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nephropathy.”'"** The present findings show that abnor-
mal glycosylation occurs not only in IgG in serum but also
in several glycoproteins in the SLE-model mouse kidney.
Figure 6 shows the biosynthesis pathway of N-linked
oligosaccharides in mammalian cells. Man-9, a product in
the early stage of the pathway, is processed to Man-5 in
the endoplasmic reticulum, and a GlcNAc and Fuc are
added to Man-5 in the Golgi apparatus. After the
removal of two Man residues by aM-II, GlcNA¢, Gal and
Fuc are further added to oligosaccharides by several
glycosyltransferases. There have been a few reports on
paucimannose-type oligosaccharides in vertebrates;” how-
‘ever, these glycans are common oligosaccharides in other
multicellular organisms such as insects and Caenorhabditis

Pauci-mannose-type

Endoplasmic reticulum A

3, sl
clegans.™ The membrane protease [3-N-acetylgluco-

saminidase is thought to mediate the synthesis of
paucimannose-type  oligosaccharides.”* Based on core
fucosylation on some paucimannose-type oligosaccha-
rides, it was deduced that B-N-acetylglucosaminidase
might act on glycan synthesis after N-acetylglucosaminyl-
transferase 1, core fucosyltransferase and M-I1.>* The
synthesis of paucimannose-type oligosaccharides may be
involved in the suppression of growing diversity and
complexity of glycan structures.

We found a number of changes in the levels of
monogalacto-biantennary  oligosaccharides in the SLE
mouse. Galactosylation to agalacto-biantennary oligo-

saccharides is mediated by f-1,4-galactosyltransferase
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(B-1,4-GalTase).™ Previous studies suggested that trans-
lational repression of B-1,4-GalTase in lymphocytes is
associated with an increase in agalacto-oligosaccharides
on IgG in the serum of the MRL-lpr mouse.™ Although
the activity of B-1,4-GalTase remains unknown in the
SLE-model mouse, the increase in agalacto forms and
the decrease in digalacto forms imply changes in f-1,4-
GalTase activity. The present results suggest a decrease
in diverse and complex glycans, which are synthesized at
a late stage in the N-glycan synthesis pathway, and an
increase in the simple glycans appearing at an early stage
in the SLE-model mouse.

The activation of complements is involved in glomeru-
lar nephritis of SLE."* The complements are activated
through three pathways: a classical pathway, an alternative
pathway and a lectin pathway. [n the classical pathway, a
binding of Clq to an immune complex triggers the acti-
vation of Clr and Cls, Activated Cls cleaves C4 and C2,
generating C3 convertase (C4b2a), which gencrates C3b.
The complement component subsequently produces C5b-
9 complex, which leads to an inflammatory response on
host tissues.™™' The excess deposition of immune com-
plexes followed by a sustained immune response triggers
tissue disorders, including lupus nephritis.*™** In the
lectin pathway, mannose-binding lectin (MBL) is associ-
ated with the activation of complements, Two forms of
MBL (MBL-A and MBL-C) are present in complexes with
MBL-associated serine proteases (MASPs) in mice. The
MASPs are activated by binding MBL to Man or GleNAc
on the surface of the antigen in a calcium-dependent
manner.*** Like Cls in the classical pathway, activated
MASPs cleave C4 and C2,°**' In lupus nephritis, MBL-A
and MBL-C in the immune complex bind to GleNAc resi-
dues at the reducing ends of agalacto-biantennary oligo-
saccharides in [gG,* and subsequently activate the
complements.™™ [n gM-Il-deficient mice, which suffer
from SLE-like syndromes including kidney disorders, the
majority of glycans are hybrid-type oligosaccharides
because of the failure of Man trimming by the lack of
oM-IL'® Green et al. concluded that MBL recognized
Manz1-3 and Manal-6 linkages in hybrid-type oligo-
saccharides,'”” and glycans lacking normal side chains,
including agalacto-biantennary oligosaccharides, might be
involved in the aberrant immune response in auto-
immune diseases. Paucimannose glycans, which contain
exposed Manzl-3 or Manal-6 linkages, may be recog-
nized as ligand carbohydrates by MBL. Qur present find-
ing, an increase in paucimannose oligosaccharides and
agalacto forms, might result from an alteration of the bio-
synthesis pathway of N-glycans. The alterations may cause
the aberrant glycosylations on most of the glycoproteins
rather than some glycoproteins in the SLE-model mouse.
The changes in glycosylation might be involved in an
autoimmune  pathogenesis in  the SLE-model mouse
kidney.

The continuous production of aberrant antibodies that
react with components from self-tissue and accumulation
in the immune complex are thought to promote tissue
damage in autoimmune disease.*™* The mechanism of
localized accumulation in the immune complex in some
tissues remains unknown in SLE. We found an increase
in glycans that may bind to MBL and subsequently pro-
mote complement activation via the lectin pathway in the
mouse kidney. Our present results suggest that an aber-
rant N-glycan synthesis pathway as well as an abnormal
immune system may be involved in the damage caused
by glomerular nephritis in the SLE-model mouse.
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Efficient Adipocyte and Osteoblast Differentiation from Mouse
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ABSTRACT

Induced pluripotent stem (iPS) cells, which are gcncr;ltcil
from somatic cells by transducing four genes. are expected
to have broad application to  regenerative  medicine.
Although establishment of an cflicient gene transfer system
for iPS cells is considered to be essential for differentiating
them into Functionad cells, the detailed transduction charac-
teristics of iPS cells bave not been examined. Previously, by
using an adenovirus (Ad) vector containing the clongation
factor-12 (EF-12) and the cytomegalovirus enhancer/fi-actin
{CA) promoters, we developed an efficient transduction sys-
tem for mouse embryonic stem (ES) cells and their aggre-
gate form, embryoid bodies (EBs), In this study, we applied
our transduction system to mouse iPS cells and investigated
whether cfficient differentiation conld be achieved by Ad
vector-mediated transduction of a functional gene. As in the

case of ES cells, the Ad vector containing EF-1x and the CA
promoter could efficiently transduce transgences into mouse
iPS cells. At 3,000 vector particles/eell, 80%~906 of iPS
cells expressed transgenes by treatment with an Ad vector
containing the CA promoter, without a decrease in pluripo-
tency or viability., We also found that the CA promoter had
potent teansduction ability in iPS cell-derived EBs. More-
over, exogenous expression of a PPARy gene or a Runx2
gene into mouse iPS cells by an optimized Ad vector
enhanced adipocyte or osteoblast differentiation, respee-
tively. These results suggest that Ad vector-mediated tran-
sient  transduction s swufficient  to  increase  cellular
differentiation and that our transduction methods would be
uscful for therapeutic applications based on iPS cells. STEM
Criis 2009:27:1802-1811
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INTRODUCTION

Because embwyonic stem (ES) cells, derived from the inner
cell mass of mammalian blastocysts, can be culured indehi-
nitely in an undifferentinted state and differentiate inta viwi-
ous cell types {1, 2 ES cells have been regarded as a polen-
tial source of speciflic cell populations for cell replacement
therapy. Flowever, there are two important issues thal must be
addressed before ES cells can be applied Tor regenerative
medicine: one is the cthical issue abowt the use of embryos,
and the other is the visk of immune rejection afier transplanta-
tion. In 2006, Takahashi and Yamanaka {3] reported that ES
cell-like pluripotent cells, designated as induced pluripotent
stem (iPS) cells, could be generated from mouse skin libro-
blasts by retroviral transduetion of four genes (POU domain
class 5 wanscription factor | [Qcr-3/4]. SRY-box contiining

box 2 [Sox2], cellular myclocytomatosis oncogene” |e-Myel,
and Kruppel-like factor 4 [KI#N. A recent study  demon-
strated that iPS cells possessed mostly the same characleristics
as ES cells, such as global gene expression 4], DNA methyl-
ation |31, and histone modification [6]. Furthermore, iPS cells
give rise 1o adul chimeric offspring and show competence lor
germlbine iransmission [4-6]. Because iPS cells not only have
the propertics as described above but also can overcome the
cthical concerns and problems with immune rejection and
because human iPS cells can also be generated from sonmalic
cells [7-10], they are expeceted to be applicable 10 regenera-
tive medicine in place of ES cells,

To apply iPS cells to regenerative medicine. establishing
methods tor the differenmtiation of iPS cells into pure Tunc-
tional cells is indispensable. Among the many methods Tor
promoting cclular differentiation, genetic manipulation is one
af the most powertul techniyues, because overexpression ol a
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differentiation-associated gene in the cells is considered 10
dircet the cell fate from stem cells into functional cells, Many
studics have reported that gene trsler into stem cells pro-
moted their differentiation into functional differentiated cells,
including hematopoictic cells [T, pancreatic cells [12], and
ncurons [13].

Adcnovirus (Ad) vectors are some of the most efficient
gene delivery vehicles and have been widely used in both ex-
perimental studies and clinical wrinls [14, 15). Ad vectors aie
an attractive vehicle for gene transter because they we casily
constructed, can be prepared in high titers, and provide efli-
cient transduction in both dividing and nondividing cells, We
have developed efficient methods for Ad vector-mediued
transduction into mousc ES cells and their aggregate lorm,
embryoid bodies (EBs) [16. 17]. We also showed that adipo-
cyte differentiation from mouse ES cells was markedly pro-
moted by use of the Ad vector Tor transient transduction of
the peroxisome proliferator-activated receptor 5+ (PPAR:) gene
{171, which is known 1o play essential roles in adipogencesis
18, 19].

Because our wransduction method using an optimized Ad
vector was ellective for enhancing the dilferentiation of
mouse ES cells into target cells, we atempted 1o apply this
system to mouse iPS cells and examined whether the adipo-
cyte and osteoblast ditferentiation potential of mouse iPS cells
could be increased by using Ad vector. In all studics, mouse
ES cells were used as a control for comparison with mouse
iPS cells. By comparing the promoter activity in mouse iPS
cells, we successfully developed a suitable Ad vector for gene
transter into mouse iPS cells, We also found that adipocyte
and osteoblast differentiation from mouse iPS cells could be
facilitated by Ad vector-mediated wansient transduction of a
PPAR; gene and o runt-related transcription factor 2 (Runy2)
gene, respectively.

MATERIALS AND METHODS

Adenovirus Vectors

Ad vectors were constructed by an improved in vitro ligation
method {20, 21]. The shuttle plasmids pHMCMVS, pHMCAS,
and pHMEFS, which contain the cytomegalovirus (CMV) pro-
moter, the CMV cahancer/fi-actin promoter with ff-actin intron
(CA) promoter (a Kind gift from Dr. J. Miyazaki, Osaka Univer-
sity, Osaka, Jupan) [22], and the human elongation tactor- 1z (EF-
1) promoter, respectively, were constructed previously [16, 21].
The mCherry gene, which is dervived from pmCherry (Clontech,
Mountain View, CA, htp://www.clontech.com), was inserted into
pHMCMVS, pHMCAS, and pHMEFS, resulting in pHMCMV-
mCherry, pHMCA-mCherry, and pHMEF-mCherry, respectively.,
pHMCMV-mCherry, pHMCA-mCherry, or pHMEF-mCherry was
digested with 1-Cenl/P1-Scel wnd figaied into 1-Cenl/Pl-Scel-
digested pAdHM4 J20], resulting in pAd-CMV-mCherry, pAd-
CA-mCherry, or  pAd-EF-mCherry, respectively,  Ad-CMV-
mCherry, Ad-CA-mCherry, wnd Ad-EF-mCherry were generated
and purified as described previously {17]. The Rous sarcoma vi-
rus (RSV) promoter-, the CMV promoter-, the CA promoter-, or
the EF-12 promoter-driven f-galactosidase (LaeZ)-expressing Ad
vector (Ad-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LuacZ, respectively), the CA promoter-driven mouse PPAR:2-
expressing Ad vector (Ad-CA-PPAR;2), the CA promoter-driven
mouse Runx2-expressing Ad vector (Ad-CA-Runx2), and a trans-
gene-deficient Ad vector (Ad-null), were generated  previously
16, 17, 23, 241, The vector particle (VP) titer and biological titer
were determined by using a spectrophotometric method [235] and
by means of an Adeno-X Rapid Titer Kit (Clontech), respec-
tively. The vatios of the biological-to-particle titer were 1:31 for
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Ad-CMV-mCherry, 1:20 for Ad-CA-mCherry, 1:28 for Ad-EF-
mCherry, 1:14 for Ad-CA-LacZ, 1:22 for Ad-EF-LacZ, 41 for
Ad-RSV-LacZ, 1:21 tor Ad-CMV-LacZ, 118 for Ad-CA-PPAR:2,
117 for Ad-CA-Runx2, and L1 1 for Ad-null.

Mouse ES and iPS Cedll Cultures

Three mouse iPS cell clones 20017, 38C2. and stmv9-1 (a kind
gift from Dr. S. Yumunaka, Kyoto University, Kyoto, Japan)
were used in the present study (20D17 was purchased from Riken
BioResource Center, Tsukuba, Japan, hitp://www.bre.riken jp) {4,
26]. 20D17 and 38C2, both of which ciry Nanog promoter-
driven green fluorescent protein (GFP)finternal ribosomal entry
site/puromycin-resistant gene, were generated from mouse cmbry-
onie fibroblasts (MEFs) {4), and stm99-1, carrying the Fbx 5 pro-
moter-driven fi-geo cassette (o fusion of the fi-gulactosidase and
neomycin resistinee genes), was generated Trom gastric epithelial
cells [26]. These mouse iPS cells and mouse B14 ES cells were
routinely cultured in leukemin inhibitory factor-containing ES

el mediom (Speciality Media) on mitomycin C-treated MEFs,

and iPS cell lines and ES cells were passaged every 2nd day
using 0.25%  wypsin-EDTA  (Tnvitrogen, Carlsbad, CA, hup://
www.invitrogen.com). Mouse iPS cells 20017 and E14 ES cells
were also cultured on o geltin-coated dish. To obain GFP-
expressing unditferentiated cells, iPS cells 20D17 were cultured
in ES cell medium containing 1.5 pg/ml puromycin (Sigma-
Aldrich, St. Louis, MO, hip:/fwww.sigmaaldrich.com) on a geli-
tin-coated dish. Mouse iPS cell clone 20D17 was used in this
report except where otherwise indicated. EB - formation  from
mouse LS and iPS cells was induced using the hanging drop
method as described previously [17).

LacZ Assay

Matse ES cells or iPS cells (5 x 10% cells) were plated on 24-
well plates. On the following day, they were transduced with
cach Ad vector (Ad-null, Ad-RSV-LacZ, Ad-CMV-LucZ, Ad-
CA-LucZ, or Ad-EF-LacZ) m 3,000 VPs/cell for 1.5 hours. At 24
howrs after incubation, X-galactosidase (Gal) staining was per-
formed as deseribed previously [16]. ES cetb-derived EBs (ES-
EBs) or iPS cell-derived EBs (iPS-EBs) cultured for 5 days (3d-
LES-EBs or 5d-iPS-EBs, respectively) were transduced with each
Ad vector at 3,000 VPsfeell. Two days later, LacZ expression
was measured by X-Gal staining and f-Gal luminescence assays,

mCherry Expression Analysis

Mouse ES cells or iPS cells were plated on gelatin-coated 24-
well plates. On the following day, they were transduced with the
indicated dose of Ad-CA-mCherry or Ad-EF-mCherry for 1.5
hours. Twenty-four howrs liater, mCherry expression was analyzed
by flow cytometry on an LSR 11 flow cytometer using FACSDiva
software (BD Biosciences, Tokyo, Japun, htip://www . bdbioscien-
ces.com), To transduce the EB interior, the ES-EBs or iPS-EBs
were transduced with 3,000 VPsfeell of Ad-CMV-mCherry or
Ad-CA-mCherry three times on days 0, 2, and 5 (hereinafter
referred 1o as triple transduction) [17], Tn briel, Od-ES-EBs or Od-
iPS-EBs (ES or iPS cell suspension, respectively) were trans-
duced with Ad vector at 3,000 VPs/eell in a hanging drop for 2
days, and 2d-ES-EBs or 2d-iPS-EBs and 5d-ES-EBs or 5d-iPS-
EBs were transduced with the same Ad vector at 3,000 VPs/eell
for 1.5 hours. On day 7, mCherry expression in the ES-EBs or
iPS-EBs was visuatized via confocal microscopy (Leica TCS SP2
AOBS; Leica Microsystems, Tokyo, Japan, hitp://iwww.lcica.-
com). The ES-EBs or iPS-EBs were then trypsinized and ana-
lyzed for mCherry expression by flow cytometry.

Expression of Coxsackicvirus and

Adenovirus Receptors

For detection of coxsackievirus and adenovirus receptor (CAR)
expression, ES and iPS cells, both of which were cultured on gel-
atin-comed dishes, were harvested by using phosphate-buftered
siline (PBS) containing | mM EDTA. Cells were then reacted
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with rat anti-mouse CAR monoclonal atibody (kindly supplied
from Dr. T. Imai, KAN Research Institute, Myogo, Japan) and
stined with phycoerythrin-labeled donkey anti-rat 1pG (Jackson
Immunoresearch Laboratories, West Grove, PA, hupi//www juck-
sonimmuno.com). CAR expression was analyzed by using an
LSR Il flow cytometer.

In Vitro Differentiation

Two days after culture with o hanging drop, the EBs were trins-
ferred into a Perri dish and mainrined for 3 days in suspension
culture in differentiation medium (Dulbeceo’s moditied Cagle's
medium | Witko Chemical, Osaka, Japan, hup:/iwww.wako-chem.-
co.jpfenglish| supplemented with 1562 fetal calf serum [Specialiy
Media, nc., Phillipsburg, NJ, htp://www.millipore.com]. 0.1 mM
2-mercaptocthanol [Nacalai Tesque, Kyoto, Japan, hitp://www.ni-
calai.cojpen]. Ix nonessential amino acid |Specialty  Media,
Inc.], % nucleosides [Specialty Media, Ine |, 2 mM w-glutimine
favitrogen|, and penicillin/strepromycin {Invitrogen|) containing
100 aM all-rrons-retinoic acid (RA) (Wako Chemical) and then
cultured for 2 more days in differentiation medium without RA
{27, 28], The cells were transduced with 3,000 VPs/eell of Ad
veetor {(AD-CA-LacZ, Ad-CA-PPAR;2, or Ad-CA-Runx2) ar days
0, 2, and 5 as described above and plated on o gelatin-couted
dish on day 7. For adipogenic or osteoblastic differentintion, cells
were cultured in differentiation medinm containing adipogenic
supplements (0.1 M 3-isobutyl-L-methylxanthine [Sigma-Aldrich),
100 nM insulin [Sigma-Aldrich], 10 aM dexamethasone [Wiko
Chemical], and 2 nM triiodothyronine [Sigma-Aldrich]) or vsteo-
genic supplements (50 pg/ml ascorbic acid 2-phosphate [Sigma-
AldrichD, 5 mM f-glycerophosphate {Sigma-Aldrichj, and 10 nM
dexamethasone [Wako Chemical]), respectively.

Biochemical Assays

Cells were cultured with adipogenic or osteogenic supplenems
for 15 days after plating on gelatin-coned plates. Adipocyte ditf-
ferentiation trom mouse ES and iPS cells was evaluated by oil
red O staining and glycerol-3-phosphate dehydrogenase (GPDH)
activity, The oil red O staining and GPDH assay were performed
using a Lipid Assay kit and GPDH Assay Kit, respectively (Pri-
mary Cell Co., Lid, Hokkaido, Japan, http:/fwww.primarycell.-
com), according w the manofacturer’s instractions, To detect ma-
trix minerdization in the cells, cells were fixed  with 49
paraformaldehyde-PBS and  stained  with AgNOy by the von
Kossa method. To measure caleium deposition, cells were washed
twice with PBS and decalcificd with 0.5 M acetic acid, and cell
culture plates were rotated overnight at room temperatare, Insolu-
ble materinl was removed by centrifugation. The  supematants
were then assayed for calcium concentration with a calciom C-
test kit (Wako Chemical). DNA in pellets was extracted using
DNcasy tissue kit {Qingen, Valencia, CA, hupi/fwww i giagen.-
com), and calcium content was then normalized to cellular DNA,
For the measurement of alkaline phosphatase (ALP) activity, cells
were lysed in 10 mM Tris-FIC! (pH 7.5) containing | mM MgCl,
and 0.1 Triton X-100, and the Jysates were then used for assay.
ALP activity was measured using the LabAssay ALP kit (Wako
Chemical) according to the manutacturer’s insteuctions, The pro-
tein concentration of the lysites was determined using i Bio-Rad
assay kit (Bio-Rad, Hercules, CA, hitpe//www.bio-rad.com), and
ALP activity was then normalized by protein concentration,

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from various kinds of cell populations
with the use of ISOGENE (Nippon Gene, Tokyo, Japan, hup:f/
www.nippongene.com), cDNA was synthesized by using Super-
Script 1f reverse transeriptase (RT) (Invitrogen) and the olign(dT)
primer. Polymerase chain reaction (PCR) was performed with the
use of KOD Plus DNA polymerase (Toyobo, Osaka, Jupan, htrp://
wwav toyobocojp/fe). The product was assessed by 26 agarose
el clectrophoresis followed by cthidium bromide staining. The

Efticient Differentiation of iPS Cells by Ad Vector

sequences of the primers used in this study are listed in support-
ing information Table S1.

Teratoma Formation and Histological Analysis
Mouse iPS cells were transduced with Ad-CA-mCherry ar 10,000
VPsfeell for 1.5 hours, After culture for 3 days, mouse iPS colls
were suspended at box 107 cells/ml in PBS. Nude mice (8-10
weeks; Nippon SLC, Shizuoka, Japan, hup://www jsle.co.jpd were
anesthetized with diethyl ether, and we injected 100 il of the cell
suspension (1 x 1% cells) subcutancously into their backs. Five
weeks later, tumors were surgically disseeted from mice, Samples
were washed, fixed in 10% formalin, and embedded in paratfin,
After sectioning, the fissue was dewaxed in ethanol, rehydrated,
and stained with hematoxylin and cosin. This process wis com-
missioned 1o Applicd Medical  Research Laboratory  (Osaka,
Japan).

RESULTS

Mouse iPS Cells Express Coxsackicvirus and
Adcenovirus Receptor

In the present study, we mainly used the mouse iPS cell elone
20017 [4]. To assess whether iPS cells have properties similar
10 those of ES cells under the present culture conditions, we ini-
tially investigated the expression of cellular marker genes of
iPS cells (Fig. 1A). Semiguantitative RT-PCR analysis revealed
that Oct-3/4 and Nanog, both of which are undifferentiated
markers in ES cells, were strongly expressed in iPS cells. iPS
cells also expressed GFP in the _undifferentiated state only.
because GFP expression was driven by the Nanog promoter
|-4]. By EB lormation, the expression levels ol Oct-3/4, Nanog.
and GFP in iPS cells were decreased and, in turn, the thiee
germ layer marker genes (cctoderm: nestin and  fibroblast
growth factor-5; mesoderm: brachyury T and k=17 and endo-
derm:  GATA-binding  protein-6  and  z-fetoprotein) - were
expressed. These results showed that the gene expression pat-
terns of iPS cells were indistinguishable from those ol ES cells.

We next examined the expression o CAR, w primary Ad
receptor on the ccllular swrface, in iPS cells, because he
expression of CAR is known to be essential Tor the transduc-
tion using the conventional Ad vector [29-31), We have
reported that CAR was highly expressed in mouse ES cells
and ES-EBs 16, 17]. RT-PCR and Now cytometric analysis
showed that CAR cxpression was observed in iPS cells and
the expression level of CAR in iPS cells and iPS-EBs was
cyuivalent 1o that in ES cells and ES-EBs, respectively (Fig.
IA. IB). Notably, the expression of CAR was observed in
morc than 93% of GFP-expressing undifferentiated iPS cells.
These results suggest that iPS cells could be efficiently trans-
duccd by using a conventional Ad vector.

Ad Vectors Containing the CA or the EF-12
Promoter Have Potent Transduction Activity in
Mouse iP§S Cells

To examine the tansduction effticiency in iPS cells by using
Ad vectors, we prepared LacZ-expressing Ad vectors under
the control of four different promoters, the RSV promoter, the
CMV promoter, the CA promoter, or the EF-1z promoter
(AU-RSV-LacZ, Ad-CMV-LacZ, Ad-CA-LacZ, or Ad-EF-
LacZ. respectively). We also prepared Ad-null. a transgene-
delicient Ad vector, as a control vector. ES and iPS cells
were tansduced with each Ad veetor at 3.000 VPs/cell, and
LacZ cxpression in the cells was measured. X-Gal swining
showed that Ad-RSV-LacZ- or Ad-CMV-LacZ-transduced ES
cells expressed linle LacZ. whereas Ad-CA-LacZ- or Ad-EF-
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ES cells

iPS cells

Gene expression patterns of mouse iPS cells were similar to those of mouse ES cells. (A): Total RNA was isolated from mouse ES

cells (lane 1). 5d-ES-EBs (lane 2). 10d-ES-EBs (lane 3), iPS cells (lane 4). 5d-iPS-EBs (lane 5). or 10d-iPS-EBs (lane 6). and semiquantitative
reverse transcriptase-polymerase chain reaction was then performed as described in Materials and Methods. The primers for Oct-3/4 and Nanog
amplified both endogenous gene and exogenous factors. (B): The expression levels of CAR in mouse ES cells and iPS cells were detected with
anti-mouse CAR monoclonal antibody by flow cytometry. As a negative control, the cells were incubated with an irrelevant antibody. Data shown
are from one representative experiment of three performed. Abbreviations: AFP, z-fetoprotein: CAR. coxsackievirus and adenovirus receptor:
Cont., control: EB. embryoid body: ES, embryonic stem: 5d-ES-EBs. ES cell-derived 5-day-cultured EBs: 10d-ES-EBs. ES cell-derived 10-day-
cultured EBs: FGF. fibroblast growth factor: GAPDH, glyceraldehyde-3-phosphate dehydrogenase: GATA., GATA-binding protein: GFP. green
fluorescent protein: iPS. induced pluripotent stem:; 5d-iPS-EBs. iPS cell-derived 5-day-cuitured EBs: 10d-iPS-EBs. iPS cell-derived 10-day-cul-

tured EBs; mCAR, mouse CAR

LacZ-transduced ES cells successfully expressed LacZ (Fig.
2A, top) as described previously [16). Likewise. the CA and
the EF-12 promoter but not the RSV or the CMV promoter
exhibited potent transduction activity in iPS cells (Fig. 2A.
bottom). Besides mouse iPS cell clone 20D17. mouse iPS cell
clones 38C2 and stm99-1. which were generated from MEFs
[4] and gastric epithelial cells [26]. respectively. also effi-
ciently expressed transgenes by an Ad vector containing the
CA or EF-12 promoter (supporting information Fig. S1).

To confirm that the transgene was expressed in GFP-
expressing undifferentiated iPS cells. we generated Ad-CA-
mCherry and Ad-EF-mCherry. both of which express a mono-
meric DsRed variant, mCherry. Flow cytometric and fluores-
cent microscopic analysis showed that the mCherry expression
was observed in GFP-expressing iPS cells transduced with Ad-
CA-mCherry or Ad-EF-mCherry (Fig. 2B. supporting informa-
tion Fig. S2). Furthermore. the expression of mCherry in iPS
cells was dose-dependent. and more than 90% of the cells
expressed mCherry after transduction with 10,000 VPs/cell of
Ad-CA-mCherry and Ad-EF-mCherry (Fig. 2C and data not
shown). Importantly. there was no significant difference in the
percentage of GFP-positive cells between nontransduced cells
and Ad-CA-mCherry- or Ad-EF-mCherry-transduced cells
(Fig. 2D and data not shown). Moreover, neither alkaline phos-
phatase activity nor Oct-3/4 expression in iPS cells on day 3 af-
ter Ad vector-mediated transduction was different from that in
nontransduced cells (supporting information Fig. 3). We also
examined the pluripotency of Ad vector-transduced iPS cells
by teratoma formation. Mouse iPS cells were transduced with
Ad vector and were then injected subcutaneously into the backs
of nude mice. After subcutaneous transplantation. we obtained
teratomas containing epidermis, cartilage. and gut epithelial tis-
sues (Fig. 2E). These observations demonstrated that the undif-
ferentiated state and pluripotency in iPS cells were still main-
tained even after Ad vector transduction. Furthermore. we
counted the number of viable iPS cells at 24. 48. and 72 hours
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after transduction to investigate the cytotoxicity in iPS cells
transduced with Ad-CA-mCherry at 3.000 or 10.000 VPs/cell.
The number of viable iPS cells transduced with Ad-CA-
mCherry at 3.000 VPs/cell was comparable to the number of
viable nontransduced iPS cells, whereas the number of viable
iPS cells was slightly (but not significantly) reduced in Ad-CA-
mCherry-transduced iPS cells at 10,000 VPs/cell (Fig. 2F).
This result was quite similar to that for ES cells (Fig. 2F), and
our data suggest that Ad vector transduction has almost no cy-
totoxicity against either mouse ES cells or mouse iPS cells.
These results clearly demonstrated that an Ad vector containing
the CA or the EF-12 promoter is an appropriate vector for both
ES cells and iPS cells and that iPS cells have the same features
as ES cells in terms of Ad vector-mediated transduction.

Ad Vectors Containing the CA Promoter Robustly
Drove Transgene Expression in iPS-EBs

We next performed a transduction experiment for ES-EBs and
iPS-EBs using a LacZ-expressing Ad vector. Consistent with
our previous report [17]. the CA promoter showed the highest
LacZ expression in ES-EBs. Similarly, the CA promoter
showed the highest transduction efficiency in iPS-EBs (Fig.
3A. 3B). Interestingly. the CMV promoter had strong activity
in iPS-EBs despite its weak activity in ES cells, ES-EBs, and
undifferentiated iPS cells (Figs. 2A. 3A. 3B). These phenom-
ena were also observed by using other iPS cell clone-derived
EBs (supporting information Fig. 4).

We next attempted to express the transgene inside the ES-
EBs and iPS-EBs. as it is considered to be essential to express
the transgene in the EB interior to differentiate ES cells or
iPS cells into functional cells. Thus. ES-EBs and iPS-EBs
were transduced in triplicate with Ad-CMV-mCherry or Ad-
CA-mCherry. This transduction method. namely the triple
transduction method, is a gene transfer method that uses an
Ad vector to express the transgene in the EB interior (see



1806 Efficient Differentiation of iPS Cells by Ad Vector
A
E
@
w
=
[
@
o
E
F _. 60 1 —e— EScell;non D : 120
= 50 | —= EScell; 3000 VPicel S 100
; —a— ES cell; 10,000 VP/cell § 80
2 40 | —O— iPScell; non £ o
£ 30 | = iPScen; 3000 vPicell e
3 = —o— iPS cell; 10,000 VPicell 5=
&
3 0 1000 3000 10,000
o s Ad-CA-mCherry (VPicell
0 1 2 3
Days after transduction

Figure 2. Efficient transgene expression in mouse iPS cells by using an Ad vector containing the CA and the EF-1x promoter. (A): Mouse ES

cells or iPS cells were transduced with a LacZ-expressing Ad vector at 3,000 VPs/cell. On the following day. X-galactosidase (Gal) staining was
carried out. Similar results for X-Gal staining were obtained in three independent experiments. (B): Mouse ES cells or iPS cells were transduced
with Ad-CA-mCherry at 3.000 VPs/cell, and mCherry-expressing cells were then analyzed by flow cytometry. (C, D): Mouse ES cells or iPS
cells were transduced with different amounts of Ad-CA-mCherry for 1.5 hours. mCherry expression (C) and GFP expression (D) were determined
by flow cytometry. The data are expressed as the mean = SD (# = 3). (E): Paraffin sections of the teratomas derived from Ad-CA-mCherry-
transduced iPS cells were prepared, and sections were stained with hematoxylin and eosin: a, ectoderm (epidermis): b, mesoderm (cartilage and
adipocyte); c. endoderm (gut epithelium) (F): After adenoviral transduction, viable mouse ES cells or iPS cells were counted. Data are expressed
as the mean = SD (n = 3). Abbreviations: Ad. adenovirus: CA, cytomegalovirus enhancer/f-actin promoter;: CMV, cytomegalovirus: EF. elonga-
tion factor-1z ES, embryonic stem; GFP. green fluorescent protein: IPS. induced pluripotent stem: LacZ. f-galactosidase: RSV, Rous sarcoma vi-

rus: VP, vector particle.

Materials and Methods) [17]. Confocal microscopic analysis
revealed mCherry expression interior in ES-EBs or iPS-EBs
by triple transduction, whereas mCherry expression was
observed only in the periphery of the ES-EBs or iPS-EBs by
single transduction (Fig. 3C). The percentage of mCherry-pos-
itive cells in the ES-EBs or iPS-EBs transduced in triplicate
with Ad-CA-mCherry was 43% or 56%. respectively, as
determined by flow cytometry (Fig. 3C). In addition, confocal
microscopic analysis and flow cytometric analysis showed
that Ad-CMV-mCherry-transduced ES-EBs expressed little
mCherry even using the triple transduction method. whereas
iPS-EBs transduced in triplicate with Ad-CMV-mCherry
expressed mCherry only in the periphery of the iPS-EBs.
These results are in agreement with LacZ expression in Ad-
CMV-LacZ-transduced iPS-EBs as described above. Our data
demonstrated that, as in the case of ES cells and ES-EBs, the
choice of a suitable promoter was important for efficient
transduction in iPS cells and iPS-EBs.

Adipocyte and Osteoblast Differentiation of

Mouse iPS Cells Was Facilitated by

Ad Vector Transduction

We have shown previously that adipocyte differentiation from
mouse ES cells is enhanced by the transduction of the PPAR;
gene. which is known to be a master regulator gene for adipo-

genesis [18. 19], into ES cells and ES-EBs using an Ad vec-
tor. In this study, to examine whether adipocyte differentia-
tion from iPS cells could also be promoted by Ad vector-
mediated transduction and to compare the adipogenic poten-
tial between ES cells and iPS cells. both types of cells were
differentiated into adipocytes by the transduction of the
PPAR; gene using the triple transduction method described
above. Oil red O staining after culturing for 15 days revealed
that lipid droplets were accumulated in both ES cell-derived
cells and iPS cell-derived cells by culturing with adipogenic
supplements, although the level of lipid accumulation in iPS
cell-derived cells was lower than that in ES cells-derived cells
(Fig. 4A). In the presence of adipogenic supplements, the per-
centage of oil red O-positive cells in nontransduced or Ad-
CA-LacZ-transduced ES-EBs was approximately 50%,
whereas 20%-30% of the nontransduced or Ad-CA-LacZ-
transduced iPS-EBs were positive for oil red O. Importantly.
adipocyte differentiation in Ad-CA-PPAR;-transduced cells
was more efficient than that in nontransduced or Ad-CA-
LacZ-transduced cells (Fig. 4A). Oil red O-positive cells in
Ad-CA-PPAR-transduced ES cell- or iPS cell-derived cells
were more than 90% or 80% of the total cells, respectively.
Furthermore, enhanced adipocyte differentiation from PPAR;-
transduced ES and iPS cells was also confirmed by measuring
the activity of GPDH and the expression of marker genes
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Figure 3. Comparison of promoter activity in iPS-EBs by using Ad vectors. ES cell-derived or IPS cell-derived 5-day-cultured EBs were trans-
duced with each Ad vector at 3.000 vector particles/cell. After 48 hours. X-galactosidase (Gal) staining (A) and a fi-galactosidase luminescence
assay (B) were performed as described in Materials and Methods. (A): Similar results of X-gal staining were obtained in six independent experi-
ments. (B): Data are expressed as the mean = SD (7 = 3). * p < .01 (C): Either ES-EBs or iPS-EBs was transduced with Ad vectors by triple
transduction (Triple) or by single transduction (Single). mCherry expression in ES-EBs or iPS-EBs was detected by confocal microscopy and
flow cytometry. As a negative control, both types of EBs were transduced with Ad-null by triple transduction. Abbreviations: Ad. adenovirus:
CA. cytomegalovirus enhancer/f-actin promoter: CMV. cytomegalovirus: EB. erythroid body: EF. clongation factor-1%: ES, embryonic stem:
IPS. induced pluripotent stem: LacZ. fi-galactosidase: RSV. Rous sarcoma virus.

characteristic of adipocyte differentiation (Fig. 4B, 4C). Inter- The GPDH activity in PPAR;-transduced ES cells was two-

estingly, iPS cells were more efficiently differentiated into fold higher than that in nontransduced or LacZ-transduced ES
adipocytes than were ES cells after Ad vector transduction. cells, whereas PPAR;-transduced iPS cells showed
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Figure 4. Efficient adipocyte differentiation from mouse ES cells
and iPS cells by the transduction of the PPAR; gene. ES-EBs or iPS-
EBs were transduced in triplicate with 10,000 vector particles/cell of
Ad-CA-LacZ or Ad-CA-PPAR;. After plating onto a gelatin-coated
dish on day 7. ES-EBs and iPS-EBs were cultured for 15 days in the
presence or absence of AS. After cultivation. (A) lipid accumulation
was detected by oil red O staining, and (B) GPDH activity in the
cells was measured. (A): a. nontreated ES-EBs: b. ES-EBs with AS:
¢. ES-EBs with AS plus Ad-CA-LacZ: d, ES-EBs with AS plus Ad-
CA-PPAR7: e. nontreated iPS-EBs; f. iPS-EBs with AS: g. iPS-EBs
with AS plus Ad-CA-LacZ: h. iPS-EBs with AS plus Ad-CA-PPAR;.
Scale bar = 60 um. (B): Data are expressed as the mean = SD (n =
3). % p < Ol ¥, p < 05. compared with nontransduced or Ad-CA-
LacZ-transduced ES cells. #. p < .05, compared with nontransduced
or Ad-CA-LacZ-transduced iPS cells. (C): Expression of PPAR;. C/
EBPz. aP2, adiponectin, and GAPDH was measured by semiquantita-
tive reverse transcriptase-polymerase chain reaction. Lane 1. non-
treated ES-EBs: lane 2, ES-EBs with AS: lane 3, ES-EBs with AS
plus Ad-CA-LacZ; lane 4. ES-EBs with AS plus Ad-CA-PPARy: lane
5. nontreated iPS-EBs: lane 6, iPS-EBs with AS: lane 7. iPS-EBs
with AS plus Ad-CA-LacZ: lane 8. iPS-EBs with AS plus Ad-CA-
PPAR;. Abbreviations: AD. adenovirus: AS. adipogenic supplements:
CA. cytomegalovirus enhancer/f-actin promoter; C/EBPz. CCAAT/
enhancer binding protein 7; ES. embryonic stem: EB. erythroid body:
GAPDH. glyceraldehyde-3-phosphate dehydrogenase: GPDH. glyc-
erol-3-phosphate dehydrogenase: IPS. induced pluripotent stem: LacZ,
[-galactosidase: PPAR:. peroxisome proliferator-activated receptor ;:
w/o. without.

approximately fourfold higher GPDH activity than nontrans-
duced or LacZ-transduced iPS cells. These results showed
that, like ES cells, iPS cells could be differentiated into adipo-
cytes and that this adipocyte differentiation could be markedly
facilitated by transient PPAR; gene transduction using an Ad
vector.

Efficient Differentiation of iPS Cells by Ad Vector

Because Ad vector-mediated functional gene transduction
was found to be effective to increase the differentiation effi-
ciency from ES and iPS cells, we expected that other func-
tional cells could be efficiently differentiated from ES and
iPS cells by using an Ad vector. To confirm this finding. both
types of cells were differentiated into osteoblasts by Ad vec-
tor-mediated transduction of a Runx2 gene, which was previ-
ously proven to be indispensable for osteoblast differentiation
[32, 33]. ES and iPS cells were transduced in triplicate with
Ad-CA-LacZ or Ad-CA-Runx2 and were cultured with osteo-
genic supplements. We initially examined activity of ALP. an
early osteoblast differentiation marker, in both types of cells.
and showed that Ad-CA-Runx2-transduced cells exhibited
higher ALP activity than nontransduced or Ad-CA-LacZ-
transduced cells (Fig. 5A). These results indicated that early
osteoblast differentiation was promoted by Ad vector-medi-
ated Runx2 gene transfer. Next, to estimate the mature osteo-
blast differentiation, matrix mineralization in the cells was
detected by von Kossa staining. Consistent with the previous
report [34], treatment with osteogenic supplements resulted in
matrix mineralization in both types of cells, whereas*in the
absence of additives no calcification was observed (Fig. 5B).
We also found that osteoblast differentiation from both ES
and iPS cells could be dramatically promoted by Ad vector-
mediated Runxy2 gene transduction (Fig. 5B). The level of cal-
cium in Ad-CA-Runx2-transduced ES or iPS cells was
approximately eightfold higher than that of nontransduced or
Ad-CA-LacZ-transduced cells (Fig. 5C). Semiquantitative RT-
PCR analysis also showed that the expression levels of
Runx2, osterix, bone sialoprotein. osteocalcin, and type I col-
lagen mRNA were up-regulated in the cells transduced with
Ad-CA-Runx2 (Fig. SD). These results demonstrated that the
osteogenic potential in iPS cells was equal to that in ES cells
and that efficient osteoblast differentiation from ES and iPS
cells could be achieved by exogenous Runx2 expression using
optimized Ad vectors.

r DiscussION

The establishment of an efficient gene transfer system for plu-
ripotent cells would be quite useful for the application of
these cells to regenerative medicine. We have previously
developed suitable Ad vectors for transducing an exogenous
gene into mouse ES cells and ES-EBs and showed that these
Ad vectors could be successfully applied to regenerative med-
icine and basic studies [16, 17]. The aim of this study was to
characterize the efficiency of transduction with Ad vectors in
mouse iPS cells and to develop efficient methods for inducing
the differentiation of mouse iPS cells by means of Ad vector
transduction. This is the first study to report the detailed trans-
duction properties of various types of Ad vectors in mouse
iPS cells.

We optimized the transduction activity in mouse iPS cells
and iPS-EBs by comparing four types of promoters (RSV.
CMV. CA, and EF-1%) using Ad vectors. Because iPS cells
have been shown to possess mostly the same properties as ES
cells [4-6] and the CA and the EF-12 promoter exhibited
strong transduction activity in mouse ES cells [16]. we specu-
lated that the same results might be obtained in mouse iPS
cells. As we expected, mouse iPS cells and iPS-EBs were ca-
pable of being efficiently transduced by using a conventional
Ad vector containing the CA (and the EF-1x) promoter (Figs.
2A, 3. supporting information Figs. S1. S2. S4). We found
that a primary Ad receptor. CAR. was highly expressed in
iPS cells (Fig. 1). which were generated from MEFs [4].
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Figure 5. Enhanced osteoblast differentiation from ES cells and iPS cells in Ad-CA-Runx2-transduced cells. (A): ES-EBs or iPS-EBs were
transduced in triplicate with 10.000 vector particles/cell of Ad-CA-LacZ or Ad-CA-Runx2. After culturing for 15 days with or without OS. ALP
activity in the cells was determined. Data are expressed as the mean + SD (n = 3). . p < .05, compared with nontransduced or Ad-CA-LacZ-
transduced ES cells. #. p < .05, compared with nontransduced or Ad-CA-LacZ-transduced iPS cells. Matrix mineralization in the cells was
detected by von Kossa staining (B) and deposition of calcium was quantified as described in Materials and Methods (C). (B): a. nontreated ES-
EBs: b, ES-EBs with OS: ¢, ES-EBs with OS plus Ad-CA-LacZ: d. ES-EBs with OS plus Ad-CA-Runx2; e, nontreated iPS-EBs: f, iPS-EBs with
OS: g. iPS-EBs with OS plus Ad-CA-LacZ: h. iPS-EBs with OS plus Ad-CA-Runx2. Scale bar = 60 gm. (C): Data are expressed as the mean +
SD (n = 3). **. p < .01, compared with nontransduced or Ad-CA-LacZ-transduced cells. ##, p < .01. compared with nontransduced or Ad-CA-
LacZ-transduced iPS cells. (D): Total RNA was isolated, and semiquantitative reverse transcriptase-polymerase chain reaction was performed
using primers for Runx2, osterix. bone sialoprotein. osteocalcin, collagen type 1. and GAPDH. Lane 1. nontreated ES-EBs: lane 2. ES-EBs with
OS: lane 3, ES-EBs with OS plus Ad-CA-LacZ: lane 4. ES-EBs with OS plus Ad-CA-Runx2: lane 5, nontreated iPS-EBs; lane 6. iPS-EBs with
OS: lane 7. iPS-EBs with OS plus Ad-CA-LacZ: lane 8, iPS-EBs with OS plus Ad-CA-Runx2. Abbreviations: AD, adenovirus: ALP. alkaline
phosphatase: CA, cytomegalovirus enhancer/fi-actin promoter: ES. embryonic stem; EB. erythroid body: GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; IPS. induced pluripotent stem: LacZ. fi-galactosidase: OS, osteogenic supplements; Runx2. runt-related transcription factor 2; w/o.

without.

despite the low levels of CAR expression in MEFs [16]. This
would lead to high transduction efficiency in mouse iPS cells
when conventional Ad vectors containing the CA and the EF-
lz promoter were used. In addition. we showed that more
than 80% or 90% of the mouse iPS cells expressed mCherry
after transduction with the Ad vector containing the CA pro-
moter at 3,000 or 10,000 VPs/cell, respectively, without any
decrease in the expression of pluripotent genes or viability
(Fig. 2B-2D. 2F. supporting information Figs. 2, 3). Notably.
Ad vector-transduced iPS cells still exhibited teratoma forma-
tion in vivo (Fig. 2E), and the efficiency of adipocyte or
osteoblast differentiation in Ad-CA-LacZ-transduced iPS cells
was similar to that in nontransduced iPS cells (Figs. 4. 5).
indicating that Ad vector transduction did not change the plu-
ripotency of iPS cells. These results indicate that gene transfer
into mouse ES and iPS cells using an optimized conventional
Ad vector would be useful for the application of these cells to
both regenerative medicine and basic research.

We found that the CMV promoter, which is currently in
wide use in transduction experiments, had weak activity in both
mouse ES cells [16, 35] and mouse iPS cells (Fig. 2A. support-
ing information Fig. S1). Several groups have reported that un-
differentiated ES cells expressed low levels of transgene when
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the CMV promoter was used. whereas the expression levels of
reporter genes, when driven by the CMV promoter. were mark-
edly increased in ES cell-derived neurons or cardiomyocytes
[36. 37]. Consistent with our results (Fig. 3. supporting infor-
mation Fig. S4). other authors have shown that the activity of
the CMV promoter in ES-EBs was also lower than that of the
CA and the EF-12 promoters [37]. These results suggest that
the CMV promoter in the Ad vector would be silenced, possi-
bly owing to DNA methylation [38] in mouse ES, ES-EB, and
iPS cells. Interestingly, we observed that the CMV promoter
was more strongly activated in mouse iPS-EBs than in ES-EBs
(Fig. 3, supporting information Fig. S4). We have no idea why
the CMV promoter was able to drive robust transgene expres-
sion in mouse iPS-EBs. It is possible that cellular types that
comprise iPS-EBs might be different from those of ES-EBs
because iPS cells showed slightly slower proliferation than ES
cells (Fig. 2F) [4]. which may have led to the difference in the
transduction efficiency in iPS-EBs and ES-EBs when the CMV
promoter was used. On the other hand. the expression levels of
the three germ layer marker genes in iPS-EBs were largely
comparable to those in ES-EBs (Fig. 1A). suggesting that, as
for ES cells, iPS cells differentiate into ectoderm. mesoderm.
and endoderm cells. Therefore. which kinds of cells in iPS-EBs
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could express transgenes after the transduction with Ad vector
containing the CMV promoter should be investigated. As with
iPS-EBs, it has been reported that human ES cells and human
ES cell-derived EBs, albeit not all ES cell clones, could also be
transduced with an Ad vector containing the CMV promoter
[39, 40]. Hence, further analysis of the precise mechanism reg-
ulating the CMV promoter in stem cells will be also needed.

We observed that mouse iPS cells could be differentiated into
adipocytes and osteoblasts using the same protocols as those used
for mouse ES cells (Figs. 4, 5). However, mouse iPS cells
showed less efficient adipocyte differentiation than ES cells (Fig.
4), although almost no difference in osteoblast differentiation was
observed between ES and iPS cells. aP2 is a valuable indicator of
adipocyte differentiation but there is no evidence that aP2 is an
adipocyte master gene (Fig. 4C). In addition, mouse iPS cells
proliferated more slowly than ES cells as described above (Fig.
2F) [4], and thus their differentiation into adipocytes may have
been delayed. To examine whether this is a general difference
between ES and iPS cells or a specific characteristic of 20D17,
we attempted to differentiate other iPS cell clones (38C2 and
stm99-1) into adipocytes. Oil red O staining showed that the effi-
ciency of adipocyte differentiation in 38C2-derived cells was
equivalent to that in ES cell-derived cells, whereas stm99-1, like
20D17, had slightly less adipogenic potential than ES cells (sup-
porting information Fig. S5). This result suggests that there is a
difference in the differentiation potential among iPS cell clones.
Therefore, to differentiate iPS cells into functional cells, the
choice of appropriate iPS cell clone would be essential.

We showed that the efficiency of adipocyte differentiation
from iPS cells was significantly increased by the triple trans-
duction of the PPARy gene (Fig. 4). We found previously that
single transduction with Ad-CA-PPARy into ES-EBs at day 5
was not enough for enhancing the adipocyte differentiation
(our unpublished data). Although the transgene was not
expressed in all of the cells that comprise ES-EBs or iPS-EBs
even by triple transduction (Fig. 3C), transgene expression by
at least triple transduction, but not by single transduction,
should be necessary to trigger efficient differentiation. Thus,
we concluded that gene transduction in triplicate into iPS
cells would be required for promoting the differentiation of
iPS cells into functional cells. Notably, PPARy transduction
in mouse iPS cells was more effective than that in mouse ES
cells probably because the efficiency of Ad vector transduc-
tion was higher in mouse iPS cells than in mouse ES cells
(Fig. 2C). Our data thus demonstrate that our transduction
system can be successfully applied to mouse iPS cells. We
also succeeded in efficient osteoblast differentiation from
mouse ES cells and iPS cells by Ad vector-mediated Runx2
transduction. Previously, Tai et al. [41] reported that stable
transduction of the osterix gene, which is required for osteo-
blastogenesis [42], in mouse ES cells promoted osteoblast dif-
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ferentiation. However, a Runx2 gene transfer into either ES
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transduction of the Runx2 gene into ES and iPS cells is pref-
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system could be a powerful tool to promote the cellular dif-
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In summary, we developed an efficient gene delivery sys-
tem for mouse iPS cells and demonstrated that this system is
effective in promoting cellular differentiation. As for ES cells,
mouse iPS cells could be differentiated into not only adipo-
cytes and osteoblasts but also cardiomyocytes [44], cardiovas-
cular cells [45], and hematopoietic cells [46], and iPS cells
thus would be an ideal source of cells for regenerative medi-
cine. More recently, it was demonstrated that mouse iPS cells
could be generated by transduction of reprogrammed factors
using Ad vectors [47] or nonviral vectors [48] and that the
reprogrammed factors were not integrated in their genomes.
Because these nonintegrated iPS cells also have the same
characteristics as ES cells and reprogrammed factor-integrated
iPS cells, our system would probably be applicable for nonin-
tegrated iPS cells. Therefore, our transient expression system
using Ad vectors could be a valuable tool for application to
safer regenerative medicine using iPS cells.
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