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xenograft tumors, cabozantinib treatment significantly 
reduced tumor growth.
Conclusions  Treatment of neuroblastoma tumor cells 
with cabozantinib inhibits RET and ERK phosphoryla-
tion and is effective against neuroblastoma tumor cell lines 
alone and in combination with 13-cis-retinoic acid, topote-
can, and temozolomide. Cabozantinib treatment is also 
effective in reducing tumor growth in  vivo. Cabozantinib 
therefore represents a novel therapeutic agent for neuro-
blastoma, and further preclinical and clinical studies are 
warranted.

Keywords  Neuroblastoma · Cabozantinib · XL184 · 
RET · ERK · Retinoic acid

Abbreviations
VEGFR-2	� Vascular endothelial growth factor receptor-2
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nyltetrazolium bromide
GDNF	� Glial-derived neurotrophic factor
MTC	� Medullary thyroid cancer
PBS	� Phosphate-buffered saline
CI	� Combination index

Introduction

Children with high-risk neuroblastoma have very poor out-
comes, with 5-year disease-free survival rates between 25 
and 35  % [1–3], despite treatment regimens that include 

Abstract 
Purpose  Children with high-risk neuroblastoma have 
poor survival rates, and novel therapies are needed. We 
hypothesized that cabozantinib would be effective against 
neuroblastoma tumor cells and tumors in preclinical mod-
els via inhibition of receptor tyrosine kinase signaling 
pathways.
Methods  We determined neuroblastoma cell viability 
after treatment with cabozantinib alone and in combina-
tion with 13-cis-retinoic acid, topotecan, and temozolomide 
using MTT assays. Inhibition of RET and intracellular 
signaling was measured by Western blot analysis of treated 
and untreated cells. To investigate the efficacy of cabozan-
tinib against neuroblastoma tumors in vivo, neuroblastoma 
cells were injected orthotopically into immunocompro-
mised mice, and mice were treated with oral cabozantinib. 
Tumors were evaluated for growth by determination of 
in vivo luminescence and final tumor weights.
Results  All neuroblastoma cell lines were sensitive to 
cabozantinib, and IC50 values ranged from 1.6 to 16.2 μM. 
Cabozantinib treatment was synergistic with 13-cis-retinoic 
acid and chemotherapy agents topotecan and temozolo-
mide. Cabozantinib treatment inhibited RET phosphoryla-
tion in all cell lines and ERK phosphorylation in more sen-
sitive neuroblastoma cell lines. In mice with neuroblastoma 
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intensive chemotherapy, autologous stem cell transplanta-
tion, surgery, radiation therapy, and 13-cis-retinoic acid. 
Cases of high-risk neuroblastoma are associated with 
frequent relapses and tumors that are resistant to treat-
ment. Unfortunately, children with recurrent or refractory 
neuroblastoma have a <50  % response rate to alternative 
chemotherapy regimens [4, 5], and novel therapies are 
sorely needed for children with high-risk and recurrent 
neuroblastoma.

Neuroblastoma tumorigenesis has been shown to be 
regulated by several growth factors, which can each induce 
proliferation, block differentiation of neuroblastoma cells, 
or increase local angiogenesis through activation of recep-
tor protein tyrosine kinases. Neuroblastoma cell lines and 
primary tumors have been shown to express varying levels 
of these growth factors and their cognate receptors [6–15], 
and increased expression of many of these growth factors 
is associated with advanced stage high-risk neuroblastoma 
tumors and poor overall patient outcomes [9, 15, 16].

Cabozantinib (XL184) is a novel small molecule inhibi-
tor of the RET, c-Met, and vascular endothelial growth fac-
tor receptor-2 (VEGFR-2, KDR) tyrosine kinases [17–19] 
with the potential for tumor growth inhibition via multiple 
independent pathways. Cabozantinib has demonstrated sig-
nificant antitumor activity in a range of preclinical models 
and has been shown to reduce tumor cell proliferation and 
viability in addition to inhibition of tumor cell migration, 
invasion, and tumor angiogenesis [19, 20]. Promising early 
clinical trial results with cabozantinib in the treatment of 
patients with thyroid cancer, prostate cancer, non-small cell 
lung cancer, and renal cell carcinoma [21–25] have led to 
phase 2 and phase 3 evaluations for many tumor types, and 
cabozantinib was recently FDA approved for treatment of 
progressive metastatic medullary thyroid cancer (MTC) 
[26].

The RET kinase is expressed in neural crest-derived 
cells and is required for peripheral nervous system matura-
tion. RET inhibition has been shown to be effective against 
neuroblastoma in preclinical models and to be synergis-
tic with 13-cis-retinoic acid [27]. HGF/c-Met signaling 
has been demonstrated to promote malignant progression 
of neuroblastoma [11]. Furthermore, elevated levels of 
c-Met expression and MET gene amplification have been 
identified in patients with advanced stage neuroblastoma 
[16, 28], and c-Met inhibitors have been shown to be 
effective against neuroblastoma [29]. Increased expres-
sion of the vascular endothelial growth factor (VEGF) 
and VEGF receptor (VEGFR) family members is asso-
ciated with advanced stage, high-risk neuroblastoma 
tumors [15]. Based on the evidence for the role of RET, 
c-Met, and VEGFR signaling in neuroblastoma pathogen-
esis, we hypothesized that cabozantinib would have sig-
nificant antitumor activity in in vitro and in vivo models of 

neuroblastoma and would be synergistic with 13-cis-reti-
noic acid and chemotherapy.

Materials and methods

Cells and culture conditions

The neuroblastoma cell lines used in this study have been 
previously utilized by our laboratory [27, 29], and were 
purchased from American Type Culture Collection (ATCC, 
www.atcc.org) or were generously provided by Shahab 
Asgharzadeh (Children’s Hospital Los Angeles, Los Ange-
les, CA, USA), Susan Cohn (The University of Chicago 
Children’s Hospital, Chicago, IL, USA), John Maris (Chil-
dren’s Hospital of Philadelphia, Philadelphia, PA, USA), 
or the Children’s Oncology Group (COG) Cell Culture 
and Xenograft Repository (www.cogcell.org) [30–39]. 
Cell lines were grown at 37 °C in 5 % CO2 in appropriate 
media (Invitrogen, Carlsbad, CA, USA) supplemented with 
10 % heat-inactivated fetal bovine serum (FBS) (Life Tech-
nologies, Grand Island, NY, USA), l-glutamine, sodium 
pyruvate, and nonessential amino acids (Sigma-Aldrich, 
St. Louis, MO, USA). All cell lines were authenticated by 
DNA profiling prior to use.

Therapeutic agents

Cabozantinib was generously provided by Exelixis, Inc. 
(San Francisco, CA, USA). A 10  mM stock solution was 
generated in DMSO (Sigma) and stored at −20 °C. Cabo-
zantinib was diluted in phosphate-buffered saline (PBS) 
immediately before use. For in  vivo studies, cabozantinib 
was diluted to a final concentration of 15 mg/mL in 0.5 % 
HCl. 13-cis-retinoic acid (Sigma), topotecan (Sigma), and 
temozolomide (Sigma) were diluted directly into media 
prior to use. Glial-derived neurotrophic factor (GDNF) 
(Prospec, Ness Ziona, Israel) was diluted in PBS contain-
ing 0.25 mg/mL BSA as a carrier. GDNF was then diluted 
to 50 ng/mL directly in serum-free media.

Cell viability assays

In order to determine the efficacy of cabozantinib against 
neuroblastoma tumor cells, a panel of human neuroblas-
toma tumor cell lines was tested for sensitivity in  vitro 
to cabozantinib using a modified methyl tetrazolium 
(MTT; Sigma) assay [29]. 0.5–1.0  ×  104 exponentially 
growing cells in 135 μL media were plated in individual 
wells in 96-well plates using an automated drug deliv-
ery system (Biomek Automated Laboratory Worksta-
tion, Beckman Coulter, Inc., Fuller, CA, USA). Twenty-
four hours later, cabozantinib was added to each well at 

http://www.atcc.org
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specified concentrations. After 72  h of continuous drug 
exposure, 15 µL of 5 mg/ml MTT was added to each well 
and the plates were incubated for 4  h at 37  °C. Medium 
was replaced with 150 µL of DMSO, and the optical den-
sity (OD) was measured at 550 nm using a microplate spec-
trophotometer (Anthos Labtec Instruments, Wals, Austria). 
Relative cell viability was calculated by subtracting the 
background OD of media alone and then dividing by the 
OD of control wells. Replicates of three wells were used 
for each drug concentration, and assays were duplicated on 
separate days. Concentration that inhibits 50 % (IC50) val-
ues was derived using best-fit trendlines and values calcu-
lated using the relevant curve-fit equations.

For cabozantinib and 13-cis-retinoic acid combination 
studies, cells were plated as above and treated with either 
cabozantinib alone, 5  μM 13-cis-retinoic acid alone, or 
combinations of 5  μM 13-cis-retinoic acid and increas-
ing concentrations of cabozantinib for 72 h. Cell viability 
was determined as above, and combination indices (CI’s) 
were calculated using results from experiments using 5 μM 
cabozantinib and 5 μM 13-cis-retinoic acid doses and Cal-
cuSyn v2.11 software (Biosoft, Cambridge, UK).

For combination studies using cabozantinib and topote-
can or temozolomide, average cell viability for each drug 
alone was calculated and plotted against individual drug 
concentrations. The estimated concentrations at which cell 
viability was reduced by 10, 25, 50, 75, and 90 % (i.e., the 
IC10, IC25, etc.) from single-drug experiments were used 
to choose the concentrations of each drug to be used for 
the combination experiments. Cells were then plated as 
above, treated with the specified concentrations of cabo-
zantinib with either topotecan or temozolomide (with sep-
arate 96-well plates for each combination) for 72  h, with 
cell viability determined as above and combination indices 
calculated using results at IC25 drug concentrations or as 
indicated.

Western blots

4 × 105 neuroblastoma cells were plated in 60 mm plates, 
allowed to adhere overnight, and then cultured for 16  h 
in serum-free media. Cells were then treated with either 
cabozantinib or vehicle for 3 h, followed by the addition of 
50 ng/mL GDNF for 15 min. Cells were harvested, washed 
with PBS, and lysed with lysis buffer [50  mM Tris–HCl 
(pH 7.5), 150  mM NaCl, 1  % Triton X-100, 0.1  % SDS, 
2 mM EDTA, and 1X protease inhibitor (Sigma)].

Protein concentration in each sample was measured 
using a protein assay dye reagent (Bio-Rad, Hercules, 
CA, USA). From each cell line and tumor sample lysate, 
30–50 μg total denatured protein was separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to nitrocellulose membranes 

(Invitrogen, Carlsbad, CA, USA) using a dry blot transfer 
system (Invitrogen). Membranes were blocked in Odyssey 
blocking buffer (Li-Cor, Lincoln, NE, USA) for 1 h at room 
temperature and then incubated overnight at 4 °C with pri-
mary antibodies to total RET (SC-167, 1:500; Santa Cruz, 
Dallas, TX, USA), phosphorylated RET (SC-20252, 1:500; 
Santa Cruz), and vinculin (EPR8185, 1:5000; Abcam, Cam-
bridge, MA, USA). All antibodies were diluted in Odyssey 
blocking buffer (Li-Cor) with 0.1 % Tween-20. Membranes 
were then washed three times with PBS-T (PBS plus 0.1 % 
Tween-20) and incubated for 1 h at room temperature with 
IRDye800-conjugated affinity purified anti-rabbit or anti-
mouse secondary antibodies (1:2000; Rockland, Gilberts-
ville, PA, USA). Membranes were then visualized on an 
Odyssey infrared imaging system (Li-Cor).

To measure the effect of cabozantinib on intracellu-
lar signaling pathways, neuroblastoma cell lines were 
plated at approximately 80  % confluency and allowed to 
adhere overnight. Plates were washed twice with PBS and 
incubated in cabozantinib or solvent alone for three addi-
tional hours. Cells were lysed as above, and proteins were 
separated by SDS-PAGE, transferred onto nitrocellulose 
membranes, and blocked as described above. Immuno-
blots were incubated overnight at 4  °C with antibodies to 
total ERK (#4695, 1:2000; Cell Signaling, Danvers, MA, 
USA), phosphorylated ERK (#4375, 1:1000; Cell Signal-
ing), and β-actin (#A3853, 1:5000; Sigma). Secondary 
antibody incubation and imaging were performed as above. 
Immunoblot band densities were determined with ImageJ 
(v1.42, NIH) as previously described (www.lukemiller.org/
ImageJ_gel_analysis.pdf). Relative intensity levels were 
determined by dividing the band intensity of the phospho-
rylated protein by the band intensity of the total protein.

Animal experiments

To evaluate the efficacy of cabozantinib against neuro-
blastoma tumors in vivo, neuroblastoma tumor cells were 
injected into the exposed adrenal glands of immunocom-
promised mice, and mice were then treated with either 
vehicle alone or cabozantinib. Four- to six-week-old NCR-
Mu (Taconic Farms, Hudson, NY, USA) mice were anes-
thetized, the left flanks were prepared in sterile fashion, 
and transverse incisions were performed to expose the left 
kidneys and adrenal glands. 106 SK-N-SH neuroblastoma 
tumor cells engineered to constitutively express firefly 
luciferase were suspended in 0.1 mL of PBS and injected 
into adrenal glands using a 27-gauge needle, which results 
in >90 % of mice developing tumors [29]. Tumor develop-
ment and growth were monitored twice per week using the 
Xenogen Lumina system (Caliper Life Sciences, Hopkin-
ton, MA, USA) 10  min after intraperitoneal injections of 
150  mg/kg d-luciferin (Caliper Life Sciences), and tumor 

http://www.lukemiller.org/ImageJ_gel_analysis.pdf
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volume was estimated using signal intensity (in p/sec/cm2/
sr). Five days after surgery, mice were randomly separated 
into two groups. Mice in group one were gavage fed once 
daily with vehicle alone (0.5 % HCl), while the other group 
of mice were fed with cabozantinib at 75  mg/kg. Both 
groups of mice were treated 5 days per week for 6 weeks 
and then sacrificed. Tumors were harvested, weighed, and 
photographed. P values for tumor growth were calculated 
using Student’s t tests on log values of tumor volumes as 
measured by Lumina signal intensity. All mice were treated 
according to protocols approved by the Institutional Animal 
Care and Use Committee at Baylor College of Medicine.

Results

Neuroblastoma cell line sensitivity to cabozantinib 
alone and in combination with chemotherapy

In order to determine the efficacy of cabozantinib against 
neuroblastoma tumor cells, a panel of twelve established 
human neuroblastoma tumor cell lines representing a 
range of biological phenotypes (Online Resource 1) was 
tested for sensitivity in  vitro to cabozantinib using MTT 
assays. IC50 values were calculated and ranged from 1.6 

to 16.2 μM, with 7 of the 12 cell lines having IC50 values 
below 5 μM (Fig. 1).

In order to determine the efficacy of cabozantinib in 
combination with other anticancer therapy, neuroblastoma 
tumor cell lines were tested for sensitivity to cabozantinib 
combined with 13-cis-retinoic acid, a vitamin A analog 
currently used for maintenance therapy in children with 
neuroblastoma [2], and with topotecan and temozolomide, 

Fig. 1   Effects of cabozan-
tinib on neuroblastoma cell 
lines. a Neuroblastoma cells 
were treated with increasing 
concentrations of cabozantinib 
for 72 h, and cell viability was 
determined by MTT assays and 
plotted against cabozantinib 
dose levels. b IC50 values were 
calculated and plotted for each 
tested neuroblastoma cell line

Fig. 2   Efficacy of cabozantinib combined with 13-cis-retinoic acid 
and chemotherapy agents topotecan and temozolomide. a Neuroblas-
toma tumor cell lines were treated with cabozantinib (XL184) or with 
5 μM 13-cis-retinoic acid combined with increasing doses of cabo-
zantinib (CRA + XL184), and cell viability was determined at 72 h 
by MTT assays. b Neuroblastoma cell lines were treated with either 
5 μM cabozantinib (XL184), 5 μM 13-cis-retinoic acid (CRA), or 
the combination of 5 μM cabozantinib plus 5 μM 13-cis-retinoic acid 
(CRA + XL184) for 72 h, and cell viability was determined by MTT 
assays. Combination indices were calculated from these results as 
follows: LAN5 0.66; SK-N-AS 2.22; CHP-212 0.12; SK-N-BE2(C) 
0.48 (c–f). SK-N-SH (c, e) and CHP-212 (d, f) neuroblastoma tumor 
cell lines were treated with the combinations of cabozantinib and 
topotecan (c, d) or with cabozantinib and temozolomide (e, f) for 
72 h at the specified concentrations, and cell viability was determined 
by MTT assays. Combination indices were calculated using IC25 
concentrations as follows: SK-N-SH/topotecan >1; SK-N-SH/temo-
zolomide 0.56; CHP-212/topotecan 0.27; CHP-212/temozolomide 
0.12

▸
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two chemotherapy agents commonly used in children with 
neuroblastoma [40, 41]. In tested cell lines known to be 
sensitive to retinoic acid, the combination of cabozantinib 
with 13-cis-retinoic acid was more effective than cabo-
zantinib alone over a range of cabozantinib concentrations 
(Fig. 2a). In order to determine whether the combination of 
cabozantinib and 13-cis-retinoic acid demonstrated syner-
gistic efficacy, neuroblastoma tumor cell lines were treated 
with cabozantinib, 13-cis-retinoic acid, or both, and viabil-
ity was determined using MTT assays. Combination indi-
ces were found to be <1 for all sensitive cell lines but not in 
the retinoic acid-resistant cell line SK-N-AS [Fig. 2b; com-
bination indices: LAN5 0.66; SK-N-AS 2.22; CHP-212 
0.12; SK-N-BE(2) 0.48], suggesting synergistic efficacy 
of the combination in cell lines sensitive to retinoic acid. 
Furthermore, the combination of cabozantinib with either 
topotecan or temozolomide also resulted in synergistic effi-
cacy against CHP-212 neuroblastoma tumor cells and with 
temozolomide against SK-N-SH neuroblastoma tumor cells 
(Fig.  2c–f), with combination indices as follows: SK-N-
SH/topotecan >1; SK-N-SH/temozolomide 0.56; CHP-212/
topotecan 0.27; CHP-212/temozolomide 0.12.

Inhibition of RET and intracellular signaling 
by cabozantinib

Most neuroblastoma tumor cell lines have minimal or no 
c-Met expression [29]. Therefore, to evaluate whether RET 
inhibition was responsible for differences in neuroblastoma 
tumor cell sensitivity to cabozantinib, two cell lines with 
IC50 values <5 μM (LAN-5 and CHLA-20) and two cell 
lines with IC50 values >5 μM [SK-N-BE(2) and SK-N-
AS] were evaluated for inhibition of RET and intracellular 
signaling. Neuroblastoma cells were treated with the RET 
ligand GDNF and then either vehicle or increasing doses of 
cabozantinib. GDNF treatment induced RET phosphoryla-
tion in all cell lines, which could be inhibited by treatment 
with cabozantinib (Fig. 3). These results demonstrate that 
cabozantinib is effective at inhibiting GDNF-induced RET 
phosphorylation in all tested neuroblastoma tumor cell 
lines, and therefore, differences in RET inhibition do not 
explain the different sensitivities of neuroblastoma tumor 
cells to cabozantinib therapy.

To determine whether cabozantinib treatment resulted in 
inhibition of downstream signaling pathways, neuroblastoma 
cell lines were treated with cabozantinib and then were har-
vested and lysed. Western blots for total and phosphorylated 
ERK were performed (Fig. 4). Cabozantinib treatment resulted 
in inhibition of ERK phosphorylation in LAN5 and CHLA-
20 cell lines, with minimal to no effect seen in SK-N-BE(2) 
and SK-N-AS cell lines, suggesting that RAS/MAPK pathway 
inhibition is a potential mechanism underlying the relative 
sensitivity of neuroblastoma tumor cells to cabozantinib.

Inhibition of neuroblastoma xenograft tumor growth 
with cabozantinib

To evaluate the efficacy of cabozantinib against neuro-
blastoma tumors in vivo, neuroblastoma tumor cells were 
injected into the exposed adrenal glands of immunocom-
promised mice, and mice were then treated with either 
vehicle alone or cabozantinib. Cabozantinib treatment was 
well tolerated and associated with significantly reduced 
xenograft tumor growth rates compared to vehicle-treated 
controls (p  <  0.05; Fig.  5). Cabozantinib treatment also 
resulted in significant reduction in final tumor weights and 
size compared to vehicle-treated control tumors (Fig.  6), 
with untreated tumors reaching an average final tumor 
weight of 2.06 g (±0.85 g) and cabozantinib-treated tumors 
reaching an average final tumor weight of 0.14 g (±0.04 g) 
(p < 0.05).

Discussion

New treatment strategies are clearly needed for children 
with recurrent or refractory neuroblastoma. We have dem-
onstrated that the tyrosine kinase inhibitor cabozantinib 
is effective against neuroblastoma in in  vitro and in  vivo 
model systems. Cabozantinib inhibits RET phosphorylation 
and intracellular signaling and reduces xenograft tumor 
growth, suggesting that cabozantinib may be an effective 
treatment for children with neuroblastoma.

Cabozantinib is an inhibitor of several tyrosine kinases, 
including RET, c-Met, and vascular endothelial growth 
factor receptor-2 (VEGFR-2, KDR) [17–19]. Most neuro-
blastoma tumor cell lines and patient tumor samples have 
very low or undetectable levels of c-Met gene and protein 
expression [29]. The efficacy of cabozantinib against neu-
roblastoma tumor cell lines is therefore most likely due 
to RET inhibition. However, the efficacy of cabozantinib 
in neuroblastoma tumor cells may be due to inhibition of 
other, unidentified kinase targets. Our data also suggest 
that neuroblastoma tumor cell sensitivity to cabozantinib is 
mediated by inhibition of downstream signaling pathways, 
suggesting that cabozantinib could be acting via multiple 
mechanisms in neuroblastoma tumor cells and tumors, 
leading to enhanced efficacy.

We demonstrated synergistic efficacy of the combina-
tions of cabozantinib with 13-cis-retinoic acid and with 
chemotherapy agents topotecan and temozolomide. Reti-
noids are vitamin A analogs that induce tumor cell differen-
tiation [42]. Retinoic acid reduces neuroblastoma cell pro-
liferation, decreases MYCN oncogene expression, induces 
neuroblastoma cell differentiation, and is currently used for 
maintenance therapy in neuroblastoma treatment regimens 
[2, 43–45]. Recent studies have documented an increase in 
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RET expression in response to retinoic acid treatment and 
have shown that RET inhibition interferes with retinoic 
acid-induced differentiation [46–49]. Other recent studies 
have demonstrated that retinoic acid-induced differentia-
tion of neuroblastoma cells creates dependence on neuro-
trophin and glial-derived neurotrophic factor signaling, 

suggesting that retinoic acid treatment may sensitize neu-
roblastoma cells to inhibition of these pathways [50, 51]. 
Prior studies have identified synergistic efficacy of 13-cis-
retinoic acid and the RET inhibitor vandetanib [27], sug-
gesting that combined effects on RET may be responsible 
for the synergism seen with cabozantinib.

Fig. 3   RET inhibition by cabozantinib. a Neuroblastoma tumor cells 
were lysed after treatment with 50  ng/mL GDNF for 15  min (“con-
trol”) or after both GDNF and cabozantinib (XL184) at specified 
doses. Western blots were performed for total (“RET”) and phospho-

rylated (“p-RET”) RET. Western blots for vinculin were used as pro-
tein loading controls. b Relative p-RET western blot band intensity 
(pRET/RET) was determined and plotted for each tested cell line
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Topotecan and temozolomide are chemotherapy agents 
shown to be effective against neuroblastoma tumors in pre-
clinical models [52, 53], and both agents are components 
of regimens commonly employed to treat children with 
relapsed neuroblastoma [36, 54–57]. The efficacy of cabo-
zantinib in combination with topotecan and temozolomide 
provides an opportunity for testing in early-phase clinical 
trials for children with relapsed neuroblastoma to deter-
mine the safety and tolerability of these combinations.

In adult patients with advanced solid tumors, cabozan-
tinib therapy was reasonably well tolerated. Commonly 
reported toxicities included nausea, anorexia, fatigue, diar-
rhea, and palmar-plantar erythrodysesthesia, and the dose 
approved by the US Food and Drug Administration was 
determined to be 140 mg (freebase weight) once daily [18]. 
Pharmacokinetic analyses demonstrated that the steady-
state drug level in adult patients taking 140  mg once per 
day exceeded 2.8 μM [21], within the range of our in vitro 

Fig. 4   Inhibition of intracellular signaling in neuroblastoma tumor 
cells by cabozantinib. a Neuroblastoma cells were plated and treated 
with increasing concentrations of cabozantinib (XL184). Cells were 
lysed at baseline (“control”) and after treatment and Western blots 

for total (“Erk”) and phosphorylated (“p-Erk”) Erk were performed. 
β-actin was used as a protein loading control. b Relative western blot 
band intensity (pERK/ERK) was determined and plotted for each 
tested cell line



985Cancer Chemother Pharmacol (2015) 76:977–987	

1 3

Fig. 5   Xenograft neuro-
blastoma tumor growth after 
treatment with cabozantinib. 
Mice with orthotopic adre-
nal neuroblastoma xenograft 
tumors were treated with 
vehicle or cabozantinib. Tumor 
development and growth were 
monitored twice per week, and 
tumor volume was estimated 
using signal intensity (in p/
sec/cm2/sr). Changes in signal 
intensity were plotted over time 
(a), and representative final 
images for untreated control and 
cabozantinib-treated mice are 
shown (b)

Fig. 6   Final xenograft neuroblastoma tumor size after treatment with 
cabozantinib. Mice with orthotopic adrenal neuroblastoma xenograft 
tumors were treated with vehicle or cabozantinib, and tumors were 
harvested at the end of the experiment. a Final tumor weights were 

obtained and average values calculated, and b the individual final 
tumor weight values were plotted for the untreated control and cabo-
zantinib-treated mice. c Representative pictures of harvested tumors 
are shown



986	 Cancer Chemother Pharmacol (2015) 76:977–987

1 3

IC50 values and suggesting that effective drug levels may 
be attainable in children as well. Cabozantinib therefore 
represents a good candidate for further investigation in 
children with relapsed neuroblastoma.

We have demonstrated that the novel tyrosine kinase inhibi-
tor cabozantinib is effective against neuroblastoma tumor cells 
in  vitro and in  vivo. The evidence for the roles of VEGFR, 
c-Met, and RET signaling in neuroblastoma tumor cell growth 
and the demonstrated in  vitro and in  vivo efficacy of cabo-
zantinib in these studies provide strong biological and clinical 
rationale for additional preclinical and clinical testing of this 
agent in children with relapsed or refractory neuroblastoma. 
Cabozantinib in combination with 13-cis-retinoic acid may 
prove to be an effective treatment for these children. Although 
the role of this combination in future up-front neuroblastoma 
treatment is unclear, the addition of cabozantinib to 13-cis-reti-
noic acid during maintenance therapy for high-risk neuroblas-
toma patients may further improve relapse-free survival rates.
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