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Introduction

Hepatocellular carcinoma (HCC) is one of the most common 
causes of cancer‑related deaths and the worldwide incidence 
of this cancer has been increasing in recent years. Most HCCs 
are not cured by conventional treatments, such as surgical 
ablation, chemotherapy and liver transplantation. Patients 
treated conventionally only have a 50% survival rate at 5 years. 
There is a need for new therapeutic approaches to treat mid‑ 
and advanced‑stage HCC.[1,2] Several reports have suggested 
that chemotherapy in combination with gene therapy may have 
more advantages than chemotherapy alone in treating cancers.

Previous studies have shown that the transduction of the 
cytosine deaminase (CD) gene into cancer cells followed 
by treatment with the prodrug 5‑fluorocytosine  (5‑FC), 
is a successful suicide gene therapy strategy for various 
cancers. CD deaminates 5‑FC into the cytotoxic drug 
5‑fluorouracil (5‑FU), which is one of the standard drugs 
used in chemotherapy to treat HCC. The in situ generation 
of 5‑FU by CD mediated deamination of 5‑FC, reduces 
systemic exposure to the cytotoxic agent and allows for 
higher concentrations of the drug in the target tissue.[3,4] 
Human sulfatase 1  (Hsulf‑1) is a recently characterized 
endosulfatase that selectively removes sulfate groups from 
heparan sulfate proteoglycans (HSPG), thereby altering the 
binding sites on HSPG for signaling molecules. Studies have 
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demonstrated that re‑expression of Hsulf‑1 in ovarian cells 
suppresses fibroblast growth factor‑2 and heparin‑binding 
epidermal growth factor signaling, thereby inhibiting cell 
proliferation and cell invasion in vitro. Further studies of 
the role of Hsulf‑1 in tumorigenesis and tumor progression 
have also found that expression of Hsulf‑1 inhibits both 
hepatocyte growth factor and vascular endothelial growth 
factor signalling.[5‑8] Due to these properties Hsulf‑1 may be 
a potentially promising candidate for cancer gene therapy. To 
date, there have been no studies combining the expression 
of the Hsulf‑1 gene with the CD/5‑FC gene suicide system 
as a therapeutic strategy to treat cancer.

In this study we investigated the combination of CD plus 
Hsulf‑1 gene therapy to enhance the cytotoxicity of 5‑FC 
against HCC in both in vitro and in vivo systems. In addition, 
we explored the bystander effect of CD plus Hsulf‑1 gene 
therapy and investigated a possible mechanism of action for 
the antitumor activity of Hsulf‑1.

Methods

Cell culture and vectors
The HCC cell line HepG2 was purchased from Shanghai 
Cell Bank  (Shanghai, China) and cultured at 37°C in an 
atmosphere of humidified air with 5% CO2 in media, according 
to the manufacturer’s recommendations. Expression vectors 
pcDNA 3.1(+)‑Hsulf‑1, pcDNA 3.1(+)‑CD and pcDNA 
3.1(+)‑Hsulf‑1‑IRES‑CD were purchased from Wuhan 
Genesil Biotechnology (Wuhan, China). Transfections were 
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA). HepG2  cells stably expressing Hsulf‑1  and/
or CD were selected with 600 μg/mL G418  (Invitrogen), 
and successful transfections were monitored by reverse 
transcription polymerase chain reaction (RT‑PCR).

Reverse transcription polymerase chain reaction
Total RNA was isolated from HCC cells using an RNeasy 
kit  (Qiagen, Valencia, CA, USA). Taq enzyme and PCR 
reagents were purchased from Tiangen Corp (China). Primers 
were designed according to the gene sequences published in 
GenBank and purchased from Shanghai Sangon Biological 
Technology. The forward and reverse primers were as 
follows: 5’‑CTCACAGTCCGGAGCGGAAC‑3’ (forward) 
and 5’‑CACGGCGTTGCTGCTATCTGCCAGCATCC‑3’  
( r e v e r s e )  f o r  H s u l f ‑ 1 ;  a n d 
5’‑GCGAATATGCTGCAAGTGCT‑3’ (forward) and 
5’‑GTTGTGTGCTGGCAATCACCT‑3’ (reverse) for CD; 
yielding amplicons of 371 bp and 234  bp, respectively. 
Semiquantitative RT‑PCR products were analyzed on 1% 
agarose gels stained with ethidium bromide.

Immunohistochemistry
Stably transfected HepG2 cells were plated at a density of 
1 × 105 cells/well. After a 24 h incubation, the cells were 
washed with phosphate‑buffered saline (PBS) three times, and 
fixed with 4% paraformaldehyde for 10 min. An anti‑Hsulf‑1 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
in 0.3% Triton  X  100 was incubated at 4°C overnight, 

followed by incubation with the secondary antibody for 2 h 
at room temperature. Horseradish peroxidase‑DAB was used 
as the detection system (R and D Systems China, Shanghai, 
China) and the cells counter‑stained with hematoxylin.

Chemosensitivity in vitro
HepG2  cel ls  s tably t ransfected with  plasmids 
pcDNA 3.1(+)‑Hsulf‑1, pcDNA 3.1(+)‑CD, pcDNA 
3.1(+)‑Hsulf‑1‑IRES‑CD and pcDNA 3.1(+)(blank control) 
were cultured and seeded in 96‑well plates at 4 × 103 cells/well. 
After a 24 h incubation, the cells were exposed to 5‑FC at 
various concentrations (0, 0.01, 0.1, 1, 10, 100, 1000 µmol/L) 
for 96 h and then cell viability was assessed by MTT. Twenty 
microliters of MTT dye (5 mg/ml) was added to each well and 
the cells incubated for 4 h followed by the addition of 100 µl 
DMSO for 10 min to dissolve the crystals. The absorbance 
was measured with a microtiter plate reader at 490  nm. 
Results were expressed as cell survival rate compared with 
the control. Cell survival rate was calculated by: Survival 
rate (%) = A/B × 100%. (A: OD value of HepG2/Hsulf‑1, 
HepG2/CD, HepG2/Hsulf‑1‑IRES‑CD or HepG2/blank cells; 
B: OD value of HepG2 parent cells).

Bystander effect
Cocultures of 10% of parent cells and 90% of each type 
of transfected cells were inoculated onto a 96‑well plate 
at 4 × 103 cells/well in triplicate. After a 24 h incubation, 
the mixed cell cultures were exposed to 1 mmol/L 5‑FC or 
10 mmol/L 5‑FC. After a 96 h incubation an MTT assay was 
performed to assess viability.

Cellular apoptosis assay
To assess apoptosis, stably transfected cells were plated at a 
density of 4 × 103 cells/well and incubated for 24 h and then 1 
mmol/L 5‑FC was added to the culture for 24 h. The cells were 
harvested 96 h later and diluted to 6 × 105 cells/ml. Apoptotic 
cells were quantified by annexin‑V/propidium iodide  (PI) 
double staining  (Jingmei, Shenzhen, China), according to 
the manufacturer’s instructions. Briefly, cells were collected, 
washed twice in cold PBS, resuspended in 250 µl of binding 
buffer and stained with 5 µl of annexin‑V‑FITC and 10 µl of 
PI for 15 min in the dark at room temperature. The cells were 
analyzed using flow cytometry.

Laser scanning confocal microscopy
Laser scanning confocal microscopy was used to visualize 
the intracellular calcium levels. Stably transfected cells were 
plated at a density of 1 × 105 cells/well on a LabTek 8‑well 
chamber slide and incubated for 24 h. The HepG2 cells were 
then exposed to 0.4 µmol/L Fluo‑3/AM working solution 
for 20 min, followed by 1% fetal bovine serum in Hank’s 
balanced salt solution for 40 min, and finally washed twice 
with HEPES buffered saline. Fluorescence was observed 
by laser scanning confocal microscopy, with excitation at 
488 nm and emission at 528 nm.

Tumor model of human hepatocellular carcinoma in 
nude mice
Male BALB/c athymic nude mice aged 4–6 weeks (18–22 g) 
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were purchased from Wuhan University Experimental 
Animal Center and handled in accordance with the Wuhan 
University Experimental Animal Center Committee 
guidelines (Wuhan, China). The nude mice were randomly 
divided into four groups: HepG2/Hsulf‑1 group (n = 10); 
HepG2/CD group  (n  =  10); HepG2/Hsulf‑1‑IRES‑CD 
group (n = 10); and HepG2/blank cells group (n = 10). Each 
of the transfected cell types were subcutaneously inoculated 
in the right hind flank at a concentration of 1 × 107 cells/ml. 
Six days after initial tumor inoculation, all the mice received 
an intraperitoneal injection of 5‑FC (500 mg/kg), which was 
repeated once/day for 2 weeks. Tumor growth was monitored 
twice a week using vernier calipers and the tumor volume 
calculated from the square of the longest diameter  (B) 
multiplied by a smaller diameter (A) of tumor (V = AB2). To 
determine the survival rate of the mice, they were observed 
until they were close to death when they were humanely 
euthanized.

Statistical analysis
All data were analyzed using    GraphPad Prism 5.02 
for  Windows. Data are expressed as the mean ± standard 
error. The significance of differences between groups was 
determined by two‑sided t‑tests. Comparison between each 
two groups was performed by one‑way analysis of variance. 
P < 0.05 were considered to be statistical significance.

Results

Reverse transcription polymerase chain reaction 
verification of cell transfection
In the control HepG2/blank cells there were no detectable 
mRNAs from either the Hsulf‑1 or CD gene. In the HepG2/
Hsulf‑1‑IRES‑CD and HepG2/Hsulf‑1 transfected cells 
RT‑PCR demonstrated the presence of Hsulf‑1 mRNA. In 
the HepG2/Hsulf‑1‑IRES‑CD or HepG2/CD transfected 
cells CD mRNA was detected [Figure 1].

The expression of human sulfatase‑1 protein
Immunohistochemical methods were used to detect the 
expression of Hsulf‑1 protein in the HepG2 cells infected with 

the plasmids. The results showed that Hsulf‑1 was expressed 
in HepG2/Hsulf‑1‑IRES‑CD and HepG2/Hsulf‑1 transfected 
cells. No Hsulf‑1 protein was detected in transfected HepG2/
CD and control HepG2/blank cells [Figure 1b].

Chemosensitivity on HepG2 cells
Figure  2a shows the effects of the combination gene 
therapy with 5‑FC treatment on HepG2 cells. The HepG2/
Hsulf‑1‑IRES‑CD and HepG2/CD transfected cells were 
sensitive to 5‑FC at concentrations above 1 µmol/L and 
exhibited a dose‑dependent response. In the HepG2/
Hsulf‑1 cells cytotoxicity was reduced in the presence of 
5‑FC, although there was limited dose‑dependency. The 
control HepG2/blank cells were insensitive to 5‑FC, with 
approximately 10% of the cells exhibiting cytotoxicity 
to 5‑FC at a concentration of 1 mmol/L. In the HepG2/
Hsulf‑1‑IRES‑CD cells cytotoxicity was significantly 
greater than that in HepG2/CD cells exposed to 5‑FC. The 
concentrations of 5‑FC that induced 50% cell lethality were 
4.3 µmol/L and 13.2 µmol/L for HepG2/Hsulf‑1‑IRES‑CD 
and HepG2/CD transfected cells respectively. These results 
demonstrated that cytotoxicity was highest in HepG2/
Hsulf‑1‑IRES‑CD cells.

Bystander effect in vitro
We investigated the bystander effect of each group in 
response to 5‑FC treatment. Cocultures consisting of 
10% of HepG2/Hsulf‑1‑IRES‑CD, HepG2/CD, HepG2/
Hsulf‑1 and control HepG2/blank cells and 90% bystander 
HepG2  cells were incubated with 1 mmol/L 5‑FC, and 
cell survival rates were 23.23  ±  1.52%, 35.72  ±  1.97%, 
89.23 ± 3.19% and 95.83 ± 3.51% respectively. Significant 
reductions in cell survival were observed when comparing 
HepG2/Hsulf‑1‑IRES‑CD group or HepG2/CD group 
to the other groups  (P  <  0.05). There was no significant 
difference in the percent cell survival between the HepG2/
Hsulf‑1 and HepG2/blank groups. In the presence of 10 
mmol/L 5‑FC, the cell survival rates were 13.25 ± 0.96%, 
22.03 ± 1.34%, 86.56 ± 2.89% and 94.23 ± 3.67% in HepG2/
Hsulf‑1‑IRES‑CD, HepG2/CD, HepG2/Hsulf‑1 and control 
HepG2/blank cells respectively. When the concentration of 

Figure 1: (a) Expression of human sulfatase-1 (Hsulf-1) mRNA by reverse transcription polymerase chain reaction; (b) Hsulf-1 protein by 
immunohistochemistry A: HepG2/Hsulf-1 cells; B: HepG2/Hsulf-1-IRES-cytosine deaminase (CD); C: HepG2/CD cells; D: HepG2/blank cells.
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5‑FC was increased there were no changes in the survival 
of the bystander cells in the HepG2/Hsulf‑1 and HepG2/
blank groups. In contrast, a dose‑dependent bystander 
effect was observed in both the HepG2/CD and HepG2/
Hsulf‑1‑IRES‑CD groups, and this was more pronounced 
in the HepG2/Hsulf‑1‑IRES‑CD group than that in HepG2/
CD group (P < 0.05). The largest observed bystander effect 
was in the HepG2/Hsulf‑1‑IRES‑CD cells when they were 
treated with 5‑FC [Figure 2b].

Induction of cell apoptosis
To address whether the combination of Hsulf‑1 plus CD 
gene therapy enhanced apoptosis in the presence of 5‑FC 
we measured apoptosis in the transfected cells following 
treatment with 1 mmol/L 5‑FC. The percentage of cells 
exhibiting apoptosis in each group were 62.13 ± 2.69% in 
the HepG2/Hsulf‑1‑IRES‑CD group, 43.52 ± 2.13% in the 
HepG2/CD group, 22.32  ±  1.56% in the HepG2/Hsulf‑1 
group and 3.19 ± 0.13% in the control HepG2/blank group. 
Statistically significant differences were observed when 
comparing each of the two groups (P < 0.05). These results 
suggested that the positive cytotoxic interaction of CD plus 
Hsulf‑1 gene therapy combined with 5‑FC treatment may 
have caused cell death by inducing apoptosis [Figure 3].

Intracellular calcium concentration
To establish a possible mechanism for Hsulf‑1 in combination 
with CD in inducing chemosensitivity to 5‑FC we visualized 

intracellular calcium distribution. The results demonstrated 
that there were no changes in intracellular calcium 
concentrations in the control HepG2/blank and HepG2/CD 
transfected cells, while intracellular calcium concentrations 
increased significantly in HepG2/Hsulf‑1 and HepG2/
Hsulf‑1‑IRES‑CD transfected cells. There was an almost 
10‑fold increase in calcium levels in Hsulf‑1 transfected 
cells compared with HepG2 cells not transfected with the 
Hsulf‑1 gene [Figure 4].

In vivo antitumor activity
We established a nude mice model of human HCC to 
address the effect of Hsulf‑1 expression on the CD/5‑FC 
suicide gene therapy in vivo. It took about 4–6 days for a 
measurable tumor, approximately 0.5 cm in diameter, to be 
discernible following tumor cell inoculation. Six days after 
the tumor inoculation chemotherapy with 5‑FC was initiated. 
A  time‑dependent increase in tumor volume was seen in 
all groups and we observed that tumors grew fastest in the 
HepG2/blank group, while tumor growth was slower, though 
not inhibited, in the HepG2/Hsulf‑1, HepG2/CD and HepG2/
Hsulf‑1‑IRES‑CD groups. Thirty days after initial tumor 
inoculation, the smallest volume tumors were in the HepG2/
Hsulf‑1‑IRES‑CD group, with larger tumors in HepG2/CD 
and HepG2/Hsulf‑1 groups, while the largest tumors were 
in the control HepG2/blank group. Significant differences 
were observed between each group (P < 0.05) [Figure 2d].

Figure 2: Chemosensitivity and bystander effect in vitro. (a and b) Tumor growth curve and survival analysis of nude mice inoculated with 
cytosine deaminase (CD) and/or human sulfatase-1 (Hsulf-1) gene therapy with 5-fluorocytosine treatment; (c and d) *P < 0.05 compared with 
HepG2/blank; †P < 0.05 compared with HepG2/Hsulf-1 or HepG2/blank; ‡P < 0.05 compared with HepG2/CD, HepG2/Hsulf-1 or HepG2/blank.
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Survival analysis
Survival analyses were conducted on the mice inoculated 
with the tumor and treated with 5‑FC. The median survival 
times for the HepG2/blank and HepG2/Hsulf‑1 groups were 
41 and 46 days respectively, and no mice from these two 
groups survived beyond 56 days. While 30% of the mice in 
the HepG2/CD group and 70% of the mice in the HepG2/
Hsulf‑1‑IRES‑CD group survived for >60 days. The mice in 
the HepG2/Hsulf‑1‑IRES‑CD group survived significantly 
longer than mice in the other groups (P < 0.05) [Figure 2c].

Discussion

Surgical and chemotherapeutic approaches to treating 
HCC have limited success in extending survival rates 

in humans. In particular the limitations of systemic 
chemotherapy including the low local drug concentrations 
at the target site coupled with systemic side‑effects limit 
the effectiveness of chemotherapy. In order to address this 
problem, researchers have developed prodrug/enzyme 
activation systems that may improve the local therapeutic 
effectiveness of the active drug. One such approach is the 
CD/5‑FC gene suicide system, where the transduction of 
the CD gene into cancer cells is followed by chemotherapy 
with the prodrug 5‑FC, the precursor to 5‑FU.[9,10] The 
Hsulf‑1 protein is an arylsulfatase that has been shown to 
remove specific sulfate groups from cell surface HSPGs, 
which results in a down‑regulation of receptor tyrosine 
kinase signaling. Therefore, Hsulf‑1 might be considered 
to act like a tumor‑suppressor gene. Hsulf‑1 also affects 

Figure 3: Induction of apoptosis in HepG2 cells with cytosine deaminase (CD) and/or human sulfatase-1 (Hsulf-1) gene therapy. (a) The apoptotic 
cells were detected by flow cytometry. (b) The cell apoptosis rate was caculated using flow cytometry. *P < 0.05 compared with HepG2/blank; 
†P < 0.05 compared with HepG2/Hsulf-1 or HepG2/blank; ‡P < 0.05 compared with HepG2/CD, HepG2/Hsulf-1 or HepG2/blank.
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the binding of heparin‑binding factors to their receptors 
in several signaling pathways, as well as suppressing 
the phosphorylation and activation of receptor tyrosine 
kinases.[5‑7,11] Although the exact mechanisms by which 
Hsulf‑1 may exert an effect are not fully known, it may be 
a potential candidate for use in experimental gene therapy 
approaches to treat cancer.

Our studies, both in  vitro and in  vivo, demonstrated a 
synergistic anti‑tumor effect when Hsulf‑1 gene was expressed 
in combination with CD/5‑FC gene suicide therapy. The 
in vitro studies showed that there were significantly positive 
cytotoxic interactions and bystander effects when Hsulf‑1 
expression and CD/5‑FU gene suicide therapy were combined 
in HepG2 cells. Flow cytometry data supported these findings 
and suggested that the combination therapy induced apoptosis 
in the HepG2 cells. The in vivo experiments showed both 
slower tumor growth and a significantly longer survival time 
for mice treated with the combined 5‑FC/CD and Hsulf‑1 
therapy compared with either treatment alone. We also 
demonstrated that the concentration of intracellular calcium 
increased significantly when HepG2 cells were transfected 
with the Hsulf‑1 gene. Based on this observation it appears 
that Hsulf‑1 may activate intracellular calcium signaling 
systems, thereby potentially regulating calcium binding 
protein enzyme, calnexin and pro‑apoptosis proteins in both 
mitochondria and endoplasmic reticulum. Changes in calcium 
concentration may play a crucial role in the upstream signal 
transduction pathways for apoptosis. For example, calcium 
activated proteases are required to activate the caspases 
involved in the apoptosis cascade, while Bax gene expression 
that is required for apoptosis is also calcium dependent. 
Alterations in calcium signaling in the mitochondria affects 
both the Bcl‑2 family and Bad expression, which may in turn 
regulate the opening of mitochondria permeability transition 
pores.[12‑14] These processes may not only directly increase 
cell apoptosis, but they may also increase the sensitivity of 
the cells to the chemotherapeutic drug to induce apoptosis.

The combination of CD/5‑FC suicide gene therapy and Hsulf‑1 
expression may exert an effect in HCC via multiple synergistic 

pathways. Increased calcium concentrations can directly cause 
shrinkage of the intracellular skeleton due to dissociation of 
troponin‑actin and myosin‑actin complexes, which may result 
in an increased clearance between cells. It has been shown 
that both the intracellular distribution and function of actin are 
associated with changes in cell shape, vascular permeability 
and other signaling pathways.[15‑18] There may also be an 
effect on tumor‑associated vascular function by alterations in 
signaling pathways dependent on calcium. An increase in the 
vascular permeability may increase the local concentration of 
5‑FU, which is the active chemotherapeutic agent converted 
from 5‑FC by CD. Alternatively, the down‑regulation of 
receptor tyrosine kinase signaling mediated by removal of the 
sulfate groups from HSPG by Hsulf‑1 may also produce an 
antitumor response, thereby enhancing the effect of CD/5‑FC 
suicide gene therapy.[5‑7] However, it is clearly evident that 
the Hsulf‑1 and CD/5‑FC combination therapy induced cell 
apoptosis and increased the sensitivity of the tumor cells to 
the chemotherapeutic drug, making this strategy a potential 
therapeutic approach to HCC.

In summary, our data demonstrated that combination therapy 
using Hsulf‑1 and CD induced a dose‑dependent antitumor 
effect. The combination therapy was more effective than 
either of the two gene vectors alone when transfected into 
HepG2  cells and the HCC nude mouse model. The data 
indicated that increased intracellular calcium may play a 
role, although the underlying mechanism of Hsulf‑1 on the 
effect of intracellular calcium increase is not clear and needs 
to be further investigated.
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