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domain-containing receptor/fetal liver kinase-1 (KDR/Flk-1); 
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Background: Orchestration of two major classes of angiogenic 
factors; namely, the vascular endothelial growth factor (VEGF) and 
angiopoietin-2 (Ang-2), has been shown to play a pivotal role in 
tumor angiogenesis, including hepatocellular carcinoma (HCC). 
However, few studies have focused on the direct interaction of these 
factors on the in vivo tumor development and angiogenesis.  
Aim: To examine the interaction between both factors in the murine 
HCC. Methods: We examined the combination effect of VEGF and 
Ang-2 overexpression by means of a combination of a retroviral 
tetracycline (tet)-regulated gene manipulating system in vivo by 
providing tet in the drinking water, and the conventional plasmid 
gene expression system. Results: Neither Ang-2 nor VEGF 
overexpression induced proliferation of the HCC cells in vitro. In 
vivo, although overexpression of Ang-2 did not increase the tumor 
development, either, the simultaneous expressions of Ang-2 and 
VEGF synergistically augmented the tumor growth and angiogenesis 
in the murine HCC. Ang-2 plus VEGF-induced tumor development 
was markedly attenuated by treatment with neutralizing monoclonal 
antibodies against the VEGF receptors. Ang-2 plus VEGF 
overexpression significantly increased the activities of matrix 
metalloproteinase (MMP)-2 and MMP-9 in the tumor. Suppression of 
intratumoral VEGF almost completely abolished this augmentation of 
MMPs.  
Conclusions: These results suggested that Ang-2 synergistically 
augments the VEGF-mediated HCC development and angiogenesis, 
and this pro-angiogenic activity could be exerted only in the presence 
of VEGF at least partly mediated via induction of MMP-2 and MMP-
9 in the tumor. 
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HCC is one of the most prevalent malignancies worldwide and causes 
more than one million deaths annually, and its incidence continues to 
increase not only in Asia but also in the United States. (1, 2) One of 
the notable features of HCC in the clinical practice is its 
hypervascularity, but the vascularity varies widely during the 
development of HCC. The type of vascularization is not uniform, and 
abnormal blood flow can lead to dissemination of tumor cells in the 
portal tracts. (3, 4) However, the mechanism of neovascularization 
during the HCC development is still very little defined. 

It is now widely recognized that angiogenesis plays a pivotal 
role in the development of solid tumors, including HCC. (5, 6) It has 
been shown that two central endothelium-specific growth factor 
families coordinate the vascular development; namely, the vascular 
endothelial growth factor (VEGF) and the angiopoietins (Ang). (7, 8) 
Among the identified pro-angiogenic factors, VEGF is the most 
intriguing factor with regard to angiogenesis. (7, 9) In human 
specimens, the increased expression of VEGF correlated with 
aggressive behavior and poor prognosis. In animal experimental 
models, overexpression of VEGF enhanced the tumor growth, 
whereas suppression of VEGF inhibited tumor growth. (7, 9, 10) Two 
tyrosine kinases; namely, fms-like tyrosine kinase (flt-1: VEGFR-1) 
and the kinase insert domain-containing receptor/murine homologue, 
fetal liver kinase-1 (KDR/Flk-1: VEGFR-2), both of which are type 
III tyrosine kinase receptors, have been identified as the main VEGF 
receptors. It has been reported that the VEGF expression was up-
regulated in the tumors of HCC as compared to the non-cancerous 
lesions, and that overexpression of VEGF exerted a marked increase 
in HCC development accompanied by augmentation of 
neovascularization. (11-13) We have reported that the treatment with 
neutralizing monoclonal antibodies against VEGFR-1 and VEGFR-2 
(R-1mAb and R-2mAb, respectively) significantly suppressed the 
murine HCC development associated with suppression of 
angiogenesis. (14, 15) 

The angiopoietins (Ang-1 and Ang-2) have been implicated 
in further remodeling of the initial microvasculature, and their 
biological actions are mediated through the Tie-2 receptor. (16, 17) 
Unlike VEGF, neither Ang-1 nor Ang-2 produces a mitogenic signal 
via Tie-2 on the endothelial cells (EC). It has been reported that Ang-
1 promotes the stabilization and tightening of the developing vessels, 
whereas Ang-2 induces vascular destabilization through blocking the 
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activation of Tie-2 by Ang-1. To date, conflicting results have been 
reported regarding the role of the Ang/Tie-2 system in tumor 
angiogenesis. These contradictory results pertain to overexpression 
of Ang-1 and Ang-2 in different tumors, suggesting a pro-angiogenic 
effect and an anti-angiogenic effect for Ang-1 and Ang-2 in the 
tumors, respectively. (16) In HCC, it has been noticed that Ang-1 was 
equally expressed in the tumor and the adjacent non-cancerous 
lesions, whereas Ang-2 expression was significantly increased in the 
tumor as compared with the adjacent tissues. (18, 19) Furthermore, 
nude mice injected with a HCC cell line overexpressing Ang-2 
showed faster tumor growth with greater neovascularization in the 
tumor. (18) These findings suggested that Ang-2 plays an important 
role in the tumor development and angiogenesis in HCC.  

It has been reported that Ang-2 displays VEGF-dependent 
modulation of angiogenesis. Ang-2 could stimulate angiogenesis in 
the presence of VEGF, whereas it caused a vessel regression in the 
absence of VEGF in a corneal assay. (20, 21) A recent report has 
shown the synergistic effect of Ang-2 and VEGF on induction of the 
cardiac angiogenesis using a double transgenic mouse model. (22) It 
has been reported that the phenotype of tumor EC is different from 
that of the normal EC at the molecular level. (23) To date, our current 
knowledge on the coordination of VEGF and Ang-2 in the tumor 
development and angiogenesis, including HCC, is very limited. 

The Tet system is a tetracycline-regulated gene expression 
system. (24) This system allows manipulation of the gene of interest 
in an “on and off” manner in vivo, whereas the conventional gene 
expression system can not achieve either overexpression or 
suppression. In this study, we used a retrovirus-mediated modified 
vector in which two components of the Tet systems have been 
organized within the same vector in an opposite direction, resulting 
in a decrease in the basal gene expression level (Retro-Tet system). 
(13)  

In the current study, we focused on the orchestration of Ang-
2 and VEGF in HCC development and angiogenesis by means of 
combination of the Retro-Tet system and the conventional plasmid 
gene expression system in the murine HCC model. We also 
investigated the possible mechanism of the orchestration of Ang-2 
and VEGF in the tumor development and angiogenesis. 
 

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.2005.067900 on 20 July 2005. D

ow
nloaded from

 

http://gut.bmj.com/


GUT/2005/067900  Yoshiji H et al 

 6

METHODS 
Construction of the vector, and compounds 

A complete description of the construction of the Retro-Tet 
vector and Balb/c mice-derived BNL.1ME A 7R. 1 (BNL) HCC cell 
line has been reported previously. (13) In a preliminary study, we 
found that this BNL-HCC cell line expressed very low levels of 
endogenous Ang-2 and VEGF, and it did not express VEGFR-1, 
VEGFR-2, or Tie-2 as described previously. (13, 14) The human 
Ang-2 cDNA was cloned into the multicloning site of the parent 
PBSTR-1 vector at a Bam H1 site, to form the Tet-Ang-2 vector (Fig. 
1A). For VEGF gene expression, we used a Pcl-neo plasmid vector 
(Promega, Forward, WI, USA). The human VEGF cDNA was cloned 
into the Eco R1, Not 1 site of the Pcl-neo expression vector to form 
Pcl-neo-VEGF. Since the Tet-Ang-2 vector and Pcl-neo expression 
vector were selected by different drugs (puromycin and geneticin, 
respectively), both expression systems could be introduced into the 
same cells. R-1mAb and R-2mAb were generated as described 
previously. (14, 25-27), and the specific neutralization of their 
respective receptors was reported elsewhere. (28, 29) 
 
Cell culture and stable clone production  

The BOSC 23 retrovirus packaging cells were purchased 
from American Type Culture Collection (ATCC; Manassas, VA, 
USA). First, we introduced the Tet-Ang-2 vector into BNL-HCC cells. 
A stable Tet-Ang-2 expressing clone was obtained by the same 
method as described previously. (30) The Ang-2 expression levels in 
conditioned media were measured by ELISA (R&D Systems, 
Minneapolis, MN, USA). For further analysis, we used clones 
showing the highest and lowest Ang-2 in the absence or presence of 
tetracycline (tet: 1 µg/ml: Sigma, St Louis, MI, USA), respectively 
(Ang-2-HCC). Next, we introduced Pcl-neo-VEGF into the Ang-2-
HCC cells with lipofectamin (GIBCO, Rockville, MD, USA), 
selected with geneticin (1 mg/ ml) as described previously (Ang-2-
VEGF-HCC). (30) The VEGF expression level was also measured by 
ELISA (R&D Systems). The Pcl-neo vector was also transfected into 
the Ang-2-HCC cells to avoid the non-specific effect of vector 
introduction. In the control group, the Tet-lacZ and Pcl-neo vectors 
were introduced (lacZ- HCC). 
 
In vitro proliferation assay 
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The in vitro proliferation was determined by MTT assay as 
previously described. (31) Briefly, cell proliferation was quantified 
via conversion of tetrazolium, 3-(-4,5-diethylthiazoyl-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) by cells cultured on 96-well 
plates. The absorbance with a 540-nm filter represents conversion to 
formazan, which is directly proportional to the number of living cells. 
The absorbance was read with an ELISA plate recorder (n = 6 per 
group). We performed the in vitro proliferation assay in the presence 
or absence of tetracycline.  
 
Animal treatment 

In an allograft tumor growth experiment, 1 x 106 of Ang-2-, 
Ang-2-VEGF-, and lacZ -HCC cells were syngenetically transplanted 
into the flank of BALB/c mice (Japan SLC, Hamamatsu, Japan). 
Group 1 (G1) was lacZ -HCC cell group, which served as the control. 
The animals in group 2 (G2) were Ang-2-HCC-transplanted mice. 
This group drank tetracycline (tet)-free normal drinking water to 
maintain the Ang-2 overexpression. Group 3 (G3) was Ang-2-VEGF-
HCC-transplanted mice with tet-containing drinking water (1 mg/kg) 
to suppress the Ang-2 expression. The mice in group 4 (G4) also 
received transplanted Ang-2-VEGF-HCC cells, and drank tet-free 
normal water throughout the experiment to maintain both Ang-2 and 
VEGF overexpression. The tumor was measured twice a week using 
calipers, and the tumor volume was calculated as described 
previously. (32) To confirm that the effect of these angiogenic factors 
on the tumor growth was consistent, we performed the same animal 
experiments twice independently (n = 14, the total in each 
experimental group). To examine whether the Ang-2 gene expression 
was also tightly regulated by tet in vivo, five mice from G3 and G4 
were killed three days after changing the drinking water. 
Subsequently, half of each tumor was snap-frozen and the remainder 
was used for histological analysis. Another experiment was 
performed to examine the effects of R-1mAb and R-2mAb on VEGF 
or Ang-2-VEGF-induced tumor development. Either R-1mAb or R-
2mAb was intraperitoneally (i.p.) injected twice a week at a dose of 
800 µg/mouse in VEGF-overexpressing HCC cells (G5 and G6, 
respectively). In G7 and G8, R-1mAb and R-2mAb were also i.p. 
injected into Ang-2-VEGF-overexpressing HCC cells, respectively. 
IgG was injected into VEGF-, Ang-2-VEGF-overexpressing, and 
lacZ-HCC control groups as described previously (n = 10 for each 
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group). (30) 
 
Evaluation of mRNA expressions by real-time PCR  

The mRNA expressions of Ang-1, Ang-2, VEGF, Tie-2, and 
α-SMA were evaluated by real-time PCR as described previously. (30, 
33) The mRNA was extracted from the tumor of the animals in each 
experimental group (n = 5). For cDNA synthesis, Taqman reverse 
transcription reagents were used as described in the manufacturer’s 
manual of the ABI Prism 7700 Sequence Detection System (PE 
Applied Biosystems, Foster City, CA, USA), which was used for 
real-time PCR amplification following the Taqman Universal PCR 
Master Mix Protocol (PE Applied Biosystems). The relative 
quantitation of gene expression was performed as described in the 
manual, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
as an internal control. The threshold cycle and the standard curve 
method were used for calculating the relative amount of the target 
RNA as described for PE. The following temperatures were 
employed: hold at 50℃  for 2 min, hold at 60℃  for 30 min, hold at 
94℃  for 5 min, cycle 45 repeats at 94℃  for 1 min, at 55℃ for 1 
min, and at 72℃  for 1 min. To prevent genomic DNA contamination, 
all RNA samples were subjected to DNase I digestion and checked by 
40 cycles of PCR to confirm the absence of any amplified DNA.  
 
Immunohistochemistry 

For determination of the in vivo angiogenesis, we employed 
immunohistochemical detection of CD31, which is widely used as a 
marker of neovascularization, in frozen sections of tumors. We used 
tumors of the same size to avoid necrotic effects of hypoxia. The 
length of immunostained microvessel was assessed by light 
microscopy (200 x). The tumor’s microvessel density (MVD) was 
evaluated simultaneously by two independent observers as described 
previously without knowledge of the animals’ data. (34) Briefly, after 
immunostaining with CD31 antibody, the tumor was first screened at 
low power (x 40) to identify areas of the highest MVD. The MVD 
evaluation was performed in the 5 highest MVD areas at high power 
(x 200, 0.74 mm2 per field). Microvessels that stained positively with 
anti-CD31 antibody were evaluated in 5 microscopic fields of the 
neovascularization with the highest density. The mean value of the 
fields evaluated by each observer was considered as MVD of the 
individual tumor. In counting, the large vessels with a thick muscular 
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wall or with a lumen greater than 50 µm in diameter were excluded. 
The immunopositive vessels were evaluated with Adobe Photoshop 
and NIH image software as described previously. (30) 
Immunostaining of TUNEL-positive apoptotic cells was performed as 
previously described using paraffin-embedded sections. (14, 33) 
 
MMP-2 and MMP-9 expression in the tumor 

The tumor lysates, which had equalized protein 
concentrations, were prepared as described previously. (30) The 
expression levels of matrix metalloproteinases-2 (MMP-2) and 
MMP-9 were measured by an ELISA detection kit (BIOTRAK: 
Amersham Pharmacia Biotech, Tokyo, Japan) according to the 
manufacturer’s instructions. This kit can measure both the total and 
active forms of MMPs. In order to measure the total MMPs content, 
any bound MMPs in its pro form are activated using p-
aminophenylmercuric acetate (APMA). The standard are pro MMPs, 
which are activated in parallel for both types of samples. Active 
MMPs are detected without APMA treatment. We measured the 
active form of MMPs in each sample in triplicate (n = 5). 
 
Statistical analysis 
 To assess the statistical significance of the inter-group 
differences in the quantitative data, Bonferroni’s multiple comparison 
test was used after one-way ANOVA. This was followed by Barlett’s 
test to determine the homology of variance. 
 
RESULTS 
Regulation of the transgenic Ang-2 and VEGF in vitro 

We first examined in vitro the Ang-2 regulation in the Ang-2-
HCC cells. The lacZ -HCC control cells did not show any evidence 
of human Ang-2 production. In the absence of tet, marked secretion 
of Ang-2 was seen in the supernatant (6445.4 ± 1421.1 pg/ ml, n = 6). 
When tet (1 µg/ ml) was added to the medium and incubated for an 
additional 12-hour period, the Ang-2 protein level was drastically 
reduced (234.6 ± 44.6 pg/ ml) (p< 0.01) (Fig. 1). In cell culture 
assays, the optimal concentration of VEGF to induce proliferation or 
survival response in endothelial cells is about 10 ng/ml, whereas the 
optimal concentration of Ang-2 that invokes a response is more than 
100 ng/ml. Accordingly, 10-fold higher amount of Ang-2 as 
compared with VEGF was injected to examine the exogenous effects 
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of both factors in vivo. (21) In the current study, we also chose a 
stable VEGF-expressing clone with this ratio, which expressed a 
level of 568.2 ± 62.4 pg/ml (n = 6) for the Ang-2-VEGF-HCC cells. 
In the Ang-2-VEGF-HCC cells, the Ang-2 regulation appeared to be 
the same as in the Ang-2-HCC cells, and in the presence or absence 
of tet, the VEGF expression level did not change (data not shown). 
 
Effects of Ang-2 and VEGF on the proliferation of HCC cells in 
vitro 

The in vitro proliferation rates of HCC cells from day 1 to 
day 5 after harvest were examined in the presence or absence of tet. 
As shown in Fig 2, there were no differences between the lacZ-HCC, 
Ang-2-HCC, VEGF-HCC, and Ang-2-VEGF-HCC cells either in the 
presence or absence of tet, indicating that VEGF and Ang-2 
overexpression did not affect the in vitro proliferation rates. We also 
performed an in vitro proliferation assay by [3H] uptake method, and 
we obtained similar results (data not shown). 
 
Effects of Ang-2 and VEGF on HCC tumor growth, angiogenesis, 
and apoptosis 

We next examined the effects of Ang-2 and VEGF on the 
tumor development in vivo. The Ang-2-HCC and Ang-2-VEGF-HCC 
cells were injected into the flank of BALB/c mice. Similar to the 
previous findings (13), the VEGF overexpression group (G3) 
revealed a marked increase in tumor development (p< 0.01) as 
compared with the lacZ -HCC control group (G1). On the other hand, 
the tumor growth in the Ang-2 overexpression group (G2) was of 
similar magnitude to that of G1. The combined expression of Ang-2 
and VEGF (G4) revealed a drastically increased level of tumor 
development, and this tumor growth-stimulatory effect was much 
more than the additive effect in the Ang-2 (G2) and VEGF (G3) 
groups (Fig. 3). As shown in Fig. 4, the gene regulation of transgenic 
Ang-2 and the VEGF expression in the tumors were maintained at 
levels similar to those of the cells in vitro. We also examined the 
mRNA expression of endogenous Ang-1 and Tie-2, and found that 
these genes constitutively expressed relatively low levels. The 
endogenous murine Ang-2 and VEGF expression levels were not 
altered by the transgenic overexpression of the respective gene in the 
tumor, and tet did not affect the healthy state such as the body weight 
during the experiment (data not shown). 
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To determine whether the increased tumor growth rate was 
associated with Ang-2 and VEGF-induced neovascularization, we 
next examined the number of CD31-positive microvessels in the 
tumor. We found that the VEGF overexpression (G3) led a significant 
increase in the CD31-immunopositive vessels of the tumor as 
compared with the control (G1), whereas there was no significant 
difference between the Ang-2 overexpression group (G2) and G1 (Fig. 
5). Similar to the tumor growth, the combined overexpression of 
Ang-2 and VEGF (G4) revealed a drastically increased level of 
CD31-positive vessels. The magnitude of CD31-positive vessel 
augmentation was likely to correspond to the tumor development. 
Since it has been demonstrated recently that image analysis was more 
reliable and objective than manual counting of the microvessels, we 
employed computer-assisted image analysis techniques as described 
previously. (35) A semiquantitative analysis of the CD31-positive 
vessels revealed that neovascularization in the tumors consisting of 
VEGF-HCC, and Ang-2-VEGF-HCC cells showed a marked increase 
as compared with the control group (Fig. 6A). On the contrary, a 
marked decrease of apoptotic cells was found in the VEGF and Ang-2 
plus VEGF-overexpressing tumors as compared with either the 
control or Ang-2-overexpressing tumors (Fig. 6B). It has been 
reported that the vessel maturation index, defined as the fraction of 
vessels associated with α-smooth muscle actin (α-SMA)-positive 
cells around EC, was significantly decreased in the Ang-2-
overexpressing tumor. (36) We therefore examined the α-SMA 
expression in the tumor. Similar to the results of apoptosis, 
intratumoral α-SMA expression was significantly attenuated in the 
Ang-2 plus VEGF-overexpressing HCC (Fig. 6C).  

We next examined the effects of R-1mAb and R-2mAb on the 
Ang-2- and VEGF-induced tumor growth in vivo. Similar to the 
previous findings (15), R-1mAb and R-2mAb treatment (G5 and G6, 
respectively) significantly attenuated the VEGF-induced HCC tumor 
growth (G3). The R-1mAb and R-2mAb (G7 and G8, respectively) 
also markedly suppressed the Ang-2 plus VEGF-overexpressing 
tumor (G4) (Fig. 7). Noteworthy was the finding that the suppressive 
effects of R-1mAb and R-2mAb against G4 were of similar 
magnitude to the inhibitory effects against G3. Although both R-
1mAb and R-2mAb significantly attenuated the tumor development, 
the inhibitory effect of R-2mAb was more potent than that of R-
1mAb. These results indicated that the Ang-2-mediated pro-
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angiogenic and synergistic effect on the tumor development was 
exerted only in the presence of VEGF, and depended on the VEGF-
signaling cascade mainly via VEGFR-2.  
 
Effects of Ang-2 and VEGF on expression of MMP-2 and MMP-9 
in the tumor 

It has been reported that the pro-angiogenic activity of Ang-2 
was, at least partly, mediated via induction of MMPs. (36, 37) To 
elucidate the possible mechanism of the Ang-2-mediated pro-
angiogenic activity in the presence of VEGF, we examined the effects 
of Ang-2 and VEGF overexpression on active forms of MMP-2 and 
MMP-9 in the tumor. Similar to the results of the tumor growth, the 
Ang-2 plus VEGF overexpression significantly up-regulated the 
activities of MMP-2 and MMP-9 in the tumor (Fig. 8A and 8B, 
respectively). On the other hand, these MMPs expressions in the 
Ang-2 overexpression group (in the absence of VEGF) exerted levels 
similar to those of the control group. These results clearly indicated 
that the Ang-2-mediated MMP-2 and MMP-9 induction was 
exclusively dependent on the VEGF expression in the tumor. We next 
examined whether inhibition of VEGF abrogated the effect of 
transgenic Ang-2 and VEGF on MMP-2 and MMP-9 levels in the 
tumor, using R-1mAb and R-2mAb. As shown in Fig. 9, R-1mAb and 
R-2mAb significantly suppressed both MMP-2 and MMP-9 activities. 
These inhibitory effects mostly corresponded to the tumor growth 
suppression.  
 
DISCUSSION 

HCC is recognized to be a distinctively hypervascular tumor 
in the clinical practice. (1) Among the pro-angiogenic factors, VEGF 
is the most intriguing factor with regard to the angiogenic process. 
(7) In HCC, it has been reported that VEGF was highly expressed in 
the tumor lesions as compared with the adjacent non-cancerous 
lesions (38), and overexpression of VEGF significantly enhanced the 
HCC tumor development and angiogenesis. The degree of tumor 
enlargement corresponded to the level of VEGF expression. (13) 
Despite its requisite role in tumor vascular formation, VEGF must 
work in concert with other factors. We previously reported that 
VEGF and bFGF showed a synergistic effect on HCC development 
and angiogenesis. We also found that bFGF-induced pro-angiogenic 
activity was partly mediated by induction of VEGF through VEGFR-
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2 activation. (30) Alternatively, Ang-2 seems to be one of most 
important partners. In the human HCC, high expression of Ang-2 as 
compared with the adjacent non-cancerous tissues has been reported. 
(18, 19, 39, 40) The action of Ang-2 is still controversial, but recent 
experiments have shown that in some circumstances this factor can 
promote angiogenesis, including HCC tumor growth. (16, 18) It has 
been reported that Ang-2 facilitates the angiogenic response in the 
presence of VEGF, whereas it causes vessel regression without VEGF. 
(20, 21) It has been reported that Ang-2 displayed VEGF-dependent 
modulation of the capillary structure and EC survival in a corneal 
assay. (21) In the current study, we have shown that Ang-2 
synergistically augmented the HCC development and angiogenesis 
only in the presence of VEGF. Besides being an angiogenic factor, 
VEGF is also known as a survival factor for the newly formed tumor 
EC. Without VEGF, vessel regression via apoptosis of EC rapidly 
occurs. (41) Ang-2 at high concentration has also been shown to act 
as an anti-apoptotic factor through PI3-kinase/Akt signaling pathway 
in vitro. (42) It has been reported that the tumor growth enhancement 
by pro-angiogenic factors was associated with a marked decrease of 
apoptosis in the tumor, whereas it did not significantly affect the 
tumor cell proliferation itself. (5, 6) In vitro, we also found that 
neither Ang-2 nor VEGF stimulated the HCC cell proliferation. On 
the other hand, a marked decrease of apoptotic cells was observed in 
the Ang-2 plus VEGF-overexpressing tumor as compared with either 
the control or Ang-2-overexpressing tumor. These results suggested 
that an anti-apoptotic effect of both molecules would be involved in 
the synergistic effect on the HCC development and angiogenesis. We 
also examined the synergistic effect of Ang-2 and VEGF using 
another clone, which expressed a different level of VEGF (274.2 ± 
31.3 pg/ml). We found that the synergistic effect of tumor 
development and angiogenesis seemed to be dependent on the 
transgenic VEGF level in the tumor (data not shown).  

Previous reports have suggested that MMPs up-regulation 
played an important role in the Ang-2-mediated pro-angiogenic 
activity. (36, 37) Among the MMPs, MMP-2 and MMP-9 are 
reportedly overexpressed in HCC. (43, 44) It has been reported that 
MMP-9 was up-regulated by Ang-2 in the presence of VEGF, 
whereas Ang-2 alone did not show such an effect in EC in vitro. (36) 
Moreover, MMP-9 has been shown to be a trigger of the angiogenic 
switch during carcinogenesis in the transgenic mouse model, and a 
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synthetic inhibitor of VEGF signaling impaired this angiogenic 
switch and tumor growth. (45) Similarly, we observed that Ang-2 
significantly stimulated the MMP-9 expression only in the presence 
of VEGF in the HCC tumor. In addition to MMP-9, another report 
has shown that MMP-2 activation by Ang-2 played a critical role in 
inducing glioma cell infiltration. (37) We also observed significant 
up-regulation of MMP-2 in the Ang-2 plus VEGF-overexpressing 
tumor. Taken together, the induction of MMP-2 and MMP-9 by Ang-
2 plus VEGF should also contribute to the HCC development and 
angiogenesis.  

VEGF is originally identified as a vascular permeability 
factor, which possesses a potent ability to permeabilize the 
capillaries to a level 50,000-fold higher than histamine. (7) It induces 
extravasation of the plasma proteins, such as fibrinogen, which when 
deposited in the extracellular matrix (ECM), may serve as a 
foundation for the formation of new capillaries. Ang-1 has been 
shown to reduce the vascular permeability induced by VEGF. (46) 
Since Ang-2 is the naturally antagonist to Ang-1, continuous 
overexpression of Ang-2 would facilitate the vascular permeability of 
VEGF in the tumor. Ang-2 also blocks the stabilization effect of Ang-
1 in presence of VEGF. (8) In the current study, we observed that the 
α-SMA expression was markedly attenuated in the Ang-2 plus 
VEGF-overexpressing HCC tumor. These results suggested that the 
tumor vessel Tie-2 receptor blockade by continuous Ang-2 
overexpression in the presence of VEGF would lead to failure of 
maturation of the tumor vessels, thus contributing to the HCC 
development and angiogenesis.  

In HCC, it has been suggested that the interaction between 
VEGF and Ang-2 may play an important role in tumor angiogenesis. 
(40) There was a strong correlation between the expressions of VEGF 
and Ang-2 in the human HCC tissues, and these expressions strongly 
correlated with the intratumoral microvessel density. A synergistic 
effect of Ang-2 and VEGF on proliferation of EC in vitro has been 
reported. (47) It has been shown that VEGF up-regulated the 
transcription of Ang-2, which is mediated via VEGFR-2 in EC. (48) 
Although we did not examine whether VEGF directly affected Ang-2 
expression in the tumor or not, we observed that the tumor 
augmentation by Ang-2 plus VEGF was, at least partly mediated via 
VEGFR-2 in the tumor. It has been reported that MEK1/2 and Akt 
were involved in the downstream signal of VEGFR-2-mediated 
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VEGF bioactivities. (7) We observed that phosphorylation of 
MEK1/2 and Akt seemed to mostly correlate with the tumor growth 
augmentation by Ang-2 and VEGF (data not shown). It would be 
possible that VEGFR-2 activation and downstream signals, such as 
MEK1/2 and Akt, are involved in the synergistic effect of Ang-2 and 
VEGF. The exact molecular mechanism that explains how this direct 
interaction between Ang-2 and VEGF contributed to the synergistic 
effect on HCC development and angiogenesis should be elucidated in 
the future. 

In conclusion, the present study revealed that Ang-2 and 
VEGF showed a synergistic effect on the HCC development and 
angiogenesis by combination of the Retro-Tet system and the 
conventional gene expression system. The pro-angiogenic and tumor 
growth-stimulating effects of Ang-2 were achieved only in the 
presence of VEGF. These results suggested that, although Ang-2 is an 
important factor, VEGF is a more prerequisite central key molecule 
in the HCC development and angiogenesis. 
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Figure legends 
 
Figure 1. A: Construction of the tet-regulated retrovirus-mediated 
Ang-2 expression vector. The vector contains a tet-controlled 
transcriptional activator and a tet-responsive element in the opposite 
direction. The human Ang-2 was cloned into the multicloning site of 
the response unit. The transcriptional direction is indicated by an 
arrow.  
B: Regulation of Ang-2 production by tet in vitro. Left: The human 
Ang-2 levels in 24-hour culture supernatant of BNL-HCC cells. The 
LacZ-HCC cells did not produce any human Ang-2, whereas the Ang-
2-HCC cells secreted a high level of Ang-2. Right: The tet (1 µg/ml)-
mediated effect on Ang-2 production by the same cells following 12-
hour incubation with tet in the culture medium. The description of 
each group is shown in the “Materials and Methods” section. Each 
bar represents the mean ± SD of three separate experiments. (n = 6 
each). * represents a statistically significant difference as compared 
with tet (- ) (p< 0.01).  
 
Figure 2. In vitro proliferation of lacZ-HCC, Ang-2-HCC, VEGF-
HCC, and Ang-2-VEGF-HCC cells in culture in the absence (A) or 
presence (B) of tetracycline. The cell proliferation was measured by 
the MTT assay after harvest from day 1 to day 5 as described in the 
“Materials and Methods”. There were no differences between the 
lacZ-HCC, Ang-2-HCC, VEGF-HCC, and Ang-2-VEGF-HCC cells 
either in the presence or absence of tet. The description of each group 
is shown in the “Materials and Methods” section. Each bar represents 
the mean ± SD of three separate experiments. (n = 6 each).  
 
Figure 3.  Effects of the Ang-2 and VEGF overexpression on BNL-
HCC growth. The G3 (VEGF-HCC) revealed a marked increase in 
tumor development (p< 0.01) as compared with G1 (lacZ-HCC). On 
the other hand, the tumor growth in G2 (Ang-2-HCC) was of similar 
magnitude to that in G1. The G4 (Ang-2-VEGF-HCC) revealed a 
drastically increased level of tumor development, and this tumor 
growth-stimulatory effect was much more than the additive effects in 
G2 and G3 groups. The description of each group is shown in the 
“Materials and Methods” section. Each point represents the mean ± 
SD of 14 animals. *: represent statistically significant differences 
between the indicated groups (p< 0.01).  
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Figure 4. The mRNA expressions of Ang-1, Ang-2, VEGF, and Tie-
2 in the tumor. The mRNA expression in the tumor in each 
experimental group was measured by real-time PCR as described in 
the “Materials and Methods”. The gene regulation of transgenic Ang-
2 and the VEGF expression in the tumors were maintained at levels 
similar to those of the cells in vitro. The mRNA expression of 
endogenous Ang-1 and Tie-2 constitutively expressed relatively low 
levels. G1: LacZ-HCC group. G2 and G3: Ang-2-HCC and VEGF-
HCC group, respectively. G4: Ang-2-VEGF-HCC group. The 
description of each group is shown in the “Materials and Methods” 
section. Each bar represents the mean ± SD (n = 5 each). 
 
Figure 5. Effects of Ang-2 and VEGF on the CD31 expression in 
the tumors. The tumor vascularization was visualized by 
immunostaining of the CD31 vascular endothelial adhesion protein. 
(A) LacZ-HCC control group [G1]. (B) Ang-2-HCC group [G2]. (C) 
VEGF-HCC group [G3]. (D) Ang-2-VEGF-HCC group [G4]. G3 
showed a significant increase in the CD31-immunopositive vessels in 
the tumor as compared with the control (G1), whereas there was no 
significant difference between G2 and G1. Similar to the tumor 
growth, G4 revealed a drastically increased level of CD31-positive 
vessels as compared to G1 and G3. The magnitude of CD31-positive 
vessel augmentation was likely to correspond to the tumor 
development. The description of each group is shown in the 
“Materials and Methods” section. The original magnification was x 
200.  
 
Figure 6. Semiquantitative analysis of the CD31-immunopositive 
vessels (A), TUNE-immunopositive cells (B), and α-SMA-
immunopositive cells (C), respectively. (A): A semiquantitative 
analysis of CD31-positive vessels revealed that the 
neovascularization in the tumors consisting of VEGF-HCC, and Ang-
2-VEGF-HCC cells was markedly increased as compared with the 
corresponding control group, respectively. The magnitude of CD31-
positive vessel augmentation was likely to correspond to the tumor 
development. (B and C): A marked decrease of TUNEL-positive 
apoptotic cells was found in the VEGF and Ang-2 plus VEGF-
overexpressing tumors as compared with either control or Ang-2-
overexpressing tumors. Inhibition of apoptosis reversely correlated 
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with the tumor development. Similar to the results of apoptosis, 
intratumoral α-SMA expression was significantly attenuated in the 
Ang-2 plus VEGF-overexpressing HCC. The description of each 
group and the computer-assisted image analysis are shown in the 
“Materials and Methods” section. The data represent the mean ± SD 
(n = 5 each). *: represents a statistically difference between the 
indicated groups (p< 0.01). MV: microvessel.  
 
Figure 7. Effects of VEGFR-1mAb and VEGFR-2mAb on the Ang-
2 and VEGF overexpression-induced HCC growth. R-1mAb and R-
2mAb treatment (G5 and G6, respectively) significantly attenuated 
the VEGF-induced HCC tumor growth (G3). The R-1mAb and R-
2mAb (G7 and G8, respectively) also markedly suppressed the Ang-2 
plus VEGF-overexpressing tumor (G4). Although both R-1mAb and 
R-2mAb significantly attenuated the tumor development, the 
inhibitory effect of R-2mAb was more potent than that of R-1mAb. 
The description of each group is shown in the “Materials and 
Methods” section. The data represent the mean ± SD (n = 10 each). *, 
**: represents statistically differences between the indicated groups 
(p< 0.01and p<0.05, respectively). 
 
Figure 8. Effects of Ang-2 and VEGF on active forms of MMP-2 
(A) and MMP-9 (B) in the tumor. The activities of MMP-2 and 
MMP-9 in the tumor of VEGF-HCC and Ang-2-VEGF-HCC were 
significantly increased as compared to that of the LacZ-HCC. On the 
other hand, these MMPs expressions in the Ang-2-HCC group (in the 
absence of VEGF) exerted levels similar to those of the control group. 
The description of each group is shown in the “Materials and 
Methods” section. The data represent the mean ± SD (n = 5 each). *: 
represents a statistically difference between the indicated groups (p< 
0.01). 
 
Figure 9.Effects of R-1mAb and R-2mAb on active forms of MMP-2 
(A) and MMP-9 (B) in the Ang-2 and VEGF overexpression-induced 
HCC growth. R-1mAb and R-2mAb (G7 and G8, respectively) 
markedly suppressed both activities of MMP-2 and MMP-9 in the 
Ang-2 plus VEGF-overexpressing tumor (G4). The inhibitory effects 
of R-1mAb and R-2mAb on MMPs activities mostly correlated with 
suppression of the tumor growth. The description of each group is 
shown in the “Materials and Methods” section. The data represent the 
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mean ± SD (n = 5 each). *: represents a statistically difference 
between the indicated groups (p< 0.01). 
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