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RNA interference mediated by small interfering RNAs
(siRNAs) has emerged as a potential therapeutic ap-
proach to treat various diseases, including cancer.
Recent studies with several animal models of post-
traumatic revascularization demonstrated that syn-
thetic siRNAs may produce therapeutic effects in a
target-independent manner through the stimulation
of the toll-like receptor-3 (TLR3)/interferon pathway
and suppression of angiogenesis. To analyze the im-
pact of siRNAs on tumor angiogenesis, we injected
transgenic mice developing hepatocellular carcinoma
(HCC) with either control siRNAs or siRNA targeting
neuropilin-1. We found that treatment with these
siRNAs led to a comparable reduction in tumor liver
volume and to inhibition of tumor vasculature remod-
eling. We further determined that TLR3, which recog-
nizes double-stranded siRNA, was up-regulated in
mouse HCC. Treatment of HCC mice with polyi-
nosinic-polycytidylic acid [poly(I:C)] , a TLR3 agonist,
led to both a reduction of tumor liver enlargement
and a decrease in hepatic arterial blood flow, indicat-
ing that TLR3 is functional and may mediate both
anti-angiogenic and anti-tumor responses. We also
demonstrated that siRNAs increased interferon-� lev-
els in the liver. In vitro , interferon-� inhibited pro-
liferation of endothelial cells. In addition, we found
that siRNAs inhibited endothelial cell proliferation and
morphogenesis in an interferon-�–independent man-

ner. Our results suggest that synthetic siRNAs inhibit
target-independently HCC growth and angiogenesis
through the activation of the innate interferon re-
sponse and by directly inhibiting endothelial cell
function. (Am J Pathol 2010, 177:3192–3201; DOI:

10.2353/ajpath.2010.100157)

RNA interference (RNAi) is a naturally occurring mecha-
nism of sequence-specific gene expression silencing
that is mediated by double-stranded RNA and has been
implicated in the control of the expression of endogenous
and exogenous genes, including those of viruses and
transposons.1 RNAi, induced by artificial synthetic
small interfering RNA (siRNAs) or plasmid or viral vec-
tors encoding for short hairpin RNAs, has become a
powerful tool to analyze gene function and has
emerged as a potential therapeutic strategy to treat
various pathologies including cancers.2 Numerous siRNAs
and short hairpin RNAs have been tested in preclinical
cancer models and have provided encouraging results
including an efficient inhibition of tumor angiogenesis,
tumor cell proliferation and invasiveness, promotion of
apoptosis, uphold of differentiation, and sensitization to
chemotherapy.3 Several RNAi-based approaches have
recently entered clinical trials.4

Hepatocellular carcinoma (HCC) is the sixth most com-
mon cancer worldwide, with a continuously increasing
incidence, and is the third cause of cancer-related
deaths.5 The principal treatment modalities for HCC in-
clude surgical rejection, liver transplantation, and local
ablation, whereas HCC is relatively resistant to systemic
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therapy.6 RNAi-based approaches are currently being
considered as potential new therapeutics to both prevent
HCC by treating the underlying liver diseases and to cure
established HCC.7 In animal models of HCC or of
precancerous liver diseases, synthetic siRNA-medi-
ated gene silencing targeting hepatitis B8 or hepatitis C9

viral RNAs and replication intermediates or endogenous
liver proteins including the Fas receptor,10 vascular en-
dothelial growth factor-A (VEGF-A),11,12 cell-cycle-acti-
vating phosphatase CDC25B,13 and heme oxygenase
1,14 has been shown to efficiently reduce target protein
expression and inhibit disease progression. Another
promising RNAi-based therapeutic strategy consists in
the administration of microRNAs, which are down-regu-
lated in HCC.15 Such a treatment has been found to
effectively inhibit the proliferation of cancer cells and
stimulate apoptosis and to strongly reduce liver tumor
growth without inducing deleterious toxic effects.

HCC is a highly vascularized tumor, and its progres-
sion and prognosis is associated with angiogenesis and
vascular remodeling.16 Arterialization of the blood supply
is one of the main features of HCC and a part of the
noninvasive criteria to establish an HCC diagnosis.16–18

Other vascular changes in HCC include increase in mi-
crovessel density, formation of immature vessels with
increased permeability, sinusoidal capillarization, and
development of intrahepatic shunts.16,18 Several studies
have demonstrated that VEGF-A, a key regulator of ves-
sel growth and homeostasis, is overexpressed in HCC
and plays a central role in vascular remodeling, angio-
genesis and HCC progression.18,19 Targeting angiogen-
esis by use of RNAi-based strategies directed against
different components of VEGF signaling system appears
as a rational strategy for therapy of HCC.

We have recently described the main steps of angio-
genesis and vascular remodeling in a transgenic mouse
model of HCC.20 The evolution of HCC in this model is
reproducible and characterized by a classical sequence
of events: hyperplasia, dysplasia (between the fourth and
eighth week after birth), adenoma (from the 12th week),
and carcinoma (at the 16th week). As in humans, angio-
genesis precedes then accompanies hepatocarcinogen-
esis in this model, and the VEGF-Delta-like 4/Notch4-
ephrin B2 pathway plays a major role in the regulation of
tumor vessel growth and remodeling and HCC progres-
sion.21 We demonstrated that the hepatocellular tumor
growth and vascular remodeling can be followed nonin-
vasively in this model by using ultrasound Doppler imag-
ing.22 We used this model to evaluate the therapeutic
potential of targeting angiogenesis in HCC by treatment
the mice with synthetic siRNA specific for neuropilin-1
(NRP1), a nontyrosine kinase receptor for VEGF. More-
over, it has been shown recently that synthetic siRNAs
inhibit angiogenesis in a sequence- and a target-inde-
pendent manner in the mouse models of choroidal neo-
vascularization, dermal wound healing,23 corneal neo-
vascularization, and hindlimb ischemia.24 Therefore we
treated HCC mice with two different control siRNAs to
analyze whether tumor angiogenesis could be target-
independently suppressed by siRNAs.

Materials and Methods

Mouse Transgenic Model of HCC

Approval was obtained from the local ethical committee
for studies involving mice. The generation of ASV-B trans-
genic mice (C57BL/6 background) as a model of HCC
has been reported previously.25 Because of the integra-
tion of the transgene into chromosome Y, only male mice
develop HCC. The female mice of the same lineage do
not harbor the transgene and were used as wild-type
controls. The absence of structural and functional differ-
ences in liver architecture and liver vasculature between
wild-type C57BL/6 male and female mice has been dem-
onstrated previously.20

siRNA Treatment, Microangiography, and
Ultrasound Study

Silencer In vivo Ready Predesigned siRNA targeting mouse
NRP1 (NRP1 siRNA) and nontargeting Negative Control # 1
siRNA (NT siRNA) were purchased from Ambion (ID #
155679 and 103860, respectively, Austin, TX). siSTABLE
siRNA targeting the firefly enzyme luciferase (Luc siRNA,
sense 5�-UAAGGCUAUGAAGAGAUACdTdT-3� and anti-
sense 5�-GUAUCUCUUCAUAGCCUUAdTdT-3�)23,24 was
purchased from Dharmacon (Lafayette, CO). siRNAs were
resuspended in sterile phosphate buffered saline
(PBS) and injected intraperitoneally, twice a week, at
1.2 mg/kg into both wild-type and HCC mice. Polyi-
nosinic-polycytidylic acid [poly(I:C)] was purchased
from Sigma-Aldrich (St. Louis, MO). For injection,
poly(I:C) was resuspended in PBS and administered
intraperitoneally, twice a week, at 2 mg/kg.

Treatments were started when mice reached the age
of 8 weeks and continued until mice were 16 weeks old.
Ultrasound imaging was performed every 2 weeks. Echo-
derived liver volume and time-average mean blood flow
velocities (BFV) were estimated using a Vivid 7 echocar-
diograph with a 12-MHz linear transducer (GE Medical
Systems ultrasound, Horten, Norway) as previously de-
scribed.22 At the end of treatments, a subgroup of mice
was subjected to microangiographic analysis of liver vas-
cularization. Microangiography was performed as previ-
ously described with minor modifications.22 Before per-
fusion with barium sulfate (1 g/ml), the mesenteric
artery and aorta upstream from the celiac trunk were
ligated. Image acquisition was performed with a digital
Trophy X-ray transducer (Trophy Radiologie, Vin-
cennes, France). Quantification of arterial vessel den-
sity was performed using the PRIMed Angio v0.9 soft-
ware (Primed Microvision, France) and expressed as a
percentage of pixels per image occupied by vessels in
the total liver area. Another subgroup of treated mice
was sacrificed, livers were excised, weighed, and pro-
cessed for RNA and protein extraction and immunohis-
tochemical analysis.
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Cell Culture

All cell culture reagents were purchased from Invitrogen
(Cergy Pontoise, France) unless otherwise specified.

Human umbilical vein endothelial cells (HUVECs) were
isolated and cultured as previously described.26 Lung-
derived normal human microvascular endothelial cells
(HMVECs) were purchased from Lonza (Walkersville,
MD) and cultured according to the manufacturer’s
instructions.

The human HCC cell lines Hep G2, SK-HEP-1, and
PLC/PRF/5 were purchased from the American Type
Culture Collection (Rockville, MD). Cells were cultured
in RPMI 1640 (Hep G2) or DMEM (SK-HEP-1 and PLC/
PRF/5) basal medium supplemented with 10% fetal
bovine serum (FBS, BioWest, Cholet, France), 50 U/ml
penicillin, 50 �g/ml streptomycin, and 2.5 �g/ml am-
photericin B.

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from blood of healthy donors by density gradient
centrifugation using Pancoll (Pan-Biotech GmbH, Aiden-
bach, Germany). Cells were washed twice with PBS,
resuspended in RPMI 1640 medium supplemented with
5% FBS at 3 � 106 cells/ml, and incubated in 24-well
plates (0.5 ml/well) in the presence or absence of 50
�g/ml of poly(I:C) or NT siRNA. After 24 hours, supernatants
were harvested, centrifuged at 14000 � g for 10 minutes,
and interferon-� (INF-�) levels were determined by ELISA.

Antibodies, Western Blotting, and
Immunofluorescence Analysis

The rat anti-CD31 antibody was purchased from BD
Pharmingen (San Diego, CA). The goat anti-neuropilin-1
antibody was purchased from R&D Systems (Minneapo-
lis, MN). The rabbit anti-laminin antibody was purchased
from Sigma-Aldrich (Saint Louis, MO). The rabbit anti-
Ki-67 antibody was purchased from NeoMarkers (Fre-
mont, CA). The goat anti-TLR3 and rabbit anti-tubulin
antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The rabbit anti-phospho-TLR3 (Tyr
759) antibody was purchased from Imgenex (San Diego,
CA). The rabbit anti-phospho-IRF-3 (Ser 396), anti-phos-
pho-NF-�B p65 (Ser 536) and the mouse anti-caspase-8
antibody were purchased from Cell Signaling Technology
(Danvers, MA). Alexa Fluor 488-conjugated donkey anti-
rat IgG, Alexa Fluor 555-conjugated donkey anti-goat IgG
and Alexa Fluor 555-conjugated goat anti-rabbit antibody
were purchased from Molecular Probes (Eugene, OR).
Peroxidase-conjugated species-specific secondary IgGs
were obtained from Jackson ImmunoResearch (West
Grove, PA).

Liver samples were homogenized in RIPA buffer using
a MagNA Lyser Instrument (Roche, Rotkreuz, Switzer-
land). Protein extraction, Western blotting, band visual-
ization, and quantification were performed as previously
described.27

For immunofluorescence analysis, frozen liver sections
(5 �m) or cell cultures were fixed in cold acetone (15
minutes), washed three times with PBS containing 0.1%

Tween-20 (PBST), and incubated in PBST containing
0.1% BSA for 20 minutes. Samples were then incubated
with primary antibody for 1 hour at room temperature
followed by the appropriate secondary antibody (30 min-
utes). Negative controls were incubated with the second-
ary antibodies only. Sections were observed with an Ax-
ioskop 2 plus fluorescence microscope equipped with an
Achroplan �40/0.65 and a Plan-Neofluar �5/0.16 Ph1
objectives (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany). Images were taken using a QICAM 12 bit Fast
1394 Cooled Color Camera (QImaging, Pleasanton, CA)
and Archimed 5.6 software (Microvision Instruments,
Evry, France), and quantified using Histolab 5.8 software
(Microvision Instruments). Cell cultures were observed
using an Observer.Z1 inverted microscope equipped
with an EC Plan-Neofluar �40/0.75 objective (Carl Zeiss).
Images were taken with a KY-F75U digital camera (JVC,
Tokyo, Japan).

Real-Time RT-PCR

Total cellular RNA was extracted with RNAXEL reagent
(Eurobio, Les Ulis, France) and purified using the RNeasy
Midi Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The first strand cDNA tem-
plate was synthesized using the Transcriptor First Strand
cDNA Synthesis Kit and random hexamer primers (Roche
Applied Science, Mannheim, Germany). The cDNA prod-
uct was amplified using LightCycler FastStart DNA Mas-
ter SYBR Green I and a Light Cycler 1.5 (Roche). The
primers used for PCR were: mouse TLR3 forward 5�-
TTGTCTTCTGCACGAACCTG-3�, and mouse TLR3 re-
verse 5�-CGCAACGCAAGGATTTTATT-3�; mouse 18S
forward 5�-CGCGGTTCTATTTTGTTGGT-3�, and mouse
18S reverse 5�-AGTCGGCATCGTTTATGGTC-3�.

mRNA levels were normalized to the 18S ribosomal
RNA. TLR3 mRNA was detected in human cell lines after
cDNA amplification with FastStart TaqDNA Polymerase
(Roche) and following primers: human TLR3 forward 5�
AGCCTTCAACGACTGATGCT-3�, and human TLR3 re-
verse 5�-TTTCCAGAGCCGTGCTAAGT-3�.

ELISA

Interferon-�, -�, and interleukin-12 concentrations in liver
homogenates were estimated using the Mouse Interferon
� ELISA Kit, Mouse Interferon � ELISA Kit, and Quantikine
Mouse IL-12 p70 Immunoassay (R&D Systems), respec-
tively, according to the manufacturer’s instructions. The
BD OptEIA mouse IFN-� ELISA Set (BD Biosciences, San
Diego, CA) was used to quantify interferon-�. Data were
normalized to total protein content estimated with the
BCA Protein Assay Reagent (Pierce, Rockford, IL). Inter-
feron-� concentration in human PBMC supernatants was
determined using Quantikine Human INF-� Immunoassay
(R&D Systems).

MTT Assay

Cells were plated in 96-well plates at a density of 104

cells per well (HUVEC and Hep G2) or 5 � 103 cells per

3194 Bergé et al
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well (SK-HEP-1 and PLC/PRF/5) and allowed to grow at
37°C with 5% CO2 for 48 hours. Cells were then incu-
bated with various concentrations of INF-� (Reliatech
GmBH, Wolfenbüttel, Germany), poly(I:C), NRP1 siRNA
or NT siRNA for a further 48 hours, followed by an incu-
bation with 0.5 mg/ml of 3-(4,5-dimethyl-2-thiazolyl)�2,5-
diphenyl-2H-tetrazolium bromide (MTT, Sigma-Aldrich).
After 4 hours, a water-insoluble formazan produced by
viable cells was solubilized with DMSO and cell viability
and growth over time was estimated by measuring the
absorbance at 560 nm using a Victor3 spectrofluorimeter
(Perkin Elmer, Turku, Finland).

Three-Dimensional Collagen Assay

HUVECs were resuspended in M199 medium supple-
mented with 1% FBS and seeded at 105 cells per well on
the top of a preformed collagen gel (BD Biosciences,
Bedford, MA) in 24-well plate. Capillary-like tube forma-
tion was induced by the addition of 100 ng/ml of VEGF-
A165 and HGF (R&D systems) in the presence or absence
of 100 ng/ml of INF-�, 50 �g/ml of poly(I:C), or 50 �g/ml
of NT siRNA. After 24 hours of incubation, cultures were
observed using an Observer.Z1 inverted microscope
equipped with an EC Plan-Neofluar 10x/0.3 Ph1 objective
(Carl Zeiss). Images were taken with a KY-F75U digital
camera (JVC) and quantified using Histolab 5.8 software.

Statistical Analysis

Data are presented as the mean � SEM. The echo-
derived volume of the liver, heart rate, peak systolic,
end-diastolic, and mean BFV in hepatic and mesenteric
arteries were compared between HCC mice treated with
PBS, NRP1 siRNA, or control siRNAs by analysis of vari-
ance for repeated measurements (with time as within
subject factor and group as between subject factor) fol-
lowed by post hoc Student’s t-test with Bonferroni correc-
tion (MedCalc Software, Mariakerke, Belgium). Statistical
analyses of other data were performed in Excel using
Student’s t-test. Data were considered statistically signif-
icant if P � 0.05.

Results

Treatment with Either NRP1 or Control siRNAs
Inhibits Tumor Growth in a Mouse Model of
Hepatocellular Carcinoma

To evaluate the effect of synthetic siRNAs on HCC growth
and angiogenesis, we used an siRNA targeting the VEGF
receptor NRP1 (NRP1 siRNA) and two control siRNAs,
one non-targeting (NT siRNA), with limited sequence
similarity to known mouse, human, and rat genes, and the
other one targeting the firefly enzyme luciferase (Luc
siRNA). The NRP1 siRNA was selected from preliminary
in vitro experiments based on its capacity to effectively
down-regulate (by 90%) NRP1 protein expression in a
cultured mouse melanoma cell line B16-F10, which ex-

presses high levels of NRP1 (data not shown). We found
that twice a week intraperitoneal administration of this
siRNA (at 1.2 mg/kg) reduced the expression of NRP1
protein by 25% in the liver of transgenic mice developing
HCC (data not shown). In contrast, the control siRNAs,
which had no effect on NRP1 expression in B16-F10
cells, did not significantly modulate the NRP1 protein
level in the liver.

We have previously established that between the
fourth and 20th weeks, hepatocellular tumor growth is
accompanied by an approximately sixfold increase in
liver volume that can be assessed using ultrasound im-
aging.22 We used this approach to follow the rate of HCC
growth in siRNA-treated mice. Ultrasonography demon-
strated that similar to our previous observations, the
echo-derived liver volume was increased almost three-
fold between the eighth and 16th week in HCC mice
treated with vehicle alone (Figure 1A). Treatment with
NRP1 siRNA inhibited liver volume growth in HCC mice
(1.9-fold increase, P � 0.0053 versus PBS), whereas it
did not affect liver volume in wild-type mice. The two
control siRNAs decreased HCC growth to an extent sim-
ilar to that observed with the NRP1 siRNA (Figure 1A).
These results were confirmed by weighing the livers after
sacrifice at the 16th week (Figure 1B).

We showed previously that capillarization of blood
supply in mouse HCC is accompanied by the up-regula-
tion of laminin expression within tumor nodules.20 We
used laminin immunostaining to visualize tumor nodules
in liver sections of treated mice and determined their size
with Histolab software. We found that treatment with each
siRNA led to the reduction of tumor nodule size com-
pared to PBS-treated animals (Figure 1C). Whereas the
number of tumor nodules per section was higher in
siRNA-treated mice (4.5 � 0.75, 2.67 � 0.82, 4.75 �
0.87, for NRP1 siRNA, NT siRNA, and Lus NRP1 siRNA,
respectively, against 1 nodule per section of PBS treated
mice) the percentage of section area occupied by all
tumor nodules was significantly lower in siRNA-treated
mice compared to PBS-treated mice (Figure 1C). Thus,
our results suggest that treatment with siRNAs does not
affect the incidence of tumor nodules but limit their
growth.

Finally, to verify whether the decrease in HCC liver
growth correlated with a decrease in tumor cell prolifer-
ation, we costained liver sections from sacrificed animals
with 4�-6-diamidino-2-phenylindole (DAPI) and the prolif-
eration marker Ki-67. We found that the proportion of
Ki-67–positive nuclei was reduced by 30–40% in the liver of
HCC mice treated with siRNAs compared to mice treated
with PBS (Figure 1D). Thus, the siRNA-induced inhibition of
HCC growth could at least be partially explained by the
inhibition of proliferation of tumor hepatocytes.

siRNA Treatment Inhibits Angiogenesis and
Vascular Remodeling in a Mouse Model of
Hepatocellular Carcinoma

We next analyzed whether treatment with synthetic siRNAs
affected tumor vasculature in transgenic mice develop-
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ing HCC. We have previously demonstrated that as in
humans, HCC progression in a mouse transgenic model
is accompanied by a strong remodeling of tumor sinu-
soids, sinusoidal capillarization, and arterialization of the
blood supply.20,22 These events led to an increase in
hepatic artery BFV that could be measured using Dopp-
ler ultrasound imaging. As expected, Doppler ultra-
sonography demonstrated that hepatic artery mean BFV
was significantly higher in HCC mice compared with
wild-type mice, and it increased progressively from the
eighth to the 16th week (Figure 2A). Treatment with NRP1
siRNA, but also with control siRNAs, counteracted this
effect [Figure 2A, P (versus PBS) of 0.002, 0.035 and
0.003, for NRP1 siRNA, NT siRNA and Luc siRNA, re-
spectively], whereas none of the siRNAs affected hepatic
artery BFV in wild-type mice (Figure 2A) or mesenteric
artery BFV in both wild-type and HCC mice (see Supple-
mental Figure S1 at http://ajp.amjpathol.org). As evident
by microangiography, treatment with the NRP1 and con-
trol siRNAs reduced the hepatic arterial vascularization
(by 30% and 20%, respectively; Figure 2B), which is
dramatically increased in HCC mice compared to wild-
type mice.22 In contrast, renal vascularization was not
modified in treated animals, suggesting specificity of
siRNA-induced effects regarding tumor vasculature. Fi-
nally, using immunohistochemical analysis we demon-
strated that the abnormal sinusoidal architecture charac-
terized by the formation of irregular, dilated, and fusing

hepatic sinusoids was partially normalized in HCC mice
treated with NRP1 siRNA and to a lesser extent in mice
treated with control siRNAs (Figure 2C).

siRNA Treatment Induces an Innate Interferon
Response in HCC Mice

Inhibition of mouse HCC growth and vascular remodeling
by both NRP1 and control siRNAs revealed a target-
independent mode of action and suggests the involve-
ment of an innate interferon response stimulated by
siRNA.23,24 Indeed, although we were unable to detect
interferon-� in liver extracts of HCC mice (data not
shown), we demonstrated that liver production of inter-
feron-� (INF-�) was significantly increased in HCC mice
after treatment with either NRP1 or control siRNAs,
whereas interferon-� and interleukin-12 levels were not
statistically significantly modified (Figure 3).

Taking into account the recent findings on the role of
toll-like receptor 3 (TLR3) in siRNA-mediated vascular
effects,23,24 we analyzed TLR3 expression in untreated
HCC mice. We found that mRNA encoding for mouse
TLR3 was expressed in livers of both wild-type and HCC
mice, and that it was up-regulated in HCC mice between
the fourth and 16th week (Figure 4A). Double-staining
immunohistochemical experiments identified hepatic en-
dothelial cells as the most abundant cell type expressing

Figure 1. siRNA-induced inhibition of mouse
hepatocellular carcinoma growth is target-inde-
pendent. A: The volume of the liver of treated
mice was estimated using two-dimensional ultra-
sound imaging. Both NRP1 and control siRNAs
significantly delayed the increase in tumor liver
volume compared to PBS-treated mice. *P �
0.05 (NRP1 siRNA versus PBS); ***P � 0.001
(NRP1 siRNA versus PBS); †P � 0.05 (NT siRNA
versus PBS); ‡P � 0.05 (Luc siRNA versus PBS)
(Student’s t-test). B: Liver weight, body weight,
and liver/body weight ratio of treated mice at 16
weeks. Treatment with either NRP1 or control
siRNAs led to a reduction of tumor liver weight.
*P � 0.05; ***P � 0.001 (Student’s t-test). C:
Sections of livers of treated mice harvested at 16
weeks were stained with anti-laminin antibody
to visualize tumor nodules. Nodules size (four
mice per treatment group) was quantified using
Histolab 5.8 software (Microvision Instruments).
Representative micrographs are shown together
with quantification results expressed as area per
individual nodule and the percentage of section
area occupied by tumor nodules. Scale bar, 400
�m. *P � 0.05; ***P � 0.001 (Student’s t-test). D:
Sections of livers harvested at 16 weeks were
double-stained for Ki-67, a proliferation marker
(red), and the nuclear marker DAPI (blue). Ki-
67–positive nuclei were counted in seven ran-
domly selected microscopic fields in sections of
three different liver samples per treatment
group. Representative micrographs are shown
together with quantification results expressed as
a ratio of Ki-67-positive nuclei to total number of
nuclei. Less Ki-67–positive nuclei were detected
in livers of mice treated with siRNAs. Scale bar,
50 �m. *P � 0.05; **P � 0.01 (Student’s t-test).
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TLR3 protein. In addition, in HCC mice, a population of
tumor hepatocytes was positively stained for TLR3 (Fig-
ure 4B, shown at 12 weeks).

To assess the contribution of liver-expressed TLR3 to
the control of HCC progression, we injected poly(I:C), a
specific ligand for TLR3, into HCC mice and analyzed its
effect on HCC tumor growth and angiogenesis. We found
that twice a week administration of poly(I:C) at 2 mg/kg
between the eighth and 16th weeks delayed tumor liver
enlargement and inhibited the increase in hepatic artery
BFV, compared with PBS-treated mice (Figure 4C). Thus,

TLR3 is functional in hepatocellular tumors and could
mediate the antiangiogenic and antitumor responses.

TLR3 Ligands Inhibits Cells Functions in Vitro in
an INF-�–Independent Manner

To explore the molecular mechanisms underlying the
siRNAs and poly(I:C)-mediated inhibition of HCC growth,
and possible involvement of TLR3, we analyzed the ef-
fects of poly(I:C) and siRNAs on cultured endothelial cells
and on cell lines derived from hepatic tumors.

We first determined that cultured micro- and macro-
vascular endothelial cells (HMVECs, HUVECs) and he-
patic tumor-derived cells Hep G2, SK-HEP-1, and PLC/
PRF/5 express TLR3 mRNA and are positive for TLR3
immunostaining (see Supplemental Figure S2, A and B at
http://ajp.amjpathol.org). We found, however, that these
cells did not secrete INF-�, in standard culture conditions
or after incubation (up to 96 hours) with poly(I:C) or
siRNAs (data not shown). This was in contrast to PBMCs,
a peripheral blood cell fraction enriched in immune cells,
which secreted INF-� in response to poly(I:C) and, less
efficiently, to NT siRNA (see Supplemental Figure S3 at
http://ajp.amjpathol.org).

We further established that on treatment with poly(I:C)
or siRNAs, TLR3-mediated signaling pathways were

Figure 2. Both NRP1 and control siRNAs inhibit
tumor angiogenesis and vascular remodeling in
HCC mice. A: Time average mean BFV in the
hepatic artery of treated mice was estimated us-
ing Doppler ultrasound imaging. Both NRP1 and
control siRNAs significantly delayed the increase
in hepatic artery BFV indicating inhibition of
tumor vasculature remodeling. *P � 0.05 (NRP1
siRNA versus PBS); †P � 0.05 (NT siRNA versus
PBS); ‡P � 0.05 (Luc siRNA versus PBS) (Stu-
dent’s t-test). B: A contrast agent was injected
into the aorta of treated mice and the arterial
phase in the liver and kidneys was analyzed
using microangiography. Arterial vessel density
was quantified with a PRIMed Angio v0.9 soft-
ware. As evident by microangiography, NRP1
siRNA and to a lesser extent control siRNAs in-
hibited arterialization of the blood supply in
HCC mice. *P � 0.05 (Student’s t-test). C: CD31
(green) and NRP1 (red) double immunostaining
of liver sections harvested from mice at 16
weeks. In mice treated with siRNAs, liver vascu-
larization was characterized by more regular,
less fused sinusoids that resemble those in wild-
type liver (left micrograph). Scale bar, 50 �m.

Figure 3. Interferon-� production is increased in the livers of siRNA-treated
HCC mice. INF-�, -�, and interleukin-12 levels in liver homogenates at 16
weeks were quantified using ELISA. Both NRP1 and control siRNAs signifi-
cantly increase INF-� levels in the livers of treated mice. **P � 0.01; ***P �
0.001 (Student’s t-test).
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weakly activated in HMVECs, HUVECs, Hep G2, SK-
HEP-1, and PLC/PRF/5 cells, as evidenced by Western
blot detection of phospho-TLR3, phospho-IRF-3, phos-
pho-NF-�B p65, and caspase-8 cleavage (Figure 5A,

shown for HUVECs and SK-HEP-1). Nevertheless, the
proliferation of endothelial cells was significantly inhibited
by poly(I:C) and NT siRNA, albeit this effect was less
pronounced compared to INF-�–induced inhibition (Fig-

Figure 4. TLR3 is up-regulated and functional
in mouse HCC. A: The amounts of TLR-3 mRNA
at different stages of postnatal development
were quantified in the liver of wild-type and
HCC mice using real-time RT-PCR. Data were
normalized to the 18S ribosomal RNA. Starting
from the eighth week, TLR3 mRNA levels were
up-regulated in HCC, whereas they did not vary
significantly with age in the liver of wild-type
mice. *P � 0.05 (Student’s t-test). B: Double-
staining with anti-CD31 (green) and anti-TLR3
(red) antibodies of liver sections from wild-type
and HCC mice at 12 weeks demonstrates the
localization of TLR3 in hepatic endothelial cells.
In HCC mice, a population of tumor hepatocytes
was positively stained for TLR3. Scale bar, 50
�m. C: The volume of the liver and the hepatic
artery mean BFV of mice treated with a TLR3
ligand poly(I:C) was estimated using two-dimen-
sional ultrasound imaging and Doppler ultra-
sound imaging, respectively. In vivo stimulation
of TLR3 decreased tumor liver enlargement and
hepatic artery BFV indicating the inhibition of
tumor growth and vasculature remodeling. *P �
0.05; **P � 0.01; ***P � 0.001 (Student’s t-test).

Figure 5. INF-�–independent effects of TLR3
ligands on cultured cells. A: Serum-deprived
cells were incubated for 30 minutes (for phospho-
protein detection) or for 24 hours (for caspase-8
detection) with poly(I:C), NRP1 siRNA, or NT
siRNA, as indicated. Cell lysates were analyzed
by Western blot with phospho-site specific or
anti–caspase-8 antibodies. �-actin was used as
loading control. Results shown are representa-
tive of three independent experiments. B: Cells
were grown in the presence of various concen-
trations of INF-�, poly(I:C), or NT siRNA for 48
hours and cell viability and growth over time
was estimated using MTT assay. Results are ex-
pressed as percentage of viable cells observed in
cell cultures grown in the absence of inhibitors.
Data are representative of three independent
experiments. C: HUVECs were cultured on col-
lagen gels in starvation medium (M199 medium
containing 1% FBS) alone or supplemented with
100 ng/ml INF-�, 50 �g/ml poly(I:C), or 50
�g/ml of NT siRNA. Photographs were taken at
24 hours. Scale bar, 100 �m. The total tube
length and the tubular network area were quan-
tified using Histolab software. Results shown are
representative of four independent experiments.
*P � 0.05; **P � 0.01; ***P � 0.001. Student’s
t-test).
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ure 5B). We found also that poly(I:C) and NT siRNA
moderately affected proliferation of slow growing Hep G2
cell line, whereas INF-� was ineffective in inhibiting this
cell type (Figure 5B).

Finally, we compared INF-�, poly(I:C) and siRNA ac-
tivities in HUVECs cultured on 3-D collagen gel (“in vitro
angiogenesis”). In this model, when cultured in low serum
conditions, endothelial cells underwent rapid apoptosis
(Figure 5C, unstimulated). The addition of growth factors
(angiogenic cocktail containing VEGF-A165 and HGF) in-
duces endothelial cell to adopt a spindle-shaped mor-
phology, align into multicellular tubular-like structures
and form a network similar to capillary network in vivo. We
found that this process was not affected by INF-�, as
evaluated by quantification of total tubular length and
tubular network area (Figure 5C). In contrast, a dramatic
inhibition of tubular network formation was observed in
the presence of poly(I:C) and, to a lesser extent, of NT
siRNA, indicating an important role of TLR3 ligands in
regulating of endothelial cell morphogenesis.

Discussion

Promising prospects in systemic therapy for HCC have
been initiated with the development of new antiangio-
genic therapies, in particular those targeting VEGF sig-
naling. Indeed, the recently reported phase II trial of
bevacizumab, a humanized anti-VEGF monoclonal anti-
body,28 and sorafenib, a small tyrosine kinase inhibitor
targeting VEGF receptors,29 demonstrated a survival ad-
vantage in HCC patients. However, only modest survival
improvements have been demonstrated in these trials.
Moreover, some patients may be refractory to these
drugs or develop resistance after treatment. This high-
lights the need to identify new molecular targets and new
therapeutic modalities to significantly improve the effec-
tiveness of antiangiogenic therapy in HCC.

In this work we analyzed the therapeutic potential of
targeting angiogenesis in HCC using synthetic siRNAs
targeting or not the VEGF receptor NRP1. As therapeutic
agent, synthetic siRNAs offer some advantages over the
expressed short hairpin RNAs, including a dose-con-
trolled delivery, the absence of interference with endog-
enous microRNA pathways and possibility for chemical
modifications that could increase their efficiency and at-
tenuate the off target suppression effects.30 Several re-
ports have demonstrated success in inhibiting liver tumor
growth in mice through the treatment with naked non-
modified synthetic siRNAs12,14 whereas some siRNA de-
livery formulations were found to induce the unwanted
immune stimulation effects.31 We therefore decided to
treat HCC transgenic mice with naked siRNAs, adminis-
tered through the systemic route, under a conventional
pressure, without application of hydrodynamic force.

We found that twice a week administration of NRP1
siRNA resulted in a moderate but statistically significant
reduction of NRP1 protein expression in the liver of mice
developing HCC. Concomitantly, HCC growth was inhib-
ited in HCC mice treated with NRP1 siRNA. One possible
mechanism underlying this effect could be delayed an-

giogenesis and vascular remodeling, which ultimately
leads to the inhibition of tumor progression. Indeed, we
demonstrated that treatment with NRP1 siRNA de-
creased the hepatic artery BFV and resulted in a partially
normalized vascular phenotype of hepatocellular tumors.
Our data suggest, however, that therapeutic effect of
NRP1 siRNA was largely target-independent because we
observed a comparable inhibition of HCC vasculature
remodeling and growth in mice treated with control
siRNAs. Our results are consistent with recent reports on
the target-independent antiangiogenic effects of a wide
range of synthetic siRNAs, targeting or not VEGF-A and
VEGFR-1, in several animal models of post traumatic
angiogenesis.23,24 These effects were found to result
from the activation of endothelial cell-surface exposed
TLR3 and consequent up-regulation of INF-� and inter-
leukin-12 production.

TLR3 is a member of TLR family of innate immune
response receptors implicated in the initial host defense
against bacteria and viruses through the recognition of
specific pathogen-associated molecular patterns and
stimulation of intracellular signaling leading to the secre-
tion of inflammatory cytokines.32 TLR3 specifically recog-
nizes double-stranded RNA from viruses, apoptotic cells,
and/or necrotic cells. It is generally located in the endo-
somal compartments but also found on plasma mem-
brane in several cell types, including endothelial cells.33

Earlier studies demonstrated that TLR3 is expressed in
the liver, in Kupffer cells, hepatic stellate cells, hepatic
immune cells, liver sinusoidal endothelial cells, and nor-
mal and tumor hepatocytes, on both their cell surface and
in the cytoplasm.32,34,35 Accordingly, we found that TLR3
is expressed in the liver of transgenic HCC mice, in
endothelial cells, and, starting from the adenoma stage,
in a population of tumor hepatocytes. In addition, we
demonstrated that TLR3 is up-regulated during HCC
progression.

In agreement with the hypothesis of the involvement of
TLR3 in siRNAs-mediated effects in HCC we found that
treatment of HCC mice with poly(I:C), a TLR3 specific
ligand, results in suppression of vasculature remodeling
and tumor liver growth to an extent similar to that ob-
served with synthetic siRNAs. However, siRNA are capa-
ble to activate the innate immune response through ligat-
ing other RNA-sensing receptors, including TLR7 and
TLR8, and some cytosolic immune sensors.31 The role of
these molecules in mediating antiangiogenic and antitu-
mor effects induced by synthetic siRNA in HCC mice
cannot be ruled out.

TLR3-mediated signaling leads to the activation of
NF-�B and IRF-3 pathways and expression of inflamma-
tory genes, including interferons.33 Recent evidence in-
dicates that TLR3 may contribute to suppression of tumor
growth through the interferon-dependent activation of NK
cells and expansion of Treg lymphocytes.36 We found
that liver levels of INF-� were significantly increased in
mice treated with siRNAs. Our in vitro experiments dem-
onstrate however that siRNAs and poly(I:C) do not stim-
ulate INF-� production by cultured endothelial and he-
patic tumor cells. Thus, INF-� detected in mouse HCC
liver extracts was most probably released by circulating
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or resident immune cells. Indeed, in accordance with the
previously reported data,37,38 we showed that treatment
of PBMCs, which are enriched in immune cells, with
poly(I:C) and, to a lesser extent, with siRNA contributes to
INF-� production by these cells.

INF-� has been identified as an inhibitor of endothelial
cell proliferation and a potent suppressor of tumor-asso-
ciated neovascularization.39–42 We showed that INF-�
inhibits efficiently endothelial cell proliferation in vitro,
whereas it has no effect on proliferation of hepatic tumor
cells. Thus, the increased INF-� production that might be
attributed to the siRNA-dependent activation of TLR3,
could mediate target-independent antiangiogenic effects
of siRNAs in HCC and thus lead to the inhibition of tumor
growth. In addition, the direct effects of double-stranded
RNA on endothelial cells, including TLR3 activation,24

interleukin-6 release and permeability changes,43 up-
regulation of tissue factor and down-regulation of throm-
bomodulin expression,44 have been reported. Some of
these effects were found to occur independently of TLR3
activation.43 We demonstrate that poly(I:C) and synthetic
siRNAs stimulate weakly TLR3-mediated signaling in cul-
tured endothelial and hepatic tumor cells, whereas they
inhibit endothelial cell proliferation and had minimal if any
effect on hepatic cell lines. Most importantly, we found
that poly(I:C) and siRNA are potent inhibitors of endothe-
lial cell morphogenesis, a process by which the endothe-
lial cells assemble into capillary-like structures. Interest-
ingly, INF-� did not influence this endothelial cell activity.
Our results demonstrate therefore that INF-� and TLR3
ligands affect different aspects of angiogenic response.

In conclusion, our data indicate that using synthetic
siRNAs as therapeutic agent to treat HCC could result in
a target-independent inhibition of tumor angiogenesis
and growth through the activation of the innate interferon
response and by directly inhibiting the endothelial cell
function. This feature may represent a useful approach
for adjuvant therapy. However, the undesirable deleteri-
ous effects, including apoptosis, fibrosis, and multiple
liver failure, may occur in the case of uncontrolled inter-
feron production. A better understanding of the target-
specific and immunostimulatory potential of each candi-
date siRNA and of the contribution of both to therapeutic
effect is required for future development of siRNA-based
treatments in HCC.
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