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Summary

Hepatocellular carcinoma (HCC) is one of the most frequent cancers worldwide. Effective therapy to this
cancer is currently lacking, creating an urgent need for new therapeutic strategies for HCC. Gene therapy
approach that relies on the transduction of cells with genetic materials, such as apoptotic genes, suicide
genes, genes coding for antiangiogenic factors or immunomodulatory molecules, small interfering RNA
(siRNA), or oncolytic viral vectors, may provide a promising strategy. The aforementioned strategies have
been largely evaluated in the animal models with HCC or liver metastasis. Due to the diversity of vectors
and therapeutic genes, being used alone or in combination, gene therapy approach may generate great
beneficial effects to control the growth of tumors within the liver.

Introduction

Hepatocellular carcinoma (HCC) is one of the
most common malignancies worldwide. The an-
nual number of mortalities from HCC worldwide
is estimated at 1,250,000 [1, 2]. In about 90% of
cases, this malignant tumor develops on a back-
ground of chronic hepatitis and/or cirrhosis [3].
Liver transplantation, which allows the treatment
of both tumor pathology and liver deregulation, is
now considered as the most effective therapeutic
strategy; however, it is not applicable universally
because of the shortage of organ donations and
the occurrence of relapse. The strategy is now only
limited to patients exhibiting small-size nodules
[4]. Large tumors are removed by surgical resec-
tion, which is associated with high risk of relapse
and does not treat intrinsic hepatic deregulation
[5]. Other locoregional therapies, e.g., percutane-
ous ethanol injection [6] or transcatheter arterial

embolization [7], are mainly performed with pal-
liative intent; whereas conventional chemotherapy
or radiotherapy is ineffective for HCC [8–10]. The
survival rate after the onset of symptoms is
generally low, creating an urgent need for new
therapeutic strategies for HCC.

Gene therapy represents a new and promising
therapeutic strategy that relies on the transfer of
genetic material into cells in order to generate a
beneficial effect against the diseases. To facilitate
cell transduction, the genetic material is packaged
into vectors that can be of viral [11] and non-viral
nature [12]. Gene therapy has been used for many
cancers using different strategies. Retroviral or
adenoviral (Ad) vectors are the most commonly
used for the treatment of HCC. Other non-viral
vectors are also used in some studies. Detailed
information regarding the vectors used for gene
therapy has recently been reviewed by Verma and
Weitzman [11]. This review only focuses on the
strategies that have been tested to eradicate HCC
and liver-related metastases in animal models. The
following gene therapy strategies will be discussed:

*To whom correspondence should be addressed. Fax: +886-2-
23825962; E-mail: lihhwa@ha.mc.ntu.edu.tw

Journal of Biomedical Science (2006) 13:453–468 453
DOI 10.1007/s11373-006-9085-7



oncolytic virus, apoptosis-mediated cell death,
genetic prodrug activation, inhibition of angio-
genesis, siRNA-targeted gene silencing, and genet-
ic immunotherapy (see summary in Table 1).
Notably, some of the gene therapy strategies have
entered phase I or II clinical trials as shown in
Table 2.

Oncolytic viruses

Viruses have been used in the past as potential
therapeutic. A large variety of agents have been
tested, including rabies, adenovirus, paramyxovi-
rus, Newcastle disease virus and mump virus [13].

Although ‘‘responses’’ have ever been docu-
mented, little has emerged from such trials because
of the lack of antitumor efficacy repeated in other
human trials of that day [14, 15]. Recent advance
in tumor biology, genetics, and virology, e.g., the
characterization of the selectivity of reovirus for
cells with an activated Ras signaling pathway [16,
17], have allowed for a re-examination of oncolytic
virus as a tool of an effective cancer therapy. The
conception and development of replicating, onco-
lytic viral vector alone or in combination with
therapeutic transgene delivery, chemotherapy, or
radiotherapy, has been an attractive field of study
[18, 19], and has ultimately led to the transition of
these novel therapeutics into the clinic.

Table 1. Summary of the gene therapy strategies used for the treatment of HCC.

Strategy Commentary

Oncolytic viruses

d E1B-deleted adenovirus, e.g., dl1520 These viruses conditionally replicate in tumor cells, leading to

the destruction of tumor cells.d Conditionally replicative adenoviruses

d Conditionally replicative Herpes Simplex virus

(HSV), e.g., rRp450

d Vesicular Stomatitis virus (VSV)

Apoptosis-mediated cell death

d p53 tumor suppressor gene The products of these proapoptotic genes may trigger apoptosis

in certain types of tumors.d Tumor necrosis factor-related apoptosis-inducing

ligand (TRAIL) gene

Genetic prodrug activation

d HSV-thymidine kinase/ganciclovir The enzymes encoded by the suicide genes can convert the

innocuous prodrugs into toxic metabolites.d Cytosine deaminase/5-fluorocytosine

d Purine nucleoside phosphorylase/fludarabine

Inhibition of angiogenesis

d Antisense of vesicular endothelial growth factor These gene products inhibit the neovascularization of tumors.

d Angiostatin

d Endostatin

d Pigment epithelium-derived factor

d NK4, an antagonist of hepatocyte growth factor

si-RNA-targed gene silencing of

d Gankyrin RNAi technology is used to silence the expression of the genes

associated with tumor cell proliferation or metastasis.d Mcl-1

d c-Jun-N-terminal kinase (JNK)

d Urokinase-type plasminogen activator

d Proton pump V-ATPase

Genetic immunotherapy

d DNA vaccine: a-fetoprotein-based The immune system is modulated by gene transfer to stimulate

antitumor immunity.d Dendritic cells

d Tumor cells vaccines
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Oncolytic viruses can mediate the destruction
of tumor cells by several potential mechanisms
[20]. First, the virus itself is capable of directly
lysing the cells as a result of viral replication. The
cycle can then repeat itself with progeny virion
infecting adjacent cells and destroying them by
replication. Second, certain oncolytic viruses gen-
erate proteins during their replicative cycle that are
directly toxic to the tumor cells. Adenovirus, for
example, expresses the E3 11.6 kDa death protein
and the E4ORF protein which are toxic to cells
[21, 22]. Third, oncolytic virus infection may
induce non-specific and specific antitumor immu-
nity, leading to tumor destruction. For example,
infection of tumor cells by a replicating adenovirus
with E1A expression sensitized the tumor cells to
tumor necrosis factor (TNF)-mediated killing [23].
Infection of tumor cells by oncolytic virus also led
to the induction of cytotoxic T lymphocyte (CTL)
responses against viral antigens, which, by an
unknown mechanism, also acquired specificity for

tumor antigens [24]. Fourth, oncolytic virus can
engender an increased sensitivity of tumor cells to
chemotherapy and radiotherapy. Synergistic anti-
tumor effects of combining adenovirus infection
and cisplatin or 5-fluorouracil (FU) in patients
with head and neck cancer have been reported [25].
Fifth, antineoplastic genes can be inserted into the
genome of oncolytic virus, offering a concomitant
amplification of the transgene expression, which
produces an amplified antitumor effect [26–28].

ONYX-015, an adenovirus in which deletion of
the E1B gene makes its replication dependent on
the defect of the p53 pathway in the infected cells
[29, 30], has been tested in a p53-null HCC model,
Hep3B [31]. The adenovirus caused cytopathic
effects of Hep3B in vitro and significantly retarded
the growth of Hep3B xenografts in vivo. The
antitumor effect was augmented by the addition of
cisplatin. Notably, ONYX-015 had no effect on
the in vivo growth of the p53-wt HepG2 cells. In
addition to the naturally occurring oncolytic

Table 2. Representative gene therapy clinical trials for the treatment of HCC or liver tumors.

No. Tumor Gene Vector Administration route Phase Country

1 HCC dl1520 Ad Percutaneous I UK

2 HCC p53 Ad Intratumoral I USA

3 HCC p53 Plasmid DNA Intratumoral II Egypt

4 Liver cancer Nitroreductase Ad Intratumoral I UK

5 Liver cancer Prodrug enzyme

CYP2B1

HSV rRp450 Intrahepatic artery I USA

6 HCC AFP + GM-CSF Plasmid

DNA + Ad

Intradermal I/II USA

7 Liver cancer AFP Ad Intravenous I/II USA

8 Liver cancer IL-12 Ad Intratumoral I USA

9 HCC, pancreatic and

colorectal cancer

IL-12 Ad Intratumoral I Spain

10 HCC and pancreatic

tumor

HSV-tk Ad Intratumoral I Spain

11 Liver metastasis of

colorectal cancer

IFN-b Ad Intravenous I/II USA

12 Liver metastasis of

colorectal cancer

IL-12 + HSV-tk Ad Intratumoral I USA

13 Liver metastasis of

colorectal cancer

CC49-Zeta T cell

receptor

Retrovirus Intraheptic artery I/II USA

14 Liver metastasis HSV-tk Ad Intratumoral I USA

15 Liver metastasis CD Ad Intratumoral I USA

16 Liver metastasis p53 Ad Intrahepatic II Switzerland

17 Liver metastasis p53 Ad Intrahepatic I USA

18 Digestive tumors IL-12 Ad Intratumoral I Spain

The data were obtained from the website of ‘‘Gene Therapy Clinical Trials Worldwide’’ (http://www.82.182.180.141/trials).
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adenovirus, tumor-specific promoters have been
used to express E1A gene, thus achieving tumor-
selective adenoviral replication. Obviously, the
alpha-fetoprotein (AFP) promoter is one of the
best choices for HCC. CV890 [32] and Av1E1a04i
[33] were the two examples that used AFP pro-
moter to express the E1 gene. The viruses repli-
cated efficiently in human AFP-expressing HCC
cell lines, but not in non-AFP-producing cell lines.
Single administration of the oncolytic adenovirus
into pre-established tumors resulted in significant
tumor regression. Moreover, combination of
CV890 with doxorubicin revealed synergistic anti-
tumor efficacy [32].

The retinoblastoma tumor suppressor protein
(Rb) pathway is dysregulated in a majority of
human cancers, in which the E2F promoter
activity has been shown selectively activated [34].
Similarly, telomerase reverse transcriptase (TERT)
is an unique tumor cell characteristic that is absent
in normal cells [35]. Thus, E2F-1 promoter [36]
and TERT promoter [37] have been used to drive
E1A gene expression, limiting the adenoviral
replication in the tumors defective in Rb-pathway
(e.g., Hep3B cells) or in the TERT-positive tumor
cells, respectively. Strong antitumor effects have
been demonstrated in both studies in a xenograft
model of HCC.

In addition to adenovirus, a conditionally
replicative herpes simplex virus (HSV), rRp450,
that is defective in the expression of the large
subunit of viral ribonucleotide reductase but
expresses the rat cytochrome P450 2B1 transgene,
a suicide gene, has also been tested in HCC [38].
The rationale of using rRp450 is that the mutant
preferentially replicates in dividing cells rather
than quiescent cells, thus selectively destructing the
tumor cells. Moreover, expression of cytochrome
P450 rendered the virus-mediated oncolysis ever
more severe in the presence of cyclophosphamide,
the prodrug for cytochrome P450.

Vesicular stomatitis virus (VSV) is a non-
pathogenic RNA virus that is extremely sensitive
to the action of interferon (IFN) in normal cells
but not in cancer cells [39]. It has been postulated
that this finding is due to the fact that IFN-
responsive antiviral pathways are defective in
many types of tumors [39], including HCC [40].
As a result, VSV has been utilized for the
treatment of multifocal liver metastases of colo-
rectal tumor [41] or HCC [42]. The data showed

that VSV was able to replicate and induce exten-
sive necrosis in liver tumors but not in normal liver
cells. Significant prolongation of survival in the
treated animals as compared to the control ani-
mals was observed.

In pilot clinical trials, the ONYX-015 adenovi-
rus has proved to be safe when injected intratu-
morally or intravenously to patient with primary
and secondary liver tumors [43]. Intra-hepatic
artery injection of this virus to patients with
colorectal metastasis to the liver, followed by a
5-FU chemotherapy also showed to be safe [44].

Apoptosis-mediated cell death

p53 tumor suppressor has been regarded as a
guardian of cell cycle progression. Upon DNA
damage, it induces DNA repair system and causes
cell cycle arrest. It also induces cells to undergo
apoptosis when the DNA damage is un-repairable.
p53 function is frequently altered in many solid
tumors, leading to tumorigenesis or chemoresis-
tance [45]. Accordingly, p53 gene therapy has been
proposed for cancers with inactive p53 function.

The status of p53 function in HCC is contro-
versial considering that 80% of HCCs virtually do
not exhibit p53 mutation [46]. However, transfer
of wild-type p53 gene has been extensively tested in
HCC regardless of their p53 status. In vitro,
overexpression of wild-type p53 in some HCC cell
lines has been shown to induce cell apoptosis [47]
or inhibit cell growth [48]. Intra-tumoral injection
of Ad-p53 in a subcutaneously inoculated HCC
[49] or repeated intra-arterial injection of Ad-p53
in an orthotopically implanted rat HCC model [50]
was shown to inhibit tumor growth. On the other
hand, in the transgenic animas that develop HCC
spontaneously transfer of p53 gene did not exert a
therapeutic effect in this model [51]. In Hep3B cell
line which has both p53 and Rb defectiveness,
transduction of p53 gene alone also failed to
induce growth arrest [52], suggesting that the
ability of a cancer cell to undergo p53-mediated
cell growth arrest may depend on the retention of
functional downstream effector pathways. As a
result, overexpression of p53 gene alone may not
be sufficient to eradicate tumors in many cases.

Combination of p53 gene with other proapop-
totic genes such as p16 or p27 may offer an
alternative opportunity. Sandig et al. have dem-
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onstrated that simultaneous transduction of p53
and p16 genes led to a synergistic antitumor effect
in subcutaneously implanted tumors in mice [53].
Combination of p53 gene therapy with conven-
tional chemotherapy or radiotherapy also en-
hanced the antitumor effect, as shown by Xu
et al. who demonstrated that the transduction of
p53 gene into Hep3B cells significantly sensitized
the cells to cisplatin [46]. Unfortunately, for such
an approach to completely eradicate the tumor,
significantly better gene therapy vectors may be
needed to modify and trigger apoptosis in most
malignant cells in any given tumor, which is far
beyond the capabilities of current vectors. In an
early clinical trial, intratumoral injection of naked
DNA coding for p53 gene in patients with HCC
was proven to be safe. Yet, conflicting therapeutic
results were observed [54].

In contrast to p53 that requires to be trans-
duced into tumor cells to trigger cell apoptosis or
growth arrest, the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) protein can
trigger apoptosis in both membrane-bound and
soluble forms, negating the need of transducing
the apoptotic gene into every single cell. More
importantly, TRAIL induces apoptosis in tumor
cells but not in most normal cells in vivo [55, 56].
Intratumoral administration of the TRAIL vector
by electroporation significantly inhibited the
growth not only of the HCC directly administered
TRAIL vector, but also of distant subcutaneous
HCC, with only small and transient liver damage
being observed [57]. More interestingly, Ma et al.
recently demonstrated that adeno-associated virus
(AAV) vector expressing the extracellular domain
of TRAIL fused with a signal peptide could be
administered orally or intraperitoneally, resulting
in long-term and high level expression of soluble
TRAIL in vivo, effective regression of the subcu-
taneously implanted tumors, and lack of toxicity
to normal hepatocytes [58]. It will be interesting to
further test whether such systemic administration
of TRAIL exerts similar tumoricidal effects on
orthotopic liver tumors. However, it is to be noted
that tumor cells expressing TRAIL receptors are
not always sensitive to TRAIL-mediated apoptosis
[59, 60]. The cell sensitivity to TRAIL may be
determined by the TRAIL receptor expression as
well as the presence of different intracellular
mediators [60]. Nevertheless, combination of
TRAIL with chemotherapeutic agents has been

shown to be able to augment the therapeutic
potential [59].

Genetic prodrug activation

Conventional antiproliferation drugs usually have
toxicity both in malignant and non-malignant
cells. Therefore, in order to effect a reduction in
tumor burdens, the patient�s normal tissues and
organs have to be exposed to potentially harmful
quantities of the drugs. Molecular chemotherapy is
designed to circumvent this limitation by selec-
tively transducing the tumor cells with any genes
(i.e., suicide genes) that render them sensitive to
prodrugs innocuous to non-transduced cells. The
most common molecular chemotherapy system
utilized to date is the herpes simplex virus thymi-
dine kinase (HSV-tk) gene given in combination
with the prodrug ganciclovir (GCV) [61]. The
selectivity of the HSV-tk system is that, in contrast
to normal mammalian thymidine kinase, HSV-tk
preferentially monophosphorylates GCV. The
GCV is then further phosporylated by cellular
kinase to produce triphosphates that can be
incorporated into cellular DNA, thus inhibiting
DNA synthesis and leading to cell death [62]. A
striking feature of this strategy is the so-called ‘‘by-
stander’’ effect, whereby the eradication of HSV-tk
transduced cells elicits a killing effect on the
surrounding non-transduced cells, and potentiat-
ing the antitumor activity. The by-stander effect is
caused probably by the diffusion of the toxic
metabolites to non-transduced neighboring cells
[63, 64] and also possibly by stimulating antitu-
moral immune responses with the dying tumor
cells [65, 66].

A variety of studies have shown the efficacy of
the HSV-tk/GCV system for the treatment of
experimental HCC. Retroviral vector that trans-
duces only dividing cells was demonstrated to
express the HSV-tk gene only in the subcutane-
ously implanted HCC and cause tumor destruc-
tion upon GCV administration [67]. This strategy,
however, required repeated injection of the viral
vector in order to promote an efficient therapeutic
impact. The cured animals exhibited protective
immunity against wild-type HCC tumors, suggest-
ing the induction of a by-stander antitumor
immunity [67]. Ad-HSV-tk has also been delivered
via intraportal route into the animals with chem-
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ically induced HCC [68] or colorectal liver metas-
tasis [69]. The efficacy of the HSV-tk/GCV system
was validated in these studies; however, severe
liver dysfunction and high mortality upon GCV
administration in the animals were also observed.
So, in contrast to the common assumption that the
cytotoxic metabolites mainly incorporate into
tumoral dividing cells, normally non-mitotic tis-
sues, too, can be affected by the HSV-tk/GCV
system. Later experiments confirmed that the
phosphorylated GCV could be incorporated into
both nuclear and mitochondrial DNA, causing
mitochondrial dysfunction and toxicity in normal
non-dividing cells [70]. To prevent this side effect,
intratumoral injection [67] or use of tumor-specific
promoters, such as that from AFP [71], to restrict
HSV-tk gene expression to tumor tissue is strongly
recommended. A clinical trial has shown that
intratumoral injection of an adenovirus coding for
HSV-tk into liver metastasis from colorectal can-
cer followed by systemic GCV treatment was a
safe therapy [72].

Other suicide gene/prodrug systems have also
been described. The Escherichia coli (E. coli)
cytosine deaminase (CD), which promotes the
production of toxic 5-fluorouracil (5-FU) from
5-fluorocytosine (5-FC), has been claimed to exert
lower hepato-toxicity and stronger by-stander
effects as compared to the HSV-tk/GCV system
[73]. Intratumoral injection of Ad-CD to the
animals subcutaneously inoculated with HCC
[74] or intravenous injection of the virus to the
animals with liver metastasis of colorectal tumor
[75], followed by systemic administration of 5-FC
resulted in significant tumor regression. The E. coli
purine nucleoside phosphorylase (PNP) converts
purine analogs, e.g., fludarabine, into highly toxic
metabolites that inhibit RNA, protein, and DNA
synthesis. The released metabolites may diffuse
across lipid membrane and reach by-stander cells
without the requirement of cell-to-cell contact for
their antitumor effects [76]. So, PNP/fludarabine
combination also exhibited higher by-stander
effects in the treatment of HCC tumor as com-
pared to the HSV-tk/GCV system [77]. Though
efficient, the metabolites from the PNP/fludara-
bine system are toxic to both dividing and non-
dividing cells and can diffuse freely. Thus, it is of
great concern about the toxicity of the metabolites
to the neighboring normal liver cells when used in
clinic.

Inhibition of angiogenesis

Experimental and clinical studies have shown that
primary tumors as well as metastases can remain
dormant due to a balance between proliferation
and apoptosis unless the angiogenesis is switched
on [78]. The growth of endothelial cells is tightly
controlled by both positive and negative regula-
tors. The onset of tumor angiogenesis, required for
the rapid growth of solid tumors and tumor
metastases, is likely to be triggered by an up-
regulation of angiogenic factors such as basic
fibroblast growth factor (bFGF) or vesicular
endothelial growth factor (VEGF), or by a
down-regulation of antiangiogenic factors such
as angiostatin, endostatin, or thrombospondin
[78]. Thus, the reconstitution of antiangiogenic
factors and/or the removal of angiogenic factors
constitute plausible therapeutic strategies to sup-
press tumor angiogenesis [79]. Antiangiogenesis-
based therapy is a universal strategy since the
endothelial cells do not vary from one tumor type
to the other, further emphasizing the clinical
relevance of such an antitumor approach.

HCC is a hypervascular cancer, so it can be an
interesting target for antiangiogenic gene therapy.
Expression of the antisense-VEGF cDNA, which
down-regulated the endogenous VEGF expression
in SK-HEP 1 hepatoma cells, has been shown to
inhibit tumor growth in vivo [80]. Another strategy
is to use angiogenic inhibitors such as angiostatin,
the first four kringle domains of plasminogen, or
endostatin, the C-terminal fragment of collagen
XVIII. It has been shown that systemic injection of
adenovirus encoding angiostatin or endostatin
could regress the pre-established subcutaneous
HCC, with angiostatin being more effective than
endostatin [81]. Further, intraportal injection of
AAV encoding angiostatin into the animals with
tumors established in the liver also resulted in
significant inhibition of neovessels and extensive
apoptosis of tumors [82].

Pigment epithelium-derived factor (PEDF) is a
recently identified antiangiogenic factor that was
first discovered in 1989 by Tombran-Tink as a
neurotrophic serpin secreted by retinal pigment
epithelial cells [83, 84]. PEDF inhibits angiogenesis
in a dose-dependent manner in vitro and in vivo [85,
86] and the antiangiogenic efficiency is thought to
be more potent than that of angiostatin, thrombo-
spondin-1 or endostatin [87]. PEDF is found
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throughout the body and is highly expressed in the
normal liver [88, 89]; however, it is drastically
decreased in patients with cirrhosis or HCC
complicated by cirrhosis [90]. In this regard, gene
therapy with PEDF gene has been performed for
HCC recently. It was shown that intratumoral
injection of a PEDF-expressing plasmid [90] or
intravenous injection of Ad-PEDF [91] signifi-
cantly inhibited the pre-established HCC growth in
athymic mice. The antitumor effect was related to a
decrease in density of microvessels in tumors.
NK4, a hepatocyte growth factor (HGF) antago-
nist, is another antiangiogenic factor that has been
demonstrated to exhibit antitumor activity in many
tumors, too [92–95]. NK4 consists of the N-
terminal hairpin domain and the four subsequent
kringle domain of HGF. Since the HGF-cMET
signaling has been reported to promote HCC
development and progression, NK4, by competi-
tively binding to cMET, can inhibit the multiple
biological activities of HGF. Besides, NK4 also has
antiangiogenic activity through its kringle domain
structure [96]. As a result, NK4 can suppress the
proliferation of both tumor and endothelial cells.
Transfer of NK4 gene into HCC resulted in the
inhibition of cell proliferation and migration upon
exposure to HGF. The secreted NK4 from the
transduced HCC exerted by-stander effect that
reduced the migration of non-transduced tumor
cells and the proliferation of endothelial cells. Ad-
NK4 delivered in vivo caused significant tumor
growth delay in athymic mice [97].

A phase III clinical trial has demonstrated that
use of an antiangiogenic drug bevacizumab, a
recombinant monoclonal antibody against VEGF,
in combination with conventional chemotherapy
resulted in improved survival of patients with
metastatic colorectal cancer [98, 99]. The encour-
aging results suggest that antiangiogenic strategy
holds great potential for treating liver tumors.
However, the multitude of proangiogenic and
antiangiogenic factors that can be produced by
tumors suggests that inhibition of angiogenesis
may require combined action of more than one
antiangiogenic factor [100]. The notion was sup-
ported by recent observations that attempts to
antagonize one factor in the process of tumor
angiogenesis can be offset by up-regulation of
other proangiogenic factors [101, 102]. It was
further proved by a study showing that the
treatment efficacy of rat Morris hepatoma cells

that secret high levels of VEGF was low with
either soluble VEGF receptor (sFlt-1) (9 folds) or
endostatin (4 folds) monotherapy, but was syner-
gistically increased with endostatin/sFlt-1 combi-
nation therapy (77 folds) [103]. Therefore,
combination therapy simultaneously addressing
two or more angiogenic targets should prove
useful in the future.

siRNA-targeted gene silencing

Small interfering RNA (siRNA) is a recently
discovered technology that can direct specific gene
silencing by promoting the degradation of target
RNA, the so-called RNA interference (RNAi)
[104, 105]. RNAi can be induced in mammalian
cells by introduction of synthetic double-stranded
siRNA of 21� 23 base pair in length or by plasmid
and/or viral vector systems that express double-
stranded short hairpin RNA (shRNA) that are
subsequently processed to siRNA by the cellular
machinery [106, 107]. Given the exquisite specific-
ity and exceptional silencing potency of siRNA,
compared to earlier reverse genetic technologies,
RNAi is now the preferred technique in functional
genomics [108]. Furthermore, RNAi has been
intensively studied for therapeutic use, particularly
in areas of infectious disease and cancer.

Most cancers are characterized by abnormal
gene expression, which is thought to contribute to
the pathogenesis and the maintenance of the
malignant phenotype. Silencing such gene by
siRNA would appear to be a rational approach
to the therapy of cancer. Indeed, in vitro and
in vivo findings have demonstrated the efficacy of
siRNA knockdown of gene messages that are
pivotal for tumor cell growth, metastasis, angio-
genesis, and chemoresistance, leading to tumor
growth suppression [109–114].

A novel oncogene, gankyrin, has been found
to be highly expressed in 97% of HCC [115]. The
sequence of gankyrin is identical to the p28 gene
product, a subunit of the regulatory complex of
the human 26S proteosome [116]. Overexpression
of p28GANK increases the phosphorylation of
pRB and inhibits p16INK4a activity, thus accele-
rating cell-cycle progression [117]. RNAi techno-
logy was used to suppress p28GANK expression in
HCC. The results demonstrated that the deple-
tion of p28GANK led to the decrease of pRB
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phosphorylation, the enhancement of caspase 8-
and 9-mediated apoptosis, and the inhibition of
HCC tumor growth in nude mice [118]. RNAi
technology has also been used to down-regulate
some cellular genes, which then sensitizes the
tumor cells to chemotherapy and TRAIL- or
CD95-mediated apoptosis. For example, treat-
ment of HCC with siRNA directed against Mcl-1,
a member of the Bcl-2 family, led to an elevated
caspase 3 activity in Hep3B cells and significantly
enhanced the susceptibility of the cells to chemo-
therapy- or TRAIL-mediated apoptosis [119].
Similarly, siRNA-mediated down-regulation of
c-Jun-N-terminal-kinase (JNK) expression, which
has been implicated in the survival signaling,
strongly enhanced the CD95-mediated apoptosis
in HepG2 hepatoma cells, but not in Huh-7 or
Hep3B cells [120].

RNAi technology can be used to target the
molecules involved in tumor metastasis, too. The
serine protease urokinase-type plasminogen acti-
vator (u-PA), which plays a pivotal role in the
invasiveness of cancer, is up-regulated in human
HCC [121, 122]. Using RNAi technology, Salvi
et al. have shown that down-regulation of the
u-PA expression in SKHep1C3 cells led to a
reduction of the migration, invasion, and prolifer-
ation of the HCC cells [123]. The increased
glycolysis and proton secretion in tumors is also
proposed to contribute to the proliferation and
invasion of cancer cells during the process of
tumorigenesis and metastasis. Proton pump
V-ATPase is the enzyme that can pump protons
into extracellular environment and is important in
solid tumors for maintaining neutral cytosolic pH
and acidic extracellular pH of cancer cells [124].
V-ATPase is expressed in the plasma membrane of
some tumors with high metastatic potential. Thus,
it has been shown that inhibition of V-ATPase
activity by down-regulation of ATP6L, the 16 kDa
subunit of proton pump V-ATPase, using RNAi
technique effectively retarded cancer growth and
suppressed cancer metastasis through the mecha-
nisms of decreasing the proton extrusion and
down-regulating the gelatinase activity [125].

Although great potency of RNAi technology to
silence gene expression has been shown in vitro, the
in vivo usage of this approach is still limited due to
the incapability of current vectors to deliver the
siRNA to most of tumor cells, a shortcoming that
is similar to that of p53-mediated gene therapy.

Genetic immunotherapy

The immune system is a promising tool for cancer
therapy due to the range of effector mechanisms
possessed by a diversity of immune cell types and
its ability to exert effects with exquisite specificity.
Most of tumor cells express tumor-associated
antigens (TAAs), which can be used to discrimi-
nate tumor cells from normal cells. However, due
to the immunological tolerance or ignorance to
TAAs, tumor cells still can escape from immune
surveillance and grow unlimitedly in the body.
With the increased understanding of immune
responses, immunotherapeutic strategies now can
be used to mobilize or manipulate the immune
system of a patient for therapeutic benefit. In this
regard, numerous gene therapy approaches for the
therapeutic vaccination of individuals who have
cancer have been developed, including the use of
DNA vaccine [126], dendritic cells (DCs) [127],
and autologous or allogenic tumor cells (which
are often modified to express various cytokines or
co-stimulatory molecules) [128].

DNA vaccine

AFP is one of the major targets studied by many
groups to elicit TAA-specific immune responses to
HCC. It is a HCC-specific tumor-associated self-
antigen and is the predominant serum protein
produced during early development of the liver. In
contrast, AFP expression in healthy individuals or
patients with benign diseases is very low. Serum
AFP levels fall 105–106-fold from 3–5 mg/ml in
the fetal period to 5–10 ng/ml in adolescents and
full adults. However, in HCC patients AFP is
frequently re-expressed at high levels. Therefore, it
may be a target for immunotherapy of HCC.

It is usually difficult to elicit immunity to
self-antigens because of immune tolerance or
ignorance. As a result, DNA vaccination with
AFP-expressing plasmid alone only induced weak
antitumor immunity which, however, was aug-
mented by co-expression of cytokine genes (e.g.,
IL-12, GM-CSF, or IL-18) [129]. The antitumor
immunity could be further enhanced by a prime-
boost approach that first primed the animals by
co-administration of DNA encoding AFP and
mouse GM-CSF, followed by boosting the ani-
mals with AFP-expressing non-replicating adeno-
viral vector [130]. Certain proteins that have been
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reported previously to be able to enhance the
immunogenecity of tumor antigens, such as heat
shock protein [131], HSV-VP22 tegument protein
[132], and calreticulin [133], can be considered to
conjugate with AFP to generate more potent
vaccines in the future.

Dendritic cells

To be more effective in eliciting the tumor-specific
immune responses, the manipulation of profes-
sional antigen presenting cells (APC) such as DCs
to activate TAA-specific T-cell immunity is an
alternative and promising strategy. Ex vivo mod-
ification of both human and mouse DCs with gene
encoding tumor antigens, including self-antigens,
has been shown to effectively stimulate T-cell
response in vitro and in various murine models,
with induction of long-term immunity against
tumor expressing the corresponding antigens
[127]. As such, subcutaneous administration of
DCs that had been transduced with AFP gene
elicited potent AFP-specific CTL responses and
protective immunity against the AFP-expressing
tumor cells [134]. As an alternative, the DCs
pulsed with total tumor lysates without knowing
the specific TAAs have also been demonstrated to
induce HCC-specific antitumor immunity upon
intravenous administration, albeit the antitumor
activity was more effective on small tumors than
on large tumors [135]. Co-administration of IL-12
with the lysate-pulsed DCs further increased the
antitumor effects of DCs, and the CTL activity
induced in the animals treated with the combina-
tion strategy was much stronger than that in the
animals only treated with the lysate-pulsed DCs
[136]. Though effective in several animal models,
the effectiveness of DCs is generally restricted to
early stages of tumors or protection against tumor
challenge [137].

Tumor cell vaccines

Instead of directly manipulating the DCs, some
people have engineered tumor cells to express
immunomodulatory molecules that can activate
DCs locally. CD40 ligand (CD40L) is normally
expressed on activated T-cells and binds to CD40
present on the surface of DCs. CD40-CD40L
interaction plays a crucial role in the activation of
APC and in the initiation of immune response

[138]. Intratumoral injection of Ad-CD40L pro-
duced a strong antitumor effect in an orthotopic
rat HCC model [139]. The anitumor activity was
mainly mediated by CD8+ T-cells and was
associated with increased interleukin (IL)-12 ser-
um levels and enhanced natural killer (NK) cell
activity. Flt3 ligand is another cytokine important
for the development of DCs and NK cells [140].
Intratumoral injection of adenovirus encoding the
extracellular domain of Flt3L produced strong
immunogenic activity that resulted in significant
tumor regression. The antitumor immunity was
mediated by CD3+CD4+ T-cells and NK cells
[141].

In addition, the cytokines present in the tumor
micromilieu can also affect the stimulation and
maturation of innate immune cells, which affect
innate immune cell activity. It has been shown that
local production of optimal doses of cytokine with
gene therapy approaches could induce more effi-
cient therapeutic immune responses than systemic
administration of large doses, and would prevent
serious adverse effects arising from the systemic
administration of these molecules. Numerous
cytokines (IL-2, IL-7, IL-12, IL-15, IL-18, IL-21,
IL-23, IFN-c, IFN-a, TNF-a, and GM-CSF) have
been used in diverse tumor cells [128]. For HCC,
some of the cytokines have been tested and shown
of great potency. Injection of adenovirus encoding
IL-12 through intratumoral or intrahepatic artery
route into rats with orthotopic HCC caused
significant tumor regression [142]. In this model,
NK cell activation and antiangiogenesis were the
major mechanisms involved in antitumor re-
sponses. Similar strategy also worked successfully
on a hepatic metastasis model of colorectal tumor
in mice [143]. Combination of IL-12 and co-
stimulatory molecules such as B7.1 has been
shown to enhance the antitumor effects. Intratra-
tumoral injection of adenoviruses, producing
IL-12 and co-stimulatory molecule B7.1, into a
mouse model with subcutaneously implanted HCC
model [144] or into a woodchuck model that
develops liver tumors spontaneously [145] resulted
in strong antitumor effects. In our laboratory we
have employed intratumoral injection method to
deliver adenovirus encoding GM-CSF or encoding
both GM-CSF and endostatin to the rats with
orthotopic HCC. Synergistic antitumor efficacy
was observed in the combined gene therapy group
as compared to the monotherapy group [146].
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More interestingly, expression of endostatin en-
hanced the CTL responses against tumor cells and
did not interfere with the infiltration of tumor-
specific lymphocytes into tumor region. IL-12 or
GM-CSF gene therapy has also been used in
combination with the HSV-tk/GCV treatment to
potentiate the antitumor effect [147]. All these
results suggest that combination of immunother-
apy with other gene therapy strategies may be
more advantageous than being used alone.

Conclusion

Gene therapy strategies focusing on the treatment
of HCC have been investigated for more than
10 years. Within this period, numerous strategies
and vectors have been developed to promote the
elimination of tumor cells. However, while impres-
sive power of gene therapy at eliminating solid
tumors in animal models has been documented,
relevant therapeutic results in human are still
absent. The sharp contrast stresses the needs of
understanding more about the factors that limit
the effects of gene therapy tool in human patients.
Several aspects may need to be taken into consid-
eration. First, the site of tumor implanted in the
animal model may affect the interpretation of
antitumor effect. Many studies have used subcu-
taneous HCC models to evaluate the antitumor
effects of therapeutic genes. Our previous results
have demonstrated that tumor implanted subcu-
taneously differed immunologically from those
occurring within the liver, and might have different
responses to subcutaneous immunotherapy [148,
149]. Thus, the successful generation of antitumor
activity against subcutaneous tumors does not
necessarily indicate the same efficacy against
orthotopic tumors. In this regard, an orthotopic
HCC model or a tumor model in a more complex
context such as virally or chemically induced HCC
is the preferred experimental setting for analyzing
the antitumor effects of the therapeutic genes,
especially of the immunotherapeutic genes. In
addition, considering that most of the HCC arise
from cirrhosis, the animal HCC model compli-
cated with cirrhosis may be more clinically rele-
vant. Second, the duration of transgene expression
may influence the antitumor activity. Many studies
have used adenoviral vectors to deliver the
therapeutic genes, which often resulted in poor

infection in malignant cells and short duration of
transgene expression, thus reducing the therapeu-
tic efficacy. In the future, efforts should be directed
to increase transduction efficiency and to prolong
transgene expression. Tumor-selective replicating
viruses may help to improve transduction effi-
ciency and to amplify therapeutic gene expression
after intratumoral injection of the vector. Alter-
natively, transduction of the neighboring normal
cells with a lentiviral vector or an AAV vector may
produce persistent expression, which, however,
should be regulable for safety reasons. Third, the
variable nature of tumor cells may promote the
generation of escape mutants. Most tumor cells
mutate with high frequency, so gene therapy with
single modality may not be adequate enough to
eliminate all the tumor cells. It is strongly envis-
aged that the combination of transgenes of interest
or the combination of gene therapy with conven-
tional therapeutic approaches will greatly improve
the treatment of HCC. Similarly, the antitumor
activity of oncolytic virus approach may further be
enhanced by arming these vectors with therapeutic
genes or optimally combining with the conven-
tional chemotherapy or radiation therapy.

In summary, gene therapy is a very plastic
procedure in which a diversity of therapeutic
genes, vectors, regulatory sequences, and routes
of vector administration can be used alone or in
combination. It is envisaged that gene therapy will
represent a powerful strategy or, in some cases, as
a synergistic treatment to conventional therapy, to
control tumor growth within the liver.
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