ONCOLOGY REPORTS 31: 1089-1095, 2014

A novel gene expression system strongly enhances the anticancer
effects of a REIC/Dkk-3-encoding adenoviral vector
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Abstract. Gene expression systems with various promoters,
including the cytomegalovirus (CMV) promoter, have been
developed to increase the gene expression in a variety of normal
and cancer cells. In particular, in the clinical trials of cancer
gene therapy, a more efficient and robust gene expression
system is required to achieve sufficient therapeutic outcomes.
By inserting the triple translational enhancer sequences of
human telomerase reverse transcriptase (h"TERT), Simian
virus 40 (SV40) and CMV downstream of the sequence
of the BGH polyA, we were able to develop a novel gene
expression system that significantly enhances the expression
of the genes of interest. We termed this novel gene expres-
sion cassette the super gene expression (SGE) system, and
herein verify the utility of the SGE cassette for a replication-
deficient adenoviral vector. We newly developed an adenoviral
vector expressing the tumor suppressor, reduced expression
in immortalized cells (REIC)/Dickkopf-3 (Dkk-3), based
on the CMV promoter-driven SGE system (Ad-SGE-REIC)
and compared the therapeutic utility of Ad-SGE-REIC with
that of the conventional adenoviral vectors (Ad-CMV-REIC
or Ad-CAG-REIC). The results demonstrated that the CMV
promoter-SGE system allows for more potent gene expres-
sion, and that the Ad-SGE-REIC is superior to conventional
adenoviral systems in terms of the REIC protein expression
and therapeutic effects. Since the SGE cassette can be applied
for the expression of various therapeutic genes using various
vector systems, we believe that this novel system will become
an innovative tool in the field of gene expression and gene
therapy.
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Introduction

Gene therapy has been utilized in many clinical trials for
human cancer and has exhibited innovative and attractive
therapeutic potential. Adenovirus-mediated gene delivery
continues to be preferred for the treatment of cancer, as the
vectors have a high transduction efficacy for the therapeutic
gene, and due to the safety of the procedure when it is used for
direct local injection (1,2). A gene expression promoter, such
as the cytomegalovirus (CMV), Rous sarcoma virus (RSV)
and CMYV early enhancer/chicken B-actin (CAG)promoters,
has been used to increase the gene expression in a variety
of normal and cancer cells, achieving favorable transduction
efficiency (3-6). However, in some patients, the clinical cancer
gene therapy using even these strong promoters has shown
modest therapeutic effects (1). Some of these unfavorable
results may be due to differences in the accomplishment of
the robust and sufficient expression of the therapeutic gene for
the treatment of the specific cancer type. Thus, particularly for
clinical trials of cancer gene therapy, a more powerful gene
expression system that can be used for a broad range of cancer
types is urgently required.

A variety of enhancer sequences have thus far been reported
and used for the modification and regulation of gene expres-
sion (7-11). In order to develop a novel system which enables
more potent gene expression in comparison to the conventional
systems, we have been modifying the construct sequence
of plasmids by adding and exchanging the multiple known
enhancer sequences. In a series of modifications with multiple
enhancers in the CMV promoter-dependent gene expression
cassette, we found that the insertion of the triple translational
enhancer sequences of hTERT, SV40 and CMV downstream of
the BGH polyA sequence led to the most potent gene expres-
sion. The human telomerase reverse transcriptase (hTERT)
promoter/enhancer has been demonstrated to be available
for cancer tissue-specific gene expression in a broad range of
malignant cell types (12-14). The Simian virus 40 (SV40) and
CMYV promoter/enhancer have also been well characterized and
have been used to improve the gene expression in mammalian
cells (3,4,7-10). Since the novel gene expression system using
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the triple enhancers significantly enhances the expression of the
gene(s) of interest in comparison to the conventional systems
using the strong CMV promoter, we termed this novel gene
expression cassette the super gene expression (SGE) system.
We also call this cassette C-TSC (C, CMV promoter driving;
TSC, enhancer unit composed of triple tandem enhancer
sequences of hTERT, SV40 and CMV).

The reduced expression in immortalized cells (REIC) gene
is a tumor suppressor that is identical to the Dickkopf-3 (Dkk-3)
gene (15). The expression of REIC/Dkk-3 is significantly
downregulated in a wide range of human cancer types, making
REIC/Dkk-3 a promising cancer therapeutic gene (16-23).
Expecting that transfection of REIC/Dkk-3 would provide
therapeutic effects as a tumor suppressor gene, we previously
developed an adenoviral vector expressing the human REIC/
Dkk-3 gene (Ad-REIC) and demonstrated that the agent
induced apoptosis in various cancer cell lines (16-18,23). In
order to demonstrate the utility of the SGE system for cancer
gene therapy, we developed an Ad-REIC vector with the SGE
system (Ad-SGE-REIC). We then compared the Ad-SGE-
REIC with the conventional Ad-REIC vectors, and herein
report our evaluation and validation of the SGE system for
the enhancement of gene expression and indicate its potential
therapeutic utility.

Materials and methods

Cells and cell culture. Normal human hepatocytes (HC) were
purchased from Applied Cell Biology Research Institute
(Kirkland, WA, USA). Normal human fibroblasts (OUMS24)
were established by the Department of Cell Biology at our
university (15). All human cancer cell lines (PC3, prostate
cancer; KPK1, renal cancer; 211H, malignant mesothelioma;
HeLa, cervical cancer), the mouse renal cell carcinoma line
(RENCA cells) and the HEK293 cell line were provided by
the American Type Culture Collection (Rockville, MD, USA),
and these cells were cultivated as previously described (16,21).

Construction of plasmid vectors. In the pShuttle plasmid
vector system driven by the CMV promoter (Clontech
Laboratories, Inc., Mountain View, CA, USA), we inserted
the REIC/Dkk-3 gene as the gene of interest and constructed
the pShuttle-REIC plasmid. The full-length cDNA of the
human REIC/Dkk3 gene was amplified by PCR with primers
containing Xbal and Kpnl restriction sites. The PCR product
was cloned into the pShuttle vector to generate pShuttle-REIC.
To construct the pShuttle-SGE-REIC plasmid, we inserted the
sequences of the triple translational enhancers of hTERT, SV40
and CMV downstream of the BGH polyA sequence (Fig. 1A) of
the pShuttle-REIC vector. The tandem sequences of the hTERT
enhancer [189 bp: accession no. DQ264729 (1618-1806)], SV40
enhancer [319 bp: accession no. AY864928 (2156-2474)] and
CMV enhancer [479 bp: accession no. AJ318513 (159-637)]
were artificially synthesized and cloned into pShuttle-REIC at
the restriction site between Kpnl and EcoRI.

Construction and production of adenoviral vectors. In order
to generate CMV promoter-driven Ad-CMV-REIC and
Ad-SGE-REIC vectors, pShuttle-REIC and pShuttle-SGE-
REIC plasmids were digested with the restriction enzymes
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I-Ceul and PI-Scel and inserted into the Adeno-X Viral DNA
(Clontech Laboratories, Inc.). The recombinant adenoviral
DNA with the full-length human REIC/Dkk-3 gene was
linearized by Pacl digestion and transfected into HEK293
cells. Seven to ten days after transfection, the HEK293 cells
were harvested, and a viral solution was obtained by three
freeze/thaw cycles. The recovered virus solution was used
to propagate sufficient viruses in HEK293 cells for further
studies in other cell lines. All virus particles were purified
by CsCl density gradient ultracentrifugation and stored at
-80°C. For Ad-CAG-REIC under the control of the CAG
promoter (CMV early enhancer/chicken -actin promoter),
the full-length human REIC/Dkk-3 gene was inserted into
the cosmid vector, pAXCAwt, and then transferred into an
adenoviral vector using the COS-TPC method (Takara Bio,
Inc., Shiga, Japan) (16,17). An adenoviral vector carrying the
LacZ gene with a CAG promoter (Ad-LacZ) was used as the
control vector. These adenoviral vectors were generated using
replication-defective adenoviruses of serotype 5.

Western blot analysis. The cells (5.0x10° cells) were plated
in flat-bottom 6-well plates in complete culture medium,
and after a 24-h incubation, transient transfections with the
plasmid or adenoviral vectors were performed. During the
plasmid transfection, HEK293 cells were transfected with
the FuGENE HD reagent (Promega, Madison, WI, USA) and
the cells were sampled 24 h after transfection. During the
transfection with adenoviral vectors, the cells were treated
with Ad-LacZ and Ad-REIC at the indicated multiplicity of
infection (MOI) in 0.3 ml of complete medium for 1 h. Then,
1.7 ml of fresh medium was added and the cells were incu-
bated for another 24 h. After the incubation, the attached cells
were sampled, and a western blot analysis was performed as
previously described (18,21). A mouse monoclonal anti-human
REIC/Dkk-3 antibody raised in our laboratory (1:1,000) was
used as the primary antibody.

Apoptosis assay. The cells (5.0x10° cells) were seeded in
6-well plates and incubated in culture medium for 24 h. The
cells were then treated with Ad-LacZ and Ad-REIC at the
indicated MOI, as described above. After 48 or 72 h of incu-
bation, the apoptotic cells were visualized by Hoechst 33342
staining, and the apoptotic rate was analyzed as previously
described (18,23).

Subcutaneous tumor models and treatments. Mouse RENCA
renal cell carcinoma cells [2x10° cells/100 ul phosphate-
buffered saline (PBS)] and human PC3 prostate cancer cells
(2x109 cells/100 ul PBS) were subcutaneously injected into the
right thigh of female BALB/C mice and male athymic nude
mice, respectively. The tumors were allowed to reach ~8§ mm
in diameter, and the mice were then randomly assigned to
treatment groups of four or five animals each. In the tumor
model with RENCA cells, there were five groups treated with a
single intratumoral injection of: i) PBS (100 ul) or ii) Ad-LacZ,
iii) Ad-CMV-REIC, iv) Ad-CAG-REIC or v) Ad-SGE-REIC
adenoviral vectors at a dose of 5x10° viral particles/100 ul
PBS/injection. In the PC3 tumor model, there were four groups
treated with a single injection or three intratumoral injections
of: i) PBS (100 ul) single injection or ii) Ad-CAG-REIC single
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Figure 1. (A) A schematic diagram of the conventional gene expression system and the SGE system. In the SGE system, triple translational enhancer sequences
(hTERT, SV40 and CM V) were inserted downstream of the BGH polyA sequence. (B) The pShuttle plasmid vector with the conventional system and SGE system
encoding the REIC/Dkk-3 gene were termed pShuttle-REIC and pShuttle-SGE-REIC, respectively. The REIC/Dkk-3 expression levels after transfection with
the pShuttle-REIC and pShuttle-SGE-REIC plasmids were compared by western blot analysis in HEK293 cells. SGE, super gene expression; hTERT, human
telomerase reverse transcriptase; SV40, Simian virus 40; REIC, reduced expression in immortalized cells; CMV, cytomegalovirus; Dkk-3, Dickkopf-3.

injection, iii) Ad-SGE-REIC single injection or iv) three injec-
tions of Ad-SGE-REIC on days 0, 2 and 4 at a dose of 1x10'°
viral particles/100 ul PBS/injection. The tumor volume was
calculated as previously described (18,19).

Statistical analysis. The data are shown as the means + stan-
dard error. An analysis of variance (ANOVA) was performed
to determine the statistical significance of differences in the
apoptosis rates. Unpaired Student's t-tests were performed for
the statistical analyses of the tumor volumes. Differences were
considered to be statistically significant at P<0.05.

Results

The SGE system significantly enhances the REIC/Dkk-3
gene expression by the plasmid and adenoviral vectors. In
order to demonstrate the enhanced gene expression induced
by the SGE system, we constructed a pShuttle plasmid
vector with the SGE system encoding the REIC/Dkk-3 gene
(pShuttle-SGE-REIC) and compared the expression with that
of the pShuttle-REIC plasmid vector with the conventional
gene expression system. The REIC/Dkk-3 expression level
after transfection with the pShuttle-SGE-REIC plasmid was
significantly upregulated in comparison to that of the pShuttle-
REIC in a western blot analysis of HEK293 cells (Fig. 1B).
To further verify the broad utility of the SGE system, we
put the SGE cassette in adenoviral vectors and developed
an adenoviral vector expressing the REIC/Dkk-3 gene based

on the CMV promoter-driven SGE system (Ad-SGE-REIC).
We compared the REIC/Dkk-3 expression levels between the
CMV promoter-driven adenoviral vectors (Ad-CMV-REIC
and Ad-SGE-REIC) and demonstrated significantly enhanced
REIC/Dkk-3 gene expression by the SGE system in the
human cancer cells (Fig. 2A). In addition, in the comparison
between the Ad-CAG-REIC and Ad-SGE-REIC vectors by
a western blot analysis in multiple human cancer cell lines,
robust upregulation of REIC/Dkk-3 expression was observed
in the Ad-SGE-REIC-transfected cells, particularly after the
transfection at 10 MOI (Fig. 2B).

Significantly enhanced apoptosis is induced in various human
cancer cell lines by Ad-SGE-REIC treatment. To examine
the therapeutic utility of the SGE system and Ad-SGE-
REIC vector in human cancer cells, we assessed the in vitro
apoptotic effects of Ad-SGE-REIC in comparison to those
of the Ad-CMV-REIC and Ad-CAG-REIC vectors using the
conventional gene expression system. The Ad-SGE-REIC
vector significantly enhanced the in vitro apoptosis induction
in the various human cancer cells in comparison to the control
vectors transfected at 50 MOI for 48 h (Fig. 3A and B). In the
normal HC and fibroblasts (OUMS24), there was no significant
apoptosis induction by any of the Ad-REIC vectors, as was
previously reported for the Ad-CAG-REIC vector (16,18,20).
Under the other experimental condition of 100 MOI for 72 h,
significant apoptosis induction was confirmed following
Ad-CMV-REIC and Ad-CAG-REIC treatment in comparison
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Figure 2. (A) The REIC/Dkk-3 expression levels after transfection at 100 MOI with CMV promoter-driven adenoviral vectors (Ad-CMV-REIC and Ad-SGE-
REIC) were compared by western blot analysis in PC3 and KPK1 human cancer cells. (B) The REIC/Dkk-3 expression levels after transfection at 10 MOI
and 100 MOI with Ad-CAG-REIC and Ad-SGE-REIC were compared by western blot analysis in 211H, PC3 and KPK1 human cancer cells. SGE, super gene
expression; REIC, reduced expression in immortalized cells; CMV, cytomegalovirus; Dkk-3, Dickkopf-3; MOI, multiplicity of infection.

to the Ad-LacZ treatment (Fig. 3C). In addition, under these
conditions, the induction of apoptosis was significantly
enhanced in Ad-SGE-REIC-transfected cells compared to the
cells transfected with conventional Ad-REIC vectors.

Intratumoral Ad-SGE-REIC administration strongly inhibits
the tumor growth in subcutaneous mouse tumor models. To
further evaluate the therapeutic utility of the SGE system
and Ad-SGE-REIC vector, the inhibitory effects of Ad-REIC
treatment on the subcutaneous tumor growth were analyzed in
mouse tumor models. In both the mouse renal cell carcinoma
(RENCA cells) (Fig. 4A) and human prostate cancer (PC3
cells) (Fig. 4B) models, strong suppression of tumor growth was
observed in the Ad-SGE-REIC-treated groups in comparison
to the other treatment groups. These results are consistent with
the findings of the in vitro studies comparing the REIC/Dkk-3
gene expression and apoptosis induction by the three types of
Ad-REIC treatment. Thus, the novel SGE system significantly
enhances the therapeutic antitumor effects in mouse tumor
models, and the Ad-SGE-REIC vector was superior to the
conventional Ad-CMV-REIC and Ad-CAG-REIC vectors in
terms of the efficacy of in vivo intratumoral gene therapy.

Discussion

Gene therapy-based approaches often require strong levels
of the gene expression and protein products. We have been
developing methods to enhance the gene transcription driven
by various promoters, and herein described a novel strategy

to achieve higher levels of gene expression. We developed the
SGE system, which enables the powerful gene expression, by
putting the triple translational enhancer sequences of hTERT,
SV40 and CMV downstream of the BGH polyA sequence. We
herein demonstrated that the plasmid vector and adenoviral
vector systems with a CMV promoter-driven SGE cassette can
significantly enhance the expression of the CMV promoter,
which is one of the strongest promoters reported (7,8).

The combination of multiple promoter/enhancer elements
has been attempted in previous studies, with several showing
improved gene transcription. The hTERT promoter/enhancer
is well-characterized and has been frequently used for cancer-
specific gene expression (2,12-14). In one of the studies
using hTERT promoter/enhancer-driven plasmid vectors, the
combination of the hTERT promoter with multiple hTERT
enhancer regions significantly enhanced the gene expression
in comparison to that of the parental plasmid (11). With regard
to the SV40 enhancer, several studies demonstrated enhanced
gene expression by the insertion of the SV40 enhancer down-
stream of the polyA sequences (7-10). The CMV enhancer is
used in the CMV early enhancer/chicken [-actin promoter
(CAG promoter), which is known to improve the gene expres-
sion in various cell types and tissues (3,4,7,8). The CMV
enhancer is also used to stimulate the CMV promoter, EF-1a
promoter and ubiquitin promoter, thereby further increasing
the expression of the gene of interest (7,8,24). Therefore, each
enhancer (hTERT, SV40 and CMV) can positively stimulate
the promoters in a variety of vector systems and improve the
gene expression levels in mammalian cells. The present study



ONCOLOGY REPORTS 31: 1089-1095, 2014 1093

A Hoechst staining Phase contrast

us)

*
100 *
1 *
= 90 - 90
5= (- 5=
< 80 = AdLacZ < 80
) @ Ad-CMV-REIC o)
® %1 @ adcacrec m 70
= 60/ O adseEREC = 60
] ©
o 50 * * O 50
Q 2
‘.6 40 § 40
T 30 Q. 30
= 20 * 8‘
2- < 20
10 i 10
0 0 L
HC OuMS24 211H PC3 KPK1 HelLa 211H PC3 KPK1

Figure 3. (A) The induction of apoptosis after Ad-REIC treatment is shown by Hoechst 33342 staining in 211H human malignant mesothelioma cells. Apoptotic
cells can be clearly observed as bright cells under fluorescence microscopy (left panel). The appearance of the cells by phase contrast microscopy is also shown
(right panel). (B) The apoptotic cell rate (%) was examined after the indicated treatments (no treatment, Ad-LacZ, Ad-CMV-REIC, Ad-CAG-REIC and
Ad-SGE-REIC at 50 MOI for 48 h) in normal human cells (HC, hepatocytes; OUMS24, fibroblasts) and various human cancer cell lines (211H, PC3, KPK1
and HeLa). The apoptotic cell rate was determined in five different fields under microscopic observations. “A significant difference was observed between
the Ad-SGE-REIC group and the other treatment groups. (C) The apoptotic cell rate (%) was examined under different experimental conditions (Ad-LacZ,
Ad-CMV-REIC, Ad-CAG-REIC or Ad-SGE-REIC at a 100 MOI for 72 h) in the human cancer cells (211H, PC3 and KPK1). "A significant difference was
observed between the Ad-SGE-REIC group and the other treatment groups. SGE, super gene expression; REIC, reduced expression in immortalized cells;
CMV, cytomegalovirus; MOI, multiplicity of infection.

A o8 B
& & SEIE5E
¥ PE P EE
2500
. . . q . -& PBS (singleinj.)
. @ Ad-CAG-REIC (singleinj.) g
. v &~ 20001 o ag.SGE-REIC (singleini)
© = - Ad-SGE-REIC (three injections)
Bar: 1 cm -E—
@ 15001
* PBS g
& 40001 o ag.acz °
£ ® Ad-CMV-REIC >
£ # AJ-CAG-REIC 5 1000
*5' 3000 -® Ad-SGE-REIC £
£ =
2 2000 =
5 |
14 500
o
£ 1000
=1
- * 0

Day0 Day7 Day14 Day21

Day0 Day7 Day 11 Day 14
& Days after treatment

Days after treatment

Figure 4. (A) The inhibitory effects of the Ad-REIC treatment on the subcutaneous tumor growth of RENCA mouse renal cell carcinoma cells in BALB/C
mice. The representative appearance of the tumors at the end of the two-week observation period is shown (upper panel). The mean volume of tumors was cal-
culated in four mice from each group, and the tumor growth curves are shown (lower panel). "A significant difference was observed between the Ad-SGE-REIC
group and the other treatment groups. (B) The inhibitory effects of the Ad-REIC treatment on the subcutaneous tumor growth of human PC3 prostate cancer
cells in athymic nude mice. The mean volume of tumors was calculated in five mice from each group, and the tumor growth curves are shown. “A significant
difference was observed between the Ad-SGE-REIC groups (single injection and three injections) and the PBS treatment group. SGE, super gene expression;
REIC, reduced expression in immortalized cells; PBS, phosphate-buffered saline.
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confirmed the utility of using the combination of the hTERT,
SV40 and CMV enhancers in this order in the gene expression
construct. The mechanism underlying the upregulated gene
transcription by the hybrid promoter/enhancer system is not
yet fully understood. It is conceivable that the transcriptional
elements of the hTERT, SV40 and CMV triple enhancers
interact individually or synergistically with the CMV promoter
that drives the gene transcriptional complexes and upregulates
the capacity of the cells for gene expression.

The REIC/Dkk-3 gene is a tumor suppressor and prom-
ising cancer therapeutic gene (16-23). To examine the possible
use of REIC/Dkk-3 for targeted gene-based therapy, we
developed a replication-deficient adenoviral vector encoding
the human REIC/Dkk-3 gene (Ad-REIC) (16). The CAG
promoter was selected to drive the REIC/Dkk-3 expression as
it enables strong gene expression (3,4,7,8). The overexpression
of REIC/Dkk-3 with the Ad-CAG-REIC reagent was previ-
ously found to induce apoptosis in a broad range of human
cancer cell lines in vitro (16-18,23). On the other hand, the
ability of Ad-CAG-REIC to induce apoptosis was lower in the
non-malignant cells (16,18,20). These findings indicate that the
Ad-CAG-REIC selectively induces apoptosis in a cancer cell-
specific manner, and this was also demonstrated in the present
study for the other Ad-REIC reagents (Ad-CMV-REIC and
Ad-SGE-REIC). Since REIC/Dkk-3 expression is significantly
downregulated in several human cancer cells, but is typically
expressed in non-malignant or normal cells (15,16,18,21), the
endogenous expression levels of the protein seem to be corre-
lated with the sensitivity of the cells against the REIC/Dkk-3
overexpression by Ad-REIC.

In addition, the abundant REIC/Dkk-3 protein expression
and secretion after intratumoral Ad-REIC administration
could provide anticancer immunological effects via a mecha-
nism involving autologous cancer vaccination (19,20). To
further improve the therapeutic outcomes, we developed
a new adenoviral vector expressing the REIC/Dkk-3 gene,
based on the CMV promoter-SGE system (Ad-SGE-REIC),
and compared the therapeutic utility of Ad-SGE-REIC with
that of the conventional adenoviral vectors (Ad-CMV-REIC
or Ad-CAG-REIC). In all the cancer cell lines tested in this
study, the Ad-SGE-REIC was superior to conventional adeno-
viral systems in terms of the REIC/Dkk-3 protein expression
and in vitro induction of apoptosis. With regard to the in vivo
therapeutic effects, the antitumor effects of the Ad-SGE-REIC
vector were also superior to those of the control adenoviral
vectors, indicating the potential for promising therapeutic
outcomes in future REIC/Dkk-3 gene therapy using Ad-SGE-
REIC. Thus, the SGE system could be successfully applied to
the adenovirus-mediated gene expression system, and might
be useful as gene therapy for a wide range of human malignan-
cies.

We herein demonstrated that the CMV promoter-driven
SGE cassette is superior to the conventional systems with
CMV and CAG promoters in terms of the vector-mediated
gene expression. The novel hybrid promoter/enhancer system
is a promising gene therapeutic cassette that can be used in
combination with various vector systems, and has important
practical implications for cancer gene therapy. We believe that
this novel gene expression system will become an innovative
tool in the fields of both gene expression and gene therapy.
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