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Herpes simplex virus type 1 VP22-mediated intercellular
delivery of PTEN increases the antitumor activity of PTEN in
esophageal squamous cell carcinoma cells in vitro and in vivo
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Abstract. In the past decade, studies have revealed that the
phosphatase and tensin homolog (PTEN) protein, a tumor
suppressor, comprises a potential biological marker and thera-
peutic target for esophageal squamous cell carcinoma (ESCC).
As such, the delivery of the PTEN gene represents a powerful
strategy for ESCC therapy. The tegument protein VP22 of
herpes simplex virus type 1 (HSV-1) has been reported to
act as a transporter of heterologous proteins across the host
cell membrane, thereby enhancing the biological functions of
these proteins. In the present study, the intercellular delivery
and antitumor activity of the fusion protein PTEN-VP22 were
examined in the esophageal squamous cell carcinoma cell
line Ecal09 both in vitro and in vivo. VP22-mediated PTEN
intercellular delivery was confirmed in the Ecal(09 cells by
western blot analysis and by quantitation of immunofluores-
cence. VP22 alone did not exert antiproliferative effects or
induce cell cycle arrest, induction of apoptosis, blockage of the
Akt and focal adhesion kinase (FAK) pathways, tumor growth
inhibition, or antiangiogenic effects in Ecal09 cells. However,
compared with PTEN alone, PTEN-VP22 exerted significantly
higher antiproliferative effects and induced cell cycle arrest at
G1 stage, apoptosis and antiangiogenic effects in Ecal09 cells.
Together, our findings demonstrate that VP22 alone does not
exert antitumor activity directly; however, this protein medi-
ates the intercellular delivery of PTEN and thereby increases
its intracellular concentration to achieve a therapeutic steady
state, leading to an overall increase in the antitumor activity
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of PTEN. This study provides further experimental data to
confirm the potential of VP22-based intercellular delivery
strategies for enhancing the efficacy of gene therapy for cancer
treatment.

Introduction

Esophageal cancer is one of the most common fatal types of
cancer worldwide. In China, esophageal cancer ranks as the
fourth leading cause of cancer-related mortality. Esophageal
squamous cell carcinoma (ESCC) and esophageal adenocar-
cinoma are the two major histological types of esophageal
carcinoma (1), and ESCC is the main histological subtype
in the so-called Asian belt, which includes Turkey, north-
eastern Iran, Kazakhstan and northern and central China (2).
Although several strategies have been developed for the treat-
ment of ESCC, including surgery, chemotherapy, radiation and
comprehensive treatment, the 5-year overall survival rate for
ESCC remains as low as 20-30% (3). Therefore, more effective
and targeted therapies for ESCC are urgently needed.

Loss of the phosphatase and tensin homolog (PTEN)
protein, a tumor suppressor, has been reported as a prognostic
factor in numerous types of cancer such as endometrial carci-
nomas, gliomas, prostate carcinomas, gastric cancers, lung
and breast cancers (4-9). Recent studies have revealed that the
expression of PTEN is correlated with prognosis in patients
with ESCC (10-12). Increased activity of the PTEN/PI3K/Akt
signaling pathway was found to inhibit ESCC cell prolifera-
tion both in vitro and in vivo (13,14). Conversely, ESCC cell
proliferation is enhanced by transfection with a PTEN anti-
sense oligonucleotide (15). Therefore, delivery of the tumor
suppressor gene PTEN represents a powerful strategy for
ESCC therapy. However, to date, there have been few reports
of PTEN transfer-based gene therapies for the treatment of
ESCC. A previous study demonstrated that the adenovirus-
mediated transfer of PTEN inhibits the growth of esophageal
cancer cells in vitro and in vivo (16). Since virus-mediated gene
therapy is associated with safety problems, the use of non-viral
vectors for cancer gene therapy is a potential alternative. Of
these, cell-penetrating peptides (CPPs) have attracted consid-
erable attention for their potential utility in the delivery of
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exogenous molecules into living cells. Tegument protein VP22
of herpes simplex virus type 1 (HSV-1) is a CPP that is capable
of transporting heterologous proteins, such as p53, p27, cyto-
sine deaminase, and Hsp70, across the cell membrane, thereby
enhancing the biological functions of these proteins (17-20).
However, the mechanisms involved in the delivery of these
proteins by VP22 have not been fully characterized.

We previously reported that VP22-mediated intercellular
delivery of PTEN enhances the antitumor effects of PTEN in
the breast tumor cell line BT549 (21). In the present study, the
intercellular delivery and the antitumor activity of the fusion
gene PTEN-VP22 were examined in an ESCC cell line both
in vitro and in vivo.

Materials and methods

Cell culture. Human esophageal carcinoma cells (Ecal09) were
cultivated in Dulbecco's modified Eagle's medium (DMEM,;
Gibco-Life Technologies, Carlsbad, CA, USA) supplemented
with 10% bovine serum (FBS; Gibco), 100 U/ml penicillin and
100 mg/ml streptomycin at 37°C with 5% CO,.

Eukaryotic expression vector construction. The pcDNA3-
VP22, pcDNA3-PTEN and pcDNA3-PTEN-VP22 vectors
were utilized in the present study for the expression of wild-
type human PTEN protein, HSV-1 VP22 protein, and the
N-terminal VP22-fused PTEN protein (PTEN-VP22), respec-
tively, as previously described (21).

Cell transfection. Ecal(09 cells were grown to 70% conflu-
ency and washed twice with phosphate-buffered saline
(PBS). Washed cells were transfected with the plasmids
diluted in serum-free DMEM containing Lipofectamine 2000
reagent (Invitrogen-Life Technologies, Waltham, MA, USA),
according to the manufacturer's instructions. Prior to the start
of the experiment, transfection efficiency was determined
using pSV-B-galactosidase (Promega, Madison, WI, USA).

Western blot analysis. Ecal09 cells were transfected with
5 ug/ml of pcDNA3, pcDNA3-PTEN, pcDNA3-PTEN-VP22,
or pcDNA3-VP22. After 48 h, total protein was extracted
from the cells. Protein concentrations were determined using
the Bradford assay (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Proteins were separated by 10% SDS-PAGE and
immunoblotting was performed using primary antibodies
specific to PTEN (Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), phospho-Akt (Serd73; Cell Signaling Technology,
Inc., Danvers, MA, USA), or phospho-FAK (Tyr576/577,
Cell Signaling Technology). Horseradish peroxidase-
conjugated anti-IgG (Santa Cruz Biotechnology) was used
as the secondary antibody for the DAB detection system
(Wuhan Boster Biological Technology, Ltd., Wuhan, China).
Antibodies specific to total Akt (Cell Signaling Technology),
total FAK (Cell Signaling Technology), or (3-actin (Wuhan
Boster Biological Technology) were used as loading controls.
Each test was repeated in triplicate.

Immunofluorescence quantitation. Ecal09 cells were trans-
fected with 5 ug/ml of each plasmid. After 48 h, cells were
fixed in cold methanol for 10 min at 25°C and then permeabi-
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lized by incubation with 0.2% Triton X-100 for 90 min at 25°C.
After blocking for 30 min in 5% non-fat milk at 25°C, cells
were incubated with rabbit anti-PTEN antibody (Santa Cruz
Biotechnology) at 4°C overnight. After three washes, cells
were incubated with fluorescein isothiocyanate-conjugated
sheep anti-rabbit IgG (Santa Cruz Biotechnology) for 1 h at
25°C and analyzed using a Fluoroskan Ascent FL microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). Each
test was repeated in triplicate.

Analysis of cell proliferation by Cell Counting kit-8 assay.
Ecal09 cells were transfected with 10 pg/ml of pcDNA3 and
varying concentrations (2, 4, 6, 8 or 10 yg/ml) of pcDNA3-
VP22, pcDNA3-PTEN or pcDNA3-PTEN-VP22. Different
quantities of pcDNA3 were added to each well to ensure that
the same overall amount of DNA was present in every well.
Transfected cells were harvested at 10 h and plated in 96-well
plates (Corning Life Sciences, Tewksbury, MA, USA) at a
density of 3,000 cells/well for each treatment condition. At 24,
48 and 72 h after transfection, 10 ul of WST-8 dye (Beyotime
Institute of Biotechnology, Shanghai, China) was added to each
well. Plates were incubated at 37°C for 1 h and the absorbance
(A) at 450 nm was measured using an iMark bio-microplate
reader (Bio-Rad Laboratories). Cell survival was determined
aS A eaed/Aconirol- Each test was repeated in triplicate.

Cell cycle analysis. Ecal09 cells were transfected with
6 ug/ml of each vector. Forty-eight hours later, cells were
harvested by trypsinization, fixed with 70% ethanol and stored
at -20°C overnight. Cell nuclei were stained by incubation for
30 min with 0.2 mg/ml RNase solution (Beyotime Institute
of Biotechnology) and 0.05 mg/ml propidium iodide (PI).
Analysis was performed using a FACSVantage SE flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Each
test was repeated in triplicate.

Analysis of apoptosis by Annexin V/PI double staining. Ecal09
cells were transfected with 6 xg/ml of each vector. Forty-eight
hours later, cells were double stained using an Annexin V/PI
apoptosis detection kit (Beyotime Institute of Biotechnology),
according to the manufacturer's instructions. Cell apoptosis
was then evaluated using a FACSVantage SE flow cytometer
(BD Biosciences). Each test was repeated in triplicate.

Animal experiments. The present study was carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals (2011). All animal experiments were conducted
in the Experimental Animal Center of Chongqing Medical
University. The use of animals and the experimental proto-
cols were approved by the Animal Care and Use Committee
of Chongqing Medical University. Female 4- to 6-week-old
BALB/c nude mice (Animal Laboratory Center of Chongqing
Medical University) were maintained in specific pathogen-
free, environmentally controlled conditions on standard
laboratory chow. Ecal09 cells were suspended in serum-free
medium at a density of 1x107/ml, and 0.1 ml of the suspen-
sion was injected subcutaneously into the dorsal area of each
nude mouse. Thirty-two tumor-bearing mice were divided
randomly into four groups (n=8/group), and treatments were
carried out when the tumors had grown to 6 mm in diameter.
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A mixture of 100 pg of the vector and 100 ul of Lipofectamine
2000 reagent (Invitrogen Life Technologies) were injected
intratumorally into each mouse from each group, followed by
another injection the next day. One group was injected with
pcDNA3 and was designated the control group. The other
groups were treated with pcDNA3-PTEN, pcDNA3-VP22,
or pcDNA3-PTEN-VP22. Tumor growth was measured using
calipers every other day after the second injection, and tumor
volume was calculated using the following formula: Tumor
volume (mm?®) = length x width? x 0.5. After 15 days, the mice
were sacrificed using diethyl ether and tumor specimens were
harvested for western blot or immunohistochemical analysis.

Microvessel counting by immunohistochemistry. Tumor
tissue specimens were formalin-fixed and paraffin-embedded
(FFPE). Sections from FFPE tissues were subjected to immu-
nohistochemical staining according to a standard method.
Briefly, 4-um thick sections were obtained using a microtome,
transferred onto adhesive slides and dried at 59°C for 60 min.
After deparaffinization and rehydration, the sections were
treated with a 3% hydrogen peroxide solution for 10 min to
block endogenous peroxidase and then pretreated for antigen
retrieval in 10 mM citrate buffer (pH 6.0) in a microwave
oven for 20 min. Tissue sections were incubated at room
temperature for 1 h with a CD31-specific antibody (Santa Cruz
Biotechnology) and then a horseradish peroxidase-labeled
anti-immunoglobulin for 30 min. Sections were then devel-
oped with 3,3'-diaminobenzidine. To quantify the microvessel
density of the tumor sections, the microvessels in three
randomly selected fields of one randomly selected section of
each mouse were counted at a magnification of x20 (Eclipse
50i microscope; Nikon, Tokyo, Japan). Every single brown-
stained cell and cell cluster was calculated as a blood vessel.

Statistical analysis. Data are expressed as means + standard
error of the mean (SEM). Statistical analysis was performed
across multiple groups using analysis of variance (ANOVA)
and confirmed between individual groups using the Student-
Newman-Keuls method. P<0.05 was considered statistically
significant.

Results

VP22 mediates PTEN intercellular delivery in Ecal09 cells.
We previously reported that VP22 mediates the intercellular
delivery of PTEN in the breast tumor cell line BT549 (21).
In the present study, trafficking of the PTEN-VP22 fusion
protein was examined in Ecal09. Western blot analysis
showed that the pcDNA3-PTEN-transfected cells exhib-
ited high levels of PTEN expression (~60 kDa), and that
pcDNA3-PTEN-VP22-transfected cells exhibited higher
expression of PTEN-VP22 (~90 kDa). Except for those
transfected with pcDNA3-PTEN, each of the cell populations
expressed very low endogenous levels of PTEN at 48 h after
treatment (Fig. 1A). Plasmid-transfected Ecal(09 cells were
observed by immunofluorescence microscopy and the levels of
PTEN expression were determined by fluorescence quantita-
tion (Fig. 1B). At48 h after transfection, there was no difference
in PTEN-specific fluorescence between the pcDNA3 (nega-
tive control)- and the pcDNA3-VP22-transfected cells. High

ONCOLOGY REPORTS 35: 3034-3040, 2016

A ‘. .\_\iqﬂ
D ..&—?\( \.o:f\-\:;‘ .,::—*"vﬁ
v‘oﬁl Q“\‘w & &
PTEN-VP22 —_—
PTEN RS

p-actin

pcDNA3

pcDNA3-PTEN

pcDNA3-PTEN-VP22 pcDNA3-VP22

ok
k¥

FeEpRRR O
S = N W o o1 Oy =1 00

Fluorescence quantitation

pcDNA3

pcDNA3-PTEN pcDNA3-PTEN-VP22 pcDNA3-VFP22

Figure 1. VP22 mediates PTEN intercellular trafficking in Ecal09 cells.
(A) PTEN-VP22 fusion protein expression in Ecal09 cells at 48 h after trans-
fection. (B) Fluorescence quantitation of PTEN-VP22 and PTEN in Ecal09
cells using an anti-PTEN antibody at 48 h after transfection. ““P<0.001.

levels of fluorescence were detected in the pcDNA3-PTEN
(P<0.001 vs. pcDNA3) and pcDNA3-PTEN-VP22 (P<0.001
vs. pcDNA3) groups. Additionally, the pcDNA3-PTEN-
VP22 group exhibited a higher level of fluorescence than
the pcDNA3-PTEN group (P<0.001). These results suggest
that VP22 may mediate the intercellular delivery of PTEN,
resulting in increased distribution of the latter within Ecal09
cells.

VP22 enhances PTEN-mediated antiproliferative activity
in Ecal09 cells. Ecal09 cells were transfected with various
doses (2,4, 6, 8 and 10 ug/ml) of pcDNA3-PTEN, pcDNA3-
PTEN-VP22 or pcDNA3-VP22, and cell survival rates were
evaluated at 24, 48 and 72 h after transfection. As shown in
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Figure 2. VP22 enhances PTEN-mediated antiproliferative activity in
Ecal09 cells. (A) Dose-response curve for the antiproliferative activity of
pcDNA3-PTEN-VP22 in Ecal09 cells. (B) Time-response curve showing
the antiproliferative activity of pcDNA3-PTEN-VP22 in Ecal(09 cells. Cell
survival was determined as A .,ca/Acontrol-

Fig. 2, there was no difference in the cell survival rates of the
pcDNA3 and the pcDNA3-VP22 group (P>0.05), indicating
that VP22 alone did not exert antiproliferative effects on
Ecal09 cells. In contrast, cell proliferation was inhibited in the
pcDNA3-PTEN and pcDNA3-PTEN-VP22 groups in a dose-
and time-dependent manner. Indeed, both pcDNA3-PTEN
and pcDNA3-PTEN-VP22 exhibited a significantly greater
antiproliferative activity compared with pcDNA3 at identical
concentrations (2-10 pg/ml) at 24,48 and 72 h post-transfection
(P<0.001; Fig. 2A). Furthermore, the efficacy of inhibition of
proliferation by pcDNA3-PTEN-VP22 was greater than that
of pcDNA3-PTEN (P<0.001 at the same concentrations at

3037

80
[] peDNA3

70 peDNA3-PTEN

=X
DNA3-PTEN-VP22

“ 60} M
E [] peDNA3-VP22

50
g
(=]
o 4H0F
&
- -
= 30
b3
e L
= 20
B

10

0 1 1
Gl G2
B peDNAS peDNA3-PTEN
g Gl:53.89% Gl:60.52%
5:26.84% 5:14.72%

1200

G2:19.27% G2:24.76%

00

aiid

Cell  Number

400
Cell Number

chd

20 .
DNA Content

PeDNAI-PTEN-VP22

1600

B8 Gl:71.66% Gl: 55.47%
$:0.33% - §:26.99%
G2:28.01% 2] G2:17.54%

Cell  Number
00

Cell  Number

400

£ 120
DNA Content

£0 120
DNA Centent

Figure 3. VP22 enhances PTEN-mediated cell cycle arrest at G1 in Ecal09
cells. (A) Cell cycle analysis of Ecal09 cells at 48 h post-transfection.
(B) Results from one representative experiment are shown. ““P<0.001.

24,48 and 72 h; Fig. 2A). Higher concentrations of pcDNA3-
PTEN-VP22 were found to yield significantly lower levels of
Ecal09 proliferation than lower concentrations (2-10 pg/ml)
at each time-point (P<0.001; Fig. 2B). Therefore, these results
suggest that VP22 enhances the antiproliferative activity of
PTEN in Ecal09 cells.

VP22 enhances PTEN-mediated cell cycle arrest at GI phase
in Ecal09 cells. The cell cycle distribution of Ecal09 cells
was examined at 48 h after transfection with 6 ug/ml of each
plasmid. As shown in Fig. 3, the cell cycle distribution of the
pcDNA3 group did not differ from that of the pcDNA3-VP22
group (P>0.05), indicating that VP22 alone did not affect cell
cycle progression in Ecal09 cells. Compared with pcDNA3,
treatment with pcDNA3-PTEN and pcDNA3-PTEN-VP22
resulted in significant increases in the percentage of cells in
G1 phase (P<0.001) and a significant concomitant decrease in
the number of cells in the S phase (P<0.001; Fig. 3). However,
pcDNA3-PTEN-VP22 induced higher rates of G1 arrest than
pcDNA3-PTEN (P<0.001). These findings suggest that VP22
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Figure 4. VP22 enhances PTEN-mediated apoptotic induction in Ecal09
cells. (A) The percentage of apoptotic cells was compared between all groups
at 48 h after transfection. (B) Results from one representative experiment are
shown. "“P<0.001.

enhances the rate of PTEN-mediated G1 cell cycle arrest in
Ecal09 cells.

VP22 enhances PTEN-mediated apoptotic induction in
Ecal09 cells. To determine whether the antitumor activity of
PTEN-VP22 in EcalQ9 cells occurs via the induction of apop-
tosis, cells were stained with Annexin V and PI and visualized
by fluorescence photomicrography. Cells were examined
at 48 h after transfection with 6 yg/ml of various plasmids.
Compared with pcDNA3 (the negative control), pcDNA3-VP22
did not induce higher levels of apoptosis; however, the rate of
apoptosis of cells transfected with pcDNA3-PTEN differed
significantly from those transfected with pcDNA3 (P<0.001;
Fig. 4). In addition, a significant increase in apoptosis was
detected in cells transfected with pcDNA3-PTEN-VP22 vs.
pcDNA3-PTEN (P<0.001), indicating that VP22 enhances
PTEN-mediated induction of apoptosis in Ecal09 cells.

VP22 enhances PTEN-mediated decrease in the level of
phosphorylated Akt and FAK in Ecal09 cells. Depending on
the specific plasmids transfected, we observed different levels
of Akt phosphorylation at Ser473 and FAK phosphorylation
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Figure 5. VP22 enhances the PTEN-mediated decrease in the levels of phos-
phorylated Akt and FAK.

at Tyr576/577 (Fig. 5). Phospho-Akt and phospho-Fak were
highly expressed in the pcDNA3 pcDNA3-VP22 groups. In
contrast, these proteins were expressed at low levels in the
pcDNA3-PTEN group and at very low levels in the pcDNA3-
PTEN-VP22 group. These results indicate that VP22 alone
does not affect the levels of phosphorylated Akt and FAK,
but enhances the PTEN-mediated decrease in the levels of
phospho-Akt and phospho-FAK.

VP22 enhances PTEN-mediated antitumor efficacy in vivo.
Results from our present in vitro experiments indicate that
PTEN-VP22 and PTEN exert antitumor effects on Ecal09 cells
in vitro. To further these studies, we examined the antitumor
effects of PTEN-VP22 in vivo using a transplanted tumor nude
mouse model. Exposure of mice to pcDNA3-PTEN-VP22 and
pcDNA3-PTEN resulted in significant suppression of tumor
growth over a 15-day observation period (P<0.01), compared
with the control group (Fig. 6A). Additionally, significant
suppression of tumor growth was detected in the pcDNA3-
PTEN-VP22-treated mice vs. the pcDNA3-PTEN-treated
mice (P<0.01). However, no obvious difference in tumor
growth was observed between the pcDNA3-VP22-treated mice
and the control mice (P>0.05). Additionally, we examined
the antiangiogenic effect of PTEN-VP22 on Ecal09 tumors.
CD31 was used to analyze microvessel density. CD31-positive
vessels were abundant in pcDNA3- and pcDNA3-VP22-
treated Ecal09 tumors (P>0.05). In contrast, the microvessel
density was significantly decreased in the pcDNA3-PTEN-
and pcDNA3-PTEN-VP22-treated Ecal09 tumors (P<0.01;
Fig. 6B), and was much lower in the pcDNA3-PTEN-VP22-
treated tumors than in those treated with pcDNA3-PTEN
(P<0.01). These findings demonstrate that VP22 alone does
not exert antitumor effects, but that VP22 may enhance PTEN-
mediated antitumor efficacy in vivo.

Discussion

Research during the past decade has demonstrated that PTEN
comprises a potential biological marker and therapeutic target
for ESCC (10-15). However, since the efficiency and targeting
of gene transfer approaches remain low, there have been only a
few reports on PTEN gene therapy for the treatment of ESCC.
Regardless, CPPs that are capable of carrying large macro-
molecules across cellular membranes with high efficiency and
minimal toxicity have recently been found to overcome the
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cell membrane impermeability issues associated with gene
transfer (22).

VP22 interacts with the cell membrane more easily in
a partially unfolded state (23). The motif responsible for
the ability of the HSV-1 VP22 protein to penetrate the cell
membrane lies in the C-terminal 34-amino acids ‘DAA
TATRGRSAASRPTERPRAPARSASRPRRPVD’ (24).
Additionally, our previous findings (21) demonstrated that the
C-terminus of VP22 is essential for intercellular delivery. In
this study, expression vectors for the wild-type PTEN gene
and the PTEN-VP22 fusion gene were constructed and their
antitumor activities were compared in the Ecal09 ESCC cell
line with low endogenous expression of PTEN (Fig. 1).

High expression levels of PTEN and higher expression
levels of the PTEN-VP22 fusion protein were observed in the
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pcDNA3-PTEN group and the pcDNA3-PTEN-VP22 group,
respectively (Fig. 1A). Furthermore, the pcDNA3-PTEN-VP22
group exhibited a higher level of PTEN fluorescence than
the pcDNA3-PTEN group. The results of our previous study
demonstrated (21) that VP22 transports PTEN across the cell
membrane in BT549 cells with a typical VP22 pattern (primary
transfected cells with cytoplasmic and nuclear staining
surrounded by recipient cells with nuclear staining), resulting
in a wider distribution, without affecting the subcellular
localization of this protein. These results suggest that VP22
may increase PTEN distribution via intercellular delivery in
Ecal09 cells as well. Several reports have indicated that prolif-
eration of ESCC cells is inhibited via increased PTEN activity
both in vitro and in vivo (13,14). In this study, to demonstrate
whether the VP22-mediated increase in PTEN distribution
enhances the antitumor activity of PTEN in Ecal09 cells, we
investigated the effects of PTEN-VP22 on the behavior of
Ecal09 cells both in vitro and in vivo. The PTEN-VP22 fusion
protein induced a stronger, time- and dose-dependent antipro-
liferative effect than PTEN alone in vitro (Fig. 2). Conversely,
VP22 did not display antiproliferative effects in Ecal09 cells
(Fig. 2A), suggesting that the observed increase in antiprolif-
erative activity is due to the delivery of PTEN by VP22.

To elucidate the mechanisms by which PTEN-VP22
induces these antitumor effects, we investigated whether
higher levels of protein delivery were correlated with cell
cycle arrest or increased apoptotic activity in Ecal09 cells.
Cell cycle analysis demonstrated that treatment with PTEN-
VP22 resulted in enhanced cell cycle arrest at G1 phase
compared with PTEN. Conversely, VP22 did not alter the cell
cycle distribution in Ecal09 cells (Fig. 3). Previous studies
have shown that transduction of the wild-type PTEN gene
into cancer cells induces apoptosis (25,26). Here, we observed
that PTEN-VP22 enhanced apoptosis relative to PTEN alone,
whereas VP22 had no effect on apoptosis levels (Fig. 4).
These data suggest that VP22 enhances PTEN-mediated G1
cell cycle arrest and apoptosis in Ecal09 cells, which may be
induced by the VP22-mediated intercellular distribution of
PTEN.

PTEN is involved in the regulation of a variety of signal
transduction pathways, e.g. PTEN suppresses the PI3K/Akt
pathway via dephosphorylation of PIP3 (phosphatidylinositol
3.4,5-triphosphate) (27), thereby inhibiting tumor proliferation
and migration and inducing apoptosis (28,29). PTEN is also
involved in the dephosphorylation and inactivation of FAK,
thereby additionally regulating tumor angiogenesis, migra-
tion, invasion and metastasis (30,31). In the present study, we
investigated whether higher PTEN delivery levels were corre-
lated with decreased levels of phosphorylated Akt or FAK in
Ecal09 cells. The phospho-Akt and phospho-FAK levels were
significantly lower in the presence of PTEN-VP22 than of
PTEN in Ecal09 cells, but were not altered by VP22 alone
(Fig. 5). Together, these data demonstrate that VP22 enhances
PTEN-mediated suppression of the PI3K/Akt and FAK path-
ways, consequently enhancing the antitumor activity of PTEN.

Finally, to empirically investigate the inhibitory effect
of PTEN-VP22 on tumor growth directly, we developed an
in vivo tumor model involving the intratumoral administra-
tion of pcDNA3, pcDNA3-PTEN, pcDNA3-PTEN-VP22 or
pcDNA3-VP22. While treatment with PTEN alone resulted in
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moderate inhibition of tumor growth and angiogenic effects
in Ecal09-bearing mice, PTEN-VP22 markedly suppressed
tumor growth and exerted strong angiogenic effects. In
contrast, tumor growth and angiopoiesis were not altered by
VP22 alone.

In summary, VP22 alone does not directly exert antitumor
activity, but mediates the intercellular delivery of PTEN,
thereby causing increased number of cells containing PTEN,
which results in cells achieving a therapeutic steady state.
This leads to an overall increase in the antitumor activity of
PTEN, which is correlated with increased antiproliferative
effects, cell cycle arrest at G1, induction of apoptosis and
antiangiogenic effects. Therefore, our findings show that
VP22-mediated intercellular delivery of PTEN enhances the
antitumor effects of the latter, providing further experimental
data for enhancing the efficacy of PTEN-based gene therapy
against cancer. In future studies, we plan to focus on the devel-
opment of targeting delivery systems based on PTEN-VP22
gene therapy and assess the safety of these gene therapies.
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