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Hepatocellular carcinoma (HCC) is a hypervascular cancer 
without effective treatment. Here, we report that polypep-
tide of NC1 domain of type VIII collagen (vastatin) is an 
endogenous polypeptide expressed in normal liver tissue but 
lost in the liver of most HCC patients (73.1%). Its expression 
level is negatively associated with microvessel density (P = 
0.020), tumor size (P = 0.035), and metastasis (P = 0.016) in 
HCC patients. To evaluate its potential use as a therapeutic, 
we constructed a recombinant adeno- associated virus car-
rying vastatin (rAAV-vastatin) to treat HCC in an orthotopic 
Buffalo rat model. rAAV- vastatin treatment significantly pro-
longed the median survival, inhibited tumor growth, and 
completely prevented metastasis in HCC-bearing rats by 
decreasing microvessel density and increasing tumor necro-
sis. No detectable toxicity in non-tumor-bearing mice was 
observed. To investigate its molecular mechanisms, we per-
formed DNA microarray, western blotting assays, and bio-
informatic analysis to determine its effect on global gene 
expression patterns and signal transduction pathways. Our 
results indicated that rAAV-vastatin significantly reduced 
genes involved in the cellular metabolism, Notch signaling, 
and AP-1 signaling pathways, respectively. Taken together, 
we demonstrated for the first time that vastatin is a novel, 
safe, and effective antiangiogenic therapeutic and a poten-
tial biomarker for HCC.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most common cancer 
in the world and the third most frequent cause of cancer-related 

death.1 Surgical resection is considered to be a potentially cura-
tive therapy, however, only 20% of HCC patients are eligible.2 
Nonsurgical treatments, including transcatheter arterial chemo-
emobolization and radiofrequency ablation have been widely 
used in patients with unresectable HCC.3 However, they are not 
indicated for patients with advanced HCC. Chemotherapy is an 
option, but, the toxicity often outweighs the benefits.4 Therefore, 
development of new therapeutics is urgent.

HCC has been characterized as a hypervascular tumor, which 
was used as a radiological feature of diagnosis.5 Intensive stain-
ing of microvessels6 as well as elevated expression of angiogenic 
factors, including vascular endothelial growth factor (VEGF) and 
hypoxia-inducible factor 1α (HIF1α), have been demonstrated.7,8 
These characteristics make it a potential target for antiangiogenic 
therapy. Currently, the most established approach for limiting 
tumor angiogenesis is the blockade of VEGF pathway, such as a 
ligand-trapping monoclonal antibody (bevacizumab) and kinase 
inhibitors (sorafenib and sunitinib).9–11 Sorafenib (Nexavar, a 
small molecular inhibitor), approved in United States by US Food 
and Drug Administration (FDA) for clinical use, has been shown 
to prolong overall survival and time to progression in patients 
with advanced HCC.12 However, because of evasive and intrinsic 
resistance, the benefits are transitory. There is a need for the devel-
opment of new angiogenesis inhibitors targeting multiple mecha-
nisms to circumvent resistance and reduce toxicity.13

The NC1 domain of collagen VIIIα1 (vastatin, Figure 1a) 
polypeptide, has been shown to inhibit the proliferation/migra-
tion of bovine aortic endothelial cells.14 Since vastatin is derived 
from Collagen VIIIα1, we postulated that it may be an endog-
enous antiangiogenesis polypeptide. Here, we report for the 
first time that vastatin is readily detectable in normal liver tis-
sues, but is deficient in the liver of most human HCC patients. 
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Furthermore, its expression level is negatively associated with 
HCC tumor size and metastasis. To test its efficacy as a thera-
peutic, we constructed an adeno-associated virus (AAV) vector 
carrying the vastatin gene (rAAV-vastatin) and demonstrated 
that administration of rAAV-vastatin to HCC-bearing rats pro-
duced sustained expression, decreased tumor microvessel den-
sity, prolonged survival, reduced tumor growth, and completely 
prevented metastasis. To understand its mechanisms, we showed 
that rAAV-vastatin infection suppressed the proliferation, migra-
tion and tube formation of mouse microvascular endothelial cells 
(MECs) in vitro. DNA microarray, western blotting, and bioin-
formatics studies further indicated that rAAV-vastatin acted 
through three major signal transduction pathways in MECs. It 
significantly inhibited the expressions of: the metabolism signal-
ing pathway member Pck1; the Notch signaling pathway member 
JAG2; and the AP-1 signaling pathway members c-Fos, matrix 

metalloproteinase (MMP2), and MMP9. These results suggested 
for the first time that vastatin is a novel, safe, and effective antian-
giogenic therapeutic and potential biomarker for HCC.

RESULTS
Vastatin is an endogenous polypeptide significantly 
reduced in human HCC tumor tissues and negatively 
correlated with microvessel density, tumor size, and 
metastasis in patients with HCC
Since vastatin is a polypeptide derived from natural collagen 
VIIIα1 protein (Figure 1a), we postulated that it may be an 
endogenous antiangiogenesis polypeptide, and the loss of vastatin 
expression may contributed to HCC carcinogenesis. As expected, 
immunohistochemical studies or quantitative polymerase chain 
reaction (qPCR) analysis on human tissue samples failed to dis-
tinguish vastatin from Collagen VIIIα1. Therefore, the specificity 

Figure 1  Vastatin expression level is significantly reduced in HCC cell line and patient specimens as compared to normal liver cell line and 
liver samples. (a) Schematic representation of the α1 chain of collagen VIII. vastatin encodes a polypeptide of 164 amino acid residues correspond-
ing to the fragment of the NC1 Domain of Collagen VIIIα1. (b) The expression of vastatin in human HCC HepG2 cell line, HepG2+vastatin peptide, 
normal liver L02 cell line, normal liver samples, and HCC patient specimens was determined by western blotting assays. The heterologous vastatin 
peptide expressed in Escherichia coli was used as a positive control. (c) Western blotting results of vastatin in normal and HCC specimens were quan-
tified by QUANTITY ONE software. The relative level was first normalized against β-actin internal control and then normalized against the average 
of the 19 control normal liver samples. (d) The expression of vastatin in normal and tumor liver tissues. Negative vastatin expression denotes the 
expression level is under 24.2% of the average control value. (e) Kaplan-Meier and log-rank test analysis indicated that patients with negative vastatin 
expression have shorter 5 years overall survival than those with positive expression.

NC2
(117 aa)N C

NC1
(173 aa)

Triple helix
(454 aa)

Collagen VIIIα1
(72 kD)

1.50
Vas

ta
tin

 p
ep

tid
e

Hep
G 2

Hep
G 2

 +
 va

sta
tin

 p
ep

tid
e

L0
2

HCC 1

Nor
m

al 
1

HCC 2

Nor
m

al 
2

HCC 3

HCC 4

1

1.25

1.00

V
as

ta
tin

/β
-a

ct
in

(r
el

at
iv

e 
qu

an
tit

y)

0.75

Normal (n = 19) HCC (n = 63)

0 20 40 60

Time after treatment (months)

Vastatin positive

100

Vastatin expression
Tissues

Posistive n (%)

Normal 18 (94.7%) 1 (5.3%)

Tumor 17 (26.9%) 46 (73.1%)

P < 0.00001

Negative n (%)

P value

50

P
er

ce
nt

 s
ur

vi
va

l (
%

)

0

Vastatin negative

80 100

0.24

***

0.50

0.25

0.00

Vastatin
(18 kD)

β-actin

Collagen VIIIα1

Vastatin

a

b c

d e

Molecular Therapy vol. 24 no. 8 aug. 2016 1359



© The American Society of Gene & Cell Therapy
Vastatin is Lost in HCC and Inhibits Metastasis

and expression level of endogenous vastatin was determined by 
western blotting assays (Supplementary Figure S1). As shown 
in Figure 1b, the small 18 kD polypeptide vastatin is nearly 
undetectable or weakly detectable in the human HCC HepG 
2 cell line and human HCC patient specimens, while it is read-
ily detectable in normal liver L02 cells and normal human liver 
samples. Meanwhile, the immunostainings for Collagen VIIIα1 
protein (72  kD) and partially degraded longer proteins were 
unchanged. The relative intensity of the vastatin band from west-
ern blotting assays was quantified by QUANTITY-ONE software 
(Supplementary Figure S2). As shown in Figure 1c, the average 
expression level of vastatin from 63 human HCC patient speci-
mens is only 24.2% of that from 19 normal human liver samples 

(P < 0.001). Therefore, we defined the expression-level of vastatin 
under 24.2% of the normal average as “vastatin negative”; and 
above 24.2% as “vastatin positive”. As shown in Figure 1d, 73.1% 
(46 out of 63) of HCC patient specimens were vastatin negative, 
whereas only 5.3% (one out of 19) of normal liver tissues was vas-
tatin negative. In addition, Kaplan-Meier method and log-rank 
test analysis demonstrated that patients with negative vastatin 
expression have shorter 5 years overall survival than those with 
positive expression (Figure 1e).

The patient demographics and vastatin expressions in clini-
cal subgroups are shown in Table 1. Vastatin expression is not 
associated with gender, age, histological type, chemotherapy 
treatment, HBsAg, or HCV status. Multivariate logistic regres-
sion analysis indicated that negative vastatin expression corre-
lated with microvessel density longer than 40 μmol/l (P = 0.02), 
tumor size larger than 5 cm in diameter (P = 0.035), metastases 
(P = 0.016) and Edmondson-Steiner III-IV high grade (P = 0.023, 
Table 2).

Administration of rAAV-vastatin significantly 
prolonged survival, inhibited tumor growth, and 
completely prevented metastasis in vivo in HCC-
bearing rats
Using the orthotopic Buffulo rat model of HCC, we showed that 
rAAV-vastatin or rAAV-Endostatin treatments significantly pro-
longed the median survival time to 54 and 42 days, respectively, 
from 29 and 26 days (P < 0.01; Figure 2a) for the PBS- and rAAV-
EGFP-treated groups. The average volume of primary tumors 
from the rAAV-vastatin and rAAV-Endostatin treatment groups 
were similar, and significantly smaller than that of the control 
groups at day 21 post-treatment (P < 0.01; Figure 2b). The liver, 
lung, and peritoneal metastasis were evaluated immediately after 
the death of each animal. No metastasis was observed in the 
rAAV-vastatin-treated rats (Figure 2c, middle panel), whereas 
small number of metastasis were found in rAAV-Endostatin-
treated rats (Figure 2c lower panel), and multiple metastatic 
tumor nodules were observed in the control groups (Figure 2c, 
upper panel). The statistical results are shown in Figure 2d.

Table 1 Patient demographics and Vastatin expressions in clinical 
subgroups

Characteristic

Vastatin expression

P valuePositive n (%) Negative n (%)

Sex

 Male 9 (28.1) 23 (71.9) 0.48

 Female 8 (25.8) 23 (74.2)

Age

 <50 years 11 (30.6) 25 (69.4) 0.33

 ≥50 years 6 (22.2) 21 (77.8)

Histological type 0.061

 MD 10 (33.3) 20 (66.7)

 PD 6 (18.8) 26 (81.2)

Unknown 1 (100) 0

Tumor size 0.022*

 ≤5 cm 12 (44.4) 15 (55.6)

 >5 cm 5 (13.9) 31 (86.1)

Metastasis 0.005*

 Negative 14 (48.3) 15 (51.7)

 Positive 3 (8.8) 31 (91.2)

Treatment 0.59

 CMT 5 (21.7) 18 (78.3)

 No CMT 12 (30.0) 28 (70.0)

HBs Ag 0.090

 Negative 9 (69.2) 14 (30.8)

 Positive 7 (18.4) 31 (81.6)

 Unknown 1 (50.0) 1 (50.0)

Anti-HCV 0.67

 Negative 6 (24.0) 19 (76.0)

 Positive 9 (25.0) 27 (75.0)

 Unknown 1 (100) 0

Negative vastatin expression denotes that the expression level is fewer than 
24% of the control value.
anti-HCV, antibody to hepatitisC virus; CMT, chemotherapeutic treatment; 
HBsAg, hepatitisB surface antigen; M, methylated; MD, moderate-differentia-
tion; PD, poor-differentiation; U, unmethylated.
*Statistically significant association (P < 0.05).

Table 2 Factors independently associated with Vastatin expression in 
hepatocellular carcinoma

Variable

Vastatin  
expression

Logistic regression 
analysis

P 
value

Positive 
No. (%)

Negative 
No. (%) RR

95% confidence 
interval

Tumor size (cm)

 ≤5 12 (44.4) 15 (55.6) 1.000

 >5 5 (13.9) 31 (86.1) 3.106 1.182–8.130 0.035

Edmondson-Steiner grade

 I-II 13 (43.3) 17 (56.7) 1.000

 III-IV 4 (12.1) 29 (87.9) 2.711 1.134–6.442 0.023

Metastasis

 No 14 (48.3) 15 (51.7) 1.000

 Yes 3 (8.8) 31 (91.2) 5.523 2.138–12.625 0.016

RR, relative risk.
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Sustained expression of vastatin decreased 
microvessel density and increased tumor tissue 
necrosis in HCC-bearing rats
By immunohistochemical analysis, we showed that injections 
of rAAV-vastatin but not PBS or rAAV-EGFP, had produced 
a sustained expression of vastatin around the blood vessels 

in the liver and tumor tissues, at 21-day postadministration 
(Figure  3a, top panel). Immunohistochemical analysis of 
microvessel density (Figure 3a, middle panel) demonstrated a 
significantly lower level of CD31+ staining (mircovessel den-
sity, 11 ± 1.3; P < 0.01) in the rAAV-vastatin treatment group as 
compared to PBS (29.67 ± 1.7) and rAAV-EGFP (30.50 ± 2.4). 

Figure 2 Administration of rAAV-vastatin significantly prolonged survival, inhibited tumor growth, and completely prevented metastasis in 
HCC-bearing rats. (a) Survival curves of HCC-bearing rats. rAAV-vastatin or rAAV-Endostatin treatments significantly prolonged the median survival 
time to 54 and 42 days, respectively, from 29 and 26 days for the PBS- and rAAV-EGFP-treated groups (*P < 0.01). (b) The primary tumor size in the 
rAAV-vastatin or rAAV-Endostatin treatment group was significantly smaller than that in the control groups on day 21 post-treatment (**P < 0.01). 
(c) Metastasis to liver, lung and peritoneum at the time of death, in the control (upper panel), rAAV-vastatin-treated (middle panel), and rAAV-
Endostatin (lower panel) treated rats. Black arrow, primary tumor. Red arrow, metastasis. (d) Effects of rAAV-vastatin or rAAV-Endostatin treatment on 
the development of ascites and liver/lung/peritoneal metastasis, as observed at the time of death. Values represent mean ± SD. Significant difference 
was analyzed by using one-way analysis of variance with multiple comparisons. **P < 0.01 significantly different from the rAAV-EGFP-treated and 
PBS-treated group.

0 20 40 60

Time (days)

7 14 21

Time (days)

*
**

Liver

rA
A

V
-E

G
F

P

PBS

1,800

1,600

1,400

1,200

1,000

800

600

400

200

0

rAAV-EGFP

rAAV-Endostatin

rAAV-vastatin

PBS

rAAV-EGFP

rAAV-Endostatin

rAAV-vastatin
100

150

50
S

ur
vi

va
l r

at
e 

(%
)

Tu
m

or
 v

ol
um

e 
(m

m
3 )

0
80

PeritoneumLung and heart

Treatment group
(n = 6)

PBS 100 100 83.3 100

Liver Lung Peritoneum

AAV-EGFP 100 100 100 100

AAV-vastatin 17 0 0 0

AAV-Endostatin 33.3 50 17 17

Development of
ascites (100%)

Metastasis
(100%)

rA
A

V
-E

nd
os

ta
tin

rA
A

V
-v

as
ta

tin

a

c

d

b

Molecular Therapy vol. 24 no. 8 aug. 2016 1361



© The American Society of Gene & Cell Therapy
Vastatin is Lost in HCC and Inhibits Metastasis

H&E staining (Figure 3a, lower panel) showed that rAAV-
vastatin induced large areas of necrosis in the primary tumor 
tissues, whereas only a few necrotic areas were observed in the 
control groups. We also showed that rAAV-vastatin treatment 
had no detectable effect on normal liver vasculature in healthy 
rats (Supplementary Figure S3a).

Study of toxicity in healthy rats or mice treated with 
rAAV-vastatin
The potential toxicity of the portal vein injection of rAAV-vastatin 
was examined in healthy Buffulo rats and C57 mice. At single ani-
mal studies, a single 10-fold effective therapeutic dosage (4.4 × 1013 
vg/kg; or 1.2 × 1012 vg/mouse; 1.2 × 1013 vg/rat) did not produce 

Figure 3 rAAV-vastatin administration produced sustained expression of vastatin, decreased microvessel density, and increased tumor tissue 
necrosis in the HCC-bearing rats. (a) HCC-bearing rats were sacrificed on day 21 post-treatment. Upper panel, immunohistochemical (IHC) staining 
showed vastatin protein expression (brown color) in the liver, tumor tissues, and around blood vessels of the rAAV-vastatin treated rats. In addition, 
necrosis was found in parts of tumor tissue treated with rAAV-vastatin. Middle panel, IHC staining of CD31 for assessing mircovessel density. Arrows, 
CD31-positive cells. Lower panel, H&E staining for necrotic area in tumor tissues. Large area of necrosis was found in tumor tissue treated with rAAV-
vastatin. (b) Plasma levels of ALT (left panel) and AST (right panel) in normal rats treated with ten-fold therapeutic dosage rAAV-vastatin or PBS on 
day 3, 30, and 60 post-treatment (n = 6 per group). The maximum values of normal reference of plasma tests are 40 IU (ALT) and 20 IU (AST). (c) 
Plasma vastatin levels as determined by western blotting after a therapeutic dose of rAAV-vastatin injection at week 1, 4, 6, 8, and 12.
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obvious toxicity in either rat or mice. In medium-term toxicity 
study in mice, 10-fold therapeutic dosage of rAAV-vastatin (n = 6 
per group), did not cause significant changes in plasma ALT or AST 
levels on days 3, 30, and 60 postinjection as compared to the PBS-
treated mice (Figure 3b). We also demonstrated that a therapeutic 
dose of rAAV-vastatin injection (n = 6 per group) produced a sus-
tained vastatin expression in the plasma as determined by western 
blotting assay. The plasma vastatin level peaked at 6 weeks (42 days) 
postinjection, and maintained at high level for more than 12 weeks 
(Figure 3c). For long-term toxicity studies, rats were given thera-
peutic dosage of rAAV-vastatin or phosphate-buffered saline(PBS). 
Two milliliters of blood were taken on day 3, 30, 60, and 75 postin-
jection, and liver function (Alanine Aminotransferase (ALT); 
Aspartate Aminotransferase (AST)), renal function (Cre, Blood 
Urea Nitrogen (BUN)), hematopoiesis (White Blood Cell Count 
(WBC); Hb, Platelet (PLT)), cholesterolemia (cholesterol), and 
blood sugar (glucose) were determined. There was no significantly 
elevated plasma ALT, AST, Cre, and BUN levels during the time 
course (Supplementary Figure S3b–d). In all toxicity studies, no 

significant changes in body weight, gross appearance, and behavior 
were noticed in animals.

rAAV-vastatin infection effectively inhibited the 
proliferation, migration, and microvessel tube 
formation activities in MECs
To study how rAAV-vastatin exerts the antitumor activity, we 
examined the effect of rAAV-vastatin infection on microvascu-
lar-endothelial SVEC4-10EE2 cells and rat HCC McA-RH7777 
cells. rAAV-vastatin efficiently transfected both cells and pro-
duced vastatin (Supplementary Figure S4). rAAV-vastatin 
infection decreased the number of viable MECs SVEC4-10EE2 
cells significantly (to 53.3% of the control, P < 0.01) at 10 days 
after infection, (Figure 4a), and reduced the migration rate of 
MEC cells (Figure 4b, wound healing assay), whereas it had no 
effect on the HCC McA-RH7777 cells. In addition, it reduced 
the relative microvessel tube formation (EcMatrix assay) to 
31% of the control PBS and rAAV-EGFP treatment groups 
(Figure 4c).

Figure 4 rAAV-vastatin effectively inhibited the proliferation, migration, and microvessel tube formation of microvascular endothelial cells 
(MECs). (a) MTT assay to determine viable cell numbers. MECs SVEC4-10EE2 (left) and HCC McA-RH7777 (right) cells were treated with rAAV-vas-
tatin, rAAV-EGFP, or PBS. (b) Wound-healing assay to determine cell migration rate. SVEC4-10EE2 MECs were infected with rAAV-vastatin, rAAV-EGFP, 
or PBS (c) Tube formation assay by the EcMatrixTM method. SVEC4-10EE2 MECs were infected with rAAV-vastatin or rAAV-EGFP. (d) Bar graph shows 
the relative tube area covered.
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Effects of rAAV-vastatin infection on global gene 
expression profile in MECs
To understand the molecular mechanisms of rAAV-vastatin, 
we determined its effect on the global gene expression profile 
in MECs SVEC4-10EE2 cells at 48 hours after infection, using 
Affymetrix DNA microarrays technology. Our results showed 
that 30 genes were upregulated and 30 downregulated for more 
than twofold (Supplementary Table S1). To our surprise, vas-
tatin most profoundly downregulated four metabolic genes, phos-
phoenolpyruvate carboxyknoase-1 (Pck1, -34.3-fold reduction), 
abhydrolase domain containing 5 (Abhd5, -22.6 reduction), pro-
tein tyrosine phosphatase-like member b (Ptplb, -16.0 reduction), 
and RNA binding protein gene with multiple splicing (Rbpms, 
-16.0 reduction), which are involved in the regulation of carbo-
hydrate, lipid, protein, and mRNA metabolisms, respectively. The 
dysregulated genes could be assigned to 15 different functional 
groups (Supplementary Figure S5). Within the regulated genes, 
“transport” molecules and “transcription factors” were upregu-
lated more often, while, “signal-transduction receptors” and 
“metabolism” genes were downregulated more often.

rAAV-vastatin infection markedly downregulated 
three major signaling pathways in MECs
PathwayArchitect were employed to generate putative signaling 
networks based on the expression profiling data. Three major 
networks were identified (Figure 5). They are downregulations 
of (i) metabolisms, (ii) Notch signaling, and (iii) AP-1 signal-
ing. To validate these signal-pathway networks, RT-PCR and 

western blotting assays were performed to confirm the changes 
of key genes. Our results demonstrated that rAAV-vastatin sig-
nificantly downregulated the mRNA and protein levels of the key 
metabolism gene Pck1 (Figure 6a) to 15 and 50%, respectively, at 
24 hours after infection and maintained the low level at 72 hours. 
It reduced the mRNA and protein levels of the Notch signaling 
gene JAG2 (jagged 2, Figure 6b) to 62 and 85%, respectively at 24 
hours, and to 38 and 50%, at 72 hours. It decreased the protein lev-
els of the AP-1 signal gene c-Fos to 90, 70, and 30%, at 24, 48, and 
72 hours postinfection, respectively. In contrast, c-Fos partner 
c-Jun or Jun-B, were not affected (Figure 6c). The protein levels 
of c-Fos downstream angiogenesis-associated genes MMP2 and 
MMP9 were also significantly downregulated to 40% at 72 hours 
postinfection, whereas MMP1, uPA, or VEGF exhibited no sig-
nificant change (Figure 6d). Based on the existing knowledge of 
these signal pathways, we postulate that rAAV-vastatin infection 
leads to (i) cell starvation through the inhibition of metabolisms, 
(ii) reduced cell proliferation and migration through the inhibi-
tion of AP-1 signaling pathway, and (iii) reduced angiogenesis by 
inhibiting tube formation through the Notch signaling pathway 
(Figure 5).

DISCUSSION
In the present study, we report for the first time that vastatin is a 
naturally occurring antiangiogenic polypeptide, present at a read-
ily detectable level in normal liver, and lost in most of the HCC 
tumor tissues. Statistical analysis indicated that negative vastatin 
expression independently correlated with tumor size larger than 

Figure 5 rAAV-vastatin signaling network. Three major mechanisms are involved in the actions of vastatin in SVEC4-10EE2 microvascular endothe-
lial cells. vastatin inhibited (1) AP-1 activity and cell proliferation by down-regulation of the Fos gene; (2) Notch signaling activity and tube formation 
via the down-regulation of the JAG2 gene; and (3) metabolisms leading to energy starvation through the down-regulation of the PCK1, ABHD5, 
RBPMS, and PTPLB genes. This signaling network was generated by the software PathwayArchitect.
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5 cm in diameter, metastases and Edmondson-Steiner III-IV high 
grade. Further studies with longer cohorts and refined statistics 
will be needed in order to fully establish the predictive value of 
vastatin as a biomarker for HCC.

It is not known how vastatin is lost in HCC tumors. Because 
the other longer length Collagen VIIIα1 proteins were not 
affected, suggesting that the defects are likely in the machinery 
releasing vastatin. The lysosomal enzymes Cathepsins (CTSD 
or CTSL) has been shown to be the key peptidase to release 
antiangiogenic fragments, such as Endostatin (NC1 domain of 
collagen XVIII), 16K prolactin (16 kD N-terminal fragment of 

prolactin), and Angiostatin (38 kD internal fragment of plas-
minogen).15 We conducted an in silico analysis and found that 
CTSL expression level is significantly reduced in HCC, and the 
reduced expression is associated with venous metastasis (P < 
0.05, GEO Profile, Supplementary Table S2). In addition, the 
MMPs have also been shown to degrade collagen and to generate 
anti-angiogenic fragments, such as Endostatin, Arresten (NC1 
domain of collagen IV a1), Canstatin (NC1 domain of collagen 
IV a2), and Tumstatin (NC1 domain of collagen IV a3).16–18 The 
roles of CTSL and MMPs on the production of vastatin warrant 
further investigations.

Figure 6 Validation of rAAV-vastatin induced downregulation of key genes involved in three major signaling pathways in microvascular 
endothelial cells (MECs). RT-PCR and western blotting (WB) assays were conducted to determine the mRNA and protein expressions, respectively, 
of key genes over one, two, and three days after rAAV-vastatin infection in SVEC4-10EE2 MECs. (a) the metabolism-associated genes Pck1, (b) the 
Notch signaling gene JAG2, (c) the AP-1 complex genes c-Fos, and (d) the AP-1 down-stream MMP2 and MMP9. “Ctrl” indicates “control” and 
“Vas” indicates “rAAV-vastatin”.
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Collagen VIII is not known to link to any genetic disease. 
The crystal structure of NC1 domain trimmers of mouse Col8a1 
(Collagen VIIIα1) has been solved at 1.9 Å resolution.19 Col8a1 and 
Col8a2 (Collagen VIIIα2) null mice had been reported to be viable, 
fertile, and show no major abnormalities.20 Detailed studies revealed 
that lack of collagen VIII leads to an abnormal anterior chamber of 
the eye, and attenuated migration/growth of the vascular smooth 
muscle cells.21 After arterial injury and fibrous cap formation in ath-
erosclerosis,22 collagen VIII may play a role in mediating vessel wall 
remodeling via β1 integrin and RhoA signaling to regulate MMP-2 
expression and smooth muscle cell migration.23

In addition to vastatin, several other endogenous angiogenic 
inhibitors have been reported.24 Endostatin, the most well-char-
acterized, has been investigated in clinical trials.25–27 vastatin/
Collagen-VIII exhibit different expression profiles as compared to 
Endostatin/Collagen-XVIII in liver cancers.28 The antiangiogen-
esis activity of vastatin polypeptide has previously been shown to 
be similar to that of Endostatin in vitro in cell culture systems.14,29 
We compared the in vivo efficacy in HCC. Our results showed that 
rAAV-vastatin was slightly more potent than rAAV-Endostatin 
in reducing metastasis and prolonging median survival in the 
orthotopic Buffulo rat HCC model. Endostar, a rh-endostatin, has 
been shown to improve the tumor response rate of patients with 
advanced non–small-cell-lung cancer when used in combination 
with platinum-based chemotherapy. However, no improvement 
in survival rate of patients was demonstrated.30 It is likely that vas-
tatin and Endostatin work through different receptors. Endostatin 
has been shown to work through growth-factor receptors,31–35 
in particular VEGFR.33,36,37 We conducted in silico analysis, and 
found no significant homology between vastatin and the other 
antiangiogenic collagen fragments, suggesting that vastatin may 
act via distinct cell surface receptor(s). It is possible that vastatin 
or the combination of vastatin and Endostatin may have better 
efficacy for the treatment of HCC.

Angiogenesis is a multi-step process including endothelial-
cell proliferation, migration, basement-membrane degradation, 
and new-lumen organization.38 In order to have a comprehen-
sive view of the molecular mechanisms, we chose to employ 
DNA microarray study to investigate the effect of rAAV-vastatin 
on global gene expression profile in MECs. Our results revealed 
that rAAV-vastatin acted by downregulating key genes involved 
in AP-1, Notch signaling, and the metabolisms of carbohy-
drates, lipids, and proteins. The Notch signaling pathway and 
the AP-1 signaling pathway in tumor progression were relatively 
well-studied.39,40 JAG2 and Notch-1 have been implicated in the 
production of IL-6, VEGF, and IGF-1 by multiple myeloma-
associated stromal cells.41 Several growth-factors and cytokines-
mediated pathways including VEGF and MMPs converged at 
the AP-1 binding site.42–44 However, less is understood about the 
significance of metabolism in cancers.

Emerging evidence has pointed to the increasingly important 
roles of metabolism in carcinogenesis. Several metabolic enzymes, 
such as pyruvate-kinase M2 isoenzyme (PKM2) and isocitrate-
dehydrogenase (IDH1/2), have been shown to play pivotal roles in 
tumor-progression and are potential targets for anticancer thera-
peutics.45 Despite the obvious fact that blood vessels carry oxy-
gen/nutrients to all cells and should be a major factor regulating 

cellular metabolism, the link between endothelial-cell metabolism 
and angiogenesis has been largely ignored. Our data showed that 
at least four metabolism-associated genes Pck1, ABHD5, Ptplb, 
and Rbpms, involved in the metabolism of carbohydrate, lipid, 
protein, and mRNA, respectively.46–49 were significantly down-
regulated (Figure 5). Thereby suggesting that cellular metabolism 
signaling pathways were the major targets of rAAV-vastatin.

In conclusion, we identified vastatin as a naturally occurring 
antiangiogenesis polypeptide lost in HCC cells. Furthermore, 
rAAV-vastatin is an effective therapeutic for HCC that works 
through novel mechanisms, including inhibiting cellular metab-
olism, tube formation, and inhibiting cell proliferation and 
migration via the downregulation of multiple signaling pathway 
(Supplementary Figure S6). Taken together, these results demon-
strate that vastatin could be a novel biomarker and rAAV-vastatin 
could be a novel, effective, and safe treatment for HCC. The differ-
ential mechanisms of vastatin and Endostatin suggest that these 
two endogenous angiogenic inhibitors could be used in combina-
tion to achieve a synergistic therapeutic effect for HCC treatment.

MATERIALS AND METHODS
Patients. Nineteen normal liver samples were obtained from patients with 
liver trauma due to traffic accident who underwent partial hepatectomy. 
The patients were diagnosed as III or IV stage of liver trauma, according to 
classification by American Association for the Surgery of Trauma (AAST), 
and without medical history of hepatopathy. The samples were taken at 
locations away from the trauma and on the verge of hepatic lobes or hepatic 
segments. The 63 tumor specimens were from HCC patients underwent 
surgery between 2006 and 2010 at the Department of Hepatobiliary 
Surgery, Taizhou Hospital, Wenzhou Medical College, Zhejiang, China. 
For patients with advanced HCC, biopsies were taken from the primary 
nodules. Tumor sizes were calculated according to Response Evaluation 
Criteria in Solid Tumors. Histological subtyping of the HCCs include mod-
erately differentiated, poorly differentiated and unknown. The unknown 
samples indicate the cases that could be diagnosed as HCC, however, dif-
ficult to determine the subtype. There are no well differentiated HCCs in 
our patient population, consistent with epidemiological reports of very 
low percentage of well differentiated HCC in China. The written informed 
consent of each patient and the approval of the ethics committee of the 
University were obtained beforehand. The basic demographics and patho-
logical characteristics are shown in Table 1.

Cell lines and cell culture. Murine tumor-derived MEC SVEC4-10EE2, rat 
HCC McA-RH7777, human HepG2, and LO2 cell lines were purchased 
from American Type Culture Collection, and maintained in Dulbecco’s 
modified Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal-bovine-serum (FBS, Invitrogen) at 37 °C, 5% CO2.

Western blotting analysis. Cell lysates were separated by 12% SDS poly-
acrylamide gels, transferred to Polyvinylidene Fluoride (PVDF) mem-
branes, and probed with primary antibodies. The polyclonal anti-vastatin 
antibody was custom-made (Boster Biotechnical) by immunizing rabbits 
with purified recombinant polypeptide expressed in Escherichia coli. The 
antibody was shown by the company to have no cross-reactivity with other 
members of the family. By western blot, this antibody detect a 18 kD puri-
fied recombinant vastatin polypeptide, as well as several bands including a 
72 kD band (likely to be collagen VIII alpha1) in HepG2 cell and normal 
liver tissue lysates (Supplementary Figure S1). Antibodies against Pck1 
and JAG2 were from Abcam (Cambridge), and against c-Fos, c-Jun, Jun-B, 
MMP1, MMP2, MMP9, u-PA, VEGF, and β-actin were from Santa Cruz 
Biotechnology (Santa Cruz). The relative expression levels were quantified 
using QUANTITY ONE software (Bio-Rad).
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Preparation of rAAV-vastatin and rAAV-Endostatin virus. Plasmids 
rAAV-CAG EGFP (rAAV-EGFP), rAAV-CAG-sec-Endostatin (rAAV-
Endostatin) and rAAV-CAG-sec-vastatin (rAAV-vastatin) were con-
structed by inserting fragments encoding the EGFP, Endostatin, and 
vastatin into AAV2 vector (Supplementary Figure S7). The secretion of 
vastatin protein was mediated by Igk leader. Viral titer was quantified as 
described previously.50

Rat orthotopic HCC model. The buffalo rat orthotopic HCC model was 
established as described previously.50 All animal studies and the experi-
mental protocols were approved in advance by the Department of Health 
of the Government of Hong Kong Special Administrative Region and by 
the Ethic Committee on the Use of Live Animals in Teaching and Research 
(The Chinese University of Hong Kong). Male buffalo rats, 8 to 12 weeks 
old, weighing 250 to 320 g, were purchased from Charles River Laboratory. 
Tumor was induced by injection of 6 × 105 McA-RH7777 cells into the left 
lobe of the liver. At 14 days after cell injection, rats were randomly divided 
into three groups (n = 15 per group). By second laparotomy, tumors were 
confirmed and treated with: (i) PBS; (ii) rAAV-EGFP (total 1.2 × 1012 vg/
rat, or 4.2 × 1012 vg/k); or (iii) rAAV-vastatin (total 1.2 × 1012 vg/rat) by both 
intratumoral (three sites around the margin and one in the center of the 
tumor nodule, total 0.2 × 1012 vg) and portal vein injection (1 × 1012 vg/rat). 
Six rats were kept for the survival study, whereas the remaining nine rats 
were sacrificed by an overdose of anesthesia on days 7, 14, and 21 post-
treatment for plasma, tumor tissue, and organ collections. Tissues were 
subjected to hematoxylin and eosin (H&E) and immunohistochemical 
staining as described previously.51

Toxicity test. Toxicity was conducted in healthy male buffalo rats or C57 
mice (6–8 weeks old weighing 25 to 30 g, from the Laboratory Animal Unit 
of the Chinese University of Hong Kong with Ethic approval). Rats or mice 
were given PBS or rAAV-vastatin by intraportal vein injections. For mice 
study, mice were sacrificed and blood collected for ALT and AST determi-
nations. For rats study, two milliliters of blood samples were taken at indi-
cated time and evaluated for liver function (ALT, AST), renal function (Cre, 
BUN), hematopoiesis (WBC, Hb, PLT), cholesterolemia (cholesterol), and 
blood sugar (glucose). Mice and rats were assessed daily on body weight, 
gross appearance, and behavior, for any signs of systemic toxicity.

Cell proliferation assay. Mouse MECs SVEC4-10EE2 or rat HCC 
McA-RH7777 cells (3 × 103 cells) were seeded onto 96-well plates overnight. 
Ten microliters of PBS, rAAV-EGFP, or rAAV-vastatin were added at a mul-
tiplicity of infection of 1 × 104, and incubated for 2, 4, 6, 8, and 10 days in 
DMEM with 2% FBS. MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide) assays were performed, as described previously.50

In vitro tube formation and wound-healing assays. MECs SVEC4-
10EE2 (3 × 105) were seeded onto six-well plates overnight, and treated 
with PBS, rAAV-EGFP, or rAAV-vastatin (multiplicity of infection = 
1 × 104) in DMEM with 2% FBS for 24 hours, followed by starvation in 
DMEM with 0.5% FBS for 48 hours. The effect was evaluated by using the 
In vitro Angiogenesis Assay kit (Chemicon, Temecula, CA) as described 
previously.50 Tube formation was quantified as relative tube-area covered.52 
Wound-healing assays were performed, as previously described.50

DNA microarray study. MECs SVEC4-10EE2 cells were infected with rAAV-
vastatin or rAAV-EGFP for 48 hours. Total RNA were extracted, biotin-labeled, 
fragmented, and hybridized to the GeneChip Mouse Exon 1.0 ST Array 
(Affymetrix, Santa Clara, CA) using Hybridization Oven 640 (Affymetrix) 
in triplicate by the Genome Research Center, The University of Hong Kong. 
Twofold differentially expressed probe sets were identified. The signal trans-
duction pathway analysis was conducted using the software PathwayArchitect.

The mRNA and protein expression were validated by reverse 
transcription-PCR (RT-PCR) and western-blotting assays, respectively.  
The following primer sequences were used: Pck1 (forward 5′-GCTC 

TGAGGAGGAGAATGG-3′; Reverse 5′-TGC TCTTGGGTGACGATAA 
C-3′); JAG2 (Forward 5′-CAAGTTCTGTGACGAGTG TGTCCC-3′; 
Reverse 5′-TTGCCCAAGTAGCCATCTGG-3′); and GAPDH (Forward  
5′-GAATCTACTGGCGTCTTCACC-3′; Reverse 5′-GTCATGAGCCCT 
TCCACG ATG C-3′).

Immunohistochemical staining and measurement of microvessel den-
sity. The paraffin-embedded tissue blocks were sectioned for immunohis-
tochemical staining. Paraffinembedded tissue specimens were sectioned, 
deparaffinized in xylene and rehydrated. Antigenic retrieval was processed 
with sodium citrate. The sections were then incubated in H2O2 (3%) for 10 
minutes, blocked in 1% bovine serum albumin for 60 minutes and incu-
bated with indicated antibody at 4 °C overnight. After incubation with the 
secondary antibody for 60 minutes, specimens were incubated with H2O2-
diaminobenzidine until the desired stain intensity was developed. Sections 
were then counterstained with hematoxylin, dehydrated, and mounted.

Microvessel density was measured as described previously.53 Briefly, 
tissues were fixed with 10% formalin, embedded in paraffin and subjected 
to HE staining. Any vessels with brown staining in the tumor tissues were 
considered positive. Any brown-stained endothelial cell or cell cluster 
was regarded as one vessel. For special types of microvessel with a large 
vascular lumen and a relatively small number of vessels per unit area, 
a length of 40 μmol/l was regarded as one mircovessel density value, as 
described previously.54 All immunohistochemical staining was evaluated 
and scored by at least two independent pathologists.

Statistical analysis. Animal survival was analyzed by a log-rank test 
using the GraphPad Prism software (GraphPad Software, San Diego, CA). 
Correlation was analyzed by multivariate logistic regression. Comparison 
was conducted by one-way analysis of variance or a two-tailed Student’s 
t-test (MS Excel). P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL
Figure S1. The specificity of anti-vastatin antibody was validated by 
Western blot.
Figure S2. The relative expression level of vastatin in each individual 
HCC patients specimens (n = 63) and normal liver samples (n = 19).
Figure S3. rAAV-vastatin did not produce obvious toxicity in rat.
Figure S4. rAAV serotype 2 could efficiently transduce MECs and 
McA-RH7777 cells.
Figure S5. Functional categorization of genes differentially expressed 
by rAAV-vastatin treatment in mouse microvascular endothelial cells.
Figure S6. rAAV-vastatin exerted its anti-angiogenic activities by 
down-regulation of three angiogenic signaling pathways in MECs.
Figure S7. Structure of rAAV-vastatin.
Table S1. The list of differentially expressed genes after rAAV-Vastatin 
treatment.
Table S2. The expression levels of CTSD in normal liver tissue and 
HCC with or without metastasis according to GEO Profile.
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