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this finding was consistent with previous reports (vef. 11; Fig,
14). The levels of survivin mRNA, however, varied widely among
the different cancer cell lines. Survivin mRNA expression was
remarkably high in both hepatoma cell lines tested, HepG2 and
Hep3B, and in one of the osteosarcoma cell lines, Sa0S-2. The
levels in the other cell lines were only moderate or relatively
low. Survivin mRNA was also detected in normal WI-38 human
fibroblasts and primary human osteoblasts; these levels, however,
were relatively low in comparison to those seen in the cancer
cell lines.

Strong cancer-specific activity of the survivin promoter. The
survivin promoter provided strong transcriptional activation in all
of the cancer cell lines that showed sufficient viral transduction
(Fig. 1B). The low levels or absence of B-gal activity after infection
with adenoviruses in either Colo-205 or KHOS-NP cells was

apparently due to very low levels of AGTE in these cells and not to
a low activity of the survivin promoter. p-gal activity was not
detected in this group even after infection with AdRSV-LacZ or
Ad.CMV-LacZ at the same MOI (MOI of 30). The apparent
variability in p-gal levels was also due to both the variability of
AGTE levels in individual cells and the cellular activity required to
express the transgenes and not the variability in survivin promoter
activity. In seven of the remaining nine cancer cell lines, the
survivin promoter exhibited stronger activity than either the RSV
promoter or the CMV promoter, two representative ubiquitously
strong promoters (27, 28). Notably, the survivin promoter was
stronger than both the RSV and CMV promoters in HepG2 cells. In
two additional cell lines, HCT-15 and LoVo, the survivin promoter
displayed activity levels very similar to those observed for the RSV
and CMV promoters.
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Figure 4. Cytotoxic effects in vitro. Cells were
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at an MOI of 0.1 in HepG2 and Hep3B cells, MOls
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In contrast, survivin promoter activity was not detected in normal
'WI-38 fibroblasts despite both high levels of RSV and CMV promoter
activity and moderate to high AGTE levels, Despite detectable, albeit
low, levels of endogenous survivin expression, no detectable
transactivation could be observed in normal cells with the use of
this survivin promoter (Fig. 1B). Thus, the survivin promoter region
and length of the transcriptional regulatory element used in these
experiments are suitable to induce strong transactivation in all
cancer types examined here in a tumor-specific manner.

Surv.CRAs efficiently and selectively replicated in cancer.
After infection with Surv.CRAwt or Surv.CRAmt, the number of
EGFP-positive cells increased in a time-dependent manner in all
of the cancer cell lines analyzed, indicating the efficient replication
of both Surv.CRAs (Fig. 2). Cytopathic effect was efficiently induced
within a short period of time after the appearance of EGFP
positivity. The speed of the Surv.CRA spreading was consistent with
the observed levels of 8-gal activity (Fig. 1B), except for MKN-45
cells. In these cells, the Surv.CRAs replicated very rapidly, spreading
throughout the entire culture dish at a rate similar to that seen in
LoVo, HepG2, and Hep3B cells. The slow yet still apparent spread of
the Surv.CRAs was even observed in Colo-205 cells, despite a low
AGTE in the initial infection. This phenomenon likely results from
high levels of endogenous survivin expressed, suggesting that
efficient viral replication within cells may overcome the disadvan-
tage of low AGTE. In contrast, the percentage of EGFP-positive cells
did not clearly increase over a 7-day period in normal WI-38 cells,
although the EGFP fluorescence intensity within each cell increased

minimally. In addition, no cytopathic effect was observed in Wi-38
cells even at 7 days after infection with Surv.CRAs.

To verify tumor-specific replication of both Surv.CRAs accurately
and quantitatively, we did flow cytometric analysis using two
representative cancer cell lines, HepG2 and HOS-MNNG, as well as
normal WI-38 cells. HepG2 cells exhibited the highest levels of
survivin expression, the highest AGTE levels, and the strongest
survivin promoter activity, resulting in rapid amplification of the
Surv.CRAs (Fig. 2). HOS-MNNG showed low to moderate levels of
these properties, resulting in lower but significant viral replication.
Twenty-four hours after infection with either of the adenoviruses at
the MOI that initially provided approximately 20% AGTE,
Surv.CRAs propagated rapidly, spreading to >90% of HepG2 and
HOS-MNNG cells. Under these conditions, we could not observe
any significant amplification or spread of the control replication-
defective Ad.AE1 (Fig. 3). In contrast, the propagation and resulting
spread of Surv.CRAs remained minimal in WI-38 cultures. Thus,
both Surv.CRAs replicated more efficiently in cancer cells, even
those expressing survivin at relatively low levels, with moderate
AGTE levels, than in normal WI-38 cells. In addition, we did not
detect any significant differences in the phenotypic characteristics
of Surv. CRAwt and Surv.CRAmt in any of the cell types tested.

Surv.CRAs specifically kill cancer cells in vitro. To assess the
selective killing of cancer cells by Surv.CRAs, we conducted a cell
viability assay (Fig. 4). In two representative cell lines showing both
high AGTE and high levels of survivin expression, HepG2 and
Hep3B cells, Surv.CRAs induced prominent cytotoxic effects as

Cancer Res 2005; 65: (12). June 15, 2005

5288

www.aacrjournals.org



Survivin-Responsive Conditionally Replicating Adenovirus

early as 3 days, even when infection was done at a low MOI (0.1).
Both hepatoma cell lines were sensitive to adenoviral cytotoxicity;
cytotoxic effects were minimally but clearly seen 5 days after
infection at an MOI of 0.1 with the control, E1-deleted Ad.AEL In
HOS-MNNG cells, which exhibited low expression of survivin and
moderate AGTE levels, both Surv.CRAs induced more prominent
cytotoxicity than Ad.AEL. The cytotoxic effects were amplified in a
dose-dependent manner when initial infection at increasingly
higher MOI (Fig. 4). In contrast to these results in cancer cell lines,
neither Surv.CRA induced cytotoxic effects in normal WI-38
fibroblast cells, even 5 days after infection at an MOI of 1. Thus,
both Surv.CRAs efficiently induced cell death in three cancer cell
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Figure 5. Therapeutic effects of Surv.CRAs in vivo. A, tumor volume was
measured after a single injection of 1 x 10° pfu Surv.CRAwWt {n = 9), Surv.CRAmt
(n = 8), or control Ad.AE1 (n = 8} into preestablished s.c. tumors of HOS-MNNG
cells in nude mice. *, P < 0.05 (statistical significance in comparison with
infection with the control Ad.AE1). B, representative macroscopic pictures

14 days after injection of Ad.AE1, Surv.CRAwt, or Surv.CRAmt. Prominent tumor
necrosis was apparent in Surv.CRAwi- and Surv.CRAmt-treated masses.

C, representative histologic images at the time of sacrifice. H&E-stained sections
exhibited large necrotic areas in the tumor nodules in mice treated with either
Surv.CRA. In contrast, tumor nodules contained primarily viable tumor celis
without large necrotic areas in the Ad.AE1-treated mice. Original magnification:
%20 (top) and x 100 (bottomn). Both the macroscopic and microscopic pictures
provide a more accurate assessment of the therapeutic potential of the
Surv.CRAs than the simple assessment of tumor volume.

lines in contrast to the lack of clear toxicity observed in normal WI-
38 cells. In addition, we did not observe any significant differences
in the cytotoxicity of Surv.CRAwt and Surv.CRAmt between the cell
types tested, including the normal WI-38 cells, RB-intact HepG2
cells, and RB-deficient Hep3B cells.

Surv.CRA inhibited tumor growth in vive. Using an animal
model of preestablished s.c. tumors, we examined the therapeutic
potential of both Surv.CRAs in vivo. We intentionally used an HOS-
MNNG osteosarcoma cell line that expressed relatively low levels
of swrvivin and showed moderate levels of AGTE to assess the
therapeutic potentials of these vectors in a wider range of cancers.
A single intratumoral administration (1 X 10° pfu) of Surv.CRAwt
or Surv.CRAmt significantly inhibited tumor growth in comparison
to the same dose of AdAEl (Fig. 54). Statistically significant
differences in the tumor size were seen between Surv.CRAs-treated
and Ad.AE]-treated mice as early as 11 days after administration
and continuing thereafter. As assessed by macroscopic and
microscopic examination, the therapeutic effects of both Surv.
CRAs were more significant; the tumor nodules in Surv.CRA-
treated mice contained large necrotic areas, whereas the nodules in
Ad.AE]1-treated mice consisted primarily of viable tumor cells
histologically showing active malignant features (Fig. 5B and C).
These results suggest the therapeutic potential and general utility
of Surv.CRAs for the treatment of cancer.

The superiority of Surv.CRAs to a Tert.CRA. We compared
the viral properties of Surv.CRAs with those of Tert.CRA. The
expression levels of endogenous TERT varied among cancer cell
lines; HOS-MNNG cells, as well as HepG2 cells, expressed TERT
mRNA at very high levels (Fig. 64), in contrast to the relatively low
level of survivin expression in HOS-MNNG cells (Fig. 14).
Nevertheless, the activity of the survivin promoter in HOS-MNNG
cells was higher than that of the TERT promoter, as well as in
HepG2 cells (Fig. 6B). These results suggest that the survivin
promoter may be more active than the TERT promoter among
multiple cancer cell types.

To precisely analyze the differences in the efficiency and
attenuation of viral replication between Surv.CRAs and Tert.CRA
in cancerous and normal cells, we did flow cytometric analysis after
infection of three types of cells at low MOI (Fig. 6C). Surv.CRAwt
exhibits more efficient replication in both HepG2 and HOS-MNNG
cells than that seen in Tert.CRAwt cells, although the former virus
is more quiescent in normal WI-38 cells than the latter.

We compared the therapeutic potentials of Surv.CRAwt and
Tert.CRAwt in tumor-bearing animals (Fig. 6D). Although we did
not find a statistically significant difference in the effects of
Surv.CRAwt and Tert.CRAwt, both viruses significantly decreased
tumor size in animals from the tumor volumes observed in mice
treated with the control Ad.AE1 virus. Tumor volumes in
Surv.CRAwt-treated mice were smaller than those in Tert.CRAwt-
treated animals; in addition, the difference between the Surv.
CRAwt and control Ad.AE1 groups was more significant (smaller P)
than the difference between the Tert.CRAwt and Ad.AE1 groups.

Discussion

This study provides the first report of two survivin-responsive
CRAs, both showing efficient cancer-specific replication and potent
therapeutic effects against cancers both in vitro and in vivo.

One of the attractive features of Surv.CRAs is their ability to target
a variety of cancers. Surv.CRAs showed efficient propagation and
induced cell death in a wide variety of tumor cells with a variety of
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phenotypes, including low levels of survivin expression. The problem
of low AGTE in certain cancer types is a critical issue in adenoviral
gene therapy; Surv.CRAs are no exception. Further attempts should
be made to improve adenoviral infectivity. Nevertheless, this study
showed that Surv.CRAs propagated even in cell types with low AGTE
values, a promising result for the potential of these vectors as
therapeutic agents. In addition, we intentionally used HOS-MNNG
cells, which express survivin at relatively low levels and exhibit only
moderate AGTE, for in vivo animal studies. The anticancer effect of
Surv.CRAs under these conditions suggests that this agent may elicit
therapeutic effects in many cancer types. Moreover, recent studies
have detailed promising approaches to overcome the obstacle of low
AGTE, such as fiber modification (31-33); these techniques could be
also be directly and feasibly applied to Surv.CRAs (22). Fiber-

modified Surv.CRA may enhance the cancer specificity and efficacy
of this therapy for a broader range of cancer types and should be
explored further.

Another crucial requirement for optimal CRA is attenuation of
viral replication in normal cells. Currently, one of the best available
CRAs may be Tert.CRA; TERT, the major determinant of telomerase
activity, is expressed at high levels in many cancer cells but not in
normal cells (34). Several recent studies have shown cancer-
selective replication and anticancer effects of Tert.CRAs (18-20).
After examining the endogenous expression levels and promoter
activity of TERT in a variety of cancer and normal cells, we
compared the viral replication of Surv.CRAwt to that of Tert.CRAwt
in both cancer and normal cells. Surv.CRAwt showed greater
promise; the replication of Surv.CRAs in normal cells was more
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attenuated than that of the Tert.CRA, whereas Surv.CRAwt was
more efficient in replicating in two independent cancer cell types,
including HOS-MNNG. As HOS-MNNG expressed survivin and
TERT at low and high levels, respectively, it is likely that Surv.CRAs
are superior to Tert.CRAs in both cancer specificity and efficiency,
although the general applicability of this trend will need to be
confirmed in future studies.

Previous studies have not yet explored whether deletion of the
RB-binding domain when combined with the modulation of
ElA expression using a tumor-specific promoter provides
additional advantages or disadvantages over either approach
alone (4). In this study, Surv.CRAmt did not provide an enhanced
cancer specificity or an attenuation of viral replication in normal
cells but also do not reduce viral replication in the cancer cells
examined, including both RB-deficient and RB-infact tumor cells
and normal fibroblast cells. The survivin promoter may confer
such a high level of cancer specificity that these additional viral
modifications do not provide a clear additional advantage. It is
also possible that both RB-dependent and survivin-dependent
cancer specificities target cell cycle dysregulation; therefore, the
cancer specificity of RB- and survivin-dependent viruses may

overlap to some extent. Future studies should be conducted to
modify further the expression elements of other adenoviral genes
using different promoters that target cancer-specific genetic
events independent of cell cycle dysregulation, because the
replication of Surv.CRAs in normal cells was greatly attenuated
but not completely abrogated.

In conclusion, this study showed the therapeutic potential of
survivin-responsive CRAs; these Surv.CRAs confer cancer-specific
replication and cytotoxicity and thus may provide an attractive
therapeutic agent for the treatment of cancer.
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Despite the enormous potential of conditionally replicating
adenoviruses (CRAs), the time-consuming and laborious
methods required to construct CRAs have hampered both
the development of CRAs that can specifically target tumors
with multiple factors (m-CRA) and the efficient analysis of
diverse candidate CRAs. Here, we present a novel method
for efficiently constructing diverse m-CRAs. Elements invol-
ving viral replication, therapeutic genes, and adenoviral
backbones were separately introduced into three plasmids
of P1, P2, and P3, respectively, which comprised different
antibiotic resistant genes, different ori, and a single loxP (H)
sequence. Independently constructed plasmids were com-
bined at 100% accuracy by transformation with originally
prepared Cre and specific antibiotics in specific Escherichia

coli; transfection of the resulting P1+2+3 plasmids inio 293
cells efficiently generated m-CRAs. Moreover, the simulta-
neous generation of diverse m-CRAs was achieved at 100%
accuracy by handling diverse types of P1+2 and P3.
Alternatively, co-transfection of P1+3 and P2 plasmids into
Cre-expressing 293 cells directly generated m-CRA with
therapeutic genes. Thus, our three-plasmid system, which
allows unrestricted construction and efficient fusion of
individual elements, should expedite the process of generat-
ing, modifying, and testing diverse m-CRAs for the develop-
ment of the ideal m-CRA for tumor therapy.

Gene Therapy advance online publication, 5 May 2005;
doi:10.1038/sj.gt.3302540

Keywords: conditionally replicating adenovirus; cancer; tumor-specific; Cre/lox recombination

Introduction

One of the major obstacles to cancer gene therapy is
inefficient and nonspecific gene delivery to cancer cells,
leading to unsatisfactory outcomes in clinical trials due
to recurrence from nontransduced tumor cells, even
though some of the effective strategies, such as suicide
gene therapy,'? immunological gene therapy,>* and their
combinations® may ftreat nontransduced tumor cells to
some degree and partially circumvent this problem.
Conditionally replicating adenoviruses (CRAs), which
selectively replicate in tumor cells, but not in normal
cells, have the potential to circumvent this problem and
to achieve tumor-specific gene delivery.*” Moreover,
CRA itself may be an attractive tool for innovative
cancer therapy because selectively propagated adeno-
virus (Ad) induces the lysis of tumor cells. While various
CRAs have been reported to date, the majority of them
may be classified into two groups.® One is CRA that
expresses El in a tumor-specific manner by the replace-
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ment of a native E1 promoter with various tumor-specific
promoters.® 2 The other is CRA with a partial deletion of
the EI gene; the representatives are the mutant (mt) type
of Ad lacking a p53-binding protein that is encoded by
E1B55kD (ONYX-015),"® and the mt Ad lacking an Rb-
binding site of E1A (A24).**5 In the case of infection with
the wild type of Ad, E1B55KD inhibits the p53-induced
apoptosis of the host cell and enables Ad to continuously
replicate in cells.’®*¢ In addition, the interaction of
adenoviral E1A with cellular Rb leads to the release of
E2F transcription factor, which induces S-phase transi-
tion of the host cell in order to facilitate viral replica-
tion.'® Based on these theories, neither mt ONYX-015 nor
A24 may efficiently replicate in normal cells with intact
Rb and p53, whereas both CRAs may actively replicate
in the majority of tumor cells, disrupting the Rb-E2F
pathway and/or p53 function.

However, a perfect CRA, which replicates efficiently in
cancer cells but is completely attenuated in normal cells,
has not yet been established in reality. Especially, the
crucial problem of current CRAs is the insufficient or
incomplete cancer specificity; that is, these CRAs do
replicate in and cause some cytopathic effects, while
greatly attenuated, in normal cells.’” Recent studies
suggested that CRAs with two or three tumor specific
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factors enhanced their tumor specificity: mt E1IA and
mt E1B,® two tumor-specific promoters,” or a tumor-
specific promoter and mt E1A.** In this regard, a
promising approach to circumvent this obstacle might be
combining and introducing multiple (more than three)
tumor-specific factors into a single CRA. However,
extensive and comparative studies on CRAs that are
regulated with multiple tumor-specific factors (m-CRAs)
are currently hampered by the lack of standardized
methods to efficiently construct m-CRAs in contrast to
well-established methods for efficiently constructing
El-deleted replication-incompetent Ad vectors.”®? It
remains time-consuming and laborious to construct
diverse m-CRAs using current methods; the requirement
of additional modification steps hampers efficient pro-
duction of diverse m-CRAs in large numbers by the same
protocol. In addition, although functions of individual
viral proteins have been largely elucidated,'® the con-
troversy over p53-dependent replication of the most
representative CRA, ONYX-015,"%78 suggests the ne-
cessity of extensive biological and systematic virological
analyses of a large number of diverse m-CRAs in
practice.

Here, we develop a novel method for the efficient
construction of m-CRAs; this system simplifies and
expedites the generation and modification of m-CRAs.

Results

Constitution of m-CRAs

One of the characteristic features of our method is the
independent and unrestricted construction of three
different regulatory elements in m-CRA, involving viral
replication, therapeutic genes, and Ad backbones. To this
end, these elements were separately introduced into
three plasmids (Figure 1a). Replication-controllable
plasmid P1 consists of wt or mt E1A and E1B sequences.
Therapeutic gene-cloning plasmid P2 characteristically
contains the tetracycline resistance gene (tet’) and R6Ky
ori, which render this plasmid selectively amplified in
only a specific type of Escherichia coli (E. coli) expressing
the pir gene?* The Ad backbone plasmid P3 was
described previously® Potentially, more than seven
tumor-specific factors can be introduced into the
m-CRA (Figure 1a).

The use of different antibiotic resistance genes in all
three plasmids, characteristically specific ori in P2 and
unique I-Ceul and PI-Scel restriction sites in P1 and P3,
enable the independent and unrestricted construction of
three plasmids, and, subsequently, the feasible and rapid
fusion of these three plasmids to generate a single CRA
plasmid without using a regular ligation procedure. This
is accomplished in the following manner (Figure 1b).
Four variants of P1 vector with different combinations of
wt or mt of E1A and E1B can be chosen at present. After
the therapeutic gene and the promoters of interest were
inserted into the multiple-cloning sites in P1 and P2,
these two vectors were mixed and incubated with Cre
aliquot. DH5a E. coli was transformed using all of
the mixtures, and then grown on LB plates containing
5ug/ml tetracycline. As P1 or P2 has either the
kanamycin resistance gene (kan”) or R6Ky ori but not
both, only the DH5a clone containing successfully
recombined plasmid P1+2 will grow and form a colony
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on the LB plates containing tetracycline. P3 is digested
with I-Ceul and PI-Scel, and ligated with I-Ceul/PI-Scel-
digested P1+2, yielding a single P1+2+3 plasmid. Finally,
this P142+3 plasmid, that is, Ad vector plasmid contain-
ing a replication-regulatory element and therapeutic
gene, is linearized by Pacl, and transfected into 293 cells,
as described previously.>** Miniprep DNA can be used
in all of the procedures, including the transfection; this
feature increases the rapidity of this method and allows
the handling of numerous samples simultaneously.

Preparation of Cre recombinase

Commercial Cre recombinase is so expensive that it
prohibits the manipulation of a large number of samples
in the present system. To circumvent this obstacle, we
developed a feasible and inexpensive way to obtain a
solution containing highly active Cre recombinase as
follows. HepG2 cells, which demonstrated the highest
level of transgene expression and the highest adenoviral
gene transduction efficiency (data shown elsewhere),
were infected with Ad.CA-Cre (Ad expressing Cre under
the strongest CA promoter, which was kindly donated by
I Saito) at an MOI of 30 for 2 days, and were then
harvested and lysed in 200 ul buffer containing 20 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, and 10%
glycerol by three rounds of freeze-thawing. The super-
natants after centrifugation were collected and stored in
aliquots at —80°C until use.

We compared the activity of our Cre aliquot with
commercial products using two plasmids which had a
single loxP sequence. At 1 day after the transformation
of E. coli with our Cre aliquot and growth on 10 cm LB
plates, several hundred colonies appeared and all
colonies were correctly recombined to form a single
plasmid (data not shown). Unexpectedly, two of the three
commercial lots from two representative companies did
not work well (no and one colony). Thus, the Cre activity
in our aliquot was sufficiently high for reliable Cre/lox
recombination in E. coli; we used this Cre aliquot for the
following m-CRA construction (supernatant from one
10 cm dish allowed 200 samples of reaction).

Construction of CEA-responsive m-CRAs

To test the efficiency and the feasibility of this system, we
generated carcinoembryonic antigen (CEA) responsive
m-CRAs as an example, in which either wt or mt EIA
was expressed under the transcriptional control of the
CEA promoter (CEApr). Both types of m-CRA have mt
E1B (E1BA55kD) downstream from the cytomegalovirus
immediate-early gene enhancer/promoter (CMVpr). As
a P2 plasmid, pUni/CMVpr-EGFP was used.

After the recombination of P1 and P2 with Cre aliquot,
followed by the transformation of DH5a and growth,
10-50 colonies per 10 cm LB-tetracycline plate appeared.
Notably, restriction enzyme analyses demonstrated that
all of the clones contained the correctly recombined
plasmid (pCEApr-E1A-CMVpr-E1BAS5kD/CMVpr-
EGFP or pCEApr-E1AA24-CMVpr-E1BA5S5kD/CMVpr-
EGFP; we term each P1+2 plasmid as ‘pPl-component/
P2-component’) (Figure 2a). The somewhat lower titer
here than that shown in an earlier section was due to
tetracycline selection, but not due to Cre/lox recombina-
tion efficiency, according to our preliminary studies (data
not shown), whereas the result of 100% accuracy in 10-50
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Figure 1 The constitution and construction of m-CRA. (a) The constitution of the vector plasmids. Potentially, more than seven tumor-specific factors can
be introduced into the m-CRA as follows. (1) Promoter A, which drives wt or mt E1IA. (2) mt E1A, which lacks an Rb-binding site (E1AA24). (3) Promoter
B, which drives wt or mt E1B. (4) mt E1B, which lacks a p53-binding protein that is encoded by E1B55kD (E1 B455kD). (5) Promoter C, which drives a
therapeutic gene. (6) A therapeutic gene. (7 or more) Modification of Ad backbone, such as a fiber modification to modulate an infectivity. (b) The schematic
representation of the m-CRA construction. All procedures, including the transfection into 293 cells, can be carried out using miniprep DNA.

colonies was rather encouraging and sufficient for the
present purpose.

Elements involving viral replication and the therapeu-
tic gene were transferred from P142 to P3 (pAd.HM4)
to generate P1+2+3 (pAd.HM4-CEApr-E1A-CMVpr-
E1BA55KkD/CMVpr-EGFP or pAd HM4-CEApr-E1AA24-
CMVpr-E1BA55KkD/CMVpr-EGFP; we term each P1+2+3
adenoviral plasmid as ‘pAd.P3-component-P1-compo-
nent/P2-component’). The accuracy of such unique I-
Ceul /PI-Scel-based ligation was almost 100% (Figure 2b),
in accordance with the previous results.?® Over 10
plaques appeared on 6cm dishes 12 days after the
transfection of Pacl-digested P14+2+3 into 293 cells.
Notably, all of the plaques were EGFP-positive under

fluorescent microscopy (Figure 2c). Accordingly, the PCR
analyses of the DNA extracted from these m-CRAs
verified that all of them were correct CEA-responsive
m-CRA (CRA.CEApr-E1A-CMVpr-E1BA55kD/CMVpr-
EGFP or CRA.CEApr-E1AA24-CMVpr-E1BAS5kD/CMVpr-
EGFP; we term each m-CRA as ‘CRA.Pl-component/
P2-component’) (Figure 2d).

Simultaneous construction of diverse types of m-CRAs
It would further facilitate extensive analyses of m-CRAs
if numerous and diverse types of m-CRAs could be
constructed at one time. To investigate this possibility, we
first investigated whether initially constructed P1+3, that
is, Ad backbone plasmid with a replication-regulatory

w
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Figure 2 The efficiency and accuracy in the m-CRA construction on the protocol shown in Figure 1b. (a) Restriction enzyme analysis of P1+2 plasmid.
After the reaction of pCEApr-E1A-CMVpr-E1BA55kD (P1) and pUni-CMVpr-EGFP (P2), 13 miniprep samples from E. coli colonies were digested by
Sall and electrophoresed (M, marker. Lanes 1-13, each sample; P1, P1 plasmid; P2, P2 plasmid). The correct pattern (three bands consisting of P1-derived
6.3 kb band and P2-derived 3.2 and 1.2 kb bands) was seen in all samples, demonstrating 100% accuracy of correct clones containing P1+2 plasmid
(pCEApr-E1A-CMVpr-E1BA55kD/CMVpr-EGFP) among all of the transformed clones. (b) Restriction enzyme analysis of P1+2+3 plasmid. After the
reaction of P1+2 (pCEApr-E1A-CMVpr-E1BA55kD/CMVpr-EGFP) and P3 (pAd.HM4), 12 miniprep samples from E. coli colonies were digested with
HindIIl and electrophoresed (M, marker. Lanes 1-12, each sample; P3, P3 plasmid). The correct pattern was seen in all samples; the 1.8 kb band was
indicative of the correct clone. (c) Phase-contrast (left) and fluorescent (right) microscopic pictures of one representative of m-CRA plaques (CRA.CEApr-
E1A-CMVpr-E1BA55kD/CMVpr-EGFP) on 293 cells 10 days after transfection of Pacl-digested pAd HM4-CEApr-E1A-CMVpr-E1BA55kD/CMVpr-
EGFP. (d) PCR analyses of genomic DNA extracted from m-CRA plaques. PCR was performed with three different primer sets of S-E1A-1{AS-E1A-1,
S-E1B-1/AS-E1B-1, and S-EGFP[AS-EGFP to detect E1A, E1A, and EGFP DNA, respectively, in CEA-responsive m-CRAs (E1A; CRA.CEApr-E1A-
CMVpr-E1BA55KD/CMVpr-EGFP, and E1AA24; CRA.CEApr-E1AA24-CMVpr-E1BA55kD/CMVpr-EGFP) (the left picture). P, positive control
plasmid DNA corresponding to each of primer sets. N, nontemplate DNA. To distinguish these two CEA-responsive m-CRAs, PCR products amplified
with the primer sets of S-HM5 and AS-E1A-1 were digested with BstXI, of which recognition sites existed in the Rb-binding domain of E1A and Ad
backbone (the right picture). The correct pattern was seen in all samples of both types of m-CRA; the 0.8 kb band (*), and the 0.5 and 0.3 kb bands (¥) were
indicative of m-CRA with mt E1A (E1AA24), and that with wtE1A, respectively.

element, might be recombined with therapeutic gene-
cloning vector P2 in the same way as the recombination
of P1 and P2 (Figure 3a). P1+3 (pAd.HM4-CEApr-E1A-
CMVpr-E1BA55kD) was constructed by transferring

section, although P1+3 was a much larger plasmid than
P1 alone.

Next, the feasibility of simultaneously constructing
several different types of m-CRAs was tested. DHb5«

replication-regulatory elements from P1 (pCEApr-E1A-
CMVpr-E1BA5SSKD) to P3 (pAd.HM4) with I-Ceul/
PI-Scel-based ligation. After incubating P1+3 (pAd.
HM4-CEApr-E1A-CMVpr-E1BAS5kD) and P2 (pUni/
CMVpr-EGFP) with Cre aliquot, DH50 was transformed
with all of the mixtures and grew on LB plates with
tetracycline. After 1 day, about 30 colonies appeared on a
10 cm dish, and all of them contained correctly recom-
bined P1+2+3 plasmid (pAd.HM4-CEApr-E1A-CMVpr-
E1BA55kD/CMVpr-EGFP) (Figure 3b). Thus, both the
efficiency and accuracy of the recombination/transfor-
mation of P1+2 and P3 were similarly high in compar-
ison with those of P1 and P2, as shown in the earlier
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E. coli in each of 10 tubes containing the same P2 (pUni/
CMVpr-EGFP) and Cre aliquot was transformed by each
of 10 different types of P1+3 plasmid. At 1 day after the
growth on LB-tetracycline plates, 3-52 colonies appeared
on each of the 10cm plates, and all colonies were
correctly recombined plasmids (Figure 3c).
Furthermore, we examined whether more different
tumor-specific factors including therapeutic genes can be
correctly inserted into m-CRAs with the present system.
Eight different m-CRAs that contain six tumor-specific
factors, that is, (1) human telomerase reverse transcrip-
tase promoter (TERTpr) driving E1A, (2) wt or mt E1A,
(3) human E2F promoter (E2Fpr) driving E1B, (4) mt E1B,
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Figure 3 Simultaneous construction of diverse types of m-CRA plasmids. (a) The schematic representation. Initially constructed P1+3, that is, Ad
backbone plasmid with a replication-regulatory element, can be recombined with therapeutic gene-cloning vector P2 to yield a single P1+2+3 plasmid. (b)
Restriction enzyme analysis of genomic DNA extracted from clones transformed with P1+3 (pAd HM4-CEApr-E1A-CMVpr-E1BA55kD) and P2 (pUni/
CMVpr-EGEP). HindlIl digestion of miniprep samples demonstrated the correct pattern of P1+2+3 plasmid (pAd HM4-CE Apr-E1A-CMVpr-E1BA55kD/
CMVpr-EGFP) in all of the transformed clones (M, marker. Lanes 1-9, each sample; P1+3, P1+3 plasmid); the 1.8 kb band was indicative of the correct
clone. (c, d) Simultaneous construction of several different types of m-CRAs with this protocol. (c) DH5a E. coli in each of 10 tubes containing the same P2
(pUni/CMVpr-EGFP) and each of 10 different types of P1+3 plasmid, which were preincubated with the Cre aliquot, were transformed and grew with
tetracycline. HindITI-digestion analysis was carried out in the same manner as above, and one representative picture per group was shown here. Numbers of
colonies per 10 cm plate appeared and the accuracy (the percentage of the correct clones; clones in each group were carefully analyzed with several different
types of restriction enzymes although data were not shown here) in each group is shown below the picture (M, marker, Lanes 1-10, each sample; Pr.A,
promoter driving wt or mt E1A; Pr.B, promoter driving wt or mt E1B; P3, P3 plasmid; P1+3, P1+3 plasmid). The 1.8 kb band was indicative of the correct
clone. (d) Four different CRAs which contain six tumor-specific factors were constructed and the P1+2+3 plasmids were analyzed by HindllI digestion (M,
marker, Lane 1, pAd. HM4-TERTpr-E1A-E2Fpr-E1BAS5kD|Surv.pr-p53; Lane 2, pAd HM4-TERTpr-E1AA24-E2Fpr-E1BA55kD)|Surv.pr-p53; Lane 3,
pAd . HM12-TERTpr-E1 A-E2Fpr-E1BA55kD|Surv.pr-tk; each sample; Lane 4, pAd.HMI12-TERTpr-E1AA24-E2Fpr-E1BA55kD|Surv.pr-tk; P3, P3
plasmid).

(5) mouse survivin promoter (Surv.pr) or CMVpr driving
therapeutic gene, and (6) therapeutic gene (p53 or herpes
simplex virus thymidine kinase (HSV-tk), were success-
fully constructed (Figure 3d and data not shown).

Thus, it was shown that simultaneous construction of
diverse m-CRAs was, in fact, feasible using the present
system.

Therapeutic gene insertion into m-CRA directly
in Cre-expressing 293 cells (alternative protocol)

We further hypothesized that two types of plasmids,
P1+3 and P2, might be recombined directly in Cre-
expressing 293 cells (Figure 4a). To assess this possibility,
P1+3 (pAd.HM4-CEApr-E1A-CMVpr-E1BA55kD) and
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Figure 4 Therapeutic gene insertion into m-CRA directly in Cre-
expressing 293 cells (alternative protocol). (a) The schematic representa-
tion. (b) Phase-contrast (left) and fluorescent (right) microscopic pictures
of an m-CRA plague (CRA.CEApr-E1A-CMVpr-E1BA55kD{CMVpr-
EGFP) on Cre-expressing 293 cells 12 days after co-transfection of P1+3
(pAd. HM4-CEApr-E1A-CMVpr-E1BA55kD) and P2 (pUni{CMVpr-
EGFP). (c) PCR analyses of genomic DNA extracted from m-CRA
plagues that do or do not show EGFP fluorescence (two left lanes,
respectively). PCR analyses were performed using four different primer
sets of S-E1A-1/AS-E1A-1, S-E1B-1/AS-E1B-1, S-Fiber/AS-Fiber, and
S-EGFP[AS-EGFP to detect E1A, EI1B, fiber, and EGFP DNA,
respectively. P, positive control plasmid DNA corresponding to each of
primer sets. N, nontemplate DNA.

P2 (pUni/CMVpr-EGFP) were cotransfected into Cre-
expressing 293 cells. Some plaques became visible 6 days
afterwards, and 10 plaques per 10 cm dish appeared
12 days after cotransfection. One of these 10 plaques
showed an EGFP-positive finding under fluorescent
microscopy (Figure 4b). PCR analysis of the DNA
isolated from these plaques verified that only this
fluorescence-positive plaque contained a correctly
recombined m-CRA with EGFP c¢DNA (Figure 4c).
Therefore, using a marker gene such as EGFP, the correct
m-CRA derived from P1+2+3 plasmid can be easily
isolated from the m-CRA derived from P1+3 plasmid.

Discussion

The large size of the adenoviral DNA (36 kB) hampered
the feasible modification of the Ad vector, due to limited
numbers of available unique restriction enzyme recogni-
tion sites. For constructing the El-deleted Ad, a two-
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plasmid system, that is, separate construction of the
therapeutic gene and adenoviral backbone in two
plasmids, was recently utilized.”® However, when con-
structing CRAs, a modification of the E1 region is
additionally necessary; currently, there is no standar-
dized method to construct diverse types of m-CRAs in
large numbers. Owing to this deficiency, many molecular
biologists or gene therapy researchers, who are not CRA
specialists, may not be able to efficiently construct CRAs,
whereas they can feasibly construct El-deleted Ad using
commercially available kits. Detailed protocols, incor-
porating the careful consideration of available restriction
enzyme sites, should be formulated each time a new
CRA is constructed or any time a currently available
CRA is modified. The procedures used currently may
vary in the details of constructing different m-CRAs, and
additional modifications of their own protocols in
individual laboratories may be necessary depending on
individual CRAs. Thus, even though it may be possible
to construct an m-CRA, the present methods are not yet
standardized and are deficient in their potential to be
widely utilized by a large number of researchers.

In this respect, the notable feature of our system is that
it allows the independent and unrestricted construction
of individual elements of viral replication, therapeutic
genes, and adenoviral backbones in three plasmids,
and subsequently permits the accurate fusion of these
plasmids within the same protocol into a single m-CRA
plasmid without regular ligation procedures. This
feature enables a normally trained molecular biologist
to feasibly construct m-CRAs, and to construct and/or
modify diverse m-CRAs in large numbers. To this end,
we introduced Creflox recombination and I-Ceul /PI-Scel-
based ligation for combining the three plasmids, and
different types of antibiotic resistance genes and ori for
specifically selecting only the correctly combined clones,
into this system. In this context, the factors needed for
this system to function at its maximum efficiency were
the use of both an optimized concentration of tetra-
cycline, and high-activity Cre. Due to the fact that there
have been no reports of tetracycline selection together
with the Cre/lox recombination in E. coli, and because we
obtained a lower transformation efficiency with tetra-
cycline than with kanamycin or ampicilin, we initially
determined the optimal concentration of tetracycline for
this system. Unexpectedly, the optimal concentration of
tetracycline was 5 pg/ml in the LB plate, which is lower
than that described in textbooks (12 ug/ml),?” and the
effective range was narrow (data not shown). Higher Cre
activity is also essential, especially due to the use of
tetracycline selection; the use of lower Cre activity did
not result in the appearance of the correct clone. We
established a feasible and inexpensive way to obtain
aliquots containing highly active Cre. With these condi-
tions, sufficient numbers of clones always appeared, and
all of them contained the correct recombined plasmid.
The distinct advantage of the present method is 100%
accuracy of correct clones among all of the transformed
clones in E. coli; this feature, together with the use of
miniprep DNA throughout the procedure, allowed us to
handle multiple diverse samples at one time, and we in
fact simultaneously constructed diverse types of m-
CRAs in this study. The remnant components of tef’,
R6Ky ori, and a single lox sequence in m-CRAs, which are
indispensable to achieve 100% accuracy of correct clones,



are not troublesome, at least for the experimental
purpose, probably in general, described herein because
neither tet” lacking a proper mammalian promoter or
poly A sequence, nor R6Ky ori efficiently function in
mammalian cells. In fact, we found that several m-CRAs,
including the ones shown in Figure 3c in this study,
function well with these components without any
harmful effects.

An introduction of a marker gene into a CRA, such as
EGFP gene used in the present study, which allows
researchers to monitor the spread of a CRA in vitro and in
vivo, is quite useful for carefully analyzing the virological
features of CRA. It was recently shown that CRA
expressing a therapeutic gene may enhance the cytotoxi-
city and the therapeutic potential in addition to the
oncolytic activity of CRAs.™ In this regard, an advantage
of our system is the ability to subsequently insert a
therapeutic or marker gene either into an m-CRA
plasmid in E. coli or directly into m-CRA in Cre-
expressing 293 cells. To maximize both protocols, diverse
types of P1+3 and P2 may be initially prepared using the
regular subcloning procedure, because combining differ-
ent types of P1+3 and P2 at the later stage can be carried
out simultaneously, as shown in the present study. The
latter protocol, that is, direct transfection of P1+3 and
P2 into Cre-expressing 293 cells, has the advantage of
further eliminating one step in E. coli, leading to an
increase in the rapidity of the procedure. EGFP or other
fluorescent genes alongside the therapeutic gene in P2,
which allows direct identification of the correct m-CRA
plaque containing therapeutic genes under fluorescent
microscopy, may maximize this benefit.

The unrestricted and independent construction of
individual elements in the three-plasmid system should
not only expedite the process of generating diverse
m-CRAs but also make feasible the modification of
individual elements in m-CRAs. Several combination
patterns of different P1, P2, and P3 vectors allow the
generation of diverse types of m-CRAs in large numbers,
including those in which some elements were modified
with diverse combinations. Lessons from previous gene
therapy studies, that is, discrepancies between experi-
mental data and actual clinical outcomes, suggest the
necessity of the systematic and extensive examination of
the biological and virological characteristics of diverse
m-CRAs in practice. In this respect, the ability to
efficiently generate large numbers of modified m-CRAs
with diverse combinations of gene elements may be the
most significant advantage of our system. Particularly,
unrestricted selection of the adenoviral backbone may
provide two potential advantages. First, any- suitable
adenoviral backbone, such as fiber-modified Ads to
achieve tumor-specific infection, which may be deter-
mined by other types of extensive studies, can be directly
used in the m-CRA studies; additional steps in con-
structing new m-CRAs that contain both characteristic
elements may be omitted. Second, Ad can package 105%
of its genome, and such DNA size limitation may
potentially complicate or hamper the modification of
pre-constructed m-CRAs. However, the present system
allows the change of the P3 backbone plasmid to
circumvent this problem; P3 with a longer deletion can
be used if additional DNA should be inserted in P1 or P2
to modify pre-established m-CRA. Namely, the three-
plasmid system in the present m-CRA construction may
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maximize the benefit of the in vitro ligation system.”® For
instance, up to 5.4, 5.9 or 8.7 kb of DNA elements can be
introduced in P1 and P2 when pAdHM4, pAdHM]10, or
pAdHM1I2 is used as PP3 vector, respectively, as described
previously.®®

In conclusion, the present study reports a novel
method for efficiently constructing and/or modifying
diverse m-CRAs; this system may be useful for the
development of the ideal m-CRA for tumor therapy.

Materials and methods

Cell lines

The human hepatoma cell line, Hep-G2, was obtained
from the Cell Resource Center for Biomedical Research at
the Institute of Development, Aging and Cancer, Tohoku
University (Sendai, Japan). Hep-G2 was cultured in
Dulbecco’s modified Eagle’s medium supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, and
10% fetal bovine serum. The Cre-expressing 293 cell line
was generated as described elsewhere.?®

Plasmids
Plasmid P1 was constructed as follows. The E1A coding
sequence and pA without the native E1A promoter were
obtained by PCR from pXC1 (Microbix, Toronto, Canada)
with the primers S-E1A/AS-E1A (Table 1). This E1A
fragment was digested with Spkl and Sall and inserted
into Sphl/Sall-digested pHMb5.> The resulting plasmid
was designated pAPrE1A. The mt E1B coding sequence
(1684-2285), which lacked the E1B55kD coding sequence,
native E1B promoter, and pA, was obtained by PCR from
pXCl with the primers S-E1BA55kD/AS-E1BA55kD
(Table 1) and inserted into pAPrE1A by Sall/BamHI
sites, resulting in pAPrE1A-APrE1BAS5KDApA plasmid.
BGHpA obtained by PCR with the primers S-BGHpA/
AS-BGHpA (Table 1) from pRc/CMV plasmid (Invitro-
gen, Carlsbad, CA, USA) was inserted into pAPrE1A-
APrE1BA5S5KkDApA by BamHI/EcoR1 sites, resulting in
pAPrE1A-APrE1BASSKD plasmid. The full length of
E1B (1684-4073) was obtained by PCR from pXC1 with
the primers S-E1B/AS-E1B (Table 1) and inserted into
Kpnl/EcoRI-digested pAPrE1A-APrE1BA55KD, resulting
in APrE1A-APrE1B plasmid. All sequences obtained by
PCR were confirmed using an ABI Prism 310 genetic
analyzer (Applied Biosystems, Foster City, CA, USA).

El1A sequence without a 24bp sequence for pRb
binding was obtained by site-directed mutagenesis using
sequential PCR steps? with the primers AS-E1AA24/
S-E1AA24 (Table 1). The obtained product was inserted
into pAPrE1A-APrE1B or pAPrE1A-APrEIBA5S5KD plas-
mid by Notl/Sall sites, resulting in pAPrE1AA24-APrE1B
or pAPrE1AA24-APrE1BA55kD plasmid, respectively.

Plasmid P2 was constructed as follows. kan™ was
removed from pUni/V5-HisC (Invitrogen) by BglIl/ Smal
digestion. A blunt-end fragment of tet” obtained from
pBR322 (Invitrogen) was inserted into the vector to yield
pUni/V5-HisC-tet". The construction of plasmid P3 was
performed as described previously.®

CEApr® and CMVpr were obtained by PCR from
AxCEAprTK (Riken gene bank, Tsukuba, Japan) and
pRc/CMV with the primer sets of S-CEApr/AS-CEApr
and 5-CMVpr/AS-CMVpr, respectively (Table 1). The
fragment containing CEApr or CMVpr was excised by
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Table 1 PCR primers

Primer Sequence Annealing
temperature
0

S-E1A 5-TCAGTCGCATGCGCGGCCGCTACGTAACGCGTTACCCGGTGAGTTCCTCAAGAGGC-3 57

AS-E1A 5-GGACGTCCTAGGGTCGACGCCCCATTTAACACGCCATGCAAG-3

S-E1BA55kD 5-TCAGTCCCTAGGGTCGACCATATGGATATCCAATTGCGTGGGCTAATCTTGGTTACATCT-3 57

AS-E1BASSkD  5-GGACGTGGATCCGCGTCTCAGTTCTGGATACAGTTC-3

S-E1B 5'ATAAATGGAGCGAAGAAACC -¥ 57

AS-E1B 5'-GGACGTGAATTCATAACTTCGTATAATGTATGCTATATGAGGTAATCTTGATCCAAATCCAAACAGAGTC-Y

S-BGHpA 5-TCAGTCGGATCCGCATGCATCTAGAGCTCGCTGATC-3 . 57

AS-BGHpA 5-GGACGTGAATTCATAACTTCGTATAATGTATGCTATATGAGGTAATTCAGAAGCCATAGAGCCCACCGCA-3

5-A24 5-TTGTACCGGAGGTGATCGATCCACCCAGT-3 57

AS-A24 5. TCCTCGTCGTCACTGGGTGGATCGATCACC-3'

S-CEApr 5'-TCAGTCGCGGCCGCATCATCCCACCTTCCCAGAG-3 57

AS-CEApr 5-GGACGTACGCGTCCATGGTCTCTGCTGTCTGC-3

S-CMVpr 5-TCAGTCGTCGACCGTTGACATTGATTATTGAC-3' 57

AS-CMVpr 5-GGACGTCAATTGGCTTGGGTCTCCCTATAGTG-3

S-E1A-1 5-CCTGTGGCATGTTTGTCTAC-Y 57

AS-E1A-1 5-CAACTGGTTTAATGGGGCAC-3

S-E1B-1 5-AAGGAGGATTACAAGTGGGA-3 57

AS-E1B-1 5-AGTAGCAGGCGATTCTTGTG-3

S-EGFP 5-CACAAGTTCAGCGTGTCC-¥ 59

AS-EGFP 5-CTTGATGCCGTTCTTCTG-3'

S-Fiber 5-GTTCCTGTCCATCCGCACCCACTATCTTCATGTTG-¥ 59

AS-Fiber 5-AGTGGCAGTAGTTAGAGGGGGTGAGGCAGTGATAG-3

S-pHMb 5-AACGGTCCTAAGGTAGCGAA-3 59

NotI/Mlul or Sall/Mfel, respectively, and ligated into
similarly digested pAPrE1A-APrE1BA5S5kD or pAPrEl
AA24-APrE1BAS5KD, resulting in pCEApr-E1A-CMVpr-
E1BA55kD or pCEApr-E1AA24-CMVpr-E1BA55kD. Hu-
man osteocalcin promoter (OCpr, —834 to +34)*° and
Surv.pr (—173 to —19)** were obtained by PCR from
genomic DNA (details should be described elsewhere).
HE2Fpr (—218 to +51)** and TERTpr (181 to +78)*® were
kindly provided by H Fine (National Cancer Institute,
Bethesda, MD, USA) and S Kyo (Kanazawa University,
Kanazawa, Japan), respectively. P1 plasmids pCEApr-
E1A-E2Fpr-E1BASSKD,  pCEApr-E1AA24-E2Fpr-E1BA
55kD, pE2Fpr-E1A-CMVpr-E1BAS5KD, pE2Fpr-E1AA24-
CMVpr-E1BA5S5kD, pOCpr-E1A-CMVpr-E1BA55kD,
pOCpr-E1AA24-CMVpr-E1BA5SSKD, pTERTpr-E1A-CMVpr-
E1BAS5KD, pTERTpr-E1AA24-CMVpr-E1BAS5KD, pTERT
pr-E1A-E2Fpr-E1BASSKD, and pTERTpr-E1AA24-E2Fpr-
EIBASSkD were constructed in the same manner as
described above. pUni/V5-HisC-tet” was digested with Xhol
and blunted, and the blunt-end fragment of CMVpr,
which was excised from pCEApr-E1A-CMVpr-E1BAS5KD,
was inserted to yield pUni/CMVpr. The EGFP coding
sequence from pEGFP-C1 (Clontech, Palo Alto, CA, USA)
was inserted into pUni/CMVpr to obtain pUni/CMVpr-
EGFP. In the same manner, Surv.pr was inserted into pUni/
V5-HisCet, resulting in pUni/Surv.pr. pUni/CMVpr-p53,
pUni/CMVpr-tk, pUni/Surv.pr-p53, and pUni/Surv.pr-tk
were constructed by insertion of p53 and HSV-tk fragment
excised from pCMV-p53 (Clontech) and pAd.RSV-tk (kindly
provided by Z Sheng Guo, University of Pittsburgh Cancer
Institute, Pittsburgh, PA, USA) into pUni/CMVpr or pUni/
Surv.pr.

PCR

The primer sets used in this study are listed in Table 1.
The PCR conditions that were used for the m-CRA
construction are described earlier. For verification of the

Gene Therapy

correct m-CRAs, PCR of genomic DNA, which was
extracted from viral plaques with proteinase K digestion
phenol/chloroform purification and ethanol precipita-
tion, was performed with primer sets, as shown in Table
1. The amplified DNA was analyzed by electrophoresis
on 1% agarose gel.

Preparation of Ads

All Ads were generated and amplified in 293 cells, and
purified in CsCl gradients, as described previously.>*®
The titer of the Ads (plaque-forming unit/ml) was
measured by a plaque assay on 293 cells.
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Abstract. Hepatocyte growth factor (HGF) gene therapy
may have potential for treating chronic hepatitis (CH) and
liver cirrhosis (LC). However, the lack of an HGF gene
therapy study on hepatomas that are often associated with
CH or LC, together with the stimulatory effects of HGF on
many types of cancer, may hamper its application. This study
- explored the effects of adenoviral HGF gene transduction and
their mechanisms on two types of hepatoma cells (hepato-
blastoma and hepatocellular carcinoma) in in vitro experiments.
Both types of hepatomas were revealed to have higher
adenoviral gene transduction efficiencies and more efficient
expressions of the HGF transgene, which successfully activated
the HGF receptor/c-Met in an autocrine fashion, than those
of other types of cancer. Notably, not only HGF, but also
adenoviral infection, inhibited DNA synthesis, whereas only
HGEF but not adenoviral infection exerted a potent apoptotic
effect. Moreover, adenoviral HGF gene transduction additively
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galactophyranoside; ELISA, enzyme-linked immunosorbent assay
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exerted inhibitory effects on cisplatin-treated hepatomas. In
conclusion, inhibitory and apoptotic effects of adenoviral
HGF gene transduction in hepatomas in contrast to potent
mitogenic and antiapoptotic effects of HGF for hepatocytes
are not only of biological interest, but also pose clinical
benefits for adenoviral HGF gene therapy for CH and LC.

Introduction

Hepatocyte growth factor (HGF), originally identified (1-4)
and cloned (5,6) as a potent mitogen for hepatocytes, is a
multifunctional cytokine that exhibits mitogenic, motogenic,
morphologic, angiogeneic, antiapoptotic and organotrophic
effects on a variety of tissues (7). We recently showed that
HGF exerts a potent antiapoptotic effect on hepatocytes and
antifibrotic effects, and can be used to treat acute hepatitis,
including fulminant hepatic failure (8,9), and chronic hepatitis
(CH) and liver cirrhosis (LC) in animals (10-12). Thus, these
beneficial effects, together with the inducible effect for liver
regeneration (13), suggest that HGF gene therapy may be a
promising treatment for CH and L.C.

However, certain types of growth factors may play
important roles in the carcinogenesis, tumor growth, and
angiogenesis of cancer. Accumulating data suggest that HGF
may enhance the growth and metastases of a majority of
cancers, probably due not only to direct stimulation of cancer
cell growth, but to the enhancement of angiogenesis (14,15).
In fact, the HGF antagonist has been shown to inhibit cancer
cell growth, metastasis, and angiogenesis of some cancers in
animals (16,17). In contrast, other studies suggested that HGEF
might exert an inhibitory effect on certain types of cancers
(18-23) although their overall features and mechanisms remain
obscure.

In particular, the roles and effects of HGF on hepatomas
remain largely controversial. In transgenic mouse (Tg) studies,
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two distinct types of HGF Tg, in which HGF was over-
expressed under the transcriptional control of either the
hepatocyte-specific albumin promoter (Alb-HGF-Tg) (24) or
the ubiquitously active mouse metallothionein gene promoter
(MT-HGF-Tg) (25,26), demonstrated completely opposite
results concerning hepatocarcinogenesis. Alb-HGF-Tg never
formed a hepatocellular carcinoma (HCC), and furthermore,
analyses using two kinds of double Tg; Alb-HGF/MT-TGF-a
Tg (27) and Alb-HGF/Alb-c-myc-Tg (28), showed that the
overexpression of HGF in hepatocytes inhibited both TGF-a
and c-myc-induced hepatocarcinogenesis. In contrast, MT-
HGF-Tg formed cancers in several organs, including HCC in
the liver (25,26). Thus, rather than elucidating this issue,
these Tg studies have led to confusion, probably due to the
artificial factors in the studies. On the other hand, in vitro
studies have recently shown that recombinant HGF has an
inhibitory effect on the human hepatoblastoma cell line,
HepG2 (29), but no study has as yet explored the effects of
HGF on human hepatocellular carcinoma (HCC). More
importantly, there has not only been no direct studies of HGF
gene therapy for hepatoma, but also no biological studies of
adenoviral HGF gene transduction in hepatomas, including
no investigation of the effects of adenoviral infection itself or
the effects of exogenous HGF gene expression in an artificial
autocrine fashion.

HCC, which is the major type of hepatoma found in adult
patients, is usually associated with CH or LC. Alternatively,
CH and LC have a high risk of hepatocarcinogenesis (30-32),
and some patients with CH and/or LC may potentially have
latent HCC at an undetectably small size. Thus, although
HGF gene therapy may have potential for treating CH and
LC, its clinical application may be prohibited due to the
uncertain effects of HGF gene therapy for hepatomas. In this
regard, the present study biologically explored the effect of
adenoviral HGF gene transduction in hepatoma cells and its
mechanism.

Materials and methods

Human cell lines. The human cell lines Hep3B (HCC), HepG2
(hepatoblastoma), HeLa (cervical carcinoma), MKN-28 (gastric
carcinoma), colo-205 (colon carcinoma), HOS-NP (osteo-
sarcoma), A549 (lung carcinoma) and 293, were cultured in
5% CO, at 37°C in Dulbecco's modified Eagle's medium
supplemented with penicillin/streptomycin and 10% fetal calf
serum.

Recombinant adenoviral vectors (Ads) and adenoviral gene
transduction efficiencies (AGTEs). Replication-defective
Ads, Ad.RSV-HGF and Ad.RSV-LacZ, which encode the
human HGF and B-galactosidase gene, respectively, down-
stream of the transcriptional control of the Rous sarcoma
virus long terminal repeat (RSV) promoter were constructed,
prepared, and titered as described previously (33-35). AGTEs
were assessed by 5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside (X-gal) staining after Ad.RSV-LacZ infection, as
described previously (36-38).

HGF enzyme-linked immunosorbent assay (ELISA). HeL.a,
Hep3B and HepG2 cells at 1000, 1000 and 2000 cells/well in

96-well plates, respectively, were infected with Ad.RSV-
HGF, and the supernatant was collected 48 or 96 h later. The
human HGF levels in the supernatant were measured by
ELISA according to the manufacturer's protocol (R&D
Systems, Inc., Minneapolis, MN).

C-Met phosphorylation. C-Met phosphorylation in the cells
was detected by the immunoprecipitation method (39).
Briefly, the cells were lysed in 500 pl RIPA buffer (1%
Triton X, 150 mM NaCl, 50 mM Tris-HCI pH 7.6, 10%
glycerol, | mM Vanadate, | mM phenylmethylsulfonyl
fluoride) with protease inhibitors after incubation with the
serum-iree media for 24 h and subsequently with new
serum-free media containing recombinant HGF (R&D
Systems) or the supernatant from Ad.RSV-HGF-infected
HepG?2 cells for 10 min. After centrifugation, the supernatant
was incubated with 0.5 ng/ml anti-c-Met monoclonal antibody
(C-12, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for
4 h, and sequentially incubated with 10 pl Protein G Sepharose
beads for 3 h. The proteins bound to beads were dissolved in
sample buffer and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Phospho-
rylated c-Met was immunoblotted with anti-phosphotyrosine
antibody (PY20, Transduction Laboratories, Lexington, KY).

WST-8 cell viability assay. The cells were infected with each
Ad in the same manner as in the HGF ELISA experiment.
Cell viability was determined by WST-8 assay (Dojindo
Laboratories Co., Mashiki, Japan) at 2, 4, 6 or 8 days after
Ad infection according to the manufacturer's protocol (36,37).
To explore the effect of HGF in cisplatin (cis-Diammine-
dichloroplatinum (II))-treated hepatoma cells, cisplatin was
added to the media in the HepG2 and HeLa cells (125 pg/ml)
and in the Hep3B cells (250 j1g/ml) at 24 h after Ad-infection.

Bromo-2'-deoxyuridine (BrdU) uptake assay. The cells were
infected with each Ad in the same manner as in the HGF
ELISA experiments. Four days later, the cells were incubated
with 10 UM of BrdU for 4 h and harvested. The percentage
of cells that had BrdU uptake was measured by ELISA
according to the manufacturer's protocol (BrdU Labeling and
Detection Kit III, Roche Diagnostics GmbH, Mannheim,
Germany).

Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate biotin nick-end labelling (TUNEL) assay.
Hep3B or Hela (1x10% cells, or HepG2 (2x10%) cells were
infected with each Ad, and apoptotic cells were detected at 2,
4, 6 or 8 days later using an ApopTag Peroxidase in sifu
Apoptosis Detection Kit (Intergen Company, New York,
USA) according to the manufacturer's protocols.

Detection of active form of caspase-3. The cells were lysed in
hypotonic buffer (25 mM HEPES pH 7.5, 5 mmol/l MgCl,, 1
mmol/l EDTA, 1 mmol/l phenylmethylsulfonyl fluoride)
with protease inhibitors at 2, 3 or 4 days after adenoviral
infection at the multiplicity of infection (MOI) of 10. Protein
(30 pg) was subjected to SDS-PAGE, and Western blotting
was performed using anti-caspase-3 antibody (BD Pharmingen,
San Diego, CA), peroxidase-conjugated anti-rabbit IgG and
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Figure 1. AGTEs. Cells were infected with Ad.RSV-LacZ at indicated MOls
and stained with X-gal. (A), The AGTEs in Hep3B and HepG2 were as high
as those in HeLa cells, and higher than those in other types of cells. (B), The
representative pictures of X-gal-stained cells.

SuperSignal® West Pico Chemiluminescent Substrate (Pierce
Chemical Co., Rockford, IL).

Statistical analysis. All results are expressed as mean t
standard deviation. Statistical comparison were made using
Student's t-test.

Results

High AGTE and HGF expression in hepatoma cells. The
AGTEs in the Hep3B and HepG2 cells were as high as those
in the HeLa cells, and higher than those in other types of
human carcinoma cell lines at each MOI (Fig. 1). Because of
- this, the HeLa cells were chosen as a control for subsequent
experiments.

The exogenous human HGF levels in the supernatant
were much higher at 48 h than at 96 h after the Ad.RSV-HGF
infection in the Hep3B, HepG2 and HeLa cells (Table I). The
HGF levels largely differed among these 3 cell lines, and the
levels in the HepG2 and Hep3B cells were remarkably higher
than those in the HeLa cells at each point. In addition, the
HGF levels in the supernatant from the Ad.RSV-HGF-infected
MKN-28 cells were much lower than those of the HeLa cells
(data not shown). Thus, hepatoma may be a good target for
adenoviral HGF gene therapy in terms of the efficient secretion
of exogenous HGF in the autocrine mode as well as a high
AGTE.

Table I. HGF levels after adenoviral HGF gene transduction.

HGF levels (ng/ml)

Cell lines MOIs 48 h 96 h
Hep3B 0 0.0 0.0
3 <0.1 0.1

10 0.1 6.0

30 1.1 21.7

HepG2 0 0.0 0.0
3 <0.1 2.1

10 0.4 83.4

30 5.9 >4125.0

HeLa : 0 0.0 0.0
3 <0.1 <0.1

10 <0.1 0.1

30 0.1 2.7

The supernatant was collected 48 or 96 h after infection with
Ad.RSV-HGF at indicated MOIs. The human HGF levels in the
supernatant was measured by ELISA.

Exogenous HGF in the autocrine fashion activates HGF
receptor/c-Met. Immunoprecipitation and Western blot analysis
showed that the Hep3B, HepG2, and HeLa cells were all
abundant in the c-Met, which was similarly phosphorylated
(i.e., activated) in an HGF dose-dependent manner (Fig. 2A).
HGF natively acts on target cells in a paracrine fashion in
the body. Namely, a single chain prepro HGF is secreted
from mesenchymal cells and then converted by a specific
protease to biologically active mature HGF, which binds to
c-Met and confers a biological function in hepatocytes (7).
To explore whether transduced HGF in hepatoma cells may
function in an artificial autocrine fashion, we initially tried to
directly detect c-Met phosphorylation in the Ad.RSV-HGF-
infected HepG2 and Hep3B cells. However, several attempts
did not result in successful detection because it was difficult
to detect short term c-Met phosphorylation under biologically
complex circumstances in which persistent HGF expression
might lead to repeated cycles of activation, downregulation
and the revival of c-Met. Therefore, we indirectly explored
the above issue as follows. The supernatant was collected
from Ad.RSV-HGF-infected HepG2 cells, and the HGF:
concentration in it was measured. Subsequently, supernatant
or recombinant HGF at the same concentration was added to
intact HepG2 (Fig. 2B) or Hep3B cells (data not shown), and
the c-Met phosphorylation was explored. As a result, c-Met
activation was found to occur in both types of hepatomas in a
dose-dependent manner similar to the cases of additions of
recombinant HGF, indicating that exogenous HGF protein
from the transgene might be efficiently converted to the
active form by proteases natively present in the serum, and
finally verifying that exogenous HGF correctly activated c-Met.
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Figure 2. HGF receptor/c-Met and its activation. (A), Hep3B, HepG2 and HeLa cells were abundant in the c-Met, which was similarly phosphorylated in a
HGF dose-dependent manner. (B), The c-Met on intact HepG2 cells was similarly phosphorylated by additions of the supernatant from Ad.RSV-HGF-
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Figure 3. Inhibitory effects of adenoviral HGF gene transduction. Cell viability was determined by WST-8 assay 2, 4, 6 or 8 days after infection with each Ad
at indicated MOIs. Although Ad.RSV-LacZ infection as well as Ad.RSV-HGF infection revealed some inhibitory effects for the HepG2 and Hep3B cells, but
not for the HeLa cells, the degree of this inhibitory effect was more prominent in the Ad.RSV-HGF-infected cells (square) than the Ad.RSV-LacZ-infected
ones (triangle). *P<0.05; *P<0.01 (Ad.RSV-HGF versus Ad.RSV-LacZ groups on each day at each MOI). No treatment control, circle. N=8, each point in

each group.

Ad.RSV-HGF infection exerts inhibitory effects for hepatoma
cells. The WST-8 assay showed that the number of viable
Hep3B and HepG2 cells was significantly smaller in the
Ad.RSV-HGF-infected cells than in the Ad.RSV-LacZ-
infected cells at each MOI (Fig. 3). In addition, the infection
of Ad.RSV-LacZ revealed some inhibitory effects for the

HepG2 and Hep3B cells in an Ad dose-dependent manner,
but not for the control HeLa cells, although the degree of
this inhibitory effect was milder than that by Ad.RSV-HGF.
In contrast, there was no difference in the number of viable
HelLa cells among the Ad.RSV-HGF-infected, Ad.RSV-LacZ-
infected cells, or no Ad-infected cells at any points. Thus,
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Figure 4. Inhibition of DNA synthesis. BrdU uptake assay was done 4 days
after each Ad infection at indicated MOIs. Although the BrdU uptake levels
were reduced by Ad.RSV-LacZ infection as well as Ad.RSV-HGF infection
in HepG2 and Hep3B cells, the degree of this reduction was more prominent
in the Ad.RSV-HGF-infected cells than the Ad.RSV-LacZ-infected ones. The
BrdU uptake levels in HeLa cells were mildly reduced by Ad.RSV-HGF
infection. *P<0.05; **P<0.01 (Ad.RSV-HGF groups versus Ad.RSV-LacZ
groups at each MOI). ¥P<0.05; #P<0.01 (Ad.RSV-LacZ versus non-transduced
control). N=8, each point in each group.

both types of hepatomas were remarkably sensitive not only
to HGF, but also to the adenoviral infection itself, both of
which independently and additively exerted inhibitory
effects.

Ad.RSV-HGF infection inhibits DNA syntheses of hepatoma
cells. There are two possible causes of inhibitory effects; one
is the inhibition of cell growth, and the other is the induction
of cell death. To assess the former, DNA replication was
analyzed by the BrdU uptake assay (Fig. 4). The BrdU uptake
levels in the Hep3B and HepG2 cells were both significantly
reduced by not only Ad.RSV-HGF, but also by Ad.RSV-
LacZ infection in an Ad dose-dependent manner. Statistical
differences between the Ad.RSV-HGF and Ad.RSV-LacZ
groups at each MOI further indicated that HGF itself inhibited
cell growth in both types of hepatomas. The BrdU uptake
levels in the HeLa cells were reduced only by Ad.RSV-HGF
infection at a high MOI, but not by the adenovirus infection
itself. Thus, not only HGF, but also the adenoviral infection
itself, independently and additively inhibits cell growth in
both types of hepatomas.

HGF but not adenoviral infection exerts apoptotic effect
for hepatoma cells. To investigate the apoptotic effect of
HGF on hepatomas, the activation of caspase-3, which leads
to the activation of important apoptosis-related proteins
such as caspase-activated DNase (40) and Acinus (41),

Day4
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Figure 5. Caspase-3 activation. Pro-caspase-3 (32 kDa) and active caspase-3
(17 kDa) were detected by Western blotting of cells 2, 3, 4 days after no Ad
(-), Ad.RSV-LacZ (Z) or Ad.RSV-HGF (H) infection at MOI of 10. Positive
control (Po); cisplatin-treated HepG2 cells. More prominent activation of
caspase-3 was seen in HepG2 cells 3 days after Ad.RSV-HGF infection than
after Ad.RSV-LacZ or no Ad infection.

was investigated by Western blotting (Fig. 5). AA.RSV-HGF
infection in the HepG2 cells led to a more prominent
appearance of the active form of caspase-3 (17 kDa) than that
of Ad.RSV-LacZ or no Ad infection. In contrast, a significant
activation of caspase-3 was not detected in the Hep3B or
Hela cells after Ad.RSV-HGF, Ad.RSV-LacZ or no Ad
infection, despite several trials. In addition, the activation
of caspase-3 was not detected in any samples using the
CPP32/Caspase-3 Colorimetric Protease Assay Kit (data not
shown). Thus, despite substantial technical difficulty with
this experimental system, including the issue of abundant
pro-caspase-3 in comparison to a limited amount of active
caspase-3, the detection of a more prominent band of active
caspase-3 in the Ad.RSV-HGF-infected HepG2 cells suggests
that exogenous HGF in the autocrine fashion may activate
apoptotic signals in hepatoma cells.

We next performed TUNEL assays, which provided
clearer and more definitive results (Fig. 6). TUNEL-positive
Hep3B and HepG2 cells were significantly increased after
the Ad.RSV-HGF infection, in contrast to no increase after
the Ad.RSV-LacZ infection. On thé other hand, TUNEL-
positive HelLa cells were not seen after the Ad.RSV-HGF or
Ad.RSV-LacZ infection. These findings indicate that HGF in
an autocrine fashion may directly exert a potent apoptotic
effect for both types of hepatomas; however, adenoviral
infection itself does not induce apoptosis, in contrast to its
inhibitory effect on cell growth.

Ad.RSV-HGF infection additively exerts inhibitory effect for
cisplatin-treated hepatoma cells. To explore whether
adenoviral HGF gene therapy is potentially applicable to
hepatoma patients who undergo conventional carcinostatic
treatments, we investigated the effect of Ad.RSV-HGF
infection on cisplatin-treated hepatoma cells (Fig. 7). We
chose cisplatin because cisplatin is one of the representative
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Figure 6. TUNEL assay. TUNEL-positive cells were significantly increased after Ad.RSV-HGF infection in Hep3B and HepG2 cells, but not in HeLa cells. In
contrast, TULEL-positive cells were not seen after Ad.RSV-LacZ infection or control (no Ad infection). The circle, triangle and square symbols indicate no
Ad-, AA.RSV-LacZ- or Ad.RSV-HGF-treated groups, respectively. The representative pictures of TUNEL-positive cells 6 days after each Ad infection are

shown in the right panel.

carcinostatics for hepatoma patients, especially in the case of
transcatheter arterial embolization (TAE) therapy (42,43).
WST-8 analysis showed that the Ad.RSV-HGF infection
exerted additional inhibitory effects on both Hep3B and
HepG?2 cells independently and additively to those of cisplatin.
Ad.RSV-LacZ infection exerted a milder but apparent
inhibitory effect on cisplatin-treated hepatoma cells in an Ad
dose-dependent manner. Thus, the effects of HGF, Ad and
cisplatin on hepatomas were all inhibitory but independent,
and, therefore, the AJd.RSV-HGF infection exerted the most
prominent inhibitory effects for hepatoma cells as the result
of the additive effects of all 3 factors. In contrast, neither
Ad.RSV-HGF nor Ad.RSV-LacZ infection changed. the
effect of cisplatin in HeLa cells.

Discussion

The present study demonstrated not only that adenoviral
HGF gene transduction significantly exhibited inhibitory
effects on both HCC-and hepatoblastoma, but also that such
inhibitory effects were due to both the inhibition of cell
growth and the induction of apoptosis.

The opposing activities of HGF, i.e., its antimitotic and
mitotic effects and its apoptotic and antiapoptotic effects on

hepatoma cells and hepatocytes are of biological interest. In
terms of effects on cell growth, the following explanations were
suggested by recent studies using HepG2 cells. The sustained
duration of p21/wafl induction might be a determinant of
HGF-induced inhibitory effects (44), and integrin-mediated
signals from the extracellular matrix could modulate HGF-
mediated signals (45). The levels of ERK activity might
determine the opposing proliferation responses; HGF-induced
growth inhibition was caused by the cell cycle arrest, which
resulted from hypophosphorylated pRB via high-intensity
ERK signals (29). Although HepG2 cells were solely used
for these investigations, some of the findings might be
applicable to the different phenotypic effects of HGF between
hepatoma cells and hepatocytes; hypothetically, the different
responsiveness of these molecules might at least in part
determine the differences in HGF-induced signaling between
them.

In terms of apoptosis and HGF, a recent study interestingly
showed the direct interaction of c-Met and the death receptor
Fas in hepatocytes; such interaction prevented Fas self-
aggregation and Fas ligand binding, thus inhibiting Fas
activation and apoptosis (46). Together with the frequent
observation of altered Fas expressions and systems in hepatoma
cells (47,48), hypothetically, an altered Fas system in



