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Introduction

c-Met is a receptor tyrosine kinase (RTK) that plays a key role 
in the growth, metastasis, and angiogenesis of melanoma cells.1,2 
Several signaling pathways are activated when c-Met binds to 
its ligand hepatocyte growth factor (HGF), a multifunctional 
growth factor that acts as a mitogen, motogen, and morphogen 
for multiple epithelial cell types.3,4 Studies have shown the com-
bination of vemurafenib, a BRAF inhibitor, with siRNA target-
ing MET to be effective in inhibiting cell growth and reducing 
cell invasion and migration in melanoma cells with MET ampli-
fication.5 Vemurafenib targets the V600E BRAF mutation and 
is one of the most effective FDA approved molecularly targeted 
therapies for treatment of advanced melanoma.6,7 Interestingly, 
the V600E mutation is expressed in 82% of all benign nevi,8 sug-
gesting this mutation alone is insufficient to promote tumorigen-
esis and may require additional pathways or mutational events 
to enable malignant melanoma transformation. Another impor-
tant therapeutic target for melanoma is mutant NRAS, which 
may confer resistance to therapies such as vemurafenib, against 
which current therapies are ineffective.9 Studies have shown that 

NRAS mutants are sensitive to c-Met inhibition, resulting in 
downregulation of Akt phosphorylation, tumor cell proliferation, 
migration, and subsequently induction of apoptosis.10 The above 
studies show the importance of c-Met activation in melanoma 
progression and in several other cancers.11,12

It has been shown that overexpression and activation of c-Met 
plays a significant role in tumor development and metastasis in 
melanoma.1 We and other investigators have identified c-Met as a 
possible target in treating melanoma using TKIs such as SU11274 
and JNJ38877605.1,13,14 Both are c-Met TKIs that function by 
inhibiting c-Met phosphorylation in vitro and in vivo in a variety 
of tumors.15-18 We have previously shown that SU11274 inhibits 
growth of melanoma cells in vitro by inducing apoptosis and dif-
ferentiation.1 Although TKIs against c-Met are on the cutting-
edge of cancer therapy, their individual efficacies are limited19 
due to the development of resistance and subsequent potential for 
tumor recurrence.20

Currently, the pathway and mechanism of c-Met inhibi-
tor resistance is largely unknown. A recent study suggests that 
amplification of MET and KRAS genes may mediate resistance 
to MET kinase inhibitors by subsequently inducing high activity 
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Numerous tyrosine kinase inhibitors (TKIs) targeting c-Met are currently in clinical trials for several cancers. Their efficacy 
is limited due to the development of resistance. The present study aims to elucidate this mechanism of c-Met TKI 
resistance by investigating key mTOR and Wnt signaling proteins in melanoma cell lines resistant to SU11274, a c-Met TKI. 
Xenografts from RU melanoma cells treated with c-Met TKIs SU11274 and JNJ38877605 showed a 7- and 6-fold reduction 
in tumor size, respectively. Resistant cells displayed upregulation of phosphorylated c-Met, mTOR, p70S6Kinase, 4e-BP1, 
eRK, LRP6, and active β-catenin. In addition, GaTa-6, a Wnt signaling regulator, was upregulated, and axin, a negative 
regulator of the Wnt pathway, was downregulated in resistant cells. Modulation of these mTOR and Wnt pathway proteins 
was also prevented by combination treatment with SU11274, everolimus, an mTOR inhibitor, and XaV939, a Wnt inhibitor. 
Treatment with everolimus, resulted in 56% growth inhibition, and a triple combination of SU11274, everolimus and 
XaV939, resulted in 95% growth inhibition in RU cells. The V600e BRaF mutation was found to be positive only in MU 
cells. Combination treatment with a c-Met TKI and a BRaF inhibitor displayed a synergistic effect in reducing MU cell 
viability. These studies indicate activation of mTOR and Wnt signaling pathways in c-Met TKI resistant melanoma cells and 
suggest that concurrent targeting of c-Met, mTOR, and Wnt pathways and BRaF may improve efficacy over traditional TKI 
monotherapy in melanoma patients.
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of the mitogen-activated protein kinase (MAPK) and phospha-
tidylinositol-3-OH kinase (PI3K)/Akt pathways.16,21 In another 
study, a point mutation in the c-Met activation loop (Y1230H) 
was found to confer resistance due to decreased binding ability of 
c-Met inhibitors.19,21 Overall, further studies are necessary to elu-
cidate the mechanism of c-Met inhibitor resistance in melanoma.

Several studies using c-Met inhibitors, alone or in combina-
tion therapy, for melanoma are also presently in clinical trials 
and may prove to be effective in improving efficacy and overcom-
ing resistance (http://www.clinicaltrials.gov; NCT00940225, 
NCT01820364, and NCT01835184). In a phase II, multi-
center study, a BRAF inhibitor, LGX818, is being studied in 
combination with c-Met inhibitor INC280 in adult patients 
with locally advanced or metastatic BRAF V600E melanoma 
(NCT01820364). Another study was conducted on dose escala-
tion of tivantinib (ARQ197) in combination with sorafenib in 
adult patients with advanced solid tumors, including melanoma 
(NCT00827177). In phase II clinical trials, cabozantinib, an 
effective c-Met and VEGFR inhibitor,22 alone (NCT00940225) 
and in combination with vemurafenib (NCT01835184), is being 
tested in patients with advanced melanoma and in patients with 
metastatic melanoma,23 respectively. However, the outcomes 
have not yet been reported.

In the present study, the efficacy of c-Met inhibitors, SU11274 
and JNJ38877605, an orally administered inhibitor, were studied 
in vivo and found to be comparable. To improve the efficacy of 
c-Met TKI combination therapies, we investigated the modes of 
c-Met TKI resistance in SU11274 resistant melanoma cell lines. 
The efficacy of c-Met, mTOR, and Wnt inhibitor combinations 
on resistant melanoma cells was tested in vitro, and a combina-
tion of all three inhibitors was found to be very effective. Key 
proteins inhibited in the Wnt canonical pathway after combi-
nation treatment include LRP6, a co-receptor for the Wnt/β-
catenin signaling pathway24 and Axin, which is required for 
LRP6 phosphorylation and is a “rate limiting factor” for assembly 
of the β-catenin destruction complex.25-28 Additionally, GATA-
6, which is phosphorylated by ERK,29 is upregulated in several 
cancers,30 and its induced expression leads to the trans-activation 
of the Wnt7b promoter, ultimately resulting in increased activa-
tion of the Wnt canonical pathway.31,32 Therefore, we propose a 
c-Met inhibitor resistance mechanism in melanoma, and suggest 
that simultaneous targeting of c-Met, mTOR and Wnt pathways 
with inhibitors could overcome this resistance. The present com-
bination therapy may be the basis for future therapies to enhance 
the efficacy of c-Met TKIs, prevent resistance, and improve mel-
anoma patient outcomes.

Figure  1. Intratumoral TKI treatment reduces tumor size in vivo. (A) Production of hGF by melanoma cell lines. RU-P cells produced 4-fold higher 
amounts of hGF compared with WK-P cells in conditioned medium as determined by hGF eLISa kit. (B) Five million RU-P melanoma cells were injected 
subcutaneously into the hind flanks of Rag1-/- mice. Tumors were allowed to develop for a week after which daily intratumoral doses of SU11274 or 
vehicle were given for 4 wk. SU11274 treated RU-P tumor xenografts showed a 7-fold reduction in tumor size in comparison to control mice. Seven mice 
xenografts in each group were evaluated for this study. (C) Melanoma tumor sections from mice treated with SU11274 showed downregulation of p-c-
Met compared with control mice (D) Immunostaining of CD31 in RU-P tumor xenografts in control and SU11274 treated mice. There was a 79.8% (± 1.5%) 
(P < 0.001) decrease in the number of blood vessels when counted in 10 microscopic fields. (E) a decrease in VeGF and an increase of TSP1 were found 
after treatment with SU11274, suggesting decreased angiogenesis.
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Results

SU11274 inhibits in vivo growth of HGF producing 
RU-Parental (RU-P) cells

In this study, four cell lines were used (EP-P, MU-P, 
RU-P, and WK-P). These cell lines demonstrate abun-
dant expression of c-Met,1 indicating that c-Met inhibi-
tors may be effective in these cell lines. HGF-Met signal-
ing has been demonstrated to have an important role in 
the induction, invasiveness and promotion of melanoma, 
both in vitro and in vivo.1,13,33 Therefore, we evaluated 
the HGF levels in all five cell lines and found that RU-P 
(285 pg/mL) and WK-P (69 pg/mL) cells produced 
high levels of HGF (Fig. 1A). No detectable levels of 
HGF were found in EP-P and MU-P cell lines (data not 
shown). Since RU cells express considerably higher levels 
of HGF, and are an established tumor model,34 the in 
vivo efficacy of SU11274 was evaluated in a xenograft 
model using the RU-P melanoma cell line. SU11274 
treatment reduced tumor volume by 7-fold as compared 
with control (Fig. 1B). Formalin-fixed paraffin-embed-
ded (FFPE) tissues from mice treated with SU11274 or 
diluent control for p-c-Met (Y1234/1235) expression by 
immunohistochemistry (IHC) were further analyzed. 
Tumor sections from mice treated with SU11274 were 
found to show downregulation of expression of p-c-Met 
as compared with the diluent control (Fig. 1C). CD31 
staining revealed that treatment with SU11274 reduced 
the number of blood vessels by 79.8% ± 1.5% (P < 0.001) 
suggesting that inhibition of vessel formation may be a 
mechanism whereby SU11274 inhibits tumor growth 
(Fig. 1D). Furthermore, SU11274 treatment decreased 
VEGF expression and increased TSP-1 expression, as 
seen by IHC (Fig. 1E). These results imply that inhibi-
tion of c-Met phosphorylation has a significant effect on 
tumor proliferation and maintenance.

RU-P melanoma cells are inhibited by JNJ38877605 
in vivo

To study the therapeutic efficacy of JNJ38877605, an 
orally bioavailable c-Met TKI, in vivo studies were per-
formed. Mice bearing RU-P melanoma cell tumor xeno-
grafts were treated orally with 20 mg/kg JNJ38877605 
or vehicle for three weeks. Similar to SU11274, it was 
determined that JNJ38877605 significantly reduced 
tumor size by 6-fold (124 ± 57 mm2 and 17 ± 11 mm2, 
P < 0.03), as compared with control (vehicle) (Fig. 2A). 
Tumors treated with JNJ38877605 showed a significant reduc-
tion in expression of p-c-Met (Y1234/1235), as seen by IHC in 
small residual tumor nodules (Fig. 2B). These results indicate that 
the reduction in p-c-Met after administration of JNJ38877605 
has a significant effect on tumor proliferation. Treatment with 
JNJ38877605 also resulted in 80% ± 2% (P < 0.001) reduc-
tion in blood vessels, as seen by CD31 staining, suggesting that 
inhibition of vessel formation may be one of the mechanisms by 
which JNJ38877605 inhibits tumor growth (Fig. 2C). Similar to 
SU11274 treatment, JNJ38877605 decreased VEGF expression 

and increased TSP-1 expression, as seen by IHC (Fig. 2D). These 
data indicate that JNJ38877605 could be a promising orally 
administered therapeutic option for treating HGF-producing 
melanoma.

Resistance to SU11274 in MU and RU melanoma cells is not 
mediated by mutations in the c-Met tyrosine kinase domain 
(TKD)

To study the mechanism of c-Met TKI resistance, MU and 
RU cells were made resistant to SU11274 (MU-R, RU-R), as 
described in the materials and methods section. IC

50
 values for 

Figure 2. Oral TKI treatment reduces tumor size in vivo. Five million RU-P melanoma 
cells were injected subcutaneously into the hind flanks of nu/nu mice. Tumors 
were allowed to develop for a week after which daily oral doses of JNJ38877605 
or vehicle were given for 3 wk. (A)Treatment with JNJ38877605 reduced tumor 
size by 6-fold when compared with control mice. (B) Immunostaining of control 
and JNJ38877605-treated RU-P tumor xenografts with p-c-Met antibody showed 
decrease in p-c-Met after treatment with JNJ38877605. (C) Immunostaining of 
control and JNJ38877605 treated RU-P tumor xenografts with CD31 antibody 
indicate treatment with JNJ38877605 decreased the number of blood vessels in 
melanoma. There was an 80% (± 2%) decrease in the number of blood vessels 
when counted in 10 microscopic fields after treatment with JNJ38877605. (D) 
Immunostaining of control and JNJ38877605-treated RU-P tumor xenografts with 
VeGF and TSP1 antibody showed a decrease in VeGF and an increase of TSP1 with 
JNJ38877605 treatment suggesting decreased angiogenesis.
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SU11274 were found to be 1.5 μM and 1.0 μM for MU-P and 
RU-P cell lines, respectively, and 10 μM in both resistant cell 
lines (Table S1). Gene sequencing of exons 15–21 of the c-Met 
TKD revealed no relevant mutations associated with SU11274 
resistance in either parental or resistant MU and RU cell lines, 
and demonstrated 100% homology with the reference NCBI 
gene sequence (NM_000245).

MU-R cells are cross-resistant to tivantinib; BRAF and 
c-Met inhibitors work effectively to reduce growth in both 
MU-P and MU-R cells with the V600E BRAF mutation

To determine BRAF mutation status in MU and RU cells, 
sequencing of exon 15 of the BRAF gene was performed and 
showed that MU cells possess a V600E mutation that sensitizes 
them to BRAF inhibitors35 while RU cells possess wt-BRAF.5 
Therefore, the cross-resistance of SU11274 resistant MU cells 
to tivantinib was studied in vitro. Tivantinib, a clinically effec-
tive inhibitor, predominantly inhibits c-Met in vitro at a submi-
cromolar range.36 Before determining the efficacy of tivantinib 
and vemurafenib combination therapy, dose response studies for 
tivantinib (0.05–0.5 µM) and vemurafenib (0.01–0.5 µM) were 
conducted (Figs. S1 and S2). To determine cross resistance to 
tivantinib, MU-P and MU-R cells were treated with tivantinib 
for 96 h, after which an MTT cell viability assay was performed, 
as described earlier.37 Two-tenths micromolar tivantinib inhib-
ited cell growth of MU-P and MU-R by 29.60% (± 1.32%) and 
5.65% (± 1.5%), respectively (n = 6, P < 0.001). Although tivan-
tinib inhibited MU-P cells significantly, it had minimal effect 
on MU-R cells. Furthermore, MU-R cells displayed a 5-fold 
decrease in sensitivity to tivantinib compared with MU-P cells 
(Fig. 3A).

To further study the effects of BRAF and c-Met inhibitors 
in MU cells, vemurafenib, a BRAF inhibitor and tivantinib, a 
c-Met inhibitor in clinical trials,38,39 were used. Cells were treated 
with tivantinib at concentrations ranging from 0.05 to 0.5 μM or 
vemurafenib ranging from 0.01 to 0.5 μM for 96 h, after which an 

MTT viability assay was performed. Tivantinib inhibited growth 
of parental cells by 4–48%, whereas resistant cells were inhibited 
by 2–34% (Fig. S1). Vemurafenib inhibited growth of parental 
cells by 18–69%, whereas resistant cell growth was inhibited 
by 13–77% (Fig. S2). MU-P and MU-R cells were then treated 
with 0.015 µM vemurafenib and 0.075 µM tivantinib, individu-
ally and in combination. Minimal inhibition (<10%) was seen 
in response to vemurafenib and tivantinib as single therapeu-
tic agents at these low concentrations (MU-P 9.6%/4.8% and 
MU-R 0%/1% vemurafenib/tivantinib) (Fig. 3B). Interestingly, 
these concentrations in combination therapy inhibited the MU-P 
(27%) and MU-R (22%) cells more significantly (P < 0.01), as 
analyzed by ANOVA (Fig. 3B). These results indicate that tivan-
tinib and vemurafenib have a synergistic effect, as CI values were 
found to be < 1 using CalcuSyn software (Biosoft), and suggest 
that vemurafenib in combination with c-Met inhibitors may ben-
efit melanoma patients having the V600E mutation and express-
ing c-Met.

Effect of HGF on c-Met and β-catenin phosphorylation in 
MU-P and MU-R cells

To further investigate the mechanism of c-Met TKI resis-
tance in MU-R cells, key signaling proteins that have signifi-
cant roles in melanoma and other cancers were studied. Earlier 
studies indicate that Wnt/EGFR and EGFR/c-Met crosstalk 
promotes tumorigenesis.37,40 These studies led us to investigate 
the role of the Wnt pathway in mediating c-Met inhibitor resis-
tance. MU-R cells exhibited 1.5- and 2.4-fold upregulation of 
p-c-Met (Y1234/1235) and p-c-Met (Y1003), respectively, in the 
absence of HGF compared with MU-P cells (Fig. 4A). Addition-
ally, time course experiments for p-c-Met and active β-catenin, a 
transcription factor in the Wnt pathway, were conducted. A 3- to 
5-fold increase in p-c-Met (Y1234/1235) expression in MU-R 
cells was observed following HGF stimulation relative to control. 
Basal levels of active β-catenin were found to be 3-fold higher in 
the absence of HGF and remained elevated (2.5-fold) for 7.5 min 

Figure 3. effect of a combination of vemurafenib and tivantinib on cell growth in MU cells. (A) MU-R cells showed a 5-fold decrease in sensitivity to the 
anti-proliferative effect of tivantinib compared with parental cells (P = 0.003) indicating cell lines are resistant to tivantinib. (B) Two thousand MU-P/R 
cells were plated and treated after 24 h with vemurafenib (0.015 μM) and tivantinib (0.075 μM) individually and in combination (0.015 μM vemurafenib 
+ 0.075 μM tivantinib) after which an MTT viability assay was performed after 96 h. MU-P/R cells were inhibited significantly more by vemurafenib and 
tivantinib in combination (27% and 22%), (P < 0.01) in comparison to single drug treated cells (< 10%).
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after HGF treatment in MU-R cells, compared with those in 
MU-P cells. Following HGF treatment, levels of p-c-Met and 
active β-catenin both remained elevated for at least 60 min in 
MU-R cells, compared with 30 min in MU-P cells (Fig. 4B). 
These results indicate increased stabilization of p-c-Met suggest-
ing crosstalk with the Wnt pathway, and that upregulation of the 
Wnt pathway may play a role in mediating SU11274 resistance 
in MU-R cells.

HGF induces activation of mTOR, p70S6Kinase, 4E-BP1, 
Akt, and ERK in MU-R and RU-R cells

Upregulation of the Akt/mTOR pathway is often observed in 
multiple types of cancer, including melanoma,41,42 leading to can-
cer cell survival, growth and drug resistance. Therefore, potential 
proteins mediating c-Met TKI resistance in MU and RU cell 
lines were further investigated including mTOR, a key regulator 
of cancer cells.43 RU-R cells displayed 8- and 3-fold upregulation 
of p-mTOR (S2448) ± HGF, respectively, relative to RU-P cells. 
MU-R cells displayed 2- and 3-fold upregulation of p-mTOR 
(S2448) ± HGF, respectively, relative to MU-P cells (Fig. 5A). 
Interestingly, a 2-fold upregulation of p-p70S6kinase (T389), 
in the presence of HGF and a 4- and 2-fold upregulation of 
p-4E-BP1 (T37/46) ± SU11274, respectively, was seen in MU-R 
cells (Fig. 5B). Additionally, a 2- and 10-fold upregulation of 
p-Akt (S473) was found in MU-R cells treated with SU11274 ± 
HGF, respectively. Finally, p-ERK (T202/Y204), a downstream 
target of c-Met, was upregulated 2-fold in the presence of HGF 
(Fig. 5B). These results suggest that mTOR, or other upstream 
receptors, may upregulate p-p70S6kinase and p-4E-BP1 to medi-
ate tumor resistance to c-Met inhibitors.

Upregulation of mTOR and Wnt pathway proteins in c-Met 
inhibitor resistant MU cells is inhibited by combination ther-
apy with mTOR, Wnt, and c-Met inhibitors

To determine if treatment with a combination of c-Met, 
mTOR and Wnt inhibitors could affect modulation of c-Met 
and key proteins in mTOR and Wnt pathways, immunoblotting 
was performed as described above. HGF-mediated upregulation 
of p-c-Met (3.0-fold) in MU-R cells was completely inhibited 

with combination therapy, which was comparable to that of 
MU-P cells. The mTOR pathway proteins, p-Akt (1.5-fold) and 
p-p70S6 kinase (1.5-fold), were upregulated in MU-R cells in 
the presence of HGF, as compared with MU-P cells (Fig. S3A). 
Furthermore, a 4.5-fold upregulation of p-Akt, in the absence of 
HGF, was observed in MU-R cells. In addition, a 3.0- and 2.5-
fold upregulation of p-Akt ± HGF, respectively, was inhibited 
after combination treatment in MU-R cells, as compared with 
untreated MU-R cells (Fig. S3A). p-LRP6, a key regulator of the 
Wnt pathway, was upregulated by 1.5-fold ± HGF in MU-R cells, 
which was comparable to that of MU-P cells. Axin, a negative 
regulator of the Wnt pathway,44 was downregulated by 3.0- and 
1.5-fold ± HGF, respectively, in MU-R cells, as compared with 
MU-P cells. Furthermore, GATA-6 (4.0-fold) and p-ERK (3.5-
fold) were upregulated in MU-R cells, as compared with MU-P 
cells, in the absence of HGF. Upregulation of p-LRP6, GATA-6 
and p-ERK was also inhibited with combination treatment in 
MU-R cells, as compared with untreated MU-R cells (Fig. S3B).

MU-R and RU-R cells are inhibited by everolimus and 
XAV939

The mTOR and Wnt signaling pathways have been shown to 
play a major role in conferring resistance to chemotherapy, and 
targeting key proteins in these pathways has become an impor-
tant therapeutic approach in cancer.45,46 Therefore, the drugs 
everolimus and XAV939, which inhibit mTOR and Wnt path-
way proteins, respectively,47,48 were selected for this combination 
inhibitor study. RU and MU cells were treated with everolimus 
or XAV939, alone and in combination with SU11274. Combi-
nation drug concentrations were determined from drug titra-
tion experiments (data not shown) and previous studies by us 
and other investigators.49,50 Treatment with 1 µM everolimus 
inhibited both RU-P and RU-R cell growth by 56% (Fig. 6A). 
Administration of 1 µM everolimus in combination with 5 µM 
SU11274 and 15 µM XAV939, a Wnt inhibitor, inhibited RU-P 
and RU-R cell growth by 95% (Fig. 6A). Treatment with 1 µM 
everolimus inhibited MU-P and MU-R cell growth 50% and 
30%, respectively (Fig. 6B). Administration of 1 µM everolimus 

Figure 4. Upregulation of p-c-Met and active β-catenin in MU-R cells. (A) Cells were starved overnight in media supplemented with 0.5% BSa, and 
then treated with or without 10 µM SU11274 for 24 h. Cells were stimulated with 40 ng/mL of hGF for 7.5 min, after which immunoblotting analysis was 
performed. Upregulation of p-c-Met Y1003 (2.4-fold) and p-c-Met Y1234/1235 (1.5-fold) in MU-R cells in absence of hGF was observed, and a 3–5-fold 
increase in p-c-Met Y1234/1235 was seen after hGF treatment. (B) In MU-R cells, hGF induced p-c-Met and active β-catenin signaling was prolonged by 
30 min compared with MU-P cells. Cells were starved for 24 h and then stimulated with 40 ng/ml hGF. Immunoblotting indicated that in MU-R cells, hGF 
activated p-c-Met (Y1234/1235) and basal levels of active β-catenin were also 3-fold higher in the absence of hGF and remained high (2.5-fold) for 7.5 
min after hGF treatment in MU-R cells compared with those in MU-P cells at 0 min incubation.
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in combination with 5 µM SU11274 and 15 µM XAV939 inhib-
ited MU-P and MU-R cell growth 78% and 65%, respectively 
(Fig. 6B). To verify the results of the MTT assay, cell numbers were 
assessed using trypan blue exclusion to examine viable cells after 
inhibitor treatment, and similar results were obtained (Fig. S4). 
Concentrations higher than the IC

50
 of SU11274 were used for in 

vitro combination experiments since the resistant cell lines were 
grown to develop resistance in higher concentrations of SU11274. 
These results suggest that mTOR and Wnt pathways may play an 
essential role in c-Met TKI resistance, and that simultaneous tar-
geting of mTOR, Wnt pathways, and c-Met may prove to be an 
effective approach for melanoma therapy (Fig. 7). Further studies 
are warranted in this direction.

Discussion

Molecularly targeted TKIs are integral in the treatment of 
melanoma.7 However, the development of resistance to TKIs 
has brought about a new challenge for researchers and clinicians. 
Therefore, we studied the mechanism of c-Met TKI resistance by 
investigating key signaling pathways potentially involved in this 
resistance in two melanoma cell lines, one of which is positive for 
the V600E BRAF mutation. We demonstrate that combination of 
a c-Met TKI and a BRAF inhibitor improved therapeutic efficacy 
in V600E mutant cell lines. mTOR and Wnt signaling pathways 
were also found to play a key role in c-Met inhibitor resistance, 
and combinatorial therapy with c-Met, mTOR, BRAF, and Wnt 
inhibitors was effective in overcoming c-Met TKI resistance. In 
the present study, we suggest a mechanism of c-Met inhibitor resis-
tance in melanoma and a novel combination therapy to overcome 
this resistance.

To confirm the validity of using c-Met TKIs as a possible 
monotherapy in melanoma treatment, we compared the in vivo 
efficacy of two c-Met TKIs: SU11274, delivered intratumorally, 
and JNJ38877605, delivered orally. Results indicate that SU11274 
and JNJ38877605 significantly reduce RU tumor size in mice, 
suggesting c-Met inhibition as a promising therapeutic option 

for HGF producing, c-Met TKI sensitive tumors in melanoma 
patients. These studies also show that inhibition of vessel forma-
tion by decreased VEGF expression and increased TSP-1 expres-
sion may be a result of c-Met inhibition, by which both SU11274 
and JNJ38877605 decrease tumor growth. These results are com-
parable to the results obtained after treating lung cancer tumors in 
vivo with PHA665752.51

Studies have indicated that development of resistance may 
greatly reduce the efficacy of c-Met TKI therapy.19,52 Therefore, 
effective treatment strategies may require combination of multiple 
inhibitors to improve patient outcomes.53 Previous in vitro studies 
were focused on mutations, including the Y1230 TKD phosphor-
ylation site,19 upregulation of KRAS,16 and expression of a novel 
SND-1 BRAF fusion protein.54 The present study is concentrated 
on identifying alternative signaling pathways involved in confer-
ring resistance to c-Met TKI, while ruling out c-Met TKD muta-
tions. To facilitate our investigation, we studied two melanoma 
model cell lines (MU-P and RU-P) that are known to express 
high levels of p-c-Met,1 which we made resistant to c-Met TKIs 
by exposure to sequentially increasing doses of the c-Met inhibitor 
SU11274. All cell lines used in the present study had an abun-
dant expression of c-Met as seen in earlier studies,1 indicating that 
c-Met inhibitors might be effective in these cell lines.

Similar to c-Met, mTOR has previously been studied in many 
human tumor entities55-57 and its activation is associated with 
malignant melanomas (73%), to a lesser extent with benign nevi 
(4%),58 and poor patient outcomes.59 mTOR activation by Akt has 
been shown through both the direct inhibition of tuberous sclero-
sis 2 (TSC2), a negative regulator of mTOR,60 and by inhibition of 
AMPK-mediated phosphorylation of TSC2.61 Interestingly, phos-
phorylation of mTOR, p70S6kinase, and 4E-BP1 is upregulated 
in resistant MU and RU cells. These data substantiate involve-
ment of the mTOR pathway in resistant cells, as p70S6kinase and 
4E-BP1 are downstream targets of mTOR and are used to assess 
mTOR activity.43 Modulation of the mTOR pathway in resistant 
cells implies that this alternative cellular signaling pathway may 
play a role in the mechanism of acquired resistance to c-Met 
TKIs.

Figure 5. Upregulation of mTOR pathway proteins. (A) p-mTOR (S2448) is upregulated (2–8-fold ± hGF) in resistant (MU/RU) cell lines. (B) Upregulation of 
p-p70S6Kinase (T389) (2-fold) and p-4e-BP1 (T37/46) (2–4-fold ± hGF), which are downstream signaling proteins of mTOR, are upregulated in MU-R cell 
line. additionally, downstream targets of c-Met, p-eRK (T202/Y204) were upregulated 2-fold in the presence of hGF and p-akt (S473) was upregulated 
2- and 10-fold in the absence and presence of hGF respectively.
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Additionally, upregulation of 
active β-catenin suggests involve-
ment of the Wnt pathway in resis-
tant MU and RU cells. Further 
studies determining the nuclear 
translocation of β-catenin are 
being performed. Simultaneous 
activation of Wnt and mTOR 
pathways suggests crosstalk, 
which is consistent with previ-
ous studies demonstrating that 
overactive Wnt signaling modu-
lates mTOR and plays a role in 
tumorigenicity.62 In addition, 
increased transcriptional activ-
ity of β-catenin-TCF/LEF-1 
by Akt has been demonstrated 
through inhibition of GSK-3 
and/or by direct phosphorylation 
of β-catenin at Ser552, which 
enhances β-catenin nuclear 
accumulation.63 Wnt pathway 
involvement is also supported by 
prevalence of the Wnt5a ligand 
in invasive and metastatic mela-
noma64 and a 5-fold increase in 
its expression in 50% of primary 
malignant melanomas.65 Strong 
Wnt5a ligand expression is asso-
ciated with melanoma progres-
sion and poor prognosis as well.66 
While results indicate that p-c-
Met is upregulated and remains 
stable longer in MU-R cells as 
compared with MU-P cells, treat-
ment with SU11274 still inhibits 
p-c-Met in resistant cells. This 
suggests that resistant cells do 
not exclusively utilize c-Met as 
a means to survive, but rather 
employ multiple signaling pathways to bypass a c-Met blockade. 
This is substantiated by the results in MU melanoma cells, indi-
cating that triple drug combination treatment is more effective 
than single drug treatment. This may be due to upregulation 
of the Akt pathway, suggesting that other alternative pathways 
should be inhibited in MU cells to achieve more complete growth 
inhibition. Furthermore, sequencing of the c-Met gene demon-
strated that acquired resistance to SU11274 was not associated 
with mutations altering protein structure and activity. This is 
consistent with observations that c-Met TKI-resistant cell lines 
continue to show downregulated p-c-Met following inhibitor 
treatment.

As refractory melanoma demonstrates the ability to proliferate 
despite SU11274 and JNJ38877605 mediated c-Met blockade, 
targeting alternative pathways such as Wnt and mTOR in com-
bination with c-Met may be required to inhibit cell growth. To 

further validate the role of mTOR and Wnt pathways in c-Met 
TKI resistance, MU-P, MU-R, RU-P, and RU-R cell lines were 
treated with their respective inhibitors, everolimus and XAV939, 
as single agents or in combination with SU11274. Inhibition of 
mTOR and Wnt alone did not significantly inhibit the growth 
of MU-R cells, which are V600E positive, suggesting the role of 
c-Met and BRAF as the primary drivers of proliferation. How-
ever, a combination of everolimus, XAV939, and SU11274 was 
able to overcome resistance to c-Met TKI in MU and RU cell 
lines.

Various c-Met inhibitors are currently in early melanoma clin-
ical trials, as c-Met signaling has been shown to have an impor-
tant role in melanoma biology. Thus, the efficacy and resistance 
mechanisms of c-Met inhibitors should be studied in melanomas 
positive for the BRAF mutation.67 The synergistic effect observed 
with c-Met and BRAF inhibitors in BRAF mutated MU-P and 

Figure 6. Combination therapy with mTOR, Wnt, and c-Met inhibitors is effective in c-Met resistant cell lines. 
2000 MU-P/R and RU-P/R cells were plated and treated with everolimus (1 μM), SU11274 (5 μM), and XaV939 
(15 μM) individually and in combinations after 24 h and an MTT viability assay was performed after 96 h. (A) 
Growth of RU-R cells is inhibited by 95% when using everolimus (1 μM) in the presence of SU11274 (5 μM) and 
XaV939 (15 μM). Inhibition was comparable to that seen in parental cells. (B) In MU-R cells, 65% inhibition of 
growth occurred when everolimus was used with both SU11274 and XaV939. Significant differences (RU-R or 
MU-R, P < 0.001) were observed between treatment with single drug (S, e, and X), double drug combinations 
(S+e, S+X, and e+X) and triple drug combination (S+e+X) as seen by repeated measures aNOVa.



1136 Cancer Biology & Therapy Volume 15 Issue 9

MU-R cell lines suggests that this combinatorial therapy may 
be an effective treatment option for patients sensitive to c-Met 
TKIs, as well as patients with primary or acquired c-Met TKI 
resistance. Additionally, this combination might be most effec-
tive if used in patients whose tumors express both a V600E BRAF 
mutation and elevated c-Met levels. Interestingly, a preclinical 
study on BRAF inhibitor resistance in BRAF mutant melanoma 
patients also demonstrated that MAPK and PI3K/Akt signaling 
pathways are activated due to overexpression of c-Met, resulting 
in resistance to BRAF inhibitors.68 Therefore, clinical evidence of 
V600E and elevated p-c-Met may be a strong indication for com-
bination therapy as a first line treatment; however, more research 
in this area is needed. Additionally, in V600E negative patients, 
c-Met monotherapy or c-Met, Wnt and mTOR inhibitor combi-
nations could be effective.

In a recent study, we demonstrated that the c-Met TKI resis-
tance mechanism may act through mTOR and Wnt pathways 
in non-small cell lung cancer cells (NSCLC).69 These results 
support our earlier studies involving melanoma, which indicate 
that the c-Met inhibitor, SU11274, can modulate the Akt/mTOR 
pathway.1 Additionally, the activation of Wnt signaling by HGF 
has been demonstrated through accumulation and nuclear trans-
location of β-catenin, both in vitro and in vivo.70,71 Recent studies 

also indicate cross talk between HGF/c-Met and Wnt/β-catenin 
pathways to be a key factor in the progression of HGF-induced 
tumors.72 In the present study, we observed that combination 
therapy using c-Met, mTOR, and Wnt inhibitors proved to be 
more effective in inhibiting cell proliferation than single or dou-
ble inhibitor treatment. We also observed upregulation of down-
stream signaling proteins of the mTOR pathway, p-p70S6K and 
p-4E-BP1,73 and upregulation of β-catenin, a key downstream 
effector in the Wnt/β-catenin signaling pathway,74 in MU-R 
cells. After triple combination treatment, we show inhibition of 
upregulation of keys proteins, such as p-c-Met, p-p70S6Kinase, 
p-Akt, GATA-6, p-ERK, and p-LRP6, in MU-R cells. In addi-
tion, Axin, a key negative regulator of Wnt/β-catenin signaling,75 
was downregulated 28,44,76 in MU-R cells, compared with MU-P 
cells (Fig. S3).

Currently, the mechanism of c-Met inhibitor resistance which 
is being observed in patients77 is not known. We propose a pos-
sible resistance mechanism by which phosphorylation of ERK 
by the RAS/RAF (MAPK) pathway may lead to either the inhi-
bition of GSK-3 and/or the phosphorylation of GATA-6.29 As 
a result of GSK-3 inhibition, β-catenin is phosphorylated and 
accumulates in the nucleus and induces Wnt gene expression,78 
thereby activating the Wnt pathway, which leads to melanoma 

Figure 7. Proposed role of mTOR and Wnt pathways in c-Met inhibitor resistance. Increased resistance to c-Met inhibitors could be due to overexpression 
of c-Met and consequent activation of c-Met-dependent PI3K/akt/mTOR, RaS/RaF/MeK/eRK (MaPK) or alternative signaling pathways, such as the Wnt 
pathway. Upregulation of the akt/mTOR pathway in c-Met TKI resistant cells leads to increased cell survival and proliferation. Furthermore, we postulate 
that in c-Met resistant cells, phosphorylation of eRK by the RaS/RaF pathway may lead to phosphorylation of GaTa-6.29 Upregulated GaTa-689 (Fig. S3) 
also stimulates the Wnt pathway,31 which may result in accumulation of β-catenin in the nucleus,78 leading to melanoma tumorigenicity.45



www.landesbioscience.com Cancer Biology & Therapy 1137

cell growth and proliferation. Activated GATA-6 also stimulates 
the Wnt pathway79, possibly resulting in melanoma tumorige-
nicity. In the present study on c-Met-resistant cells, we observed 
overexpression of c-Met and upregulation of key proteins of the 
Akt/mTOR and Wnt/β-catenin pathways, suggesting their pos-
sible role in resistance to c-Met inhibitors as depicted in Figure 7. 
These studies, for the first time, shed light on a possible role of 
these pathways in c-Met inhibitor resistance in melanoma.

In conclusion, this study demonstrates that resistance to c-Met 
TKIs in melanoma may be driven, in part, by the upregulation of 
alternative signaling pathways and may not necessarily be associ-
ated with TKD mutations. Additionally, c-Met TKI resistance 
may be overcome with a more detailed understanding of indi-
vidual melanoma tumor biology and the use of proper therapeu-
tic combinations of c-Met, Wnt, and mTOR inhibitors. Finally, 
assessment of p-c-Met expression, the V600E BRAF mutation, 
and the activity of key proteins such as mTOR and Wnt in indi-
vidual melanoma tumors could enable clinicians to better design 
targeted combination therapies to improve patient outcomes.

Materials and Methods

Reagents
Molecular inhibitors and growth factor: SU11274 (Sigma-

Aldrich, CAS 658084-23-2), XAV939 (Sigma-Aldrich, CAS 
284028-89-3) JNJ38877605 (Selleck, CAS 943540-75-8) Vemu-
rafenib (PLX4032) (Chemietek, CAS 1029872-54-5), tivantinib 
(ARQ197) (Chemietek, CAS 905854-02-6) and Everolimus (LC 
Laboratories, CAS 159351-69-6). All inhibitors were suspended 
in DMSO and stored in 0.1 mL aliquots at −20 °C. HGF (Pep-
rotech, 100-39).

Antibodies
Phosphospecific antibodies for Akt (S473, 4051), mTOR 

(S2448, 5536), p70S6Kinase (T389, 9205), 4E-BP1 (T37/46, 
7854), c-Met (Y1234/1235, 3077), ERK1/2 (T202/Y204, 9101), 
and LRP6 (S1490, 2568), as well as Axin1 (2087) were obtained 
from Cell Signaling Technology. Following antibodies were 
obtained from Santa Cruz Biotechnology: VEGF (sc-152), TSP-1 
(sc-12312), CD31 (sc-1506), and GATA-6 (sc-9055). Anti-active 
β-catenin (05-665, Millipore), anti-β-actin antibody (Sigma-
Aldrich, A5441), phosphorylated c-Met antibody (Y1003) (Invi-
trogen, 44-882G) were used. All antibodies were used according 
to manufacturer’s instructions.

Cell lines and cell culture
Parental MU, RU, EP and WK (MU-P, RU-P, EP-P and 

WK-P) cell lines were obtained by explant culture.80,81 Cells 
were incubated at 37 °C and 7% CO2 and maintained in MEM 
medium (Thermo Fisher Scientific, MT-10-010-CM) and 
supplemented with 10% (v/v) fetal bovine serum (Atlanta Bio-
logicals, S11150) and 1% (v/v) antibiotic/antimycotic (Invitro-
gen, 15240). The cells were trypsinized on a weekly basis with 
0.05% trypsin at 1:4 split ratio. MU and RU melanoma cell lines 
were obtained as described previously.81-83 These cell lines have 
been well characterized and used in several studies, as described 
above. The purity and origin of melanoma cells were ensured 

with antibodies specific to melanoma, S-100 and HMB-45, as 
described earlier.80,82

Measurement of HGF production
EP-P, MU-P, RU-P, and WK-P cell lines were screened for HGF 

production by the human HGF ELISA kit (Ray Biotech, ELH-
HGF-001) according to manufacturer’s instructions. Standards 
of human HGF were prepared at concentrations of 3–2000 pg/
mL in duplicate for construction of the standard curve. One 
hundred microliters of HGF standards and undiluted superna-
tant from cells were loaded into a 96-well plate coated with an 
immobilized anti-human HGF antibody and allowed to incubate 
for 2.5 h at room temperature. HGF bound to the immobilized 
antibody was detected with biotinylated anti-human HGF anti-
body. HRP-conjugated streptavidin was then applied, developed, 
and detected spectrophotometrically at 450 nm.

Animals
Five-week-old male nu/nu (Taconic) and Rag1−/− on Balb/c 

background (Jackson Laboratories) mice used in the study were 
housed in the pathogen-free animal facility at the University of 
Illinois, College of Medicine at Rockford.

Ethical handling of animals for in vivo tumor analysis
Animals were monitored once daily. Animals were euthanized 

if tumor size exceeded 2 cm or if they developed erosions, dis-
played reduced motor activity, lost ability to drink or feed, or 
displayed weight loss greater than 20% compared with untreated 
controls. Animals did not suffer discomfort, distress, or pain in 
addition to that described above during the experiment. Animals 
were euthanized by CO

2
 inhalation, thus minimizing any poten-

tial discomfort, pain, or distress and were further subjected to 
cervical dislocation to ensure death. This is consistent with the 
recommendations of the Panel on Euthanasia of the American 
Veterinary Medical Association. Veterinary care was provided 
by experienced veterinary personnel at the University of Illi-
nois, College of Medicine at Rockford. This facility is AAALAC 
accredited. All animal protocols were approved by the university 
regulated biological resource committee.

Antitumor activity of SU11274 and JNJ38877605 in vivo
Antitumor activity of SU11274 was assessed in vivo in RU-P 

xenografts. Five million RU-P cells suspended in HBSS were 
injected subcutaneously into the hind flanks of mice to establish 
xenograft models. Tumors were allowed to grow for one week and 
then treated daily with 50 μg SU11274 or diluent (100 µL 2% 
DMSO) daily by intratumoral (IT) injection for 4 wk. Follow-
ing treatment, tumor volume was measured weekly by a blinded 
observer with digital calipers (Fisher Scientific, 06-664-16). 
Antitumor activity of JNJ38877605 was assessed in vivo in RU-P 
xenografts as described above. Palpable tumors were treated 
orally with 20 mg/kg JNJ38877605 in 20% Captisol, 0.25% 
PVP in 0.1 N HCl (vehicle) or vehicle alone as control for three 
weeks. Following treatment, tumor volume was measured weekly 
by a blinded observer with digital calipers (Fisher Scientific). 
Tumor volume was calculated according to the formula: volume 
= (length × width2) / 2.

Immunohistochemistry (IHC)
RU-P cell xenografts were resected from the mouse flank 

following treatment with TKIs or vehicle as described above. 
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Tumors were formalin fixed, paraffin-embedded (FFPE) and 
sectioned at the Rockford Memorial Hospital pathology lab. 
Immunostaining procedures were performed as described ear-
lier.1,84 Appropriate negative controls for immunostaining were 
prepared by omitting the primary antibody step and substituting 
it with non-immune rabbit serum. Antibodies against p-c-Met, 
CD31, VEGF, and TSP-1 were used according to manufacturer 
instructions. Horseradish peroxidase (HRP) was conjugated to 
secondary antibody using the Vector ABC kit, developed with 
DAB, and counterstained with Mayer’s hematoxylin. Blood ves-
sel density in tumor sections was determined by averaging the 
number of vessels in 10 microscopic fields at 20× magnification.

Establishment of SU11274 drug resistant cell lines and eval-
uation of resistance

SU11274 drug resistant cells were established by exposure to 
increasing concentrations of SU11274 (0.5–12 μM). MU and 
RU cells were initially cultured in DMEM containing SU11274 
at a concentration of 0.5 μM and then the cells were sub-cultured 
weekly in DMEM with 0.5–1 μM increases in concentrations 
of SU11274. Finally, the resultant cell lines that grew exponen-
tially in the presence of high concentrations were designated as 
drug resistant cell lines, and named as MU-R and RU-R cell lines 
respectively. Five individual clones from each cell line were iso-
lated, expanded, and assessed for stable resistance after each serial 
passage.85 The clone for each cell line that was most stable and 
least susceptible to the drug was selected for further studies. IC

50
 

values for SU11274 were calculated for each cell line (Table S1) 
using Sigma Plot V12.0 (SYSTAT Software). SU11274 resistant 
MU and RU cells (MU-R, RU-R) were cultured in the absence 
of SU11274 for 12 passages, passed on a weekly basis, and found 
to retain resistance. Resistant clones were cultured in concentra-
tions of SU11274, 7- to 10-fold higher compared with parental 
cells. For evaluation of resistance in cell lines, MU-P, MU-R, 
RU-P, and RU-R cells were seeded in 6-well plates, starved in 
0.5% BSA for 24 h, then treated with SU11274 (0.5–10 µM) or 
tivantinib (0.2 µM) for 24–96 h.

Preparation of lysates and immunoblotting
Cells were lysed in buffer containing 20 mM Tris (pH 8.0), 

150 mM NaCl, 10% glycerol, 1% NP40, 0.42% NaF, 1 mM 
PMSF, 1 mM sodium ortho-vanadate, and protease inhibitor 
cocktail (Roche Applied Sciences, 11 697 498 001) as described 
previously.1,86 Lysates were prepared for SDS-PAGE by adding 
50 μg of protein to 4× Laemelli’s loading buffer (250 mM TRIS-
HCl pH 6.8, 8% SDS, 40% glycerol, 8% β-mercaptoethanol, 
and 0.02% bromophenol blue) (Boston Bioproducts, BP-110NR). 
Samples were denatured at 100 °C for 8 min and centrifuged for 
30 s at 14 000 rpm, prior to electrophoresis. Protein samples and 
dual colored protein standards (Bio-rad, 161-0374) were loaded 
onto a 10% polyacrylamide gel and electrophoresed for 1.5 h at 
90 V in a Mini-Protean Tetra Cell (Bio-Rad, 165-8004) using 
the PowerPac Basic Power Supply (Bio-Rad, 164-5052) and Run-
ning buffer (25 mM Tris-HCL pH 8.3, 0.19 M glycine, and 0.1% 
SDS) (Boston Bioproducts, BP-150). Proteins were transferred 
onto a nitrocellulose membrane (BioRad, 162-0112) using the 
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (BioRad, 
170-3940) in transfer buffer (0.025 M Tris-HCL pH 8.4, glycine 

0.19 M, and 20% methanol) (Boston Bioproducts, BP-190) at 
18 V for 45 min. Membranes were then immunoblotted for 
proteins of interest. β-actin served as a loading control. Immu-
noblots were visualized using enhanced chemiluminescence 
(Thermo Fisher Scientific, 32106). Densitometry was performed 
using ImageJ software.

Cell viability assays
Cell viability was measured by MTT colorimetric dye reduc-

tion assay (Sigma, M5655) according to manufacturer instruc-
tions. Two thousand cells per well of MU-P, MU-R, RU-P, and 
RU-R were plated in a 96-well plate in replicates of six and treated 
after 24 h with inhibitors. After 96 h of treatment, MTT reagent 
was added, allowed to incubate for 3 h, and solubilized. Absor-
bance was measured at a wavelength of 570 nm (corrected for 
background at 690 nm). Cell viability was determined relative to 
the control. Dose response curves of Tivantinib (0.05–0.5 μM) 
and Vemurafenib (0.01–0.5 μM) were conducted and results are 
shown in Figures S1 and S2, respectively. Dose response curves 
of SU11274 were conducted by us previously as well. MTT data 
was confirmed by measuring cell proliferation and assessing the 
number of viable cells using the trypan blue exclusion method, 
as seen in Figure S4. Cells were plated and after 24 h, treated 
with diluent (drug-free media) or everolimus (1 μM), SU11274 
(5 μM), and XAV939 (15 μM), individually and in combina-
tions for 96 h. The numbers of viable cells were counted, subse-
quent to trypsinization, as described previously.37,87

DNA sequencing of BRAF and MET genes
Five million MU-P, MU-R, RU-P and RU-R cells were plated 

on 150 mm diameter petri dishes. DNA was extracted using the 
Qiagen DNeasy® Blood and Tissue kit (69504) according to 
manufacturer instructions. PCR using AmpliTaq Gold® PCR 
Master Mix (Applied Biosystems, 4398876) was then performed 
to amplify exons 15–21 of the MET gene containing the TKD 
as reported earlier84 and exon 15 of the BRAF gene to identify 
V600E mutation status as previously described.88 PCR products 
were purified using the GeneJETTM PCR Purification Kit (Fer-
mentas, K0701) and were sequenced at the University of Illinois 
DNA Services Facility. Forward and reverse sequences were then 
aligned against the MET gene sequence (NM_000245) using 
NCBI blast or discontinuous-megablast algorithms to determine 
homology.

Statistical analysis
Statistical analyses were performed using SPSS 17.0 software. 

Repeated measures ANOVA with multiple pairwise comparisons 
as well as custom contrasts with Bonferroni adjustments were per-
formed. Statistical significance was determined with α at 0.05. 
To confirm the differences between treatments, a paired two-
tailed Student t test was also used. For all analysis performed, a 
P value of less than 0.05 was considered to be statistically signifi-
cant. Synergism of tivantinib and vemurafenib was verified using 
the BIOSOFT CalcuSyn software, where the isobologram graphs 
showed combinatorial index (CI) values below 1.0, based on the 
medial effect model.
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