factors and, in
turn, multiple cellular progresses [33]. In the present
study, RON/RONA160 transfection increased the
MGC-803 cell fraction positive for PB-catenin and
enhanced nuclear translocation of the RON/RONA160-

B-catenin complex (Figure 3A and 3B), which suggests
transfection of RON, or especially RONA160, sig-
nificantly stimulated the expression and nuclear
translocation of B-catenin. Conversely, knocking down
RON in KATOII cells suppressed the p-catenin-
positive cells fraction and the nuclear levels of activated
B-catenin (Figure 3C and 3D). Moreover, Immuno-
fluorescent staining showed that both RON and
RONA160 translocated into the nucleus in RON/ RONA
160-transfected MGC-803 cells (Figure 3E and 3F).
Thus, interaction between RON/RONA160 and f-
catenin facilitated nuclear translocation of the
RON/RONA160-B-catenin complex, which potentially
integrates additional nuclear signal transduction.
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Figure 1. Correlation between RON and B-catenin in primary human gastric cancer tissues. (A) Scatter plot showing the
correlation between RON/RONA160 and B-catenin levels in samples of human gastric cancer, paracancerous tissue and normal gastric
tissue. (B) Relative expression of Wnt/B-catenin signaling pathways related genes in T, P and N were detected by gRT-PCR and normalized
to GAPDH. (C) Representative Western blotting data of RON and Wnt signaling molecules in T, P and N. (D) Quantification of RON and
Whnt signaling proteins in T, P and N. *, p<0.05; **, p<0.01 vs N. N: normal gastric tissue. P: paracancerous tissue; T: gastric cancer tissue.
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Figure 2. Effects of RON/RONA160 on the activation of B-catenin signaling in human gastric cancer cell lines. (A) Relative
MRNA levels of RON and B-catenin signaling-related genes detected in human gastric cancer cell lines using gPCR. (B) Western blots
showing RON, B-catenin, TCF4, c-Myc, Cyclin D1, and survivin in three gastric cancer cell lines. (C) Transfection efficiency of RON and
RONA160 in MGC-803 cells. (D) Expression of B-catenin signaling-related genes after transfection of RON or RONA160 into MGC-803 cells.
(E) Interaction of RON/RONA160 and B-catenin in MGC-803 cells determined using co-immunoprecipitation assays. ** p<0.01 vs Blank group.

Hypoxia enhances binding of HIF-la to the
RON/RONA160-f-catenin complex and activation of
downstream genes

Nuclear translocation of RON may occur in serum-
starved and hypoxic cancer cells [30, 34], and hypoxia
can also stimulate nuclear translocation of B-catenin.
This suggests RON and B-catenin were involved in
hypoxia-inducible signaling networks in gastric cancer
cells. Consistent with that idea, cytoplasmic and nuclear
levels of p-RON, RON, RONA160, B-catenin, and the
hypoxia-inducible factor HIF-1a are all increased under
hypoxic conditions in KATOIII cells (Figure 4A and
4B). Given the co-localization of RON/RONA160, B-
catenin, and HIF-la, we next immunoprecipitated
nuclear and cytoplasmic proteins from KATOIII cells to

evaluate the relationships among them. We detected a
strong interaction among them in the nucleus but not the
cytoplasm, and the interaction was stronger under
hypoxic conditions (Figure 4C). Next, RON siRNAs
and B-catenin siRNAs were used to inhibit the expres-
sions of RON and [-catenin in cells, respectively
(Figure 4D). As expected, knocking down RON and (-
catenin expression suppressed entry of HIF-la into
nucleus and binding of HIF-la to the RON-B-catenin
complex (Figure 4E). Conversely, nuclear translocation
of B-catenin was obviously increased in MGC-803 cells
transfected with RON/RONA160, and this was accom-
panied by increased of c-Myc and Cyclin D1 expression
under normoxic conditions (Figure 4F). Under hypoxia,
overexpression of RON and RONAI160 enhanced
nuclear B-catenin and HIF-1a levels (Figure 4G).

www.aging-us.com

2738

AGING



Blank NC RON RONA160 601

A

B-catenin

Activated B-catenin (%)

oA

MGC-803 cell line

E Blank NC RON

RON

DAPI

Merge

@
brd

£
c
]
e
©
?
@

'S
i

Activated B -catenin (%)
N
=3

KATOIll cell line

Blank NC RONA160

RONA160

Figure 3. Role of RON/RONA160 in the activation and nuclear translocation of B-catenin. (A) MGC-803 cells were transfected
with RON and RONA160 and immunostained for RON and B-catenin. (B) Nuclear translocation ratio of B-catenin in different groups of
MGC-803 cells. (€) Immunostaining for RON and B-catenin in KATOIll cells transfected with siRNA targeting RON. (D) Nuclear
translocation ratio of B-catenin in different groups of KATOIII cells. (E) and (F) MGC-803 cells were transfected with RON or RONA160 and
immunostained for RON or RONA160. ** p<0.01 vs Blank group. Scale bar = 50 um in all panels.

Hypoxia promotes tumor growth and increases the risk
of metastasis. For example, it causes the separation of
B-catenin and TCF-4 but promotes the interaction of -
catenin and HIF-1a, while reducing expression of c-
Myc and Cyclin D1 [25, 26]. In the present study, we
observed that hypoxia enhances expression of c-Jun and
CA-IX, which are regulated by HIF-1a under hypoxic
conditions, and these changes were significantly
increased in RONAI160-transfected cells (Figure 4G).
These findings together with the data presented above
provides strong evidences that binding of HIF-1a to the
RON/RONA160-B-catenin complex is essential for the
growth of tumor cells under hypoxic conditions.

p-catenin is required for RON/RONA160-mediated
gastric cancer cell growth and migration

Because RON/RONA160-B-catenin signaling mediates
hypoxia-induced signaling, we assessed their effects
gastric cancer cell growth under hypoxic conditions.
Overexpression of RON or RONA160 stimulated MGC-

803 cell proliferation and colony formation, and this
effect was increased under the condition of hypoxia
(Figure S5A and 5B). Upregulation of RON or
RONA160 stimulated gastric cancer cell migration, and
that effect, too, was enhanced by hypoxia (Figure
5C). On the other hand, RON knockdown strongly
suppressed KATOIII cell growth and colony formation
efficiency. Interestingly, downregulation of B-catenin in
KATOIII cells had an even greater inhibitory effect on
cell growth and colony generation, but there was no
synergistic effect when RON and p-catenin were
simultaneously inhibited (Figure 6A and 6B). This data
suggest that [-catenin governs RON/RONA160-
mediated signal transduction networks in gastric cancer
cells. Cell apoptosis and transwell assays revealed that
knocking down RON and [-catenin promoted KATO III
cell apoptosis and inhibited their migration (Figure 6C
and 6D). Thus, B-catenin appears to be the pivotal
mediator in the RON/B-catenin signaling pathway,
playing a critical role on the gastric cancer cells growth,
survival, and metastasis.
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Figure 4. Effect of hypoxia on HIF-1a binding to the RON/RONA160-B-catenin complex. (A) Western blots of p-RON, RON,
RONA160, B-catenin, and HIF-1a in KATOIII cells under normoxic and hypoxic conditions. (B) Immunostaining showing nuclear localization
of RON, RONA160, B-catenin, and HIF-1a in KATOIII cells under normoxic and hypoxic conditions. Scale bar = 50 um. (C) Interaction
between HIF-1a and the RON/RONA160-B-catenin complex in KATOIIl cells under normoxic and hypoxic conditions. (D) Western blots
showing suppression of RON and B-catenin in KATOIII cells transfected with siRNAs targeting RON or B-catenin. (E) and (F) Western blots
(E) and co-immunoprecipitation assays (F) showing the suppressive effect of RON siRNA the interaction between HIF-1a and the
RON/RONA160-B-catenin complex. (G) Western blots showing levels of RON, RONA160, B-catenin, and HIF-1a in MGC-803 cells

overexpressing RON of RONA160. Scale bar = 50 um in all panels.

RON/B-catenin signaling is essential for tumor
growth in vivo

To evaluate the tumor-promoting action of RON/B-
catenin signaling on gastric cancer in vivo, xenograft
experiments were performed. The experimental protocol
is shown in Figure 7A. Following subcutaneous inject-
tion of KATOIII cells, the tumor size was markedly
smaller when the injected cells had been transfected
with siRNAs targeting RON or [-catenin, and the
smallest tumors were obtained after knocking down
both RON and P-catenin (Figure 7B). As shown in
Figure 7C and D, the rate of tumor growth was
significantly reduced by RON or/and B-catenin knock-
down, which was consistent with the in vitro data.

RTKSs are reportedly key prognostic factors in gastric
cancer, and a number of drugs targeting RTKs are cur-

rently being used clinically [6]. RON is a novel
prognostic biomarker and therapeutic target for gastric
adenocarcinoma [35] and may be a useful target in the
treatment of gastric cancer. To test that idea, we adminis-
tered anti-RON antibody to xenografted mice to assess
its antitumor effect in vivo. We found that in mice
receiving the antibody, the tumor volume (117+16 mm3
vs 1144 £ 97 mm3) and tumor weight (1.04 £ 0.42 mm3
vs 0.14 + 0.03 mm3) were notably reduced as compared
to mice receiving saline (Figure 7E). The inhibitory effect
of the antibody was similar to that of B-catenin knock-
down (Tumor volume: 139 + 13 mm3, tumor weight:
0.16 £ 0.01 g) (Figure 7E). Moreover, treatment with
both anti-RON antibody and B-catenin siRNA suppressed
tumor growth to an even greater extent (Tumor volume:
60 = 5 mm3, tumor weight: 0.09 £+ 0.004 g) (Figure 7E).
In addition, administration of an anti-RON antibody also
reduced tumoral levels of its downstream targets,
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including c-Myc, Cyclin D1, survivin, c-Jun, and CA-IX,
and the effect was even greater with administration of
anti-RON antibody plus B-catenin siRNA (Figure 7F).
These results suggest that RON/B-catenin act as an
essential hub of signal transduction mediating prog-
ression of gastric cancer, and may be an effective drug
target for the treatment of gastric cancer.

DISCUSSION

Gastric cancer is a major cause of cancer death
worldwide [36]. Currently, complete resection is the
main therapeutic strategy. And despite recent advances
in therapeutic methods, including immunotherapy and
receptor tyrosine kinases inhibitors (TKIs), gastric
cancer remains one of the most intractable solid tumors
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characterized by frequent posttreatment relapse and
metastasis [37]. There is thus an urgent need to identify
novel drug targets with the potential to improve the
outcomes of gastric cancer patients.

The receptor tyrosine kinase RON is a member of c-
MET proto-oncogene family and a novel prognostic
marker and therapeutic target for gastroesophageal
adenocarcinoma; 56.1% of gastric carcinomas exhibit
high expression of both RON and RONA165, leading to
a poor survival rate [16, 38]. In the present study, we
confirmed that both RON and RONAI160 are sig-
nificantly upregulated gastric cancer tissues as
compared to paracancerous and normal tissues, suggest-
ing RON and its splice variants may act as tumor
promoters in gastric adenocarcinoma.
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Figure 5. RON and RONA160 promote the proliferation and invasiveness of gastric cancer cells. (A) CCK-8
assays showing growth of RON- and RONA160-transfected MGC-803 cells under normoxic and hypoxic condition. (B) Colony
formation by RON- and RONA160-transfected MGC-803 cells under normoxic and hypoxic conditions. (C) Transwell assays
showing MGC-803 cell migration. Scale bar = 50 um. ** p<0.01 vs Control group.
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Aberrant B-catenin expression is associated with most
types of cancer, including hepatocellular, colorectal,
lung, and gastric cancers [39]. Upon activation, [-
catenin translocates from the cytoplasm to the nucleus
and through interaction with the transcription factor
TCF4 triggers expression various genes, including c-
Myc, Cyclin D1, and c-Jun [40]. The protein tyrosine
kinase MET also complexes with B-catenin to integrate
multiple downstream signals contributing to the
development and progression of cancer [41]. However,
the interactions between RON and/or its splice variants
and P-catenin in gastric cancer remains poorly under-
stood. Here we showed that there is a direct interaction
between RON/RONA160 and f-catenin and that
transfecting cells with RON/RONA160 leads to
increased levels of B-catenin, constitutive activation of

TCF4, and elevated levels of proteins encoded by
B-catenin/TCF4 target oncogenes, such as c-myc and
cyclin D1. In addition, Overexpression of RON/RONA
160 promoted translocation of the RON/RONA160-f3-
catenin complex into the nucleus, while RON/RONA160
knockdown suppressed that effect. It is therefore
conceivable that the RON/RONA160-B-catenin comp-
lex potentially initiates activation of downstream targets
in the B-catenin signaling pathway in gastric cancer.

Tumor cell microenvironments often induce activation
of Wnt/B-catenin signaling and facilitate the adaptation
of gastric cancer cells to hypoxia, leading to gastro-
intestinal tumorigenesis [42, 43]. An earlier study
showed that the interaction between HIF-la and
B-catenin contributes to migration of hypoxic gastric
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tumors were injected with RON siRNAs twice a week and with anti-RON antibodies once a week. The mice were sacrificed and the tumor
collected 28 days after initial injection. (E) Statistics of tumor volume and weight in the different groups. (F) Western blots showing
tumoral levels of RON, c-Myc, cyclin D1 and survive proteins. ** p<0.01 vs RON NC; # p<0.01 vs RON siRNA.

cancer cells [44]. We therefore speculated that there is a
close relationship between the RON/B-catenin complex
and HIF-1a under hypoxic conditions. In the present
data, we observed that hypoxia enhanced RON/B-
catenin nuclear translocation and the binding of RON/B-
catenin to HIF-1a. In addition, Overexpression of RON
under hypoxic conditions promoted expression of HIF-
la and vice versa. This suggests RON/B-catenin signal-
ing may be a key mediator in hypoxia-induced elevation
of gastric cancer cell proliferation, migration, and
survival.

Although RON/RONA160 and p-catenin appear to
facilitate gastric cancer progression by enhancing the
cell proliferation and migration [19, 45], it remains
unclear whether B-catenin is indispensable for those
effects. Our in vitro proliferation and migration
experiments and in vivo xenograft assay showed that
suppressing RON using siRNA or an anti-RON mono-
clonal antibody observably restrained the development
and progression of gastric cancer, and that simul-
taneously knocking down RON and B-catenin had an
even greater inhibitory effect. Thus, while B-catenin
may not be indispensable, it clearly enhances the
pathogenic effect.

In summary, our findings revealed that direct interaction
between RON and B-catenin and their contribution to
the pathogenesis of gastric cancer and that the variant
RONA160 exerts similar effects. Moreover, under the
hypoxic condition, like those seen in solid tumors, the
RON/B-catenin complex binds HIF-1a, which further
enhances the tumor growth. We therefore suggest that
future investigation of that RON as new therapeutic
target for anti-cancer immunotherapy is warranted.

MATERIALS AND METHODS
Cells, tissues and mice

A total of 30 samples of gastric cancer tissue (14 cases),
paracancerous tissue (11 cases) and normal gastric
tissue (5 cases) were collected from First Affiliated
Hospital, Zhejiang University School of Medicine.
Written consent was obtained from all patients. The
recombinant plasmid pcDNA3.1-RONA160 and blank
plasmid pcDNA3.1 were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Female Balb/c nude
mice (5-6 weeks) were purchased from Vital River
(Beijing, China) and maintained in a room under
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controlled light (12 h/day) and temperature (22 + 2°C)
conditions.

Cell culture and cell treatment

The KATOIIL, SGC-7901, and MGC-803 human gastric
cancer cell lines were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). All
gastric cancer cell lines were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific, Waltham, MA, USA) at
37°C in a humidified incubator under 5% C0»/95% air.
For transfection of RON or RONA160, cells at 70-80%
confluence, and plasmid-transfection reagent mixture
was added to the plate for 20 min. Twenty-four hours
later, the cells were collected for further investigation.
For knockdown assays, siRNAs targeting RON or -
catenin were transfected into cells at 30-50% confluence
using LipofectamineTM 2000 regent (Thermo Fisher
Scientific, Waltham, MA, USA). All siRNAs were
purchased from Thermo Fisher Scientific (Waltham,
MA, USA). For hypoxic treatment, the cells were
cultured at 1% O; in a modulator incubator.

CCK-8 assay

Gastric cancer cell proliferation was assessed using a
Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto,
Japan). Untreated cells (Blank) and cell transfected with
siRNA N.C, RON siRNA, B-catenin siRNA, RON
siRNA + B-catenin siRNA, and RON siRNA + (-
catenin were plated at a density of 3 x103 cells/well in
96-well plates and grown for 24, 48, or 72 h in complete
RPMI-1640 medium. The live cell fractions were then
determined using the CCK-8 kit according to the
manufacturer’s instructions. The absorbance (OD) at
450 nm was measured using a multiscan plate reader.

Cell apoptosis assay

Cells were collected using trypsin without EDTA,
washed twice with ice-cold PBS, then resuspended in
500 pl of binding buffer containing 5 pl of Annexin V
and incubated for 15 min at room temperature in the
dark. Five minutes before measurement, 5 pul of
propidium iodide (PI) were added into each sample, and
the percent apoptotic cells were determined using flow
cytometry (BD, Franklin Lake, NJ, USA).

Transwell assay

Migration assays were performed using 12-well plates
with Transwell inserts. Cells were plated at a density of
1x10° cells/chamber in the upper chambers on 8.0-um,
fibronectin-coated, polycarbonate membranes
(Millipore, Billerica, MA, USA) and cultured in fresh

serum-free medium. The lower chambers contained 600
pl of medium with 10% FBS. After incubation for 24 h,
the upper chambers were removed, and the cells fixed
for 30 min with ethanol. The cells were then washed
twice with PBS and stained with 0.1% crystal violet for
20 min. Cell migrating through the membrane were
counted using a microscope.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from cells and tissues using
Trizol Reagent (Roche, Indianapolis, IN, USA)
according to manufacturer’s instructions, after which 1
pg of mRNA was used as template for reverse
transcription PCR with a First-Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA).
The PCR reaction was performed using SYBR Green
(Roche, Indianapolis, IN, USA) with the following
primers: RON, 5’-CGCGGATCCGGCGCTCTTGGCT
GAGGTCAAG-3’ (forward) and 5’-GGAATTCGGCA
CTATCTGCTCCACCTCCCC-3’ (reverse). f-actin, 5°-
CTACAATGAGCTGCGTGTGG-3’ (forward) and 5’-
CTACAATGAGCTGCGTGTGG-3’ (reverse). P-actin
served as an internal control. Relative gene expression
levels were calculated using the 2-AACt method.

Western blotting, nuclear and cytoplasmic protein
preparation and co-immunoprecipitation

Total cell lysates were extracted as described previously
[32], after which the proteins were separated on 8-12%
SDS-PAGE. The protein levels were detected after
incubation with specific primary antibodies overnight at
4°C followed by HRP-conjugated secondary antibody
for another 1 h at room temperature. The primary
antibodies included anti-phospho-RON (p-RON), anti-
RON, anti-B-catenin, anti-c-Myc, anti-Cyclin D1, anti-
TCF4, anti-HIF-1a, and anti-survivin (Abcam, Cam-
bridge, MA, USA). For nuclear and cytoplasmic protein
preparation, nuclear and cytoplasmic proteins were
extracted using a NE-PER Nuclear and Cytoplasmic
Extraction Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Western blotting was then performed to
evaluate proteins differentially expressed in nuclear and
cytoplasmic. To assess the interaction between RON
and B-catenin, cell lysates were extracted using RIPA
lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) and incubated with anti-RON, anti-RONA160,
and IgG overnight. The mixture was then incubated
with protein A/G beads for 3 h at room temperature.
After centrifugation, the precipitated complex was
boiled with 2 x SDS loading buffer for 5 min at 95°C,
after which Western blotting was performed with the
supernatant to assess the interaction between RON and
B-catenin. Blot density was then quantified using Image
J software.
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Immunofluorescence

In brief, cells were grown on cover glasses for 24 h
then washed for twice with ice-cold PBS buffer. After
fixing in 3% paraformaldehyde for 30 min at 4°C, the
cells were washed with 50mM NH4Cl and
permeabilized with 0.1% Triton100 for 15 min at room
temperature. The cells were then incubated with anti-
RON, anti-B-catenin or anti-HIF-1a antibodies for 1 h
at room temperature and labeled using Texas red-
conjugated secondary antibodies. The immunolabeled
cells were examined using Carl Zeiss LSM5 EXITER
laser scanning confocal microscope. The immuno-
fluorescence quantification for nuclear translocation
was performed by manual counting (3 fields per
section).

Xenograft mouse model

Balb/c nude mice were randomly divided into case and
control groups and allowed to adapted for 1 week.
Thereafter, 2 x 10° gastric cancer cells were
subcutaneously injected into the armpit area (5 mice per
group). Ten days later, the xenografted mice were
intratumorally injected with 50 nM RON or/and B-
catenin siRNAs twice/weekly. Another xenografted
mice were intratumorally injected with 50 nM B-catenin
siRNAs twice/weekly followed by intraperitoneal
injection of 20 pg/ml anti-RON antibody (Zt/g4)
once/weekly. Tumor size was measured every 3 days.
The mice were sacrificed and the tumor was excised 28
days after the initial injection. Tumors were
photographed and the homogenized for protein and
RNA extraction. Tumor size was calculated using the
formula: 0.5 x length x width?. Monoclonal antibodies
Zt/g4 specific to RON sema domain was kindly
supplied by Professor Yao (Laboratory of Cancer
Biology and Therapeutics, First Affiliated Hospital,
Zhejiang University School of Medicine).

Statistical analysis

Three independent experiments were performed. All
statistical analyses were done wusing GraphPad
Software, Prism 5.0. Numerical data are presented as
the mean = SEM. Values of P<0.05 are considered
significant.

Ethics approval and consent to participate

Ethical approval for the present animal study and the
usage of human tissues were received from the Zhejiang
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Consent for publication

All patients provided written informed consent for the
publication of all associated data in this study.

Availability of data and materials

The datasets used and/or analyzed during the current
study are available from the corresponding author on
reasonable request.

AUTHOR CONTRIBUTIONS

DHZh is responsible for study design and experiments.
LH, YZ, TW, LY and CL are responsible for data
acquisition, data analysis and manuscript editing. All
authors read and approved the final manuscript.

ACKNOWLEDGEMENTS

We would like to thank Ke Wu for proof-reading
manuscript carefully.

CONFLICTS OF INTEREST
The authors declare no competing financial interests.

FUNDING

This study was supported by the National Natural
Science Foundation of China (No0.81272680).

REFERENCES

1. Robinson DR, Wu YM, Lin SF. The protein tyrosine
kinase family of the human genome. Oncogene. 2000;
19:5548-57. https://doi.org/10.1038/sj.onc.1203957
PMID:11114734

2. Nelson KN, Peiris MN, Meyer AN, Siari A, Donoghue
DJ. Receptor Tyrosine Kinases: Translocation Partners
in Hematopoietic Disorders. Trends Mol Med. 2017;
23:59-79.
https://doi.org/10.1016/j.molmed.2016.11.002
PMID:27988109

3. Zwick E, Bange J, Ullrich A. Receptor tyrosine kinase
signalling as a target for cancer intervention
strategies. Endocr Relat Cancer. 2001; 8:161-73.
https://doi.org/10.1677/erc.0.0080161
PMID:11566607

4. Shimizu C, Hasegawa T, Tani Y, Takahashi F, Takeuchi
M, Watanabe T, Ando M, Katsumata N, Fujiwara Y.
Expression of insulin-like growth factor 1 receptor in
primary  breast cancer: immunohistochemical
analysis. Hum Pathol. 2004; 35:1537-42.

www.aging-us.com 2745

AGING


https://doi.org/10.1038/sj.onc.1203957
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11114734&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11114734&dopt=Abstract
https://doi.org/10.1016/j.molmed.2016.11.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27988109&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27988109&dopt=Abstract
https://doi.org/10.1677/erc.0.0080161
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11566607&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11566607&dopt=Abstract

10.

11.

12.

13.

https://doi.org/10.1016/j.humpath.2004.09.005
PMID:15619214

Song Q, Sun X, Guo H, Yu Q. Concomitant inhibition of
receptor tyrosine kinases and downstream AKT
synergistically inhibited growth of KRAS/BRAF mutant
colorectal cancer cells. Oncotarget. 2017; 8:5003—-15.
https://doi.org/10.18632/oncotarget.14009
PMID:28002807

Kurokawa Y, Matsuura N, Kawabata R, Nishikawa K,
Ebisui C, Yokoyama Y, Shaker MN, Hamakawa T,
Takahashi T, Takiguchi S, Mori M, Doki Y. Prognostic
impact of major receptor tyrosine kinase expression
in gastric cancer. Ann Surg Oncol. 2014 (Suppl 4);
21:5584-90. https://doi.org/10.1245/s10434-014-
3690-x PMID:24743909

Ronsin C, Muscatelli F, Mattei MG, Breathnach R. A
novel putative receptor protein tyrosine kinase of the
met family. Oncogene. 1993; 8:1195-202.
PMID:8386824

Hsu PY, Liu HS, Cheng HL, Tzai TS, Guo HR, Ho CL,
Chow NH. Collaboration of RON and epidermal
growth factor receptor in human bladder
carcinogenesis. J Urol. 2006; 176:2262—-67.
https://doi.org/10.1016/j.juro.2006.07.048
PMID:17070309

Song YA, Park YL, Kim KY, Myung E, Chung CY, Cho SB,
Lee WS, Jung YD, Kweon SS, Joo YE. RON is associated
with tumor progression via the inhibition of apoptosis
and cell cycle arrest in human gastric cancer. Pathol
Int. 2012; 62:127-36. https://doi.org/10.1111/j.1440-
1827.2011.02765.x PMID:22243783

Xu XM, Zhou YQ, Wang MH. Mechanisms of
cytoplasmic beta-catenin accumulation and its
involvement in tumorigenic activities mediated by
oncogenic splicing variant of the receptor originated
from Nantes tyrosine kinase. J Biol Chem. 2005;
280:25087-94.
https://doi.org/10.1074/jbc.M414699200
PMID:15878878

Zhang K, Zhou YQ, Yao HP, Wang MH. Alterations in a
defined extracellular region of the RON receptor
tyrosine kinase promote RON-mediated motile and
invasive phenotypes in epithelial cells. Int J Oncol.
2010; 36:255-64. PMID:19956854

Lu Y, Yao HP, Wang MH. Multiple variants of the RON
receptor tyrosine kinase: biochemical properties,
tumorigenic activities, and potential drug targets.
Cancer Lett. 2007; 257:157-64.
https://doi.org/10.1016/j.canlet.2007.08.007
PMID:17889431

Ma Q, Zhang K, Guin S, Zhou YQ, Wang MH. Deletion
or insertion in the first immunoglobulin-plexin-

14.

15.

16.

17.

18.

19.

20.

21.

22.

transcription (IPT) domain differentially regulates
expression and tumorigenic activities of RON receptor
Tyrosine Kinase. Mol Cancer. 2010; 9:307.
https://doi.org/10.1186/1476-4598-9-307
PMID:21114864

Ma Q, Zhang K, Yao HP, Zhou YQ, Padhye S, Wang
MH. Inhibition of MSP-RON signaling pathway in
cancer cells by a novel soluble form of RON
comprising the entire sema sequence. Int J Oncol.
2010; 36:1551-61. PMID:20428780

Xu XM, Wang D, Shen Q, Chen YQ, Wang MH. RNA-
mediated gene silencing of the RON receptor tyrosine
kinase alters oncogenic phenotypes of human colo-
rectal carcinoma cells. Oncogene. 2004; 23:8464—74.
https://doi.org/10.1038/sj.0nc.1207907
PMID:15378025

Zhou D, Pan G, Zheng C, Zheng J, Yian L, Teng X.
Expression of the RON receptor tyrosine kinase and
its association with gastric carcinoma versus normal
gastric tissues. BMC Cancer. 2008; 8:353.
https://doi.org/10.1186/1471-2407-8-353
PMID:19040718

Zhou YQ, He C, Chen YQ, Wang D, Wang MH. Altered
expression of the RON receptor tyrosine kinase in
primary human colorectal adenocarcinomas:
generation of different splicing RON variants and their
oncogenic potential. Oncogene. 2003; 22:186-97.
https://doi.org/10.1038/sj.0nc.1206075
PMID:12527888

Wang MH, Kurtz AL, Chen Y. Identification of a novel
splicing product of the RON receptor tyrosine kinase
in human colorectal carcinoma cells. Carcinogenesis.
2000; 21:1507-12.
https://doi.org/10.1093/carcin/21.8.1507
PMID:10910951

Zhou DH, Li C, Yang LN. Variant RONA160 of the RON
receptor tyrosine kinase promotes the growth and
invasion in vitro and in vivo in gastric cancer cell lines.
Cancer Cell Int. 2015; 15:9.
https://doi.org/10.1186/s12935-015-0157-5
PMID:25685065

Danilkovitch A, Donley S, Skeel A, Leonard EJ. Two
independent signaling pathways mediate the
antiapoptotic action of macrophage-stimulating
protein on epithelial cells. Mol Cell Biol. 2000;
20:2218-27. https://doi.org/10.1128/MCB.20.6.2218-
2227.2000 PMID:10688668

Danilkovitch A, Leonard EJ. Kinases involved in
MSP/RON signaling. J Leukoc Biol. 1999; 65:345—48.
https://doi.org/10.1002/jlb.65.3.345 PMID:10080538

Camp ER, Liu W, Fan F, Yang A, Somcio R, Ellis LM.
RON, a tyrosine kinase receptor involved in tumor

www.aging-us.com

2746

AGING


https://doi.org/10.1016/j.humpath.2004.09.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15619214&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15619214&dopt=Abstract
https://doi.org/10.18632/oncotarget.14009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28002807&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28002807&dopt=Abstract
https://doi.org/10.1245/s10434-014-3690-x
https://doi.org/10.1245/s10434-014-3690-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24743909&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8386824&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8386824&dopt=Abstract
https://doi.org/10.1016/j.juro.2006.07.048
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17070309&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17070309&dopt=Abstract
https://doi.org/10.1111/j.1440-1827.2011.02765.x
https://doi.org/10.1111/j.1440-1827.2011.02765.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22243783&dopt=Abstract
https://doi.org/10.1074/jbc.M414699200
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15878878&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15878878&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19956854&dopt=Abstract
https://doi.org/10.1016/j.canlet.2007.08.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17889431&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17889431&dopt=Abstract
https://doi.org/10.1186/1476-4598-9-307
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21114864&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21114864&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20428780&dopt=Abstract
https://doi.org/10.1038/sj.onc.1207907
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15378025&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15378025&dopt=Abstract
https://doi.org/10.1186/1471-2407-8-353
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19040718&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19040718&dopt=Abstract
https://doi.org/10.1038/sj.onc.1206075
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12527888&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12527888&dopt=Abstract
https://doi.org/10.1093/carcin/21.8.1507
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10910951&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10910951&dopt=Abstract
https://doi.org/10.1186/s12935-015-0157-5
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25685065&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25685065&dopt=Abstract
https://doi.org/10.1128/MCB.20.6.2218-2227.2000
https://doi.org/10.1128/MCB.20.6.2218-2227.2000
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10688668&dopt=Abstract
https://doi.org/10.1002/jlb.65.3.345
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10080538&dopt=Abstract

23.

24,

25.

26.

27.

28.

29.

30.

progression and metastasis. Ann Surg Oncol. 2005;
12:273-81. https://doi.org/10.1245/A50.2005.08.013
PMID:15827676

Kim SA, Yoon TM, Lee DH, Park YL, Lee KH, Lim SC, Joo
YE, Lee JK. RON (recepteur d’origine nantais)
expression and its association with tumor progression
in laryngeal squamous cell carcinoma. Auris Nasus
Larynx. 2014; 41:201-06.
https://doi.org/10.1016/j.anl.2013.10.014
PMID:24287326

Wagh PK, Gray JK, Zinser GM, Vasiliauskas J, James L,
Monga SP, Waltz SE. B-Catenin is required for Ron
receptor-induced mammary tumorigenesis.
Oncogene. 2011; 30:3694-704.

https://doi.org/10.1038/0nc.2011.86 PMID:21423209

Danilkovitch-Miagkova A, Miagkov A, Skeel A,
Nakaigawa N, Zbar B, Leonard EJ. Oncogenic mutants
of RON and MET receptor tyrosine kinases cause
activation of the beta-catenin pathway. Mol Cell Biol.
2001; 21:5857-68.
https://doi.org/10.1128/MCB.21.17.5857-5868.2001
PMID:11486025

Zinser GM, Leonis MA, Toney K, Pathrose P, Thobe M,
Kader SA, Peace BE, Beauman SR, Collins MH, Waltz
SE. Mammary-specific Ron receptor overexpression
induces highly metastatic mammary tumors
associated with beta-catenin activation. Cancer Res.
2006; 66:11967-74. https://doi.org/10.1158/0008-
5472.CAN-06-2473 PMID:17178895

Wang J, Rajput A, Kan JL, Rose R, Liu XQ,
Kuropatwinski K, Hauser J, Beko A, Dominquez I,
Sharratt EA, Brattain L, Levea C, Sun FL, et al.
Knockdown of Ron kinase inhibits mutant
phosphatidylinositol 3-kinase and reduces metastasis
in human colon carcinoma. J Biol Chem. 2009;
284:10912-22.
https://doi.org/10.1074/jbc.M809551200
PMID:19224914

Yao HP, Zhuang CM, Zhou YQ, Zeng JY, Zhang RW,
Wang MH. Oncogenic variant RON160 expression in
breast cancer and its potential as a therapeutic target
by small molecule tyrosine kinase inhibitor. Curr
Cancer Drug Targets. 2013; 13:686-97.
https://doi.org/10.2174/15680096113139990038
PMID:23597200

Harris AL. Hypoxia--a key regulatory factor in tumour
growth. Nat Rev Cancer. 2002; 2:38-47.
https://doi.org/10.1038/nrc704 PMID:11902584

Chang HY, Liu HS, Lai MD, Tsai YS, Tzai TS, Cheng HL,
Chow NH. Hypoxia promotes nuclear translocation
and transcriptional function in the oncogenic tyrosine
kinase RON. Cancer Res. 2014; 74:4549-62.

31.

32.

33.

34.

35.

36.

37.

38.

39.

https://doi.org/10.1158/0008-5472.CAN-13-3730

PMID:24903148

Kaidi A, Williams AC, Paraskeva C. Interaction
between beta-catenin and HIF-1 promotes cellular
adaptation to hypoxia. Nat Cell Biol. 2007; 9:210-17.
https://doi.org/10.1038/ncb1534 PMID:17220880

Moser C, Lang SA, Hackl C, Zhang H, Lundgren K, Hong
V, McKenzie A, Weber B, Park JS, Schlitt HJ, Geissler
EK, Jung YD, Stoeltzing O. Oncogenic MST1R activity
in pancreatic and gastric cancer represents a valid
target of HSP90 inhibitors. Anticancer Res. 2012;
32:427-37.PMID:22287729

Wu S, Wang S, Zheng S, Verhaak R, Koul D, Yung WK.
MSK1-Mediated B-Catenin Phosphorylation Confers
Resistance to PI3K/mTOR Inhibitors in Glioblastoma.
Mol Cancer Ther. 2016; 15:1656—68.
https://doi.org/10.1158/1535-7163.MCT-15-0857
PMID:27196759

Liu HS, Hsu PY, Lai MD, Chang HY, Ho CL, Cheng HL,
Chen HT, Lin YJ, Wu TJ, Tzai TS, Chow NH. An unusual
function of RON receptor tyrosine kinase as a trans-
criptional regulator in cooperation with EGFR in human
cancer cells. Carcinogenesis. 2010; 31:1456-64.
https://doi.org/10.1093/carcin/bgg100
PMID:20498137

Yao HP, Zhou YQ, Zhang R, Wang MH. MSP-RON
signalling in cancer: pathogenesis and therapeutic
potential. Nat Rev Cancer. 2013; 13:466-81.
https://doi.org/10.1038/nrc3545 PMID:23792360

Ahn HS, Lee HJ, Yoo MW, Jeong SH, Park DJ, Kim HH,
Kim WH, Lee KU, Yang HK. Changes in
clinicopathological features and survival after
gastrectomy for gastric cancer over a 20-year period.
BrJ Surg. 2011; 98:255-60.
https://doi.org/10.1002/bjs.7310 PMID:21082693

Kuwahara A, Takachi R, Tsubono Y, Sasazuki S, Inoue
M, Tsugane S, and JPHC Study Group. Socioeconomic
status and gastric cancer survival in Japan. Gastric
Cancer. 2010; 13:222-30.
https://doi.org/10.1007/s10120-010-0561-4
PMID:21128057

Catenacci DV, Cervantes G, Yala S, Nelson EA, El-
Hashani E, Kanteti R, El Dinali M, Hasina R,
Bragelmann J, Seiwert T, Sanicola M, Henderson L,
Grushko TA, et al. RON (MST1R) is a novel prognostic
marker and therapeutic target for gastroesophageal
adenocarcinoma. Cancer Biol Ther. 2011; 12:9-46.
https://doi.org/10.4161/cbt.12.1.15747
PMID:21543897

Valenta T, Hausmann G, Basler K. The many faces and
functions of B-catenin. EMBO J. 2012; 31:2714-36.

www.aging-us.com

2747

AGING


https://doi.org/10.1245/ASO.2005.08.013
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15827676&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15827676&dopt=Abstract
https://doi.org/10.1016/j.anl.2013.10.014
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24287326&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24287326&dopt=Abstract
https://doi.org/10.1038/onc.2011.86
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21423209&dopt=Abstract
https://doi.org/10.1128/MCB.21.17.5857-5868.2001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11486025&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11486025&dopt=Abstract
https://doi.org/10.1158/0008-5472.CAN-06-2473
https://doi.org/10.1158/0008-5472.CAN-06-2473
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17178895&dopt=Abstract
https://doi.org/10.1074/jbc.M809551200
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19224914&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19224914&dopt=Abstract
https://doi.org/10.2174/15680096113139990038
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23597200&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23597200&dopt=Abstract
https://doi.org/10.1038/nrc704
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11902584&dopt=Abstract
https://doi.org/10.1158/0008-5472.CAN-13-3730
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24903148&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24903148&dopt=Abstract
https://doi.org/10.1038/ncb1534
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17220880&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22287729&dopt=Abstract
https://doi.org/10.1158/1535-7163.MCT-15-0857
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27196759&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27196759&dopt=Abstract
https://doi.org/10.1093/carcin/bgq100
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20498137&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20498137&dopt=Abstract
https://doi.org/10.1038/nrc3545
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23792360&dopt=Abstract
https://doi.org/10.1002/bjs.7310
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21082693&dopt=Abstract
https://doi.org/10.1007/s10120-010-0561-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21128057&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21128057&dopt=Abstract
https://doi.org/10.4161/cbt.12.1.15747
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21543897&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21543897&dopt=Abstract

40.

41.

42.

43.

https://doi.org/10.1038/emboj.2012.150
PMID:22617422

Clevers H, Nusse R. Wnt/B-catenin signaling and
disease. Cell. 2012; 149:1192-205.
https://doi.org/10.1016/j.cell.2012.05.012
PMID:22682243

Goyal L, Muzumdar MD, Zhu AX. Targeting the HGF/c-
MET pathway in hepatocellular carcinoma. Clin
Cancer Res. 2013; 19:2310-18.
https://doi.org/10.1158/1078-0432.CCR-12-2791
PMID:23388504

Singh T, Katiyar SK. Honokiol inhibits non-small cell
lung cancer cell migration by targeting PGE2-mediated
activation of B-catenin signaling. PLoS One. 2013;
8:e60749.
https://doi.org/10.1371/journal.pone.0060749
PMID:23580348

Panza A, Pazienza V, Ripoli M, Benegiamo G, Gentile
A, Valvano MR, Augello B, Merla G, Prattichizzo C,

44,

45.

Tavano F, Ranieri E, di Sebastiano P, Vinciguerra M, et
al. Interplay between SOX9, B-catenin and PPARy
activation in colorectal cancer. Biochim Biophys Acta.
2013; 1833:1853-65.
https://doi.org/10.1016/j.bbamcr.2013.04.004
PMID:23583560

Liu HL, Liu D, Ding GR, Liao PF, Zhang JW. Hypoxia-
inducible factor-la and Wnt/B-catenin signaling
pathways promote the invasion of hypoxic gastric
cancer cells. Mol Med Rep. 2015; 12:3365-73.
https://doi.org/10.3892/mmr.2015.3812
PMID:25997455

Fan D, Ren B, Yang X, Liu J, Zhang Z. Upregulation of
miR-501-5p activates the wnt/B-catenin signaling
pathway and enhances stem cell-like phenotype in
gastric cancer. ) Exp Clin Cancer Res. 2016; 35:177.
https://doi.org/10.1186/s13046-016-0432-x
PMID:27846906

www.aging-us.com

2748

AGING


https://doi.org/10.1038/emboj.2012.150
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22617422&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22617422&dopt=Abstract
https://doi.org/10.1016/j.cell.2012.05.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22682243&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22682243&dopt=Abstract
https://doi.org/10.1158/1078-0432.CCR-12-2791
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23388504&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23388504&dopt=Abstract
https://doi.org/10.1371/journal.pone.0060749
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23580348&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23580348&dopt=Abstract
https://doi.org/10.1016/j.bbamcr.2013.04.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583560&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23583560&dopt=Abstract
https://doi.org/10.3892/mmr.2015.3812
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25997455&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25997455&dopt=Abstract
https://doi.org/10.1186/s13046-016-0432-x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27846906&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27846906&dopt=Abstract

