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Abstract
cMet signaling pathway is involved in the resistance to anti-VEGF therapy and cMet overexpression
is associated with tumor progression and poor prognosis. In this study, the expression of cMet in
146 Chinese colorectal cancer (CRC) patients was examined by immunohistochemistry staining.
Our data demonstrated that cMet overexpression rate was 42.5% (62/146) and cMet
overexpression was closely correlated with distant metastasis of CRC. Using CRC patient-derived
xenograft (PDX) mouse models we investigated antitumor activity of a novel selective cMet
inhibitor volitinib alone or in combination with anti-VEGF inhibitor apatinib in vivo. Our results
showed that combination treatment significantly inhibited tumor growth in two PDX models. While
volitinib treatment alone induced moderate improvement in tumor growth inhibition, combination
treatment synergistically reduced microvessel density, suppressed proliferation, and increased
apoptosis in PDX models. Further analysis showed synergistic inhibition of MAPK and PI3K/Akt
pathways by volitinib and apatinib. Taken together, our data provide a rationale to targeting both
cMet and VEGF in the treatment of cMet overexpressing CRC in clinical trials.
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Introduction
Colorectal cancer (CRC) is a leading cause of
cancer-related mortality worldwide [1]. Despite many
improvements in screening, surgery and adjuvant
therapy for CRC in recent years [2, 3], the overall
outcome of these malignant tumors is not satisfactory,
owing to tumor recurrence and distant metastasis [4].
To improve the prognosis of CRC patients, there is a
great need to identify additional new targets to
establish more effective treatments for CRC.
Vascular endothelial growth factor (VEGF), a
key pro-angiogenic growth factor, plays a pivotal role
in tumor angiogenesis and its overexpression is often
associated with tumor growth and metastases [5].
VEGF inhibitors, including anti-VEGF monoclonal

antibodies (such as bevacizumab), VEGF-binding
proteins (such as aflibercept), and small molecule
VEGFR tyrosine kinase inhibitors (such as
regorafenib),
have
produced
a
significant
improvement in progression-free survival for patients
with several types of cancers including metastatic
CRC [6-8]. Apatinib is a novel oral small-molecule
tyrosine kinase inhibitor that blocks VEGFR2.
Previous studies demonstrated that apatinib had
antitumor activity in a wide variety of solid tumors in
vitro and in vivo [9, 10]. Apatinib was approved in
China for patients with metastatic gastric cancer in
2014 [11]. In addition, it is currently being evaluated
in Phase II/III clinical trials for multiple solid cancers.
http://www.jcancer.org
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Anti-VEGF targeted therapies bring significant
advances in the treatment of CRC. However, the
improvements in overall survival (OS) have been
modest because patients exhibit acquired resistance to
VEGF inhibition [12]. Interestingly, emerging
evidence has demonstrated that tumor vascular
pruning caused by VEGF inhibition led to the
induction of hypoxia and the upregulation of
hypoxia-inducible factor-1α (HIF-1α) and cMet
expression, which increases the invasive and
metastatic behavior of tumor cells [13, 14]. Therefore,
a strategy that simultaneously targets VEGF and cMet
appears to be promising in preclinical and clinical
studies for the treatment of CRC.
cMet, known as the receptor for hepatocyte
growth factor, is a member of the receptor tyrosine
kinase family and plays a key role in embryogenesis,
tumor survival, angiogenesis and metastasis [15, 16].
cMet is overexpressed, amplified, or mutated in a
wide variety of solid tumors [17, 18], and is correlated
with poor prognosis [19, 20].cMet contributes to
tumor aggressiveness and resistance to therapy
targeted against VEGF and epidermal growth factor
receptor (EGFR) [21, 22]. Volitinib (savolitinib,
AZD6094) is an orally bioavailable inhibitor of cMet.
Previous studies indicated that volitinib exhibited
antitumor effects in patient-derived xenograft (PDX)
models of gastric carcinoma and papillary renal cell
carcinoma [23, 24]. However, the effects of volitinib in
preclinical models of CRC have yet to be investigated.
In present study, we first investigated the
expression and prognostic value of cMet in a cohort of
Chinese CRC patients. Next we evaluated the
antitumor effects of volitinib in combination with
VEGF inhibitor apatinib in PDX models of CRC.

Materials and Methods
Drugs
Volitinib was kindly provided as a gift from
Hutchison MediPharma, Inc. (Shanghai, China).
Apatinib was obtained from Jiangsu Hengrui
Medicine, Co. (Lianyungang, China). Volitinib and
apatinib were diluted in 0.5% (w⁄v) carboxymethyl
cellulose.

Patients and tissue samples
This study included 146 patients with colorectal
carcinoma who were surgically treated between 2008
and 2009 at the Department of Surgical Oncology, The
First Affiliated Hospital, College of Medicine,
Zhejiang University. Written informed consent was
provided from all patients and the study protocol was
approved by Ethics Board at the First Affiliated
Hospital, College of Medicine, Zhejiang University.
Formalin-ﬁxed, parafﬁn-embedded CRC specimens of
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all patients were obtained from the pathology
department. Histological subtype was determined
after a review of tumor sections by two trained
pathologists. Tumor stage was assessed by reference
to the criteria of the TNM-system of the UICC, 7th
edition.

Immunohistochemistry (IHC)
Parafﬁn embedded CRC tissue sections of 4 µM
in thickness were subjected to IHC using rabbit
anti-human cMet monoclonal antibody (clone SP44)
(Spring Biosciences, Pleasanton, CA, USA). Staining
procedures were conducted according to the
manufacturer’s protocol.
CRC xenograft specimens were fixed in 4%
para-formaldehyde (PFA) overnight at 4°C,
dehydrated and embedded in paraffin, and stained
with hematoxylin and eosin (H&E) according to
routine protocols. Immunostaining was performed
using the following primary antibodies: HER2
(Abcam, Cambridge, United Kingdom), VEGF
(Abcam, Cambridge, United Kingdom) and Ki-67
(Abcam, Cambridge, United Kingdom). Staining
procedures were conducted according to the
manufacturers’ protocols.
The intensity of cMet, HER-2, and VEGF staining
was evaluated as previously reported [25-27]. cMet
positive expression (or high expression) was defined
as IHC scores of 2+ or 3+, and negative expression (or
low expression) was defined as IHC scores of 0 or 1+.
For Ki67, only nuclear immunoreactivity was
considered positive. The percentage of Ki67-stained
nuclei was determined by counting at least five
randomly chosen microscopic fields (magnification
40 ×) and 1,000 total cells. All samples were analyzed
and evaluated independently by two board-certified
clinical pathologists blinded to the clinical and
molecular characteristics of the patients.

Fluorescence in situ hybridization (FISH)
cMet gene copy numbers were assessed by FISH
using the ZytoLight SPEC MET/CEN7 Dual Color
Probe
(Zytovision,
Bremerhafen,
Germany),
consisting of an orange fluorochrome direct labeled
CEN 7 probe specific for the alpha satellite
centromeric region of chromosome 7 and a green
fluorochrome labeled SPEC MET probe specific for
MET gene. FISH assays were performed as previously
described [28]. All samples were visualized and
scored using the CytoVision platform (Leica
Biosystems). For each specimen, the MET to CEP 7
ratio was determined by counting the green (MET)
and orange (CEP 7) signals in a minimum of 100
nuclei. Samples were defined as MET amplified if
MET: CEP 7 ratio was >2.0 [29].
http://www.jcancer.org
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Establishment of PDX models and treatment
protocol
Five-to-six-week-old female BALB/c nude mice
were purchased from Shanghai Slac Laboratory
Animal Corporation (Shanghai, China), and housed in
a temperature-controlled animal facility on a 12/12 h
light/dark schedule with food and water ad libitum.
All procedures were performed according to the NIH
Guide for Care and Use of Laboratory Animals and
were approved by the Institute Animal Care and Use
Committee of Zhejiang University [approval
ID:SYXK(ZHE)2005-0072]. PDX mouse models were
established using fresh CRC tissues surgically
removed from patients as previously described [30].
Tumor size was measured using a digital caliper.
Tumor volume (mm3) was calculated by the following
formula: V= a x b2/2, where V represents the tumor
volume, and a and b are the longest and the shortest
tumor diameter, respectively. Xenografts from the
third generation were used for the experiments, once
the tumor volume reached 100-200 mm3. Mice with
third generation xenografts were randomized into
four groups (5 mice per group): (A) Vehicles, 0.5%
(w⁄v) carboxymethyl cellulose, orally gavage, daily;
(B) Volitinib, 12.5 mg/kg, oral gavage, daily;
(C)Apatinib, 100 mg/kg, oral gavage, daily; and (D)
Volitinib, 12.5 mg/kg + Apatinib, 100 mg/kg, oral
gavage, daily. Mice were treated for 28 days and
monitored twice daily for signs of toxicity, moribund
mice were euthanized by CO2 asphyxiation and
deaths were recorded. Body weight and subcutaneous
tumor size were measured once weekly. Relative
tumor growth inhibition (TGI) was calculated using
the following formula: (1-T/C) %, where T is relative
tumor growth of treated group, and C is relative
tumor growth of control group. The mice were
sacrificed after 28 days of treatment. Tumors were
excised, weighed, and either processed for parafﬁn
embedding or snap-frozen and stored in liquid
nitrogen for further experiments.

Mutation analysis by next-generation
sequencing (NGS)
Tumor samples were harvested from euthanized
mice, and pathologically reviewed to ensure that no
significant tumor necrosis had occurred before
extraction of DNA. Genomic DNA was extracted
using the QIAamp Mini kit (Qiagen, Germany)
according to the manufacturer’s instructions. The Ion
AmpliSeq V2 Cancer Hotspot NGS Panel (Life
Technologies, Carlsbad, CA) was used to identify
multiple gene mutations (Genechem Inc, Shanghai,
China). Ampliseq V2, a commercially available
predesigned gene panel, was used to construct sample
libraries that cover not only the most commonly
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tested genes EGFR, KRAS, NRAS and BRAF but also
other mutations in genes such as TP53, APC, MET,
NOTCH1 and PIK3CA[31].

Fluorescent immunohistochemistry
Tumor-bearing mice were anesthetized and the
tumors harvested. Tumor specimens were then fixed
in 4% PFA overnight at 4 °C, rinsed several times with
PBS, inﬁltrated with 30% sucrose, frozen in Optimal
Cutting Temperature (OCT) compound (Sakura
Finetek, Inc., Torrance, CA, USA) and frozen for
cryostat sectioning. To evaluate vessel density, 5-µM
thick sections of tumor samples were stained with
CD31 antibody (Biolegend, San Diego, CA, USA).
Sections were mounted using Vectashield (Vector
Laboratories, Burlingame, CA, USA). Images were
acquired under a fluorescence microscope (BX51;
Olympus). For CD31 immunostaining quantification,
approximately 6 randomly selected fields of 3 to 4
samples per treatment at x200 magniﬁcation were
examined in a blind manner using Image J 1.43
freeware (NIH). Results are expressed as the average
per treatment of blood vessels number and
CD31-positive area ± SD.

TUNEL assay
Apoptosis was assessed in parafﬁn-embedded
xenograft sections of 5 µM in thickness. Apoptotic
cells were visualized using the In situ Cell Death
Detection Kit (Roche Applied Sciences, Indianapolis,
IN, USA) according to the manufacturer's procedures.
Slides were imaged and analyzed using Image J in a
blind manner. TUNEL-positive apoptotic cells versus
total cells were counted in at least five randomly
chosen microscopic fields (magnification 20×).

Western blotting
Western blotting was performed with a
SDS-PAGE electrophoresis system. Briefly, tissue
protein samples were separated by SDS-PAGE and
transferred to polyvinylidene diﬂuoride (PVDF)
membranes (Millipore, Billerica, MA, USA). After
blocking with 5% nonfat milk, membranes were
incubated overnight at 4℃ with appropriate primary
antibodies (Cell Signaling Technology, Danvers, MA,
USA). Horseradish peroxidase-conjugated secondary
antibodies were detected with an enhanced
chemiluminescence detection system (Millipore,
Billerica, MA, USA).

Statistical analysis
OS was defined as time from operation to death,
irrespective of cause. Survival analysis was done
using the Kaplan–Meier method, and the log-rank test
was used to compare the difference between
survivals. Correlation between cMet expression and
http://www.jcancer.org
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clinicopathological factors was estimated by the
chi-square test and Fisher exact test. The difference in
multiple groups was analyzed by one-way analysis of
variance (ANOVA). Stata software version 17.0
(StataCorp, LP) and GraphPad Prism software version
5.0 (GraphPad Software, Inc.) were used, and P< 0.05
was considered statistically signiﬁcant.

Results
The relationship between cMet expression and
clinicopathological features of CRC
We investigated the relationship between cMet
expression and clinicopathological features in a cohort
of 146 Chinese CRC patient tumors (Table 1).
Immunostaining showed cMet expression in the
cytoplasm/membrane of tumor cells (Figure 1A).
cMet positive expression (IHC score 2+ or 3+) was

found in 62 cases (42.5%) of CRC tumors and negative
expression (IHC score 0 or 1+) was detected in 84
cases (57.5%). Significant positive correlations were
detected between cMet expression and distant
metastasis (Table 1, P=0.037). However, there was no
significant correlation between cMet expression with
other clinicopathological parameters such as age,
gender, tumor location, tumor size, tumor
differentiation, or carcinoembryonic antigen (CEA),
although there was an increasing trend in cMet
expression with advancing TNM stage (Figure 1B).To
assess the predictive role of cMet for prognosis,
Kaplan-Meier curves with a log-rank test for OS were
performed. There was no significant difference in OS
between cMet high and cMet low groups after the
operation (Figure 1C, log-rank test, P=0.3019).

Table 1. Correlation between cMet expression and clinicopathological features of 146 CRC patients
Clinicopathological features
Age (years)
<65
≥65
Gender
Male
Female
Tumor location
Right colon
Left colon
Rectum
Tumor size
＜5 cm
≥5 cm
Tumor differentiation
Well-Moderate
Moderate-Poor
Poor-Mucious
Depth of invasion
T1-T2
T3-T4
Lymph node metastasis
N0
N1-2
Distant metastasis
M0
M1
TNM stage
I-II
III-IV
CEA dosage
Unknown
<5 ng/mL
≥5 ng/mL
Vascular invasion
Absent
Present

Patients
n=146

cMet expression
Low(n=84)

High(n=62)

p-value

74
72

46(62.2%)
38(52.8)

28(37.8%)
34(47.2%)

95
51

58(61.1%)
26(51.0%)

37(38.9%)
25(49.0%)

45
30
71

22(48.9%)
16(53.3%)
46(57.5%)

23(51.1%)
14(46.7%)
25(42.5%)

78
68

47(60.3%)
37(54.4%)

31(39.7%)
31(45.6%)

66
54
26

39(59.1%)
32(59.3%)
13(50.0%)

27(40.9%)
22(40.7%)
13(50.0%)

13
133

10(76.9%)
74(55.6%)

3(23.1%)
59(44.4%)

71
75

38(53.5%)
46(61.3%)

33(46.5%)
29(38.7%)

137
9

82(59.9%)
2(22.2%)

55(40.1%)
7(77.8%)

65
81

38(58.5%)
46(56.8%)

27(41.5%)
35(43.2%)

14
67
65

7(50.0%)
39(58.2%)
38(58.5%)

7(50.0%)
28(41.8%)
27(41.5%)

117
29

69(59.0%)
15(51.7%)

48(41.0%)
14(48.3%)

0.251a

0.240a

0.210a

0.476a

0.692a

0.239b

0.340a

0.037*b

0.839a

0.835a

0.480a

http://www.jcancer.org
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Figure 1. cMet expression and Kaplan-Meier analysis of overall survival in CRC patients. (A) Representative immunohistochemical staining of cMet in CRC samples.
cMet positive expression was defined as IHC 2+ or IHC 3+, and negative expression was defined as IHC 0 or IHC 1+. Magnification: ×200. (B) There was a increasing
trend in cMet expression with advancing TNM stage of CRC, although this was not statistically significant. (C) Kaplan-Meier Curve showed no significant difference
in the overall survival between patients with low and high cMet expression (log-rank = 1.066, P=0.3019).

Histological and molecular characterization of
Met-CRC1 and Met-CRC2
Tissue sections from two CRC PDX models were
examined by cMet IHC and FISH analysis. The
Met-CRC1 model was found to harbor cMet
overexpression (IHC 3+) and cMet amplification
(FISH+), and the Met-CRC2 model showed cMet
overexpression (IHC 2+) but no cMet amplification
(FISH-) (Figure 2A, 2B). IHC analysis showed that
both Met-CRC1 and Met-CRC2 models were positive
for VEGF expression but negative for HER-2
expression (Figure 2A).
H&E staining of the third generation xenografts
of Met-CRC1 and Met-CRC2 showed that overall
morphology and tumor differentiation of xenografts
were similar to the original patient tumor tissues
(Figure 2A). Further analysis showed that cMet

overexpression and gene amplification were
continuously maintained in all generations of
Met-CRC1 model up to the 6th passage (Figure 3),
consistent with our previous data[30, 32].

Genetic characterization of Met-CRC1 and
Met-CRC2
To investigate the genetic characteristics of CRC,
we used the Ion AmpliSeq Cancer Panel V2 to identify
the most frequent mutations in 50 commonly mutated
oncogenes and tumor suppressor genes. We analyzed
somatic DNA mutations of nine key genes selected for
their importance in CRC (Table 2). KRAS mutation
(G12D), NOTCH1, TP53 and APC mutation were
detected in two CRC PDX models, while NRAS,
EGFR, BRAF and MET were wild-type. In addition,
mutation in PIK3CA at position Q546K was observed
in Met-CRC1 model.
http://www.jcancer.org
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Figure 2. Histological and molecular characterization of Met-CRC1 and Met-CRC2 xenografts. (A) H&E staining and immunohistochemical staining for cMet, VEGF,
and HER2. Positive expression was indicated by brown staining, and the nuclei was counterstained as blue. Magnification, x200. (B) Representative images of FISH.
cMet gene copy numbers were evaluated by FISH analysis (green signal, Met; orange signal, CEP7).

Table 2. Mutation profiling of the two CRC PDX models
Samples
Met-CRC1

Genes involved in EGFR signal
KRAS
NRAS
EGFR
p.G12D
WT
WT

BRAF
WT

Met-CRC2

p.G12D

WT

WT

WT

Genes involved in colorectal cancer
PIK3CA
NOTCH1
MET
p.Q546K
p.R1598H
WT
p.S1588N
p.E1583D
p.M1580T
p.M1580L
WT
p.R1598H
WT
p.S1588N

Anti-tumor activity of volitinib alone or in
combination with apatinib in CRC PDX
models
We next evaluated the anti-tumor activity of
volitinib alone or in combination with apatinib in PDX
models Met-CRC1 and Met-CRC2. Volitinib was
orally administered at 12.5 mg/kg daily and apatinib
was administered at 100 mg/kg daily for 28 days. 28
days later, in Met-CRC1 which harbored cMet gene
amplification, volitinib single-agent treatment only
produced mild to moderate tumor growth inhibition
compared with vehicle (TGI=37.9%, P< 0.05), but
significantly stronger anti-tumor effect was observed

TP53
p.P33R
p.P72R

APC
p.R1450X

p.R150W
p.R123W
p.R243W
p.P33R
p.P72R

p.C1560X
p.C1578X

in the group receiving combination therapy
(TGI=81.3%, Figure 4A). However, in Met-CRC2
which lacked cMet gene amplification, volitinib alone
treatment did not induce significant improvement in
tumor growth inhibition compared with vehicle
(TGI=14.8%, Figure 4B), but combination therapy
significantly inhibited tumor growth (TGI=73.4%, P<
0.01). At the end of treatment, tumor weights in the
combination group of both models were significantly
decreased compared with vehicle (Figure 4C, 4D).
Overall, all treatments were well tolerated. No
obvious side effects or weight loss was observed
during the experimental period in either xenograft
model (data not shown).
http://www.jcancer.org
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Figure 3. Representative images of cMet expression and amplification by IHC and FISH on patient (F0) and corresponding serial passages of xenograft models of
Met-CRC1. For IHC images, magniﬁcation is x200.

Figure 4. Anti-tumor efficacy of volitinib alone or in combination with apatinib in Met-CRC1 and Met-CRC2 xenografts. Mice (5 mice/group) were treated with
vehicle, volitinib, or apatinib alone or in combination. (A, B) Tumor growth curve of Met-CRC1 and Met-CRC2 xenografts. Each line represents the average tumor
volume (mm3) of each treatment group ± SD. (C, D) Endpoint tumor weights of Met-CRC1 and Met-CRC2 xenografts. Each line represents the average tumor weight
(g) of each treatment group ± SD. *P< 0.05; **P< 0.01; ***P< 0.001; n.s., no statistical difference (one-way analysis of variance).

Effects of volitinib in combination with apatinib
on tumor angiogenesis
To evaluate the effects of volitinib in
combination with apatinib on tumor angiogenesis, we
performed CD31 staining on tumors of Met-CRC1.
Vasculature was nearly absent in volitinib in
combination with apatinib treated group (Figure 5A).
Compared with the vehicle treated group, the

percentage of vessel areas in tumors was decreased in
the combination treated group (1.38 ± 0.30% vs 0.18 ±
0.05%, P< 0.0001) (Figure 5B). In addition, the mean
blood vessel number in tumors was reduced by
volitinib in combination with apatinib, compared
with the vehicle-treated control (11.30 ±2.8 vs 1.83 ±
0.75, P< 0.0001) (Figure 5C).

http://www.jcancer.org
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Figure 5. Volitinib in combination with apatinib signiﬁcantly inhibited tumor angiogenesis in Met-CRC1 xenografts. (A) Representative images of blood vessels
stained with CD31 antibody. Immunoﬂuorescence staining of CD31 (green), the nuclei was stained as blue. Magnification: ×200. (B, C) The percentage of
CD31-positive areas per field and averaged blood vessel number per field were determined. Bars, mean±SD. *P< 0.05; **P< 0.01; ***P< 0.001; n.s., no statistical
difference (one-way analysis of variance).

Effects of combined treatment with volitinib
and apatinib on CRC apoptosis and
proliferation
To analyze the effects of combined treatment
with volitinib and apatinib on apoptosis and
proliferation, we performed TUNEL analysis (Figure
6A) and Ki67 immunostaining (Figure. 6B) on tumors
of Met-CRC1. Signiﬁcantly increased TUNEL staining
was found in Met-CRC1 xenografts treated with
volitinib alone or in combination with apatinib,
compared with vehicle controls (Figure 6C).
Signiﬁcantly decreased expression of Ki67 was also
observed in tumors treated with volitinib, apatinib
alone or the combination of volitinib and apatinib,
compared with vehicle-treated tumors (Figure 6D).
These results suggested that the combination of
volitinib and apatinib inhibited tumor growth by
increasing apoptosis and decreasing cell proliferation.
Furthermore, we measured the protein levels of Akt,
p-Akt, Erk, p-Erk and p-cMet in Met-CRC1 xenografts
harvested at the end of treatment. Combination
treatment led to reduced levels of p-cMet, p-Akt and
p-Erk, while no significant differences were found in
apatinib treatment group (Figure 7).

Figure 7. Volitinib in combination with apatinib reduced the levels of p-cMet,
p-Akt and p-Erk in Met-CRC1 xenografts. Mice were treated with vehicle,
apatinib (APA), volitinib (VOL) or apatinib and volitinib (A+V). Representative
blots showing the levels of indicated proteins in the tumors harvested at the end
of
treatment.
GAPDH
was
used
as
a
loading
control.

http://www.jcancer.org
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Figure 6. Volitinib in combination with apatinib signiﬁcantly increased apoptosis and decreased proliferation in Met-CRC1 xenografts.(A)Representative images of
TUNEL-stained (green) sections with DAPI counterstain (blue). Magnification: ×200. (B)Representative images of proliferative cells stained with Ki-67 antibody.
Magnification: ×200. (C) Quantitative analysis of apoptotic cells. (D) Quantitative analysis of Ki67 positive cells. Bars, mean±SD. *P< 0.05; **P< 0.01; ***P< 0.001
(one-way analysis of variance).

Discussion
Anti-VEGF has become an established
therapeutic approach to prevent solid tumor growth
in patients, and several clinical trials have
demonstrated the clinical benefits of anti-VEGF
agents in cancers [6, 8]. However, the benefit of
anti-VEGF agents in clinical therapy is marginal and
transient, and inevitably tumors develop drug
resistance [14, 33]. Therefore, the development of new
treatment strategies is urgently required.
The cMet pathway is involved in the resistance
to VEGF therapy and cMet is overexpressed in some
tumors including CRC [20, 29]. To date, several
studies have evaluated cMet expression in CRC [17,
34], but the results were inconsistent. In our study,
cMet overexpression rate was 42.5% (62/146), similar
to the rate reported by Al-Maghrabi et al [35].
Previous studies have demonstrated that cMet was
related to metastatic potential and poor prognosis in

multiple tumors [20]. However, the role of cMet in
CRC has not yet been elucidated. In the present study,
cMet overexpression was closely correlated with
distant metastases, suggesting that cMet plays a key
role in CRC progression. However, no significant
association was found between cMet expression and
overall survival, a result that was inconsistent with
previous reports [36, 37]. This discrepancy may be
attributed to the small sample size and the different
immunostaining scoring system. In addition, we
found that cMet expression was not significantly
associated with the depth of invasion, node
metastasis, TNM stages, or vascular invasion. In
particular, cMet expression tended to be higher with
advancing TNM stage of CRC, although this was not
statistically significant. These seemingly inconsistent
findings may be due to the small sample size of this
study.
The aggressive nature of cMet overexpressing
CRC and the lack of an appropriate in vivo model for
http://www.jcancer.org
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preclinical studies make CRC clinically challenging.
PDX, so-called Avatar models [38], have been
increasingly and widely used in various types of
cancers for translational research in recent years [39].
Our group previously established PDX models of
colon and gastric carcinoma and successfully used
them to evaluate novel anti-cancer drugs [30, 32].
Using these established CRC PDX models, we
performed IHC and FISH analysis and found
thatMet-CRC1 model had both cMet overexpression
and cMet gene amplification, while Met-CRC2 model
had cMet overexpression but no cMet gene
amplification. Detailed NGS data analysis confirmed
that both CRC PDX models had KRAS mutation.
Interestingly, cMet overexpression was detected in
clinical samples of EGFR-resistant lung cancer and
VEGF-resistant glioblastoma multiforme patients [33,
40]. cMet has been shown to facilitate resistance to
anti-VEGF by promoting the growth, survival and
metastasis of tumor cells [14, 21]. Combination
therapy strategy of cMet inhibitors and other signal
transduction inhibitors may be a feasible approach to
overcome drug resistance.
Volitinib (AZD6094, Savolitinib) is a highly
selective inhibitor against cMet and is currently being
evaluated in clinical trials in a number of tumor types
[23, 24]. In this study, we evaluated the anti-tumor
effects of volitinib alone or in combination with
apatinib in CRC PDX models. Our results showed that
the combination treatment signiﬁcantly decreased the
growth of tumors of both PDX models regardless of
the status of cMet amplification. However, only in
cMet amplification Met-CRC1 xenografts, volitinib
alone treatment induced significant improvement in
tumor growth inhibition compared with vehicle.
These differences in efficacy implied that the
amplification of cMet may serve as a biomarker to
identify sensitivity to volitinib treatment in CRC.
Immunohistochemical analysis demonstrated that
combination
treatment
signiﬁcantly
reduced
microvessel density, suppressed proliferation, and
increased apoptosis compared to either volitinib or
apatinib alone, indicating that the observed
synergistic effect might be attributed to the dual
inhibition on tumor signaling and tumor
microenvironment. To our knowledge, this is the first
report on synergistic antitumor effects of the
combination of cMet inhibitor and anti-VEGF in
preclinical colorectal cancer models.
The molecular mechanisms of the synergistic
effect of combination treatment remain to be
elucidated. One explanation is the potential vascular
normalization effect of anti-angiogenic targeted
therapy in solid tumors as previously described [41,
42], which may improve both the delivery and
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effectiveness of concurrent therapies. However, this
concept of vascular normalization needs to be
validated in clinical trials. Another explanation could
involve vessel pruning, hypoxia, crosstalk pathway,
and/or increased expression of cMet upon
anti-angiogenic treatment [14, 21]. In present study,
we detected reduced levels of p-Erk and p-Akt
following combination treatment with volitinib and
apatinib. Thus we speculated that co-targeting cMet
and VEGFR2 may exhibit a synergetic tumor
inhibition through inhibiting both MAPK-Erk and
PI3K-Akt pathways.
However, it is worth noting that cMet positive
expression rate was only 42.5% in our cohorts of CRC
patients. Therefore, therapeutically targeting cMet
may only benefit a small portion of CRC patients.
Further studies are needed to develop additional new
targets for effective treatments of CRC patients.
In conclusion, we observed that cMet was widely
expressed in Chinese CRC patients, and cMet
overexpression was associated with distant metastasis
of CRC. Furthermore, we reported the potential
anti-tumor activity of a novel cMet inhibitor volitinib
for the blockade of cMet alone and the benefit for
combined treatment with anti-VEGF in CRC PDX
models. The status of cMet amplification may be a
promising biomarker for predicting the response to
volitinib treatment. Our data provide support for a
rationale to targeting both cMet and VEGF to achieve
better therapeutic effect in cMet overexpressing CRC.
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