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The enhanced antitumor effects of biodegradable cationic
heparin-polyethyleneimine nanogels delivering HSulf-1
gene combined with cisplatin on ovarian cancer
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Abstract. HSulf-1 (heparan sulfate 6-O-endosulfatase 1), a
commonly downregulated gene in the majority of ovarian
cancer cell lines, has been identified to play an important role
in regulating tumorigenesis. Our previous studies demonstrated
that HSulf-1 could inhibit angiogenesis and tumorigenesis
in vivo. The employment of polymeric nanoparticles to deliver
functional gene holds much promise as an effective therapeutic
strategy against ovarian cancer. To develop more effective
therapy, in this study, we investigated the antitumor effect
of heparin-polyethyleneimine (HPEI) nanogels delivering
HSulf-1 combined with cisplatin (DDP) on ovarian cancer.
Expression of HSulf-1 in vitro and in vivo was determined
by reverse transcription polymerase chain reaction (RT-PCR)
and western blot analysis. A SKOV3 intraperitoneal ovarian
carcinomatosis model in nude mice was established to assess
the antitumor efficacy. Mice were treated with NS, pEP/HPEI
complexes, pHSulf-1/HPEI complexes, DDP or pHSulf-1/HPEI
plus DDP, respectively. Intraperitoneal tumors were weighed.
Antiangiogenic effect in vivo was evaluated by CD31 immu-
nostaining and alginate-encapsulate tumor cell assay. Detection
of the proliferative cells and apoptotic cells in tumor tissues
were performed by Ki-67 staining and TUNEL assay. Stable
expression of HSulf-1 was detected in the pHSulf-1/HPEI
and pHSulf-1/HPEI plus DDP groups. The combination of
pHSulf-1/HPEI complexes with DDP exhibited enhanced anti-
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tumor activity, compared with the monotherapy of HSulf-1 or
DDP alone (P<0.01). the combination therapy exerted signifi-
cant antitumor activity through enhanced antiangiogenesis,
induction of apoptosis and suppression of cell proliferation.
Collectively, these observations provide evidence that HPEI
nanogels delivering HSulf-1 combined with DDP may have a
promising application in the therapy of human ovarian cancer.

Introduction

The full-length cDNA encoding human protein of extracellular
heparan sulfate 6-O-endosulfatase 1, named HSulf-1, has been
recently identified and characterized (1,2). HSulf-1 has a unique
structural feature, enzymatic activity and signaling function
which could selectively remove 6-O-sulfate from heparan
sulfate proteoglycans (HSPGs) (3.4). Since HSPGs serve as
co-receptors for numerous heparin-binding growth factors,
cytokines, chemokines and adhesion molecules, they could
act as key regulator of growth factor and cell signaling in the
extracellular matrix and on the cell surface (5,6). HSulf-1 could
change HSPG-related signaling pathways, such as heparin-
binding epidermal growth factor (HB-EGF), fibroblast growth
factor-2 (FGF-2), hepatocyte growth factor (HGF), and vascular
endothelial growth factor (VEGF). Therefore, dysregulation of
HSulf-1 may exert significant effect on cell growth, angiogen-
esis and tumorigenesis (7-14). Previous studies have identified
HSulf-1 as a downregulated gene in some tumor types including
ovarian cancer, hepatocellular cancer, and head and neck squa-
mous cell carcinoma (7,8). Re-expression of HSulf-1 diminished
heparin-binding growth factor signaling, inhibited cell
proliferation, migration, invasion, angiogenesis and promoted
drug-induced apoptosis in vitro (7-9) and in vivo (10-12).
Ovarian cancer is the leading cause of death from gyneco-
logical malignancies and accounts for 4% of all cancer types in
American women (15). Despite improved methods of surgery,
chemotherapy, radiotherapy and new biological therapies, the
mortality in women with advanced, persistent or recurrent
ovarian cancer still remains at a high level (16). Cisplatin (DDP),
one of the most important chemotherapy drugs, has been widely
used for the treatment of ovarian carcinoma. Despite the
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significant efficacy at treating ovarian cancer, cisplatin still has
many problems in clinical use, such as severe side effects and
resistance to the drug which undermine the curative potential
of cisplatin. The antitumor mechanisms of DDP involve its
capability to form bifunctional DNA crosslinks, failure to
repair damaged DNA, cell cycle arrest, interference with DNA
replication and the subsequent induction of cell death through
apoptosis, necrosis, or both (17-20). The expression of HSulf-1
is repressed in the majority (~75%) of tumor tissues originated
from ovarian cancer patients (7). In an effort to develop more
effective and novel therapeutic approaches to combat ovarian
cancer, we sought to develop combination therapy of HSulf-1
with DDP to treat ovarian cancer.

The application of gene therapy in cancer treatment has now
been widely recognized, but the clinical employment of gene
therapy is restricted mainly due to the lack of safe and efficient
gene delivery technologies (21-24). At present, cationic poly-
ethyleneimine (PEI) has been used as one of the most effective
non-viral gene transfection agents. However, PEI is not biode-
gradable and its application has been compromised mainly due
to the correlation of cytotoxicity, transfection efficiency and its
chain length (25,26). Intensive research has been carried out to
couple short PEI chains into a longer one using biodegradable
linkers to overcome this issue (27-30). In our previous study,
the low molecular weight PEI was chemically conjugated into
biodegradable cationic nanogels by heparin and HPEI could
serve as a safe and efficient non-viral gene vector (31).

In the present study, we used HPEI nanogels delivering
HSulf-1 combined with DDP to investigate the antitumor
efficiency of combination therapy on human ovarian cancer.
HSulf-1 exhibited significant capability of inhibiting tumor
growth by way of reducing angiogenesis, decreasing cell
proliferation and inducing apoptosis. The antitumor efficacy of
HSulf-1 was enhanced when combined with DDP. Additionally,
HPEI nanogels displayed efficient transfection without any
conspicuous toxicity.

Materials and methods

Cell culture. The human ovarian epithelial serous cystadenocar-
cinoma cell line SKOV3, obtained from American Type Culture
Collection (ATCC, Manassas, VA) was cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% heat-inacti-
vated fetal bovine serum (FBS), 2 mM L-glutamine, 0.1 mg/ml
of streptomycin and 100 U/ml of penicillin. The SKOV3 cells
were incubated in a humidified atmosphere containing 5% CO,
at 37°C and passaged every 3 days at a split ratio of 1:3 using
trypsin.

Construction and purification of plasmid. The pVAX plasmid
(Invitrogen, Carlsbad, CA) expressing HSulf-1 (GenBank acces-
sion number NM-001128205.1 GI:189571640) named pHSulf-1,
was constructed in our laboratory as previously mentioned (32).
The pVAX plasmid without HSulf-1 cDNA was used as an
empty vector (named pEP). A broad scale preparation of
plasmid DNA was purified using an EndoFree Plasmid Giga kit
(Qiagen, Chatsworth, CA). The purified plasmids were eventu-
ally dissolved in Tris-EDTA buffer, stored at -20°C for further
use. The recombinant pHSulf-1 was confirmed by restriction
digestion and DNA sequencing.
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Synthesis of HPEI nanogels. The biodegradable cationic
nanogel-HPEI were synthesized at the State Key Laboratory of
Biotherapy and Cancer Center as previously described (31).
Briefly, 50 mg heparin was dissolved in 100 ml
2-N-morpholino ethanesulfonic acid (MES) buffer solution
(0.05 M), and then, to activate the carboxylic acid groups of
heparin, 20 mg 1-ethyl-3-3-dimethylaminopropyl carbodi-
imide (EDC) and 30 mg N-hydroxysuccinimide (NHS) were
added into the solution. The solution was dropped into 20 ml
PEI2K solution (7.5 mg/ml) after 2 h of this reaction at room
temperature. The persistently stirred reaction was carried
out at room temperature overnight. Then, the synthetic
HPEI nanogels were dialyzed in distilled water for 3 days.
Subsequently, the HPEI nanogels were filtered by a syringe
filter. The HPEI nanogels were adjusted to a final concentra-
tion of 1 mg/ml and stored at 4°C for future use.

Preparation of plasmid/HPEI complexes and transfection
in vitro. The SKOV3 cell transfection was carried out using
HPEI. To determine the optimal plasmid/HPEI ratio (pug/ug)
for efficient gene delivery, we used the recombinant pVAX
plasmid coding the green fluorescent protein (GFP) in a series
of experiments with different plasmid/HPEI ratios transfecting
SKOV3 cells in vitro. A maximum efficiency of transfection
was obtained when 2 ug plasmid/20 ug HPEI was used (data
not shown).

The SKOV3 cells were seeded in 6-well plates at a density
of 2x10°/well and incubated for 24 h to reach 80% confluence.
Plasmid (pHSulf-1 or pEP, 2 ug)/HPEI complexes (20 ug) were
prepared in 1 ml DMEM medium without serum. DDP was
prepared at a concentration of 5.0 xg/ml. Normal saline (NS)
was used as control. After the cells were incubated for 6 h,
the medium was replaced by 2 ml DMEM supplemented with
10% FBS and cultured for an additional 48 h. The cells and the
supernatants were collected for further assay. All transfections
were performed in triplicate.

Detection of HSulf-1 mRNA expression by RT-PCR. The
reverse transcription polymerase chain reaction (RT-PCR) was
performed to detect the stable expression of HSulf-1 mRNA in
transfected SKOV3 cells and intraperitoneal tumor tissues. The
upstream primer and downstream primer for HSulf-1 were
5-CGCGGATCCAAGATGAAGTATTCTTGCTGTGC-3' and
5'-CGCGATATCTTAACCTTCCCATCCATCCCATA-3',
respectively. The total-RNA of each experimental group was
extracted using TRIzol reagent (Invitrogen). The RT-PCR reac-
tions with the isolated total-RNA (0.5 ug) were carried out as
follows: reverse transcription (50°C, 30 min); denaturation (94°C,
2 min); amplification for 35 cycles (94°C, 0.5 min), annealing
(60°C, 0.5 min) and extension (72°C for 3 min); a terminal elon-
gation procedure (72°C, 10 min). After the reactions were
completed, each RT-PCR product of 10 ul was electrophoresed
in a 1.0% agarose gel.

Western blot analysis. To confirm whether HSulf-1 was
re-expressed in the transfected SKOV3 cells and intraperitoneal
tumor tissues, the sample of each experimental group was lysed
in modified RIPA lysis buffer containing 1 mM PMSF. We used
the BioRad protein assay (Bio-Rad, Hercules, CA) to detect the
protein concentrations of lysates. Equal amounts of protein were
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loaded onto the 8% SDS-PAGE for electrophoresis and trans-
ferred to PVDF membranes (Millipore, Billerica, MA). Then, the
blots were incubated with rabbit anti-human polyclonal antibody
against HSulf-1 (diluted 1:800, Santa Cruz Biotechnology, Santa
Cruz, CA) and the horseradish peroxidase-conjugated secondary
antibody. The immunoreactive bands were detected by chemilu-
minescence. GAPDH was used as the internal standard.

Tumor model and treatment. The female athymic BALB/c nude
mice (6-8 weeks old, 18-20 g each) were used to establish the
intraperitoneal xenograft tumor model of human ovarian cancer
as previously described (33). This animal experiment procedure
was approved by the Institutional Animal Care and Treatment
Committee of Sichuan University.

SKOV3 cell suspension (5x10° cells in 100 1l DMEM) was
injected subcutaneously in the backs of 5 nude mice. When the
diameter of s.c. tumors was approx. 1 cm, tumors were harvested
for i.p. inoculation. Seven days after i.p. tumor inoculation,
30 mice were randomly allocated into five groups (six mice/per
group) to receive the following i.p. administration: i) untreated,
normal saline (NS); ii) 5 ug pEP/50 ug HPEI complexes, every
two days for 12 times; iii) 5 ug pHSulf-1/50 ug HPEI complexes,
every two days 12 times; iv) DDP (3 mg/kg, Qinu Pharmacy
Corporation, China), weekly for 3 times; v) combination therapy
containing treatment of 5 ug pHSulf-1/50 g HPEI complexes
for 12 times and DDP (3 mg/kg) for 3 times (volume 100 ul). All
mice were sacrificed 3 days after the last injection and the intra-
peritoneal tumors were removed and weighed. When sacrificed,
each mouse was observed and recorded in terms of ascites, and
the number and location of peritoneally disseminated macro-
scopic tumors.

Immunohistochemistry staining. The intraperitoneal tumor
tissues were fixed in 10% formalin (pH 7.0), embedded in
paraffin, and then cut into sections (3-5 ym). The primary
antibody of Ki-67 and CD31 immunostaining for intraperito-
neal tumors is the rabbit anti-human Ki-67 antibody (diluted
1:100; Thermo Scientific, Hudson, NH) and goat anti-mouse
CD31 (diluted 1:100; Santa Cruz Biotechnology), respectively.
The tumor sections were deparaffinized and rehydrated at first.
Heat-induced antigen retrieval was performed in 10 mM citrate
buffer (pH 6.0) at 120°C, and then endogenous peroxidase
activity was blocked by 3% H,O,. The sections were treated
with 10% normal goat or rabbit serum to reduce non-specific
staining, and then incubated with the primary antibody, biotin-
conjugated secondary antibody, streptavidin-biotin complex
(SABC) successively. The immunoreaction was observed using
diaminobenzidine (DAB) peroxide solution.

To quantify microvessel density (MVD), the sections were
first scanned at x100 magnification to identify the areas having
the highest vascular density without necrosis. The number of
microvessels was counted in this areas at high-power field (hpf).
In order to quantify the proliferation index, the percentage of
Ki-67-positive cells was observed in 10 random fields without
necrosis at a magnification, x400.

Apoptotic analysis. Apoptosis in vivo was analysed using
terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) assay in accordance with the manufac-
turer's protocol (Promega, Madison, WI). Cell nuclei stained
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with dark green fluorescence were defined as TUNEL-positive
and observed by fluorescence microscopy. The apoptosis
index was analysed in 10 random fields without necrosis at
x400 magnification.

Alginate-encapsulated tumor cell assay. SKOV3 ovarian tumor
cells were resuspended in a 1.5% alginate (Sigma) solution, and
then released into a solution of 250 mM CacCl, to form the algi-
nate bead. Alginate beads (2x10° cells/bead) were embedded s.c.
into both dorsal sides of the BALB/c nude mice under anesthesia
(4 beads/mouse). Mice were treated with i.p. administration of
0.9% NS, pEP/HPEI complexes, pHSulf-1/HPEI complexes,
DDP or pHSulf-1/HPEI complexes plus DDP, respectively.
Treatment was carried out on the second day of implanting
beads. The mice were injected intravenously with 100 ul
FITC-dextran (Sigma) (100 mg/kg) solution after 14 days. After
FITC-dextran injection, alginate beads covering blood vessels
were photographed after being exposed surgically and then
quickly removed in 20 min. The uptake of FITC-dextran was
measured as described (34,35).

Toxicity assessment. To evaluate the underlying side effects
and toxicity of the combination therapy, the animal weight was
monitored every four days and the correlative indices such as
anorexia, diarrhea, skin ulceration and toxic death were moni-
tored consecutively during the whole therapeutic procedure.
The blood biochemical parameters such as ALT, AST, TBIL,
ALB, BUN and CREA were detected to assess the potential
side effects of the treatment at the end point of the experiment.
Various organs (heart, liver, spleen, lung, kidney, brain, etc.)
were harvested, fixed in 10% formalin (pH 7.0) and embedded
in paraffin after sacrifice. Sections of these tissues (3-5 ym)
were stained with H&E.

Statistical analysis. Comparisons of all numerical values among
the different groups were performed using one-way analysis of
variance (ANOVA) and the unpaired Student's t-test. A value of
P<0.05 was defined as statistically significant.

Results

Preparation and characterization of HPEI nanogels. As shown
in Fig. 1A, in presence of EDC/NHS, the reaction between
heparin and PEI2K was generated. When EDC/NHS activated
heparin was dropped into PEI2K solution, one heparin molecule
reacted with several PEI2K molecules and cross-linkage
between heparin and PEI2K appeared. Consequently, the HPEI
nanogels were formed through amide bonds.

Stable expression of HSulf-1 in vitro. To examine whether the
pHSulf-1/HPEI complexes resulted in expression of HSulf-1 in
SKOV3 ovarian cancer cells by transfection in vitro, SKOV3 cells
were seeded in 6-well plates and incubated with NS, pEP/HPEI
complexes, pHSulf-1/HPEI complexes, DDP or pHSulf-1/HPEI
complexes plus DDP, respectively. Stable expression of HSulf-1
was detected using PT-PCR and western blot analysis after
transfection for 48 h. The HPEI nanogels efficiently transfected
pHSulf-1 into SKOV3 cells in vitro and HSulf-1 could be
expressed in SKOV3 cells after transfection with pHSulf-1/HPEI
complexes, compared with control groups (Fig. 1B).
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Figure 1. Synthesis of HPEI nanogels and expression of HSulf-1 in vitro and in vivo. (A) Preparative method of HPEI nanogels. Reaction between heparin
and PEI2K was generated when catalyzed by EDC/NHS. (B) Identification of the expression of HSulf-1 in transfected SKOV3 cells in vitro by RT-PCR and
western blot analysis. Lane 1, SKOV3 ovarian cancer cells were treated with NS; lane 2, pEP/HPEI complexes; lane 3, pHSulf-1/HPEI complexes; lane 4, DDP;
or lane 5, pHSulf-1/HPEI plus DDP, respectively. Left, PT-PCR indicated only pHSulf-1/HPEI complexes treated cells had positive band of HSulf-1 (2,616 bp).
GAPDH was used as the internal standard. Right, the result of western blot analysis showed a positive band (~130 kDa) only occurred in cells transfected
with pHSulf-1/HPEI complexes in contrast to control groups. (C) Expression of HSulf-1 in vivo. The intraperitoneal carcinomatosis model in nude mice was
established and intraperitoneally administered with: lane 1, NS; lane 2, pEP/HPEI complexes; lane 3, pHSulf-1/HPEI complexes; lane 4, DDP; or lane 5,

pHSulf-1/HPEI plus DDP, respectively (80x70 mm, 300 DPI).

Expression of HSulf-1 in vivo. An intraperitoneal xenograft
model of human ovarian cancer was established to detect whether
the pHSulf-1/HPEI complexes led to expression of HSulf-1 on
SKOV3 cell line in vivo. The nude mice were injected with the
above five agents, respectively. All mice were sacrificed after the
last administration of 3 days and the intraperitoneal tumors were
used for RT-PCR and western blot analysis. The pHSulf-1/HPEI
complexes resulted in expression of HSulf-1 in vivo, but no
expression of HSulf-1 could be examined in the three groups
which were not treated with pHSulf-1/HPEI complexes (Fig. 1C).

Tumor suppressor function of the combination of HSulf-1
plus DDP. We established an intraperitoneal xenograft model
of human ovarian cancer in nude mice to further investigate
the efficacy of combination HSulf-1 with DDP in suppressing
the growth of human ovarian tumor in vivo. As shown in
Fig. 2, the group treated with pHSulf-1/HPEI or DDP alone
exhibited significant inhibition of tumor growth (mean tumor
weight, 0.38+0.19 and 0.48+0.10 g, respectively). The tumor
growth of the two groups was significantly inhibited, compared

with the group treated with NS and pEP/HPEI complexes
(mean tumor weight, 1.62+0.36 and 1.51+0.30 g, respectively,
P<0.01). However, the group of combination therapy exhibited
an enhanced effect on tumor suppression, compared with the
group treated with pHSulf-1/HPEI or DDP alone (mean tumor
weight, 0.10+0.06 g, P<0.01).

In the NS and pEP/HPEI groups, each mouse developed
intraperitoneally macroscopic disseminated tumor nodules and
a portion of them emerged bloody ascites (Table I). Microscopic
examination verified that livers of three and four of the six mice
developed tumor invasion, and the hemorrhagic ascites emerged
in two and three of the six mice in pEP/HPEI and NS group,
respectively. In the other three groups, the intraperitoneal tumor
nodules were limited to the pelvis. No tissues and organs were
obviously invaded by tumor and no ascites were found in these
mice. One of the six mice in the group of combination therapy
had no macroscopic tumor when sacrificed.

Inhibition of tumor cell proliferation in vivo. Ki-67 immunos-
taining was used to evaluate the proportion of proliferative
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Table I. Characterization of intraperitoneal xenografs of human ovarian cancer in different treatment group in nude mice

(100x40 mm, 300 DPI).

Treatment Number Mean weight Liver invaded
(n=6) of nodules (g, mean + SD) by tumors Ascites
NS 8+2 1.62+0.36 4 3
pEP/HPEI 6+2 1.51+0.30 3 2
pHSulf-1/HPEI 3+1 0.38+0.19 0 0
DDP 3+1 0.48+0.10 0 0
pHSulf-1/HPEI+DDP 2+1 0.10+0.06 0 0
2- Inhibition of angiogenesis in vivo. Angiogenesis in tumor tissues
18 - was estimated by immunostaining using CD31 antibody which
1.6 - had high specific affinity for vascular endothelial cells. A signifi-
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Figure 2. Tumor weights in the intraperitoneal xenograft model of human
ovarian cancer in nude mice. The mice were intraperitoneally administered with
NS, pEP/HPEI complexes, pHSulf-1/HPEI complexes, DDP or pHSulf-1/HPEIL
plus DDP, respectively. The result indicated that HSulf-1 exhibited significant
efficacy in inhibiting tumor growth, but the combination of pHSulf-1/HPEI
complexes with DDP displayed enhanced antitumor activity, compared with
the therapy of HSulf-1 or DDP alone. Data are shown as means + SE. “P<0.01
versus NS group; **P<0.01 versus pHSulf-1/HPEI group (80x70 mm, 300 DPI).

tumor cells in each treatment group (Fig. 3). The empty vector
and NS group demonstrated significant tumor cell proliferation
in vivo. Nuclear staining in tumor tissues of pHSulf-1/HPEI
and DDP single therapy groups showed less staining for Ki-67
compared with the NS and pEP/HPEI groups (P<0.01). The
mean percentage of Ki-67 positive cells in the pHSulf-1/HPEI
group was not significantly different from that of DDP group
(P>0.05). The cell proliferation dramatically decreased in
tumors treated with pHSulf-1/HPEI plus DDP compared with
control groups (P<0.01).

Induction of apoptosis in vivo. The pHSulf-1/HPEI and DDP
monotherapy resulted in a significant increase of apoptotic
tumor cells compared with the NS and pEP/HPEI treated
groups (P<0.01), respectively. No significant difference was
detected in the percentage of apoptotic cells between the
two groups (P>0.05). The tumor tissues of the combination
therapy group showed increased positive nuclei compared with
the pHSulf-1/HPEI and DDP monotherapy groups (P<0.01).
However, positive nuclei were rare in tumor tissues of the empty
vector and NS groups, as shown in Fig. 3.

cant reduction of MVD could be observed in pHSulf-1/HPEI and
DDP treated groups compared with that in NS and pEP/HPEI
treated groups (P<0.01; Fig. 4). The MVD decreased more obvi-
ously in tumors of combination therapy group compared with
NS and pEP/HPEI groups (P<0.01). The capability of antiangio-
genesis was also evaluated by alginate-encapsulated tumor cell
assay and the quantification of the FITC-dextran uptake (Fig. 4).
New blood vessels in alginate beads from the mice treated with
pHSulf-1/HPEI and DDP were sparse, but twisted and rich
blood vessels could be observed in alginate beads of NS and
pEP/HPEI treated groups. Blood vessels were obviously few in
alginate beads of pHSulf-1/HPEI plus DDP group. In addition,
the results of FITC-dextran uptake were similar to what we
observed in alginate beads of different group.

Toxicity observation. The animal weight, considered as a
parameter for evaluating anorexia, physical status or cachexia,
was monitored every four days. There was a minor decrease
of the body weights in the DDP and pHSulf-1/HPEI plus DDP
groups, and no apparent differences were found between the
two groups. Meanwhile, no significant differences in body
weight were observed among the five groups (P>0.05, Fig. 5).
In addition, no gross changes such as abnormal behavior and
ruffling of fur were detected. The results of blood biochemical
parameters and H&E histological staining indicated that there
were no obvious pathological and biochemical alterations in
various important organs.

Discussion

HSulf-1, a heparin-degrading extracellular endosulfatase which
could selectively remove 6-O-sulfate from heparan sulfate is
downregulated in the majority of examined cancer cell lines and
it is markedly diminished or undetectable in ~75% of ovarian
cancers (7). Re-expression of HSulf-1 diminishes signaling of
various heparin-binding growth factors, decreases cell prolif-
eration, invasion and enhances drug-induced apoptosis in vitro
(7-9,13). Some studies also showed that HSulf-1 could inhibit
tumorigenesis and angiogenesis, and promote drug-induced
apoptosis in vivo (10-12). The contribution of HSulf-1 to growth
factor signaling and its effects on human cancerigenesis are
under intensive investigation. In our previous study, we demon-
strated that HSulf-1 could effectively inhibit intraperitoneal
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Figure 3. Effects of the different treatments on cell proliferation and apoptosis in vivo. (A) Significant suppression of cell proliferation was detected in the
pHSulf-1/HPEI and DDP monotherapy groups. Many Ki-67-positive cells were identified in the NS and pEP/HPEI groups, but only a few positive nuclei
occurred in pHSulf-1/HPEI plus DDP group; magnification, x200. (B) Apoptotic cells were observed in tumors treated with pHSulf-1/HPEI or DDP alone.
Combination therapy obviously increased the percentage of apoptotic cells versus controls. Data are expressed as means + SE. “P<0.01 versus NS group;
*P<0.01 versus pHSulf-1/HPEI group; magnification, x200 (155x100 mm, 300 DPI).
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Figure 4. Effect on tumor angiogenesis was determined by CD31 immunostaining and alginate-encapsulated tumor cell assay in vivo. (A) CD31 immunostaining
revealed that there were sparse microvessels in the tumor tissues of the pHSulf-1/HPEI and DDP monotherapy groups, and very few blood vessels in the combina-
tion therapy group; magnification, x400. (B) Alginate beads containing SKOV3 ovarian tumor cells, 2x10° cells/per bead, were implanted s.c. into the backs of
10 nude mice. Mice were intraperitoneally administered with NS, pEP/HPEI complexes, pHSulf-1/HPEI complexes, DDP or pHSulf-1/HPEI plus DDP. Beads
were surgically removed and photographed. The suppression of angiogenesis occurred in the pHSulf-1/HPEI and DDP monotherapy groups. The function of
anti-angiogenesis was more powerful in the combination therapy group. FITC-dextran uptake of beads from the different group revealed similar result. Data are
expressed as means = SE. “P<0.01 versus NS group; **P<0.01 versus pHSulf-1/HPEI group; (155x100 mm, 300 DPI).
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Figure 5. Lack of obvious toxicity-dependent weight loss in treated mice.
There were no significant differences in body weight among the five groups
(P>0.05), although minor weight loss occurred in the DDP and combina-
tion therapy groups. Data are expressed as means + SD; n=6 for each group;
(80x70 mm, 300 DPI).

xenograft growth of human ovarian cancer (32). The findings
that expression of HSulf-1 in cancer cells could inhibit tumori-
genesis and tumor angiogenesis indicate that the modification of
HSPG polysaccharide structure might be a reasonable approach
for the therapy of cancer, in addition to, or in combination with
conventional chemotherapy and antiangiogenic therapy.

Re-expression of HSulf-1 could sensitize the cancer cells
to traditionally used chemotherapeutic agents such as cisplatin
and paclitaxel (7-9,12-14). At present, cisplatin (DDP) has been
widely used for the treatment of ovarian carcinoma. Severe
side- effects and resistance to drug are common problems
encountered in the procedure of cancer therapy, despite the
significant efficacy of DDP in treating cancers. The therapy that
combines conventional chemotherapeutic agents with inhibition
of angiogenesis could have an additive effect on suppression
of tumor growth and metastases in vivo (36). Therefore, in this
study, we used the combination therapy of HSulf-1 plus DDP
to develop more effective and novel therapeutic approach to
treat ovarian cancer. Our finding indicated that HSulf-1 could
inhibit tumorigenesis and angiogenesis in vivo, and the effect of
HSulf-1 on ovarian cancer was markedly enhanced by combina-
tion with DDP. The antitumor, antiangiogenesis, antimetastasis,
and antiapoptosis effects of HSulf-1 plus DDP were remarkably
greater than those of HSulf-1 or DDP alone.

The mechanism of how this combination therapy exerts its
effect is not clear. Angiogenesis, the development of new blood
vessels from existing vasculature, is an essential factor for solid
tumor growth and metastasis because beyond a critical extent,
the tumor fails to expand further without neovascularization.
The angiogenesis is controlled by the balance between various
angiogenic and antiangiogenic agents (37,38). HSulf-1 may
play a potential regulatory role in this multiple biological event,
because heparan sulfate could interact with a great deal of
these agents to enhance or inhibit their activities. HSulf-1 could
modulate the function of heparan sulfate binding VEGF,; in
proliferation and angiogenesis (11). The blockade of VEGF
signaling can significantly enhance the efficacy of chemothera-
peutic regimens (39). In this study, inhibition of angiogenesis
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by HSulf-1 was evaluated by CD31 and alginate-encapsulated
tumor cell assay. Apparent decrease in tumor vessel formation
was observed in the HSulf-1 treated group compared with
the empty vector or NS treated group, indicating that HSulf-1
inhibited angiogenesis in vivo. This demonstrates that the intra-
peritoneal tumor might be exposed to an insufficient supply of
oxygen and nutrients, which represses tumor growth, in agree-
ment with the universally accepted concept that the growth of
solid tumors such as breast and ovarian cancers depend on their
capability of inducing tumor angiogenesis (40). In addition,
angiogenesis in the HSulf-1 plus DDP group was more signifi-
cantly suppressed compared with any other group. However, the
exact antiangiogenic mechanism of this combination therapy
remains unclear.

DDP is highly effective in the treatment of ovarian cancers.
The biochemical mechanisms of DDP cytotoxicity involve
binding of the drug to DNA and non-DNA targets, and the
subsequent provocation of cell death through apoptosis,
necrosis, or both (17). These antitumor mechanisms of DDP
refer to interfering with DNA replication, forming lethal
intrastrand DNA crosslinks, arresting cell cycle, and inducing
cell apoptosis (18-20). In the present study, the antitumor
and antiapoptosis effects were markedly enhanced by the
combination therapy of HSulf-1 plus DDP, compared with the
monotherapy of HSulf-1 or DDP. These results were consistent
with the previous findings indicating that re-expression of
HSulf-1 increased cisplatin-mediated cytotoxicity in ovarian
cancer (7,12,13). Further studies by Lai ez al (7) indicated that
the typical biochemical hallmarks of apoptosis by the combina-
tion therapy of HSulf-1 plus DDP included cytochrome c release
from mitochondria and DNA fragmentation. HSulf-1 induced
apoptosis by modulating the sensitivity of ovarian cancer cells
to other stimuli, not by itself. Higher expression of HSulf-1 was
related with somewhat higher induction of apoptosis.

With respect to the combination therapy, tumor growth
might be influenced not only by direct cytotoxicity but also by
inhibition of new vessel formation, and HSulf-1 could enhance
the antitumor effect of DDP, as well as decreasing development
of drug resistance to DDP. On the other hand, the suppression of
angiogenesis might lead to the death of tumor cells most distal
to the established vasculature, thereby reducing tumor volume
and facilitating access of the DDP throughout the tumor tissue.

Gene therapy, as a promising strategy to treat cancer, has
achieved exciting progress in the past two decades. The develop-
ment of safe and efficient gene carriers is one of the prerequisites
for the successful application of gene therapy. The non-viral
vectors, such as cationic lipids and polymers have many advan-
tages over viral ones: low immunogenicity, easy to produce
and no limitation to the size of transferred DNA molecules, but
the toxicity is still a hindrance for the application of non-viral
vectors in gene therapy (21,23,24). Polyethylenimine (PEI),
one of the most successful and widely studied gene delivery
cationic polymers, is effective in gene delivery on account of
its condensation of DNA, which facilitates endocytosis, and
‘proton sponger’ quality, which can prevent DNA from endo-
somal disruption (25,31). Because PEI is not biodegradable and
has the shortcoming of an association between transfection effi-
ciency and cytotoxicity (25,26), in our previous study, the low
molecular weight PEI was conjugated chemically into biode-
gradable cationic nanogels by heparin, to develop a novel gene
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delivery vector (31,32). HPEI nanogels were quickly degraded
into low molecular weight PEI followed by excretion through
urine in vivo and they also exhibited better blood compatibility,
lower cytotoxicity, and stability in vitro, therefore, we used
HPEI nanogels as the gene carrier in the present study.

Our data revealed that HPEI nanogels could efficiently
deliver the HSulf-1 gene into SKOV3 ovarian cancer cells, and
the expression of HSulf-1 in vitro and in vivo was detected
at the mRNA and protein level. In this study, there were no
apparent cytotoxicity and systemic toxic effects. Even though
slight weight loss was observed in the DDP and HSulf-1 plus
DDP-treated groups, it might be due to the toxic reaction
of DDP. HSulf-1 delivered by HPEI nanogels exhibited an
excellent tolerance in the procedure of intraperitoneal cancer
treatment.

In conclusion, HSulf-1 shows potential for an effective anti-
tumor capability against human ovarian carcinoma by way of
inhibiting angiogenesis, reducing cell proliferation and inducing
apoptosis. The antitumor activity of HSulf-1 was enhanced
when combined with DDP. HPEI nanogels could serve as an
efficient gene transfer vector, without apparent toxicity. Thus,
HPEI nanogels delivering HSulf-1 combined with DDP might
become a new and promising therapeutic strategy against
human ovarian cancer.
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