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Downregulation of heparanase by RNA
interference inhibits invasion and tumorigenesis
of hepatocellular cancer cells in vitro and in vivo
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Abstract. Heparanase is an endoglycosidase that degrades
heparan sulfate, the main polysaccharide constituent of the
extracellular matrix and basement membrane. The expression
of heparanase is associated with invasion, as well as the angio-
genic and metastatic potential of diverse malignant tumors. We
used RNA interference strategies to evaluate the role of human
heparanase in a liver cancer cell line and to explore the thera-
peutic potential of its specific targeting. Using an online siRNA
tool, we designed three small interfering RNA sequences to
target the heparanase coding region and cloned them into the
pGenesil-1 vector. The siRNA vectors were transfected into
HepQG?2 liver cancer cells. Heparanase expression was measured
by real-time RT-PCR and Western blotting. Cell proliferation
was detected by MTT staining and plate colony formation.
Cell cycle analysis was performed by flow cytometry. In vitro
invasion was measured by Matrigel invasion assay. We also
analyzed tumorigenicity in heparanase-suppressed HepG2 cells
in nude mice. We found that siRNA-1 (1214-1232) and siRNA-3
(611-629) targeting heparanase significantly downregulated the
expression of heparanase in HepG?2 liver cancer cells. Compared
with its controls, siRNA-1 or siRNA-3 vectors efficiently inhibi-
ted the proliferation and invasion of HepG2 liver cancer cells
in vitro and tumorigenesis in vivo. These results suggest that
heparanase-specific RNA interference has potential value as a
novel therapeutic agent for human liver cancer.
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Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes
of worldwide cancer mortality, with an estimated 1 million
deaths annually, and a 5-year survival rate of less than 5% (1).
The incidence has been reported to be 120 per 100,000 in Asia
and Africa, compared with 4 to 15 per 100,000 in Western
countries (2). Early detection of HCC can be difficult, as most
of the patients who develop this tumor have no symptoms. Due
to rapid intrahepatic and extrahepatic metastasis, most patients
with HCC are not diagnosed until the disease has reached an
advanced stage, leading to a poor prognosis for this disorder. In
past decades, extensive studies have been performed to inves-
tigate the biochemical and molecular mechanisms involved
in cancer metastasis and recurrence and to explore effective
anti-metastasis therapy. These investigations have resulted in
improved prognosis for many types of cancer but have had little
effect on HCC patients.

Heparanase (Hpa) is the only endo-p-D-glucuronidase that
can cleave heparan sulfate proteoglycans (HSPGs) and has been
implicated in tumor angiogenesis and metastasis (3-6). The
basement membrane (BM) and extracellular matrix (ECM) act
as hurdles for metastasis by limiting the invasion and spread
of tumor cells (7). Heparanase, produced by malignant tumor
cells, can mediate the degradation of HSPGs in ECM and BM.
Besides its involvement in cell migration from the vasculature,
heparanase has also been shown to elicit an angiogenic response
by releasing heparin-binding angiogenic factors sequestered
in the BM and ECM, such as bFGF, VEGF, and HGF (8). A
pronounced correlation between heparanase expression and
tumor microvessel density has been reported (9,10). Therefore,
heparanase may facilitate tumor cell invasion and neovascular-
ization, which are critical steps in cancer metastasis. Since the
heparanase gene was cloned by four independent groups (3-6), a
large number of studies have clearly linked heparanase expres-
sion to the process of tumorigenesis and invasion in a wide
number of cancers, including gastric, liver, colon, pancreatic,
esophageal, breast, bladder, prostate, brain, thyroid, ovary, lung,
and acute myeloid leukemia (11). The overexpression of the
heparanase cDNA in tumor cells with a low metastatic ability
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conferred a high metastatic potential in experimental animals,
resulting in an increased rate of mortality (6). These studies
show that heparanase holds promise as a potential target for
inhibiting tumor metastasis and angiogenesis.

Since its discovery in 1998 (12), RNA interference (RNAi)
has rapidly developed into one of the most widely applied tech-
nologies in molecular and cellular research. RNAI is a process
of sequence-specific post-transcriptional gene silencing.
When small interfering RNA (siRNA) is introduced into
mammalian cells, sequence specific destruction of endogenous
target mRNA occurs, and the expression of the target gene is
suppressed. Thus, RNAi has distinct advantages over other
methods in inhibiting gene expression, such as high specificity,
efficacy, stability, and reproducibility, and is one of the simplest
and most effective tools to explore gene function (13-15).

In order to explore the effect of heparanase downregulation
on the invasion and tumorigenesis of HepG2 liver cancer cells,
using an online siRNA tool, we designed three siRNA sequences
to target heparanase and cloned them into the pGenesil-1 vector.
The siRNA vectors were then transfected into HepG2 cells. The
results demonstrated that two siRNA sequences could signifi-
cantly inhibit the proliferation, invasion, and tumorigenesis of
HepQG?2 cells in vitro and in vivo through the downregulation of
heparanase expression. These results indicate that heparanase
silencing may serve as an efficient cancer therapy for human
HCC.

Materials and methods

Cell lines and animals. The human liver cancer cell line HepG2
was purchased from the American Type Culture Collection
(Rockville, MD). Mouse embryo fibroblasts, NIH3T3 cells
were a generous gift of Dr Guangping Liang (Institute of
Burn Research, Southwest Hospital, Third Military Medical
University, Chongqing China). The cells were cultured in
Dulbecco's modified Eagle's medium (Gibco-BRL, Carlsbad,
CA) supplemented with 10% fetal bovine serum (Gibco-BRL).
All cultures were maintained at 37°C in a humidified atmo-
sphere containing 5% CO,. Twelve nude male mice (4 weeks
of age) were purchased from the Animal Department, Third
Military Medical University, Chongqing, China and were
maintained in a specific pathogen-free environment. Animal
studies were performed in compliance with the local ethics
committee of the Third Military Medical University.

Construction of the siRNA expression vector. The pGenesil-1
vector containing the U6 promoter region was purchased
from the Genesil Biotechnology Corporation (Wuhan,
China). Using an online siRNA tool (www.genescript.com),
we designed three different short interfering RNAs (siRNA)
targeting heparanase and one scrambled siRNA (used as a
negative control). The three nucleotide sequences of the human
heparanase siRNAs were chemically synthesized (Takara,
Dalian, China) as follows: 5'-GATCCGTTGAACAGAAGAG
ATAGCCTCAAGACGGGCTATCTCTTCTGTTCAATTTT
TTA-3' (sense) and 3'-GCAACTTGTCTTCTCTATCGGAGT
TCTGCCCGATAGAGAAGACAAGTTAAAAAATTCGA-S'
(antisense) for siRNA-1 (target located at 1214-1232 encoding
region of human heparanase); 5'-GATCCGTCAATGGTGA
CGGACAGGATCAAGACGTCCTGTCCGTCACCATTGAT
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TTTTTA-3' (sense) and 3'-GCAGTTACCACTGCCTGTCCT
AGTTCTGCAGGACAGGCAGTGGTAACTAAAAAATT
CGA-5' (antisense) for siRNA-2 (target located at 167-185
encoding region of human heparanase); 5'-GATCCGTAGTCC
AGGAGCAACTGAGTCAAGACGCTCAGTTGCTCCTGG
ACTATTTTTT A-3' (sense) and 3-GCATCAGGTCCTCGTT
GACTCAGTTCTGCGAGTCAACGAGGACCTGATAAAA
AATTCGA-5' (antisense) for siRNA-3 (target located at
611-629 encoding region of human heparanase). In addition,
oligonucleotides 5'-GATCCGACACCTATACAACGGTAGT
TCAAGACGACTACCGTTGTATAGGTGTTTTTTTA-3'
(sense) and 3'-GCTGTGATATGTTGCCATCAAGTTCTGCT
GATGGCAACATATCCACAAAAAAATTCG A-5' (antisense)
were designed to serve as controls (siRNA-N). In each pair of
oligonucleotides, BamHI and HindIII restriction sites were
included at the 5' and 3' ends, respectively.

Stable transfection. HepG2 cells were inoculated at a density
of 1x10° cells/well in 24-well plates. The cells were grown to
70-80% confluence and transfected with a recombinant vector
containing the siRNA sequence against heparanase in the
presence of DOTAP liposome (Roche, Mannheim, Germany)
following the manufacturer's instructions. After selection in
G418 (300 ug/ml, Gibco-BRL, Gaithersburg, MD) for 4 weeks,
surviving colonies were isolated and expanded.

SYBR green-based real-time quantitative RT-PCR. RNA
was isolated from 5x10° tumor cells with TRIzol (Invitrogen,
Carlsbad, CA) according to the manufacturer's instructions
and quantified by spectrophotometry. After oligo(dT)-primer
reverse transcription of 500 ng of total RNA, the resulting
single-stranded cDNA was amplified using the Perfect Real-
Time RT-PCR kit (Takara). The following primers were used in
this study: 5-GAATGGCCCTACCAGGAGCA-3' (sense) and
AACGCATTTAGGCCAAAGATCAAG (antisense) for hepa-
ranase; 5'-GTTGCGTTACACCCTTTCTTGACA-3' (sense)
and 5-GCACGAAGGCTCATCATTCAAAA-3' (antisense)
for human -actin. Real-time quantitative PCR experiments
were performed using the SYBR Green PCR Core kit (Applied
Biosystems, Foster City, CA, USA) according to the vendor's
instructions and an ABI 7900HT (Applied Biosystems) real-time
PCR instrument with the following settings: initial denaturation
at 95°C followed by 40 cycles of denaturation for 5 sec at 95°C,
annealing for 30 sec at 64°C, and extension for 15 sec at 72°C.

Western blot analysis. Proteins in the cell extracts were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using an 8% polyacrylamide gel and transferred
onto a nitrocellulose membrane. The membrane was incubated
with 5% non-fat milk in PBS, followed by anti-heparanase mAb
(Santa Cruz Biotechnology, CA, USA) or anti-f-actin mAb
(Sigma, St. Louis, MO) for 2 h at RT. The membranes were
washed and incubated with an alkaline phosphatase-conjugated
goat anti-mouse IgG antibody (Amersham Biosciences,
Buckinghamshire, England) for 1 h at RT. Immunoreactive
bands were detected using the ECL Western blot analysis system
(Amersham Biosciences).

Proliferation assay. MTT experiments were carried to detect the
proliferative capacity of HepG2 cells that were transfected with
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Figure 1. RNA interfering sequences targeting different encoding regions of human heparanase and clone formation after selection by G418. (A) Design of RNA
interfering sequences targeting different encoding regions of human heparanase. Target located at 1214-1232 encoding region of human heparanase (sSiRNA-1) (A-a);
167-185 (siRNA-2) (A-b) and 611-629 (siRNA-3) (A-c). Unrelated sequence was designed as control (siRNA-N) (A-d). (B) Enhanced green fluorescence protein
(EGFP) detected in clone formation of HepG2 transfeced with different vectors after selected by G418. HepG2 liver cancer cells were transfected with siRNA-1
(HepG2/RNAIi-1) (B-a), siRNA-2 (HepG2/RNAi-2) (B-b), siRNA-3 (HepG2/RNAi-3) (B-c) or siRNA-N (HepG2/RNAi-N) (B-d), respectively and EGFP was

detected by fluorescence microscopy in each clone.

siRNA of heparanase or control vectors according to our prior
study (16). In brief, 1000 HepG2 cells transfected with control or
siRNA of heparanase were plated onto 96-well culture dishes. At
each time point, 20 ul (5 mg/ml) 3-(4,5-dimethylthiazoyl-2)-2,5-
diphenyltetrazolium bromide (MTT) was added into each well
and incubated at 37°C for 4 h. The media were carefully aspi-
rated, and 200 g1 dimethyl sulfoxide (DMSO) was added to each
well and pipetted up and down to dissolve crystals. The intensity
of dissolved formazan crystal was measured at 490 nm. Each
experiment was repeated three times.

Cell cycle analysis by flow cytometry. Cell cycle distribution
was detected by flow cytometry as previously reported (16).
Briefly, cells at 50% confluence or less were fixed in 70% ice-
cold ethanol for at least 24 h. The cells were washed with PBS,
treated with RNase A (75 U/ml) for 30 min at 37°C, washed
again in PBS, and resuspended in PBS containing 15 mg/ml

propidium iodide. A minimum of 2x10* cells were analyzed
with a Coulter Epics Profile II (Coulter Electronics, Inc.,
Hialeah, FL, USA). The proliferative index (PI) was calculated
according to the following formula: [(S+G,M)/(G,/G+S+G,M)]
x100%.

Clone formation test.In order to test the clone-formation capacity
of HepG?2 cells transfected with siRNA of heparanase or control
vectors, cells were seeded in 35 mm plates (1.5x107 cells/plate).
Colonies were allowed to grow for 14 days. The medium was
discarded, and each well was washed twice with phosphate
buffered saline (PBS). The cells were fixed in methanol for
15 min and then stained with Giemsa. Clones containing at least
50 cells were counted using an inverse microscope.

Matrigel invasion assay. Tumor cells (3x10° cells in 1 ml
DMEM containing 0.1% BSA) were assayed in triplicate for
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Matrigel invasion at 37°C in a humidified incubator (95%
air, 5% CO,) for 30 min, using Transwell chambers (R&D
Systems China Co. Ltd., Shanghai, China) and polycarbonate
filters (13 mm in diameter, 8 ym pore size; Costar Scientific,
Cambridge, MA) coated with Matrigel. Medium conditioned
by NIH3T3 fibroblasts was used as a chemoattractant and
placed in the lower compartment of the Transwell chamber.
As a negative control, serum-free DMEM containing 0.1%
BSA was placed in the lower compartment of the Transwell
chamber instead of the chemoattractant. After 24 h, the filters
were removed, and the cells on the lower surface of the filter
were stained with Giemsa. The cells that migrated through the
membrane to the lower surface of the filter were counted in five
microscopic fields, selected at random (x200 magnification),
for each well (17).

Tumorigenicity in nude mice. Twelve nude male mice, 4 weeks
old, were purchased from the Animal Department, Third
Military Medical University, China, and were randomly divided
into four groups (3 mice per group): HepG2/RNAi-1, HepG2/
RNAIi-3, HepG2/RNAi-N, and HepG?2 parental cells. Animals
were maintained under the guidance set forth in the ‘Guide
for the Care and Use of Laboratory Animals’ by the National
Laboratory Animals Administration Council, China. For subcu-
taneous cancer cell inoculation, HepG2 cells in exponential
growth phase were collected, and single cell suspensions at a
density of 5x107 cells/ml were prepared. Single cell suspensions
(200 pl) were subcutaneously inoculated into rear portions of
the right inguinal grooves of nude mice. After one month, the
mean tumor volumes were measured and calculated according
to the formula v=axb¥2 (‘a’ represents the maximum diameter
of the tumor, and ‘b’ represents the vertical diameter of the
maximum diameter).

Statistical analysis. Mean =+ standard deviation (SD) was
calculated from the results of at least three replicates within one
experiment or from at least three comparable experiments. The
student's t-test was used to determine the significance (p<0.05)
of the differences between the mean values. All statistical
analyses were carried out with the SPSS 11.5 software.

Results

Construction and transduction of siRNA against heparanase.
Small interfering RNA (siRNA) can silence gene expression
in a sequence-specific manner. Because different siRNAs
targeting the same gene vary in efficiency, we designed three
siRNAs against the open reading frame of human heparanase
mRNA, as illustrated in Fig. 1. Each pair of oligonucleotides
(100 pmol) was annealed by incubation at 95°C for 5 min and
cooled slowly. This mixture (1 ul) was then inserted between the
BamHI and HindlIlI sites of the pGenesil-1 vector. The resulting
siRNA-containing plasmids were named pRNAi-1, pRNAi-2,
pRNAI-3 and pRNAI-N. The plasmids were sequenced in order
to verify that the siRNA sequence was successfully cloned in
the recombinant vectors (data not shown).

The siRNA expression vectors were then transfected
into HepG2 liver cancer cells in the presence of DOTAP
liposome (Roche, Mannheim, Germany). After selection
in G418 (300 pg/ml, Gibco-BRL, Gaithersburg, MD) for 4

XIONG et al: HEPARANASE TARGETING BY RNA INTERFERENCE FOR GENE THERAPY OF LIVER CANCER

35001
A > 3000
2500
2000

1500 ¢
*

T
|

i

HepG2/RNAI-N HepGZ/RNAi-1 HepG2/RNAi-2 HepG2/RNAi-3

B o SR

61kDa
42kDa

1000 -

500

Relative Copies of Hpa mRNA

HepG2

Hpa

C 2 B-actin

61kDa
42kDa

Hpa
B-actin

Figure 2. Silencing heparanase downregulated the expression of heparanase
in HepG2 liver cancer cells. (A) Expression of heparanase mRNA detected by
real-time RT-PCR. Compared with heparanase mRNA in HepG2 and HepG2/
RNAI-N cells, heparanase mRNA in HepG2/RNAi-1, HepG2/RNAi-2 and
HepG2/RNAI-3 cells was significantly downregulated ("p<0.05, “p<0.01). (B)
Expression of heparanase protein detected by Western blotting. 1, HepG2; 2,
HepG2/RNAIi-N; 3, HepG2/RNAi-1; 4, HepG2/RNAi-2; 5, HepG2/RNAi-3.
(C) Expression of heparanase protein in different generations of HepG2/
RNAi-1 and HepG2/RNAi-3 cells. (C-a) Expression of heparanase protein
in different generations of HepG2/RNAi-1. 1, The 5th generation HepG2/
RNAIi-1; 2, The 10th generation HepG2/RNAi-1; 3, The 15th generation
HepG2/RNAI-1; 4, The 19th generation HepG2/RNAi-1; 5, HepG2/RNAIi-N;
6: HepG2. (C-b) Expression of heparanase protein in different generations of
HepG2/RNAi-3. 1, The 5th generation HepG2/RNAi-3; 2, The 10th generation
HepG2/RNAi-3; 3, The 15th generation HepG2/RNAi-3; 4, The 19th genera-
tion HepG2/RNAi-3; 5, HepG2/RNAI-N; 6: HepG2.

weeks, drug resistant clones were isolated and named HepG2/
RNAIi-N, HepG2/RNAi-1, HepG2/RNAi-2, HepG2/RNAi-3,
respectively. pGenesil-1 encodes enhanced green fluorescence
protein (EGFP), which we visualized by fluorescence micros-
copy, to monitor successful transduction of the heparanase
siRNA expressing vectors into the HepG2 cells. As shown in
Fig. 1, EGFP was detected in cells transfected with recom-
binant DNA, which indicated that the transductions were
successful.

The effect of heparanase siRNA on the expression of hepara-
nase in HepG?2 cells. SYBR green-based real-time quantitative
RT-PCR was used to analyze the amounts of heparanase mRNA
isolated from HepG2, HepG2/RNAIi-N, HepG2/RNAi-1,
HepG2/RNAI-2, and HepG2/RNAi-3 cells. Relative heparanase
mRNA was calculated and shown in Fig. 2A. These results
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Figure 3. RNA interference of heparanase inhibited the growth and changed cell cycle distribution of HepG2. (A) RNAI of heparnase inhibited the growth of
HepG2 transfected with RNAi-1 and RNAi-3. (B) RNAI of heparanase arrested HepG2 cells in the G/G, phase.

suggest that siRNA-1, siRNA-3, and less so, siRNA-2 can
significantly attenuate heparanase activity in HepG2 cells at the
mRNA level.

To determine the effect of these three RNAi sequences on
the protein expression of heparanase, HepG2, HepG2/RNAI-N,
HepG2/RNAi-1,HepG2/RNAi-2 and HepG2/RNAi-3 cells were
examined by Western blotting. The protein levels of heparanase
were standardized to GAPDH levels. siRNA-N had almost no
effect on the protein expression of heparanase, whereas siRNA-1
and siRNA-3 appeared to decrease the protein expression of
heparanase by 57% and 71%, respectively (Fig. 2B). Therefore,
we chose HepG2/RNAIi-1 and HepG2/RNAi-3 cells to conduct
our following experiments.

To determine how long the effect of RNAi would last in
liver cancer cells, we performed a Western blot analysis to
determine heparanase expression in various generations (Sth,

Table I. Effect of heparanase RNAi on distribution of cell cycle
of HepG2 cells.

Cell lines GJ/G, S G,/M PI

HepG2 6573 3386 041 3427
HepG2/RNAI-N 6733 2751 6.16  33.67
HepG2/RNAi-1 7393 1772 835 2607
HepG2/RNAi-3 7472 1674 864 2538

10th, 15th and 19th) of HepG2/RNAi-1 and HepG2/RNAi-3
cells. The result showed that the siRNA was stable for the first
10 generations after transfection. After the 10th generation, the



1606 XIONG et al: HEPARANASE TARGETING BY RNA INTERFERENCE FOR GENE THERAPY OF LIVER CANCER

160
140
120
100
80
60
40
20

No. of Colonies

1Hnn

HepG2  HepG2/RNAi-N HepG2/RNAi-1 HepG2/RNAi-3

e L 250

200

150

100

sk .
50‘ [I I]‘
0 . . :

HepGZ/RNAi_l I:iRNA_.i HepG2  HepG2/RNAi-N HepG2/RNAi-1 HepG2/RNAi-3

No. of Penetrating Cells

Figure 4. RNA interference of heparanase attenuated clone formation and invasion of HepG2 liver cancer cells in vitro. (A and B) The ability of a single cell to
form a clone detected by plate clone formation. (A-a) HepG2; (A-b) HepG2/RNAI-N; (A-c) HepG2/RNAI-1; (A-d) HepG2/RNAi-3. Compared with HepG2 and
HepG2/RNAI-N cells, “p<0.01. (C and D) In vitro invasion of HepG2 detected by transwell analysis. Compared with HepG2 and HepG2/RNAi-N cells, “p<0.01.

L}
«Q
S

HepG2/RNAi-)

= K
=3

A

Rt o B

0.8

0.6

0.2

Tumor Volume (cm®)

HepG2 HepG2/RNAi-N HepG2/RNAi-1 HepG2/RNAi-3

Figure 5. RNA interference of heparanase inhibited tumorigenicity of HepG2 in nude mice. (A) The ability of tumorigenicity of different HepG2 cells in nude
mice. (B) Tumor volume of different HepG2 cells in nude mice after 30 days.



INTERNATIONAL JOURNAL OF ONCOLOGY 40: 1601-1609, 2012

effect of RNAi was rapidly lost (Fig. 2C). Therefore, we chose
cells that were close to the 5th generation to conduct our other
experiments.

Heparanase siRNA significantly inhibits proliferation. We
tested the effect of heparanase RNAi on the proliferation
of HepG2 cells by the MTT assay. As illustrated in Fig. 3A,
HepG2/RNAi-1 had a similar growth rate as HepG2/RNAi-3
cells, and both growth rates were obviously slower than parental
HepG2 cells and HepG2/RNAI-N cells. These results suggest
that heparanase RNAi suppresses heparanase-associated cell
proliferation in vitro.

The heparanase siRNA were also found to have an effect on
the cell cycle (Fig. 3B and Table I). Flow cytometry showed that
an increased percentage of cells were in the G/G, phase and a
decreased percentage of cells in the proliferative index (PI) in
HepG2/RNAi-1 and HepG2/RNAi-3 cells, compared with their
parental cells and HepG2/RNAIi-N cells (Table I). This result
indicates that heparanase siRNA can arrest cells in the G/G,
phase.

Effect of heparanase siRNA on clone formation of HepG2
cells. We also adopted the clone formation test to determine the
change in proliferation ability of a single HepG2 cell before and
after heparanase RNAI. The result demonstrated that the single
cell clone formation capacity of HepG2/RNAi-1 and HepG2/
RNAI-3 cells was obviously lower than that of parental HepG2
and HepG2/RNAIi-N cells (34+4, 26+5 vs. 138+7, 123+22,
p<0.01, Fig. 4A and B). This indicates that downregulation
of heparanase can decrease the cloning efficiency of HepG2
cells.

Heparanase siRNA significantly inhibits the invasive ability
of tumor cells in vitro. Because heparanase plays a role in
cell invasion through the degradation of HSPG in the ECM
and BM (18,19), we tested the effect of heparanase RNAi on
the invasive ability of HepG2 cells using the Matrigel inva-
sion assay. As shown in Fig. 4C and D, the ability of HepG2/
RNAIi-1 or HepG2/RNAi-3 to invade through Matrigel-coated
filters was significantly inhibited compared with the parental
HepG?2 cells and HepG2/RNAi-N (8549, 78+10 vs. 18210,
18449, p<0.01).

Heparanase siRNA significantly inhibits tumorigenesis in vivo.
We have demonstrated that heparanase RNAi can inhibit the
proliferation of HepG2 cells in vitro. Whether heparanase siRNA
can decrease the tumorigenesis of HepG2 cells in vivo remained
unknown. A xenograft model was employed to compare the
tumorigenicity of HepG2 cells before and after heparanase inhi-
bition. Subcutaneous tumor nodes of different groups became
palpable almost simultaneously, 7 days after transplantation,
with the exception of the HepG2/RNAi-3 group. Finally, tumor
graft volume was measured after 30 days. The results showed
that HepG2 and HepG2/RNAI-N cells had a tumor formation
ratio of 100%. Although HepG2/RNAi-1 cells also had a tumor
formation ratio of 100%, its subcutaneous tumor volume was
much smaller than of parental HepG2 and HepG2/RNAi-N
cells (0.099+0.030 vs. 0.585+0.135, 0.690+0.099, p<0.01).
No subcutaneous tumors formed in the HepG2/RNAi-3 cells
(Fig. 5A and B).
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Discussion

Numerous studies have demonstrated that heparanase is
upregulated in a large number of malignant tumors, including
liver cancer. Overexpression of heparanase directly correlated
with an increase in cellular invasion, angiogenesis, and metas-
tasis (6,20). Recently, Chen and colleagues detected heparanase
expression in liver cancer by tissue microarray (21). They found
that heparanase was significantly higher in HCC tissues than in
adjacent tissues. Heparanase expression correlated with clinical
stage, portal vein tumor emboli, multiple tumor nodes, and
tumor diameter. These results indicated that overexpression
of heparanase may play an important role in hepatocarcino-
genesis, progression, and metastases of HCC and supported
the notion that heparanase could serve as a potential target for
HCC therapy.

In the past decade, potent heparanase inhibitors, such
as small molecule, sugar, natural product inhibitors, and
neutralizing antibodies, have shown promising efficacy at the
pre-clinical stage. One representative of these inhibitors, PI-88,
is being evaluated in a multicenter phase II or III clinical trial
(22,23). However, due to the multiple biologic activities of these
inhibitors, the mechanism of their anti-tumor activity and their
relation to heparanase inhibition are not clear (24). Therefore,
the application of these inhibitors in the clinic may require
further study.

RNA interference is a post-transcriptional mechanism of
gene silencing through chromatin remodeling, inhibition of
protein translation, or direct mRNA degradation. Genetic
silencing of heparanase expression by RNAi may be a highly
specific, promising alternative (25). Recent studies have
attempted to use a siRNA approach to inhibit heparanase.
Edovitsky et al demonstrated that siRNA-mediated gene
silencing resulted in the downregulation of heparanase enzy-
matic activity, tumor invasiveness, angiogenesis, and metastasis
(24). Zhang and colleagues reported that silencing heparanase
in breast cancer cells could decrease their invasion and adhe-
sion in vitro. In an MDA-MB-435 cell xenograft model, tumors
treated with siRNA were less vascularized and less metastatic
than the control group (26). These results indicated that the
reduction of heparanase expression led to the inhibition of
invasion, metastasis, and angiogenesis of tumor cells, both
in vitro and in vivo.

In the present study, we designed three different siRNA
vectors targeting three different sequences of the heparanase
RNA. The results demonstrated that RNAi-1 (1214-1232:
5-GGCTATCTCTTCTGTTCAA-3") and RNAi-3 (611-629:
5'-CTCAGTTGCTCCTGGACTA-3") dramatically knocked
down the expression of heparanase mRNA and protein in a
sequence-specific manner when compared with the negative
control.

The relationship between heparanase and cell proliferation
has, thus far, been unclear. Edovitsky et a/ found that mock- and
siRNA-transfected B16-BL6 cells had the same rate of prolif-
eration in vitro (24), whereas Zhang et al demonstrated that the
proliferation of MDA-MB-435 cells was significantly inhibited
in vitro when heparanase was targeted by siRNA (26). In the
present study, we found that the proliferative capacity of HepG2
cells was significantly decreased after downregulation of hepa-
ranase. This result was further confirmed by cell cycle analysis.
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The flow cytometry result showed an increase in the percentage
of cells in G,/G, phase and a decrease in the percentage of
cells in the proliferative index (PI) in siRNA-1 and siRNA-3
transfected HepG2 cells. A previous study showed that RNAi-
mediated heparin inhibition led to expression changes of many
genes related to the cell cycle and proliferation (26). Zhang
and colleagues studied the effect of heparanase siRNA on
the gene expression signature of tumor cells. They found that
proteoglycan 2 (PRG2), which can reduce cell proliferation by
inhibiting the response of cells to growth factors (27), was the
most upregulated gene. Meanwhile, they also found that cell
division cycle 16 (CDC16), which is an important component of
the anaphase promoting complex (28), was the most downregu-
lated gene. These results support the idea that siRNA against
heparanase could regulate the expression of cell growth and
cell cycle related genes, and thus, affect cell proliferation.

Because siRNA efficacy and mode of delivery vary consid-
erably (29), efficient delivery systems should be considered
when RNAI is used as a therapeutic tool. Although present
studies have supported the great potential of the RNAI tech-
nique, a critical step involves obtaining a stable vector with
sustained expression of the siRNA. In the present study, the
siRNA vector was constructed based on a eukaryotic expres-
sion vector and can be maintained in cells for ten generations
of stable expression. Its inhibitory effect gradually disappears
as cells continue to expand beyond generation 10. Lentivirus,
which can infect both dividing and non-dividing cells and allow
for long-term gene expression, can extend the range of cells and
tumor types in which the heparanase-silencing approach may
be practical (30).

Although the effectiveness of RNAi is most likely deter-
mined by the accessibility of its target sequences in the intended
cells, at present there are no definitively reliable ways to predict
or identify the ideal target sequences. In addition, targeting
sequences at different locations may result in different efficien-
cies of knockdown (31). Although we did not test and compare
the efficiency of each potential target, we believe that more
efficient targets may exist, apart from those listed in our study.

Collectively, the results presented here indicate that RNAi
of the heparanase gene can efficiently inhibit the proliferation,
invasion (in vitro), and tumorigenicity (in vivo) of HepG2 liver
cancer cells by downregulating heparanase expression. These
findings demonstrate that heparanase plays a critical role in liver
cancer cell proliferation, migration, and invasion and suggest
that heparanase gene silencing can be utilized as a novel anti-
cancer method for human liver cancers in the future.
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