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ABSTRACT
Objective  Hepatocellular carcinoma (HCC) is the 
most common type of primary liver cancer with limited 
treatment options. Cabozantinib, an orally bioavailable 
multikinase inhibitor is now approved by Food and Drug 
Administration (FDA) for HCC patients. We evaluated the 
therapeutic efficacy of cabozantinib, either alone or in 
combination, in vitro and in vivo.
Design  Human HCC cell lines and HCC mouse models 
were used to assess the therapeutic efficacy and targeted 
molecular pathways of cabozantinib, either alone or in 
combination with the pan-mTOR inhibitor MLN0128 or 
the checkpoint inhibitor anti-PD-L1 antibody.
Results  Cabozantinib treatment led to stable disease 
in c-Met/β-catenin and Akt/c-Met mouse HCC while 
possessing limited efficacy on Akt/Ras and c-Myc 
liver tumours. Importantly, cabozantinib effectively 
inhibited c-MET and ERK activity, leading to decreased 
PKM2 and increased p21 expression in HCC cells and 
in c-Met/β-catenin and Akt/c-Met HCC. However, 
cabozantinib was ineffective in inhibiting the Akt/
mTOR cascade. Intriguingly, a strong inhibition of 
angiogenesis by cabozantinib occurred regardless 
of the oncogenic drivers. However, cabozantinib had 
limited impact on other tumour microenvironment 
parameters, including tumour infiltrating T cells, and 
did not induce programmed death-ligand 1 (PD-L1) 
expression. Combining cabozantinib with MLN0128 
led to tumour regression in c-Met/β-catenin mice. In 
contrast, combined treatment with cabozantinib and the 
checkpoint inhibitor anti-PD-L1 antibody did not provide 
any additional therapeutic benefit in the four mouse HCC 
models tested.
Conclusion  c-MET/ERK/p21/PKM2 cascade and 
VEGFR2-induced angiogenesis are the primary targets of 
cabozantinib in HCC treatment. Combination therapies 
with cabozantinib and mTOR inhibitors may be effective 
against human HCC.

INTRODUCTION
Hepatocellular carcinoma (HCC) is the fourth 
leading cause of cancer-related deaths world-
wide.1 The treatment options for advanced HCCs 
are instead very limited.2 Sorafenib has been the 
standard first-line therapy against HCC but shows 
limited efficacy. During the past years, the treat-
ment landscape for advanced HCC has been signifi-
cantly expanded with the approval of multiple 
drugs, including cabozantinib, for HCC treatment.3

Cabozantinib is an orally bioavailable multiki-
nase inhibitor that targets receptor tyrosine kinases 
including c-MET, VEGFR2, AXL and c-KIT.4 
c-MET plays a critical role in HCC development 
and progression.5 Overexpression of c-MET is 
found in 20%–48% human HCC samples,6 where 
it promotes HCC proliferation, survival, inva-
siveness and angiogenesis as well as resistance to 
chemotherapy and radiotherapy.5 7 The oncogenic 
potential of c-MET in hepatocarcinogenesis has 

Significance of this study

What is already known on this subject?
►► Hepatocellular carcinoma (HCC) is one of 
the most frequent malignancies with limited 
treatment options.

►► Cabozantinib is an orally bioavailable 
multikinase inhibitor targeting c-MET, VEGFR2 
and AXL proteins, now approved by FDA for 
HCC patients.

►► Combination therapies provide a synergistic 
effect and reduce drug resistance for the 
treatment of cancer.

What are the new findings?
►► Cabozantinib possesses antineoplastic activity 
in mouse models of HCC by restraining the 
p-MET/p-ERK cascade but not the AKT/mTOR 
signalling.

►► Concomitant activation of c-MET and AKT/
mTOR pathways occurs in ~40% human HCCs. 
Combined cabozantinib and mTOR inhibitor 
treatment results in tumour regression in c-
Met/β-catenin mouse HCC.

►► Administration of cabozantinib neither induces 
PD-L1 expression in HCC cells nor increases 
tumour-infiltrating T cells in mice. Combining 
cabozantinib and anti-PD-L1 treatment does 
not lead to increased therapeutic efficacy in the 
four mouse HCC models examined.

How might it impact on clinical practice in the 
foreseeable future?

►► Our preclinical findings suggest that combining 
cabozantinib and mTOR inhibitors may 
represent a novel therapeutic approach against 
HCC with activated c-MET and AKT/mTOR 
cascades.
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been proven in mice, as c-Met transgenic mice develop HCC.8 
Further studies suggest that overexpression of c-Met alone via 
hydrodynamic transfection is unable to induce HCC formation 
in vivo,9 but it cooperates with other genes, such as activated 
Wnt/β-catenin or Akt/mTOR cascades, to trigger hepatocarcino-
genesis in mice.10 11

In a phase III clinical trial for advanced HCC patients who 
have previously received sorafenib treatment, it was found that 
cabozantinib significantly improved the overall survival rate as 
well as progression-free survival when compared with placebo.12 
This led to the recent approval of cabozantinib as a second-
line treatment for progressed HCC.3 In a preclinical study, it 
was found that cabozantinib suppresses HCC cell growth and 
metastasis by the combined blockade of VEGFR and c-MET 
proteins.13 However, the study was conducted using only HCC 
cell lines, which may have relatively limited value in recapitu-
lating drug responsiveness in vivo.

In the present manuscript, we investigated the therapeutic 
efficacy of cabozantinib, either alone or in combination with 
the pan-mTOR inhibitor MLN0128 or the checkpoint inhibitor 
anti-PD-L1 antibody in in vitro and in vivo models of HCC.

MATERIALS AND METHODS
Plasmids and reagents
The plasmids used in this study, including pT3-EF1α-c-Met 
(human c-MET), pT3-EF1α-ΔN90-β-catenin (with N terminal 
Myc tag), pT3EF1α-c-Myc, pT3-EF1α-HA-myr-Akt (with N 
terminal HA tag), pT2CAGGS-NRasV12 and pCMV/sleeping 
beauty transposase (SB), have been described previously in 
detail.14 15 Cabozantinib and MLN0128 were purchased from 
LC Laboratories (Woburn, Massachusetts, USA). Anti-mouse 
PD-L1 Ab was obtained from Genentech (South San Francisco, 
California, USA).

Hydrodynamic injection and mouse treatment
Female wild-type FVB/N mice were obtained from Charles River 
Laboratories (Wilmington, Massachusetts, USA). SB-mediated 
hydrodynamic injection was performed as previously described.16 
Cabozantinib, MLN0128, cabozantinib+MLN0128 or vehicle 
was orally administered via gavage. Anti-mouse PD-L1 Ab (or 
isotype IgG) was intraperitoneally injected into mice as illus-
trated in the figures.

Statistical analysis
GraphPad Prism V.6.0 (GraphPad Software Inc) was used to 
analyse the data. Statistical analyses were conducted using 
Student’s t-test, Tukey-Kramer test and linear regression anal-
yses. Data are presented as mean±SD. Values of p<0.05 were 
considered statistically significant.

Additional information is available in supporting information.

RESULTS
Cabozantinib inhibits HCC cell growth in vitro
First, we treated a panel of 14 HCC cell lines with cabozantinib 
(online supplemental figure 1). The IC50 value of cabozantinib 
for each cell line was calculated (online supplemental figure 2A), 
and the potential targets of cabozantinib in all HCC cell lines 
were evaluated using western blot analysis (online supplemental 
figure 2B). We found that phosphorylated/activated (p)-MET, 
total (t)-AXL and p-ERK1/2 levels demonstrated a statistically 
significant negative correlation with cabozantinib IC50, whereas 
other proteins, such as total c-MET, did not show any significant 
correlation (online supplemental figure 2C).

To elucidate the pathways regulated by cabozantinib, two HCC 
cell lines with robust activation of c-MET, namely MHCC97-H 
and HLE cells, were treated with cabozantinib at ~IC50 values 
for 24 hours. BrdU labelling studies revealed that cabozantinib 
strongly suppressed HCC cell cycle progression (online supple-
mental figure 3). This was the consequence of reduced prolifer-
ation as well as induction of apoptosis in both cell lines (online 
supplemental figure 4). Cabozantinib treatment suppressed 
p-MET, p-AXL and p-ERK1/2 expression (online supple-
mental figure 5A), whereas it did not inhibit the AKT/mTOR 
pathway and its downstream targets, including p-S6 and lipo-
genic proteins (FASN and ACAC) (online supplemental figure 
5A,D). Cabozantinib decreased the expression of PCNA, Cyclin 
D1 and Cyclin E proteins, while it increased p21 levels, in HCC 
cells (online supplemental figure 5B). Interestingly, cabozantinib 
treatment led to decreased PKM2 protein levels (online supple-
mental figure 5D), suggesting that it might modulate tumour 
glycolysis while not affecting lipogenesis. Consistently, we found 
that cabozantinib reduced glucose uptake (a sign of glycolysis), 
but not triglycerides and cholesterol levels, in the two cell lines 
(online supplemental figure 6). Moreover, we found downreg-
ulation of the antiapoptotic protein survivin, which was paral-
leled by increase of the marker of apoptosis cleaved caspase 3, in 
accordance with a promoting role of programmed cell death by 
cabozantinib (online supplemental figure 5C).

In summary, our data suggest that HCC cells have variable 
sensitivity to cabozantinib by suppressing c-MET/p-ERK cascade.

Cabozantinib treatment leads to stable disease in c-Met/β-
catenin and Akt/c-Met mouse lesions but has no efficacy on 
Akt/Ras or c-Myc mouse tumours
As HCC is a highly heterogeneous disease, we attempted to 
model its heterogeneity by using various combinations of onco-
genes. We chose four different murine HCC models, which over-
express the following gene combinations: c-Met/β-catenin,10 
Akt/c-Met,11 Akt/Ras17 and c-Myc.15 All these models have been 
extensively validated by our group as well as by independent 
investigations to be relevant to subsets of human HCC.10 11 14 15 
First, we analysed the expression levels of major signalling mole-
cules in the late stage HCC tissues from these mice together 
with normal liver from uninjected mice. We found that c-Met 
protein could be readily detected in all four liver tumour samples 
(online supplemental figure 7). However, p-Met could only be 
observed in c-Met/β-catenin and Akt/c-Met mouse HCCs. p-Akt 
was found to be expressed at higher levels in all HCC samples 
compared with normal livers, whereas p-Erk1/2 expression was 
found to be elevated in c-Met/β-catenin, Akt/c-Met and Akt/Ras 
HCCs, but not c-Myc HCC (online supplemental figure 7).

Subsequently, we used these mouse models to investigate 
the therapeutic potential of cabozantinib in vivo. Based on the 
published studies,18 19 the dose of cabozantinib used was 60 mg/
kg/day. Our preliminary studies using wild-type mice showed that 
cabozantinib treatment at this dosage was well tolerated in mice 
over the course of 13 days of treatment (online supplemental 
figure 8A), with similar serum TP, ALB, ALKP and AST levels, 
and moderately higher ALT levels (online supplemental figure 
8B), when compared with control mice. For the efficacy studies, 
mice were hydrodynamically injected with plasmids encoding the 
aforementioned oncogene(s) and aged until they had moderate 
liver tumour burden (online supplemental figure 9). Due to the 
diffused nature of our murine HCC models, it was difficult to 
accurately measure tumour nodule number. Thus, we chose to 
use total liver weight and percentage of microscopic tumour area 
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as the measurement of burden. Mice were randomly separated 
into three groups. Specifically, mice in group 1 were harvested 
as pretreatment cohort and displayed a liver weight between 3 
and 5 g, presenting moderate liver tumour burden. Group 2 mice 
were instead treated with the vehicle, whereas group 3 mice 
were treated with cabozantinib at 60 mg/kg/day, as previously 
described.20 Mice were harvested if they developed large abdom-
inal masses and were required to be euthanised based on our 
institutional animal care and use committee (IACUC) protocol 
or after 3 weeks of treatment (online supplemental figure 9).

We treated c-Met/β-catenin, Akt/c-Met, Akt/Ras and 
c-Myc tumour-bearing mice with vehicle or cabozantinib 
(figures  1A–4A). In c-Met/β-catenin and Akt/c-Met mouse 
models, all vehicle treated mice had to be euthanised during the 
treatment course, whereas cabozantinib treated mice appeared 
to be healthy (figures  1B and 2B). Based on the liver weight 
measurement, vehicle treated mice had significant higher tumour 
burden than the pretreatment mice, consistent with tumour 
progression in the vehicle cohort. In contrast, the cabozantinib 

cohort demonstrated significantly lower tumour burden than 
that of vehicle-treated mice and a similar tumour burden to the 
pretreatment mice (figures  1C and 2C). Similar results were 
obtained if we used percentage tumour area as the measure-
ment of tumour burden (online supplemental figure 10A,B). The 
data suggest that cabozantinib treatment leads to stable disease 
in c-Met/β-catenin and Akt/c-Met mice. In contrast, in Akt/Ras 
and c-Myc liver tumour models, cabozantinib treatment did 
not affect Akt/Ras or c-Myc mouse survival rate, and tumour 
progression occurred in both vehicle and cabozantinib treated 
mice (figures 3B and 4B), as also indicated by the liver tumour 
burden, analysed using total liver weight (figures  3C and 4C) 
and percentage tumour area (online supplemental figure 10C,D). 
Thus, cabozantinib treatment led to progressive disease in Akt/
Ras and c-Myc liver tumour models.

In summary, we demonstrated that cabozantinib treatment 
induces stable disease in c-Met/β-catenin and Akt/c-Met mouse 
HCC models, but it has no efficacy in Akt/Ras and c-Myc mouse 
HCC.

Figure 1  Cabozantinib treatment induces stable disease in c-Met/β-catenin mice. (A) Scheme of the experiment. (B) Survival curve of vehicle-treated 
and cabozantinib-treated c-Met/β-catenin mice. (C) Liver weight of pretreatment, vehicle-treated and cabozantinib-treated c-Met/β-catenin mice. 
(D) Gross images and H&E staining of livers from pretreatment, vehicle-treated and cabozantinib-treated c-Met/β-catenin mice. Magnification ×40; 
scale bar=500 µm. (E) Ki-67 (magnification ×200; scale bar=100 µm), CD34 (magnification ×200; scale bar=100 µm) and p-Erk (magnification,×100; 
scale bar=200 µm) staining in livers from c-Met/ β-catenin mice. Ki-67 positive cells were counted and quantified as proliferation index. CD34 and 
p-Erk staining were quantified and represented as the percentage of the positive staining area of the whole section area. Tukey–Kramer test: at least 
p<0.05. a, versus pretreatment; b, versus vehicle.
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Cabozantinib treatment suppresses HCC progression via 
the p-Met/p-Erk cascade, but it does not affect Akt/mTOR 
signaling in vivo
Subsequently, we investigated the molecular mechanisms under-
lying the effects of cabozantinib in mouse models. Histolog-
ical evaluation revealed that cabozantinib treatment did not 
affect the overall histopathological features of the tumours 
(figures  1D–4D). Using Ki67 as a proliferation marker, we 
discovered that in both c-Met/β-catenin and Akt/c-Met mouse 
HCC, cabozantinib treatment led to significantly decreased cell 
proliferation (figures 1E and 2E). In contrast, cabozantinib did 
not affect HCC growth proliferation in Akt/Ras and c-Myc mice 
(figures 3E and 4E). As concerns apoptosis, a significant induc-
tion of programmed cell death was detected in all models, with 
the highest levels being observed in AKT/Ras and c-Myc mouse 
neoplastic lesions, following cabozantinib treatment. In these 
two models, extensive areas of necrosis were also frequently 
observed (online supplemental figure 11).

At the molecular level, in c-Met/β-catenin and Akt/c-Met 
HCC, cabozantinib strongly inhibited p-Met expression, leading 

to decreased p-Erk1/2 levels (figure 5A,B). In contrast, p-Erk1/2 
expression was not affected by cabozantinib administration in 
Akt/Ras and c-Myc mouse HCC (figure  5C,D). Intriguingly, 
p-Akt, p-mTOR and p-Rps6 levels did not change significantly 
following cabozantinib treatment in all models investigated, 
suggesting that cabozantinib does not affect the AKT/mTOR 
signalling in human HCC cell lines and in mouse models. As 
concerns markers of proliferation, Pcna levels were downreg-
ulated and p21 expression was upregulated by cabozantinib in 
c-Met/β-catenin and Akt/c-Met HCC models (figure 5A,B). In 
addition, consistent with the in vitro studies, cabozantinib treat-
ment resulted in the drastic decreased expression of Pkm2 in 
c-Met/β-catenin and Akt/c-Met HCC (online supplemental 
figure 12).

Our data indicate that cabozantinib functions to inhibit of acti-
vated c-Met dependent p-Erk activation. To further investigate this 
phenotype, we overexpressed c-MET in two human HCC cell lines, 
Huh7 and Hep40 cells, which have low c-MET expression (online 
supplemental figure 13A,B). Overexpression of c-MET resulted in 
increased p-MET and p-ERK1/2 expression (online supplemental 

Figure 2  Cabozantinib treatment determines stable disease in Akt/c-Met mice. (A) Scheme of the experiment. (B) Survival curve of Akt/c-Met 
pretreatment, vehicle-treated and cabozantinib-treated cohort. (C) Liver weight of pretreatment, vehicle-treated and cabozantinib-treated Akt/c-
Met mice. (D) Gross images and H&E staining of livers from pretreatment, vehicle-treated and cabozantinib-treated Akt/c-Met mice. Magnification 
×40; scale bar=500 µm. (E) Ki-67 (magnification ×200; scale bar=100 µm), CD34 (magnification ×200; scale bar=100 µm) and p-Erk (magnification 
×100; scale bar=200 µm) staining in livers from Akt/c-Met mice. Ki-67–positive cells were counted and quantified as proliferation index. CD34 and 
p-Erk staining were quantified and represented as the percentage of the positive staining area of the whole section area. Tukey–Kramer test: at least 
p<0.05. a, versus pretreatment; b, versus vehicle.
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figure 13A,B). c-MET-overexpressing cell lines demonstrated 
significant augmented sensitivity to cabozantinib (online supple-
mental figure 13C,D). These cell lines exhibited also enhanced 
sensitivity to the MEK inhibitor PD901, further implying the 
important role of the MEK/ERK pathway downstream of c-MET 
in HCC (online supplemental figure 14).

Cabozantinib modulates tumour microenvironment in vivo
The use of murine HCC models enabled us to investigate whether 
cabozantinib modulates the HCC microenvironment. As VEGFR2 
and its mediated angiogenesis have been considered a major 
mechanism by which cabozantinib suppresses tumour growth, 
we analysed VEGFR2 levels and tumour vasculature in the four 
mouse HCC models treated with cabozantinib. In all models, 
cabozantinib effectively inhibited p-VEGFR2 levels (figure 5A–D). 
Consistent with this observation, using immunostaining with the 
anti-CD34 antibody, we found that cabozantinib reduced micro-
vascular density in all HCC models (figures  1E–4E). Similar 
results were observed with another endothelial cell marker, CD31 
(online supplemental figure 15). Intriguingly, despite the strong 

antiangiogenesis effects by cabozantinib in all mouse models, it did 
not lead to increased hypoxia, as indicated by the lack of increased 
HIF-1α expression (online supplemental figure 12).

Studies have suggested the key role of cancer-associated fibro-
blasts (CAFs) and fibrosis in tumour progression, including 
HCC.21 Using Sirius Red staining as well as immunostaining with 
anti-Vimentin antibody, we found that cabozantinib treatment did 
not affect CAFs and fibrosis in the mouse lesions (online supple-
mental figures 16 and 17).

It has been suggested that cabozantinib may modulate the HCC 
immune microenvironment.22 We found that in both c-Met/β-
catenin and Akt/c-Met mouse lesions, the tumour-infiltrating 
macrophages decreased along tumour progression. Cabozantinib 
treatment was able to normalise the presence of macrophages 
within the HCC nodules in c-Met/β-catenin and Akt/c-Met mouse 
HCCs (online supplemental figure 18). However, no consistent 
changes of genes associated with polarisation of macrophage in the 
cabozantinib-treated tumour tissues were detected (online supple-
mental figures 19 and 20). Cabozantinib had no effect on macro-
phages in Akt/Ras and c-Myc mouse HCCs. As concerns CD3(+) 

Figure 3  Effects of cabozantinib on Akt/Ras driven hepatocarcinogenesis. (A) Study design. (B) Kaplan-Meier survival of pretreatment, vehicle-
treated and cabozantinib-treated Akt/Ras mice. (C) Liver weight of pretreatment, vehicle-treated and cabozantinib-treated Akt/Ras mice. (D) 
Macroscopic and microscopic appearance of livers from pretreatment, vehicle-treated and cabozantinib-treated Akt/Ras mice. Magnification ×40; 
scale bar=500 µm. (E) Ki-67 (magnification ×200; scale bar=100 µm), CD34 (magnification ×200; scale bar=100 µm) and p-Erk (magnification ×100; 
scale bar=200 µm) staining in livers from Akt/Ras mice. Ki-67–positive cells were counted and quantified as proliferation index. CD34 and p-Erk 
staining were quantified and represented as the percentage of the positive staining area of the whole section area. Tukey–Kramer test: at least 
p<0.05. a, versus pretreatment; b, versus vehicle.
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T lymphocytes, only few of these cells were detected in Akt/c-Met 
and Akt/Ras mouse HCCs by immunostaining. Scattered CD3(+) 
T cells were found in c-Met/β-catenin HCC, whereas a high 
number of CD3(+) T lymphocytes were present in c-Myc HCC 
(online supplemental figure 21). Cabozantinib treatment did not 
affect the number or distribution of CD3(+) T lymphocytes in the 
lesions from these mouse models.

In summary, our study demonstrates that cabozantinib is able to 
modulate tumour microenvironment as it inhibits tumour angio-
genesis regardless of the oncogenic drivers. However, it has limited 
impact on CAFs, macrophages and tumour infiltrating T cells.

Cabozantinib synergises with MLN0128 to inhibit HCC cell 
growth in vitro
In the TCGA LIHC protein dataset, ~44% of HCC samples showed 
coactivation of AKT/mTOR and c-MET (online supplemental 
figure 22A). Levels of phosphorylated/activated p-AKT(S473) and 
p-MET(Y1234/1235) were subsequently determined in our collec-
tion of human HCC specimens (n = 64) by immunohistochemistry 

(online supplemental figure 22B). We found that 33% HCC spec-
imens exhibited concomitantly elevated p-AKT and p-MET immu-
noreactivity (online supplemental figure 22B). These data suggest 
that ~40% of human HCCs have coactivation of AKT/mTOR 
and c-MET signalling and suggest that inhibition of mTOR signal-
ling may synergise with cabozantinib to suppress the growth of this 
subset of HCC.

To test this hypothesis, we chose to use the pan-mTOR inhibitor 
MLN0128.23 Two HCC cell lines, MHCC97-H and HLE, were 
treated with cabozantinib and MLN0128, either alone or in combi-
nation. We found that concomitant treatment of HCC cells with 
cabozantinib and MLN0128 resulted in stronger growth inhibitory 
potency (figure 6A and C) and cell cycle arrest (online supplemental 
figure 23). We calculated the combination index (CI),24 and all CI 
values were lower than one in Cabozantinib and MLN0128 treat-
ment groups (figure 6B and D), suggesting a synergistic antitumour 
activity by the combination therapy. At the molecular level, cabozan-
tinib was effective in inhibiting p-MET and p-ERK levels, whereas 
MLN0128 strongly suppressed p-AKT, p-mTOR, p-4EBP1 and 

Figure 4  Limited efficacy of cabozantinib on c-Myc mouse liver tumours. (A) Study design. (B) Kaplan-Meier survival of pretreatment, vehicle-
treated and cabozantinib-treated c-Myc mice. (C) Liver weight of pretreatment, vehicle-treated and cabozantinib-treated c-Myc mice. (D) Macroscopic 
and microscopic appearance of livers from pretreatment, vehicle-treated and cabozantinib-treated c-Myc mice. Magnification ×40; scale bar=500 µm. 
(E) Ki-67 (magnification ×200; scale bar=100 µm), CD34 (magnification ×200; scale bar=100 µm) and p-Erk (magnification ×100; scale bar=200 µm) 
staining in livers from c-Myc mice. Ki-67–positive cells were counted and quantified as proliferation index. CD34 and p-Erk staining were quantified 
and represented as the percentage of the positive staining area of the whole section area. Tukey–Kramer test: at least p<0.05. a, versus pretreatment; 
b, versus vehicle.
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p-RPS6 expression (figure 6E). The combination treatment resulted 
in a strong inhibition of these proteins, leading to a stronger inhi-
bition of PCNA expression and HCC cell proliferation (figure 6F).

In summary, our data suggest that cabozantinib synergises with 
MLN0128 to suppress HCC cell growth in vitro.

Combined cabozantinib and MLN0128 treatment induces 
tumour regression in c-Met/β-catenin mice
To further substantiate the in vitro findings, we tested the hypoth-
esis in vivo using the c-Met/β-catenin mouse model. First, we 
tested the maximum doses of cabozantinib and MLN0128 that 

Figure 5  Effects of cabozantinib treatment on the levels of putative target proteins in livers from c-Met/β-catenin, Akt/c-Met, Akt/Ras and c-Myc 
mice. Western blot analysis was performed to determine the levels of phosphorylated Vegfr2, phosphorylated Axl, phosphorylated c-Met, downstream 
components in the c-Met cascade as well as proliferation markers in pretreatment, vehicle-treated and cabozantinib-treated c-Met/β-catenin mice (A), 
Akt/c-Met mice (B), Akt/Ras mice (C) and c-Myc mice (D). p, phosphorylated; t, total.
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mice could tolerate. Using total body weight as the measurement 
of overall mouse health, we discovered that treatment of cabozan-
tinib at 60 mg/kg/day and MLN0128 at 0.5 mg/kg/day were well 
tolerated in mice. Mice were injected with c-Met/β-catenin and 
randomly separated into five cohorts (figure 7A). The first group 
of mice was harvested 5.5 weeks after injection as ‘Pretreatment’ 
cohort. The remaining mice were treated with vehicle, cabozan-
tinib, MLN0128 or cabozantinib plus MLN0128 (combination 
group) for up to 3 weeks. Vehicle treated mice developed large 
tumours and were required to be euthanised between 6.7 and 8.3 
weeks (figure 7B). MLN0128 treatment did not demonstrate any 
therapeutic efficacy (figure  7B,C). Consistent with our previous 
studies, cabozantinib, used as single agent, led to stable disease 
(figure 7B,C). In striking contrast, combination treatment resulted 
in tumour regression (figure  7B,C). Specifically, the total liver 
weight in the combination group was lower than that of ‘pretreat-
ment’ mice (figure 7C). Similar results were obtained when using 
the percentage of tumour area as the measurement of tumour 
burden (figure 7E). Histologically, HCC lesions were identified in 
all cohorts. While vehicle and MLN0128 treated mice had tumour 
lesions throughout the liver, pretreatment and cabozantinib mice 

had relatively smaller lesions. Tumour lesions were very small in 
combination treated mice (figure 7D).

At the cellular level, MLN0128 did not affect tumour cell prolif-
eration, whereas cabozantinib treatment significantly decreased 
Ki67(+) cells in the liver. Furthermore, combination treatment 
resulted in an even stronger inhibition of tumour cell proliferation 
(figure 7F). In terms of apoptosis, both cabozantinib and MLN0128 
administration induced higher cell death than that observed in 
the pretreatment and vehicle groups, whereas the combination 
treatment resulted in large areas of necrosis and elevated apop-
tosis in the tumour lesions (online supplemental figure 24). As 
concerns tumour angiogenesis, cabozantinib, but not MLN0128, 
led to decreased tumour vasculature. Combination treatment had 
a stronger effect in inhibiting tumour angiogenesis (figure  8A). 
Mechanistically, cabozantinib was effective in inhibiting p-Vegfr2, 
p-Met and p-Erk; MLN0128 strongly inhibited p-Akt and p-Rps6; 
and combination treatment suppressed both MAPK and AKT/
mTOR cascades, leading to decreased Pcna, Survivin and Cyclin 
D1 levels (figure 8B, C and D).

Overall, our study demonstrates that combining cabozantinib 
and MLN0128 induces HCC regression in c-Met/β-catenin mice 

Figure 6  Effects of combined cabozantinib/MLN0128 treatment on HCC cell proliferation and cell cycle. (A and C) Combined cabozantinib/MLN0128 
treatment reduced cell proliferation in MHCC97-H and HLE cells. (B and D) The enhanced inhibitory effect of cabozantinib/MLN0128 combination 
on HCC in vitro growth is a synergistic action. (E and F) Representative western blot analysis phosphorylated MET, AKT/mTOR pathway, MAPK 
pathway and proliferation pathway in MHCC97-H and HLE cell lines. CC3, cleaved caspase 3; combo, combined cabozantinib/MLN0128 treatment; p, 
phosphorylated; t, total.
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by strongly inhibiting tumour cell proliferation and angiogenesis 
and inducing elevated cell death.

Combined cabozantinib and anti-PD-L1 treatment does not 
lead to increased therapeutic efficacy in the four mice HCC 
models
Since it was reported that inhibition of c-MET resulted in 
increased PD-L1 expression,25 we examined PD-L1 expression in 
cabozantinib-treated human HCC cells and mouse HCC samples. 
Overall, no consistent results were obtained, and cabozantinib did 
not affect PD-L1 expression in the four mouse models (online 
supplemental figure 25).

A clinical trial testing the therapeutic efficacy of combined 
cabozantinib and anti-PD-L1 for advanced HCC is ongoing (Trial 
ID: NCT03755791). We investigated whether combined cabozan-
tinib and anti-PD-L1 treatment can increase growth inhibition 
in the four preclinical models. Mice were treated with cabozan-
tinib and anti-PD-L1, either alone or in combination (figure 9A 
and online supplemental figure 26A). Treatment with anti-PD-L1 
alone did not demonstrate any therapeutic efficacy in the models 

tested (figure 9B–E, online supplemental figure 26B-E and online 
supplemental figures 27-30). Furthermore, combined cabozan-
tinib and anti-PD-L1 treatment neither led to increased efficacy 
when compared with cabozantinib alone in c-Met/β-catenin and 
Akt/c-Met HCC models (figure 9B–E, online supplemental figures 
27 and 28), nor showed any efficacy in Akt/Ras and c-Myc HCC 
models (online supplemental figure 26B-E, online supplemental 
figures 29 and 30).

Next, we performed detailed analysis of cabozantinib and anti-
PD-L1 combination therapies in c-Met/β-catenin and Akt/c-Met 
HCC models. Histological evaluation of the lesions revealed that all 
treatment strategies did not affect the overall histological features 
of the tumours in the two models (online supplemental figures 27 
and 28). Subsequently, we investigated immune cell populations, 
including CD3+ CD8+, CD3+ CD4+, CD3+ CD8+ PD-1+, 
CD3+ CD4+ PD-1+, CD3+ CD8+ CTLA4+ and CD3+CD4 
+CTLA4+ in liver tissues as well as in spleen of c-Met/β-cat-
enin (online supplemental figure 31) and Akt/c-Met mice (online 
supplemental figure 32). When compared with vehicle/IgG treated 
control mice, cabozantinib treatment did not result in significant 

Figure 7  Combined cabozantinib and MLN0128 treatment has a potent antineoplastic effect in HCC lesions from c-Met/β-catenin mice. (A) Scheme 
of the experiment. (B) Survival curve of c-Met/β-catenin mice pretreated, treated with vehicle, cabozantinib, MLN0128 and cabozantinib/MLN0128. 
(C) Liver weight of pretreatment, vehicle-treated, MLN0128-treated, cabozantinib-treated and cabozantinib/MLN0128-treated c-Met/β-catenin mice. 
(D) Gross images and H&E staining of livers from pretreatment, vehicle-treated, MLN0128-treated, cabozantinib-treated and cabozantinib/MLN0128-
treated c-Met/β-catenin mice. Magnification ×40; scale bar=500 µm. (E) Myc-tag (magnification ×40; scale bar=500 µm) and (F) Ki-67 (magnification 
×100; scale bar=200 µm) staining in livers from c-Met/ β-catenin mice. Myc-tag staining was quantified and represented as the percentage of the 
positive staining area of the whole section area. Ki-67–positive cells were counted and quantified as proliferation index. Tukey–Kramer test: at least 
p<0.05. a, versus pretreatment; b, versus vehicle; c, versus MLN0128; d, versus cabozantinib. combo, combined cabozantinib/MLN0128 treatment.
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changes of the immune cell populations tested in both models. In 
Akt/c-Met mouse HCC, combining cabozantinib and anti-PD-L1 
led to the increased spleen CD3+ CD8+ and CD3+ CD4+ PD-1+ 
cells (online supplemental figure 32), as well as CD3 + CD8+ 
PD-1+ cells in liver tumour tissues. However, these changes were 
not observed in c-Met/β-catenin mouse lesions.

Altogether, our study suggests that cabozantinib does not induce 
PD-L1 expression in HCC cells. Combined cabozantinib and anti-
PD-L1 treatment does not lead to an increased therapeutic efficacy 
in the murine models tested.

DISCUSSION
In the present study, we investigated the therapeutic potential of 
cabozantinib using a large panel of human HCC cell lines and four 
distinct oncogene-driven HCC murine models. The combined in 
vitro and in vivo studies suggest that p-MET levels, but not total 

c-MET expression, could be a reliable biomarker for cabozantinib 
efficacy. Clearly, our mouse studies were limited by the fact that we 
had to overexpress c-Met in mice to activate the c-Met pathway 
in vivo. Additional studies, using mouse models in which c-Met is 
activated by other oncogenes or mutations would be required to 
further validate this conclusion.

Mechanistically, we discovered that cabozantinib inhibits acti-
vated c-MET dependent MAPK activation, leading to decreased 
expression of PKM2 and increased expression of p21. Since p21 
overexpression has been linked with senescence-associated secre-
tory phenotype (SASP), we investigated whether an increased 
senescence occurred in cabozantinib treated c-Met/β-catenin 
mouse liver tumours. We found that cabozantinib treatment did 
not lead to increased senescence (online supplemental figure 33), 
suggesting that cabozantinib-driven increased p21 expression 

Figure 8  Effect of combined cabozantinib and MLN0128 treatment on tumour microvascular density and putative target proteins in livers from 
c-Met/β-catenin mice. (A) CD34 (magnification ×200; scale bar=100 µm) and CD31 (magnification,×200; scale bar=100 µm) staining in livers from 
c-Met/β-catenin mice. (B) p-Akt (Ser473) (magnification ×100; scale bar=200 µm) and p-Erk (magnification, ×100; scale bar=200 µm) staining in 
livers from c-Met/β-catenin mice. Western blot analysis was performed to determine the levels of phosphorylated Vegfr2, phosphorylated c-Met, Akt/
mTOR and MAPK (C), as well as proliferation and apoptosis markers (D) in c-Met/β-catenin mice. Cabo, Cabozantinib; CC3, cleaved caspase 3; combo, 
combined cabozantinib/MLN0128 treatment.
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likely contributes to the decreased cell proliferation, while does 
not increases SASP in HCC.

We show that cabozantinib leads to stable disease in c-Met/β-
catenin HCC models when mice were harvested at 3 weeks post-
treatment. It is worth to note that an increase in serum AST and 
ALT levels occurred during tumour progression. The elevated 
AST and ALT levels were not normalised by cabozantinib despite 
the decreased tumour burden (online supplemental figure 34A). 
The precise mechanisms underlying this observation remain to be 
defined. As cabozantinib induces HCC cell apoptosis, it is possible 
that cabozantinib treatment triggers the release of liver enzymes 
from HCC cells into the serum.

Long-term treatment with targeted therapies has been shown 
to induce drug resistance. To test whether a similar event follows 
cabozantinib treatment, additional c-Met/β-catenin tumour 
bearing mice were treated with cabozantinib and harvested 3 
weeks and 6 weeks post-treatment (online supplemental figure 
34B). While mice treated for 6 weeks with cabozantinib demon-
strated decreased tumour burden than that of vehicle treated mice, 
they showed higher tumour burden than that of pretreatment 
mice and mice treated for 3 weeks with cabozantinib, consistent 

with tumour progression. These results suggest the emergence of 
cabozantinib resistance clones within the tumour lesions over long-
term Cabozantinib treatment. Additional studies are required to 
elucidate the molecular mechanisms underlying cabozantinib resis-
tance in HCC.

A major conclusion of our study is that cabozantinib and pan-
mTOR inhibitors possess synergistic effects in inhibiting HCC 
growth in vitro and driving tumour regression in mice with 
concomitant activation of c-MET and AKT/mTOR pathways. 
Since our subsequent data indicate that ~40% human HCCs 
exhibit coactivation of c-MET and AKT/mTOR cascades, it can 
be envisaged that combining cabozantinib and mTOR inhibitors 
might be highly useful for the treatment of this HCC subset.

During the past years, immunotherapy using checkpoint inhib-
itors (anti-PD-1 and anti-PD-L1) has shown promising results in 
patients with advanced HCC.26 Importantly, in the IMBRAVE150 
trial for patients with unresectable HCC, anti-PD-L1 antibody 
combined with anti-VEGF antibody results in better overall 
survival than that from sorafenib,27 supporting the usefulness of 
combined immunotherapy and targeted therapy for HCC treat-
ment. Currently, two clinical trials are testing the therapeutic 

Figure 9  Effect of combined cabozantinib and anti-PD-L1 treatment in c-Met/β-catenin mice and Akt/c-Met mice. (A) Study design. (B) Liver weight 
of pretreatment-treated, vehicle/isotype IgG-treated, cabozantinib-treated, PD-L1-treated and cabozantinib/anti-PD-L1-treated c-Met/β-catenin 
mice. (C) Liver weight of pretreatment-treated, vehicle/isotype IgG-treated, cabozantinib-treated, PD-L1-treated and cabozantinib/anti-PD-L1-treated 
Akt/c-Met mice. (D-E) Survival curve of c-Met/β-Catenin and Akt/c-Met mice treated with vehicle/isotype IgG, Cabozantinib, PD-L1 and Cabozantinib/
anti-PD-L1. Tukey–Kramer test: at least p<0.05. a, versus pretreatment; b, versus vehicle; c, versus anti-PD-L1. Cabo, cabozantinib; Comb, combined 
cabozantinib and anti-PD-L1 treatment; Pre, pretreatment.
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efficacy of combining cabozantinib and immune checkpoint 
inhibitors (anti-PD1 or anti-PD-L1) in advanced HCC (trial ID: 
NCT03299946 and NCT03755791). However, preclinical studies 
supporting the application of such combination therapies for HCC 
treatment are limited. In the present investigation, we show that 
cabozantinib does not consistently increase PD-L1 expression in 
HCC cell lines, and the combined anti-PD-L1 and cabozantinib 
treatment does not induce an augmented antineoplastic potency 
in the examined mouse models. It should be underlined that HCC 
is a highly heterogeneous disease, and the combined anti-PD-L1 
and cabozantinib therapy was only tested in a limited number 
of murine HCC models, not fully recapitulating the heteroge-
neity of the human disease. Additional models harbouring other 
common genetic events, such as TP53 and ARID1A/2 mutations, 
should be employed to further investigate the therapeutic efficacy 
of cabozantinib, either alone or in combination with checkpoint 
inhibitors, for HCC treatment.
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