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Abstract

Antiangiogenic therapy resistance occurs frequently in patients with metastatic renal cell 

carcinoma (RCC). The purpose of this study was to understand the mechanism of resistance to 

sunitinib, an antiangiogenic small molecule, and to exploit this mechanism therapeutically. We 

hypothesized that sunitinib-induced upregulation of the prometastatic MET and AXL receptors is 

associated with resistance to sunitinib and with more aggressive tumor behavior. In the present 

study, tissue microarrays containing sunitinib treated and untreated RCC tissues were stained with 

MET and AXL antibodies. The low malignant RCC cell line, 786-O, was chronically treated with 

sunitinib, and assayed for AXL, MET, epithelial mesenchymal transition (EMT) protein 

expression and activation. Co-culture experiments were used to examine the effect of sunitinib 

pretreatment on endothelial cell growth. The effects of AXL and MET were evaluated in various 

cell-based models by shRNA or inhibition by cabozantinib, the multi-tyrosine kinases inhibitor 

that targets VEGFR, MET and AXL. Xenograft mouse models tested the ability of cabozantinib to 

rescue sunitinib resistance. We demonstrated that increased AXL and MET expression was 

associated with inferior clinical outcome in patients. Chronic sunitinib treatment of RCC cell lines 

activated both AXL and MET, induced EMT associated gene expression changes including 

upregulation of Snail and β-catenin, and increased cell migration and invasion. Pretreatment with 

sunitinib enhanced angiogenesis in 786-0/HUVEC co-culture models. The suppression of AXL or 
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MET expression, and the inhibition of AXL and MET activation using cabozantinib both impaired 

chronic sunitinib treatment-induced prometastatic behavior in cell culture, and rescued acquired 

resistance to sunitinib in xenograft models. In summary, chronic sunitinib treatment induces the 

activation of AXL and MET signaling and promotes pro-metastatic behavior and angiogenesis. 

The inhibition of AXL and MET activity may overcome resistance induced by prolonged sunitinib 

therapy in metastatic RCC.
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Introduction

Renal cell carcinoma (RCC) is an epithelial tumor derived from the proximal tubules of 

nephrons (1). The major subtype of RCC (~75%) is clear cell RCC (ccRCC) (2). Clinically, 

antiangiogenic therapy is a major treatment modality for metastatic RCC, targeting the 

VEGF ligand itself with anti VEGF antibodies like bevacizumab, or inhibiting 

proangiogenic receptor tyrosine kinases with small molecule inhibitors like sunitinib, 

pazopanib or axitinib (3). Unfortunately, between 10 and 20 percent of patients have tumors 

that are refractory to antiangiogenic therapy, and a large majority of the remaining patients 

eventually demonstrate tumor growth after a median of 10–12 months of therapy (4). 

Discontinuation of sunitinib treatment in RCC patients results in the rapid reappearance of 

angiogenesis. Very few patients achieve complete response, and death from metastatic RCC 

occurs a median of 2 years after diagnosis (4).

The determinants of response and resistance to antiangiogenic therapy in RCC are poorly 

understood. Regardless of which antiangiogenic therapy is being used, the changes that are 

occurring in the tumor microenvironment must ultimately impact the endothelial phenotype, 

the main target of antiangiogenic therapy. Studies of relative sensitivities of RCC tumor and 

endothelium to antiangiogenic therapy in model systems have shown that the tumor cell is 

only minimally affected by sunitinib, whereas endothelial cells are quite sensitive (5). 

However, chronic treatment with antiangiogenic therapy may have sublethal effects on 

tumor cells themselves, which induce counterregulatory alterations in cell signaling that 

ultimately affect the efficacy of antiangiogenic therapy. Factors that alter the tumor 

microenvironment and engender resistance may include cancer cell specific changes, which 

include activation of the PI3K signaling pathway within the tumor (6–8), induction of 

prometastatic pathways, or enhanced production of proangiogenic factors by the tumor. The 

search for tumor cell specific effector molecules that can impart therapeutic resistance to 

anti-angiogenic agents has provided several candidates, including the MET and AXL 

receptor tyrosine kinases (9).

MET is a receptor tyrosine kinase that can be dysregulated by gene mutation, gene 

amplification, protein overexpression, and through a ligand-dependent autocrine or paracrine 

loop (10–12). Increased total MET as well as phospho MET are associated with worse 

outcome in both clear and nonclear cell RCC (13–15). However, there has not been a 

Zhou et al. Page 2

Oncogene. Author manuscript; available in PMC 2016 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rigorous investigation of the inducibility of MET activation in the face of antiangiogenic 

therapy in RCC, to determine whether either innate or induced MET expression is a 

mechanism of resistance to antiangiogenic treatment. Previous studies have shown that 

treatment of pancreatic neuroendocrine tumors in RIPTag2 mice with a neutralizing 

antiangiogenic antibody reduced tumor burden but increased MET activation, increased 

invasion and induced metastases. Interestingly, invasion and metastases were reduced by 

concurrent inhibition of MET by PF-04217903 or PF-02341066 (crizotinib). A similar 

benefit was found in orthotopic Panc-1 pancreatic carcinomas treated with sunitinib plus 

PF-04217903 and in RIP-Tag2 tumors treated with cabozantinib (16).

In addition to MET, AXL has emerged as a biomarker and therapeutic target for a variety of 

metastatic cancers (17–19). AXL belongs to the TAM family of RTKs where GAS6 is the 

common ligand. GAS6/AXL stimulates multiple protumorigenic signaling cascades 

including those that promote cellular adhesion, invasion, migration, pro-inflammatory 

cytokine production, anti-apoptosis, proliferation, survival (20–24). AXL expression was 

found to be increased in RCC compared to matched normal kidney tissue at the mRNA level 

(25). In RCC patients, AXL levels are associated with tumor progression and reduced 

patient survival (26). Most recently, a role for AXL in the regulation of MET and EGFR 

signaling was described indicating that AXL may also function as an important factor 

mediating resistance against TKIs (20–24). Furthermore, AXL signaling is essential for 

VEGF mediated activation of PI3K/AKT and migration of endothelial cells indicating that 

AXL may also be a mechanism of resistance to antiangiogenic therapies (24). Despite the 

critical role of AXL in cancer development and metastasis, its role in the development of 

resistance to antiangiogenic therapy is unknown.

In the present study, we investigated the effects of chronic treatment of RCC cells with 

sunitinib on both AXL and MET signaling, as well as epithelial–mesenchymal transition 

(EMT) and angiogenic and prometastatic behavior. The blockage of AXL and MET 

activation by either cabozantinib treatment or specific shRNA knockdown suppressed the 

EMT phenotype and VEGF secretion induced by chronic sunitinib treatment. We also show 

that chronic pretreatment of cell lines with sunitinib conferred a more aggressive tumor 

phenotype when implanted in mice, which was tightly associated with upregulation of MET 

and AXL. Rescue of sunitinib resistance in tumors was possible with administration of 

cabozantinib, a dual VEGF and MET inhibitor. Our results suggest that chronic sunitinib 

treatment induces antiangiogenic therapy resistance through the activation of AXL and MET 

signaling, and that the suppression of AXL and MET activation in the epithelial cancer cell 

could be an important strategy to prevent antiangiogenic therapy resistance.

Results

AXL protein levels were elevated in sunitinib treated ccRCC patient tumors

By analyzing AXL expression in ccRCC tumor samples that were treated with sunitinib and 

comparing them to non-treated controls, we found sunitinib treated tumors exhibited 

increased AXL protein levels (Figure 1A). Increased AXL levels were previously reported to 

be associated with poor survival in RCC patients (26). We examined the correlation between 

AXL and patient progression free survival (PFS) and overall survival (OS) in sunitinib 
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treated patients. As demonstrated in Figure 1B, higher AXL expression in RCC tumor cells 

is associated with shorter OS. Higher AXL levels are associated with a trend towards shorter 

PFS, with a p-value of 0.072.

Higher MET levels correlated with poor overall survival and progression free survival

Higher MET expression was previously reported to occur in RCC compared to adjacent 

normal kidney tissue, and higher MET expression correlated with worse disease-specific 

survival (13). In our RCC tumor samples, higher MET expression correlated with decreased 

OS and PFS in both control and sunitinib treated cohorts (Figure 1D). Treatment with 

sunitinib didn’t alter total MET expression in our sample set (Fig 1C).

Elevated AXL and MET signaling was observed in RCC cells chronically treated with 
sunitinib

While antiangiogenic agents were designed to target the tumor endothelium and stroma, 

these agents may also have an impact on the epithelial cancer cells themselves. In an effort 

to elucidate tumor-cell autonomous mechanisms of antiangiogenic therapy resistance, we 

specifically sought to determine whether sunitinib treatment altered AXL and MET 

signaling in 786-O and other ccRCC cell lines. To understand the effect of long-term VEGF 

receptor inhibition on tumor cell biology, we treated RCC cell lines with both short term (24 

hour) and chronic (>2 weeks) sunitinib therapy. We observed that sunitinib treatment 

elevated AXL expression in 786-O cells (Fig 2A, 2nd panel) as well as in A498 and RCC4 

lines (Supplementary Figure 1). In addition to increased total AXL protein levels, elevated 

AXL activity (as indicated by increased phospho-AXL-Y702 levels (27, 28)) was observed 

after sunitinib treatment (Figure 2A, 1st panel). Phospho-MET-1234/5 levels were 

suppressed by short-term sunitinib treatment (1 day), but recovered with chronic sunitinib 

treatment, (Figure 2A 3rd panel). To evaluate the optimal treatment duration and dose we 

performed dose curve and time course assay, and found that 1μM sunitinib can induce 

sunitinib-resistance in 2 weeks (Figure S2). In addition to the rebound of AXL and MET 

receptors, their downstream target kinases, including AKT and ERK, were activated with 

chronic sunitinib treatment (Figure 2A, 6th and 7th panel). Clinically, after a period of 

sunitinib treatment, patients usually take treatment breaks. Thus we also tested the effect of 

sunitinib deprivation on sunitinib chronically treated 786-O cells. Surprisingly, AXL levels 

were maintained, the activity of MET remained elevated and the activation of AXL/MET 

downstream kinases, AKT and ERK persisted (Figure 2A, column 4).

GAS6, the AXL ligand, is found high in the serum of RCC patients, and is correlated with 

poor prognosis (26, 29). High HGF levels and intracellular MET pathway activation were 

also correlated with poor prognosis in patients with RCC (30). We directly assessed the 

effect of MET and AXL ligands on downstream signaling pathways. As seen in Figure 2B, 

the activity of AKT and ERK in chronic sunitinib treated cells were highly stimulated by the 

MET ligand HGF and the AXL ligand GAS6. This result suggests that although chronic 

sunitinib treatment didn’t augment MET receptor levels, MET downstream signaling was 

sensitized, possibly by signaling molecules like the Src family kinases (SRC) (9, 31–33), 

which were activated by chronic sunitinib treatment (Figure 2A, panel 5). The western blot 

from GAS6/HGF stimulated AXL/MET signaling cascades also suggested chronic sunitinib 
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treatment augmented Src activation as indicated by increased Src phosphorylation (Figure 

2B 5th panel).

Epithelial–mesenchymal transition (EMT) signaling was induced with chronic sunitinib 
treatment

EMT plays an important role in tumor metastasis. EMT signaling is regulated by AKT 

through the suppression of GSK3β (34). We investigated whether sunitinib affected ccRCC 

cell EMT by checking expression or phosphorylation levels of the EMT signaling proteins 

including GSK3β, β-catenin and SNAIL (34–36). We discovered that phospho-GSK3b-

serine9 is stimulated by chronic sunitinib treatment and persists after removal of sunitinib 

after chronic treatment (Figure 2A, 8th panel). The expression of SNAIL (Figure 2A 9th 

panel) and β-catenin (Figure 2A 10th panel) are induced in a similar pattern. These findings 

suggest chronic sunitinib treatment promotes prolonged cellular EMT signaling.

Chronic sunitinib treatment promoted cell migration and invasion

Cell migration plays an important role in cancer metastasis, to which both MET and AXL 

contribute (21, 35, 37). In wound-healing experiments we found that chronic sunitinib-

treated cells migrated faster than parental cells, which couldn’t be effectively suppressed by 

re-introducing sunitinib. (Figure 2C). In contrast, sunitinib treated parental cells exhibited 

reduced migration (Figure 2C up-right panel), which is also observed in breast cancer cell 

lines (38). This could be the result of sunitinib-activated EMT signaling, which is dependent 

on either the activation of MET (35, 37) or AXL (21) that have been observed in other 

cancer cells. We further examined the effect of chronic sunitinib treatment on 786-O ccRCC 

cell invasion as outlined in Figure 2D. Chronically sunitinib treated cells demonstrated 

significantly higher invasion ability in Matrigel-coated transwells (Figure 2D), and re-

treatment with sunitinib could not effectively suppress cell invasion. The development of 

drug resistance plays a major role in the proliferative ability of cancer cells. As 

demonstrated in Supplementary Fig S3A, the chronic sunitinib treated 786-O cells were 

more resistant to retreatment with sunitinib. We also found chronic sunitinib treated 786-O 

cells were more resistant to cytotoxicity and apoptosis induced by high dose (2–20μM) 

sunitinib treatment (Figure S3B, C and D).

Chronic sunitinib treatment induced RCC EMT phenotypes are AXL and MET dependent

We next asked if the induction of EMT promoting genes was AXL and MET dependent, by 

genetically blocking AXL and MET expression with specific shRNA. Our data indicate that 

EMT signaling was impaired by suppression of AXL or MET expression (Figure 3A). 

Moreover, AXL and MET pathways are induced in sunitinib treated cells upon Gas6 and 

HGF addition (Figure 3B). The suppression of AXL and MET expression also decreased 

chronic sunitinib treatment induced cell migration and invasion (Figure 3C and 3D), 

although cell proliferation and apoptosis were unaffected (Supplementary Fig. S4). These 

results suggest that through the activation of AXL and MET, chronic sunitinib treatment 

promotes EMT signaling to promote cell migration and invasion but not cell proliferation.
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Cabozantinib inhibited AXL and MET activation

Recently, a novel receptor tyrosine kinase (RTK) inhibitor, cabozantinib, which can potently 

inhibit MET and AXL receptors activity has shown clinical activity in a small cohort of 

heavily pretreated RCC patients (39). A phase III study is currently underway comparing 

cabozantinib to everolimus in patients with advanced RCC that progressed after prior 

VEGFR tyrosine kinase inhibitor therapy (NCT01865747). We tested whether cabozantinib 

could suppress chronic sunitinib treatment induced AXL or MET signaling activation or re-

activation. Cabozantinib treatment abolished both AXL and MET activation (Figure 4A) in 

sunitinib chronically treated 786-O cells. The activation of the downstream signaling 

molecules, including AKT and ERK was also suppressed. The expression of EMT marker 

proteins, Snail and β-catenin, were reduced (Figure 4A). Ligand-induced AXL and MET 

signaling stimulation were blocked by cabozantinib treatment (Figure 3B). We further 

investigated the effect of cabozantinib on cell migration and invasion on chronic sunitinib 

pre-treated 786-O cells and parental 786-O cells. We found that cabozantinib effectively 

reduced cell migration and invasion, which were augmented by chronic sunitinib treatment 

(Figure 4C and D). Of note, cabozantinib treatment didn’t change the cell proliferation rate 

in either the parental cells or the chronic sunitinib pre-treated cells (Supplementary Fig. S5).

Besides MET and AXL, cabozantinib also suppresses other receptor tyrosine kinases 

including KIT, RET and TIE2 (40, 41). To characterize whether these RTKs are involved in 

the development of sunitinib resistance and potentially be targeted by cabozantinib, we 

examined the effect of chronic sunitinib treatment on the activation of these RTKs with or 

without the suppression of AXL or MET by shRNA. The results suggested with the 

conditions we generated, the activities of these RTKs are unaffected (Supplementary Figure 

S6).

Chronic sunitinib treatment promoted AXL and MET dependent angiogenesis

The suppression of angiogenesis by anti-VEGF medicine is a mainstay of metastatic RCC 

treatment. We next examined whether chronic sunitinib treatment affected angiogenesis 

through modulating RCC cell function. We studied the communication between RCC and 

endothelial cells by co-culturing 786-O cells with human umbilical vein endothelial cells 

(HUVEC). As a functional endpoint, we examined HUVEC tube formation. HUVEC cells 

co-cultured with chronic sunitinib pre-treated 786-O cells formed more tubes, and the 

ablation of AXL or MET by shRNA reduced HUVEC tube formation (Figure 5A). These 

results indicate that chronic sunitinib pretreatment of RCC cells may promote angiogenesis 

through AXL and MET dependent mechanisms. We then examined the ability of sunitinib 

and cabozantinib to suppress HUVEC tube formation in the co-culture system, and 

discovered that the re-introduction of sunitinib reduced HUVEC tube formation in the 

sunitinib pretreated system to a similar level as in untreated parental system (Figure 5B), but 

cabozantinib treatment reduced tube formation in both of the co-culture systems (Figure 5B) 

and decreased HUVEC tube formation more than sunitinib treatment.

HUVEC tube formation depends on environmental VEGF levels. We determined whether 

sunitinib pre-treatment altered VEGF secretion from RCC cells. Our results suggest chronic 

sunitinib treatment elevated VEGF level in conditioned medium, while the knockdown of 
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AXL and MET impaired VEGF secretion (Figure 5C). The inhibition of AXL and MET 

signaling by cabozantinib also suppressed VEGF secretion to conditioned medium (Figure 

5D).

Chronic sunitinib pre-treatment potentiates tumor growth and angiogenesis in a xenograft 
mouse model

To investigate the in vivo effect of chronic sunitinib treatment, we established two chronic-

sunitinib-treated xenograft mouse models. For the first model, we injected chronic sunitinib 

pretreated 786-O cells and parental 786-O cells into the opposite flanks of nude mice. We 

found that the sunitinib-pretreated cells produced faster-growing tumors (Figure 6A). In 

addition, the AXL and MET signaling cascades were elevated in the pretreated tumors as 

shown by increased phospho-AXL-702, phospho-MET-1234/5, phospho-AKT-473, 

phospho-ERK-202/4, phospho-GSK3β-9 levels and elevated AXL, β-catenin and Snail 

protein levels (Figure 6B). Angiogenesis in pretreated tumors was elevated as demonstrated 

by increased human VEGF levels and CD31 levels (Figure 6B and C). The VEGF antibody 

we used is specific to human VEGF, which demonstrates that elevated levels of VEGF are 

from the human cell and not from the mice. The increased CD31 levels in pre-treated tumors 

suggested the overall number of CD31 expressing endothelial cells increased with sunitinib 

chronic pretreatment.

We generated our second xenograft model as described in Figure 6D. We injected 786-O 

cells subcutaneously into flanks of nude mice to generate tumors. When the tumors reached 

200mm3, we began administering sunitinib. In most cases, tumor growth moderated, 

followed by acceleration of growth while on sunitinib (Figure 6E). We examined the AXL 

and MET signaling cascade change in progressing tumors and discovered increased activity 

of these two signaling cascades (Figure 6F). Angiogenesis was also increased after 8 weeks 

of sunitinib treatment as suggested by increased human VEGF levels and CD31 levels 

(Figure 6F and G). At that point, we stopped administering sunitinib in half the animals, and 

began administering cabozantinib to study the ability of cabozantinib to rescue sunitinib 

resistance. Treatment with cabozantinib rapidly reduced tumor size (Figure 6E). 

Cabozantinib suppressed both AXL/MET signaling cascades and tumor angiogenesis 

(Figure 6F and G). A schema summarizing our data is provided in Figure 6H.

Discussion

RCC is one of the most lethal urologic tumors, because of the frequent development of 

metastatic disease to lung, lymph nodes, bone, liver, and brain, which reduces 5-year 

survival to approximately 10%. Antiangiogenic and mTOR inhibitory agents are the major 

targeted therapies for RCC. These agents need to be given chronically or with minimal 

interruption, since discontinuation of antiangiogenic therapy results in the rapid onset of 

angiogenesis (4). Unfortunately, antiangiogenic therapy almost universally leads to the 

development of resistance and tumor progression, both in RCC and in other tumor types. In 

model systems of pancreatic neuroendocrine carcinoma and glioblastoma, tumors resistant 

to antiangiogenic therapy exhibit increased invasiveness as well as increased lymphatic and 
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distant metastases (42). Despite the use of these agents in thousands of patients to date, the 

mechanisms of resistance to antiangiogenic therapy are poorly understood.

High levels of AXL expression in primary RCC tumors are associated with shorter OS (26). 

AXL signaling likely drives metastatic biology, and is poorly targeted by existing agents. In 
vitro studies reported that sunitinib inhibits AXL with an IC50 of 259nM (43). Additionally, 

elevated AXL protein expression and kinase activation were observed in non–small cell lung 

cancers (NSCLCs) after treatment with antiangiogenic therapy (44). Our current study 

demonstrates that after chronic pre-treatment with sunitinib, the AXL protein level is 

elevated in patient samples (Figure 1) and activity of AXL is increased in RCC cell lines 

(Figure 2) and xenograft tumors (Figure 6B and F). High MET expression is also associated 

with adverse pathologic features (higher Fuhrman grade and more advanced disease stage) 

and poor prognosis (13). In our present study, we observed that acute sunitinib treatment 

suppressed MET activity, but with chronic treatment MET activity recovered. Following 

removal of sunitinib after chronic treatment, MET and AXL activity remained increased 

(Figure 2A). The activation of these two kinases resulted in the stimulation of their 

downstream signaling cascades and promoted EMT signaling. By shRNA knockdown of 

either AXL or MET, we observed that increased cell migration and invasion induced by 

chronic sunitinib treatment were AXL and MET dependent. In addition to the gain of EMT 

properties, we also observed increased angiogenesis, which was stimulated in part by 

increased VEGF secretion from the tumor cell as suggested by both cell culture experiments 

(Figure 5) and xenograft tumor experiments (Figure 6). But whether elevated VEGF level 

alone is sufficient to overcome the inhibitory effect of sunitinib on VEGFR on epithelial 

cells remain to be studied.

Cabozantinib is an inhibitor of tyrosine kinases including VEGF receptors, MET, and AXL, 

which is being investigated in a range of human cancers including RCC. We examined the 

ability of cabozantinib to suppress chronic sunitinib treatment-induced EMT in our study. 

Our results suggest cabozantinib can inhibit the activation of AXL and MET in RCC cells 

with or without sunitinib pre-treatment (Figure 4). This effect is also observed in the 

treatment of xenograft tumors that were pre-treated with sunitinib (Figure 6F). Cabozantinib 

can suppress chronic sunitinib pre-treatment induced AKT, ERK, EMT signaling activation, 

cell migration and invasion (Figure 4 and Figure 6). In addition, cabozantinib is able to 

suppress chronic sunitinib treatment induced angiogenesis by suppressing VEGF secretion 

from RCC cells or production in xenograft tumors.

Lytic bone metastases are a particularly troublesome manifestation of metastatic RCC. 

Clinical observations and both published (45) and unpublished data suggest that RCC 

patients treated with antiangiogenic therapy tend not to show a high rate of response in bone. 

The emerging data from prostate cancer patients treated with cabozantinib (46) raises the 

intriguing possibility that resistance to antiangiogenic therapy in RCC may be due to 

upregulation of MET in the bone microenvironment. Therefore, downregulation of MET by 

pharmacological means may be a rational therapeutic strategy for investigation in this patient 

population. Our findings suggest that further investigation of cabozantinib in patients with 

lytic bone metastases may also be warranted.
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In summary, our study revealed that chronic sunitinib treatment of RCC cell lines and 

xenograft tumors induced AXL and MET mediated cellular EMT and VEGF secretion, and 

activated ERK and PI3K/AKT signaling. These findings provide a potential explanation for 

the underlying mechanism of resistance to sunitinib treatment, and suggest that investigation 

of agents targeting AXL and MET in antiangiogenic therapy-resistant RCC patients could 

represent a new therapeutic approach.

Materials and Methods

Human tissue microarrays

A Beecher tissue microarrayer (Estigen Inc., Tartu Estonia) was used to generate triplicate 

0.6mm cores from formalin fixed paraffin embedded primary clear cell RCC tumor samples 

from patients with metastatic disease treated on three separate clinical trials: NCT00113217, 

NCT00715442 and NCT00126594 (6, 47). These cores were used to generate a tissue 

microarray (TMA). A total of 40 cases of primary, untreated RCC, and 39 cases of primary, 

sunitinib pretreated and tumors were included in the arrays and in the analysis. Informed 

consent was obtained for all patients. None of the patients were pre-treated with other 

agents. Using a Vectra Multispectral imager (Perkin Elmer, Waltham, MA) and published 

quantitation methods, the levels of AXL and MET in those treated and untreated samples 

were blinded-quantified and then matched with patient data to be analyzed. The inForm 

algorithm was trained by a pathologist (Kanishka Sircar) to exclude stroma from IHC 

analysis, and to provide a quantifiable readout of AXL and MET expression. The differences 

of MET and AXL staining among tissues were evaluated by student’s t-test. Data represent 

mean ± standard error of the mean (SEM) P < 0.05 was considered significant.

Antibodies and reagents

Antibodies against AXL (#8661), phospho-AXL (Tyr702) (#5724), phospho-MET 

(Tyr1234/1235) (#3077), AKT (#4685), phospho-AKT (ser473) (#4058), ERK (#4696), 

phospho-ERK (Thr202/Tyr204) (4376), GSK3β (9832), phospho-GSK3β (Ser9) (#5558), β-

catenin (#8480), Snail (#3879), phospho-Src-Y416 (#6943) were purchased from Cell 

Signaling Technology. Antibody against Met (sc-161-R) was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). Antibody against AXL (#AF154) purchased from R&D 

systems (Minneapolis, MN) was used for IHC. Antibodies against VEGF (ab150766) and 

CD31 (ab28364) were purchased from Abcam (Cambridge, MA). Recombinant GAS6 

(#885-GS-050) was purchased from R&D systems (Minneapolis, MN). Recombinant HGF 

(#GF116) was purchased from Millipore. Mitomycin C (#475820) was purchased from 

Calbiochem (Billerica, MA). Sunitinib (#s1042) was purchased from Selleckchem (Houston, 

TX). Cabozantinib was provided by Exelixis (South San Francisco, CA).

Cell lines and culture conditions, plasmids and lentivirus generation

All of the cells used in this study were cultured in 37°C incubator with 5% CO2. 786-O cells 

and the cells derived from 786-O cells were cultured in DMEM supplied with 10% FBS. 

A498 and RCC4 cells were cultured in DMEM supplied with 10% FBS. Cells were 

routinely monitored for mycoplasma contamination. AXL (clone ID V2LHS_238359, 

V3LHS_329653 and V3LHS_329651) and Met (clone ID V2LHS_76544, V2LHS_76542, 
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V3LHS_646098) shRNA plasmids were obtained from Openbiosystems. The AXL and Met 

shRNA lentivirus were generated with the MISSION Lentiviral Packaging Mix (#SHP001) 

from Sigma-Aldrich (St. Louis, MO) according to manufacturer’s instruction. HUVEC cells 

were cultured in medium 200 (#M-200-500, Life Technologies, Grand Island, NY) supplied 

with 2% LSGS (#S-003-10, Life Technologies, Grand Island, NY).

Scratch wound healing assay

Cells were seeded to reach ~90% confluence 24 hours before experiment. The cell 

monolayers were scratched with a 1ml tip, and switched to a medium containing Mitomycin 

C (0·02 mg/ml) (Sigma-Aldrich) and reagents specified in each experiment. 24 hours post-

scratch, cells were fixed with methanol and stained with crystal blue. The gap pictures were 

captured with an Olympus BX43 microscope that was equipped with an Olympus DP21 

camera. The gap distance was measured with ImageJ software (NIH). Cell migration 

distances between cell groups were compared using the Student’s t-test. Data represent mean 

± SEM P < 0.05 was considered significant.

Cell survival curve

Cells were seeded 24 hours in advance; the designated therapeutic agents were then applied. 

24 hours after treatment, the total cell numbers (T) were counted using an In-Cell 6000 

system (GE Healthcare) with Hoechst 33258 (861405 Sigma-Aldrich, St. Louis, MO) 

staining representing the total cell number. The dead cell numbers (D) were counted by 

staining with DRAQ-7 (ab109202, Abcam). Living cell number (L) was calculated by 

subtracting dead cell number from total cell number (L=T−D). The live cell ratio were 

calculated by using Ltreated/Lcontrol (%) and plotted with dose (μM). A 4X objective was 

used for image capture. The images were analyzed with IN Cell Analyzer software. The 

statistical difference of cell number change after different treatments was determined using 

the Student’s t-test. Data represent mean ± SEM. P<0.05 was considered significant.

Cell invasion

Matrigel (#354248, Corning, Bedford, MA) was diluted in a 1:5 ratio with DMEM medium 

and coated on the transwell (#CLS3422, Sigma-Aldrich, St. Louis, MO). 5000 cells per well 

were seeded on the Matrigel in transwells in DMEM medium without FBS. DMEM supplied 

with 10% FBS was used as a chemoattractant. After 24 hours, the invading cells were 

stained with Crystal Blue. Cell images were captured on an Olympus BX43 microscope that 

was equipped with an Olympus DP21 camera. The cell images were analyzed for cell 

numbers with Image J software (NIH). Statistical difference of cell number change with 

different treatments was determined by using Student’s t-test. Data represent mean ± SEM 

P<0.05 was considered significant.

Measurement of VEGF—Human VEGF ELISA kit was purchased from Thermo 

Scientific (Cat# EH2VEGF). 5 x 104 cells were plated in each well of a 12-well plate in a 

medium volume of 1ml/well. After 24 hours, the cells were treated with different chemicals 

as indicated in the figure legends for a further 24 hours. The conditioned media were 

collected and analyzed it for VEGF concentration according to the manufacturer’s 

instruction. Statistical significance of HUVEC tube length change after different treatments 
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was analyzed by using the Student’s t-test. Data represent mean ± SEM. P<0.05 was 

considered significant.

Xenograft tumor models—The University of Texas MD Anderson Cancer Center 

Institutional Animal Care and Use Committee approved all experiments. To generate in vivo 
sunitinib resistant tumors, we injected 1x107 786-O RCC cells into the flanks of 4 week old 

NCr-nu/nu mice. Total mice number was 30. After tumors became palpable (i.e., tumor 

volume reached 200mm3), randomly picked (by using a random number table) 20 tumor-

bearing mice were treated with sunitinib (20mg/kg) by oral gavage daily until the tumors 

resumed growth. Ten randomly picked mice were treated with saline by oral gavage as 

control. Then half (10) of the mice were switch to cabozantinib treatment for 40mg/kg by 

gavage daily. The mice were then sacrificed when planned treatment course was complete. 

Tumor tissue was collected for further analysis following standard procedures. For the side-

to-side comparison of the sustained effect of ex-vivo chronic sunitinib treatment, sunitinib 

pre-treated 786-O cells or parental 786-O cells were injected into the left or right flank of 10 

NCr-nu/nu mice as described above. The tumor sizes were monitored for 9 weeks. The mice 

were then sacrificed and tumor tissue was collected for analysis.

Animal health was assessed daily to minimize pain and distress. Veterinary staff monitored 

mice for tumor burden, behavioral changes and appetite changes. The tumor size change 

between different groups was evaluated using the Student’s t-test. Data represent mean ± 

SEM. P<0.05 was considered significant.

Immunohistochemistry of xenograft tumor tissue—Acetone fixed frozen xenograft 

tissue sections were used for CD31 immuno-detection. Images were captured with Vectra 

Multispectral imager. The CD31 positive area were counted as described previously (48). 10 

images per tumor were analyzed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sunitinib therapy increased AXL level in RCC tumors. AXL and MET expression are 
associated with worse OS in RCC patients
(A) TMA from sunitinib treated or untreated tumor from RCC patients were stained for 

AXL. The AXL levels were quantified and compared between the two groups of patients 

(*** indicates p<0.001). (B) The sunitinib treated patients were equally separated to high 

and low groups according to the AXL levels; the OS and PFS were compared between the 

two groups (* indicates p<0.05). (C) TMA from sunitinib treated or untreated tumor from 

RCC patients were stained for MET. The AXL levels were quantified and compared between 

the two groups of patients. (D) The sunitinib treated patients were equally separated to high 

and low groups according to the MET levels; the OS and PFS were compared between the 

two groups (* indicates p<0.05, ** indicates p<0.01).
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Figure 2. Chronic Sunitinib Treatment Potentiates RCC Cell EMT
(A) 786-O cells were acutely treated with sunitinib (+Suni, 1μM, 24h) or chronically treated 

with sunitinib (Chronic Suni, 1μM, >2weeks) as indicated. The cells in the last lane were 

treated in sunitinib free media for 4 days (−Suni) before lysis. Cell lysates were examined by 

western blot with specific antibodies as indicated. Data represent three independent 

experiments. (B) Chronic sunitinib pre-treated cells were treated in sunitinib free media for 3 

days. The cells and 786-O parental cells were then serum starved for 24 hours followed by 

HGF (100ng/ml, 30minutes) or GAS6 (200ng/ml, 30 minutes) stimulation. The cells were 

then lysed and examined by western blot with specific antibodies as indicated. To better 

visualize the phosphorylated MET and AXl signal with HGF and GAS6 stimulation, shorter 

exposure time was used compared to the blots in (A). Data represent three independent 

Zhou et al. Page 16

Oncogene. Author manuscript; available in PMC 2016 May 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments. (C). 786-O cells that were chronically pretreated with sunitinib were deprived 

of sunitinib (S786-O), the cells and 786-O parental cells were then seeded for wound-

healing experiment as described in Methods. The cells were treated with DMSO or sunitinib 

(1μM, 24 hours) as indicated. The migration distances from four independent experiments 

were measured and analyzed by comparing to the migration distance of 786-O cells with 

DMSO treatment (* indicates p<0.05, ** indicates p<0.01). (D). The transwells were coated 

with Matrigel as described in Methods. Chronic sunitinib pre-treated 786-O that were 

deprived of sunitinib (S786-O) or 786-O parental cells (10, 000 per well) were seeded in the 

transwells in serum free medium supplied with sunitinib (Suni, 1μM) or DMSO as indicated, 

the complete growth medium with sunitinib (1μM) or DMSO was added to the bottom wells. 

After 24 hours, the invading cells were stained and counted as described in Methods. The 

invading cell numbers from four independent experiments were compared to untreated cells. 

(** indicates p<0.01).
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Figure 3. Chronic sunitinib treatment induced EMT is AXL and MET dependent
(A) 786-O cells, 786-O cells that stably expressed AXL or MET shRNA constructs were 

chronically treated with sunitinib (1 μM) and then deprived of sunitinib for 48 hours. The 

cells were examined by western blot with specific antibodies as indicated. Data represent 

three independent experiments. (B) Chronic sunitinib pre-treated cells (786-O, AXL shRNA, 

and MET shRNA) were deprived of sunitinib for 3 days. The cells and 786-O parental cells 

were then serum starved for 24 hours followed by HGF (100ng/ml, 30minutes) or GAS6 

(200ng/ml, 30minutes) stimulation as indicated. The cells were then lysed and examined by 

western blot with specific antibodies as indicated. Data represent three independent 

experiments. (C). 786-O cells, 786-O cells that were stably infected with AXL or MET 
shRNA constructs were chronically treated with sunitinib (1 μM) and then deprived of 

sunitinib, and 786-O parental cells were seeded for wound-healing experiment as described 

in Methods. The gap distances in four independent experiments were measured and 

analyzed. (D). The transwells were coated with Matrigel as described in Methods. 786-O 
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cells, 786-O cells that were stably infected with AXL or MET shRNA constructs were 

chronically treated with sunitinib (1 μM) and then deprived of sunitinib, and 786-O parental 

cells were seeded (10, 000 per well) in the transwells in serum free medium. Complete 

Growth Medium was added to the bottom wells. After 24 hours, the invading cells were 

stained and counted as described in Methods. The data in this figure is representative for 3 

shRNA constructs designed to target different sequences in MET and AXL.
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Figure 4. Cabozantinib suppressed MET/AXL signaling and chronic sunitinib treatment induced 
EMT
(A) Chronic sunitinib treated 786-O cells and 786-O parental cells were cultured in medium 

with or without sunitinib (1μM) for 3 days, and then treated with or without cabozantinib 

(5μM, 24h) as indicated. The cells were lysed and examined by western blot with specific 

antibodies as indicated. Data represent three independent experiments. (B) Chronic sunitinib 

treated 786-O cells were cultured in medium without sunitinib for 3 days and then treated 

with cabozantinib (5μM, 24h) as indicated in serum free medium. The cells were then 

stimulated by HGF (100ng/ml, 30minutes) or GAS6 (200ng/ml, 30 minutes). The cells were 
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then lysed and examined by western blot with specific antibodies as indicated. Data 

represent three independent experiments. (C). Chronic sunitinib treated 786-O cells and 786-

O parental cells were cultured in medium without sunitinib before experiment. The cells 

were then seeded for wound-healing experiment as described in Methods. The cells were 

treated with DMSO or cabozantinib (5μM, 24h) as indicated. The gap distances in four 

independent experiments were measured and analyzed. (D). The transwells were coated with 

Matrigel as described in Methods. Chronic sunitinib pre-treated 786-O cells that were 

deprived of sunitinib (S786-O) or 786-O parental cells (10, 000 per well) were seeded in 

transwells in serum free medium supplied with cabozantinib (Cab, 5μM) or DMSO as 

indicated, Complete Growth Medium with cabozantinib (5μM) or DMSO was added to the 

bottom wells. After 24 hours, the invaded cells were stained and counted as described in 

Methods. Data represent four independent experiments.
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Figure 5. Chronic Sunitinib treatment induced AXL and MET dependent expression of VEGF, 
and promoted HUVEC angiogenesis
(A) 786-O cells, 786-O cells that stably expressed AXL or MET shRNA constructs were 

chronically treated with sunitinib (1 μM) and then deprived of sunitinib, and 786-O parental 

cells were seeded (10, 000 per well) in Matrigel (1:2 diluted) in 96 well plates, HUVEC 

cells were seeded on top of Matrigel (5, 000 per well). After 24 hours, HUVEC cell tube 

formation was recorded with a bright field microscope. Data represent three independent 

experiments. The tube lengths were measured and quantified with Image J software. (B) 

Chronic sunitinib pre-treated 786-O that were deprived of sunitinib (S786-O) or 786-O 
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parental cells (10, 000 per well) were seeded in Matrigel (1:2 diluted) in 96 well plates, 

HUVEC cells were seeded on top of Matrigel (5, 000 per well). The cell co-culture was 

treated with DMSO, sunitinib (+Suni, 1 μM) or cabozantinib (+Cab, 5μM) for 24 hours, 

HUVEC tube formation was recorded with a bright field microscope. Data represent three 

independent experiments. The tube lengths were measured and quantified with Image J 

software. (C) 786-O cells, 786-O cells that were stably expressed with AXL or MET shRNA 

constructs were chronically treated with sunitinib (1 μM) and then deprived of sunitinib, and 

786-O parental cells were cultured as described in Methods. The conditioned media were 

collected and analyzed for VEGF levels. The results from four independent experiments 

were assessed for statistical significance (** indicates p<0.01). (D) Chronic sunitinib pre-

treated 786-O that were deprived of sunitinib (S786-O) or 786-O parental cells were 

cultured as described in Methods. The conditioned media were collected and analyzed for 

VEGF concentration. The resulted from four independent experiments were assessed for 

statistical significance (** indicates p<0.01). The data in this figure is representative for 3 

shRNA constructs designed to target different sequences in MET and AXL.
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Figure 6. Chronic sunitinib treatment induced AXL and MET signaling and angiogenesis in 
xenograft mouse models
(A) 1x107 786-O cells (786-O) or chronic sunitinib pre-treated 786-O (S786-O) were 

injected into the flank of each NCr-nu/nu mouse (10 mice per group). The xenograft tumor 

sizes were measured after 4 weeks’ stabilization. The size difference between two groups at 

same time point was analyzed using the Student t-test. (* indicates p<0.05, ** indicates 

p<0.01). (B) The mice were sacrificed after 9 weeks, the tumor tissue was obtained and 

equal amounts of protein lysate were analyzed by western blot with specific antibodies as 

indicated. (C) Representative immunohistochemistry staining of CD31 (red) and cell nucleus 

(DAPI, blue) in xenograft tumor sections from the experiment performed in (B). (D) 

Diagram describes the experimental design of in vivo sunitinib-resistant (20mg/kg, daily) 

tumor generation followed with cabozantinib (40mg/kg, daily) treatment (10 mice per 

group). (E) The measurement of tumor size during the experiment of (D). The size 

difference between sunitinib and saline treated groups at same time point was analyzed 

using Student t-test. (* indicates p<0.05, ** indicates p<0.01). (F) The mice were sacrificed 

after saline/sunitinib or cabozantinib treatment, the tumor tissue were obtained and equal 

amount of protein lysate were analyzed by western blot with specific antibodies as indicated. 

(G) Representative immunohistochemistry staining of CD31 (red) and cell nucleus (DAPI, 

blue) in xenograft tumor sections from the experiment performed in (F). (H) Proposed model 

for chronic sunitinib treatment-induced drug resistance.
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