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Abstract

AIM: To determine whether SP-TAT-apoptin induces
apoptosis and also maintains its tumor cell specificity.
METHODS: In this study, we designed a secretory
protein by adding a secretory signal peptide (SP) to
the N terminus of Transactivating Transcription (TAT)-
apoptin (SP-TAT-apoptin), to test the hypothesis that
it gains an additive bystander effect as an anti-cancer
therapy. We used an artificial human secretory SP
whose amino acid sequence and corresponding cDNA
sequence were generated by the SP hidden Markov
model.

RESULTS: In human liver carcinoma HepG2 cells,
SP-TAT-apoptin expression showed a diffuse pattern in
the early phase after transfection. After 48 h, however,
it translocated into the nuclear compartment and
caused massive apoptotic cell death, as determined by
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay and annexin-V binding assay.
SP-TAT-apoptin did not, however, cause any cell death
in non-malignant human umbilical vein endothelial cells
(HUVECs). Most importantly, the conditioned medium
from Chinese hamster ovary (CHO) cells transfected
with SP-TAT-apoptin also induced significant cell death
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in HepG2 cells, but not in HUVECs.

CONCLUSION: The data demonstrated that SP-TAT-
apoptin induces apoptosis only in malignant cells,
and its secretory property might greatly increase its
potency once it is delivered /in vivo for cancer therapy.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

Apoptin or viral protein 3 (VP3), a protein of 13.6 kDa
detived from the chicken anemia virus (CAV), represents
a new anti-cancer tool with great potential ™, It appears
to have innate tumor-specific, p53-independent™"),
Bcl-2-enhanced proapoptotic activityH’iJ, and hence is of
considerable interest for efficient targeting and specific
elimination of cancer cells™**?. The antitumor activity of
apoptin appears to be linked to its ability to localize in the
nuclei of transformed cells, but not in those of primary
or non-transformed cells”. Therefore, apoptin has
been explored to achieve efficient targeting and specific
elimination of cancer cells.

To use apoptin in cancer therapy, efficient delivery to
or expression of apoptin in cancer cells is required. The
Human Immunodeficiency Virus (HIV) Transactivating
Transcription (TAT)-derived protein transduction
peptide is a small basic peptide that has been successtully
shown to deliver a large variety of materials, from small
particles to proteins, peptides and nucleic acids, across
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11 The region that conveys the

the cell membrane
cell-penetrating properties appears to be confined to a
small (11 amino acids) stretch of basic amino acids (aa
47-57, YGRKKRRQRRR)", This TAT transduction
domain has been successfully used to deliver apoptin to
cancer cells"”.

In this study, we designed a secretory TAT-apoptin
fusion protein by adding a secretory signal to the
N-terminal of the recombinant molecule to gain an
additive by-stander effect as an anti-cancer therapy.
Secreted TAT-apoptin from transformed cells enters
un-transformed cancer cells and causes apoptosis. We
employed an artificial human secretory signal peptide (SP)
whose amino acid sequence and corresponding cDNA
sequences were generated by an SP hidden Markov
model (SP—HMM)“S]. We demonstrated expression of
the secretory fusion protein (SP-TAT-apoptin) and
induction of apoptosis by the secreted protein in HepG2
cells.

MATERIALS AND METHODS
Generation and cloning of SP-TAT-apoptin

The human secretory SP was designed and optimized
by an HMM that has been used to predict, identify
and generate secretory SP sequences'”. PCR was used
to amplify the apoptin gene and to incorporate the
TAT transduction domain and SP sequence upstream.
The primers were designed based on the published
sequences in GenBank (NC_001427), and synthesized
by Shanghai Sangon Biological Engineering Technology
& Services (Shanghai, China). The first pair of designed
primers were: 5'AAGAATGAACGCTCTGCAGG
AAGATACTCC-3' (sense) and 5'-CTGCAGTCTTA
TACGCCTTTTTGCGG-3' (antisense), with a product
size of 406 bp. The sense primer contains the TAT
transduction domain sequence. The second pair of
primers, which incorporated the secretory signal
sequence into the TAT-apoptin fusion protein, were: 5'
GCTGCTGCTGCTGCTGCTGTGGCCCATGGTG
TGGGCCTATGGCAGG-3' (sense) and the same
antisense primer as the first pair, with a product size of
466 bp. The templates used for generating recombinant
TAT-apoptin and TAT-GFP in the first round PCR were
the apoprin and gfp genes carried on pCDNA3.1-apoptin
plasmid"®” and pEGFP plasmid, respectively. The
conditions for both rounds of PCR were as follows: 30
cycles of 94°C for 40 s, 56°C for 40 s, and 72°C for 1 min.
The PCR products obtained were TOPO" cloned into
the pLenti6/V5-D-TOPO" vector (Invitrogen, USA)
resulting pLenti6/V5-D-TOPO/SP-TAT-apoptin and
pLenti6/V5-D-TOPO/SP-TAT-EGFP. The plasmids
were transformed into Stbl3™ Escherichia coli (E.coli)
(Invitrogen) by electroporation. The SP-TAT-apoptin
cDNA cloned in pLenti6/V5-D- TOPO" vector was
confirmed by restriction enzyme digestion and by DNA
sequencing,

Cell lines and cell culture
HepG2 human hepatoma cells, human umbilical vein

endothelial cells (HUVECs) and Chinese hamster ovary
(CHO) cells were purchased from Keygen Company
(Nanjing, China). All cells were maintained and grown at
37°C in DMEM (Hyclone, USA), supplemented with 1%
penicillin—streptomycin, and 10% fetal bovine serum in
an incubator with CO, controlled at 5%.

Conditioned medium: The conditioned medium from
Chinese hamster ovary (CHO) cells transfected with
SP-TAT-apoptin. (CHO cells were cultured in a six-
well plate. The cells were transfected with the pLenti6/
V5-D-TOPO/SP-TAT-apoptin plasmid using the
LipofectarnineTM 2000 protocol according to manufacturer’s
mnstructions (Invitrogen). After 6 h incubation, the cells
were washed with fresh culture medium and cultured for
an additional 24 h. The culture supernatants were then
collected and added, respectively, to the monolayers of
HepG2 cells and HUVECs grown in 24-well plates. )

Stbl3™ Escherichia coli: Stb13™ E. wii for transfor-
mation as this strain is particularly well-suited for
use in cloning unstable DNA such as lentiviral DNA
containing direct repeats.

Reverse transcriptase-PCR (RT-PCR)

Cells were rinsed twice with PBS and total RNA
was isolated from cells using a Simply P Total RNA
Extraction Kit (Bioer, Japan) according to the
manufacturer’s instructions. One microgram of total
RNA was reverse transcribed to first-strand cDNA
with Superscript II reverse transcriptase (Invitrogen)
at 46°C for 45 min. Synthesized first-strand cDNA
was then subjected to PCR analysis using gene-specific
primers. The primers used were: CMV forward 5'
-CGCAAATGGGCGGTAGGCGTG-3" and V5(C-
term) reverse 5ACCGAGGAGAGGGTTAGGGAT-3',
with a product size of 700 bp. The PCR conditions were
as follows: 30 cycles at 94°C for 40 s, 56°C for 40 s, and
72°C for 1 min for SP-TAT-apoptin; 25 cycles at 94°C
for 30 s, 60°C for 45 s, and 72°C for 1 min for B-actin
control. PCR products were run on 1.5% agarose gels
containing ethidium bromide and photographed using a
Syngene Gene Genius imaging system (Syngene, USA).

Transient transfection and fluorescence microscopy
Cells were cultivated in 24-well culture plates. In each
well, the cells were grown at 50%-80% confluency and
transfected with 400 ng plasmid DNA pre-incubated
with 1.4 pL Lipofectamine™ 2000 (Invitrogen),
according to the manufacturer’s instructions. Coverslips
were placed at the bottom of the wells to allow the
cells grow on the slides. Apoptin expression was
detected with anti-V5-FITC antibody (Invitrogen) as
green fluorescence, and the cell nuclei were stained by
propidium iodide (PI) as red fluorescence. The cells
were incubated with anti-V5-FITC antibody in the dark
for 1 h and washed twice with PBS before staining with
PI. Fluorescence images were recorded on a confocal
imaging system equipped with krypton—argon laser (Leica
SP2 Confocal System, Germany).
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Figure 1 SP-TAT-apoptin expression in HepG2 cells (x 1000). Cells transfected with plenti6/V5-D-TOPO/SP-TAT-apoptin plasmid and fixed at 24 h (A) and 48 h (B)
post-transfection. Recombinant apoptin detected by anti-V5-FITC antibody is shown in green and cell nuclei stained by Pl in red. Apoptin protein showed a diffuse

pattern in the cytoplasm at 24 h post-transfection, and in the nucleus at 48 h.

Flow cytometry

The loss of cell membrane asymmetry in apoptotic cells
was determined by using an Annexin-V FITC Apoptosis
Assay Kit (Keygen, China). Apoptin-expressing cells
were stained with annexin-V FITC as green fluorescent
cells, and the nuclei of the apoptotic cells were stained
by PI with red fluorescence. After staining, the cell
suspensions were analyzed on a Cytometric FC500
flow cytometer, and 10° events were collected for each
sample. Viable cells were defined as annexin-V FITC
and PI double-negative events.

Cell viability assay

Cell viability was also determined by the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) dye reduction assay which measures
mitochondrial respiratory function”'"®. Exponentially
growing cells were plated in 96-well flat bottom plates
(Corning, USA) and allowed to adhere for 24 h. At
various times post-transfection with the recombinant
plasmid, cells were incubated with MTT dye (1 mg/mL)
for 2 h and solubilized with 20 uL. 10% SDS. A4, was

then measured.

DNA laddering assay

DNA fragmentation was detected using an Apoptotic
DNA Laddering Kit (Keygen) according to the
manufacturer’s instructions. DNA was extracted, separated
by 1.5% agarose gel electrophoresis, followed by ethidium
bromide staining to visualize the laddered DNA.
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Immunocytochemical assay and DAPI staining

At various times post-transfection, cells grown in six-
well plates were harvested and treated by trypsinization
and resuspended in PBS. The cells were then spread
on a slide, fixed by 100% methanol for 5 min at room
temperature, stained by the Apoptotic/Necrotic Cell
Detection Kit (Keygen), and embedded in resin, after
permeabilization, for long-term storage.

Cytotoxicity of SP-TAT was also tested by
2,4-diamidino-2-phenylin-dole (DAPI) staining.
Transfected cells grown on coverslips that were placed
on the bottom of a 24-well plate were washed with
PBS and fixed, and apoptotic cells were differentiated
by staining with mounting medium containing DAPI,
and visualized using an Olympus AX70 fluorescence
microscope.

Protein secretion and activity test

CHO cells were cultured in a six-well plate. The cells were
transfected with the pLenti6/V5-D-TOPO/SP-TAT-
apoptin plasmid using the LipofectamineTM 2000 protocol
according to manufacturer’s instructions (Invitrogen). After
6 h incubation, the cells were washed with fresh culture
medium and cultured for an additional 24 h. The culture
supernatants were then collected and added respectively
to the monolayers of HepG2 cells and HUVECs grown
in 24-well plates. These cells had also been washed with
PBS before adding the supernatants. At various times post
co-culture, these cells were fixed and stained, and apoptin
localization and apoptosis were analyzed.
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Figure 2 SP-TAT-apoptin-induced cell death. A: Cell viability measured by flow cytometry. A1 and A2: HUVECs at 48 and 72 h post-transfection; A3-A6: HepG2
cells at 24, 48, 72 and 96 h. HepG2 cells were susceptible to SP-TAT-apoptin-induced apoptosis in a time-dependent manner; B: Cell viability determined by MTT dye
reduction assay; C: DNA fragmentation in HepG2 cells demonstrated by agarose gel electrophoresis. Lane 1: 1 kb DNA marker; Lanes 2-5: DNA from cells at 24, 48,

60 and 72 h post-transfection, respectively.

Statistical analysis

ANOVA was performed for multiple group comparison.
In conjunction with ANOVA, post hoc pairwise
comparisons were performed by Bonferroni’s test, with
P < 0.05 regarded as statistically significant.

RESULTS

Generation of SP-TAT-apoptin fusion construct and
expression of SP-TAT-apoptin

The human secretory SP was constructed and optimized
virtually by the HMM, which has been used to desctibe,
predict, identify, and generate secretory SP sequencesm].
It was inserted at the N terminus of recombinant TAT-

apoptin to generate SP-TAT-apoptin fusion protein, and
it contained a positively chatged N region, a hydrophobic
central region, and a C region that contained a cleavage
site. Two rounds of PCR were carried out to amplify the
apoptin gene and to fuse TAT and the synthetic SP into the
construct to create recombinant secretory-TAT-apoptin.

To determine whether the SP-TAT-apoptin cDNA
construct generated was expressed 7 vivo, the HepG2 cell
line was transfected with the plenti6/V5-D-TOPO/SP-
TAT-apoptin plasmid. Analysis by RT-PCR revealed that
SP-TAT-apoptin was expressed 24 h after transfection
(data not shown). The expression of SP-TAT-apoptin
in HepG2 cells was confirmed by immunofluorescence
microscopy (Figure 1).

www.wjgnet.com
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Figure 3 Cytotoxicity of SP-TAT-apoptin compared to SP-TAT. A: Micrographs of HepG2 cells transfected with SP-TAT-apoptin construct stained by Apoptotic/
Necrotic Cell Detection Kit. An inverted microscope (x 400) was used. The nuclei of apoptotic cells were stained deep blue. A1 and A2: HepG2 cells at 24 and 72 h
post-transfection; B: HepG2 cells stained with DAPI and observed by fluorescence microscopy (x 400). B1: HepG2 cells 72 h after transfection with plenti6/V/5-D-
TOPO/SP-TAT-GFP plasmid; B2: HepG2 cells 72 h after transfection with plenti6/\/5-D-TOPO/SP-TAT-apoptin. Arrow indicates apoptotic cells.

Induction of apoptosis by SP-TAT-apoptin

To determine whether SP-TAT-apoptin induces
apoptosis and also maintains its tumor cell specificity,
HUVECs and HepG?2 cells were transfected with the
plenti6/V5-D-TOPO/SP-TAT-apoptin plasmid. SP-
TAT-apoptin-induced apoptosis was investigated in
these two cell lines. Three different assays were used
to gauge apoptosis. In the first assay, cell viability was
measured by co-staining with annexin-V FITC and PI,
followed by flow cytometry. This assay was based on
the loss of plasma membrane asymmetry (integrity)
as a result of apoptosis. Viable cells were defined as
annexin-V FITC and PI double-negative events. As
shown in Figure 2A, only HepG2 cells were susceptible
to SP-TAT-apoptin-induced apoptosis in a time-
dependent manner. These results also confirm previous
reports that apoptin has the ability to induce apoptosis
specifically in tumor cells®"""*! In the second assay,
cells that were exponentially grown were inoculated in
96-well flat-bottom plates and allowed to adhere for 24 h.
After transfection, cell viability was determined at
various times by MTT dye reduction assay. Expression
of the recombinant protein slightly decreased the
viability of HepG2 cells at 24 h post-transfection, and
the same was true in HUVECs (Figure 2B). At 48 h
post-transfection, the viability of HUVECs was only
slightly decreased compared to that at 24 h. However,
the viability of HepG2 cells was significantly decreased
at 48 h post-transfection. The presence of recombinant
apoptin caused a decrease in HepG2 cell viability to
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< 60% at 72 h and < 50% at 96 h post-transfection
(Figure 2B). In the third assay, genomic DNA
fragmentation in HepG2 cells and HUVECs was
investigated. As shown in Figure 2C, the apoptin fusion
protein brought about significant DNA fragmentation
in HepG2 cells at 72 h post-transfection. In contrast,
detectable apoptotic DNA laddering in HUVECs was
not seen during the experiment (data not shown).

Lack of cytotoxicity of SP-TAT

In otrder to determine the cytotoxicity of SP-TAT, plenti6/
V5-D-TOPO/SP-TAT-apoptin plasmid and plenti6/V5-
D-TOPO/SP-TAT-GFP plasmids were transfected into
HepG2 cells separately. Robust apoptosis of HepG2 cells
was observed, as demonstrated by microscopy at different
times after transfection, while in contrast, expression of
SP-TAT-GFP did not induce noticeable apoptosis in these
cells (Figure 3). Therefore, SP-TAT did not seem to exhibit
cytotoxicity in HepG2 cells and apoptosis induced by SP-
TAT-apoptin was due to apoptin.

Secretion of SP-TAT-apoptin and the effect of secreted
TAT-apoptin on HepG2 cells

The presence of synthesized SP enables TAT-apoptin
to be secreted outside the transfected cells and re-
enter adjacent un-transfected HepG2 cells, potentially
increasing the efficacy of apoptin when used as cancer
therapy. To test its feasibility, the recombinant construct
was used to transfect CHO cells and the culture
supernatant was collected. HepG2 cells and HUVECs
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were then co-cultured with this supernatant. At 24 h
post co-culture, TAT-apoptin had translocated from the
cytoplasm to the nucleus (Figure 4A). At various times
post co-culture, cell viability was also determined by
MTT dye reduction assay. As shown in Figure 4B, the
recombinant protein TAT-apoptin slightly decreased
cell viability of HepG2 cells at 24 h post co-culture. In
contrast, the viability of HUVECs was actually increased
at 24 h, which continued during the course of the
experiment. At 48 h post co-culture, viability of HepG2
cells was significantly decreased compared to that of
HUVECs. The recombinant apoptin protein decreased
HepG2 cell viability to < 50% at 48 h post-transfection.

DISCUSSION

New therapeutic approaches that facilitate selective
targeting of cancer cells while sparing normal cells
have emerged in recent years. Apoptin represents a
new anti-cancer tool in such new approaches with great
potentialm’zsl. Two routes can be taken using apoptin
or its encoding cDNA, i.e. as protein or gene therapy.
In any case, efficient systems are required to facilitate

—A—HepG2 cells
—— HUVEC cells

Combined

Figure 4 Cell death induced by secreted TAT-apoptin. A: HepG2 cells
immunostained 4 h after co-culture with the supernatant of CHO cells
expressing SP-TAT-apoptin. Recombinant TAT-apoptin detected by anti-V5-
FITC antibody is shown in green and cell nuclei stained by Pl in red (x 1000);
B: Translocation of recombinant apoptin in HepG2 cells 24 h after co-culture
with the supernatant of CHO cell expressing SP-TAT-apoptin; C: Cell viability

determined by MTT dye reduction assay after co-culture with secreted TAT-
apoptin.

the delivery of apoptin to cancer cells or expression
of apoptin within these cells®*”". The HIV TAT
transduction domain has been successfully used to
deliver apoptin into cancer cells™ and no apoptosis of
normal cells (HUVECs) was observed with this TAT-
apoptin fusion protein. In this study, we generated a
cDNA construct of SP-TAT-apoptin. Cancer cells
transfected with this construct expressed recombinant
apoptin and apoptosis was induced. By incorporating
a synthetic SP we also expected apoptin to be secreted
from the transfected cells as TAT-apoptin fusion protein
and re-enter adjacent untransfected HepG2 cells, which
enabled the construct to act as both a protein and gene
therapeutic agent, and increased the potency of apoptin
in cancer therapy.

SP-TAT-apoptin was expressed in HUVECs and
HepG2 cells, and the protein was initially located in the
cytoplasm. At 48 h post-transfection, the protein was
located in the nucleus of HepG2 cells, which indicated
that SP-TAT-apoptin was capable of translocating to
the nucleus. SP-TAT-apoptin was also functionally
active and efficiently induced HepG2 cell apoptosis,
in a time-dependent manner. In HUVECs, SP-TAT-
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apoptin remained in the cytoplasm and no induction
of apoptosis above the background level was observed.
Meanwhile, no apoptosis was observed in cells in which
SP-TAT-GFP was expressed, which indicates that SP-
TAT alone is not cytotoxic for HepG2 cells. Therefore,
SP-TAT-apoptin retained the characteristic expression
pattern of apoptin and induced apoptosis in cancer cells.

Having a synthetic SP, recombinant apoptin was able
to be secreted from transfected cells and re-enter adjacent
untransfected HepG2 cells. The recombinant protein was
detected in the cytoplasm in HepG2 cells and HUVECs
shortly after co-culture of the cells with the cell-free
supernatant of the transfected CHO cells. This indicated
that the secreted TAT-apoptin fusion protein contained
in the CHO cell culture medium was able to enter these
cells. The fusion protein was later found in the nucleus
of HepG2 cells and induced HepG2 apoptosis. The new
secretory characteristic increased the possibility of apoptin
being used in cancer gene therapy. However, there are still
a large number of unanswered questions regarding the
mechanisms and therapeutic usage of apoptin, and further
studies are certainly required.
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COMMENTS

Background

Apoptin is a protein encoded by Constant Angular Velocity (CAV) and it can
cause apoptotic cell death. It has been shown to possess a striking specificity
for cancer cells. Apoptin, therefore, has great potential for efficient targeting and
specific elimination of cancer cells.

Research frontiers

Human Immunodeficiency Virus (HIV)-Transactiviting Transcription (TAT)-
fused apoptin has been shown to possess a striking specificity for cancer cells.
However, the cancer killing activity is limited in cells transfected with the apoptin
expression construct, which spares the untransfected cancer cells. A secretory
TAT-apoptin fusion protein with a secretory signal has an additive by-stander
effect as an anti-cancer therapy. Secreted TAT-apoptin from transformed cells
enters un-transformed cancer cells and causes apoptosis.

Innovations and breakthroughs

The new secretory characteristic increased the possibility of apoptin being used
in cancer gene therapy. However, there are still a large number of unanswered
questions regarding the mechanisms and therapeutic usage of apoptin, and
further studies are certainly required.

Terminology

Apoptin or VP3 is a protein of 13.6 kDa derived from CAV, represents a new
anti-cancer tool with great potentials. It appears to have innate tumor-specific,
p53-independent, Bcl-2-enhanced pro-apoptotic activity.

Peer review

The authors investigated the role of secretory TAT-apoptin fusion protein in
HepG2 cells. They conclude that such a protein induces apoptosis in HCC cell
lines, but not in non-cancer cell line HUVEC. This is a very interesting study,
which may be applicable for the treatment of human liver cancer in the future.
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