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Abstract: Hepatocellular carcinoma (HCC) is a highly malignant disease, and its outcome of routine therapies is 
poor. Comprehensive treatment including gene therapy is an important way to improve patients’ prognosis and sur-
vival. In this study, we successfully constructed a triple-controlled cancer-selective oncolytic adenovirus, QG511-HA-
Melittin, carrying melittin gene, in which the hybrid promoter, hypoxia-response element (HRE)-AFP promoter, was 
used to control viral E1a expression targeting AFP-positive cancer cells in hypoxia microenviroment, and the E1b-55 
kDa gene was deleted in cancer cells with p53-deficiency. The cytological experiments found that the viral replica-
tion of QG511-HA-Melittin was increased to 12800-folds in Hep3B cells within 48 h, and 130-folds in SMMC-7721, 
but the virus did not replicate in L-02 cells. QG511-HA-Melittin had a strong inhibition effect on AFP-positive HCC 
cell proliferation, such as Hep3B and HepG2, whereas, there was low or no inhibition effect of QG511-HA-Melittin 
on AFP-negative cancer cells SMMC-7721 and normal cells L-02. In the in vivo experiment, compared with the blank 
control group, QG511-HA-Melittin can significantly inhibit the growth of HCC xenografts (P<0.05). The survival of 
mice in QG511-HA-Melittin group was much longer than that of the blank control group. Both in vitro and in vivo 
experiments manifested that QG511-HA-Melittin exerts an inhibitory effect on HCC cells, which may provide a new 
strategy for HCC biotherapy.
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Introduction

As an important part in comprehensive treat-
ments of hepatocellular carcinoma (HCC), gene 
therapy has provided therapeutic benefits to 
HCC patients and has been the focus of intense 
pre-clinical and clinical research during recent 
years [1, 2].

However, traditional gene therapy showed the 
limited transfection, little selectivity and poor 
efficiency when the replication-deficient viral 
vectors or non-viral vectors were used to trans-
fer anti-tumor transgenes. Safety, repeatability, 
and efficiency are still the key problems in HCC 
gene therapy. The appearance and application 
of cancer-selective replicating oncolytic viral 
vectors provided a promising strategy for treat-
ment of solid tumors, including HCC [3]. The 
representative oncolytic viral vectors are ONYX-

015 with adenoviral E1b-55 kDa gene deletion 
to target p53-deficiency cancer cells [4, 5] 
AdSurp and AdeSurp with adenoviral E1a gene 
under the control of survivin promoter to target 
broad-spectrum of Survivin-positive cancer 
cells [6], AdCEAp with E1a gene under the con-
trol of CEA promoter to target CEA-positive can-
cer cells [7], AdE2F or AdEHE2F with E1a gene 
or E4 gene, respectively, under the control of 
E2F1 promoter to target E2F1-positive cancer 
cells [8, 9], CNHK500 or CNHK600 with E1a 
gene under the control of human telomerase 
reverse transcriptase (hTERT) promoter and 
E1b gene under the control of hypoxia-response 
element (HRE) to target hTERT-positive cancer 
cells in hypoxia microenviroment [10, 11], and 
Ad-AFP-E1A-E1B (Ä55 kDa) with both E1a gene 
and E1b-55 kDa gene under the control of AFP 
promoter to target HCC cells [12]. Oncolytic 
adenoviruses are promising as therapeutic 
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agents in cancer treatment. These viruses are 
genetically modified to target, infect and repli-
cate in cancer cells causing them to lyse.

Melittin is a water-soluble toxic peptide and 
derived from the bee venom [13]. It has multi-
ple effects, including anti-bacterium, anti-virus 
and anti-inflammation [14]. Several studies sh- 
owed that melittin has a strong effect on tumor 
cells such as induction of HCC cell apoptosis 
[15]. Melittin could suppress Rac1-dependent 
pathway and inhibit tumor cell metastasis by 
reducing cell motility and migration, suggesting 
that melittin is a potential therapeutic agent for 
HCC [14]. A recombinant adenovirus harboring 
melittin gene changed some biological behav-
iors of tumor cells and presented anti-tumor 
effect [16]. The combination of melittin with 
tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL) was proposed a promising 
therapeutic approach in the treatment of TRAIL-
resistant human cancer, such as HCC [17]. 
Melittin could inhibit the growth of BEL-7402 
cell xenografts in nude mice [18], and had 
inhibitory effect on breast cancer cells [19]. It 
was also demonstrated that meilltin inhibited 
the development and angiogenesis in human 
cervical cancer and breast cancer cells [19, 
20], or induced apoptotic cell death in ovarian 
cancer cells [21]. When the oncolytic adenovi-
rus is inserted with the melittin gene, the gene 
copies are increased along with the viral repli-
cation specifically in tumor cells, thus enhanc-
ing the inhibitory effect on tumor cells. We hope 
the melittin gene will be easily and specifically 
introduced to tumor cells by the cancer-selec-
tive replicating adenovirus and efficiently ex- 
pressed transgene along with the viral replica-
tion to reach therapeutic concentration in tu- 
mor cells.

Here we constructed an adenovirus, QG511-
HA-Melittin, in which the hybrid promoter HRE-
AFP was used to regulate the E1a, and the E1b-
55 kDa gene was deleted, finally generating a 
triple-controlled oncolytic adenovirus carrying 
the melittin gene. We not only observed its spe-
cific replication capability in different HCC cell 
lines, but also explored its targeting inhibition 
to HCC both in the in vitro and in vivo ex- 
periments.

Materials and methods

Cell culture

The following cells were obtained from the 
Laboratory of Viral and Gene Therapy, Eastern 

Hepatobiliary Surgery Hospital, Second Military 
Medical University: Hep3B and HepG2 (AFP-
positive human hepatocellular carcinoma cell 
line), SMMC-7721 (AFP-negative human hepa-
tocellular carcinoma cell line), L-02 (normal 
human liver cell line), and Human embryonic 
kidney (HEK) 293 cell line. All the cells were cul-
tured in DMEM media (Gibco) supplemented 
with 10% heat-inactivated fetal bovine serum 
(FBS, Sigma-Aldrich), 4 mmol/L L-glutamine, 
100 units/mL penicillin and 100 ìg/mL strepto-
mycin. Cells were grown in a humidified atmo-
sphere at 37°C in 5% CO2 and then sub-cul-
tured after treatment with trypsin mixture 
(Lonza) for 2 to 5 min at room temperature, fol-
lowed by washing and re-suspension in com-
plete media.

Construction of the viruses 

Plasmids, pMD-Melittin and pHRE-AFP conta- 
ining the melittin gene and the hybrid promot- 
er HRE-AFP, respectively, were synthesized by 
TAKARA. The hybrid promoter HRE-AFP was 
inserted into adenoviral genome to control E1a 
gene, the E1b-55 kDa gene was deleted, and 
the melittin gene expressing cassette was in- 
serted into E3 region, finally generating the rep-
licative adenovirus QG511-HA-Melittin. The rep-
licative adenovirus QG511-HA without melittin 
gene was also constructed as the control vi- 
rus. The two adenoviruses were amplified in 
HEK293 cells and purified by ultra-centrifuga-
tion on cesium chloride (CsCl) gradients. The 
titers of QG511-HA-Melittin and QG511-HA 
were detected with the Tissue Culture Infectious 
Dose 50 (TCID50) method established by Qbi- 
gene (IIIkich, France), and expressed as plague-
forming units per milliliter (pfu/ml).

Replicative adenovirus QG511-HA-Melittin me-
diated Melittin melittin expression in HCC cells 

To confirm the expression of melittin gene by 
the Replicative adenovirus QG511-HA-Melitt- 
in targeting HCC cells, the virus-infected HCC 
cells and normal cells were examined with 
RT-PCR. The tested cells were cultured in 6-well 
plates at a concentration of 1×105 cells/well, 
and infected with adenovirus QG511-HA-Me- 
littin and QG511-HA at a multiplicity of infection 
(MOI) of 5.0 pfu/cell. All the parental and infect-
ed cells were cultured for 48 h, harvested and 
isolated total RNA for amplify the melittin 
expression by RT-PCR. The specific primers for 
RT-PCR were Primer IX (TCC TCC TCG TAT TAG 
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When the efficacy observation ended, half of 
mice in every group were sacrificed by anesthe-
tization. Tumors were removed, fixed in 10% 
neutral formaldehyde for 12 h, embedded with 
paraffin and sectioned. Hematoxylin/eosin 
staining was performed to examine the necro-
sis of tumor cells and surrounding tissue cells. 
The other half mice in every group were contin-
uously raised for overall survival observation.

Data analysis

All data were expressed as the mean ± S.D. and 
analyzed through independent sample t-test 
and one-way ANOVA with SPSS base 13.0. 
Results were considered statistically significant 
when P<0.05.

Results

Adenovirus QG511-HA-Melittin mediated Melit-
tin expression targeting HCC cells

We successfully constructed the replicated 
adenovirus QG511-HA-Melittin, in which the 
hybrid promoter HRE-AFP was used to regula- 
te the E1a, and the E1b-55 kDa gene was 
deleted, the melittin expressing cassette was 
inserted into E3 region. The negative control 
virus QG511-HA without melittin gene was also 
constructed (Figure 1A). To confirm the expres-
sion of melittin gene by the replicative adenovi-
rus QG511-HA-Melittin targeting HCC cells, the 
virus-infected HCC cells and normal cells were 
examined with RT-PCR. Under the control of 
hybrid promoter HRE-AFP, the virus replicates 
and mediates melittin expression specifically  
in HCC cells, the melittin gene was amplified 
along with the viral replication and expressed 
efficiently in the AFP-positive HCC cells, but not 
in the AFP-negative HCC cells and normal cells 
(Figure 1B).

Targeting replication of virus QG511-HA-Melit-
tinin in HCC cells

In order to analyze the replication capability of 
the adenovirus, the viral replication experime- 
nts were performed to evaluate the selective 
replication of QG511-HA-Melittin in different 
cells. The results showed that QG511-HA-Me- 
littin was replicated efficiently in AFP-positive 
cell lines, Hep3B and HepG2, but replicated 
weakly in AFP-negative cell lines, SMMC-7721 
and normal cells L-02. At 48 h after viral infec-

AAA C) and Primer X (CTA CTG TTG TCT CTT 
CCT).

In vitro viral replication assay

To observe the targeting replication of QG511-
HA-Melittin, the HCC cell lines (Hep3B, HepG2 
and SMMC-7721) and normal cells (L-02) were 
seeded in 6-well plates at a density of 1×105 
cells/well, and infected with the adenoviruses 
QG511-HA-Melittin and QG511-HA at an MOI of 
5.0 pfu/cell. After infection for 0, 48, or 96 h, 
the cells were harvested and the cell lysates 
were prepared by three cycles of freezing and 
thawing, and then centrifuged. Serial dilutions 
of the lysates were subsequently tittered on 
HEK293 cells according toTCID50 method.

Cytotoxicity assay in vitro

MTT method was used to assess the cytotoxic-
ity of QG511-HA-Melittin and QG511-HA in 
Hep3B, HepG2, SMMC-7721 and L-02 cells. 
The cells were grown to confluent in 96-well 
plates and infected with QG511-HA-Melittin 
and QG511-HA with a series of MOIs (MOI=0, 
0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100). The cell 
viability was determined after 96 h post infec-
tion. Cells were exposed to 2% crystal violet in 
20% methanol for 15 min, then washed with 
distilled water and documented.

Antitumor efficacy in vivo 

Animal experiments were performed according 
to the SIBS Guideline for the Care and Use of 
Laboratory Animals. Male BALB/c nude mice 
(4-6 weeks old) were purchased from the SLAC 
Laboratory Animal Center (Shanghai, China). To 
establish HCC xenograft tumors, 2×107 Hep3B 
cells in 0.2 ml MEM were subcutaneously 
injected into the right flank of each mouse. 
When the tumor diameter reached 5-8 mm, 
mice were randomly divided into 3 groups as 
follows: 8 mice for Group QG511-HA-Melittin, 8 
mice for Group QG511-HA, and 8 mice for 
Group NS as blank control. All the mice were 
exposed to 2×108 pfu virus through 5 times of 
intratumoral injections, one time another day. 
After the viral injections, tumor sizes were mea-
sured on Day 1, 3, 5, 7, and 9 with a caliper in 
two dimensions and tumor volume was calcu-
lated as length (mm) × width (mm) × width 
(mm)/2.
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tion, the replication of QG511-HA-Melittinin 
was increased to 12800 folds in Hep3B and 
5000 folds in HepG2, only 130 folds and 196 
folds increased in L-02 and SMMC-7721 ce- 
lls, respectively. At 96 h after viral infection,  
the replication specificity of QG511-HA-Melittin 
was slowed down (Figure 2).

Cytotoxic activity of QG511-HA-Melittinon in 
vitro

The cytotoxic activity of QG511-HA-Melittin in 
different cell lines was investigated. Compared 
with that of the control virus QG511-HA without 
Melittin gene, QG511-HA-Melittin has an obvi-
ous killing effect on Hep3B and HepG2 cells, 
the effective dosages for killing 50% cells 

Figure 1. A. Schematic representation of the adenovirus, in which in which the hybrid promoter HRE-AFP was used 
to regulate the E1a, and the E1b-55 kDa gene was deleted, the Melittin expressing cassette was inserted into E3 
region. The negative control virus QG511-HA without Melittin gene was also constructed. B. Indicated cells were 
infected with QG511-HA-Melittin, and examined with RT-PCR.

Figure 2. Replication folds of QG511-HA-Melittin in 
indicated cells at 48 h and 96 h after viral infec-
tion. Compared with 0 h in different cells, *P<0.01, 
#P<0.01.
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(ED50) of QG511-HA-Melittin in Hep3B and 
HepG2 were MOI=5 and 10 pfu/cell, respec-
tively. The survival of SMMC-7721 or L-02 was 
hardly affected by QG511-HA-Melittin and QG- 
511-HA, indicating that QG511-HA-Melittin can 
specifically inhibit the proliferation of AFP-
positive tumor cells and has the limited effect 
on normal cells and AFP-negative tumor cells 
(Figure 3).

Antitumor efficacy of QG511-HA-Melittinon in 
vivo 

Inhibitory effect of QG511-HA-Melittin and 
QG511-HA on tumor growth was investigated in 
Hep3B tumor xenograft models in nude mice. 
The results showed that the inhibition rate of 
QG511-HA-Melittin and QG511-HA had signifi-
cant differences compared with that of the NS 
group (P<0.05), demonstrating that QG511-HA-
Melittin and QG511-HA can much more effec-
tively inhibit the growth of the HCC xenografts 
(Figure 4A). There was significant difference 
between QG511-HA-Melittin group and QG511-
HA group (P<0.05). The overall survival (OS) of 
mice with HCC xenografts was observed, and 
the results showed that mice in the QG511-HA-
Melittin group and QG511-HA group have lon-
ger OS than mice in the NS group (P<0.05; 

Figure 4B). The median survival was different 
significantly between QG511-HA-Melittin group 
and QG511-HA group (P<0.05; Figure 4B).

Pathological examination of the xenografts 
tumor 

Pathological examination of all the tumor xeno-
grafts was implemented by H&E staining in dif-
ferent groups. H&E staining showed that there 
were more and wider necrotic areas in the 
QG511-HA-Melittin group and QG511-HA group 
than in the NS group. More efficient antiangio-
genic effect was presented in the QG511-HA-
Melittin group with cell shrinkage and progres-
sion towards apoptosis (Figure 5). The results 
indicated the potential tumor inhibition activity 
of QG511-HA-Melittin and QG511-HA in HCC 
xenografts.

Discussion

Hepatocellular carcinoma (HCC) accounts for 
the majority of primary liver cancers. More than 
80% of HCC patients occur in less developed 
countries, particularly in East Asia and sub-
Saharan Africa [22]. HCC develops quickly, and 
the treatments of later-stage HCC are difficult. 
The possible therapeutic methods include the 

Figure 3. The survival rate of QG511-HA-Melittin in indicated cell lines. The cells were grown to confluent in 96-well 
plates and infected with QG511-HA-Melittin with a series of MOIs (MOI=0, 0.1, 0.5, 1, 2, 5, 10, 20, 50, and 100). The 
cell viability was determined after 96 h post infection. MTT method was used to assess the cytotoxicity. QG511-HA 
was used as the control. Compared with MOI=0 group, *P<0.05, **P<0.01.
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small molecule tyrosine-kinase inhibitor sora- 
fenib [23], percutaneous ethanol injection [24], 
trans-arterial chemoembolization (TACE) [25], 
radiofrequency ablation [26] and TCM [27], All 
these treatments are rarely curative. Therefore, 
it is necessary to identify novel therapeutic 
strategy targeting later-stage HCC. Recently, 
gene therapy has attracted more attention in 
the treatment of HCC patients, in which the 
tumor-selective replicating oncolytic adenovi-
ruses are promising as therapeutic agents [28]. 
To generate oncolytic adenovirus as transgene 
vector, it is necessary to limit the replication of 

virus within cancer cells; the potential mecha-
nism is that manipulating the viral early replica-
tive genes under the control of tumor-specific 
promoters.

HRE can be used to restrict virus replication in 
cancer cells in hypoxia microenviroment by 
controlling viral replicative gene. Hypoxia is an 
important microenvironment in carcinogenesis, 
tumor invasion and proliferation. Hypoxia not 
only alters macrophages to tumor associated 
macrophage (TAM)-like phenotype, leading to 
immunosuppression and angiogenesis and in- 

Figure 4. Antitumor effect of QG511-HA-Melittin in nude mice. A. QG511-HA-Melittin and QG511-HA both showed 
apparent therapeutic effects in mice bearing Hep3B tumor xenograft models, and QG511-HA-Melittin exhibited an 
even better antitumor efficacy than QG511-HA. Compared with control group, #p<0.01, ##p<0.05; Compared with 
QG511-HA *P<0.05. B. Mice treated with QG511-HA-Melittin and QG511-HA survived noticeably longer than the 
control groups, and mice treated with QG511-HA-Melittin presented with a longer median survival time.

Figure 5. H&E staining, indicating pathomorphological changes. There were more and wider necrotic areas in the 
QG511-HA-Melittin group and QG511-HA group than in the NS group. More efficient antiangiogenic effect was pre-
sented in the QG511-HA-Melittin group with cell shrinkage and progression towards apoptosis.
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ducing angiogenic cytokines by hepatocytes 
cells [13], but also plays an important role in 
tumor metastasis. Additionally, it can induce 
epithelial-mesenchymal transition and chemo-
resistance in hepatocellular carcinoma [20]. 
AFP promoter is one of typical tumor specific 
cis-element which can restrict the expression 
of therapeutic genes in HCC cells. A strong and 
HCC-selective promoter by linking the AFP 
enhancer with the 5’-UTR sequence of the non-
tissue-specific, human housekeeping phospho-
glycerate kinase (pgk) gene was generated and 
used to drive expression of DN-PP2Acá, which 
provided a useful cancer gene therapy strategy 
to selectively target HCC [29]. Cany et al. also 
demonstrated that AFP-specific immunothera-
py impaired the growth of autochthonous hepa-
tocellular carcinoma in mice [30]. All these 
investigations demonstrated that both HRE 
and AFP promoter can regulate viral vector to 
replicate specifically in various cancer cells, 
and the inserted hybrid promoter HRE-AFP may 
provide dual-regulation and allow the oncolytic 
adenoviral vectors more precisely targeting 
HCC cells.

Under the control of hybrid promoter HRE-AFP, 
we successfully constructed the tumor-selec-
tive replicating adenovirus, QG511-HA-Melittin, 
carrying melittin gene which was controlled by 
the major late promoter (MLP). The virus was 
also deleted the E1b-55 kDa gene. Therefore, 
the virus QG511-HA-Melittin is exactly a ripple-
regulated oncolytic adenovirus with three tar-
geting mechanism to HCC cells, mainly target-
ing cancer cells with positive AFP, cells in 
hypoxia microenviroment and cells with P53-
deficiency. The oncolytic adenovirus QG511-
HA-Melittin showed tumor-selective replication 
capability in AFP-positive tumor cell lines. It 
was demonstrated that the specific inhibition 
effect of QG511-HA-Melittin on proliferation of 
AFP-positive HCC was strong, but with limited 
effect to normal cells or AFP-negative cancer 
cells. The results proposed a novel treatment in 
HCC.
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