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Abstract. MET is expressed on neuroblastoma cells and 
may trigger tumor growth, neoangiogenesis and metastasis. 
MET upregulation further represents an escape mechanism 
to various anticancer treatments including VEGF signaling 
inhibitors. We developed in vitro a resistance model to pan-
VEGFR inhibition and explored the simultaneous inhibition 
of VEGFR and MET in neuroblastoma models in vitro and 
in vivo using cabozantinib, an inhibitor of the tyrosine kinases 
including VEGFR2, MET, AXL and RET. Resistance in 
IGR-N91-Luc neuroblastoma cells under continuous in vitro 
exposure pressure to VEGFR1-3 inhibition using axitinib was 
associated with HGF and p-ERK overexpression. Cabozantinib 
exhibited anti-proliferative effects in neuroblastoma cells and 
reduced cell migration in vitro as measured by phase-contrast 
with IncuCyte system. In vivo, an enhanced number of animals 
with IGR-N91-Luc metastases was noted following axitinib 
treatment as compared to control animals. Orally administered 
cabozantinib per gavage at 30 and 60 mg/kg/day significantly 
inhibited tumor growth of orthotopic adrenal IGR-N91-Luc 
and metastatic IMR-32-Luc xenografts. Antitumor activity 
was associated with decreased vascularization, inhibition of 
p-SRC and induction of apoptotic cell death. Activation of the 
HGF-mediated MET pathway is involved in escape to selec-
tive VEGFR inhibition in neuroblastoma suggesting combined 
inhibition of MET and VEGFR signaling to reduce secondary 
resistance and enhanced invasiveness.

Introduction

The tyrosine kinase receptor c-MET, also called MET or 
hepatocyte growth factor receptor (HGFR), is the only known 
receptor for hepatocyte growth factor (HGF) (1). Aberrant 
MET signaling plays a pivotal role in angiogenesis as well as in 
tumor cell proliferation, survival and migration (2-4). Several 
studies suggest that HGF/c-MET signaling promotes angio-
genesis directly by stimulating endothelial cells in response to 
VEGF in various tumor types (5-8). Moreover, MET has been 
described as an oncogene in different pathologies such as liver 
cancer (9) and MET gene amplification is reported in 2-3% of 
various types of cancer (10).

In patients with neuroblastoma, a pediatric tumor of the 
neural crest, high concentrations of HGF and elevated soluble 
VEGF-A were found correlated with higher stage and poor 
outcome (11). MET is expressed in most neuroblastoma 
cell lines and HGF stimulated invasion of neuroblastoma 
cells in vitro and in vivo, and promoted the development of 
angiogenic neuroblastoma tumors in vivo (12,13). Recent 
studies in adult cancers suggest that tumor hypoxia induced by 
anti-angiogenic therapy such as sorafenib leads to increased 
c-MET activation, cell migration and aggressiveness (14,15) 
suggesting a combined inhibiting approach to overcome this 
escape mechanism. Several preclinical studies have explored 
the use of combined HGF/MET and VEGF/VEGFR signaling 
inhibition in adult pathologies such as hepatocellular cancer 
(16-18) or glioblastoma (15) with reduced tumor aggressiveness 
and metastasis, encouraging the evaluation in neuroblas-
toma. Cabozantinib (XL-184) is a multi-targeted tyrosine 
kinase inhibitor which potently inhibits VEGFR and MET 
signaling (19). The principal targets of cabozantinib are MET, 
VEGFR2, AXL and RET, but the compound is also reported 
to inhibit other kinases including KIT, FLT-3 and TEK (19). 
Cabozantinib has shown effective inhibition of cell prolifera-
tion and migration/invasion in vitro (18,20-22). Cabozantinib 
exhibited inhibition of tumor growth which is mediated by 
inhibition of angiogenesis and potent anti-metastatic effects in 
different types of cancer (18,20,23,24). Clinical phase I to III 
trials have shown antitumor activity in advanced solid tumors 
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such as prostate, lung, renal and thyroid cancer, and the agent 
is approved for the treatment of progressive, metastatic medul-
lary thyroid cancer (25-32).

This study defined HGF/MET signaling activation as an 
escape mechanism to selective VEGFR inhibition in neuro-
blastoma and explored the antitumor activity of concomitant 
inhibition of VEGFR2 and MET in comparison to specific 
pan-VEGFR inhibition in preclinical neuroblastoma models.

Materials and methods

Drugs. Cabozantinib (XL-184; kindly provided by Dana Aftab 
(Exelixis, Inc., San Francisco, CA, USA) was stored as a solid 
powder. Axitinib (AG-013736, ref A-1107) was purchased 
from LC Laboratories (Woburn, MA, USA). For in vitro 
experiments, cabozantinib and axitinib were dissolved in 
100% dimethyl sulfoxide (DMSO) and diluted in complete cell 
culture. For in vivo experiments, cabozantinib was dissolved 
daily in water/HCl to a final concentration of 3 and 6 mg/ml; 
axitinib was suspended in 5% carboxyl methylcellulose to a 
final concentration of 6 mg/ml.

Cell lines. Luciferase gene transfected IGR-N91 and IMR-32 
cells were derived from metastatic neuroblastoma as previ-
ously reported (33). IMR-32-Luc and IGR-N91-Luc were 
maintained in Roswell Park Memorial Institute (RPMI)-1640 
medium and Dulbecco's modified Eagle's medium (DMEM), 
respectively, containing 10% fetal calf serum (FCS; all from 
Life Technologies) at 37˚C and 5% CO2. Cell lines were regu-
larly tested and found to be free of mycoplasma.

The IncuCyte proliferation and migration phase-contrast 
imaging assay. For cell proliferation assay, 15,000 IMR-32-Luc 
and IGR-N91-Luc cells/well were seeded in 96-well plates and 
incubated for 72 h with cabozantinib or axitinib at concen-
trations of 0-10 µmol/l or 0.5% DMSO. Cell confluence was 
imaged by phase contrast using the IncuCyte HD system 
(IncuCyte™ live-cell). Frames were captured at 4-h intervals 
from 2 separate regions/well using a x10 objective. Cultures 
were run three times in at least quadruplicates. Proliferation 
growth curves were constructed by imaging plates using 
IncuCyte™ Zoom software, where growth curves were built 
from confluence measurements acquired during round-the-
clock kinetic imaging. Cell migration was evaluated by scratch 
assays. A scratch was made on confluent monolayers using a 
96-pin WoundMaker™ and incubated with cabozantinib at 
5 µmol/l for 48 h. Wound images were automatically acquired 
and registered by IncuCyte Zoom software system. Data 
were processed and analyzed using IncuCyte Zoom 96-Well 
Cell Invasion Software Application Module (all from Essen 
bioScience, Inc., Ann Arbor, MI, USA). Data are presented 
as the wound width closure. The rate of wound closure was 
compared between treated and non-treated conditions.

Western blot analysis. Total tumor lysates were separated elec-
trophoretically and proteins were detected using monoclonal 
mouse antibody anti-human β-actin (S125; diluted 1:1,000; 
Cell Signaling Technology, Danvers, MA, USA), mouse poly-
clonal anti-human PARP-1 (Ab-2, 1:600; Calbiochem, San 
Diego, CA, USA), rabbit polyclonal anti-human p-ERK1/2 

(Thr202/Tyr204), ERK1/2, p-AKT (Ser473), AKT, p-VEGFR2 
(Tyr1175) (19A10), VEGFR2, p-MET (Tyr1234/1235), p-MET 
(Tyr1249), MET (1:1,000, all from Cell Signaling Technology) 
as previously described (34).

Angiogenesis and MAPK proteome array. Protein lysates of 
parental IGR-N91-Luc and axitinib-resistant AxiR cells were 
subjected to the human angiogenesis and phospho-MAPK 
array kit (R&D Systems, Inc., Minneapolis, MN, USA) 
according to the manufacturer's recommendations.

Experimental in vivo design. Animal experiments were carried 
out under conditions established by the European Community 
(Directive 2010/63/UE) and approved by the Comité d'Ethique 
en Expérimentation Animale n˚26 (CEEA26) and the French 
Ministry (MENESR) (approval number: 00328.01). Antitumor 
activity was evaluated against orthotopic and systemic neuro-
blastoma in female Swiss athymic mice, NSG or balbC RAGγc 
mice, established by injection of 106 cells into the left adrenal or 
the tail vein, respectively, under isoflurane anesthesia as previ-
ously reported (33,34) and all efforts were made to minimize 
suffering. Briefly, treatment started when positive biolumines-
cent signals were detected. Cabozantinib was administered by 
oral gavage at 30 or 60 mg/kg/day for a minimum of 14 days 
and axitinib at 30 mg/kg/twice daily (bID) during 29 days; 
control animals received vehicle. Animals were followed daily 
for clinical status, weekly for body weight. Antitumor activity 
was determined using ultrasound and bioluminescence, 
respectively. Statistical difference was determined using the 
two-tailed non-parametric Mann-Whitney or Kruskal-Wallis 
test and Prism® software version 6.00. For pharmacodynamic 
analysis, primary tumors were harvested 2 h after the end of 
treatment at day 29.

Histology and immunohistochemistry. Hematoxylin-eosin-
safranin staining was performed on paraformaldehyde fixed 
tumors for morphology; immunohistochemistry for CD34 and 
caspase-3 expression was determined using rat anti-mouse 
CD34 antibody (1:20; Hycult Technologies) and rat anti-human 
cleaved caspase-3 antibody (1:100; Cell Signaling Technology) 
as previously reported (34).

Results

Acquired resistance to selective VEGFR1-3 inhibition in 
the IGR-N91-Luc-AxiR cell line is associated with HGF 
overexpression. In order to explore resistance mechanisms 
to selective VEGFR inhibition we first developed in vitro 
a resistant cell line, IGR-N91-Luc-AxiR, through chronic 
exposure of IGR-N91-Luc cells in culture to the VEGFR1-3 
tyrosine kinase inhibitor axitinib. Axitinib at the 50% growth 
inhibiting concentration (IC50 of 0.75 µmol/l) allowed main-
taining cell viability as well as selection of resistant clones in 
the cell line. Constant resistant behavior was achieved after 
five consecutive passages under continuous axitinib exposure. 
In regard to cell proliferation inhibition, the IC50 of axitinib in 
the parental IGR-N91-Luc cells was 0.75 µmol/l when admin-
istered once as measured by phase-contrast imaging during 
72 h. In contrast, proliferation of the resistant IGR-N91-Luc-
AxiR cells was less affected with an IC50 of 3 µM (Fig. 1A). 
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Indeed, growth of IGR-N91-Luc-AxiR cells under axitinib 
treatment was identical to that of the non-treated parental 
IGR-N91-Luc cells (data not shown). We further explored 
the migration capacity of the parental and axitinib-resistant 
IGR-N91-Luc cells under axitinib treatment. Cells were seeded 
in monolayers into 96-well plates and a scratch was done when 
they were at confluence. Axitinib at the IC50 or 0.5% DMSO 
were added into each well and migration was followed during 
48 h when the wound of non-treated parental IGR-N91-Luc 
control cells was nearly closed. For parental IGR-N91-Luc 
cells wound repair inhibition of up to 54% was observed under 
axitinib treatment whereas IGR-N91-Luc-AxiR cells showed 
no reduction in cell migration under axitinib and had nearly 
closed the scratch wound similar to non-treated cells (Fig. 1b). 
Thus, axitinib-resistant IGR-N91 neuroblastoma cells exhibit 
reduced sensitivity to inhibition of both growth proliferation 
and cell migration to axitinib. To explore potential escape 
mechanisms involved in this resistance we subjected the cell 
lysates of parental IGR-N91-Luc and IGR-N91-Luc-AxiR 
cells to proteome arrays for angiogenesis protein and MAPK 
signaling expression which simultaneously detect the relative 
levels of 55 angiogenesis-related proteins and the relative phos-
phorylation of 24 kinases captured by 26 different antibodies, 
respectively, spotted in duplicates on a nitrocellulose membrane 
(Fig. 1C). IGR-N91-Luc-AxiR cells exhibited overexpression 
of HGF and phosphorylation of downstream effector ERK1 as 

compared to the parental cells as well as reduced expression 
of PEDF, a physiological negative regulator of angiogenesis. 
In response to axitinib treatment at 0.75 µmol/l, the parental 
IGR-N91-Luc cells showed inhibition of VEGFR2 phosphory-
lation up to 120 min with an activation of p-ERK at the latest 
time-point explored. In contrast, IGR-N91-Luc-AxiR cells 
exhibited activated/phosphorylated ERK at baseline, consis-
tent with the MAPK array, which diminished at the latest 
time-point and no reduction of VEGFR2 phosphorylation was 
observed to axitinib exposure (Fig. 1D). Thus, activation of 
the HGF/MET and MAPK signaling pathway is involved in 
resistance to VEGFR inhibition in neuroblastoma.

HGF stimulates the MET signaling pathway in neuroblas-
toma cells and cabozantinib inhibits proliferation and 
migration. We next explored the effects of HGF stimulation 
on the two parental IGR-N91-Luc and IMR-32-Luc neuro-
blastoma cell lines. Cells cultured under serum-free medium 
conditions overnight were incubated with 60 ng/ml HGF and 
harvested at indicated time-points up to 120 min for western 
blot analyses (Fig. 2A). In the IMR-32-Luc cells HGF expo-
sure resulted in significant activation of its receptor MET 
with an increase of phosphorylation in sites Tyr1234/1235 
and to a lesser extent at Tyr1349 whereas expression levels 
of the total receptor remained stable. The effects were less 
prominent in the IGR-N91-Luc cells. based on the hypothesis 

Figure 1. Resistance to axitinib in IGR-N91-Luc-AxiR. IGR-N91-Luc cells were continuously exposed to axitinib at the IC50 of 0.75 µM for 6 weeks. (A) Cell 
proliferation of parental (open diamonds) and IGR-N91-Luc-AxiR cells (closed diamonds) was measured by phase-contrast imaging under axitinib at indicated 
concentrations for 72 h. (b) Migration of IGR-N91-Luc and IGR-N91-Luc-AxiR cells treated with axitinib or DMSO was followed by phase-contrast imaging 
during 24 h. Images represent the wound disclosure of parental IGR-N91-Luc and axitinib-resistant IGR-N91-Luc-AxiR cells under DMSO and axitinib, 
respectively at baseline and 24 h. Graph shows arithmetic means (± standard error of mean) of percentage of wound repair. Statistical significance was 
estimated by Kruskal-Wallis test, ****P<0.0001. (C) Total lysates of IGR-N91-Luc and IGR-N91-Luc-AxiR cells were subjected to proteome array. Pictures 
represent angiogenesis array (upper panels) and MAPK array (lower panels). Circles highlight protein expression: 1) HGF; 2) PEDF; and 3) p-ERK-1. (D) Total 
lysates of IGR-N91-Luc and IGR-N91-LUC-AxiR treated with axitinib during 0, 5, 30 and 120 min were subjected to western blot analyses using antibodies 
against phosphorylated (p-) and non-phosphorylated VEGFR2 and ERK1/2; β-actin was used as a reference.
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raised above that HGF signaling is involved in promoting cell 
survival under selective VEGFR inhibition, we subjected both 
parental cell lines to the potent VEGFR2 and MET tyrosine 
kinase inhibitor cabozantinib to the proliferation assay for 
72 h. Cabozantinib inhibited cell growth of IGR-N91-Luc and 
IMR-32-Luc cells in a concentration-dependent manner, with 
IC50 doses of 1.4 and 2.8 µM, respectively (Fig. 2b). Despite 
the similar IC50 of the cells, treatment with cabozantinib at 5 
and 10 µM for 2 and 24 h resulted in inhibition of phosphory-
lation of MET and downstream signaling effectors AKT and 
MAPK in IMR-32-Luc cells, whereas the inhibition was found 
only at higher concentrations and at 2 h in the IGR-N91-Luc 
cells (Fig. 2C). Effects of selective HGF stimulation on cell 
proliferation capacity were impossible to evaluate due to the 
lack of growth of these neuroblastoma cells in the absence of 
serum. When exploring the effects on migration in both cell 
lines we found no significant increase in cell migration to HGF 
selective medium as compared to 10% FCS growth conditions 
although IMR-32-Luc cells seemed stimulated under HGF (ns). 

Cabozantinib at 5 µM reduced significantly migratory capacity 
in both cell lines, under both selective HGF and serum condi-
tions, and migration was completely inhibited in IMR-32-Luc 
(Fig. 2D). Thus, activation of HGF-mediated MET signaling 
is involved in neuroblastoma cell migration and inhibition of 
MET results in reduced tumor cell migration capacity (1,8,9). 

Specific inhibition of VEGFR1-3 signaling pathway is 
associated with increased metastases of IGR-N91-Luc 
neuroblastoma tumors. In vivo we first explored pan-VEGFR 
inhibition using axitinib against the orthotopic IGR-N91-Luc 
neuroblastoma xenograft model in balbC RAGγC mice in 
order to extend our previous data in the subcutaneous and 
orthotopic IGR-N91 xenografts that had shown growth inhi-
bition to axitinib (35). Axitinib treatment was initiated 2 days 
after injection of cells into the left adrenal administered by 
oral gavage twice daily at 30 mg/kg/dose and was given for 
a longer time period (i.e. 29 days) than the previous experi-
ments in order to allow potential development of metastases in 

Figure 2. HGF activates MET signaling in neuroblastoma cells which is inhibited by cabozantinib. (A) IGR-N91-Luc and IMR-32-Luc neuroblastoma cell 
lines were exposed to HGF at 60 ng/ml for 120 min. Total cell lysates of cells harvested at indicated time-points were subjected to western blot analysis 
using antibodies against phosphorylated (p-) and non-phosphorylated MET. (b) IGR-N91-Luc and IMR-32-Luc were exposed to cabozantinib at the indicated 
concentrations and cell proliferation was measured at 72 h by phase-contrast imaging. (C) IGR-N91-Luc and IMR-32-Luc cells were exposed to cabozantinib 
at the indicated concentrations and harvested at 2 and 24 h. Total cell lysates were subjected to western blotting using antibodies against phosphorylated (p-) 
and non-phosphorylated MET, AKT, MAPK and β-actin. (D) IGR-N91-Luc and IMR-32-Luc were exposed to cabozantinib at 5 µM in 10% FCS or 100 ng/ml 
HGF conditions and inhibition of cell migration was measured at 48 h by phase-contrast imaging. Statistical significance was estimated by Kruskal-Wallis 
test, *P<0.05, **P<0.01.
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this model. At day 29, several animals in the axitinib treated 
group had reduced tumor load although the median tumor 
volume of primary adrenal tumors was not significantly 
reduced compared to controls as determined by ultrasound 
(Fig. 3A). At autopsy at day 29, macroscopically visible 
metastases were detected in 6 out of 16 animals treated with 
axitinib, located in the liver, whereas this was the case in 1 
out of 8 control animals (Fig. 3b). bioluminescence imaging 
ex vivo detected a signal increase in tumor burden in the 
livers of treated animals as compared to the treated animals 
(ns; Fig. 3C). Western blot analysis of adrenal tumors of 7 
control and 14 treated animals revealed enhanced MET and 
ERK phosphorylation in some tumors, independent of tumor 
size and the occurrence of metastasis. AKT phosphorylation 
was inhibited in smaller samples in comparison to controls 
(Fig. 3D). In addition 10 out of the 15 analyzed tumors 
treated showed SRC phosphorylation which was present only 
in 2 out of 7 controls. Thus, selective VEGFR1-3 inhibition 
may result in enhanced metastatic spread and SRC activation 
in neuroblastoma tumors.

Cabozantinib inhibits tumor growth of orthotopic 
IGR-N91-Luc neuroblastoma in a dose-dependent manner. 
based on our observation in vitro that HGF-mediated MET 
upregulation could be involved in the invasiveness of neuroblas-
toma cells, we investigated the dual inhibition of VEGFR and 
MET against the adrenal IGR-N91-Luc model in NSG mice. 

Cabozantinib at 30 and 60 mg/kg resulted in a dose-dependent 
tumor growth inhibition of 60 and 87%, respectively, compared 
to the control group (P=0.005; Kruskal-Wallis test) with 7 
animals in each group (Fig. 4A-C). Protracted administration 
of cabozantinib at both doses was well tolerated with minor 
body weight loss in treated animals. To gain insight into the 
mechanisms by which cabozantinib inhibits tumor growth, we 
explored anti-angiogenic and pro-apoptotic effects in adrenal 
tumors using immunohistochemistry and western blot analysis. 
Cabozantinib treated xenografts showed significantly reduced 
microvessel density compared to control tumors as determined 
by CD34 staining (P=0.0116 for 30 mg/kg and P=0.0025 for 
60 mg/kg treated tumors; Kruskal-Wallis test; Fig. 4D). A 
dose-dependent increase in cleaved caspase-3-positive nuclei 
was noted for cabozantinib at the higher dose as compared 
to controls (P=0.0091 for 60 mg/kg; Fig. 4E). When investi-
gating the effects on the VEGF and HGF signaling pathways 
by exploring known key downstream effectors (Fig. 4F), we 
observed the appearance of ERK1/2 phosphorylation in tumor 
samples to cabozantinib treatment as compared to controls. No 
modification was observed in regard to AKT activation levels. 
In contrast, SRC phosphorylation was found inhibited at both 
concentrations in comparison to control tumors.

Thus, cabozantinib acts by inhibition of angiogenesis at 
both dose levels whereas induction of cell death demands 
higher concentrations; inhibition of SRC appears associated 
with antitumor activity.

Figure 3. Axitinib against orthotopic IGR-N91-Luc xenograft. Orthotopic IGR-N91-Luc bearing mice were treated orally with axitinib at 30 mg/kg twice 
daily (n=16, closed diamonds) or vehicle (n=8, open diamonds) for 29 days. (A) Tumor volumes were measured by ultrasound. Graph represents individuals 
(diamonds) and arithmetic means (horizontal line) of tumor volumes in animals per group. Autopsy was performed at day 29 and presence of metastasis was 
explored macroscopically and by bioluminescence ex vivo. Graph shows the number of cases which presented metastases (b) and mean ± standard error of 
mean of luciferase activity in the liver (C). (D) Primary tumors were subjected to western blot analysis using antibodies against phosphorylated (p-) and non-
phosphorylated MET, VEGFR1, ERK1/2, SRC, AKT and β-actin. Grey triangles represent the increasing primary tumor volumes; (-) represents absence of 
metastases and (+) presence of metastases in each animal.
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Cabozantinib reduces metastatic spread in the systemic 
IMR-32-Luc neuroblastoma model. To be able to best explore 
the inhibition of metastatic spread of neuroblastoma, we used 

our systemic IMR-32-Luc model in female NSG mice which 
develop metastases preferably in lungs, liver and bones (33). 
Cabozantinib orally at 30 and 60 mg/kg/day was initiated at 

Figure 4. Cabozantinib exhibits antitumor activity against IGR-N91-Luc orthotopic neuroblastoma mediated by anti-angiogenic effects and induction of cell 
death. Animals bearing orthotopic adrenal IGR-N91-Luc tumors were treated orally with cabozantinib at 30 mg/kg/day (light blue line), 60 mg/kg/day (dark 
blue line) or vehicle (grey line). (A) Graphs show growth curves of individual mice (light grey) and arithmetic means (± standard error of mean). Tumor 
volumes were detected by bioluminescence (b) and ultrasonography (C). Images depict representative adrenal tumors of control and treated animals at day 
22. Paraffin-embedded sections of IGR-N91-Luc orthotopic primary tumors treated with vehicle (light grey, n=7), cabozantinib at 30 mg/kg (dark grey, n=7) 
or 60 mg/kg (black, n=6), harvested at day 29 post treatment initiation, were stained immunohistochemically with anti-CD34 and anti-cleaved caspase-3 
antibodies. (D) The percentage of CD34-positive area was determined and microvessel density was quantified using CaloPix software and statistically evalu-
ated by Kruskal-Wallis test. (E) The apoptosis index was determined as number of cleaved caspase-3 positive cells per mm2. Representative examples of 
histological stainings are shown at x100 magnification. Positive staining appears as brown color. Graphs represent means (± standard error of mean, Kruskal-
Wallis test; *P<0.05, **P<0.01). (F) Total lysates from three individual tumors were subjected to western blotting for expression analyses of phosphorylated (p-) 
and non-phosphorylated AKT, ERK1/2, SRC and β-actin.
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day 10 post tail vein injection, when bioluminescence signals 
were detectable in all animals and was given for 34 days 
when the animals were sacrificed. Bioluminescence signals 
in vivo in control animals were distributed over the liver 
region, thorax, and bilateral lower extremities consistent with 
the previous metastatic homing pattern in this model (33). 
Cabozantinib treated animals in treatment groups exhib-
ited reduced bioluminescence signals (Fig. 5A). Luciferase 
activity of tumor cells ex vivo was significantly reduced in 
liver (n=6, P=0.0238; Kruskal-Wallis test) and lung (n=6, 
P=0.0141) in the 60 mg/kg treated animals as compared with 
the control group. This was not the case in bones (Fig. 5b). 
Thus, cabozantinib reduces metastatic spread to visceral 
organs in IMR-32 neuroblastoma.

Discussion

Inhibition of angiogenesis is significantly hampered by the 
induction of pro-angiogenic factors resulting in secondary 
tumor escape from treatment. In the present study, we explored 
the escape mechanisms to selective pan-VEGFR inhibition 
in preclinical neuroblastoma models. We found HGF medi-
ated MET, MAPK and SRC pathway signaling involved in 
neuroblastoma escape to VEGFR1-3 inhibition which resulted 
in enhanced cell migration, suggesting that dual inhibition 
of VEGFR and MET may be a rational approach for further 
investigation in neuroblastoma treatment.

Through a new resistant cell line that was developed 
in vitro by consistent exposure to axitinib we could show 
that the loss of sensitivity to selective VEGFR1-3 inhibition 
was associated with the induction of HGF and subsequent 
signaling through downstream effector MAPK pathway. 
The HGF/MET pathway is not constitutively upregulated 

in neuroblastoma but most neuroblastoma cell lines tested 
exhibited low MET expression (data not shown) which could 
be stimulated by its physiological ligand HGF, as shown here 
for the two cell lines IGR-N91-Luc and IMR-32-Luc. MET 
signaling is involved in cell proliferation as well as cellular 
migration (36). Hecht et al (12,13) provided the first evidence 
that the HGF/c-Met pathway is essential for invasiveness and 
malignant progression of human neuroblastomas in vitro and 
in chick chorioallantoic membranes. Elevated concentrations 
of HGF and soluble VEGF-A have been reported in patients 
with neuroblastoma and were correlated with higher stage 
disease (11). both of our luciferase transfected cell lines are 
sensitive to proliferation and migration inhibiting effects of 
cabozantinib, an inhibitor of VEGFR2 and MET kinases, with 
IC50s in the low micromolar range. Our findings were consis-
tent with the recent results described by Zhang et al (37) where 
IMR-32 was one of the most sensitive neuroblastoma cell 
lines tested. In addition, we demonstrated that wound repair 
capacity was significantly reduced in IGR-N91-Luc cells and 
more importantly in the IMR-32-Luc cell line. This cell line 
also showed enhanced MET activation/phosphorylation when 
stimulated with HGF as compared to IGR-N91-Luc suggesting 
differences in the capacity of neuroblastoma cells to activate 
this survival pathway. The in vitro effects of cabozantinib were 
associated with inhibition of MET.

In vivo we confirmed our previous data on tumor 
growth inhibition with the pan-VEGFR inhibitor axitinib 
in IGR-N91-Luc neuroblastoma (35). However, in the more 
immunocompromized balbC RAGγC mice, we observed a 
limited growth inhibiting effect on the primary adrenal tumor 
whereas animals treated with axitinib presented metastases 
more frequently at study end, mainly to the liver, suggesting 
actually the induction of a more aggressive disease pattern 
under axitinib treatment. When exploring tumor samples, 
we found, beside the induction of MET, SRC activation/
phosphorylation in most axitinib treated tumors as compared 
to controls. both, activation of MET and SRC, have been 
reported to increase aggressiveness of tumor cells and 
promote metastases in response to anti-VEGF antibody and 
multi-tyrosine kinase VEGFR inhibitors such as sorafenib, 
sunitinib and bevacizumab (15,24,38,39). Moreover, the HGF/
MET signaling has been described to induce angiogenesis 
independently of VEGF (40). We further detected in our 
resistant cell line the reduction of expression levels of PEDF, 
which is a physiological negative regulator of angiogenesis. 
Loss of PEDF could be another mechanism of resistance in 
neuroblastoma and its role needs to be explored further.

Consistent with the in vitro evaluation, cabozantinib 
resulted in significant dose-dependent inhibition of tumor 
growth of adrenal IGR-N91-Luc tumors compared to controls. 
These effects appeared more prominent as those observed in 
the previous experiments to axitinib (35) although the results 
in sensu stricto cannot be compared directly as they were 
performed in independent experiments. Orthotopic primary 
IGR-N91-Luc tumors showed reduced microvessel density for 
the 30 and the 60 mg/kg dose levels, however, at the higher 
treatment dose also significant induction of apoptotic cell death 
was observed. Prolonged exposure of cabozantinib resulted in 
a reduction of SRC phosphorylation in treated tumors. SRC 
activation was detected in tumors of mice following prolonged 

Figure 5. Cabozantinib reduces lung and liver metastases in systemic IMR-
32-Luc Nb. (A) 106 IMR-32-Luc cells were injected intravenously in NSG 
mice into the tail vein. Cabozantinib or vehicle was administered orally once 
a day at 30 and 60 mg/kg for 34 days (n=6 each group). Tumor spread was 
followed once a week by bioluminescence imaging with IVIS 50 system. 
(B) Liver, lungs and bones of mice were harvested when the first clinical 
symptoms appeared and submitted to bioluminescence imaging ex vivo. 
Graphs represent means ± standard error of mean. Statistical significance 
was estimated by Kruskal-Wallis test, *P<0.05.
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axinitinib treatment and, thus, its inhibition may be addition-
ally involved in the superior effects of cabozantinib albeit it 
is not inhibiting SRC directly. In our systemic neuroblastoma 
model, cabozantinib treatment resulted in significant reduction 
of metastasis formation in the IMR-32-Luc, mainly to the liver 
and the lungs. However, we observed no reduction of bone 
metastases as it had been reported in patients with metastatic 
prostate cancer and the difference of the mouse environment 
to the human microenvironment could underlie these distinct 
results in an organ which is very much influenced by the 
microenvironment (26,28). Recently, it has been shown that 
cabozantinib could affect bone microenvironment in normal 
condition highlighting its potential role in mediating treat-
ment responses, supporting the observations in patients with 
bone metastases in prostate cancer. In addition, other factors 
of the tumor microenvironment (including myeloid cells or 
microphages) are likely critical in promoting metastasis and 
a potential effect of cabozantinib on the tumor microenviron-
ment needs further investigations (26,41).

Our results with pan-VEGFR inhibition in vitro and in vivo 
support previously raised concerns that a more aggressive 
pattern of tumor cells may occur with anti-angiogenic thera-
pies (42-44) through adaptive mechanisms such as activation 
of alternative pro-angiogenic signaling pathways such as 
HGF/c-MET and SRC signaling that may result in enhanced 
invasiveness and metastases. Dual VEGFR2 and MET inhib-
iting antitumor activity was mediated by anti-angiogenic, 
anti-migratory and pro-apoptotic effects, and associated with 
reduction of metastatic spread supporting the hypothesis that 
inhibition of a larger spectrum of targets beyond the VEGF 
pathway may help to circumvent the resistance to more selec-
tive angiogenesis blockade. The enhanced aggressiveness 
associated with HGF signaling may be considered in the 
further development of anti-angiogenic treatments in neuro-
blastoma.
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