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Adenovirus vector-mediated herpes simplex virus-thymidine kinase/ganciclovir (ADV.tk/GCV) system is a
promising approach for cancer gene therapy. This study aimed to investigate the anti-tumor efficacy and the
underlying mechanisms of ADV.tk/GCV system in orthotopic hepatocellular carcinoma (HCC) model. A total
of 132 female nude mice orthotopic HCC models were established and tumors were directly injected with
ADV.tk (5.0 x 108 vector particles/kg) or saline solution, 24 h later the animals were intraperitoneally admin-
istrated by ganciclovir (30 mg/kg) or saline solution for 7 consecutive days. We observed that ADV.tk/GCV
resulted in a significant regression of tumor growth and a significant prolongation of survival of the mice.
At each given time point, the percentages of cleaved caspae-3, caspase-9 and TUNEL positive cells were
significantly higher in the ADV.tk + GCV group than saline group (P < 0.005), while CD31 and VEGF staining
were significantly less in ADV.tk+ GCV group than in saline group (P<0.005). In summary, ADV.tk/GCV
system exhibits dramatic anti-tumor effects in orthotopic hepatocellular carcinoma model by promoting

apoptosis and inhibiting angiogenesis, and is a promising treatment strategy for hepatic carcinoma.

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most frequent and
malignant diseases worldwide. HCC frequently develops from
chronic hepatitis and/or cirrhosis, especially in sub-Saharan
Africa and far eastern Asia, where hepatitis B and hepatitis C
virus infection are endemic (de Martel et al. 2012; Ott et al.
2012). HCC became the second highest cause of cancer-related
mortality (Jemal etal. 2011). Current standard treatment options,
such as hepatic resection, liver transplantation and ablative ther-
apies, can only be applied to a minority of patients because of
the advanced disease at the time of diagnosis or the lack of suit-
able organ donors (Rampone et al. 2010; Cheng and Lv 2013).
Therefore, the development of novel therapy strategies for HCC
is of paramount importance (Zhang et al. 2012).

Suicide gene therapy, especially the herpes simplex virus thymi-
dine kinase (HSV.tk)/ganciclovir (GCV) system, is a promising
strategy for cancer therapy (Finzi et al. 2011). The expression
of the HSV.tk gene in transduced cells can convert a nontoxic
pro-drug, such as ganciclovir into a toxic nucleotide analog
(ganciclovir triphosphate) that competes with triphosphate as
a substrate for DNA polymerase. This inhibits both nuclear and
mitochondria DNA synthesis, leading to cell death by apoptosis
(Moolten 1986). A striking feature of this strategy is the so-
called “bystander effect”, whereby the adjacent non-transduced
tumor cells also die, potentiating the anti-tumor efficacy (Hamel
et al. 1996).

The efficacy of HSV.tk/GCV has been investigated in a number
of tumor models (Kawashita et al. 2005; Hong et al. 2012).
However, the exact pathway by which the ADV.tk/GCV system
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induces apoptosis in HCC in vivo remains elusive. Moreover,
previous studies have preferentially used subcutaneous HCC
models to evaluate the anti-tumor effects of the ADV.tk/GCV
system. As subcutaneous tumor models do not possess tissue
characteristics that could influence tumor growth and ther-
apeutic effects, it is quite uncertain whether such data are
applicable to the clinical situation (Bilbao et al. 2000; Palmer
et al. 2006) Furthermore, HCC is one of the most vascular
solid cancers characterized by neovascularization. Based on the
bystander effects of the ADV.tk/GCV system, we hypothesize
that the ADV.tk/GCV system can also inhibit angiogenesis and
ultimately suppress HCC growth indirectly. For these reasons,
we developed an orthotopic HCC mouse model to evaluate
the anti-tumor efficacy and the underlying mechanisms of
ADV.tk/GCV system.

2. Investigations and results
2.1. Adenovirus expression

Anti-adenovirus staining exhibited a marked signal in the trans-
planted tumors on day 3 after viral injection, and then the signal
decreased (Fig. 1K). On day 23, only minute amounts of viruses
were detected (Fig. 1E). As shown in Fig. 1A, a tumor nest
was embraced by virus-infected cells, and a significant number
of virus-infected cells were observed in adjacent necrotic tis-
sue. The necrotic areas became gradually larger than that of the
previous sacrificed animals with time prolonging (Fig. 1A-E).
Although a small area of necrosis occurred, there was no positive
staining in tumor tissues of saline control animals (Fig. 1F-J).
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Fig. 1: Animals bearing orthotopic hepatic tumors were randomized in four groups: (I) saline solution alone; (II) saline + GCV; (III)ADV.tk + saline; (IV) ADV.tk + GCV. ADV.tk
(5.0 x 10° vp/kg) or saline solution was injected intratumoraly and 24 h later animals were injected intraperitoneally with GCV (30 mg/kg) or saline for 7 days. Tumors
were harvested on day 3, 8, 13, 18, and 23 after gene injection. Viral particles were detected by IHC staining using a mouse anti-adenovirus monoclonal antibody. A-E,
Al-El. Representative staining of ADV.tk + GCV treated tumors. F-J. Representative staining of saline treated tumors. Cells containing viral particles were stained deep
brown (long arrow), and the necrotic cells were stained lighter (short arrow). K. Quantitation of adenovirus expression in the four groups. The duration of adenoviruses
expression was about 23 days after gene injection. Magnification: 100 x (A-J), 400 x (A1-El).

2.2. ADV.tk/GCYV system inhibited tumor growth

After gene therapy, a clear tumor regression was observed in
ADV.tk + GCV group on day 23 (Fig. 2A). At the end of the
experiments, tumor sizes were reduced significantly in com-
bined therapy group compared to saline group (P =0.026).
More specifically, on day 23, compared to saline group
(252.1427.5mm?), GCV treatment reduced tumor growth by
15% (214.4 £49.8 mm?), ADV.tk reduced tumor growth by
20% (201.24+27.6mm?), the combination of ADV.tk+GCV
treatment resulted in further tumor regression, with an inhibi-
tion rate of 52% (126.5 + 34.4 mm?). None of the mice exhibited
severe toxicity during the experiments.

2.3. ADV.tk/GCYV system prolonged the survival of
tumor-bearing mice

A significant improvement in survival was observed in
ADV.tk+ GCV group (median survival time: 36 days) com-
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pared to that of the saline group (median survival time: 25
days) (Fig. 2B, P=0.046). There was no significant difference
in survival among ADV.tk (median survival time: 28 days),
GCV (median survival time: 24 days) and saline treated ani-
mals. However, consecutive tumor regression was not achieved
in ADV.tk+ GCV group. At the end of the experiments, there
was no significant difference in tumor mass among the four
groups (Fig. 2C).

2.4. ADV.tk/GCYV system promoted the apoptosis of tumor
cells

To understand the mechanisms underlying the enhanced anti-
tumor effects of the ADV.tk/GCV system, we assessed the
apoptotic index in the tumor tissues. IHC analysis of cleaved
caspase-9 showed that the staining was the strongest in com-
bined therapy group (Fig. 3A-D, Al-D1). On day 13, the
mean apoptotic index of caspase-9 was 0.64 in the combined
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Fig. 2: ADV.tk/GCV system inhibits tumor growth. Animal models were grouped and treated as described in Fig. 1. A. Tumor volumes were measured at the indicated time
points. Between day 13 and day 23, the tumors of the combined treatment group experienced a marked growth inhibition. On day 23, significant tumor regression occurred
in ADV.tk + GCV group compared to saline group (+p <0.05). B. Kaplan-Meier survival curve. ADV.tk + GCV group showed a significant prolongation of survival time
compared to saline group (P =0.046). C. Tumor sizes were calculated at the start of treatment (day 0) and on the day of animal death. Continuous tumor growth occurred

and there was no significant difference in tumor volumes among the four groups.

treatment group, significantly higher than in the saline group
(0.09) (P <0.001, Fig. 3M). Similarly, [HC analysis of cleaved
caspase-3 showed that the staining was the strongest in com-
bined therapy group (Fig. 3E-H, E1-H1). On day 23, the mean
apoptotic index of caspase-3 was 0.30 in combined treatment
group, significantly higher than in the saline group (0.09)
(P<0.001, Fig. 3N).

TUNEL staining further confirmed that the number of apoptotic
cells was significantly higher in combined treatment group than
in saline group (Fig. 31I-L,I1-L1). Based on TUNEL staining, on
day 13 and 23, the mean apoptotic index for combined treatment
group were 0.35 and 0.63, while that of saline control group
were 0.04 and 0.19, showing statistical significance, respectively
(P<0.001, Fig. 30).

2.5. ADV.tk/GCYV system inhibited tumor angiogenesis

To investigate the anti-angiogenic activity of the ADV.tk/fGCV
system, we detected the expressions of VEGF and CD31 in
tumor tissues by IHC. Compared to the strong staining of
VEGEF in the saline group (IOD =584.77 £ 18.66), we detected
a weak VEGF staining in the ADV.tk+ GCV group on day 18
(I0D=8.17+1.23,P=0.001,Fig. 4A-D, A1-D1). Ateach indi-
cated time point, VEGF expression in the combined therapy
treated tumors was significantly lower than that of the saline
treated tumors (P < 0.005, Fig. 41). These data indicated that the
ADV.tk/GCV system strongly inhibited VEGF secretion.

The significant anti-angiogenesis effect of the ADV.tk/iGCV
system was confirmed by IHC staining of CD31. On day 13,
a significantly higher MVD was observed in saline treated
tumors (165.10 £9.53) than in ADV.tk+ GCV treated tumors
(56.52 +5.89, P<0.001, Fig. 4E-H). Moreover, the combina-
tion of ADV.tk transduction with GCV treatment caused a sig-
nificant decrease in the number of tumor vessels at all given time
points compared to the saline treated tumors (P <0.001, Fig. 4]).

3. Discussion

Adenovirus vectors have been widely used for gene delivery
in the experimental and clinical cancer gene therapy (Sung
et al. 2001). However, serious obstacles in the use of aden-
ovirus vectors remain, such as the induction of the host immune
response and the relative short transgene expression which lasts
approximately 3 weeks (Thomas et al. 2003). In the present
study, the significant transgene expression was observed just
after viral injection. The strong expression was transient and it
decreased almost undetectable on day 23. However, the poten-
tial therapeutic effects lasted for a long time because even more
dramatic apoptosis occurred on day 13 and 23. For suicide gene
therapy, the destructive capacity which relies on the level of
transgene expression is critical, while the duration of persistence
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is relatively less important (Ayala et al. 2006). Therefore, the
first-generation adenoviral vectors are suitable for gene transfer
in cancer gene therapy.

We observed a significant anti-tumor response in a nude mouse
model using the combination of ADV.tk and GCV. Compared
to the three control groups, the average tumor size of combined
therapy group showed significant regression. The duration of
tumor suppression was approximately three weeks, which coin-
cided with the duration of adenovirus expression. In survival
experiment, animals treated with ADV.tk + GCV demonstrated
significant improvement in survival compared to that of the
saline group. However, despite the prolonged survival, there
was no significant difference in tumor volumes among the four
groups at the end of this study. This suggests that after treat-
ment was withdrawn, the tumors began to grow again. The main
reason is that adenoviral vectors are incapable to deliver the
functional gene to all HepG2 cells. Additional viral injections
might offset this limitation.

We further investigated the anti-tumor mechanisms of the
ADV.tk/GCYV system. Our data indicate that suicide gene ther-
apy can significantly suppress tumor angiogenesis and induce
tumor cell apoptosis by intrinsic pathway. Apoptosis can occur
via the extrinsic or the intrinsic pathway. The extrinsic pathway
is triggered by ligation of death receptors on the cell surface,
leading to caspase-8 activation, which then cleaves executioner
caspase-3. The intrinsic pathway is mediated by Bcl-2 family
proteins, which disrupt the mitochondria membrane and release
Cytochrome C, and these factors would form an apoptosome to
activate caspase-9, which then activates the downstream execu-
tioner caspase-3 (de Bruin and Medema 2008). The mechanism
of HSV.tk/GCV induced apoptosis in HCC cells remains con-
troversial. Some reports demonstrated that HSV.tk/GCYV system
induces apoptosis via a Bcl-2 controlled mitochondrial path-
way (Fischer et al. 2005). However, other studies suggested that
this system induces apoptosis by the activation of caspase-3,
-8 and -9 (Shibata et al. 2003). To delineate the signal path-
way of ADV.tk/GCV-induced apoptosis in HCC, the activities
of caspase-3, and caspase-9 were analyzed by IHC and apo-
ptosis was further confirmed by TUNEL assay. The results
showed that the activities of caspase-3 and caspase-9 were sig-
nificantly higher in the combined therapy group, accompanied
by increased apoptotis, compared to other control groups. There-
fore, we conclude that in our experimental setting, ADV.tk/GCV
promotes tumor regression by significant augmentation of intrin-
sic pathway of apoptosis.

In the present study, we observed another important feature of
ADV.tk gene therapy. The localized ADV.tk injection followed
by systemic administration of ganciclovir resulted in a signifi-
cant suppression in VEGF production and a dramatic reduction
in MVD. In the hyper vascular tumor HCC, angiogenesis plays
an importantrole in tumor growth, invasion, and metastasis (Zhu
etal. 2011). VEGF is an endothelial cell-specific mitogen and a
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Fig. 3: ADV.tk/GCV system induces intrinsic apoptosis. Animal models were grouped and treated as described in Fig. 1, and tumor samples were processed by IHC or TUNEL
staining. A-D and A1-D1. Representative staining of cleaved caspase-9 on day 13 after injection. E-H and E1-H1. Representative staining of cleaved caspase-3 on day 23
after injection. I-L and I1-L1. Representative staining of apoptotic cells by TUNEL technique on day 23 after injection. M. Quantization of caspase-9 apoptotic index of
the four groups at each time point. N. Quantization of caspase-3 apoptotic index of the four groups at each time point. O. TUNEL apoptotic index of the four groups at
each time point. Magnification: 200 x (A-L), 400 x (A1-L1). *P <0.005, **P <0.001, compared to saline group.

potent angiogenic factor that stimulates HCC angiogenesis and
vascular permeability (Li et al. 2006). Therefore, ADV.tk/GCV
system exerts additional anti-tumor effects partly by decreasing
VEGF secretion, and reduces HCC angiogenesis.

In conclusion, in an orthotopic HepG2 carcinoma model we
demonstrate that the therapeutic efficacy of the ADV.tk/GCV
system is achieved by promoting the intrinsic pathway of apo-
ptosis and inhibiting angiogenesis. Despite the limitation of
the immune-incompetent model, our results support that the
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ADV.tk/GCV system can be part of a promising treatment strat-
egy for hepatic carcinoma.

4. Experimental
4.1. Recombinant adenoviral vector

Recombinant replication defective adenoviral vectors (CEIA deleted) con-
taining HSV.tk gene (ADV.tk) under the transcriptional control of the Rous
sarcoma virus long terminal repeat was produced at Cancer Research Cen-
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Fig. 4: ADV.tk/GCV system inhibits angiogenesis. Animal models and tumor samples were processed as described in Fig. 1 and VEGF expression and tumor microvessels were
detected by IHC staining using rabbit anti-VEGF and -CD31 antibodies. A-D, A1-D1. Representative staining of VEGF in the four groups on day 18 after injection. E-H..
Representative staining of the microvessels in the four groups on day 13 after injection. I. Quantization of VEGF expression of the four groups. ADV.tk + GCV treatment
significantly inhibited VEGF production compared to saline control group at each time point. J. Values of MVD of the four groups. ADV.tk + GCV treatment significantly
decreased MVD in hepatic tumors compared to saline group at each time point. Magnification: 200 x (A-H),400 x (A1-D1). *P <0.005, **P <0.001, compared to saline

group.

ter, Tongji Hospital, Tongji Medical College, following protocols described
previously (Changetal. 1995). Adenovirus was propagated in human embry-
onic kidney 293 cells (American Type Culture Collection), harvested 48 h
after infection, and purified by the standard protocol of cesium chloride
gradient centrifugation. Viral particles (vp/ml) were determined by spec-
trophotometric absorption and the purified adenoviruses were stored in
phosphate-buffered saline (PBS) containing 10% glycerol at -80°C, and
diluted before the injection.

4.2. Cell culture

HepG2 cell line was obtained from the American Type Culture Collec-
tion (ATCC, Rockville, MD, USA). Cells were cultured in DMEM medium
(Gibco, Gaithersburg, MD), supplemented with 10% fetal calf serum (Gibco,
Gaithersburg, MD), 100 U/ml penicillin (Harbin Pharmaceutical Group) and
100 mg/ml streptomycin (North China Pharmaceutical Huasheng) in 5%
CO, at 37°C.

4.3. Animal models

Female BALB/c nude mice (4-week old) were obtained from Huafukang
Bio-Technology Corporation (Beijing, China) and maintained under specific
pathogen-free conditions. All animal experiments were approved by the
Ethical Committee of the Tongji Medical College, Huazhong University of
Science and Technology. Firstly, subcutaneous tumors were established by
a single inoculation of 2 x 10° HepG2 cells into the dorsal flanks of nude
mice. When the subcutaneous tumors had grown to 7-8 mm in diameter, the
nude mice were euthanized, and then tumors were excised aseptically and cut
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into small pieces. Next, healthy mice were anesthetized by intraperitoneal
injection of sodium pentobarbital (40 mg/kg) and their livers were surgically
exposed and one tumor piece was implanted into the left lobe to allow
transplanted hepatic tumor to grow (Gao et al. 2004). Three weeks later, an
orthotopic HepG2 carcinoma model was established with tumor of 4-5 mm
in diameter.

4.4. Single-therapy dose analysis

To define the optimal dose of ADV.tk for tumor regression in vivo, a prelim-
inary dose response experiment was carried out. Viral doses ranged from
1.0 x 10° to 5.0 x 10° vp/kg were injected directly into the hepatic tumors
followed by 7 days of GCV treatment at 30 mg/kg. A dose of 5.0 x 106
vp/kg achieved maximal tumor regression with minimal toxic reactions.
This special viral dose was chosen for subsequent experiments.

4.5. Animal experiments

A total of 150 female BALB/c mice were implanted with tumor pieces as
described above. Three weeks later, 147 mice (3 mice had died after the
first surgery) were anesthetized and their livers were exposed for tumor
measurements and drug administration. Total 132 orthotopic liver cancer
models were successfully established and the tumor sizes were measured
with caliper. Tumor volume was calculated by the formula (a x 52)/2, where
a and b represented the largest and the smallest tumor diameters respectively
(Zheng et al. 2009). Then, 50 wl ADV.tk (5.0 x 100 vp/kg) or 50 pl saline
solution was injected directly into the hepatic tumors. The 132 mice were
divided into four groups according to their treatment (n=33): (I) saline
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alone; (II) saline + GCV; (III) ADV.tk + saline; (IV) ADV.tk + GCV. Twenty-
four hours later, the animals received 50 wl saline solution (group I and IIT)
or 50 wl GCV (group II and IV, 30 mg/kg) intra-peritoneally, once a day, for
7 consecutive days.

For the survival experiment, eight mice were selected randomly from each
group to evaluate the survival rate and calculate the final tumor volumes
as soon as they died. The rest of the animals were sacrificed at 3, 8, 13,
18, 23 days (n=>5) respectively after injection. The mice which displayed
signs of compromised health, such as lethargy, huddled posture, severe loss
of weight, or vocalization, were euthanized. Hepatic tumors were harvested
for tumor regression and IHC analysis.

4.6. IHC and TUNEL assay

The excised tumors were fixed in 10% buffered formalin, paraffin embedded
and cut into 5 wm sections. ITHC was performed using the PicTure™ histo-
logical staining reagent Kit (PV-6000, Zhongshan Golden Bridge). Briefly,
slides were deparaffinized in xylene and hydrated in ethanol. Endogenous
peroxidase was blocked with 3%H>0,. The sections were then incubated
overnight at 4 °C with primary antibodies: mouse anti-adenovirus mono-
clonal antibody (1:200;MAB8052, Chemicon), rabbit anti-human VEGF
(1:200, ab9570, abcam) and CD31 (1:50, ab28364, abcam), rabbit anti-
human cleaved caspase-3 (1:300, #9661, cell signaling Tech.) and cleaved
caspase-9 (1:300, ab52299, abcam). After washing in phosphate buffered
saline (PBS), the sections were incubated with anti-mouse or anti-rabbit
antibody for 10min at 37 °C. Immunoreaction products were visualized
with diaminobenzidine (DAB) and then counterstained with hematoxylin.
Negative controls were carried out by substitution of the primary antibodies
with PBS.

TUNEL assay was performed using TUNEL kit (KGA7042, KeyGEN
Biotech.) according to the manufacturer’s instructions. Positive control sam-
ples were prepared by incubating with DNase I while negative controls were
similarly processed by omitting TdT Enzyme.

Images were captured with a Nikon microscope (Nikon Eclipse 80i) and
analyzed by Image-Pro Plus software (Image-Pro Plus version 6.0, Media
Cybernetics). For each specimen, two sections were examined blindly by
two investigators and the average of their scores was used. To quantify the
intensity of adenovirus expression, three highest staining fields of each sec-
tion were imaged at 100 x magnification, and expressed as mean optical
density (MOD =10D SUM/stained area SUM). To determine VEGF stain-
ing intensity, microvessel density and the quantity of apoptotic cells, six
(VEGEF, caspase-3,-9, TUNEL) or ten (CD31) areas in each section were
imaged and measured, respectively. Ten areas of the highest vascular den-
sity area (hot spot) were selected for counting microvessel number under
200 x magnification. The average number of the vessels in the ten areas was
calculated as MVD. The percentage of positive cells of cleaved caspase-3,
caspase-9 and TUNEL staining were counted, respectively, as Apoptosis
Index (AI). The intensity of VEGF expression was measured by Image-Pro
Plus software and expressed as integrated optical density (I0OD).

4.7. Statistical analysis

All data were expressed as mean = S.E.M and statistical significance was
set at P<0.05. All P values were two-sided. Statistical analysis was per-
formed with SPSS statistical package (SPSS version 17.0 for windows).
Differences in tumor volume, relative increase of tumor volume, expression
of adenovirus and VEGF, MVD, and apoptotic activity were compared using
one-way analysis of variance (ANOVA). The Dunnett t test (doubled) was
performed if the overall test was significant. The cumulative probability of
survival was calculated by the Kaplan-Meier method and the significance
of differences by the log-rank test.
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