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Abstract

Background: Angiotensin-(1-7) [Ang-(1-7)] has been identified to inhibit the growth of many types
of tumor cells both in vitro and in vivo. However, the rapid degradation of Ang-(1-7) in vivo limits its
clinical application. Adeno-associated virus (AAV) serotype-8 is a remarkable vector for long-term
in vivo gene delivery.

Method: This study was designed to investigate the effects of AAV-mediated Ang-(1-7)
overexpression on hepatocellular carcinoma. We first generated three different tyrosine (Y) to

phenylalanine (F) mutants of AAV8 (Y447F, Y703F, Y708F) and evaluated their in vivo transduction
efficiencies.

Results: The data indicated that the Y703F mutant elicited a significant enhancement of liver gene
delivery when compared with wild-type AAV8 (wtAAV8). The anti-tumor effect of Ang-(1-7)
mediated by this optimized vector was evaluated in H22 hepatoma-bearing mice. Our results
demonstrated that AAV-Ang-(1-7) persistently inhibited the growth of hepatocellular carcinoma by
significantly downregulating angiogenesis. This was confirmed by observed decreases in the levels of
the proangiogenic factors VEGF and PIGF.

Conclusion: Collectively, these data suggest that Ang-(1-7) overexpression mediated by the
optimized vector may be an effective alternative for hepatocellular carcinoma therapy due to its
long-term and significant anti-tumor activity.
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Background

Hepatocellular carcinoma (HCC) is one of the
most common and deadly cancers worldwide and the
second leading cause of cancer-related mortality in
China [1, 2]. Currently, surgery supplemented with

chemotherapeutic agents is the main HCC therapeutic
schedule. However, the low sensitivity, severe
adverse effects and an unprecedented high cost has
restricted the use of chemotherapeutic agents for
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patients with HCC [3]. Moreover, the high rate of
metabolism and the existence of multidrug resistant
transporter proteins in tumor cells further diminish
the efficacy of current therapeutic regimens for HCC
[4]. Therefore, the development of more effective
alternative strategies for the treatment of HCC is a
matter of great urgency.

The renin-angiotensin system (RAS) has been
identified to play an important role in the
pathogenesis of cancers, including prostate cancer,
lung cancer, nasopharyngeal carcinoma and others
[5-7]. Angiotensin-(1-7) [Ang-(1-7)], an endogenous
heptapeptide hormone of the RAS, mediates both
vasodilation and anti-proliferative effects by
activating a distinct plasma membrane G protein-
coupled receptor identified as the Mas receptor
(MasR) [8, 9]. There is a growing body of evidence
suggesting that Ang-(1-7) exerts anti-tumor effects in
a variety of cancers, mainly through its
anti-proliferative and anti-angiogenic actions [6, 7]. In
fact, a phase I/II clinical trial has confirmed the
effectiveness and safety of Ang-(1-7) in patients with
advanced solid tumors [10-12]. Ang-(1-7) has been
regarded as a promising anti-tumor therapeutic drug
despite its half-life being very short (~30 min in
humans and 20s in rodents), which severely hampers
the in vivo efficacy of this peptide [13].

Adeno-associated virus (AAV) is one of the most
promising vectors for human gene therapy due to its
persistence, high efficiency and lack of pathogenicity
in gene delivery. It is noteworthy that the European
Medicines Agency approved an AAV1 mediated LPL
(5447X) gene therapeutic agent for Lipoprotein
lipase-deficiency in 2012 [14]. Clinical trials have
confirmed long-term efficacy and safety of AAV
mediated gene therapy in patients with leber
congenital amaurosis type 2 or hemophilia B [15, 16].
Moreover, AAV has achieved favorable effects in
liver, retina, brain, cardiovascular system and muscle
gene therapy with long-term and non-toxic transgene
expression [17-19]. AAV8 has been identified as a
remarkable gene delivery vector in vivo [20]. It has
been reported that a single tyrosine mutation on the
capsid of AAVS allows vectors to evade intracellular
phosphorylation and subsequent ubiquitination and
proteasome-mediated degradation, resulting in
dramatic enhancement of gene expression [21, 22].

The present study was designed to explore the
anti-tumor  effect of Ang-(1-7) in  H22
hepatoma-bearing mice mediated by an optimized
AAVS vector. We constructed three tyrosine mutants
of AAVS: Y447F, Y703F and Y708F. These capsid
mutants and the vectors containing dual-luciferase
gene were packaged and their in vivo transduction
efficiency was evaluated in C57BL/6 mice. Then the

optimized mutant was used to mediate long-term and
stable expression of Ang-(1-7) in a murine hepatocell-
ular carcinoma model. Our results showed that
overexpression of Ang-(1-7) significantly inhibits
tumor growth by decreasing angiogenesis and cell
proliferation.

Materials and Methods

Cell culture

Human embryonic kidney cell line HEK-293T,
murine hepatocellular carcinoma cell line H22, human
hepatocellular carcinoma cell lines QGY-7701,
Bel-7402, SMMC-7721, HepG2 and normal human
liver cell line LO2 were all obtained from the
American Type Culture Collection (ATCC, Manassas,
VA). Cells were maintained as monolayer cultures in
Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone, Logan, UT). Media were supplemented
with 10% fetal bovine serum (FBS) (Hyclone),
100units/ml penicillin, 100 mg/ml streptomycin
(Invitrogen, Carlsbad, CA, USA) and maintained in
5% CO, at 37°C.

Generation of AAV8 mutants and
recombinant vectors

Phosphorylation and ubiquitination sites on the
AAV8 capsid were determined using online
prediction tools [23, 24]. Y—F mutations: Y447F,
Y703F, Y708F, were introduced in the AAVS rep/cap
plasmids by overlapping PCR. The primers used are
shown in Table 1. The presence of the desired point
mutation was verified by DNA sequencing.
Recombinant AAV vectors containing dual-luciferase
reporter or Ang-(1-7) were generated by
polyethylenemine (PEI)-based triple transfection of
293T cells and were purified by polyethylene glycol
(PEG) precipitation followed by double CsCl gradient
purification [25]. After three changes of dialysis in
virus dialysis buffer (I1x phosphate-buffered saline
[PBS], 2% mannitol, 6mM MgCl) at room
temperature for 6 to 8 hours or at 4°C overnight,
vector genome copy titers were determined by
quantitative PCR.

Evaluation of in vivo gene transduction
efficiency

Male C57BL/6 mice of 6-8 weeks were obtained
and housed in the animal center of the Academy of
Military Medicine Science. All animals received
humane care and the study protocol complied with
the institution’s ethics guidelines. To evaluate the
transduction effect in vivo, animals were injected with
1x10% vector genomes (vg) for each of AAV-Gluc-
2A-Fluc in equal volumes via the tail vein. For each
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group, 6-8 mice were used. All animals received
humane care and the study protocol complied with
the institution’s ethics guidelines.

Table 1. Primer sequences of the three single point mutations on
the AAV8 capsid

Residue Sequence (5 to 37) Nucleotide change

Y447F Wild-type primer sequence: TAC—TTC
TACCTGTACTACTTGTCT
Mutant primer sequence:
TACCTGTACTITCTTGTCT
Wild-type primer sequence:
ATCCAGTACACCTCCAAC
Mutant primer sequence:
ATCCAGITCACCTCCAAC
Wild-type primer sequence:
AACTACTACAAATCTACA
Mutant primer sequence:
AACTACTTCAAATCTACA

Y703F TAC-TTC

Y708F TAC-TTC

Luciferase activity assay

At 7, 14, 21 and 28 days post vector
administration, blood was collected via the tail vein.
Secretory Gaussia princeps luciferase (Gluc) activity
was measured using BioLux® Gaussia Luciferase Flex
Assay Kit (New England Biolabs) at different time
points.

In vivo animal Bioluminescence Image Analysis

At day 42 after vector injection, mice were
anaesthetized with pentobarbital sodium (1%,
40mg/kg mice) via intraperitoneal injection. The
D-luciferin substrate (Biotium, Hayward, CA) was
injected intraperitoneally at a dose of 150 pg/g. The
mice were then placed in a light-tight chamber, and
images were generated using a Bioanalytical
Instruments (Berthold Technologies, DE). Light was
monitored in all of the experiments described at 8-12
minutes after the substrate injection. The visual
output represents the number of photons
emitted/second/cm? as a false color image where the
maximum is red and the minimum is dark blue.

Genome copy determination

After bioluminescence imaging, mice were
killed. Different tissues were collected from each
mouse administered with either wild-type AAVS or
the mutant vectors. Genomic DNA was isolated using
the TIANamp Genomic DNAKit (TIANGEN
BIOTECH CO., LTD, Beijing, China) according to the
manufacturer’s protocol. Total DNA concentration
was determined by spectrophotometry using a Nano-
drop. Quantitative PCR was used to determine the
vector copy numbers in 100 ng of template genomic
DNA by amplifying the firefly luciferase sequence
(forward primer: ACTGCCTGCGTGAGATTCTG;
reverse primer: CAGAGTGCTTTTGGCGAAGA).

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping control gene.
Data were captured and analyzed using ABI Prism
7500 sequence detection system version 1.1 software
(Life Technologies).

Comparison of the in vivo transduction
efficiency between AAV-8 wild type and its
capsid mutant AAV8-Y703F using Ang-(1-7) as
a target gene

Male BALB/c mice aged 4 to 5 weeks were
purchased from the Institute of Comparative
Medicine and Center of Laboratory Animals of the
Southern Medical University (SMU). Animal handling
and experimental procedures were approved by the
Animal Experimental Ethics Committee of SMU. Mice
were injected with 1x10'! vector genomes (vg) each of
recombinant AAV8-Ang-(1-7) or Y703F-Ang-(1-7) in
equal volumes via the tail vein. At 7, 14, 21 and
28-days post vector administration, serum Ang-(1-7)
was detected by ELISA (Bachem). Further, liver
genomic DNA was isolated using the TIANamp
Genomic DNA Kit (TIANGEN BIOTECH CO., LTD,
Beijing, China) according to the manufacturer’s
protocol. Total DNA concentration was determined
by spectrophotometry using a Nanodrop. Quantita-
tive PCR was used to determine the vector copy
numbers in 100 ng of template genomic DNA by
amplifying the Ang-(1-7) fusion protein sequence
(forward  primer: GACGGTTCTTACTTCATAT;
reverse primer: ATGGTCTTCTTCAGG). GClyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) was
used as the housekeeping control gene. In addition,
liver toxicity of vectors was evaluated by
hematoxylin-eosin staining at the end
of the experiment.

Anti-tumor growth assay

Male BALB/c mice aged 4 to 5 weeks were
purchased from the Institute of Comparative
Medicine and Center of Laboratory Animals of the
Southern Medical University (SMU). Animal handling
and experimental procedures were approved by the
Animal Experimental Ethics Committee of SMU.
BALB/c mice were injected with 1 x 107 H22 cells in
0.1 mL phosphate buffered saline (PBS) into the right
upper back to establish the hepatoma model. When
the tumors reached ~100 mm3, the mice were
randomly assigned to three groups and received tail
vein injections of Y703F-Ang-(1-7) (1 x 10" vg/mice),
Y703F-Luc (1 x 10" vg/mice) or PBS. Each group
contained 6-8 mice and the experiment was repeated 3
times. Tumor size was measured every 3-5 days. The
mice were anesthetized on day 21 and euthanized by
decapitation and tumors were dissected. Tumor
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volumes were calculated as follows: volume = (D x
d?)/2, where D is the longest diameter and d is the
shortest diameter. Sera were also collected for
quantification of Ang-(1-7) by ELISA (Bachem).

Immunohistochemical staining

Both livers and tumors were fixed in 10%
buffered formalin for 24 hours and incubated in 70%
ethanol for 48 hours before embedding in paraffin.
The embedded livers and tumors were cut into 5-mm
thick sections. Liver sections were stained with H&E
to determine morphology and mouse IgG to indirectly
determine Ang-(1-7) overexpression. Cell prolife-
ration in the transplanted tumors was determined
with Ki67 (1:200; Abcam) and Cdc6 (1:300; Abcam)
antibodies. Angiogenesis was determined by
immunostaining with antibodies to VEGF (1:100;
Wanleibio, China) and CD34 (1:200; Abcam). The
intensity of staining was scored by applying a
semiquantitative system, ranging from negative to
strong as follows: 0 (negative), 1 (weak), 2 (moderate),
and 3 (strong). The percentage of positive cells was
categorized according to the positive tumor cells: <
25% is 1; 25% to 50% is 2; 51% to 75% is 3; and > 75% is
4.The histochemical score (H-score) was calculated by
multiplying the intensity by the percentage of positive
cells [26].

RNA isolation, reverse transcription, and
quantitative real-time RT-PCR

Total RNA in hepatoma cell lines and tumor
samples were extracted and subjected to real-time
RT-PCR, with the primers used shown as follow:

e h-MasR F: TCACCCACCTGTCTATCGCA; R:
CACTAATGGCCGTCAGCAGAT

e m-MasR F: AGAAATCCCTTCACGGTCTACA;
R: TCACCGATAATGTCACGATTGTG

e m-VEGF F: TCACCAAAGCCAGCACATAG; R:
AATGCTTTCTCCGCTCTGAA

e m-PIGF F: GTGGTGCCITTCAACGAAGT; R:
GGACACAGGACGGACTGAAT

e m-Flt-1 F: AGGGATAACAGGCAATTCTGC; R:
GTGCATCTCTATGAAAGGACTCC

e m-Flk-1 F: TTTGGCAAATACAACCCTTCAGA;
R: GCTCCAGTATCATTTCCAACCA

e h-GAPDH F: ACGGATTTGGTCGTATTGGG; R:

CGCTCCTGGAAGATGGTGAT
e m-GAPDH F: TGGCCTTCCGTGTTCCTAC; R:
GAGTTGCTGTTGAAGTCGCA

The samples were quantified by the comparative
AACt method by using human or mouse GAPDH as
the internal standard.

Statistical analysis

The data presented here were expressed as mean
* standard deviation (SD) and statistical significance
was determined by one-way ANOVA followed by
Dunnetts post hoc test (compare all columns vs.
control group). A p-value of < 0.05 was considered
statistically significant. P-values are indicated by
asterisks (***p<0.001, **p<0.01, *p<0.05).

Results

A single tyrosine mutation at the 703 position
of the AAV8 capsid leads to a significant
enhancement of in vivo gene delivery.

Phosphorylation and ubiquitination sites on the
AAVS8 capsid were determined using online
prediction tools. The Y447, Y703 and Y708 tyrosine
residues might be effective phosphorylation sites, and
the three mutants had comparable packaging
efficiencies when compared to AAVS (Table 2), which
suggested that the three mutants were compatible
modifications on the AAVS8 capsid. To explore the
transduction efficiency between the three mutants
and wild-type AAV8 (WtAAVS8), vectors carrying
dual-luciferase reporter (1x1010vg) were injected into
6-8 week old male C57BL/6 mice, via the tail vein. The
relative light unit (RLU) emitted by the Gaussia
luciferase in blood samples was detected at different
time points after vector injection, as shown in Figure
1A. The Gluc expression level in each animal reached
a peak at day 21, and was maintained at a level of
10,000 - 100,000 RLU. Statistical analysis showed that
the Y703F mutant elicited significant greater gene
expression than wtAAVS, with about 3-fold higher
levels at days 7, 14, 21 and 28 after injection,
respectively. The Y447F and Y708F mutants showed
minimal or no significant difference in ability to
increase gene expression when compared to wtAAVS8
(Figure 1A). In vivo bioluminescence was analyzed at
42 days post-vector injection. From the ventral view,
it can be seen that all vectors display mainly liver
tropism, similar to wtAAV8 (Figure 1B). Statistical
analyses revealed that the Y703F mutant elicited an
enhancement in liver luminescence level of 1.8-fold
compared to wtAAVS (Figure 1C).

Table 2. The average titers of wild-type (wt) AAV8 and its three
single point mutant vectors for packaging dual-luciferase gene

Vector Physical Titer (Viral Genomes/ml)

wtAAVS 2.4x1012vg/ml
Y447F 3.5x1012vg/ml
Y703F 2.6x1012vg/ml
Y708F 4.7x1012vg /ml
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Figure 1. Luciferase expression in C57BL/6 mice after tail-vein injection Gaussia luciferase (Gluc) expression levels were detected at 7, 14, 21 and 28 days
after vector injection. The Y703F vector elicited sustained and significant enhancement of Gluc from day 7, with levels that were approximately 3-fold higher than
those in the wtAAV8. Others showed minimal or no significant difference during the experiment (A). For the in vivo bioluminescence analysis, images were taken from
the ventral aspect at 6 weeks after vector infusions. The three mutants displayed mainly liver tropism, similar to the wild-type AAV8 (B). Statistical analysis revealed
that the Y703F mutant lead to a significant enhancement in liver luminescence levels, 1.8-fold higher than obtained with the wild-type AAV8 (C). The data are shown

as mean valuest SD, *p<0.05 compared with wild-type AAV8 groups.

The Y703F mutant of AAVS elicits significant
enhancement of gene transduction in different
tissues.

For further evaluation, we compared the viral
genome copy numbers in different tissue samples
using real-time PCR. As shown in Figure 2, the Fluc
DNA copy number of the four vectors maintained a
level of 1x10¢ - 1.5x10” GC (genome copies)/100ng
DNA in liver tissues. In kidney, heart and
gastrocnemius tissues, the numbers dropped to 1x10°-
1x106 GC (genome copies)/100ng DNA, which
further illustrates that the four vectors display mainly
liver tropism. The mutant Y703F elicited a significant
enhancement of gene transduction in liver, kidney,
and gastrocnemius tissues with respective 3, 3 and

7-fold higher GC/100ng DNA than wtAAVS,
respectively (Figure 2A, 2B, 2C). In heart tissue, the
Y708F mutant resulted in 4-fold higher gene
expression when compared with wild-type AAVS
(Figure 2D).

The Y703F mutant of AAVS elicits a significant
enhancement of gene transduction to liver
tissue in Balb/c mice.

The different genetic backgrounds of mice may
occasionally lead to different outcomes of AAV gene
transfer. Thus, we evaluated the transduction efficacy
of the Y703F mutant and wtAAVS8 in Balb/c mice
using Ang-(1-7) as a target gene. Ang-(1-7) in serum
samples was detected at different time points after
vector injection. As shown in Figure 3A, the Y703F
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mutant elicits significantly —greater Ang-(1-7)
expression than wtAAVS8 at each time point. The
DNA copy number in liver tissue showed similar
results (Figure 3B). Liver tissue HE staining showed
that the hepatic cell cords arranged orderly and
hepatocyte morphology was normal in each group,
and no significant inflammatory cell infiltration and
fibrosis was found, suggesting that this vector did not
cause obvious hepatic toxicity (Figure 3C). These data
suggested that the Y703F mutation of AAVS led to a
significant improvement in in vivo gene delivery,
primarily in liver tissue. Moreover, none of these
vectors caused any obvious liver toxicity.

Ang-(1-7) overexpression induced by the
optimized vector inhibits hepatocellular
carcinoma growth in vivo.

The expression levels of MasR were first
analyzed in a panel of hepatoma cell lines by real-time
RT-PCR. The results demonstrated that levels of MasR
were significantly higher in malignant HCC cell lines,
including QGY-7701, SMMC-7721, Bel-7402 and H22,
compared with highly differentiated HepG2 cells and
normal hepatocyte LO2 cells (Figure 4A). This may
suggest that MasR serves as the receptor that
mediates the anti-proliferative role of Ang-(1-7) in
human hepatoma cells. The Y703F mutant leads to
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significant enhancement in in vivo gene delivery and
specific liver tropism, demonstrating great potential
in liver gene therapy applications. Due to the short
half-life of Ang-(1-7) peptide, we next explored the
anti-tumor effect of Ang-(1-7) overexpression
mediated by the optimized vector in H22
hepatoma-bearing mice. When xenograft tumor
volumes had reached ~100 mm?, mice were injected
with Y703F-Ang-(1-7), Y703F-Luc or PBS in the same
volume via the tail vein. Tumor volumes were
measured every 3-5 days for a period of 21 days. The
tumor volume in the Y703F-Ang-(1-7)-treated group
was significantly smaller than in Y703F-Luc and PBS
groups from 5 days after vector injection, while there
were no differences between the Y703F-Luc and PBS
groups (Figure 4B). At the end of the study, the tumor
weight and size in the Y703F-Ang-(1-7) group was
markedly reduced compared with the control groups
(Figure 4C, 4D), while the Ang-(1-7) relative level in
the Y703F-Ang-(1-7) group was significantly higher
than in Y703F-Luc and PBS groups, as expected
(Figure 4E). These data strongly suggested that
Y703F-Ang-(1-7) produced steady and robust
Ang-(1-7) expression in vivo, which was associated
with significant growth inhibition of hepatocellular
carcinoma.
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Figure 2. Analysis of viral genome DNA copy numbers in selected tissues After in vivo bioluminescence analysis, animals were killed, genomic DNA was
isolated from different tissue samples and 100 ng of each was used in triplicate to determine Firefly luciferase genome copies. The mutant of Y703F showed 3-fold
enhancement in liver and kidney tissues and 7-fold higher levels in gastrocnemius (Gas) gene delivery, compared with wild-type AAV8. The data are shown as mean

values * SD, *p<0.05 compared with wild-type AAV8groups.
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Figure 3. AAV8 and the Y703F mutant vectors mediated sustained and safe expression of Ang-(1-7) in Balb/c mice. | x 10'lvg of AAV vectors
encoding Ang-(1-7) were delivered into 6—8 weeks old Balb/c male mice via tail vein injection. Serum Ang-(1-7) expression levels were detected at 7, 14, 21 and 28
days after vector injection by ELISA (A). Liver gene transduction was determined by real-time QPCR, using primers targeting mouse IgG to indirectly determine
Ang-(1-7) overexpression (B). Liver toxicity of vectors were detected by hematoxylin-eosin staining at the end of the experiment (C).The data are shown as mean
values * SD. *p<0.05 compared with AAV8-Luc groups, #p<0.05 compared with AAV8-Ang-(1-7) groups.
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Figure 4. Ang-(1-7) inhibits the growth of hepatocellular carcinoma. The expression level of Mas receptor in hepatoma cell lines was analyzed by real-time
RT-PCR. Mas receptor abundance was normalized to GAPDH, The data are shown as mean values * SD. *p<0.05 compared with H22 cell line (A). Growth curves
of tumor xenografts volumes. Volume = (D x d2)/2, where D is the longest diameter and d is the shortest diameter (B); Tumors from mice treated with
Y703F-Ang-(1-7), Y703F-Luc or PBS were weighed at the time of sacrifice (C); Size of tumor xenografts from mice injected with Y703F-Ang-(1-7), Y703F-Luc or PBS
(D). Levels of Ang-(1-7) in the sera of controls (Y703F-Luc and PBS-treated mice) and Y703F-Ang-(1-7)-treated mice, determined by ELISA (E). The data are shown
as mean values * SD. *p<0.05 compared with PBS groups, #p<0.05 compared with Y703F-Luc groups.
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Ang-(1-7) overexpression inhibits tumor
growth through its anti-angiogenic and
anti-proliferative activity

Ang-(1-7) expression level in liver tissue was
measured by immunohistochemical staining using
Ang-(1-7) fusion protein (mouse IgG) antibody. The
results showed that IgG staining was significantly
higher in tumor section from Y703F-Ang-(1-7) treated
mice, as compared with other two groups (Figure 5A,
5B). To determine whether Ang-(1-7) overexpression
inhibits angiogenesis within tumor xenografts, tumor
sections were detected by immunohistochemical
staining using VEGF and CD34 antibodies. The tumor
tissue sections from Y703F-Ang-(1-7) treated animals
exhibited a significant decrease in VEGF expression
and CD34-stained vessel density (Figure 5A, 5B).
Next, the anti-proliferative activity of Ang-(1-7) was

detected using Ki67 and Cdc6 antibodies. Ki67 is a
nuclear protein that is strictly associated with cell
proliferation. Cdc6 (cell division cycle 6) is an
essential regulator of DNA replication in eukaryotic
cells. Both are important markers for cell proliferation.
Our study showed that a significantly less percentage
of Ki67- or Cdc6-stained cells were observed in
Y703F-Ang-(1-7) treated animals (Figure 6A, 6B).
Liver tissue HE staining showed that the hepatic cell
cords arranged orderly and hepatocyte morphology
was normal in each group, and no significant
inflammatory cell infiltration and fibrosis was found
(Figure 6A). These data suggested that Ang-(1-7)
overexpression mediated by the optimized AAV
vector inhibited tumor cell growth through its
anti-angiogenic and anti-proliferative activity, which
did not cause any obvious liver toxicity.
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Figure 5. Effect of Ang-(1-7) on angiogenic factors in tumor xenografts.The expression of Ang-(1-7) fusion protein mouse IgG and angiogenic factor VEGF,
CD34 in tumor sections from Y703F-Ang-(1-7), Y703F-Luc or PBS-treated mice were determined through immunostaining; Representative photomicrographs are
shown at the top (magnification, X 400) (A); The histochemical score (H-score) was obtained by multiplying the intensity by the percentage of IgG, VEGF or CD34
positive cells (B); bars, SD. *p<0.05 compared with PBS groups, #p<0.05 compared with Y703F-Luc groups.
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Figure 6. Effect of Ang-(1-7) on proliferative factors in tumor xenografts. Cell proliferative factor Kié7, Cdcé in tumor sections from Y703F-Ang-(1-7),
Y703F-Luc or PBS-treated mice were determined through immunostaining; Liver toxicity of Ang-(1-7) were detected by HE staining. Representative
photomicrographs are shown at the top (magnification, x 400) (A); The histochemical score (H-score) was obtained by multiplying the intensity by the percentage of
Ki67 or Cdcé positive cells (B); bars, SD. *p<0.05 compared with PBS groups, #p<0.05 compared with Y703F-Luc groups.

Effects of Ang-(1-7) overexpression on VEGF,
PIGF and VEGF receptors

The angiogenesis-promoting factor vascular
endothelial growth factor (VEGF) and its receptors are
known to be necessary for tumor growth and
progression. Thus, we further evaluated the effects of
Ang-(1-7) overexpression on these angiogenic factors
in tumor samples by real-time RT-PCR. As showed in
Figure 7, when Ang-(1-7) was overexpressed VEGF
and PIGF mRNA levels were reduced by more than
80% (Figure 7A, 7B), and levels of the VEGF receptors,
Flt-1 and Flk-1, were also shown to be significantly
decreased, when compared with control groups
(Figure 7C, 7D). These data suggested that Ang-(1-7)
overexpression may decrease VEGF and PIGF levels
in tumor tissue and attenuate VEGF and PIGF
signaling by reducing the number of receptors

available to these ligands, so as to inhibit tumor
growth.

Discussion

The clinical potential of Ang-(1-7) as a
therapeutic agent to treat hypertension and other
cardiovascular diseases is evidenced by the variety of
patents and clinical trials involving this peptide [27].
Cancer treatment is one of the most advanced
therapeutic areas, and a growing body of evidence
suggests that Ang-(1-7) is a promising anti-tumor
factor. However, the short half-life severely hampers
the in wvivo application of this peptide [13].
Adeno-associated virus (AAV) is one of the most
versatile vectors for in wvivo gene therapy. Our
previous study demonstrated that administration of
AAVS8-Ang-(1-7) significantly attenuated the growth
of human nasopharyngeal carcinoma (NPC) xenograft
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tumors and non-small cell lung cancer (NSCLC),
suggesting that AAV-mediated Ang-(1-7) gene
therapy is potentially effective and useful for cancer
treatment [6, 7]. In this study, we first reported the in
vivo anti-tumor efficacy of Ang-(1-7) mediated by the
optimized AAVS in a murine H22 hepatoma model.
We constructed three Y to F mutants of AAV8 and
evaluated their transduction efficiency in C57BL/6
mice. As shown in the results (Figure 2), the Y703F
mutant that we constructed induced 3- to 7- fold
higher gene expression than wtAAV8 in liver, kidney,
and gastrocnemius gene delivery, implying its utility
in transduction of those tissues. We next explored the
in vivo effects of Ang-(1-7) mediated by the Y703F
mutant. Our data demonstrated that the optimized
AAV vector mediated long-term and high efficiency
expression of Ang-(1-7) in hepatoma-bearing Balb/c
mice, which resulted in significant inhibition of tumor
growth and tumor angiogenesis. Our study suggested
that AAV-based gene delivery is a potentially
effective method for Ang-(1-7) in hepatocellular
carcinoma (HCC) therapy.

The anti-proliferative and anti-angiogenic effects
of Ang-(1-7) have been verified in a variety of cancer
cells, including lung cancer, prostate cancer, breast
cancer, and nasopharyngeal carcinoma [28]. In this
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study, we demonstrated that Ang-(1-7) overexpress-
sion significantly inhibits the growth of hepatocellular
carcinoma, with a remarkable reduction in tumor size
and tumor weight (Figure 4). Importantly, we also
detected significant decreases in the levels of PIGF,
VEGEF, VEGEF receptor 1 (Flt-1) and VEGF receptor 2
(Flk-1) mRNAs in the tumors of mice treated with
Ang-(1-7), when compared with tumors from control
animals (Fig. 7). The angiogenesis-promoting factors,
VEGF and PIGF, play an important role in tumor
growth and progression. Thus these data suggested
that Ang-(1-7) may exert anti-HCC proliferation effect
by decreasing the expression of the proangiogenic
genes PIGF, VEGF and their receptors. Cell division
cycle 6 (Cdco) is essential for DNA replication and its
deregulation is involved in carcinogenesis. High
levels of CDC6 have been recently reported in around
50% of NSCLC, brain cancer and a subset of mantle
cell lymphomas, which suggests that Cdc6 has
oncogenic properties. Our previous study demonst-
rated that Ang-(1-7) over-expression can markedly
suppress NSCLC growth in vivo by down-regulating
Cdc6. In this study we found that Cdc6 expression
level was significantly reduced in Y703F-Ang-(1-7)
treated group (Figure 6A, 6B), which further verified
the anti-Cdcé6 effect of Ang-(1-7).
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Figure 7. Ang-(1-7) inhibited the expression of angiogenic factors PIGF, VEGF and VEGF receptors in tumor samples. The expression level of PIGF,
VEGF and VEGF receptors between Y703F-Ang-(1-7), Y703F-Luc or PBS groups were determined by real-time RT-PCR, and data were quantified by the comparative
AACt method by using human GAPDH as the internal standard. “p<0.05 compared with PBS groups, #p<0.05 compared with Y703F-Luc groups.
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One of the biggest challenges hindering
Ang-(1-7)’s therapeutic use is degradation, as it is a
seven-amino acid peptide and the in vivo half-life time
is very short. Several solutions are mentioned in
patent documents such as cyclization, modification or
extension of amino acids, and combination with other
compounds [28]. In other studies mice have been
treated with Ang-(1-7) via continuous infusion from
osmotic minipumps [29]. Our previous study
demonstrated that AAV-based gene therapy is
potentially effective and useful for Ang-(1-7) delivery
in cancer gene therapy. Building on this, we
attempted to minimize the vector producing cost and
intracellular vector degradation to further improve
AAV in vivo transduction.

It has been widely reported that tyrosine
mutations in AAV8 can mediate enhanced gene
delivery in liver, retina and lung tissues [22, 30, 31]. In
this study, we have successfully generated three
tyrosine mutants of the AAVS capsid with differing
and tissue specific gene delivery enhancements.
However, none of the constructs made in the current
study could elicit 10- to 20-fold enhancement such as
those observed in the retina from previous findings
[21]. Notably, tyrosine phosphorylation may play an
important role in these tissues. Certain mutant vectors
can successfully escape phosphorylation and
proteasome-mediated degradation and thus achieve
more efficient gene delivery. The route of
administration may also be an important variable in
our experiments. In our study, vectors were delivered
by tail vein injection, which results in wider vector
distribution than subretinal or intravitreal injection.
However, the consequence might be that tail vein
injected vectors are more susceptible to the humoral
immune response leading to vector degradation.
Lastly, mutations on the AAV capsid may also affect
its interaction with cellular receptors, intracellular
trafficking to the nucleus, and host immune
recognition during the infection [32]. Our study
demonstrated that the mutant Y703F elicited a
significant enhancement in systemic gene expression
level and liver tropism (Figures 1, 2), suggesting great
potential in improving gene therapy applications.

Conclusions

In summary, the AAV8 capsid mutant (Y703F)
generated in this study led to significant
improvements in systemic transgene expression and
long-term and high efficiency expression of Ang-(1-7)
in vivo, resulting in significant attenuation of the
growth of hepatocellular carcinoma by decreasing
expression of the proangiogenic and proliferative
factors. These data suggested that AAVS
(Y703F)-mediated Ang-(1-7) may serve as a useful and

efficient approach for hepatocellular carcinoma gene
therapy.
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