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Figure 6 Macroscopic findings after adenoviral HB-EGF gene
transduction in a rabbit MI model. (a) X-gal staining after Ad.LacZ
injection into the border area. The arrow indicates the infarcted
area. (b) Triphenyl tetrazolium chloride (TTC) and Evans blue
staining define the risk areas (arrowheads), MI areas (arrow),
and the intact (blue) areas. Graphs showing the risk area (¢)
and the MI area (d). Morphometric analysis of TTG/Evans blue-
stained macroscopic slides 2 weeks after ML NS: no significant
difference.

not statistically significant (HHB-EGF; 19.6+3.5% vs
LacZ; 24.6+2.9%, P=0.277) (Figure 6d).

Cardiac Function and Histological Changes Following
Adenoviral HB-EGF Gene Transduction in the Rabbit
MI Model

Rabbits that received a control Ad.LacZ injection
following MI clearly demonstrated a worsening of
cardiac parameters such as left ventricular ejection
fraction (LVEF) and left ventricular dimension at
end-diastole (LVDd), as assessed by ultraecho-
cardiography (UCG) at 2 and 4 weeks post-Ml,
compared with sham-operated rabbits that under-
went neither adenoviral gene transduction nor MI
(Figure 7a and b). Ad.HB-EGF injection after MI
neither improved nor further worsened cardiac
function, as assessed by LVEF or LVDd at 2 or
4 weeks compared with the Ad.LacZ-treated rabbits.
On the other hand, anterior wall thickness (AW1)
at 2 weeks (HB-EGF, 2.740.3mm vs LacZ,
1.9+ 0.1mm, P<0.05, Figure 7c) and the ratio
of LV weight to body weight at 2 and 4 weeks
were significantly increased by Ad.HB-EGF injec-
tion (2 weeks: HB-EGF, 1.591+0.06 vs LacZ,
1.4440.03, P<0.05; 4 weeks: HB-EGF, 1.671+0.09
vs LacZ, 1.40+0.05, P<0.05) (Figure 7d); these
findings were consistent with macroscopically ob-
served hypertrophic changes (Figure 8). In addition,
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fibrosis in and around the MI area, which
was induced by the MI itself, was increased
by injection with Ad.HB-EGF at 2 and 4 weeks
post-MI (2 weeks: HB-EGF, 7149£675 pixels vs
LacZ, 4230+ 331 pixels, P<0.001; 4 weeks: HB-EGF,
6575+534 pixels vs LacZ, 44141494 pixels,
P<0.05) (Figure 8f).

Accordingly, histological examination revealed
that individual cardiomyocytes at the border area
were remarkably hypertrophic 2 and 4 weeks after
Ad.HB-EGF injections (2 weeks: HB-EGF, 18.76 +
0.29 ym vs LacZ, 16.53+0.34 um; P<0.05; 4 weeks:
HB-EGF, 20.49+0.28 ym vs LacZ, 18.23£0.40 ym,
P<0.05) (Figures 9 and 10). Thus, overexpression of
HB-EGF markedly induces cardiomyocyte hypertro-
phy and fibrosis without affecting cardiac function,
suggesting that this molecule plays an important
role in accelerating the remodeling process after MI.

Characteristic Histological Findings in the MI Area

To clarify the mechanisms responsible for the
enhancement of post-MI remodeling in the hearts
treated with the HB-EGF gene during the subacute
and chronic stages of MI, we performed histological
examinations of rabbit hearts at 2 and 4 weeks post-
MIL. Increases in the number of cells in the Ml area 2
and 4 weeks after MI were more prominent in
rabbits receiving Ad.HB-EGF than in those receiving
control Ad.LacZ (2 weeks: HB-EGF, 235+4 cells/
field vs LacZ, 145+ 4 cells/field, P<0.001; 4 weeks:
HB-EGF, 18046 cells/field vs LacZ, 9713 cells/
field, P<0.001) (Figure 11a—c). Likewise, the num-
ber of proliferating (Ki-67 positive) cells increased
more in the Ad. HB-EGF-treated rabbits than in those
ireated with Ad.LacZ (2 weeks: HB-EGF, 27.6+1.0
cells/field vs LacZ, 7.6+0.3 cells/field, P<0.001; 4
weeks: HB-EGF, 25.3+1.4 cells/field vs LacZ,
15.8+1.3 cells/field, P<0.001) (Figure 11d-6).
Immunohistochemical studies demonstrated that
these accumulated cells were primarily SMA-posi-
tive spindle myofibroblasts at both 2 and 4 weeks
(2 weeks: HB-EGF, 62.7+0.8 cells/field vs LacZ,
38.0+0.9 cells/field, P<0.001; 4 weeks: HB-EGF,
48.6+1.7 cells/field vs LacZ, 22.7+1.1 cells/field,
P<0.001) (Figure 11g-i), and RAM 11-positive
macrophages at 2 weeks only (HB-EGF, 18.4+1.0
cells/field vs LacZ, 4.2+0.3 cells/field, P<0.001)
(Figure 11j-1). On the other hand, the finding that
more CD31-positive vascular endothelial cells were
observed in the border area than in the remote
area in both groups suggests an angiogenic effect
induced by certain endogenous factors following
MI (Figure 11m—o).

Interestingly, these vascular endothelial cells were
not further increased by Ad.HB-EGF injections, in
contrast to the significant increases observed in total
cells, proliferating cells, myofibroblasts and macro-
phages, suggesting that HB-EGF most likely lacks
angiogenic potential.
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Figure 7 Echocardiographic measurements and left ventricular (LV) weight after adenoviral HB-EGF gene transduction in the postinfarct
rabbit heart. Graphs showing the (a) LVEF, (b) LV size, (c) wall thickness, and (d) LV weight to body weight at 2 and 4 weeks after Ad.HB-
EGF gene transduction in MI rabbits. Cardiac function parameters were assessed by echocardiographic examination. LVEF: left
ventricular ejection fraction; LVDd: left ventricular dimension at end-diastole; AWt: anterior wall thickness; LVW: LV weight; BW:
indicated body weight. ‘Sham’ indicates sham-operated rabbits without MI or adenoviral transduction. *P<0.05.

Apoptosis in the MI Area after Adenoviral HB-EGF
Gene Transduction

To estimate apoptosis in the MI area, TUNEL staining
was performed. Unexpectedly, the number of TU-
NEL-positive cells was increased by Ad.HB-EGF
injection at 2 weeks after MI {HB-EGF, 1.95+0.10%
vs LacZ, 1.044.0.09%, P<0.001) (Figure 12). Notably,
most of the TUNEL-positive cells were costained
with the anti-RAM11 antibody (F igure 13a and b), but
not with anti-SMA antibody (Figure 13c), nor by
markers for cardiomyocytes such as troponin 1
(Figure 13d). Moreover, TUNEL-positive signals were
detected in the cytoplasm of some macrophages with
intact nuclei. Thus, the TUNEL-positive cells may be
not only apoptotic macrophages, but also viable
macrophages that had phagocytosed other apoptotic
cells (Figure 13b). Thus, in vivo HB-EGF gene
transduction stimulated the activation of noncardio-
myocytes, including macrophages, fibroblasts and
myofibroblasts, but not endothelial cells, in and
around the MI area, while at the same time inducing
cardiac hypertrophy.

Discussion

This is the first study to explore directly the in vivo
effects of overexpressed HB-EGF on heart remodel-
ing after reperfused MIL In addition, our unique
adenoviral gene transduction and overexpression
approach allowed a preliminary assessment of the
potential utility of HB-EGF in gene therapy. Over-
expressed HB-EGF in the MI lesion did not result in
a beneficial or therapeutic outcome, in contrast to
results observed with HGF or IGF in rodent MI
models, but rather exacerbated the remodeling
process through the activation of specific types of
noncardiomyocytes.

To identify the HB-EGF-related biological me-
chanism underlying heart failure, distinguishing the
various phenotypic effects of HB-EGF from those of
HGF and IGF may prove useful, because despite
their differences all of these factors are essential
cardiogenic growth factors as well as potent indu-
cers of cardiac hypertrophy.?”**4! The most impor-
tant difference between HB-EGF and HGF/IGF,
which accounts for the observed discrepancy, is
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Figure 8 Macroscopic findings and histological analyses of
transverse sections of hearts after adenoviral HB-EGF gene
transduction. Fibrosis areas were stained blue with Masson’s
trichrome. (a) Ad.LacZ group (control) at 2 weeks after MI, (b)
Ad.HB-EGF group at 2 weeks after MI, (¢} Ad.LacZ group at 4
weeks after MI, (d) Ad.HB-EGF group at 4 weeks after MI. Graphs
showing the whole areas (e) and fibrosis areas (f). The stained
areas were morphometrically analyzed by counting pixels. Scale
bar =5 mm, *P<0.05, **P<0.001.

the lack of a direct cytoprotective effect of HB-EGF
on cardiomyocytes, in contrast to the potent cyto-
protective effect observed for HGF and IGF in
injured hearts.?”?*#! This is a unique feature
of HB-EGF, because most organogenic and/or
organotrophic growth factors exert direct antiapop-
totic effects, for example, HGF or IGF in mouse
or rat cardiomyocytes?®? and HB-EGF in the
small intestine.?? In this regard, future studies to
explore the differences among the molecules and
signal transduction pathways involved in the activ-
ity of each growth factor would be biologically
important.

Another important feature that differentiated
HB-EGF from HGF and IGF was its observed lack
of angiogenic activity. It should be noted that
improvement of cardiac dysfunction after MI has
been successfully achieved by gene therapy using
angiogenic factors that do not directly act on
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Figure 9 Histological findings at the MI border area after
treatment. H-E-stained slides of LV 2 weeks post-MIL {a), (c)
Ad.LacZ-treated rabbits and (b), (d)- Ad.HB-EGF-treated rabbits.
Squared-in areas in (a) and (b) (original magnification x 100)
were magnified in (c) and (d) (original magnification % 400),
respectively.
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Figure 10 Size of cardiomyocytes at the remote and border areas
of MI after treatment. The size of individual cardiomyocytes at
the remote and border areas was morphometrically analyzed.
*P<0.001.

cardiomyocytes.?®#* This fact suggests that angio-
genesis plays a crucial role in postinfarction remo-
deling, and that the absence of an angiogenic effect
of overexpressed HB-EGF may be largely responsible
for its lack of therapeutic action.

In addition, HB-EGF was revealed to have a
mitogenic effect on fibroblasts, in contrast to the
potent antifibrotic effect of HGF following MI.27
Moreover, the characteristic finding after HB-EGF
gene transduction was prominent accumulation of
SMA-positive myofibroblasts and macrophages in
the Mi-affected areas. We previously reported that
the infiltrating cells at the subacute stage post-MI
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Figure 11 Histological and immunohistochemical findings in the MI area post-treatment. (a, b) H-E-stained-tissues, and
immunchistochemically stained-tissues using (d; e) anti-Ki-67, (g, h) anti-SMA, (j, k) anti-RAM11, or (m, n) anti-CD31 antibodies 2
weeks after Ml are shown (original magnification, x 400 fora, b, d, e, g, h, jand k, and x 100 for m and n). The number of positive cells in
the field 2 and 4 weeks after MI were calculated and shown in the graphs (c, £, i, 1, and o). *P<0.001.
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Figure 12 TUNEL staining in the MI area. TUNEL-positive cells (arrows) in the MI area 2 weeks after each treatment are shown. (a) and
(b) indicate Ad.LacZ- and Ad.HB-EGF-treated rabbits, respectively. (c) The percentage of TUNEL-positive cells in the MI area was
calculated by morphometric and quantitative analyses . *P<0.001.
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Figure 13 Immunofluorescent-TUNEL staining in the Ml area. Laser confocal-microscopic analysis of slides that were triple-stained with
TUNEL and (a, b) anti-RAM11, (c} anti-SMA and (d) anti-troponin I antibodies, and Hoechst 33342. Squared areas within (a) were
magnified and shown in (b). Scale bars, 20 um (a, ¢, d) and 5 pm (b).

were primarily macrophages, endothelial cells, and previously unknown factor that activates fibroblasts,
myofibroblasts, and that all of these cell types were myofibroblasts, and macrophages during post in-
entering apoptosis at an elevated rate.’” Thus, the  farction remodeling is now strongly suggested to be
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HB-EGF. Taken together with the lack of an agonistic
death-inducible effect of HB-EGF directly on cardi-
omyocytes, pathologically upregulated HB-EGF may
be responsible for activating these specific types of
noncardiomyocytes, thus exacerbating post-MI re-
modeling.

The detailed molecular mechanisms by which
HB-EGF activates these specific types of noncardio-
myocytes remain to be elucidated. It was previously
reported that HB-EGF stimulated the mitogenic and
motogenic activities of smooth muscle cells,*” and
also that it reduced the expression of SMA in
fibroblasts.”” HB-EGF may play a regulatory role in
the growth of fibroblasts and their transformation to
myofibroblasts in the heart, as was suggested for the
postinfarct kidney.”” However, the biological rela-
tionship between HB-EGF and macrophages has yet
to be studied, so future work to explore these
molecular mechanisms would be interesting and
fruitful. In this study, the overexpressed HB-EGF
may consist not only of soluble HB-EGF, a potent
mitogen for diverse cell types, but also membrane-
bound proHB-EGF, whose functions may be diverse
depending on cell types. In this context, future
biological studies comparing the physiological and
pathological effects of proHB-EGF on the heart with
those of soluble HB-EGF may be of interest, although
a suitable experimental system should be carefully
established.

Finally, the recent finding that shedding of proHB-
EGF resulted in cardiac hypertrophy suggests that
upregulated HB-EGF might play a central role in
hypertensive heart diseases.?**® However, overex-
pression of HGF and IGF induced cardiac hypertro-
phy, but inconsistently exhibited potent therapeutic
and beneficial effects on the injured heart, including
that damaged by MIL2-?° Taken together with these
facts, HB-EGF-induced cardiac hypertrophy may not
be a sole or direct source of pathogenesis in MI, even
though cardiac hypertrophy may, in fact, be involved
in specific types of heart failure. In this context, the
present results importantly imply that HB-EGF-
induced exacerbation of remodeling may be a novel
pathological mechanism for ML

In conclusion, upregulated HB-EGF plays a
pathological role in MI by activating specific types
of noncardiomyocytes, leading to exacerbation of
remodeling after MI. This novel fact may be useful
for developing new therapeutics as well as for
elucidating the mechanism of different types of
heart failure, including ML
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Abstract

Although a conditionally replicating adenovirus (CRA)
exhibiting cancer-selective replication and induction of cell
death is an innovative potential anticancer agent, current
imperfections in cancer specificity and efficient viral replica-
tion limit the usefulness of this technique. Here, we cons-
tructed survivin-responsive CRAs (Surv.CRAs), in which
expression of the wild-type or mutant adenoviral early region
1A (EI4) gene is regulated by the promoter of survivin, a
new member of the inhibitor of apoptosis gene family. We
explored the ecancer specificity and effectiveness of viral
replication of Surv.CRAs, evaluating their potential as a
treatment for cancer. The survivin promoter was strongly
activated in all cancers examined at levels similar to or even
higher than those seen for representative strong promoters;
in contrast, low activity was observed in normal cells.
Surv.CRAs efficiently replicated and potently induced cell
death in most types of cancer. In contrast, minimal viral
replication in normal cells did not induce any detectable
cytotoxicity., A single injection of Surv.CRAs into a preestab-
lished tumor expressing survivin, even at relatively low levels,
induced significant tumor death and inhibition of tumor
growth. Furthermore, Surv.CRAs were superior to telomerase-
dependent CRAs, one of the most effective CRAs that have
been examined to date, both in terms of cancer specificity
and efficiency. Thus, Surv.CRAs are an attractive potential
anticancer agent that could effectively and specifically treat a
variety of cancers. (Cancer Res 2005; 65(12): 5284-91)

Introduction

Conditionally replicating adenoviruses (CRAs), which selectively
replicate in and kill tumor cells, may be an attractive tool for
innovative cancer therapy (1). Achievement of both cancer
specificity and efficient viral replication is critical for any CRA-
oriented strategy. The CRAs that have been reported to date can
primarily be classified into one of two groups (1). The first category
employs the strategy of attenuating viral replication in normal cells
by mutating cell cycle-inducing adenoviral genes necessary for
viral replication; representatives of this group are the mutant type
(MT) adenoviruses lacking an RB-binding site within early region
1A (E1A) and the MT adenoviruses lacking a p53-binding protein
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encoded by the eaily region 1B (EIB)-55K gene (2-4). Although
these CRAs exhibit potential in cancer cells, these viruses do
replicate and cause some cytopathic effects in normal cells (4-6).
The second group of CRAs alters the regulation of E1A expression.
E1A4 is the first gene to be transcribed after infection with wild-type
(WT) adenoviruses, transactivating the viral and cellular genes
critical for producing infective adenoviruses. CRAs of this category
reproduce in a tumor-specific manner by replacing the native E1A
promoter with a tissue- and tumor-specific promoter, such as the
prostate-specific antigen promoter (7), the a-fetoprotein promoter
(8), the midkine promoter (9), or the tyrosinase promoter (10).
Although previous studies of this CRA strategy have been
promising, the use of tissue-specific promoters has the disadvan-
tage of targeting only limited types of cancer. In addition, these
promoters show insufficient cancer specificity (leaky transactiva-
tion in normal cells) and weak activity even in cancer cells. Thus,
viral targeting and replication for previously reported CRAs may
not have achieved sufficient efficiency or cancer specificity. The use
of a novel and ideal promoter able to induce strong expression in a
cancer-specific manner is crucial to circumventing these problems.

Survivin, a new member of the inhibitor of apoptosis gene
family, was reported te be expressed in high levels in cancerous but
not normal tissues (11). Clinical studies have indicated a positive
correlation between high survivin expression levels and a poor
prognosis, an accelerated rate of recurrence, and an increased
resistance to therapy in cancer patients (12). Swrvivin is
predominantly expressed during the G,-M phase of the cell cycle,
functioning in mitosis via interactions with microtubules (13). In
addition, the survivin promoter successfully regulates transgene
expression in a cancer-specific manner (14). Moreover, studies
have suggested that a putative region of the survivin promoter is
likely responsible for the induction of cancer-specific expression in
tumors at high levels (15, 16). The promoter contains multiple cell
cycle~dependent elements and a cell cycle gene homology region,
which may control expression of various G,-M-regulated genes,
including the survivin gene, in a manner correlating with G,-M cell
cycle periodicity (13, 15-17).

In this study, we generated and analyzed two survivin-responsive
CRAs (Surv.CRAs). Surv.CRAwt and Surv.CRAmt expressed WT and
MT E1A under the control of the survivin promoter, respectively.
We finally compared these Surv.CRAs to a recently reported CRA,
in which EIA is regulated by the telomerase reverse transcriptase
(TERT) promoter (Tert.CRA), currently one of the best CRAs
available (18~20).

Materials and Methods

Cell lines. The human cell lines MKN-1 and MKN-45 (gastric cancer cell
lines); HCT-15, LoVo, and Colo-205 (colon cancer cell lines); HepG2 and
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Figure 1. Survivin mRNA expression (A) and promoter
activity (B). A, endogenous survivin mRNA was detected B

MKN MKN HCT LoVe Colo- Hep Hep Hela HOS- KHOS 5a08 WI-38 283 Osteo- Neg,
4 -45 -5 205 G2 3B MNNG -NP -2 blast

by PCR. The HPRT gene was amplified as an internal
control. Neg, template was omitted from the reaction as
a negative control. B, p-gal enzyme aclivity was detected
48 hours after infection with Ad.Surv-LacZ, Ad.CMV-LacZ,
or Ad.RSV-LacZ at an MOI of 30. Columns, mean of
three independent experiments; bars, =SE. AGTE is
presented as the percentage of X-gal-stained cells
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Ad.CMV-LacZ infection at an MO! of 30.
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Hep3B (hepatoma cell lines); HeLa (a cervical cancer cell line); Sa0S-2,
HOS-MNNG, and KHOS-NP (osteosarocoma cell lines); and WI-38
(a primary lung fibroblast) were maintained in DMEM supplemented with
penicillin/streptomycin and 10% fetal bovine serum. Primary human
osteoblasts, obtained from Bio Whittaker (Walkersville, MD), were
maintained according to the manufacturer’s protocol

Generation of adenoviruses. A region of the mouse swrvivin gene
promoter (—173 to —19), which contains two cell cycle-dependent
elements and one cell cycle gene homology region, was obtained from
mouse genomic DNA by PCR using the following primers: sense (S)-Surv.pr
5-AGATGGGCGTGGGGCGGGAC-3' and antisense (AS)-Surv.pr 5~
TCCGCCAAGACGACTCAAAC-3 . Generation of Surv.CRAwt, Surv.CRAmt,
and Tert.CRAwt viruses, which contained WT or MT E1A downstream of
either the survivin or TERT promoter (—181 to +79; kindly provided by
Dr. S. Kyo, Kanazawa University School of Medicine; ref. 21), EIBAS5K
downstream of the cytomegalovirus immediate-early gene enhancer/
promoter (CMV promoter), and the enhanced green fluorescent protein
(EGEP) gene downstream of the CMV promoter, was done using a novel
method developed by our group (22).

An El-deleted replication-defective adenovirus expressing EGFP
(AAAE1) and El-deleted adenoviruses expressing the LacZ gene under
the control of the Rous sarcoma virus long-terminal repeat (RSV promoter),
the CMV promoter, the survivin promoter, or the TERT promoter (AdRSV-
LacZ, Ad.CMV-LacZ, Ad.Surv-LacZ, and Ad.Tert-LacZ, respectively) were
generated and prepared as described previously (23).

Reverse transcription-PCR analysis. Extraction of total RNA frem the
cells and the semiquantitative reverse transcription-PCR (RT-PCR) analyses
were done as described previously (24), with the following primer sets and
annealing temperatures: S-Surv 5-CCCTTGGTGAATTITTGAAA-3 and
AS-Surv 5-TGGTGCCACTTTCAAGACAA-3 for human survivin at 56°C; 5-
TERT 5 -TTCCTGCACTGGCTGATGAGTGT-3' and AS-TERT 5 -CGC-
TCGGCCCTCTTTTCICTG-3 for human TERT at 59°C (25); and S-HPRT
5-CCTGCTGGATTACATTAAAGCACTG-3' and AS-HPRT 5-AAGGGCATA-
TCCAACAACAA-3 for hypoxanthine guanine phosphoribosyl transferase
(HPRT) as an internal control at 57°C (24, 26).

Promoter activities and adenoviral gene transduction efficiency.
Cells (5 x 10° cells per plate) were infected with Ad.CMV-LacZ, AdRSV-
LacZ, Ad.Surv-LacZ, or Ad.Tert-LacZ at a multiplicity of infection (MOI) of
30 for 24 hours. After harvesting, cellular B-galactosidase (B-gal) activity
was measured as previously described (27).

The adenoviral gene transduction efficiency (AGTE) for each cell ir vitro
was determined 48 hours after infection with Ad.CMV-LacZ at an MOI of 30,
as previously described (27-29).

Flow cytometric analysis. After infection with each adenovirus, cells
were detached with trypsin and fixed in 4% paraformaldehyde. The
percentage of EGFP-positive cells was then analyzed by flow cytometry on a
FACSCalibur using CELLQuest software {Becton Dickinson, San Jose, CA).

Cytotoxic effects in vitro. After plating in 96-well plates, cells were
infected with each adenovirus at a variety of MOIs. Cell viability was
determined 3 and 5 days after adenoviral infection using a WST-8 assay
(Dojindo Laboratories, Mashiki, Japan) according to the manufacturer's
protocol.

Therapeutic effects in vivo in animal experiments. HOS-MNNG cells
(5 x 10° cells) were injected s.c. into the back of 5-week-old male BALB/c
athymic nude mice. After the s.c. tumors reached 6 to 10 mm in diameter,
the mice were randomly divided into three groups. Each group was given a
single injection of 1 X 10® plaque-forming unit (pfu) Surv.CRAwt ( = 9),
Surv.CRAmt (» = 8), or AA.AE1 (2 = 8) in 50 uL of 10 mmol/L Tris-HCl
(pH 7.4)/1 mmol/L MgClL/10% (v/v) glycerol/hexadimethrine bromide
(20 pg/mL) into the s.c. tumor. In another comparative experiment, tumor-
bearing mice were infected with Tert.CRAwt (7 = 9), Surv.CRAwt (n = 8), or
Ad.AE1 {n = 11) as described above. Tumor size was then monitored twice
a week using digital calipers. Tumor volume was calculated according to the
following formula: volume = long axis X (short axis)? X 05 (29, 30).

For histopathologic analysis, the tumors were fixed in 10% buffered
formalin, embedded in paraffin, cut into 4-jm serial sections, and stained
with H&E.

The protocol for this animal experiment was approved by the Animal
Research Committee of Kurume University. All animal experiments were
done in accordance with the NIH Guidelines for the Care and Use of
Laboratory Animals.

Statistical analysis. Data are represented as the means * SE. Statistical
significance was determined using the Students ¢ test. P < 0.05 were
considered to indicate statistical significance.

Results

Survivin mRNA was expressed in various cancer cell lines.
The RT-PCR analyses showed that survivin mBNA was expressed
in multiple cancer cells derived from a variety of tissue origins;
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Figure 2. Replication and cytotoxicity of Surv.CRAs in different cell lines. 4, representative phase-contrast (top) and fluorescent microscopic images (bottom)
1,8, 5, and 7 days after infection with Surv.CRAWt or Surv.CRAmt at an MOI of 0.1. EGFP-positive cells increased in a time-dependent manner after
infection with either Surv.CRAwt or Surv.CRAmt in all cancer cells examined; in contrast, no significant increases in EGFP-positive cells were observed in normal
WI-38 cells. The rate of spreading of EGFP-positive cells and CPE correlated well with the endogenous levels of expression of surivin and the AGTE levels,
as shown in Fig. 1. B, a high-power phase-contrast microscopic image taken 7 days after infection with control Ad.AE1 or Surv.CRAwi showed that all of the
LoVo and HepG2 cells underwent cytopathic effect after infection with Surv.CRAwt only. In contrast, no cytopathic effect was observed in WI-38 cells after
infection with either adenovirus.
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this finding was consistent with previous reports (ref 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, Sa08-2. 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. B-gal activity was not
detected in this group even after infection with Ad.RSV-LacZ or
Ad.CMV-LacZ at the same MOI (MOl of 30). The apparent
variability in B-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.

e b e
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Figure 3. Flow cytometric analysis of
EGFP-positive cells. HepG2, HOS-MNNG, and
WI-38 cells were infected with Surv.CRAwWt,
Surv.CRAmL, or Ad.AE1 at an MOI of 0.1
(HepG2) or 1 (HOS-MNNG and W1-38).
Twenty-four hours later, cells were fixed with

HOS-
MNNG

4% paraformaldehyde; the percentage of
EGFP-positive cells was analyzed by
flow cytometry. A, histograms {top) of
EGFP-positive cells (M1, negative; M2,

positive) and dot plots (bottom) individually
representing the EGFP intensity and the

forward scatter index. B, columns, percentages
of EGFP-positive cells (mean of three
independent experiments); bars, +8E.
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In contrast, survivin promoter activity was not detected in normal
WI-38 fibroblasts despite both high levels of RSVand CMV promoter
activity and moderate to high AGTE levels. Despite detectable, albeit
low, levels of endogenous swrvivin 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 B-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 eancer 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
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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, El-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 108 pfu Surv.CRAW! (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.CRAwt- 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 cells
without large necrotic areas in the Ad.AE1-treated mice. Original magnification:
%20 (fop) and %100 (bottom). 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 survivin 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 Ad.AEl (Fig. 5A4). Statistically significant
differences in the tumor size were seen between Surv.CRAs-treated
and Ad.AEl-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.AEl-treated mice consisted primarily of viable tumor cells
histologically showing active malignant features (Fig, 58 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 suwrvivin
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.AEl 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 vifro 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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Figure 6. Comparison of Surv.CRA with
Tert.CRA. A, endogenous TERT mRNA was
detected by RT-PCR. B, relative activity of the
survivin promoter and the TERT promoter to
that of the CMV promoter. X-gal activity was

determined 48 hours after infection with
Ad.Surv-LacZ, Ad.Tert-LacZ, or Ad.CMV-LacZ
at an MOI of 30. C, rate of viral propagation
was assessed by flow cytometric analysis,
expressed as the percentage of EGFP-positive

cells 1, 3, 5, and 7 days after infection with
either adenoviruses at an MOI of 0.03 in
HepG2 cells and an MOI of 0.1 in HOS-MNNG
and WI-38 cells. *, P < 0.05. Both Surv.CRAwt
and Tert.CRAwt rapidly replicated between

5 and 7 days after infection of HepG2 cells at
this MOI; infected cells detached from the
culture dishes at seven days post infection (#).
D, tumor volume was measured after a single
injection of 1 x 10° pfu Surv.CRAWL (n = 8),
Tert. CRAwt (n = 9), or control Ad.AE1 (n = 11)
into preestablished s.c. HOS-MNNG tumors in
nude mice. *, P < 0.05 and **, P < 0.005
(statistical significance in comparison with
control Ad.AE1).
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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
EIA 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-intact 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 originaily
prepared Cre and specific antibiotics in specific Escherichia

coli; transfection of the resulting P1+2+3 plasmids into 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.9t.3302540

Keywords: conditionally replicating adenovirus; cancer; tumor-specific; Creflox 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 treat 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 E1 in a tumor-specific manner by the replace-
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Medicine, Cognitive and Molecular Research Institute of Brain Diseases,
Kurume University, 67 Asahi-machi, Kurume, Fukuoka, 830-0011, Japan
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ment of a native E1 promoter with various tumor-specific
promoters.”** The other is CRA with a partial deletion of
the E1 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).7*% In the case of infection with
the wild type of Ad, EIB55kD 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



An efficient construction of m-CRAs
S Nagano et af

]

factors enhanced their tumor specificity: mt E1A 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,%17%* 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 1la). Replication-controllable
plasmid P1 consists of wt or mt E1A and E1B sequences.
Therapeutic gene-cloning plasmid P2 characteristically
contains the tetracycline resistance gene (fet’) 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. DH50. E. coli was transformed using all of
the mixtures, and then grown on LB plates containing
5 pg/ml tetracycline. As P1 or P2 has either the
kanamycin resistance gene (kan’) or R6Ky ori but not
both, only the DH5c 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 P1+2+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 pl buffer containing 20 mM
Tris-HC1 pH 7.5, 150 mM NaCl, 1 mM EDTA, and 10%
glycerol by three rounds of freeze-thawing. The super-
natants affer 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 Creflox
recombination in E. coli; we used this Cre aliquot for the
following m-CRA construction (supernatant from one
10 em 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 E1A
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 DHb5e 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-E1BASSkD/CMVpr-
EGFP; we term each P1+2 plasmid as ‘pP1-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 Creflox recombina-
tion efficiency, according to our preliminary studies (data
not shown), whereas the result of 100% accuracy in 10-50
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’
% l Transfection into 293 cells

—B  atter Paci digestion

Figure 1 The constitution and construction of m-CRA. (n) The constitution of the vector plasmids. Potentially, inore than seven tumor-specific factors can
be introduced into the m-CRA as follows. (1) Promoter A, which drives wt or mt E1A. (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 (E1BA55kD). (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 P1+2 to P3 (pAd.HM4)
to generate P1+2+3 (pAd.HM4-CEApr-E1A-CMVpr-
EIBAS5KD/CMVpr-EGFP or pAd.HM4-CEApr-E1AA24-
CMVpr-E1BA55KD /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 resulis®® Over 10
plaques appeared on 6cm dishes 12 days after the
transfection of Pacl-digested P1+2+3 into 293 cells.
Notably, all of the plaques were EGFP-positive under

fluorescent microscopy (Figure 2¢). 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-E1BA55kD/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

[#%)
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D24

10 11 12 13 P1 P2

CEA-responsive
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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-EGEP (P2), 13 miniprep samples from E. coli colomies 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 tran

sformed 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
HindIll and electrophoresed (M, marker. Lanes 1-12, each smmple; P3, P3 plasmid). The correct pattern was seen in all smnples; the 1.8 kb band was
indicative of the correct clone. (c) Phase-contrast (left) and fluorescent (right) wmicroscopic pictures of one representative of m-CRA plagues (CRA.CEApr-
E1A-CMVpr-E1BA55kDJCMVpr-EGFP) on 293 cells 10 days after transfection of Pacl-digested pAd HM4-CEApr-E1A-CMVpr-E1BA55kD/CMV pr-
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-E1B455KD/CMVpr-EGFP, and E1A424; CRA.CEApr-E1AA24-CMVpr-E1B455kD/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 wiE1A, 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
replication-regulatory elements from P1 (pCEApr-E1A-
CMVpr-E1BAS5kD) to P3 (pAd.HM4) with I-Ceul/
PI-Scel-based ligation. After incubating P1+3 (pAd.
HM4-CEApr-E1A-CMVpr-E1BASSKD) and P2 (pUni/
CMVpr-EGFP) with Cre aliquot, DHb5a was transformed
with all of the mixtures and grew on LB plates with
tetracycline. After 1 day, about 30 colonies appeared on a
10 em 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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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. DH5a
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 E14, (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-reguiatory 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 (pUnif
CMVpr-EGFP). HindlIIl digestion of miniprep samples demonstrated the correct pattern of P1+2+3 plasmid (pAd. HM4-CEApr-E1A-CMVpr-E1B455kD/
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. (¢, d) Sinnultaneous construction of several different types of m-CRAs with this protocol. (c) DHb« 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. HindIII-digestion analysis was carried out in the sume manner as above, and ove representative picture per group was shown here. Numbers of
colonties 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 duta 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 HindIII digestion (M,
marker. Lane 1, pAd HM4-TERTpr-E1A-E2Fpr-E1BA55kD)| Surv.pr-p53; Lane 2, pAd. HMA-TERTpr-E1A 424-E2Fpr-E1BA55kD{Surv.pr-p53; Lane 3,
pAd.HM12-TERTpr-E1A-E2Fpr-E1BAS5KD/Surv.pr-tk; each sample; Lane 4, pAd.HMI2-TERTpr-E1AA24-E2Fpr-E1BA55kD{Surv.pr-tk; P3, P3
plasmid).

(5) mouse survivin promoter (Surv.pr) or CMVpr driving Therapeutic gene insertion into m-CRA directly

therapeutic gene, and (6) therapeutic gene (p53 or herpes Cre-expressing 293 cells (alternative protocol)

simplex virus thymidine kinase (HSV-tk), were success-

fully constructed (Figure 3d and data not shown). We further hypothesized that two types of plasmids,
Thus, it was shown that simultaneous construction of P1+3 and P2, might be recombined directly in Cre-

diverse m-CRAs was, in fact, feasible using the present  expressing 293 cells (Figure 4a). To assess this possibility,

system. P1+3 (pAd.HM4-CEApr-E1A-CMVpr-E1BA55KD) and
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