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Abstract

Introduction: The aim of this study was to construct a lentivirus vector with sur-
vivin promoter (pSur)-driven apoptin and test its efficiency in suppressing the
growth of tumor cells.

Material and methods: Expression cassettes with different fragments of sur-
vivin gene promoter (pSur, 161 bp, 272 bp, 990 bp) driving 6XHis-tagged apoptin
were constructed to generate recombinant lentivirus, of which the inhibitory
effect on tumor cells was compared. The activity of different pSur in 293FT, and
272 bp pSur in primary bone marrow mesenchymal stem cells (BMSCs), SW480,
Hela and MCF-7 was examined by Western blot. Their ability to induce apopto-
sis in SW480 cells was determined by annexin-V staining. The inhibitory effect
of letivirus containing different pSur-driven apoptin on nude mice-xenografted
SW480 cells was assessed by tumor size and pathological observation.
Results: The 272 bp and 990 bp pSur displayed comparable effects in terms of
promoter activity, cell apoptosis/necrosis and G1 phase arrest in vitro, and growth
of xenograft tumor in vivo. When lentivirus containing 272 bp pSur was tested,
it drove high apoptin expression in tumor cells (SW480, Hela and MCF-7) and
weak expression in primary bone marrow mesenchymal stem cells. Xenograft
to nude mice using infected Sw480 cells showed that lentiviruses possessing
272 bp and 990 bp pSur were able to significantly induce tumor cell death, focal
necrosis, and tumor growth lag.

Conclusions: The data indicated that pSur-apoptin expression cassette in
lentivirus vector ensures specific suppression of tumor cells, and may be appli-
cable to monitor malignant transformation of transplanted cells.
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Introduction

The applicability of gene therapy for cancer is dependent on its effi-
ciency in tumor cell elimination and specificity to target tumor cells. The
specificity will ensure the killing of malignant cells while not hurting nor-
mal cells. Apoptin, a chicken anemia virus-derived protein, can specifical-
ly induce apoptosis of various tumor cells by translocating to the nucleus
of tumor cells, and targeting DEDAF, Nur77, Nmi, Hippi and APC1 [1-3]. Cel-
lular associations through apoptin and its binding partners impulse the
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death signal to different signal transduction path-
ways and finally lead to the death of the host can-
cer cells [4, 5]. Apoptin can also induce tumor apop-
tosis in cases where (chemo) therapy might fail,
due to its p53-independent action, and insensitiv-
ity to BCR-ABL and Bcl-2 [4, 6]. Apoptin has been
constructed into several types of vectors for can-
cer gene therapy, and exhibited a significant tumor-
suppressing effect [7, 8].

In gene therapy, promoter controls the expres-
sion of an exogenous gene with suitable time and
level in a specific population of cells. Survivin,
a member of the inhibitor of apoptosis protein (IAP)
family, counteracts cell death and regulates mitot-
ic progression, and is activated in most types, if not
all, of tumor cells but not in normal cells [9, 10]. So,
survivin promoter (pSur) has been tested as a tran-
scriptional targeting strategy for tumor treatment
[11-14], and showed a potent anti-tumor effect by
driving the expression of tumor-specific short hair-
pin RNA (shRNA) [12], suicide genes [13], and sodi-
um/iodide symporter [14]. We presume that a pSur-
driven apoptin expression cassette will preferentially
be activated in tumor cells and malignantly trans-
formed cells, and induce apoptosis of the cells, leav-
ing normal cells unaffected.

Lentivirus is an important and efficient delivery
vector in cancer gene therapy [15]. In the present
study, three pSur fragments with different lengths
were separately used to drive apoptin expression,
and pSur transcriptional activity and apoptosis-induc-
ing ability were examined in lentivirus-infected cells.
This strategy is practically useful in counteracting
malignant cells by self-judged activation of pSur, the
expression of apoptin and the elimination of unwant-
ed cells via cell apoptosis. Our self-surveillance and
self-elimination strategy of gene therapy may be
applied to monitor the malignant transformation of
transplanted stem cells, such as in the management
of leukemia and wound healing [16].

Material and methods
Cell lines

The lentivirus packaging cell line 293FT, human
colon cancer cell line SW480, human breast cancer
cell line MCF-7, and human epithelial cervical cancer
line Hela were originally purchased from the Amer-
ican Type Culture Collection (ATCC, Rockville, MD)
and kept in this lab. Cells were maintained at 37°C
in a humidified atmosphere containing 5% CO, in
Dulbecco’s Modified Eagle Medium (high glucose)
medium supplemented with 10% FBS and 100 1U/
ml penicillin and 100 ng/ml streptomycin. Human
bone marrow samples were collected from normal
volunteers (n = 3) with paper consent and approved
by the ethical committee of the institution (South-
west Hospital, Chongging, China). Primary bone

marrow mesenchymal stem cells (BMSC) were cul-
tured as reported before [17].

Cloning of human survivin gene promoter with
different lengths

Human pSur was amplified by PCR on genomic
DNA from BMSC. The lengths of the amplified frag-
ments of human pSur were 161 bp, 272 bp and
990 bp. The sequences of the oligonucleotide pri-
mers were as follows: forward primer, pSurl61-F
5’-TGCCTCGAGTACAACTCCCGGCCACAC-3, pSur272-F
5’-TGCCTCGAGCACGCGTTCTTTGAAAGC-3’, pSur990-
F 5’-TGCCTCGAGCCTGGCCATAGAACCAGAGAAGTG-
3’, and the shared common reverse primer, pSur-
R 5’-GCCGCGGCCGCCACCTCTGCCAACG-3'. Restric-
tion enzyme (RE) cutting sites for Xho | and Not
| were introduced (underlined in the respective
sequences). The PCR amplified pSur was TA cloned
into pMD-T18 vector (Takara, Dalian, China) for
sequencing and named pMD-T161pSur, pMD-
T272pSur, and pMD-T990pSur, respectively.

Construction of recombinant lentiviral
constructs with pSur-driven apoptin expression

Apoptin cDNA was amplified from T-apoptin plas-
mid (a kind gift from Dr. Bin Yang, Institute of Agri-
culture and Forestry Sciences, Beijing, China) by
PCR with the primer sequences as: Apo-S 5’-TGGCG-
GCCGCGGCATGAACGCTCTCCAAGAAG-3', Apo-AS
5’-CAGATCTAGAATTAATGGTGATGGTGATGATG-
CAGTCTTATACACCTTCT-3". Underlined nucleotides
were cutting sites for Not | and Xba |, and 6xHis
tag. The PCR product Apo-6xHis fragment was sub-
cloned downstream of the pSur in pMD-TpSur
between Not | and Xba | sites. The plasmids were
verified and named as pMD-TpSur-ApoHis.

FG12 (generously provided by Dr. Baltimore, Cal-
ifornia Institute of Technology, CA, USA), a second
generation self-inactivation (SIN) lentivirus vector,
was used as the lentiviral backbone. The ubiquitin-
C promoter (pUbiC) in this vector independently
drives the reporter green fluorescent protein (GFP)
expression, which indicates the lentivirus-infected
cells. A polyA sequence downstream of the exoge-
nous gene was added at the multiple cloning sites
of FG12. Two complementary DNA oligos were syn-
thesized, annealed, and ligated to Xba I-linearized
FG12 vector. The sequences of the DNA oligos were
as follows: PolyA-S 5’-CTAGAGGATCCAATAAAG-
GATCTTTTATTTTCATTGGATCTGTGTGTTGGTTTTTTG
TATA-3’ and PolyA-AS 5’-CTAGTATACAAAAAACCAA-
CACACAGATCCAATGAAAATAAAAGATCCTTTATTGGATCC
T-3’. Xba | adhesive ends at both ends of the
annealed double strand DNA and BamH | (under-
lined in the respective sequences) were introduced.

Finally, the pSur-driven apoptin-6xHis express-
ing cassette in pMD-TpSur-apoHis was subcloned
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into modified FG12 between Xho | and Xba | sites.
The plasmids named as FG-161/272/990pSur-
apoHis were confirmed by RE digestion and se-
quencing.

Comparing the activity of different pSur by
transient transfection

To compare the activity of different pSur in FG-
pSur-ApoHis, the recombinant lentivirus vectors
were transiently transfected into 293FT cells while
FG12 without insert was used as a negative control.
Briefly, 1 x 10% 293FT cells were plated in 6-well tis-
sue culture plates, and 24 h later, the cells were
transfected with 0.2 g of indicated plasmids plus
0.2 pg of pMIR-Report B-gal plasmid (Ambion) as
an internal control using Lipofectamine 2000 (Invit-
rogen) according to the manufacturer’s protocol.
Cell lysates were harvested 48 h later. The expres-
sion of B-gal was detected using luciferase detec-
tion kit (Beyotime, China), and apoptin-6xHis was
detected by Western blot (see below) to assess the
activity of different pSur.

Lentivirus production and infection

All lentiviruses were produced by cotransfecting
the lentiviral vector FG-pSur-ApoHis, the HIV-1 pack-
aging vector D8. 9, and the VSVG envelope glyco-
protein into 293FT cells as reported [18]. The virus-
es were collected from the culture supernatants on
days 2 and 3, followed by ultracentrifugation con-
centration. The concentrated virus stocks were
titrated on 293 FT cells based on GFP expression.
The lentivirus were named as Lenti-161/272/
990pSur-ApoHis and Lenti-FG12 respectively.

For lentivirus infection, BMSC, Hela, MCF-7, and
SW4380 cells were plated 24 h prior to infection and
reached about 50% degrees of confluence before the
infection. The cells were then incubated with fresh
media containing required multiplicity of infection
(MOI) of virus for 24 h. All lentivirus infections were
performed in the presence of 8 ug/ml polybrene (Sig-
ma, Poole, UK). GFP expression was visualized by flu-
orescence microscopy at 5 day after the infection.

Western blot against apoptin-His protein

After liposomal transfection of lentivirus vectors
or lentivirus infection, cells were collected at the
indicated time for apoptin detection by Western
blot with primary antibody against 6xHis tag
(mouse anti-HIS, 1 : 1000, Qiangen, China) and sec-
ondary antibody (Goat anti-mouse HRP, 1: 1000,
Boster, China). Bands were visualized with ECL
Western Blotting Substrate (Beyotime, China).
Extracts of the lentiviral vector (FG12) or lentivirus
(Lenti-FG) treated cells were used as a negative con-
trol and B-actin was used as an internal control. All
measurements were performed in triplicate.

Apoptosis detection

Apoptosis of SW480 was detected at 5 day and
30 day after the lentivirus infection. Cells were
washed twice with PBS, followed by adding Annex-
in V-PE, 7-AAD as instructed. Apoptosis and necro-
sis were observed under fluorescence microscopy.
Annexin V-PE could bind to the membrane of apop-
totic and necrotic cells, showing red color. 7-AAD
could specifically bind to necrotic cell nuclei, show-
ing bright orange color. At least three representa-
tive pictures for each treatment were chosen, and
the numbers of apoptosis and necrosis per 1000
cells were determined by visual examination.

Cell cycle analysis with flow cytometry

After the lentivirus infection (MOI = 20), SW480
cells in a 6-plate panel were harvested (80% con-
fluence) at 5 day and 30 d with regular passaging
and fixed in 70% ethanol. Cells were sequentially
treated with RNase A (500 pug/ml) and PI (100 pg/ml
P1). Cell cycle was detected with a FACScan flow
cytometer (Becton Dickinson, USA) in triplicate.

Long-term analysis on xenografted SW480 cells
after lentivirus infection

Four-week-old nude mice (athymic NCR-nu/nu)
were purchased from Vital River (Beijing, China),
and housed under germ-free conditions. SW480
cells infected with recombinant lentiviruses (MOl
= 20) were harvested at 5 day after infection and
suspended in PBS. Each mouse was subcutaneously
injected with 2 x 107 cells (200 pl in volume) at the
right flank. The length and width of the tumors
were measured with a caliper at 5-day intervals
after the inoculation, and the tumor size was cal-
culated using the formula: length x width2/2. Ani-
mals were sacrificed at 30 day after the infection,
and the tumors were dissected and fixed in 4%
polyformaldehyde for pathological observation on
H + E stained sections.

Statistical analysis

Data were evaluated by one-way ANOVA with
SPSS software (Version 13.0). Value of p < 0.05 was
considered statistically significant. Results were
expressed as the mean + SD. The mean values and
standard deviations of at least 3 independent
experiments are provided in all the figures.

Results
Lentiviral vector production and transduction

Three recombinant lentiviral vectors were con-
structed and a representative scheme of the
lentivirus vector is presented in Figure 1 A. The vec-
tor contained 6xHis-tagged apoptin cDNA driven
by pSur of different lengths, the SV40 polyA se-
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Figure 1. Activity comparison of pSur in different vectors and apoptin expression pattern in different cells. A— Scheme
of the constructed lentivirus vector. B — Detection of apoptin-6xHis in 293FT cells transiently transfected with dif-
ferent lentiviral vectors. C — Quantification of WB results. Since the transfection efficiency of different lentivirus vec-
tors was similar, the expression level of apoptin-6xHis was adjusted by the expression level of B-actin: 2p < 0.05 vs.

empty vector FG-12; bp < 0.05 vs. FG-272pSur-ApoHis. D —

Detection of apoptin-6xHis in different cells infected by

lentivirus Lenti-272pSur-ApoHis. E — Quantification of WB results: @p < 0.05 vs. BMSC; bp < 0.05 vs. SW480 cells

quence, and the ubiquitin-C promoter-controlled
GFP expression cassette for identification of the
host cells. The introduction of the 6xHis tag pro-
vided an epitope for protein detection.

Using 3 plasmid packaging system in 293FT cells,
the recombinant lentivirus was generated and the
self-inactivation of the viruses was ensured. After
centrifuging concentration, the virus titer of the cul-
ture supernatant increased 50-100-fold, and the
final virus titers were 1.45 x 108 TU/m for Lenti-FG12,
3 x 108 TU/ml for Lenti-161pSur-ApoHis, 2 x 108 TU/mll
for Lenti-272pSur-ApoHis, and 2.5 x 108 TU/ml for
Lenti-990pSur-ApoHis.

Different activity of three pSur in lentiviral
vectors

Transient transfection of lentiviral vectors to
293FT cells was conducted to test the activity of
the inserted expressing cassette. As the antibody
against apoptin protein is not commercially avail-
able, we tagged the protein with 6xHis epitope to
facilitate the detection. After the transfection,
85-90% of the cells showed GFP expression 24 h
later and no obvious difference in the expression
of B-gal was detected (data not shown), indicating

a high and similar transfection efficacy. Western
blot showed that 272 bp pSur possessed higher
activity in the host cells since the expression level
of apoptin-6xHis was almost 2-fold higher than the
other two (p < 0.05). The transcriptional activity
of pSur with 161 bp and 990 bp was comparable
(p > 0.05) in 293 cells (Figures 1 B and 1 C).

Differential expression pattern of 272pSur
in lentivirus-infected cells

To test the expression of pSur-controlled apo-
ptin-6xHis, primary human BMSC, MCF-7, Hela and
SW480 were infected by lentivirus Lenti-272pSur-
ApoHis. The activity of the expression cassette was
very weak in non-malignant cell BMSC, but was
very high in tumor cells (p < 0.05). The expression
of apoptin-6xHis protein in SW480 cells was even
higher than that in MCF-7 and Hela cells (p < 0.05)
(Figures 1D and 1 E).

Apoptin-6xHis expression and its apoptosis-
inducing effect

The expression of apoptin-6xHis in SW480 cells
was examined at 5 day and 30 day after infection.
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Figure 2. The apoptin expression driven by different fragmental pSur in SW480 and its suppressive effect on the
cancer cells. A—The expression of apoptin-6xHis in SW480 cells detected by Western blot at 5 day and 30 day after
the lentivirus infection: 1 - Lenti-FG; 2 — Lenti-990pSur-ApoHis; 3 — Lenti-272pSur-ApoHis; 4 — Lenti-161pSur-
ApoHis. B—The apoptosis and necrosis revealed by dye binding under fluorescence microscope (bar = 100 um) and
C—the quantifying analysis of the dead cells. D — G1 phase ratio was examined by flow cytometry: ap < 0.05 vs. day
5 group; Pp < 0.05 vs. control cells. All measurements were performed in triplicate

The protein blotting showed that all of the three
pSur could drive apoptin-6xHis expression. The
activity of 272pSur was almost 2 times higher than
that of the other two promoters 5 day after the in-
fection (Figure 2 A), but at the same time, there
were few apoptotic/necrotic cells presented (Figure
2 B, upper panel). At 30 day, the expression of
apoptin-6xHis was not significantly different among
the three types of lentivirus (Figure 2 A). At this
time, there appeared more apoptotic and necrotic
cells, of which the dim GFP expression indicated
the losing of cell vitality (Figure 2 B, lower panel).
Quantitative analysis confirmed higher cell death
in Lenti-272pSur-ApoHis (56%) and Lenti-990pSur-
ApoHis (59%) infected cells at day 30 than Lenti-
161pSur-ApoHis (33%) induced cell death, which

was significantly higher than in controls (11%,
p < 0.05) (Figure 2 C).

To further investigate the effect of recombinant
lentivirus on cancer cell growth, the cell cycle was
analyzed using flow cytometry. At 30 day after the
infection, the G1 ratio of SW480 cells was signifi-
cantly increased in Lenti-272pSur-ApoHis (76%, p
< 0.05) and Lenti-990pSur-ApoHis (73.5%, p < 0.05)
infected cells compared with control lentivirus
(62.5%). However, there was no significant differ-
ence among different lentivirus-infected cells at
5 day after infection (61-65.5% among all treat-
ments) (Figure 2 D). We hypothesize that time-
dependent apoptosis and cell cycle change induced
by recombinant lentivirus are accumulative effects
of the exogenous apoptin on the host cells.
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Figure 3. The infection of lentivirus expressing
apoptin to SW480 cells suppressed the growth of
xenografted tumors. Nude mice (n = 3-4 mice per
group) were inoculated with SW480 cancer cells
infected with different viruses. Tumor size was meas-
ured and calculated every 5 day. Data are present-
ed as mean + SD: a p < 0.05 vs. control lentivirus-
infected tumor cells

Recombinant lentivirus expressing apoptin
inhibited xenograft tumor growth

Lentivirus-infected SW480 cells that carried dif-
ferent surviving promoter-driven apoptin expres-
sion cassettes were inoculated to nude mice and

il i y L) L] s

Figure 4. Pathological analysis of tumors derived from recombinant lentivirus-infected SW480 cells. A — Lenti-FG,

the growth of the xenografted tumor cells was
measured every 5 day in vivo. The volume of the
tumor increased with time, but there was no obvi-
ous difference among different cell populations
within 20 day after the inoculation. At 25 day and
30 day, a significant slowdown of tumor growth
appeared in Lenti-272pSur-ApoHis and Lenti-
990pSur-ApoHis infected cells when compared with
control lentivirus and Lenti-161pSur-ApoHis infect-
ed cells (p < 0.05).

Histology analysis of the xenograft tumors

The xenograft tumors were collected 30 day after
the inoculation and subjected to pathological obser-
vation. The control lentivirus-infected cells grew in
a pattern of glandular structure-like or cell nests
(Figure 4 A). Lentivirus Lenti-161pSur-ApoHis infect-
ed cells proliferated similarly except for the pres-
ence of vacant areas (white arrowheads) in the
tumors and scattered apoptotic cells (black arrows)
(Figure 4 B). In tumors derived from Lenti-161pSur-
ApoHis (Figure 4 C) or Lenti-161pSur-ApoHis (Figure
4 D) infected cells, there were focal tissue necroses
with different sizes (black arrowheads) and tissue
structure was not recognizable. Tumor cells showed
pyknotic nuclei and nuclear fragmentation.

3

B — Lenti-161pSur-ApoHis, C — Lenti-272pSur-ApoHis, and D — Lenti-990pSur-ApoHis infected cells were inoculated

to nude mice

Black arrows — early apoptotic cells, black arrowheads — focal tissue necrosis with late apoptotic fragments, white arrowheads — vacant

areas. Bar = 100 ym
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Discussion

Experimental studies on tumor treatment using
gene therapy have been conducted for years. Two
critical issues have to be determined before the
genetic manipulation on tumors: the gene(s) of
interest and the promoter to drive the expression
of the therapeutic gene(s). Apoptin has been pre-
viously applied in gene therapy under the control
of highly active promoters, such as CMV promoter
[7, 10, 19], which may cause some unwanted results
when applied in a long-lasting expression construct.
Although it is reported that apoptin is a safe pro-
tein with few side effects on normal cells [3, 20, 21],
tumor-specific promoter may improve the safety of
gene therapy since it preferentially drives thera-
peutic gene expression in the scenario of targeted
tumor cells in contrast to normal cells. In the pres-
ent study, the promoter of survivin, a pan-tumor
expressed gene [7, 8, 10], was chosen to confine
the expression of the exogenous apoptin in a prop-
er population of cells. Because pSur is activated in
most types of tumors with high specificity [14, 19,
22, 23], this strategy may have potential application
in the treatment of a variety of tumors.

The basal transcription of survivin requires
a proximal promoter region of ~230 nt from the ini-
tiating ATG, with several functional elements impli-
cated in G1 transcriptional repression and several
G2/M-regulated genes [24, 25]. This may be the rea-
son why 161 bp pSur showed low activity both in
vitro and in vivo among the three fragmental pSur.
We demonstrated that the 272 bp and 990 bp pSur
displayed comparable effects in terms of cell apop-
tosis/necrosis, G1 phase arrest, and tumor growth.
Xu et al. obtained similar results in Hela cells [26].
It should be stated that the activity of these pSur
fragments may vary with cell type. An individual
pSur should be tested according to target cells, and
our three pSur fragments provide options for prop-
er pSur activity in certain cells.

We previously confirmed that the activity of
pSur is much lower than CMV promoter even in
malignant tumor cells [27], as in other reports [23,
28]. The natural pSur activity may result in a low-
to-moderate level of apoptin to pursue cancer cell
repression, and need a longer time to show its
accumulative effect. This may reduce the possible
side effects of exogenously expressed apoptin in
normal cells. That the obvious death in lentivirus-
infected cells occurred 30 day later may reflect the
accumulative effect of the exogenous apoptin. In
a xenograft tumorigenesis experiment in vivo,
these two lentiviruses obviously repressed tumor
growth, especially at the later stage (20-30 day
after inoculation). Pathological analysis showed
focal tumor tissue necrosis, and tumor cells
showed pyknotic nuclei and nuclear fragmentation.
In contrast, Lenti-161pSur-ApoHis infected cells only

show scattered cell apoptosis and vacant areas in
tumors.

The pSur provides the function to keep watch
over quiescent cells infected with recombinant
lentivirus and be active when cells divide. This may
be practically useful in the elimination of malig-
nantly transformed cells, since the pSur activity is
ranked as cancer cells > stem cells > tissue cells
[29]. We presume that activated pSur in malignant
cells may induce a suicide event. This strategy of
recombinant lentivirus construction also provides
self-surveillance for transplanted cells in regenera-
tive medicine, such as hematopoietic stem cells and
mesenchymal stem cells [30]. Once malignant trans-
formation occurs, this lentivirus system will initiate
a self-clearance process, preventing any possible
tumorigenesis of the transplanted cells.

In conclusion, the novel strategy of employing
pSur and apoptin in lentivirus vector to ensure spe-
cific tumor cell repression is feasible. Our three
recombinant lentiviruses with different tumor
repression efficiency provide options for different
manipulations in tumor cells. Equally importantly,
this strategy can be applied to transplanted stem
cells as a self-surveillance and self-clearance sys-
tem.
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