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PROX1 promotes hepatocellular carcinoma proliferation
and sorafenib resistance by enhancing β-catenin expression
and nuclear translocation
Y Liu1,2,6, X Ye1,6, J-B Zhang3,6, H Ouyang1,4, Z Shen1, Y Wu1, W Wang1, J Wu1, S Tao1, X Yang1, K Qiao1, J Zhang1, J Liu1,
Q Fu1,5 and Y Xie1

Aberrant activation of the Wnt/β-catenin pathway is frequent in hepatocellular carcinoma (HCC) and contributes to HCC initiation
and progression. This abnormal activation may result from somatic mutations in the genes of the Wnt/β-catenin pathway and/or
dysregulation of the Wnt/β-catenin pathway. The mechanism for the latter remains poorly understood. Prospero-related homeobox
1 (PROX1) is a downstream target of the Wnt/β-catenin pathway in human colorectal cancer and elevated PROX1 expression
promotes malignant progression. However, the Wnt/β-catenin pathway does not regulate PROX1 expression in the liver and
HCC cells. Here we report that PROX1 promotes HCC cell proliferation in vitro and tumor growth in HCC xenograft mice. PROX1 and
β-catenin levels are positively correlated in tumor tissues as well as in cultured HCC cells. PROX1 can upregulate β-catenin
transcription by stimulating the β-catenin promoter and enhance the nuclear translocation of β-catenin in HCC cells, which leads
to the activation of the Wnt/β-catenin pathway. Moreover, we show that increase in PROX1 expression renders HCC cells more
resistant to sorafenib treatment, which is the standard therapy for advanced HCC. Overall, we have pinpointed PROX1 as a critical
factor activating the Wnt/β-catenin pathway in HCC, which promotes HCC proliferation and sorafenib resistance.

Oncogene (2015) 34, 5524–5535; doi:10.1038/onc.2015.7; published online 16 February 2015

INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most common cancer
in men, the seventh in women and the third leading cause
of cancer-related deaths worldwide.1 Surgical resection is often
impossible for HCC patients diagnosed at advanced tumor stages.
Sorafenib, an oral multikinase inhibitor of tumor cell proliferation
and angiogenesis, is currently the standard of care for unresect-
able advanced HCC. Unfortunately, despite its beneficial effect on
overall survival, response rate to sorafenib in advanced HCC
patients is ~ 2% and most patients progress within 6 months after
treatment.2

The Wnt/β-catenin pathway plays a key role in regulating cell
proliferation, differentiation and stemness in various physiological
and pathological settings. The Wnt/β-catenin pathway is activated
upon the binding of certain Wnt ligands to frizzled receptors,
followed by stabilization of cytosolic β-catenin through prevention
of β-catenin phosphorylation by the destruction complex
composed of AXIN, APC, GSK3 and CK1 and subsequent
proteasomal degradation.3 Stabilized cytosolic β-catenin then
translocates into the nucleus to initiate transcription of Wnt target
genes such as c-MYC and cyclin D1 through interaction with T-cell
factor (TCF)/lymphoid enhancer factor (LEF) transcription factors.
The Wnt/β-catenin pathway is heavily involved in

hepatocarcinogenesis.3,4 Aberrant activation of the Wnt/β-catenin

signaling in HCC has been identified by using whole genome
expression profiling.5 Activation of the Wnt/β-catenin pathway in
HCC may result from somatic mutations in the β-catenin and
Axin1 genes.5–7 Further evidence also implicates dysregulation of
the Wnt/β-catenin pathway through non-mutational but as yet
unclear mechanisms in HCC development.5 It is notable that
β-catenin messenger RNA (mRNA) levels are often up-regulated in
HCC,8,9 suggesting that transcriptional dysregulation of β-catenin
might contribute to HCC development. Several transcription
factors such as AP1, TCF/LEF, NKX2-5, TRβ, ZNF191 have been
shown to bind to the β-catenin promoter and regulate β-catenin
transcription.10–13 Nonetheless the mechanism of the transcrip-
tional dysregulation of β-catenin in HCC is unclear. Increasing
evidence also points to potential involvement of the Wnt/β-
catenin pathway in sorafenib’s mode of action.14,15 Sorafenib has
been shown to attenuate the Wnt/β-catenin signaling in several
experimental models of liver cancer.16

Prospero-related homeobox 1 (PROX1) is an essential regulator
in the development of multiple organs and tissues including
central nervous system, heart, eye, lymphatic vessel, pancreas,
and liver.17–23 The relationship between PROX1 and cancer
development is complex. PROX1 exhibits either tumor-
suppressing or oncogenic activity depending on cancer types.24

Consistent with PROX1’s essential role in promoting hepatocyte
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migration in the developing liver,23 we recently demonstrated that
elevated-PROX1 protein level in HCC is an important risk factor for
HCC invasion and metastasis associated with significantly worse
clinical outcomes.25 PROX1 also regulates the development of
murine hepatic stem/progenitor cells and induces fetal hepato-
cyte proliferation.26 It is as yet not known what kind of a role
PROX1 has in HCC cell proliferation. The relationship between
PROX1 and the Wnt/β-catenin pathway is also complex. In the
adult mammalian hippocampus and human colorectal cancer,
PROX1 has been identified as a downstream target of the Wnt/
β-catenin signaling.27,28 However, there is evidence indicating that

the Wnt/β-catenin pathway does not regulate PROX1 expression
in liver and HCC.28

In this study we investigated the relationship between PROX1
and Wnt/β-catenin pathway in HCC and its impact on HCC
proliferation. We report here a crucial role of PROX1 in promoting
HCC cell proliferation in vitro and tumor growth in HCC xenograft
mice. PROX1 and β-catenin levels are positively correlated in HCC
tissues and cultured HCC cells. Instead of being a downstream
target of the Wnt/β-catenin pathway, we show that PROX1
acts upstream of the Wnt/β-catenin pathway in HCC. PROX1
can upregulate β-catenin transcription and promote nuclear

Figure 1. PROX1 overexpression in HCC cells promotes cell proliferation in vitro and tumor growth in vivo. (a) Western blot verification of PROX1
overexpression in BEL-7402 and Huh7 cells. Flag-tagged PROX1 was detected by anti-Flag mAb. (b) Cell proliferation and (c) colony formation
of BEL-7402 and Huh7 cells upon PROX1 overexpression. Means± s.d. from three independent experiments were presented. (d) Cell cycle
distribution of BEL-7402 cells upon PROX1 overexpression. (e) PROX1 overexpression promoted HCC growth in tumor xenograft mice.
BEL-7402-MOCK and BEL-7402-PROX1 were inoculated into liver parenchyma in nude mice respectively (2.0 × 106 cells/mouse, n= 6). Tumor
weight was measured after 8 weeks post inoculation. Significant differences were determined using Student’s-t test, *Po0.05, **Po0.01,
***Po0.001.
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translocation of β-catenin, leading to the activation of the Wnt/
β-catenin pathway and enhanced expression of Wnt target genes
c-MYC and cyclin D1. Moreover, we show that increase in PROX1
expression renders HCC cells more resistant to sorafenib
treatment in vitro and in HCC xenograft mice.

RESULTS
PROX1 promotes HCC cell proliferation in vitro and tumor growth
in HCC xenograft mice
We previously demonstrated that PROX1 protein levels differ
considerably among different HCC cell lines, ranging from being
hardly detectable in BEL-7402 cells to quite abundant in Huh7 and
MHCC-97H cells.25 These cell lines are valuable tools for
investigating PROX1’s functions in HCC cell proliferation.
Lentivirus-mediated overexpression of PROX1 (in BEL-7402 and
Huh7 cells) and knockdown of endogenous PROX1 (in MHCC-97H
and Huh7 cells) were performed (Figures 1a and 2a) and cell
proliferation was analyzed using several assays. Overexpression of
PROX1 in BEL-7402 and Huh7 cells promoted cell growth
(Figure 1b) and colony formation (Figure 1c). Cell cycle analysis
demonstrated that there were fewer cells residing at the G1
and G2 phases and more cells at the S phase among
PROX1-overexpressing BEL-7402 cells compared with control cells
(Figure 1d). In contrast, knockdown of PROX1 expression in
MHCC-97H and Huh7 cells resulted in reduced cell growth
(Figure 2b) and colony formation (Figure 2c). Percentage of G1
phase cells increased while percentage of S phase cells decreased
in PROX1-knockdown MHCC-97H cells compared with control cells
(Figure 2d).
The in vivo effect of PROX1 on HCC growth was further assessed

in nude mice. Eight weeks after inoculation of BEL-7402 cells
infected with either the PROX1-expressing lentivirus (BEL-7402-
PROX1) or the vector lentivirus (BEL-7402-MOCK) into the liver
parenchyma of nude mice, the BEL-7402-PROX1 group developed
significantly larger tumors compared with the BEL-7402-MOCK
group (Figure 1e). On the other hand, eight weeks after injection
of MHCC-97H cells infected with the lentivirus expressing either
PROX1 si1646 precursor (MHCC-97H-si1646) or scrambled siRNA
precursor control (MHCC-97H-Scr), the MHCC-97H-si1646 group
developed significantly smaller tumors compared with the
MHCC-97H-Scr group (Figure 2e). Taken together, these results
indicate that PROX1 promotes HCC cell proliferation in vitro and
tumor growth in HCC xenograft mice.

PROX1 and β-catenin expression levels are positively correlated
in HCC
The Wnt/β-catenin pathway is often aberrantly activated during
HCC development.3–5 To assess any possible relationship between
PROX1 expression and the activation of the Wnt/β-catenin
pathway in HCC, we firstly examined the expression of PROX1
and β-catenin in tumor tissues from HCC patients. Immuno-
histochemistry (IHC) staining demonstrated that PROX1 and
β-catenin expression levels were positively correlated in HCC
tissues. Strong staining of β-catenin was observed in 73.5% (25/34)
of HCC cases with high levels of PROX1, but only in 30.8% (8/26) of
HCC cases with low levels of PROX1 (Figure 3a). The difference was
significant (Fisher’s exact test, Po0.001). Consistent with this
observation in vivo, the levels of β-catenin increased in BEL-7402,
Huh7 (Figure 3b) and non-HCC HEK293T cells (Supplementary
Figure 1) upon PROX1 overexpression, but decreased in PROX1-
knockdown MHCC-97H and Huh7 cells (Figure 3c).

PROX1 upregulates β-catenin transcription in HCC cells
To probe the mechanisms underlying the correlation between
PROX1 and β-catenin levels in HCC, we tested the effects of PROX1

on β-catenin transcription, which is often upregulated in clinical
HCC samples.8,9 Indeed, β-catenin mRNA levels were significantly
increased in BEL-7402 and Huh7 cells upon PROX1 overexpression
(Figure 4a), while they were significantly reduced after PROX1-
knockdown in MHCC-97H and Huh7 cells (Figure 4b). Moreover, in
HEK-293T that lacks endogenous PROX1 expression, promoter
luciferase reporter assays showed that exogenous PROX1 could
dose-dependently activate the full-length β-catenin promoter
(Figure 4c). To delineate the responsive region for PROX1 in the
β-catenin promoter, serially truncated β-catenin promoter repor-
ters were constructed and co-transfected, respectively, with PROX1
expression construct into HEK-293T cells. The P(−1907/+93)
construct exhibited a markedly higher PROX1-inducibility than
did the P(−2692/+93) (full length) and P(−1407/+93) constructs.
Further deletions toward downstream promoter as represented
by the P(−907/+93) and P(−407/+93) constructs resulted in the
loss of responsiveness to PROX1 stimulation (Figure 4d). The
responsive region for PROX1 thus likely falls within the section
between − 1907 and − 1407 of the β-catenin promoter, while the
− 2692/− 1908 segment probably mediates negative modulation
of PROX1-induced transcription upregulation. Finally, ChIP assays
showed that immunoprecipitation by anti-PROX1 mAb of
chromatin fragments from MHCC-97H and Huh7 cells specifically
enriched β-catenin promoter sequences (Figure 4e), suggesting
that endogenous PROX1 is associated with the β-catenin promoter
in these HCC cells. The results collectively indicate that PROX1
upregulates β-catenin transcription in HCC cells, most likely
through acting on its promoter.

PROX1 promotes nuclear translocation of β-catenin
One hallmark indicator of the Wnt/β-catenin pathway activation is
β-catenin translocation into nucleus. In HCC IHC analyses, we
noticed that 18 out of 25 (72%) of PROX1/β-catenin double high
expression samples displayed stronger β-catenin signals in and
around nuclei, different from mostly plasma membrane associated
signals observed in other samples (Figure 3a, right panel). We
went on to investigate whether PROX1 expression level might also
correlate with β-catenin nuclear translocation in cultured HCC
cells. Despite the marked effects on total cellular β-catenin levels
imposed by PROX1 overexpression or knockdown (Figures 3b and
c), there were only marginal differences in the cytoplasmic level
of β-catenin between control cells and BEL-7402 and Huh7
cells overexpressing PROX1, or between MHCC-97H and Huh7
cells whose endogenous PROX1 expression was knocked down
(Figures 5a and b). However, protein levels of β-catenin in nuclear
extracts increased significantly in PROX1-overexpressing BEL-7402
and Huh7 cells (Figure 5a), while they were reduced in PROX1-
knockdown MHCC-97H and Huh7 cells (Figure 5b). Immunofluor-
escence also showed that overexpression of exogenous PROX1
indeed promoted β-catenin translocation away from cytoplasmic
membrane toward and into the nucleus in BEL-7402, Huh7 and
HEK293T cells (Figure 5c & Supplementary Figure 1), resembling
the pattern observed in PROX1/β-catenin double high-expression
samples (Figure 3a, right panel). Interestingly, PROX1-
overexpressing Huh7 cells displayed apparently more complete
nuclear translocation of β-catenin compared with PROX1-
overexpressing BEL-7402 cells (Figure 5c), which might be the
result of different endogenous PROX1 levels and possibly also
some other unknown differences between the two cell lines.

PROX1 activates the Wnt/β-catenin pathway in HCC cells
The PROX1-mediated upregulation of β-catenin expression and
nuclear accumulation of β-catenin suggest that PROX1 might
activate the Wnt/β-catenin pathway in HCC cells. To test this
hypothesis, we investigated whether PROX1 would activate the
expression of Wnt/β-catenin target genes c-MYC and cyclin D1. As
shown in Figure 6a, PROX1 overexpression in BEL-7402 and Huh7
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cells significantly increased both the mRNA and protein levels of
c-MYC and cyclin D1, whereas knockdown of PROX1 expression in
MHCC-97H and Huh7 cells had the opposite effects (Figure 6b).
We further assessed whether PROX1 would activate the universal
β-catenin/LEF-responsive promoter (LEF reporter) commonly used
as indicator of the Wnt/β-catenin pathway activity level. Indeed,
PROX1 overexpression was able to activate the LEF reporter in
BEL-7402 and Huh7 cells (Figure 6c), while knockdown of PROX1
expression in MHCC-97H and Huh7 cells reduced the LEF reporter
activation (Figure 6d). Collectively, the data indicate that PROX1
can activate the Wnt/β-catenin pathway in HCC cells.

PROX1 contributes to HCC resistance to sorafenib in vitro and
in tumor xenograft mice
Given the opposite effects on the Wnt/β-catenin signaling by
sorafenib and PROX1, we hypothesized that HCC cells with a
high level of PROX1 expression would respond differently to
sorafenib treatment than HCC cells with relatively low PROX1
expression. Indeed, PROX1 overexpression in BEL-7402 increased
sorafenib resistance at all the tested sorafenib concentrations, and
in Huh7 cells at drug concentrations above 5 μM (Figure 7a).
On the other hand, knockdown of PROX1 expression in MHCC-97H
and Huh7 cells apparently made these cells more sensitive to

Figure 2. Knockdown of PROX1 expression in HCC cells reduces cell proliferation in vitro and tumor growth in vivo. (a) Western blot verification
of knockdown of endogenous PROX1 expression in MHCC-97H and Huh7 cells. PROX1 was detected by anti-PROX1 mAb. (b) Cell proliferation
and (c) colony formation of MHCC-97H and Huh7 cells upon knockdown of PROX1 expression. Means± s.d. from three independent
experiments were presented. (d) Cell cycle distribution of MHCC-97H cells upon knockdown of PROX1 expression. (e) Knockdown of PROX1
expression reduced HCC growth in tumor xenograft mice. MHCC-97H-SCR and MHCC-97H-si1646 were injected subcutaneously into
nude mice respectively (1.0 × 107 cell/mouse, n= 6). Tumor weight was measured after 8 weeks post injection. Significant differences were
determined using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001.
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Figure 3. PROX1 and β-catenin expression levels are positively correlated in HCC. (a) IHC revealed that PROX1 and β-catenin expression levels
were positively correlated in HCC tissues. IHC results were independently graded by two experienced pathologists. Samples with grades 0
(no staining) and 1 (weak staining) were grouped as 'low' expression, and samples with grade 2 (strong staining) were grouped as 'high'
expression. Representative IHC staining images of PROX1 and β-catenin are shown on the right. Scale bars, 100 μm. (b) Overexpression of
PROX1 in BEL-7402 and Huh7 cells increased β-catenin expression. (c) Knockdown of PROX1 expression in MHCC-97H and Huh7 cells reduced
β-catenin expression. Densitometry scanning data of three independent repeat blots were plotted and presented as relative β-catenin levels
against Mock or SCR. Significant differences were determined using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001.
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sorafenib at drug concentrations above 2.5 μM (Figure 7b).
Consistent with this observation, PROX1 overexpression in
BEL-7402 cells counteracted sorafenib’s inhibition on the LEF
reporter activation, while knockdown of PROX1 expression in
MHCC-97H cells enhanced sorafenib’s inhibitory effect (Figure 7c).
Furthermore, in tumor xenograft mouse models, the proliferation

of BEL-7402 cells with PROX1 overexpression (BEL-7402-PROX1)
was apparently less sensitive to sorafenib inhibition compared to
that of the control BEL-7402 cells (BEL-7402-MOCK). These
results together indicate that increase in PROX1 expression
renders HCC cells more resistant to sorafenib treatment in vitro
and in vivo.

Figure 4. PROX1 activates β-catenin transcription. (a) PROX1 overexpression in HCC cells increased β-catenin mRNA expression. BEL-7402 and
Huh7 cells were infected with the vector lentivirus or the PROX1-expressing lentivirus. β-catenin mRNA was measured by using qrtPCR.
Means± s.d. from three independent experiments were presented as relative ratio to the control whose value was taken as 1.0. (b) Knockdown
of PROX1 expression in HCC cells reduced β-catenin mRNA expression. Huh7 and MHCC-97H cells were infected with the lentivirus either
expressing PROX1 siRNA precursor (si259 and si1646) or scrambled siRNA (SCR). Means± s.d. from three independent experiments were
presented as relative ratio to the control whose value was taken as 1.0. (c) PROX1 dose-dependently activated the full-length β-catenin
promoter. HEK293T cells were co-transfected with indicated plasmids. Means± s.d. of normalized luciferase activity from three independent
experiments were presented. (d) Identification of the response region for PROX1 in the β-catenin promoter. HEK293T cells were co-transfected
with various deletion constructs of the β-catenin promoter reporter and PROX1 expression construct. Means± s.d. of normalized luciferase
activity from three independent experiments were presented. (e) Endogenous PROX1 associated with the β-catenin promoter. ChIP-PCR was
performed with sonicated chromatins immunoprecipitated from Huh7 and MHCC-97H cells by anti-PROX1 mAb or pre-immune IgG (control).
β-catenin promoter segments were quantified by using qrtPCR against 5% input. Means± s.d. from three independent experiments were
presented. Significant differences were determined using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001.
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Figure 5. PROX1 promotes the nuclear translocation of β-catenin. (a) Cell fractionation assays revealed that overexpression of PROX1 increased
the nuclear β-catenin protein levels in BEL-7402 and Huh7 cells. (b) Knockdown of PROX1 expression reduced the nuclear β-catenin protein
levels in MHCC-97 and Huh7 cells. Densitometry scanning data of three independent repeat blots were plotted and presented as relative
β-catenin levels against Mock or SCR. Significant differences were determined using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001.
(c) Immunofluorescence revealed that exogenous PROX1 expression promoted β-catenin translocation to the nucleus in BEL-7402 and Huh7
cells. CE, cytoplasmic extract; NE, nuclear extract.
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Figure 6. PROX1 activates the Wnt/β-catenin pathway. (a) PROX1 overexpression in BEL-7402 and Huh7 cells upregulated c-MYC and cyclin D1
mRNA expression and protein levels. Means± s.d. from three independent experiments were presented as relative ratio to the control whose
value was taken as 1.0. (b) Knockdown of PROX1 expression in MHCC-97H and Huh7 cells downregulated c-MYC and cyclin D1 mRNA
expression and protein levels. Means± s.d. from three independent experiments were presented as relative ratio to the control whose value
was taken as 1.0. Densitometry scanning data of three independent repeat blots were plotted and presented as relative protein levels against
Mock or SCR. Significant differences were determined using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001. (c) Overexpression of PROX1
stimulated the LEF reporter activity in BEL-7402 and Huh7 cells. Means± s.d. of normalized luciferase activity from three independent
experiments were presented. (d) Knockdown of PROX1 expression down-regulated the LEF reporter activity. Means± s.d. of normalized
luciferase activity from three independent experiments were presented. Significant differences were determined using Student’s-t test,
*Po0.05, **Po0.01, ***Po0.001.
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DISCUSSION
The correlation between PROX1 and cancer development has
been explored in several types of cancers.24 PROX1 exhibits either
tumor-suppressing or oncogenic activity depending on cancer
types, reflecting the complex nature of PROX1’s role in cancer
development. The liver in the embryo of PROX1-knockout mouse
is much smaller than that in the wild-type embryo, due to
restricted migration and ensuing repopulation by hepatocytes,23

and/or obstructed proliferation of fetal hepatocytes within the
liver lobes.26 These results point to the indispensability of PROX1
during embryonic liver development, and hint at a potential
involvement of PROX1 in HCC development. We recently
identified PROX1 as a crucial stimulative factor for HCC invasion
and metastasis, which is consistent with PROX1’s activity in
promoting hepatocyte migration in the developing liver.25

However, it was unclear whether PROX1 is also related to the
more upstream process of HCC cell proliferation. This study
presents the first evidence that PROX1 also has an important role
in promoting HCC cell proliferation and tumor growth in vitro and
in vivo, reinforcing the view that PROX1 is a critical factor in HCC
development.
Aberrant activation of the canonical Wnt/β-catenin signaling

pathway is often observed during the initiation and progression of
HCC.4,5 Cytoplasmic β-catenin is normally shortlived and rapidly
targeted for degradation. Stabilization of cytoplasmic β-catenin
leads to the accumulation of translocated β-catenin in the nucleus,
and complex-formation of the latter with the TCF/LEF transcription
factor in turn regulates expression of Wnt/β-catenin target genes
and promotes cell proliferation.3 The relationship between PROX1
and the Wnt/β-catenin pathway in HCC has been obscure. In the
adult mammalian hippocampus and human colorectal cancer,
PROX1 has been identified as a downstream target of the Wnt/β-
catenin pathway, being upregulated in response to Wnt/β-catenin
signaling.27,28 However, no evidence indicates that the Wnt/β-
catenin pathway regulates PROX1 expression in the liver. Petrova
et al.28 reported that although HepG2 cells contain a constitutively
activated β-catenin mutant and a high level of PROX1 expression,
dominant negative TCF4 transfection did not affect PROX1
expression. In addition, loss of APC in hepatocytes did not
increase PROX1 expression, despite the nuclear translocation of
β-catenin. We also observed that increasing or reducing β-catenin
expression in Huh7 cells had no effect on PROX1 expression
(Supplementary Figure 2). These data suggest that the relationship
between PROX1 and the Wnt/β-catenin pathway in HCC and
normal hepatocytes differs from what has been learned in the
adult mammalian hippocampus and human colorectal cancer.
Instead of being a downstream target of the Wnt/β-catenin
pathway, we show here that PROX1 can actually up-regulate the
Wnt/β-catenin pathway in HCC cells through enhancing β-catenin
transcription and promoting nuclear accumulation of β-catenin.
The positive correlation between PROX1 and β-catenin expression
in HCC tissues further supports this finding, albeit indirectly.
We demonstrated that PROX1 is associated with and can

activate the β-catenin promoter in HCC cells, which might explain
previous observations that β-catenin mRNA levels are frequently
upregulated in HCC.8,9 Whether PROX1 binds directly to the
β-catenin promoter DNA remains to be clarified. In spite of

possessing a DNA binding domain, PROX1 does not usually
regulate transcription by directly binding to promoter DNA.
Instead, it often serves as a co-regulator for transcription
factors.29,30 Nevertheless, available experimental evidence
indicates that as co-regulator, PROX1 usually recruits transcrip-
tional repression complexes, which results in inhibition of
transcription.29–31 PROX1, when involved in transcription stimula-
tion, may recruit a different set of transcriptional complexes. The
nature of these complexes remains to be identified. We have
narrowed down the responsive region for PROX1 to the section
between − 1907 and − 1407 in the β-catenin promoter. Within this
region we bio-informatically predicted several binding sites for
known regulators of β-catenin transcription such as TCF/LEF and
NKX2-5.11,13 However, the predicted TCF/LEF binding site (−1717
to − 1711) within this region is not essential for PROX1-mediated
induction of β-catenin expression since mutation of this TCF/LEF-
binding site has no marked effects on transcriptional activation by
PROX1 (Supplementary Figure 3). The detailed mechanisms of
PROX1-mediated stimulation of β-catenin promoter awaits eluci-
dation. On the other hand, multiple mechanisms may potentially
account for PROX1-mediated promotion of the nuclear accumula-
tion of β-catenin. Firstly, the enhanced expression of β-catenin
per se provides more β-catenin that could be eventually relocated
to the nucleus. Secondly, we have previously shown that PROX1 is
able to reduce the expression of E-cadherin in HCC cells,25 which
means less β-catenin will be trapped in membrane anchorage by
means of complex formation with E-cadherin. How PROX1
promotes the nuclear accumulation of β-catenin is an important
topic for further study. In addition, mechanisms underlying
upregulated PROX1 expression in some HCC samples also remain
to be elucidated. Research efforts along both these directions may
eventually provide vital information on carcinogenesis in the liver
and reveal valuable antitumor targets for the development of
novel HCC therapeutics.
Currently, all efforts to develop clinically effective and safe

Wnt/β-catenin pathway modulators have been complicated by
multifaceted nature of the Wnt/β-catenin signaling. Toxicity of
Wnt-inhibitors has been reported for several cancers32 and is likely
intolerable in cirrhotic patients with limited hepatocyte regen-
erative capacity. Sorafenib is well tolerated in cirrhotic patients
and is the first and so far the only clinically approved drug for
patients with advanced HCC. Sorafenib is an oral multikinase
inhibitor which blocks tumor cell proliferation and angiogenesis
by inhibiting the serine/threonine kinases Raf-1/B-Raf and the
tyrosine kinases of vascular endothelial growth factor receptor
(VEGFR-2/-3) and platelet derived growth factor receptor
(PDGFR).33 Although the Wnt/β-catenin pathway has not been
described as a direct target of sorafenib, there is increasing
evidence pointing to potentially indirect effects of sorafenib and
showing its ability to antagonize the Wnt/β-catenin signaling in
several experimental models of liver cancer.16 However, resistance
to sorafenib is frequently encountered in HCC treatment.2

Our results indicate that there is a correlation between PROX1
expression and sorafenib resistance in HCC cells in vitro and in
tumor xenograft mice. This finding suggests that PROX1 might
have a role in determining sorafenib treatment outcome in HCC
and points to potential strategies for improving sorafenib efficacy.

Figure 7. PROX1 contributes to sorafenib resistance of HCC in vitro and in vivo. (a) PROX1 overexpression in BEL-7402 and Huh7 cells promoted
resistance to sorafenib. Cell were incubated with sorafenib at various concentrations for 48 h, and then the cell viability was determined by
CCK8 assay. (b) Knockdown of PROX1 expression in MHCC-97H and Huh7 cells increased sensitivity to sorafenib. (c) Measurement of LEF
reporter activity after treatment with sorafenib for 24 h in BEL-7402 and MHCC-97H cells. Left, overexpression of PROX1 in BEL-7402 cells
counteracted sorafenib’s inhibition on the LEF reporter activation. Right, knockdown of PROX1 expression in MHCC-97H cells enhanced
sorafenib’s inhibition. Means± s.d. of normalized luciferase activity from three independent experiments were presented. Significant
differences were determined by using Student’s-t test, *Po0.05, **Po0.01, ***Po0.001. (d) Proliferation of BEL-7402 cells with PROX1
overexpression (BEL-7402-PROX1) was less sensitive to sorafenib inhibition (Left) compared with that of the control BEL-7402 cells
(BEL-7402-MOCK) (Right).
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MATERIALS AND METHODS
Clinical samples
Tumor specimens were collected during surgical resection from patients
treated for HCC at Liver Cancer Institute, Zhongshan Hospital, Fudan
University. The study contains 60 HCC patients assigned randomly by
computer. Use of HCC specimens were approved by Zhongshan Hospital
Research Ethics Committee (Permit: 2008-55). Follow-up procedures were
described in our previous study.34

Plasmid constructs
Plasmids were generated as described previously.25 Flag-tagged full-length
PROX1 and β-catenin cDNAs, full-length LEF cDNA were cloned in pcDNA3
(Invitrogen, Carlsbad, CA, USA) respectively. For lentivirus-mediated
expression of PROX1, Flag-tagged PROX1 cDNA was cloned in pWPI.1
(Addgene plasmid 12254). For lentivirus-mediated RNA interference of
PROX1 expression, DNA fragments encoding the hairpin precursors for
si259 (5′-TTTCCAGGAGCAACCATAATT-3′, corresponding to nt 259–279 of
the PROX1 ORF) and si1646 (5′-GGCTCTCCTTGTCGCTCATAA-3′, corre-
sponding to nt 1646–1666 of the PROX1 ORF) were inserted into pLKO.1
TRC (Addgene plasmid 10879) respectively. A scrambled siRNA precursor
(Scr) of similar GC-content to si259 and si1646 but no sequence identity
with PROX1 was used as a negative control.
The full length β-catenin promoter luciferase reporter (pGL3-HBCP) is a

gift from Prof RH Dashwood of Oregon State University. Reporter
plasmids containing truncated β-catenin promoters were kindly provided
by Prof. Long Yu of Fudan University. β-catenin/LEF responsive promoter
reporter was generated by inserting the LEF promoter into pGL2-Basic
(Promega, Madison, WI, USA).

Antibodies for western blot
Antibodies used in Western blot include anti-PROX1 (polyclonal, Upstate
Biotech, Lake Placid, NY, USA), anti-β-catenin (monoclonal, BD Pharmingen,
San Jose, CA, USA), anti-GAPDH, anti-Histone 3 (H3), anti-c-MYC and anti-
Cyclin D1 (monoclonal, Cell Signaling Inc, Danvers, MA, USA).

Cell lines, transfection and lentivirus preparation
Human HCC cell lines BEL-7402, Huh7 and embryo kidney cell line
HEK293T were obtained from Cell Bank of Shanghai Institutes of Biological
Sciences, Chinese Academy of Sciences. MHCC-97H is a highly metastatic
human HCC cell line, established at Liver Cancer Institute, Zhongshan
Hospital, Fudan University.35 Cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) (Invitrogen) supplemented with 100 U/ml penicillin
G/streptomycin sulfate and 10% (v/v) fetal bovine serum (Invitrogen), and
cultured at 37 °C with 5% CO2.
The expression plasmids were transfected into cells using Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions.
Helper plasmid pSPAX2 (Addgene plasmid 12260) or pMD2.G (Addgene

plasmid 12259) were co-transfected with pLKO.1- or pWPI.1-based
plasmids into HEK293T cells to package recombinant lentiviruses.
Supernatants from co-transfections were used for lentiviral infection of
cultured cells.
Luciferase reporter assays were performed using the Dual Luciferase

Report Assay System (Promega) according to the manufacturer’s
instructions.

RNA isolation and quantitative real-time PCR (qrtPCR)
Total RNA was extracted with TRIzol Reagent (Invitrogen), and reverse
transcription was performed using PrimeScript RT reagent Kit (TaKaRa,
Dalian, China) according to the manufacturer’s instructions. For qrtPCR
analysis, aliquots of cDNA were amplified by using SYBRPremix Ex Taq
(TaKaRa). PCR reactions were done in triplicates with the following
conditions: 95 °C/30 s, 40 cycles of 95 °C/5 s, 60 °C/15 s and 72 °C/10 s on
MXP3000 cycler (Stratagene, La Jolla, CA, USA) and repeated at least three
times. Relative mRNA levels were calculated with the −ΔΔCt method using
β-actin as the control and expressed as 2^(−ΔΔCt). The following primer
pairs were used: β-catenin-f/β-catenin-r: GCTATTGTAGAAGCTGGTG
GAATGC/CTTCCATCCCTTCCTGTTTAGTTGC; c-MYC-f/c-MYC-r: CCAGCAGCG
AC TCTGAGGAGGAAC/GCTGTGGCCTCCAGCAGAAGGTG; cyclinD1-f/cyclin
D1-r: GCT CAAGTGGAACCTGGCCGCAATG/GAACTTCACATCTGTGGCACAG
AGGG; β-actin-f/β-actin-r: TCCCTGGAGAAGAGCTACG/GTAGTTTCGTGGATG
CCACA.

Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as previously described31

and anti-PROX1 (Upstate) was used to immunoprecipitate sonicated
chromatins prepared from Huh7 or MHCC-97H cells. Five percent of each
post-sonication sample was saved as the input control and pre-immune
IgG was used for specificity control. DNA extracted from precipitated
chromatins were quantitated using qrtPCR in triplicates with primers for
β-catenin promoter (forward/reverse, GCATATTCCTTAATTCTGCAAATGAC/G
GTCACAATTCAAAAAGATTGAACCG, amplicon spanning −1710 to − 1572).
DNA extracted from saved input were quantitated in parallel (Ct[Input]),
and results from IP by anti-PROX1 mAb or pre-immnue IgG (Ct[IP]) were
then used to calculate relative specific occupancy or non-specific
background using the equation: 2^(Ct[IP]-Ct[Input]) *100%.

Cell proliferation analysis
Cell proliferation was measured with a CCK-8 kit (Dojindo, Kumamoto,
Japan). HCC cells infected with lentiviruses were seeded into 96-well plates
in 100 μl of medium containing 10% FBS and incubated at 37 °C in 5% CO2.
After 24, 48, 72 and 96 h, the medium was replaced with 90 μl of fresh
medium and 10 μl CCK-8 solution was added to each well. Cells were then
incubated for 2 h at 37 °C in 5% CO2, afterward absorbance at 450 nm
was measured using a microplate reader (Molecular Devices, Sunnyvale,
CA, USA). Each experiment was performed in triplicate and repeated in
quadruplicate for each condition.

Colony formation assay
BEL-7402, Huh7 and MHCC-97H cells infected with the lentiviruses were
seeded respectively in six-well plates at a density of 5 × 102 cells/well.
After incubation at 37 °C for about 10–14 days, cells were washed twice
with PBS, stained with Giemsa solution (AppliChem, Darmstadt, Germany),
and allowed to air dry at room temperature. The number of colonies was
counted. Each experiment was performed in triplicate.

Cell cycle analysis
Cell cycle distribution was determined by fluorescence-activated cell
sorting (FACS) analysis. Fixed cells were incubated with RNase A and
propidium iodide (PI). Flow cytometry was carried out on a FACS caliber
flow cytometer (BD Biosciences, San Jose, CA, USA). Data acquisition and
analysis were carried out using Cell Quest (BD Biosciences).

Immunohistochemistry
Immunohistochemistry procedures were performed as described.34

Primary antibodies were anti-PROX1 monoclonal antibody (mAb) (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-β-catenin mAb
(1:200, BD Pharmingen, San Diego, CA, USA). Detection was performed
using the Envision-plus detection system (EnVision +/− HRP/Mo; Dako,
Carpinteria, CA, USA). Signals were visualized following incubation with
3,3′-diaminobenzidine. Negative controls were treated identically except
without primary antibodies. Staining was independently assessed by
two experienced pathologists. The staining intensity was graded from
0–2 (0, no staining; 1, weak; 2, strong) as described previously.25

Tumor xenograft mouse models and sorafenib treatment
Animal care and experimental protocols were approved by the Animal
Ethics Committee of Shanghai Medical College, Fudan University
(Permit: 20101201-001). Male athymic BALB/c nude mice (4-weeks old,
Shanghai Institute of Materia Medica, Chinese Academy of Sciences) were
raised in specific pathogen-free conditions. Mice were housed six per cage
with a 12-hour light/dark schedule at 25 ± 1 °C and were fed an autoclaved
chow diet and water ad libitum. The mice were randomly divided into
groups before injection.
The proliferation of BEL-7402-Mock or BEL-7402-PROX1 was determined

following the inoculation of cells (2.0 × 106 cells/mouse suspended in
100 μl serum-free DMEM and matrigel (BD Biosciences) (1:1)) into the liver
parenchyma of nude mice (6 mice/group) under anesthesia with ketamine/
xylazine after opening up the abdomen. The mice were monitored every
5 days for 8 weeks, then sacrificed under anesthesia.
The proliferation of MHCC-97H-Scr or MHCC-97H-si1646 was determined

following subcutaneous injection of cells (1.0 × 107 cells/mouse) into nude
mice (six mice/group). Eight weeks post injection, the mice were sacrificed
under anesthesia.
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For sorafenib treatment of HCC-bearing mice, BEL-7402-MOCK
and BEL-7402-PROX1 cells were (1.0 × 107 cells/mouse) subcutaneously
inoculated into the right flanks of nude mice, respectively. Treatment
was started 7 days after inoculation and mice were randomly assigned
to receive a daily oral dose of either vehicle solution or 30mg/kg sorafenib
(Bayer Healthcare, Leverkusen, Germany) for 4 weeks. Tumor samples were
then extracted for further analysis.

Statistical analysis
The Pearson χ2-test or Fisher’s exact test was used to compare qualitative
variables, and the Student-ttest for quantitative variables. All statistical
tests were two-sided, and P-value o0.05 was considered statistically
significant.
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