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Abstract

Background Establishment of a transient gene delivery system, such as
adenovirus (Ad) vectors, into embryonic stem (ES) cells and their aggregation
form, embryoid bodies (EBs), is essential for its application in regenerative
medicine because the transgene should not be integrated in the host genome.
In this study, we optimized Ad vector-mediated transduction into EBs, and
examined whether Ad vector-mediated transduction of adipogenesis-related
gene into EBs could promote the adipocyte differentiation.

Methods We prepared p-galactosidase-expressing Ad vectors under the
control of four different promoters (cytomegalovirus (CMV), rouse sarcoma
virus, human elongation factor-le, and CMV enhancer/B-actin promoter
(CA)) to estimate the transduction efficiency. Adipocyte differentiation
efficiency by transduction of the PPAR gamma or C/EBP alpha gene into
EBs was examined.

Results Of the four promoters tested, the CA promoter exhibited the highest
transduction efficiency in the EBs. However, Ad vector-mediated transduction
was observed only in the periphery of the EBs. When repeated transduction by
Ad vector was performed, gene expression was observed even in the interior
of EBs as well. When EB-derived single cells were transduced by an Ad vector
containing the CA promoter, more than 90% of the cells were transduced.
Furthermore, Ad vector-mediated PPAR gamma gene transduction into EBs
led to more efficient differentiation into adipocytes than could untransduced
EBs, examined in terms of lipogenic enzyme activities and accumulation of
the lipid droplets.

Conclusions Ad vector-mediated transduction into EBs could be a valuable
tool for molecular switching of cell differentiation and could be applied to
regenerative medicine. Copyright © 2008 John Wiley & Sons, Ltd.

Keywords adenovirus vector; embryonic stem cells; embryoid bodies; regener-
ative medicine

Introduction

Embryonic stem (ES) cells are derived from mammalian blastocysts
and maintain pluripotency, an ability to differentiate into all types of
somatic and germ cells. Another important property of ES cells is
their robust and infinite growth, equivalent to tumor cells in spite
of their normal karyotype. Mouse ES (mES) cells were isolated from



Ad Vector-Mediated Transduction into EBs

mouse blastocysts in 1981 [1] and have been extensively
used to generate knockout mice. Human ES cells were
established in 1998 [2] and are considered promising
sources for cell transplantation therapy.

ES cells differentiate spontaneously invitro in a
random fashion into all three germ layers. Therefore,
establishment of the differentiation protocols from ES
cells into pure target cells is expected to be applicable
to regenerative medicine. Among many methods for
inducing cellular differentiation from ES cells, genetic
manipulation is one of the most powerful techniques
to control cellular differentiation. Long-term constitutive
gene expression systems such as electroporation methods
and a retrovirus vector system by which antibiotic-
resistant stable cells are established have been developed
and utilized so far to differentiate ES cells into committed
cells and to analyze gene function [3-7]. However,
such expression systems may be problematic especially in
therapeutic application because the transgene is randomly
integrated into the host cell genome and this leads to a
risk of mutagenesis [8]. Therefore, instead of a long-term
constitutive gene expression system, establishment of a
transient expression system is required for differentiation
from ES cells into functional cells.

Among the various types of gene delivery vectors,
adenovirus (Ad) vectors based on human Ad type 5
(hAd5) have been widely used for gene delivery, since
they can be amplified at high titers, have the ability to
package relatively large-sized foreign DNA, and achieve
high transduction efficiency [9,10]. Furthermore, in
contrast to stable gene expression, only little genomic
DNA of the Ad vector is integrated into the host cell
DNA, and its expression is transient. These features of
the Ad vector are thought to be advantageous for cellular
differentiation since transgene expression is not often
needed for the cells after differentiation. From such a
viewpoint, we previously reported efficient transduction
into mES cells using an Ad vector [11].

When ES cells differentiate into functional cells, they
are suspended in the medium on non-adherent culture
plates or in hanging drops. The suspended ES cells
spontaneously aggregate to form spheres, called embryoid
bodies (EBs), which consist of semi-organized tissue
including contractile cardiac myocytes and hemoglobin-
containing blood islands [12]. Although the procedures
to regulate ES cell differentiation are often carried
out through EBs [5,7], no study has been performed
investigating the transduction efficiency for EBs.

In the present study, we optimized transduction effi-
ciency through comparison of the promoter activities
in EBs by using p-galactosidase (LacZ)-expressing Ad
vectors. Furthermore, to test whether the differentiation
efficiency of functional cells from EBs could be improved
by using an Ad vector-mediated gene transfer, we
introduced a peroxisome proliferator-activated receptor
gamma (PPARy) gene, which has been shown to be indis-
pensable for adipogenesis [13,14], or a CCAAT/enhancer
binding protein alpha (C/EBP«) gene, which has also been
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shown to be a key transcription factor for adipogenesis
[15,16], into EBs.

Materials and methods

Plasmid construction and generation
of Ad vectors

Ad vectors were constructed using an improved in vitro
ligation method [17,18]. The murine PPARy1 gene,
which is derived from pHMCMV6-PPARy1 (a kind
gift from Dr. K. Katayama, Tokyo Metropolitan Insti-
tute of Medical Science, Tokyo, Japan) [19], was
digested with Xbal and Notl, and inserted between
the Xbal and Notl sites of pHMCAS [11], result-
ing in pHMCAS-PPARy1. pHMCAS-PPARy2 was con-
structed by insertion of the oligonucleotides 5'-
catgggtgaaactctgggagattctectgtagacccagageatggtgectt
cgctgatgeactgectatgageacttcacaagaaattaccatggta-3’  and
5'-taccatggtaatttcttgtgaagtgcteataggeagtgeatcagegaags
caccatgetctgggtctacaggagaatcteecagagtttcace-3'  (under-
lined sequences indicate the mutated Hincll site with
silent mutation to prevent cleaving) into the Ncol and
Hincll sites of pHMCAS5-PPARy 1, because murine PPARy 2
cDNA encodes an additional thirty amino acids N-terminal
to the first ATG of murine PPARy 1 [20]. Murine C/EBPx
¢DNA, which is derived from pEF-C/EBP« (a kind gift
from Dr. M. Takiguchi, Chiba University, Chiba, Japan)
[21], was digested with BstXI, blunted by a Klenow frag-
ment of DNA polymerase, and cloned into the Pmel site
of pHMCAS, resulting in pHMCA5-C/EBPo. pHMCAS-
PPARy 1, pHMCA-PPARy 2, or pHMCAS5-C/EBP« was then
digested with I-Ceul/PI-Scel and inserted into I-Ceul/PI-
Scel-digested pAdHM4 [17], resulting in pAdHM4-CA-
PPARy 1, pAdHM4-CA-PPARy 2, or pAdHM4-CA-C/EBPe,
respectively.

To generate the virus, Ad vector plasmids were digested
with Pacl and were then transfected into 293 cells plated
in 60 mm dishes with SuperFect (Qiagen, Valencia, CA,
USA) following the manufacturer’s instructions. The virus
was purified by CsCly gradient centrifugation, dialyzed
with a solution containing 10 mM Tris (pH 7.5), 1 mM
MgCl,, and 10% glycerol, and stored in aliquots at
—80°C. The rous sarcoma virus (RSV) promoter, the
cytomegalovirus (CMV) promoter, the CMV enhancer/ 8-
actin promoter (CA) promoter, or the human elongation
factor-1er (EF-la) promoter-driven LacZ-expressing Ad
vector, Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-
EF-LacZ, respectively, and CA promoter-driven green
fluorescent protein (GFP)-expressing Ad vector, Ad-CA-
GFP, were constructed previously [11,22]. Determination
of virus particles (VP) and biological titer were determined
using a spectrophotometric method [23] and by means
of an Adeno-X rapid titer kit (Clontech, Palo Alto, CA,
USA), respectively. The ratio of the biological-to-particle
titer was 1:14 for Ad-CA-LacZ, which was re-amplified
in 293 cells to use in this study, 1:8 for Ad-CA-PPARy 1,
1: 8 for Ad-CA-PPARy2, and 1: 9 for Ad-CA-C/EBPaw.
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Cell culture and EB formation

Mouse E14 ES cells were cultured on mytomycin C-
treated mouse embryonic fibroblasts (MEFs) or on a
gelatin-coated plate in a leukemia inhibitory factor-
containing ES cell culture medium as described previously
[11]. To induce formation of EBs, mES cells on
MEFs were trypsinized, and MEF layers were separated
from mES cells by culturing at 37°C for 45 min.
Nonadherent cells, which contain undifferentiated ES
cells, were resuspended in differentiation medium
(Dulbecco’s modified Eagle’s medium (WAKO, Osaka,
Japan) containing 15% fetal calf serum (Specialty Media,
Inc., Phillipsburg, NJ, USA), 0.1 mM 2-mercaptoethanol
(Nacalai tesque, Kyoto, Japan), 1x non-essential amino
acid (Specialty Media, Inc.), 1x nucleosides (Specialty
Media, Inc.), 2 mM L-glutamine (Invitrogen, Carlsbad,
CA, uSA), and penicillin/streptomycin (Invitrogen)) at
a concentration of 1 x 105 cells/ml, and 3 x 103 cells
were cultured on the inner side of 100 mm Petri dish lids
(hanging drop method) and incubated at 37°C for 2 or
5 days.

Five-day-cultured EBs (5d-EBs) were harvested,
washed with phosphate-buffered saline (PBS), and incu-
bated in 1xtrypsin/EDTA (Invitrogen) at 37°C for
5 min. EBs were dissociated in differentiation medium
by repeated pipetting and passing through a 20-gauge
needle. The single cell suspension was kept on ice for
further analysis.

LacZ assay

5d-EBs were transduced with the indicated doses of
conventional Ad vectors (Ad-RSV-LacZ, Ad-CMV-LacZ,
Ad-CA-LacZ or Ad-EF-LacZ) at 37°C. Two days later, X-
gal staining and B-gal assays were performed as described
previously [11]. The EB-derived single cell suspension
was transduced with the indicated doses of Ad-CA-LacZ
at 37°C for 1.5 h before plating. The cells were then
washed with PBS and plated on gelatin-coated dishes.
On the following day, X-gal staining was carried out as
described above.

GFP expression analysis

EBs were transduced with the Ad-CA-GFP at 10000
VP/cell. At 1.5 h after incubation, the cells were washed
to remove the Ad vectors and were transferred into fresh
medium. The EBs were transduced with 10 000 VP/cell of
Ad-CA-GFP three times on days 0, 2, and 5 (hereinafter
referred to as triple transduction), as follows: 0d-EBs
(ES cells suspension) were transduced with Ad vector
in hanging drop for 2 days, and 2d-EBs and 5d-EBs
were transduced with Ad vector for 1.5 h. On day 7,
GFP fluorescence in the EBs was visualized via confocal
microscopy (Leica TCS SP2 AOBS; Leica Microsystems,
Tokyo, Japan). The EBs were then trypsinized and
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analyzed for GFP expression by flow cytometry on a
FACSCalibur flow cytometer using CellQuestPro software
(Becton Dickinson, Tokyo, Japan)

Adipocyte differentiation with Ad
vector

Two days after culture with hanging drop, the EBs
were transferred into a Petri dish and maintained for
3 days in suspension culture in differentiation medium
containing 100 nM all-trans-retinoic acid (RA, WAKO),
and then cultured for 2 more days in differentiation
medium without RA [24]. The cells were transduced
with 10000 VP/cell of Ad vectors (Ad-CA-LacZ, Ad-CA-
PPARy 1, Ad-CA-PPARy2 or Ad-CA-C/EBPq) at days 0, 2,
and 5 as described above and plated on a gelatin-coated
dish on day 7. Cells were cultivated in differentiation
medium with or without adipogenic supplements (0.1 M
3-isobutyl-L-methylxanthine (Sigma, St. Louis, MO, USA),
100 nM insulin (Sigma), 0.1 uM dexametasone (WAKO),
and 2 nM triiodothyronine (Sigma)) and the medium was
changed every 2 or 3 days.

Differentiation of EBs into adipocytes was estimated by
Oil-red O staining and glycerol-3-phosphate dehydroge-
nase (GPDH) activity on days 12 and 24 after plating.
Oil-red O staining and a GPDH assay were performed
using a lipid assay kit and GPDH assay kit, respectively
(Cellgarage, Hokkaido, Japan). For the analysis of lipid
accumulation, stained lipid was extracted with 100% iso-
propanol for 5 min and the optical density of the solution
was measured at 540 nm. For the GPDH assay, protein
content was determined using a Bio-Rad Protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA) employing
bovine serum albumin as a standard, and GPDH activities
were then normalized to protein content,

Western blotting

ES cells, 2d-EBs, and 5d-EBs were lysed in lysis buffer
(20 mM Tris-HCI (pH 8.0), 137 mM NacCl, 1% Triton X-
100, 10% glycerol) containing protease inhibitor cocktail
(Sigma). Lysates (20 ug) were subjected to sodium
dodecyl! sulfate/polyacrylamide gel electrophoresis (SDS-
PAGE) on 12.5% polyacrylamide gel and transferred
onto a polyvinylidene fluoride membrane (Millipore,
Bedford, MA, USA). After blocking with 3% skimmed
milk in Tris-buffered saline containing 0.1% Tween 20 at
room temperature for 2 h, the membrane was incubated
with goat anti-CXADR (coxsackievirus and adenovirus
receptor, hereinafter referred to as CAR) antibody (R&D
Systems, Minneapolis, MN, USA, diluted 1:1000) or
mouse anti-Oct-3/4 antibody (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA, diluted 1:200) at 4°C
overnight, followed by horseradish peroxidase conjugated
anti-goat IgG (Chemicon, Temecula, CA, USA) or anti-
mouse IgG (Cell Signaling Technology, Beverly, MA,
USA), respectively, at room temperature for 1 h. The band
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was visualized by ECL Plus Western blotting detection
reagents (Amersham Bioscience, Piscataway, NJ, USA)
and the signals were read using a LAS-3000 imaging
system (FUJIFILM, Tokyo, Japan). For the detection
of internal control, a monoclonal anti-g-actin antibody
(Sigma, diluted 1:5000) and a horseradish peroxidase
conjugated anti-mouse IgG were used.

Reverse-transcription polymerase
chain reaction (RT-PCR)

Total RNA was isolated as described previously [11].
DNasel-treated samples were reverse-transcribed using
SuperScript II (Invitrogen), and PCR was then per-
formed using KOD Plus DNA polymerase (Toyobo, Osaka,
Japan). The PCR conditions were 94°C for 2 min, fol-
lowed by appropriate cycles of 94°C for 155, 55°C
for 30s with 68°C for 30s and a final extension
of 68°C for 1 min, except for the addition of 5%
dimethyl sulfoxide in the case of C/EBPa and leptin
¢DNA amplification. PCR products were visualized by
ethidium bromide staining after being separated on 2%
agarose gel. The sequences and references of primers were
as follows: PPARy(F), 5-CCCTGGCAAAGCATTTGTAT-
3'; PPARy(R), 5'-AATCCTTGGCCCTCTGAGAT-3'; C/
EBP«(F), 5-CGCTGGTGATCAAACAAGAG-3'; C/
EBP«(R), 5-GTCACTGGTCAACTCCAGCA-3'; aP2(F), 5'-
TGGAAGCTTGTCTCCAGTGA-3'; aP2(R), 5-ACACATT
CCACCACCAGCTT-3'; adiponectin(F), 5-GTTGCAAG
CTCTCCTGTTCC-3'; adiponectin(R), 5-GCTTCTCCAGG
CTCTCCTTT-3; leptin(F), 5-TGACACCAAAACCCTCA
TCA-3'; leptin(R), 5'-CTCAAAGCCACCACCTCTGT-3/,
CAR, Oct-3/4, Nanog, Brachyury T, GAPDH and LacZ
were described previously [11,25].

Results

Transgene expression in EBs by Ad
vectors

Initially, we characterized the EBs used in this study
by examining the expression of cellular marker genes.
Consistent with previous reports, the expression of
Nanog and Oct-3/4, both of which are transcription
factors involved in the maintenance of pluripotency in
mES cells, were down-regulated following EB formation,
whereas the expression of brachyury T, the early pan-
mesodermal marker, was detectable in EBs (Figures 1A
and 1B) [26,27]. It is known that expression of
CAR, a primary receptor of Ad, is essential for Ad
vector-mediated gene transduction [10]. To confirm
whether EBs could be efficiently transduced with Ad
vectors, we assessed the expression of CAR in EBs
(Figures 1A and 1B). We found that expression levels
of CAR in both 2d-EBs and 5d-EBs (EBs cultured
for 2 or 5 days, respectively) were similar to those
of mES cells, suggesting that exogenous genes could
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Figure 1. RT-PCR and Western blot analysis of ES cells and
EBs. Total RNA or whole cell lysates were isolated from ES
cells (lane 1), 2d-EBs (lane 2), or 5d-EBs (lane 3). RT-PCR
(A) and Western blotting (B) were carried out as described
in Materials and Methods. Abbreviations: ES cells, embryonic
stem cells; EBs, embryoid bodies; 2d-EBs, two-day-cultured
EBs; 5d-EBs, five-day-cultured EBs; CAR, coxsackievirus and
adenovirus receptor

be introduced into EBs by using a conventional Ad
vector.

We next prepared LacZ-expressing Ad vectors under the
control of four different promoters, the RSV promoter,
the CMV promoter, the CA promoter, or the EF-lu
promoter (Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or
Ad-EF-LacZ, respectively) to optimize the efficiency of
transgene expression in EBs. 5d-EBs were transduced
with each Ad vector (3000 virus particles (VP)/cell) and
LacZ expression in the cells was measured. As shown in
Figures 2A and 2B, Ad-CA-LacZ-transduced EBs showed
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Figure 2. Ad vector-mediated transduction efficiency in EBs as determined using various types of promoters. 5d-EBs were transduced
with Ad vectors at 3000 VP/cell for 2 days. After 48 h, X-gal staining (A) and g-galactosidase luminescence assay (B) were performed
as described in Materials and Methods. Similar results for X-gal staining were obtained in five independent experiments. (C) 5d-EBs
were transduced with 300, 1000, 3000, or 10 000 VP/cell of Ad-CA-LacZ for 2 days. Two days after transduction, LacZ expression
in the cells was measured by luminescence assay. The data (B and C) are expressed as mean + standard deviation (S.D.) (n = 3).
Abbreviations: RSV, rous sarcoma virus; CMV, cytomegalovirus; CA, CMV enhancer/g-actin promoter; EF-1a, human elongation

factor-la

greater LacZ expression than did Ad-RSV-LacZ- or Ad-
EF-LacZ-transduced EBs. Although the CMV promoter is
in wide use in transduction experiments, Ad-CMV-LacZ-
transduced EBs showed little expression of LacZ. These
data indicate that the transduction efficiency in EBs is
dependent on the promoter and that the CA promoter is
the most active in EBs among the four types of promoters
examined in this study.

To determine an appropriate dose of Ad-CA-LacZ for
the transduction efficiency in EBs, 5d-EBs were transduced
with a different dose of Ad-CA-LacZ for 2 days, and then
LacZ production in the cells was quantified by means
of a luminescence assay. The expression of LacZ in the
EBs increased depending on the dose of Ad vectors and

Copyright © 2008 John Wiley & Sons, Ltd.

reached a plateau at 3000-10000 VP/cell (Figure 2C).
To obtain high transgene expression, the concentration of
Ad vector with 10000 VP/cell was employed for further
analysis. Next, we examined whether an increase in
the efficiency of LacZ expression could be obtained in
EBs by using fiber-modified Ad vectors. We generated
Ad-RGD-CA-LacZ and AdK7-CA-LacZ, which contain the
Arg-Gly-Asp (RGD) peptide in the HI loop of the fiber
knob [28] and seven tandem lysine residues (K7) in the
C-terminal of the fiber knob [29], respectively. These
Ad vectors transduce cells through «v integrin and
heparan sulfates, respectively, even if cells lack CAR
expression. 5d-EBs were transduced with 1000, 3000,
or 10000 VP/cell of Ad-CA-LacZ, AARGD-CA-LacZ, or

J Gene Med 2008; 10: 498-507.
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AdK7-CA-LacZ for 2 days and a luminescence assay for
the measurement of LacZ expression was performed.
The amount of LacZ expression obtained by using fiber-
modified Ad vectors was comparable to that obrained by
using a conventional Ad vector (data not shown). Thus,
these results indicate that the conventional Ad vector
containing the CA promoter is the most suitable vector for
transduction to EBs.

Next, 5d-EBs were transduced with 10000 VP/cell of
CA promoter-driven GFP-expressing Ad vector, Ad-CA-
GFP, to examine whether transgene expression could be
observed inside the EBs. Confocal microscopic analysis
revealed GFP expression only at the periphery of the EBs
(Figure 3A, middle). The percentage of GFP-expressing
cells in the EBs was 25.3+2.3% as determined by
flow cytometric analysis (Figure 3B, middle). A similar
pattern of transgene expression was observed in the X-
gal staining of sliced sections of EBs transduced with
Ad-CA-LacZ (data not shown). These results suggest that
Ad vectors do not transduce the cells in the interior
of EBs because of the physical barrier constituted by
their tight connection. Therefore, repeated transduction
of Ad vectors was attempted to express the transgene in
the EB interior. First, a transgene was introduced into
mES cells but not EBs by Ad vector in hanging drop.
After transduction into ES cells under the hanging drop,
the 2d-EBs and 5d-EBs were transduced with Ad vector
again. Thus, the EBs were transduced with Ad vector
three times in total (triple transduction: see Materials
and Methods). When the EBs were transduced with
Ad-CA-GFP by triple transduction, GFP expression was
observed even in the interior of the EBs at day 7, although
not all the EB cells showed GFP expression (Figure 3A,
right). Furthermore, flow cytometric analysis showed
that the GFP-positive cells were significantly increased
to 39.2 £ 4.3% (p < 0.05 vs. single infection) (Figure 3B,
right), although the transduced cells would be diluted
due to their cell division. When the number of cells
composed of 7d-EBs was measured, there was almost
no difference in cell numbers between untransduced EBs
and GFP-transduced EBs by triple transduction (data not
shown). In addition, 7d-EBs transduced with Ad vector
by triple transduction as well as untransduced EBs could
differentiate into adipocytes (Figures 4 and 5), showing
that Ad vectors have no cytotoxicity to EBs. These results
indicate that triple transduction by using Ad vector is
effective to express the transgene in the interior of EBs.

As reported previously, hematopoietic differentiation
from ES cells via EBs has been usually performed using
an EB-derived single cell [7]. To investigate whether
the Ad vector was able to be efficiently introduced
into EB-derived single cells, EB-derived single cells,
which were obtained by typsinization of 5d-EBs, were
transduced with Ad-CA-LacZ (Figure 3C). LacZ expression
in the EB-derived single cells was dose-dependent, and
more than 90% of the cells expressed LacZ at 3000
VP/cell, demonstrating that the EB-derived single cells
efficiently expressed LacZ by transduction using Ad vector
containing the CA promoter,
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Figure 3. Optimization of gene transfer into EBs by Ad vector.
EBs were transduced with 10000 VP/cell of Ad-CA-GFP by
single transduction (A, B; middle) or triple transduction (A, B;
right). On day 7, (A) confocal microscopic analysis and (B) flow
cytometric analysis were performed. The data are expressed
as mean * S.D. (n=5). Untransduced EBs are represented
as a negative control (A, B; left). Scale bar indicates 300 um.
(C) 5d-EB-derived single cells obtained by trypsin treatment of
5d-EBs, were transduced with Ad-CA-LacZ at doses of 0, 300,
1000, or 3000 VP/cell. On the following day, X-gal staining was
performed. Similar results were obtained in three independent
experiments. Scale bar indicates 200 pm. Abbreviation: GFP,
green fluorescent protein

Regulation of cellular differentiation
using Ad vector-mediated gene delivery

To confirm that Ad vector-mediated transduction was
applicable to basic research or regenerative medicine,
we introduced functional genes, which regulate cellular
differentiation, into EBs. As a model for cellular differenti-
ation, EBs were differentiated into adipocytes by using Ad
vector-mediated transduction of an adipogenesis-related
gene. We constructed three Ad vectors, Ad-CA-PPARy 1,
Ad-CA-PPARy2, and Ad-CA-C/EBP«, which expressed
murine PPARy1, PPARy2, and C/EBPe«, respectively.
PPARy and C/EBP« have been shown to play essential
roles in adipogenesis [13-16,30]. PPARy is present in
two isoforms, PPARy1 and PPARy2, generated by alter-
native promoter usage [20]. PPARy 2 has an additional
thirty N-terminal amino acids relative to PPARy1. We
used both PPARy 1 and PPARy 2 since both could drive a
full program of adipogenesis in cultured PPARy-deficient
cells [31]. No study has directly compared the adipogen-
esis ability, especially adipocyte differentiation from mES
cells, of PPARy 1, PPARy 2, and C/EBPa.

J Gene Med 2008; 10: 498-507.
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Figure 4. Efficient adipocyte differentiation from EBs by Ad vector-mediated PPARy gene transfer. EBs were transduced in triplicate
with 10000 VP/cell of Ad-CA-LacZ, -PPARy 1, -PPARy2, or -C/EBPa. After plating onto a gelatin-coated dish on day 7, EBs were
cultured for 24 days with adipogenic supplements. On days 12 and 24 after cultivation GPDH activity in the cell was measured
(A). The data are expressed as mean + S$.D. (n = 4). (B) Lipid accumulation was detected by Oil-red O staining at day 24 in the
untransduced cells (left, top) or PPARy2-expressing cells (left, bottom). Scale bar indicates 60 um. After staining with Oil-red
0, stained lipid was extracted and the absorbance at 540 nm was measured (right). The data are expressed as mean £ S.D.
(n = 4). (C) The expression of PPARy, C/EBP«, aP2, adiponectin, leptin, and GAPDH was measured by semi-quantitative RT-PCR.
The primer for PPARy amplified both PPARy 1 and PPARy 2. Cycle number is indicated in parentheses. *p < 0.05 and **p < 0.01,
respectively, as compared with untransduced EBs. Abbreviations: GPDH, glycerol-3-phosphate dehydrogenase; PPARy, peroxisome
proliferator-activated receptor gamma; C/EBP«a, CCAAT/enhancer binding protein alpha

The procedure for adipocyte differentiation from mES
cells was carried out as reported by Dani etal. [24]
except for the step of Ad vector-mediated gene transfer.
First, 7d-EB-derived single cells, which were prepared by
trypsinization of 7d-EBs, were transduced with Ad-CA-
LacZ, -PPARy 1, -PPARy 2, or -C/EBP« because Ad vectors
could efficiently introduce a transgene into EB-derived
single cells, as shown in Figure 3C. Then, to estimate
adipocyte differentiation, GPDH activities in the cells

Copyright © 2008 John Wiley & Sons, Ltd.

were measured after 24 days cultivation with adipogenic
supplements. Although PPARy-transduced cells exhibited
a high level of GPDH activity compared to untransduced
cells or LacZ-transduced cells, it was approximately
50-fold lower than that of the untransduced sphere
form of EBs, which had not been obtained by trypsin
treatment, but was cultured in differentiation medium
with adipogenic supplements (data not shown). It is
possible that cell-cell interaction in the sphere form of EBs

J Gene Med 2008; 10: 498-507.
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might be essential for adipocyte differentiation from ES
cells, and this might be why trypsinized EBs showed lower
differentiation. Therefore, EBs in the sphere form were
then treated with each Ad vector by triple transduction,
and GPDH activity was measured after cultivation with
adipogenic supplements. The levels of GPDH activity in
the cells transduced with Ad-CA-LacZ or Ad-CA-C/EBP«
were similar to those of untransduced EBs. On the other
hand, it was significantly increased by Ad vector-mediated
PPARy (PPARy1 and PPARy2) expression at days 12 and
24 (Figure 4A). Moreover, Oil-red O staining revealed that
70-80% of the cells transduced with PPARy were Oil-red
O positive, whereas 50-60% were LacZ- or C/EBPa-
transduced cells or untransduced cells (data not shown).
In particular, many large lipid droplets accumulated
in the cells transduced with Ad-CA-PPARy1 or Ad-CA-
PPARy 2 compared to untransduced EBs (Figure 4B, data
not shown). We also confirmed the expression of marker
genes of adipocyte differentiation by semi-quantitative
RT-PCR analysis. As shown in Figure 4C, PPARy, C/EBPg,
adipocyte-specific fatty acid binding protein (aP2), and
adiponectin expression were up-regulated in PPARy1-
and PPARy2-transduced EBs (Figure 4C). Furthermore,
when we measured the expression levels of LacZ mRNA
to examine whether Ad vector-mediated transduction
still continued, its expression was undetectable in Ad-
CA-LacZ-transduced EBs (Figure 4C), suggesting that
expression of PAPRy or C/EBP«, which was observed in
PPARy- or C/EBPa-transduced EBs, would not be derived
from the Ad vector but from endogenous genes.

Next, we examined whether Ad vector-mediated
transduction into EBs could increase the differentiation
efficiency even in the absence of adipogenic supplements.
Adipogenesis from EBs was promoted by transduction of
PPARy, although the levels of GPDH activity and lipid
droplet accumulation could not achieve the adipogenic
supplements-treated levels (Figure 5 and data not
shown). These results indicate that Ad vector-mediated
transduction of the PPARy gene into EBs could improve
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Figure 5. Ad vector-mediated transduction into EBs promotes
adipogenesis in the absence of adipogenic supplements. EBs
were transduced in triplicate with 10000 VP/cell of each Ad
vector, and then GPDH activity was measured after cultivation
in differentiation medium without adipogenic supplements. The
data are expressed as mean =+ S.D. (n=3). *p < 0.05 and
**p < 0.01, respectively, as compared with untransduced EBs
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the efficiency of adipocyte differentiation from ES cells
with or without adipogenic supplements.

Discussion

In the present study, we compared the transduction
efficiency of four types of promoters (RSV, CMV, CA,
and EF-l¢), which are widely used in transduction
experiments, in EBs by using Ad vector, and demonstrated
that the CA promoter could robustly drive transgene
expression in EBs (Figures 2A and 2B). We concluded that
the CA promoter was the most appropriate promoter for
transduction into EBs. We also showed that in trypsinized
EBs, more than 90% of the cells were transduced
with the Ad vector containing the CA promoter, and
that a transgene could be successfully expressed in
the interior of EBs by triple transduction (Figure 3).
We and other groups have demonstrated that the CA
promoter is potentially active in mES cells [11,32],
human CD34" cells [33,34], and embryos of transgenic
mice [35], suggesting that the CA promoter is active
particularly in immature cells including stem cells. EBs
are thought to be composed of immature cells because
of the presence of Oct-3/4 and Nanog, although their
expression levels are moderate (Figure 1). Thus, the CA
promoter is useful in attaining high levels of transgene
expression in EBs. Interestingly, the CMV promoter, which
is one of the strongest promoters known so far, had
little activity not only in mES cells [11,32], but also
in EBs (Figures 2A and 2B). This might be due to the
defense response against the transcription of foreign
genes using a non-cellular promoter in immature cells.
Rust et al. [36] reported that the CMV promoter was
active in cardiac myocytes derived from mES cells in
spite of being inactive in undifferentiated ES cells. These
results suggest that the CMV promoter, in contrast to
the CA promoter, does not work in both EBs and ES
cells, and it is possible that transcriptional silencing
might occur through some mechanism such as the
DNA methylation of the CMV promoter [37]. However,
Rufaihah etal. recently showed that about 90% of
the human 7d-EB-derived single cells were transduced
with an Ad vector containing the CMV promoter [38].
Although it is unknown why the CMV promoter has
potent activity in human EBs, the transcriptional silencing
using the CMV promoter might occur in murine but
not human cells. Thus, the silencing mechanism in the
CMV promoter in immature cells should be further
investigated.

Differentiation procedures from ES cells by gene deliv-
ery have been performed using long-term constitutive
expression systems such as those involving retrovirus
vector [4,7]; however, these procedures might be not
suitable for therapeutic use. Ad vectors could be useful
because of their transient expression. However, few stud-
ies have been performed to differentiate ES cells into
functional cells using transient expression systems. In the

J Gene Med 2008; 10: 498-507.
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present study, we showed that transient PPARy trans-
duction into EBs by using an Ad vector could enhance
adipocyte differentiation in the presence or absence of
adipogenic supplements (Figures 4 and 5). Adipocyte dif-
ferentiation, however, was not enough in the absence
of adipogenic supplements compared with that in the
presence of it (Figure 5), suggesting that it is impor-
tant to combine PPARy transduction and treatment with
adipogenic supplements to attain efficient adipcyte differ-
entiation. Analysis of semi-quantitative RT-PCR revealed
that the LacZ mRNA expression level by the Ad vec-
tor was quite low in EBs at day 24, indicating that Ad
vector-mediated transduction is sufficient to trigger differ-
entiation into functional cells even though its expression
is transient and could not be introduced into all the
cells composed of EBs. These observations lead to the
expectation that an Ad vector-mediated transient gene
expression system could be applied to differentiate ES
cells into other cells such as osteoblasts, hematopoietic
cells, and so on.

We also showed that both PPARy1 and PPARy2
significantly promoted the adipocyte differentiation
from EBs (Figures 4 and 5). Our results indicate that
overexpression of PPARy1 and PPARy2 was capable
of accelerating adipogenesis in EBs, and that the N-
terminal domain of PPARy2 is not necessarily required
for its adipogenic activity in EBs since both have similar
activities. These results are consistent with the previous
report [13]. In the absence of adipogenic supplements,
C/EBPa-transduced EBs also exhibited a higher GPDH
activity than LacZ-transduced EBs or untransduced EBs
(Figure 5), indicating that C/EBPx as well as PPARy
has the potential to promote adipogenesis from EBs.
However, in the presence of adipogenic supplements,
C/EBPa could not increase the efficiency of adipocyte
differentiation (GPDH activity) as much as could PPARy,
despite the increased expression of aP2 and adioponectin
mRNA and a slight accumulation of lipid droplets in
the EBs (Figure 4). C/EBPu¢ has been shown to play
important roles in adipogenesis, but its role is limited
to the induction and retention of PPARy levels [16].
It is possible that because C/EBPux could not robustly
elicit endogenous PPARy expression in the adipogenic
supplements treated condition (Figure 4C) or adipogenic
supplements might conceal the effect of C/EBPq, the
efficiency of adipocyte differentiation in EBs transduced
with C/EBP« might be similar to untransduced EBs.
These results suggest that transient gene delivery into
EBs using an optimized Ad vector could not only
facilitate the efficiency of differentiation into functional
cells, but could also be useful for the analysis of gene
functions.

In summary, we have shown that an Ad vector
containing the CA promoter has superior transduction
efficiency for EBs and that the Ad vector system has
potential use in basic research, particularly that regarding
stem cell differentiation. Thus, this system might be a
valuable tool for the molecular switching of cellular

Copyright © 2008 John Wiley & Sons, Ltd.
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differentiation and could be applied to regenerative
medicine based on ES cells.
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Adenovirus serotype 35 vector-mediated transduction
following direct administration into organs of

nonhuman primates
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Adenovirus (Ad) serotype 35 (Ad35) vectors have attracted
remarkable attention as alternatives to conventional Ad
serotype 5 (Ad5) vectors. In a previous study, we showed
that intravenously administered Ad35 vectors exhibited a
safer profile than AdS vectors in cynomolgus monkeys, which
ubiquitously express CD46, an Ad35 receptor, in a pattern
similar to that in humans. However, the Ad35 vectors poorly
transduced the organs. In this study, we examined the
transduction properties of Ad35 vectors after local adminis-
tration into organs of cynomolgus monkeys. The vectors
transduced different types of cells depending on the organ.
Hepatocytes and microglia were mainly transduced after
the vectors were injected into the liver and cerebrum,

Keywords: adenovirus serotype 35 vector; local administration;

Adenoviruses (Ads) are nonenveloped, double-stranded
DNA viruses with icosahedral symmetry. To date, 51
human adenovirus (Ad) serotypes have been identified
and classified into six species.”* Among these serotypes,
Ad serotype 5 (Ad5), which belongs to species C, is the
basis of almost all the Ad vectors commonly used,
including those used in clinical trials. Conventional Ad5
vectors have several advantages as gene delivery
vehicles. However, it is now well established that the
hurdles to Ad5 vector-mediated gene therapy are the
high seroprevalence to Ad5 in adults and the refractori-
ness of cells lacking the expression of coxsackievirus-
adenovirus receptor, which is a primary receptor for
Ad5, to Ad5 vectors. Pre-existing anti-Ad5 immunity
significantly decreases the transduction efficiencies of
Ad5 vectors. Even when an Ad5 vector-based vaccine
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respectively. Injection of the vectors into the femoral muscle
resulted in the transduction of cells that appeared to be
fibroblasts and/or macrophages. Conjunctival epithelial
cells showed transgene expression following infusion
into the vitreous body of the eyeball. Transgene expression
was limited to areas around the injection points in most of
the organs. In contrast, Ad35 vector-mediated transgene
expression was not detected in any of the organs not injected
with Ad35 vectors. These results suggest that Ad35 vectors
are suitable for gene delivery by direct administration to
organs.

Gene Therapy (2009) 16, 297-302; doi:10.1038/gt.2008.154;
published online 18 September 2008

nonhuman primate; CD46

was administered locally into muscle, pre-existing anti-
Ad5 antibodies reduced its efficacy.>* A lack of coxsack-
ievirus-adenovirus receptor expression renders the cells
unsusceptible to Ad5 vectors at least in vitro. Important
target cells for gene therapy, including hematopoietic
stem cells and dendritic cells, often poorly express
coxsackievirus-adenovirus receptor. In addition to these
drawbacks, Ad5 vectors have high hepatic tropism. Even
when Ad5 vectors are locally injected into a diseased
area (for example, a tumor), they are drained from the
injection sites into the systemic circulation and primarily
transduce hepatocytes because of their high hepatic
tropism; on the other hand, efficient transduction is
obtained around the injection points. When Ad vectors
carry a transgene that exerts cytotoxic effects on
transduced cells, Ad vector-mediated hepatic transduc-
tion leads to severe hepatotoxicity.>”

In contrast, human species B Ad serotype 35 (Ad35)
vectors, which our group and several others have
developed,*"" possess attractive properties that can
overcome the drawbacks of conventional Ad5 vectors.
First, Ad35 vector-mediated transduction is not ham-
pered by anti-Ad5 antibodies, because Ad35 belongs to a
different species (species B) than Ad5 (species C).
Second, Ad35 vectors bind to human CD46 as a receptor.



