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maintained as described previously [4]. Briefly, every 5-6 days,
undifferentiated cells of both cell lines were detached with dissect-
ing pipettes and transferred to dishes with mitomycin C-treated
mouse feeder cells. All endothelial cells used in this study were not
passaged more than five times.

2.2. Induction of differentiation

Undifferentiated human ES or iPS cells were harvested and
transferred to a collagen I-coated dish after adjusting the colonies
to an appropriate size, On the second day of incubation, the cul-
ture medium was replaced with human ES/iPS cell maintenance
medium without basic FGF, supplemented with N2 supplement
(Invitrogen)/B27 supplement (Invitrogen) and BIO (SIGMA). There-
after, the cells were incubated for another 3 days, at which time
the culture medium was replaced with StemPro-34 SFM (Invitro-
gen) supplemented with VEGF (50 ng/ml; PeproTech EC Ltd). After
another 3-5 days of incubation, Flk1/VE-cadherin+/+ cells were
sorted using FACSAria flow cytometer and used for the following
experiments. Sorted cells were confirmed to remain VE-cadherin
positive during the following cell culture and analyses.

2.3. Immunohistochemistry
Cultured cells were stained with an anti-VE-cadherin anti-

body (BV-9, Abcam) [9], or the indicated monoclonal antibodies
as described [4].

2.4. MTT assay

Cell proliferation was assessed in colorimetric 3,45
dimethylthiazol-2-yl-2,5-diphenyl tetrazolium bromide (M’[T)
assays carried out as described previously [10]. Briefly, cells:v
incubated with MTT (Nakarai Tesque, Kyoto, Japan) soluti

4h, after which the medium was discarded. The remaining dye :

was then dissolved in dimethyl sulfoxide, and the absorbance was
measured at 570 nm.

2.5. Invitro wound healing assay

Wound healing assays were carried out as we, descnbed previ-
ously [11]. Briely, ECs were grown to overconfluetic
plates, after which a wound approximately 2mm
made with a cell scraper. The wound was then allowed to heal
(re-endothelialize) for 24h in the same medmm The wounded
monolayer was photographed before and after the incubation
period, and the area of re-endothelialization w, s evaluated,

2.6. Annexin V assay

Confluent monolayers (80-90%) of ECs grown in 6-well plates
were treated with or without 300 gimol/l:H;0,. After 8 h of expo-
sure, annexin V-FITC in combination with Via-Probe was used to
quantitatively determine the pelcentage of cells undergoing apop-
tosis, as described previously [12]. Briefly, after treating the cells
with the indicated reagents, the monglayer was detached by a brief
incubation with trypsin-EDTA solution. Aliquots of cells (10%) were
then resuspended in 1x binding buffer (BD Pharmingen, San Diego,
CA) and incubated with annexin V-FITC for 15 min at room temper-
ature in the dark, stained withVia-Probe, and analyzed within 1 hin
a FACSAria flow cytometer. FACS Diva software (Becton Dickinson)
was used to analyze the data, Early apoptotic cells were stained
with annexin V only, while late apoptotic or necrotic cells were
stained with both annexin V and Via-Probe.

2.7. Quantitative real-time PCR

Total RNA was isolated using an RNeasy® Mini Kit and
treated with an RNase-free DNase set (QIAGEN, Germany)
to remove any contaminating genomic DNA. Quantita-
tive real-time PCR was then performed using Premix
ExTaqTM(Takara Bio Inc, Shiga, Japan). The PCR primers
used were as follows: for Sirtl, GCCTCACATGCAAGCTCTAGT-
GAC(forward) and TTCGAGGATCTGTGCCAATCATAA(reverse);
for Delta-like 4 (DLL4), GTGGACTGTGGCCTGGACAA(forward)
and AGCATATCGCTGATATCCGACACACTC(reverse); for
CXCR4, GCCAACGTCAGTCAGTGAGGCAGA(forward) and
GCCAACCATGATGTGCTGAAAC(reverse) and  for  P-actin,
CATCCGTAAAGACCTCTATGCCAC(forward) and ATGGAGCCAC-
CATCCACA(reverse). All primers were produced by Takara Bio.
Levels of Sirtt;»DLL4 and CXCR4 mRNA are presented after
normalizatjorito.the'level of B-actin mRNA.

2.8. Western biot analysis
Western Biotting was carried out using a standard protocol

described previously [13]. Anti-Sirt1 antibody was purchased from
Santa Cruz Blotechnology, Inc.

29 s NA transfectzon

Small interference RNA (siRNA) against Sirtl and negative

control were provided by Qiagen. The target sequence for the

Sirt1 siRNA was 5'CAA GCG ATG TTT GAT ATT GAA3'. ECs were

i trypsinized, washed with Hank’s balanced salt solution, resus-

pended (5 x 105 cells) in human umbilical vein endothelial cell
solution (Amaxa Biosystems) containing 3 p.g of siRNA duplex, and
hen transfected using a Nucleofector (Amaxa Biosystems) follow-

‘ing the manufacturer’s instructions. After transfection, the cells

were immediately plated in dishes.

2.10. Endothelial tube formation assay

Endothelial tube formation was assayed as described previously
{14]. ECs (20,000 cells/well) were seeded into matrigel-coated 24-
well plates, The cells were then incubated for 12 h at 37+C, after
which the formed tubes were digitally imaged and analyzed using
MetaMorph software (Universal Imaging Corp.).

2.11. Statistical analysis

Results are presented as means+SEM. Differences between
groups were analyzed using ANOVA followed by Fisher’s analy-
sis for comparisons between two means. Values of P<0.05 were
considered significant.

3. Results
3.1. Morphological comparison of HAECs, ESECs and iPSECs

HAECs, ESECs and iPSECs were morphologically similar in that
they all exhibited a cobblestone-like appearance on culture dishes,
were positive for eNOS, and showed a marginal staining pattern
when stained for CD31 and VE-cadherin (Fig. 1). All of these features
are characteristic of vascular endothelial cells. Furthermore, HVECs,
an example of venous endothelial cells, were analyzed together
with HAECs, ESECs and iPSECs by real-time PCR for the expres-
sion of arterial endothelial marker genes, DLL4 and CXCR4. The
expression levels of DLL4 and CXCR4 in both ESECs and iPSECs were
comparable with those in HAECs and higher than those in HVECs
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Fig. 1. Phenotypes of HAECs, ESECs and iPSECs. Typical morphology of an EC monolayer; munofluorescence staining of the monolayer for CD31, eNOS and VE-cadherin;
cell nuclei are stained with DAPL Scale bar, 100 pm.
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(Supplementary Fig. 1), suggesting that both ESECs and iPSECs are
near artery-lineage.

3.2. Comparison of the potentials for proliferation and migration
and tolerance for oxidative stress of HAECs, ESECs and iPSECs

MTT assays carried out to evaluate their proliferative potential
revealed ESECs and iPSECs to have a significantly greater potential
for proliferation than HAECs, but there was no significant differ-
ence between ESECs and iPSECs (Fig. 2A). Similarly, an in vitro
wound healing assay revealed that ESECs and iPSECs have a sig-
nificantly higher potential for migration after EC loss than HAECs,
and again there was no significant difference between ESECs and
iPSECs (Fig. 2B). Following induction of oxidative stress by expo-
sure to H,0,, moreover, there was a significantly lower percentage
of annexin V-positive apoptotic cells among ESECs and iPSECs than
among HAECs, with no significant difference between ESECs and
iPSECs (Fig. 2C).

3.3. Differences in the expression of Sirt1 in HAECs, ESECs and
iPSECs

To identify factors responsible for the functional differences
between HAECs, ESECs and iPSECs, we next carried out a gene
expression analysis using gene chip technology (Supplementary
method, Supplementary Fig. l1). We found that the expression level
of Sirt1, an aging-related gene that encodes a NAD-dependent his-
tone deacetylase, was higher in both ESECs and iPSECs than in

HAECs. We then confirmed that finding by using real-time PCR to

quantitatively compare the levels of Sirt1 mRNA expression in the
three cell types. Sirt1 mRNA was expressed at significantly higher
levels in both ESECs and iPSECs than in HAECs (Fig. 2D), but there
was no significant difference in expression between ESECs and
iPSECs. Subsequent Western blot analysis of Sirt1 protein expres-
sion yielded analogous results (Fig. 2E).

3.4. Contribution of Sirt1 to the cellular functionality of HAECs,
ESECs and iPSECs

In view of the possibility that differences in Sirtl expression
contributes to the observed differences in the cellular functionality
of HAECs, ESECs and iPSECs, we examined the effects of knock-
ing down Sirt1:expression using siRNA or inhibiting Sirt1 protein
using sirtinol (Calblochem San Diego, CA), a specific Sirt1 antago-
nist[15,16]. Usmg real-time PCR, we found that the targeted siRNA
reduced the‘level. of Sirt1 mRNA by about 70%, as compared to
the nontargeted siRNA (data not shown). Although under control
conditions ESECs.and iPSECs showed a significantly greater pro-
liferativepotential than HAECs, knocking down Sirt1 expression
S sliferation of all three cell types and abolished all dif-
1ferative potential(Fig 3A). Likewise the difference

Sd pM‘smmol was apphed to the cells (Fig. 3A upper, B upper). The

,.yehncle “control was 0.025% DMSO because sirtinol was dissolved Q2
in DMSO0. On the other hand, differences in tolerance for oxidative
“’stfess became nonsignificant, but the trend remained upon Sirt1

knock down (Fig. 3C).

A PR — B
@) Z 05 iy £201 Vehicle controt ® b
§ 04 222 sidino! §
£ 503 2.
; £ €
£%02 1=
S ]
i o1 §
8 Q «©
HAEC ESEC iPSEC HAEC ESEC IPSEC HATC ESEC IPOEC HAEC ESEC — IPOEC
I x 1 I ] geted SIRNA | n s 3 3 nomargeted siRNA
5 .
s} b ns B SIR71SiRNA .
~ 04 | 1 # & 109 . BN SiRT1SiRNA
z + , 2 +
Z [ i & 80
£ 03 I_ILS._“.JJL.I 3
c N
g = 60
5 02 z
3 ‘g 40
2 o1 &
s g 20
A\ -4
0 HAEC  ESEC IPSEC HAEC ESEC IPSEC O e e e ARG ESEC T IPSEC
Crg 1f
w 60 F i
8 5 |
s l |
Z 4w}
8— 30 F l l E nontargeted SIRNA+H,0,-
E - Sirt1 sIRNA +H,0,
5 2
[ o
4
< 10 |
0 HAEC ESEG |FSEC HAEC ESEC iPSEC

Fig. 3. Effects of Sirt1 siRNA or a Sirt1 inhibitor on the potential for proliferation and migration, and tolerance for oxidative stress in HAECs, ESECs and iPSECS. (A) MTT assay
(n=6-8; *P<0.05), (B) Wound healing assay (n=4; *P<0.05), (C) annexin V assay (n=4-6; *P<0.05).
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Fig. 4. Tube formation by HAECs, ESECs and iPSECs after 12 h of culture on amgel '

formation (n=4; *P<0.05).

3.5. Changes in Sirt1 expression level during differentiation-.;,
towards endothelial cells, and effects of Sirt1 on endotheligf cell
differentiation

To investigate the involvement of Sirt1 in the dlfferennatlon
process towards endothelial cells, Sirtl gene expressmn fevel
was determined by real-time PCR before and after: VEGF ‘stimu-
lation. The level of Sirt1 expression in differengiat ‘mesoblastic
cells before VEGF addition was not sxgmﬁcaptl diffetent from
that in the VEGF-stimulated cells immediately before:cell sorting
(Supplementary Fig, IlIA). Furthermore, inhibition, of Sirt1 by the
addition of 25 mM or 50 mM sirtinol during the mductlon period did
not alter endothelial cell differentiation efficiency. (Supplementary
Fig. IlB).

3.6. Contribution of Sirt1 to the angio,

activities of HAECs,
ESECs and iPSECs :

Finally, we used Matrigel assays'to determine whether the dif-
ferences in the functionality of.the three cell types are reflected
in their angiogenic activities. ConSISten - with the results summa-
rized above, ESECs and iPSECs showedigreater tube formation than
HAECs, but that difference wei§'ab9 ished by knocking down Sirt1
expression (Fig. 4, Supplementary videos 1 and 2). Similar results
were obtained when 50 p.M rtmol was applied to the cells (data
not shown). :

4. Discussion

The results of the present study demonstrate that human ESECs
have a greater potential for proliferation and migration and a
greater tolerance for oxidative stress than HAECs. They also demon-
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epresentative photomicrographs; scale bar, 100 pm. Quantitative analysis of tube

strate that the functionality of iPSECs is similar to that of ESECs.

Gene chip analysis and quantitative comparison using real-time
PCR revealed that levels of Sirt1 expression differed between ESECs
and HAECs. Sirt1, a mammalian homologue of Sir2, has recently
been drawing attention due to its relationship to endothelial func-
tion [14-17] and eNOS expression in ECs {18]. It has also been
reported that Sirt1 is important for the normal function of not only
mature endothelial cells but also endothelial progenitor cells [19].
All of these previous studies demonstrated a protective role of Sirt1
in endothelial regeneration. In the present study, we found that
when Sirt1 activity was knocked down by siRNA or inhibited by
a specific Sirt1 antagonist, the aforementioned differences in the
cellular functionality of ESECs and HAECs were abolished, which
suggests that differences in Sirt1 activity contribute significantly to
the observed differences in the cellular functionality of the two cell
types. Moreover, this implies that changes in Sirt1 expression play
a key role in mediating the effects of aging on human EC function,
and that intervention to regulate Sirt1 expression may represent
a useful approach to slowing the aging of ECs and improving their
functionality.

Cell proliferation and migration are important steps in the pro-
cess of angiogenesis. Sirt1 was previously shown to promote cell
proliferation by suppressing p53 {20] and to promote cell migra-
tion through deacetylation of cortactin [21]. The differences in their
potentials for proliferation and migration are also likely reflected
in the results of the in vitro tube formation assays performed to
assess the cells' angiogenic potential. Furthermore, the Matrigel
assay showed strongly impaired tube formation due to the sup-
pression of Sirt1 in all the three cell types. This suggests that Sirt1
may play an essential role in endothelial sprouting.

The post-transplant engraftment rate is another important indi-
cator of a cell's utility for transplantation therapy. Several studies
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have shown that the engraftment rate is closely related to the inci-
dence of apoptosis induced by inflammatory cytokines produced in
inflamed or injured tissues {22]. Thus the observed anti-apoptotic
effect in ESECs and iPSECs may be indicative of their potential
for use in cell transplantation therapy. Nonsignificant but resid-
ual differences in tolerance for oxidative stress remained after
suppressing Sirt1, suggesting the possible involvement of other fac-
tors. The protective effect of Sirt1 against oxidative stress has also
been observed by several other studies [15,16,23]. Balestrieri et al.
reported that metabolic intervention enhances therapeutic effects
achieved by the administration of bone marrow cells or heman-
gioblasts alone in a mouse model of hindlimb ischemia [24]. In
vivo experiments investigating the actual efficacy of a therapy using
Sirt1 as a target are anticipated in the future.

The present and previous studies clearly demonstrated that
Sirt1 plays an important role in endothelial cell function; however,
whether it is involved in endothelial cell differentiation remains
unclear. In this study, we showed that Sirt1 expression level was
unchanged during induction, and that Sirt1 inhibition during induc-
tion did not alter the endothelial cell differentiation efficiency.
Therefore, at least in the in vitro induction protocol used in the
present study, Sirt1 appeared to have no effect on endothelial cell
differentiation.

We found that iPSECs are very similar to ESECs, as judged from
their expression of aging-related genes and their cellular function-
ality. iPS cells originate from somatic cells and are dedifferentiated
through reprogramming. This is noteworthy, as it suggests that
cells differentiated from iPS cells (e.g., iPSECs) are relieved of the
aging they experienced as somatic cells so that they are function-

ally as young as cells differentiated from ES celis. This highlights __..
the importance of reprogramming technology and the elucidatiqﬁ'
of the underlying mechanisms. In addition, in contrast to human_
ES cells, iPS cells can be established from every human being jrre-~

spective of their genetic backgrounds. The establishment of 1PS
cell lines from patients with inherited diseases presenting v. scula
abnormality should enable clarification of their pathogengsis. T

establishment of iPS cell lines from patients with various genetic

backgrounds should make it possible to dissect out cellular mech-
anisms in human vascular development, aging and dlseased states
such as arteriosclerosis.
In conclusion, we have shown that ESECs and 1PSECs are younger
and more viable than HAECs and are thus potentially useful cellu-
lar materials for vascular regeneration. We also:showed that the
functional differences between ESECs/iPSECs and HAEGs'is medi-
ated by Sirt1 expression, suggesting Sirt1 plays /0
aging-associated functional impairment of hulman ECs.
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Review

Potential use of endothelial progenitor cells
for regeneration of the vasculature

Kenichi Yamahara and Hiroshi ltoh

Abstract: Over the past decade, interest has been generated in the study of endothelial pro-
genitor cells (EPCs]. EPCs have been studied for their role in endogenous maintenance and for
their therapeutic potential in vascular regenerative medicine. Despite their obvious potenti

clinical practice, there still remain many controversies regarding how EPCs actually A
endothelial repair and neovascularization. In addition, because of the limited expg]
of EPCs, expansion of sufficient EPC populations for therapeutic angiogenesis remair
task. On the other hand, embryonic stem {ES| cells have an extended self-ren

ischemic cardiovascular diseases.

Keywords: endothelium, angiogenesis, cardiovascular dise (

Introduction
Neovascularization represents the formation:
new blood vessels, either from the preexi
vascular network (angiogenesis) or through a

1999; Takahashi et al. 1999;
Folkman, 1995). Many researéht

esis [Asahara et al. 1
identified in the petipl
(BM) origin [Asahdriiefial, 1997], and later stu-
dies indicated that cor od is a rich source of
EPCs [Murohara et al. 2000]. These EPCs are
now being studied for their role in the endogen-
ous maintenance and repair of damaged endothe-
fium, as well as for their regenerative potential. In
particular, cell therapies using EPCs have proven
beneficial in patients with coronary artery disease
[Assmus et al. 2002]. The Transplantation
of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction
(TOPCARE-AMI) trial showed that intracoron-
ary infusion of EPCs was safe and feasible in
patients with AMI who successfully revascularized
via stent implantation [Schachinger et al. 2004;

oodefbone marrow

ischemic diseases, these cell sources have limita-
i for clinical application. To isolate EPCs in
icient numbers requires a large amount of
blood or BM [Kalka er al. 2000} This may
cause complications in some patients with
severe cardiovascular disease including myocar-
dial infarction.

Recently, embryonic stem (ES) cells have been
highlighted as a promising cell source for thera-
peutic angiogenesis. ES cells are known to exhibit
extensive regeneration potential and functional
multilineage differentiation capacity, and they
are ideal resources for regenerative medicine,
which requires large numbers of transplant cells
including endothelial cells (ECs) [Yamashita
et al. 2000). After the in vitro induction of differ-
entiation in mouse and human ES cells, ECs can
be obtained from vascular endothelial growth
factor receptor (VEGFR)-2 positive cell fractions
[Sone er al. 2007, 2003; Yamashita et al. 2000].
ES-cell-derived ECs express endothelial-specific
markers and have been found to form capillary
structures in wvitro and in wvive [Yamahara
et al. 2008; Sone et al. 2007; Yurugi-Kobayashi
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et al. 2003). In addition, previous studies
reported that transplantation of human ES-cell-
derived ECs accelerated vascular regeneration in
mouse hindlimb ischemia [Yamahara et al. 2008;
Cho et al. 2007]). Thus, ES cells could be a
promising source of ECs for the treatment of
ischemia. In this review, recent experimental
and clinical findings of these cell sources will be
discussed along with our recent studies using
mouse and human ES cells.

Definition of EPCs
Circulating EPCs were first described by Asahara
et al. [1997) who showed that human peripheral
blood cells enriched in both CD34% and
VEGFR-2" cells could differentiate into mature
ECs and form new vessels in vivo. Both CD34
and VEGFR-2 are expressed on primary heman-
gioblast islets in the yolk sac mesoderm during
early embryonic vasculogenesis [Pelosi er al.
2002). Therefore, CD34*VEGFR-2% can be
considered immature cells and represent putativ
EPCs. However, CD34 is expressed on hema
poietic stem cells and on the activated er}dothe

ferent subsets of BM or clrc
ferentiate into endot
definition of EPCs a
not represent all
markers used |

type of
CD133.as 04l marker [Gehling et al.
2000 eyer expressed on mature endo-

ver this marker is expressed on
ature cells than CD34 is and so occur-
D133"VEGFR-2" cells is lower than
that of GD34YVEGFR-2" cells in circulation.
Despite these limitations, several studies chose
CD34/VEGFR-2 or CD34/CD133 combinations
to count circulating EPCs in several clinical
conditions [Ghani et al. 2005; Heiss et al. 2005;
George et al. 2003; Heeschen et al. 2003; Cho
et al. 2003; Gill et al. 2001].

Furthermore, the definition of EPCs is compli-
cated since they seemingly are comprised of two
distinct cell populations [Gulati er al. 2003;
Gehling er al. 2000; Lin et al. 2000]. Early out-
growth cells from isolated EPCs, which are used

for transplantation in most studies possess the
phenotype of monocytes, do not proliferate and
begin to gradually die after a few weeks in culture
[Fernandez Pujol er al. 2000, Eggermann et al.
2003, Rehman et al. 2003, Hur et al. 2004)].
In contrast, late outgrowth cells, which arise
from culture colonies more than 2 weeks after
isolation, proliferate very rapidly and resemble
microvascular ECs with a cobblestone morpho-
logy [Delorme et al. 2005; Yoon et al. 2005; Hur
et al. 2004; Gulati et al. 20034, 2003b) Because
of this replicative potential, these late outgrowth
cells are considered toibe true stem/progenitor
cells. The distinction ese two cell types is
confirmed by theif“expi n of different mar-
kers. Late outgrowth cells not express the
monocyte r%%@r er CD14 and'have a low expres-
anzleukocyte. marker CD45 [Gehling

jon“petween early and late out-
r in vivo or therapeutlc signifi-

ged endothelium and/or contribute to neo-
arization [Murayama et al. 2002; Jackson
et al. 2001; Llevadot et al. 2001; Lyden et al.
2001; Crosby et al. 2000]. However, recent stu-
dies reported that early outgrowth cells might
enhance neovascularization in an indirect para-
cine manner [Yoder et al. 2007; Yoon et al.
2005; Rehman et al. 2003]. In contrast, late out-
growth cells have not been well studied in vivo
[Yoon er al. 2005; Hur et al. 2004; Gulati et al.
2003]. Therefore, clarification of the character of
EPCs is critical for determining the optimal cell
for EPC therapy.

How does EPC enhance neovascularization?

In small animal models of hindlimb ischemia,
direct injection of human circulating EPCs
improved neovascularization and limb blood
flow [Kalka ez al. 2000). Similarly, studies using
various myocardial ischemia models have shown
that systemically administered or directly injected
EPCs stimulate angiogenesis, with subsequent
improvement in myocardial perfusion and left
ventricular function [Kawamoto er af. 2003,
2001; Kocher et al. 2001]. Although it is difficult
to collectively understand the data from studies
since they employ various cell types and doses,
the preclinical evidence for the ability of EPCs to
stimulate neovascularization seems to be obvious.
Mature ECs have been shown to lack the ability
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to induce neovascularization [Hur er al. 2004;
Kocher ez al. 2001; Kalka er al. 2000}, suggesting
that the undifferentiated nature of EPCs is
crucial to their therapeutic function.

The mechanism by which EPCs stimulate neo-
vascularization was initially thought to involve
EPC differentiation into ECs and incorporation
into neovessels. However, studies have shown
that actual EPC incorporation into the vascula-
ture is often low [Yamahara et al. 2008; Lyden
et al. 2001). Recently, their ability to stimulate
neovascularization via paracrine effects has
gained greater attention [Urbich er al. 2005].
This is supported by evidence for their ability
to secrete various growth factors including
VEGF, stromal cell-derived factor-1 (SDF-1),
insulin-like growth factor-1 (IGF-1), and hepato-
cyte growth factor (HGF), which could stimulate
angiogenesis [Lyden et al. 2001). Therefore, the
overall neovascularization induced by EPCs
might be dependent not only on their ability to
incorporate into the vasculature, but also on their
ability to secrete factors that stimulate adjacent
ECs. Although the question of how EPCs actu-
ally enhance neovascularization has not been
satisfactorily answered, results from experiments
have supported the use of EPCs for various ther-
apeutic purposes, some of which have alread
been initiated clinically.

EPCs

Preclinical experiments
There are many explanatig

by which EPCs improy
post-myocardial infg
apy. Previous stu({

MDzafter cell ther-
ed that EPCs could
transdifferentiate i iomyocytes, ECs and
smooth muscle cells (; %s) [Badorff ez al. 2003;
Yeh et al. 2003]. Now mitch controversy exists
regarding the ability of EPCs to differentiate
into cells other than ECs, but still the ability of
EPCs to improve cardiac function post-MI is
supported by a number of preclinical studies
[Wu et al. 2006; Kawamoto et al. 2003, 2001;
Kocher er al. 2001; Asahara er al. 1999]. Many
theories exist explaining the benefit to MI
patients following EPC transplantation. First,
transplanted EPCs were reported to stimulate
neovascularization in the peri-infarct zone
through direct endothelial incorporation or para-
crine effect [Urbich er al. 2005], rescuing

ischemia and increasing myocardial perfusion
{Kocher et al. 2001]. The increased perfusion
would improve myocardial regional contractility,
thereby increasing myocardial function. Second,
transplanted EPCs may attenuate deleterious
ventricular remodeling, as was suggested by sev-
eral groups [Kocher et al. 2001; Orlic et al. 2001,
2001]. Regenerating lost myocardial tissue would
also lead to increased contractility and improved
cardiac function. Recent experimental reports of
cell therapy using EPCs in post-MI patients sug-
gest that these processes occur synerglstlcally If
the myocardial perfusion is augmented, ¢myocyte
apoptosis is prevented, and damag
better chance of surviving and re
myocardium [Kocher et al. 2001]. Also,
were reported to stlmulate 1

VEGF, SDF-1 and IGF-
angiogenesis and ¥

/ 1ch can avoid the need for cell isolation
ery. Hypoxia-inducible factor 1 (HIF-1)

cgﬂy to mobilize EPCs from BM via a matrix

~meétalloproteinase (MMP-9) dependent mechan-

ism [De Falco et al. 2004; Heissig et al. 2002;
Takahashi er al. 1999], VEGF [Asahara et al.
1999] granulocyte-colony stimulating factor (G-
CSF) (Ohtsuka er al. 2004; Cho et al. 2003],
SDE-1 [De Falco ez al. 2004] and erythropoietin
[Bahimann ez al. 2004, 2003] have been reported
to increase EPC mobilization in preclinical
models, with subsequent myocardial neovascu-
larization and improved cardiac function after
acute MI [Ohtsuka et al. 2004; Orlic er al.
2001; Takahashi er al. 1999].

In addition, recent reports suggest that non-BM-
derived EPCs might be more important than
BM-derived EPCs in the setting of postnatal neo-
vascularization [Urayama et al. 2008; Aicher et al.
2007; Smart et al. 2007]. Aicher et al. reported
that circulating progenitor cells are mobilized
from organs such as liver and intestine and con-
tribute to neovascularization following tissue
ischemia, EPCs are also mobilized from tissue-
resident sources including epicardium in
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New
{SAGE_FPPI TAC/TAC 097728.3d

, XML “Template (2008)

{17.9.2008-3:10pm} {1-12)
(tac) FIRST PROOFS

Therapeutic Advances in Cardiovascular Disease

response to paracrine factors. These findings will
provide the basis for a new physiological concept
of EPCs and for possible therapeutic applications
for ischemic disorders.

Clinical trials

Several clinical trials have been performed to test
the regenerative capacity of BM or peripheral
blood-derived cells for the treatment of cardio-
vascular diseases. Most trials using BM cells
have utilized a density gradient to separate mono-
nuclear cells consisting of a mixture of primitive
hematopoietic, endothelial and mesenchymal
stem/progenitor cell populations as well as
mature monocytes and lymphcytes. These trials
were not designed to determine the appropriate
cell type for transplantation. Because we focused
on the role of EPCs for regeneration of the vas-
culature, we only described clinical trials
designed to use EPCs.

The TOPCARE-AMI clinical study was the firs
trial to show the efficacy of EPCs derive
from peripheral blood [Assmus er al. 200
Schachinger ez al. 2004]. This trial allocate

ery. Improved e)ecnon fra
reserve and myocar
zone were observe
compared with pat
ical treatment,As
ventricular §

v e)ecthqg{% acts
(50 £ 10%"

 te ipy groups
g PCI and med-
quantitative left

and end-systolic
tly decteased (54+19ml to
e were no significant differ-
een the two cell groups. Contrast-
magnetic resonance imaging after
1 year révealed an increased EF and reduced
infarct size. Stamm ez al. [2003] attempted to
isolate EPCs using surface marker CD133 from
BM and injected along the infarct border zone at
the time of coronary artery bypass in six patients
with recent MI. After surgery, all patients were
alive and well, global LV function was enhanced
in four patients, and infarct tissue perfusion had
improved in five patients. Recently, Erbs and col-
leagues {2005] reported a randomized study in
patients after recanalization of chronic coronary
total occlusion (CTO) who received intracoron-
ary EPCs or placebo. They mobilized BM cells

using G-CSF, harvested EPCs from peripheral
blood and infused EPCs via the coronary
artery, After recanalization of CTO, 26 patients
were randomly assigned to the treatment and
control groups. At 3 months there was an
increase in coronary flow reserve of 43%, and
the number of hibernating segments in the
target region had declined in the treatment
group, whereas no significant changes were
observed in the control group. MRI revealed a
reduction in infarct size of 16% and an increase
in LV ejection fraction of 14% in the treatment
group (from 51.7£3.740 58.9+3.2%) because
of an augmented wall mo on in the target region.
Although the precise fiiechanisms of functional
improvement remain to beiglucidated, based on
the observations of these rials, regenerative

ave shown no improvement in myo-
1 function following G-CSF adminis-
tration, despite an increase in circulating EPC
levels {Zohlnhofer er al. 2007; Ellis et al. 2006;
Nienaber et al. 2006; Ripa et al. 2006; Zohlnhofer
et al. 2006; Ince er al. 2005]. Because G-CSF
mobilizes inflammatory cells as well as EPCs,
it is possible that mobilization could accelerate
arterial restenosis, plaque destabilization or
cause other complications [Erbs er al. 2005,
Hill er al. 2005].

It is reported that an inverse correlation exists
between the number of coronary artery disease
risk factors and the number and migratory ability
of EPCs [Hill et al. 2003; Tepper et al. 2002].
Reports also suggest that advanced age [Heiss
et al. 2005}, smoking [Michaud er al. 2006],
and diabetes [Loomans et al. 2004; Tepper
et al. 2002] lead to impaired survival, prolifera-
tion, migration and reduced incorporation into
vascular structures of EPCs. Since cell therapy
using EPCs is done in an autologous manner,
EPC dysfunction may reduce the therapeutic
efficacy of cell therapy. Recent reports demon-
strate that HMG-CoA reductase inhibitors
(statins) [Dimmeler et al. 2001}, estrogens
[Iwakura er al. 2003], exercise [Laufs er al.
2004], and cessation of smoking [Kondo et al.
2004) enhance the number of circulating EPCs
in patients, which is more practical than growth
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factor or chemokine administration to improve
EPC function.

ES cell-derived ECs

Recent reports suggest that the number of EPCs
in bone marrow or peripheral blood is limited
[Kalka er al. 2000]. In addition, somatic stem/
progenitor cells usually have a limited prolifera-
tive capacity, thus expansion of sufficient EPC
populations for therapeutic angiogenesis remains
a major task. In contrast, ES cells have an excel-
lent self-renewal capacity and can be expanded
without limit. Therefore, ES cells could be
feasible as a novel cell source for therapeutic
angiogenesis.

Previously, our group established a novel ES cell
differentiation system for vascular cells including
ECs and mural cells (MCs: vascular SMCs and
pericytes) [Yurugi-Kobayashi et al. 2006;
Yamashita et al. 2000]. VEGFR-2 is the earliest
functional differentiation marker for blood and
ECs, and an indicator for the lateral plate
mesoderm. VEGFR-2" cells are induced from
undifferentiated mouse ES cells and purified
by fluorescent-activated cell sorting. When
VEGFR2*' cells are recultured on type-IV

Human ES Cells

D

Vasculdr P
E

TRAtH
VEGF-R2*
PDGF-R™

VEGF-R2*
PDGF-R™
VE-cadherin*
CD34*

collagen-coated dishes with serum and VEGF,
CD31%/vascular endothelial (VE)-cadherin®™
ECs, and a-smooth muscle actin (@SMA),"
MCs are selectively induced. Induced vascular
cells can form mature vascular-like structures
with endothelial tubes and surrounding MCs
in vitro and can contribute to newly formed ves-
sels as ECs and MCs in vizo [Yurugi-Kobayashi
et al. 2003; Yamashita ez al. 2000]. Therefore,
we termed these VEGFR-2% cells ‘vascular
progenitor cells (VPCs)’.

Recently, we were able to clarify the differentia-

cular cells (Figure 1) [Sone e al.
Unlike mouse ES cells, undxfferentlate

rejection antigen 1-60
tiated marker)-negativ
These VEGF-R2-pg
cells were alsg

" emerged.
f 1 60- neganve

R
receptor a and 3 chains

ifferentiated into both
VE-

TRAT™
VEGF-R2*
PDGF-R*
VE-cadherin™

PDGF-BB

Mural Cells (MCs)

v
i

VEGF-R2™
PDGF-R*
VE-cadherin™
oSMAY
calponin*
smi2t
h-caldesmon™

Figure 1. Differentiation pathway of vascular cells from human ES cells via vascular progenitor cells {VPCs).
In contrast to mouse ES cells, undifferentiated (=TRA1-60 positive] human ES cells expressed VEGFR-2.
By culturing undifferentiated human ES cells on OP9 feeder cells, VEGFR-2 expression first disappeared
and then reappeared after differentiation. After the isolation of TRA1-60-negative, VEGFR-2-positive and
VE-cadherin-negative-cells by a cell sorter, additional culturing of these cells with VEGF resulted in the
appearance of VE-cadherin® ECs. In the presence of PDGF-8B, these VEGFR-2*VE-cadherin™ cells can also
differentiate into «SMA* MCs. Therefore, human ES cell-derived TRA1-60"VEGFR-2*VE-cadherin™ cells can

act as VPCs.
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ECs or MCs were incorporated into the host vascular vessels [Figure 2(b) afid-{c]
the transplanted EPCs were located within the lumen of host capitlaries [Fig
500 pm, a, b). Fluorescence staining of endothelial marker GSL I-i

human peripheral blood-derived EPCs; or (bl human VPC- derlverf;
of aSMA [greenl/human specific smooth muscle myosin hea

expanded while maintaining their maturity an
form a network structure on Matrigel-coate
dishes.

Based upon these findings, we
human ES cell-derived vascula
murine hindlimb ischemia m, ¢

experimentally ind
pared with human

o s Cs and MCs, whereas a
e "i;ﬁ ber of transplanted EPCs were
side the capillary lumen, not in the
1l (Figure 2). Recently, Ferreira et al.
orted that transplantation of human
ES-cell-derived ECs into nude mice using
Matrigel as a scaffold contributed to the
formation of blood vessels. Yang et al. [2008]
demonstrated that human ES-cell-derived cardi-
ovascular progenitor cells transplanted into the
heart of NOD/SCID mice could differentiate
into the cardiac, endothelial and vascular
smooth muscle lineages. However, they did not
show the direct integration of transplanted
human ES-cell-derived ECs and MCs into host
blood vessels. Judging from the double staining,
using intravenously injected isolectin B, and
anti-human specific CD31 antibody we found

ES cell-derived ECs

ES cell-derived MCs

generation. In a mouse
man ES cell-derived

“mice. (c) Immunostaining
ue =transplanted human-

transp inted ECs could on their own form de
novo- capillaries, as reported by other groups
[Cho et al. 2007]. In addition, by the double
immunostaining of human-specific smooth
muscle myosin heavy chain 1 and a@-smooth
muscle actin (¢SMA), we confirmed that trans-
planted human VPC-derived MCs were also
incorporated into host vessel walls. We demon-
strated for the first time the structural contri-
bution of transplanted human VPC-derived
ECs and MCs to form new vessels in the process
of vascular regeneration.

We also confirmed that the combined transplan-
tation of human VPC-derived ECs and MCs
could markedly induce vascular regeneration,
compared with the single fraction transplantation
of VPC-derived ECs or MCs (Figure 3).
Interaction between ECs and MCs is essential
for vascular development and maintenance of
vascular stability [Chan-Ling et al. 2004].
Compared with EC- or MC-transplanted mice
only, the mice transplanted with the combined
transplantation showed significant improvement
after the induction of ischemic hindlimb. At day
42 after cell transplantation, the blood flow of
ischemic hindlimb in the EC+MC group was
significantly higher compared with the EC- or
MC-transplanted groups only. Mouse and/or
human CD31 and also «SMA positive capillary
density at day 42 significantly increased in the
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ischemia in the transplanted mice. At day 14, the blood flow of the ischemic limb in all ce
groups increased significantly compared to the control group {white arrowhead). After 42 days,

g
blood flow recovery was observed in and human VPC-derived EC and/or MC-transplanted groups (white

arrow}, but not in EPC.

EC 4+ MC group. We also found that the density
of aSMA-positive arterioles also significantly
increased in the EC+MC group. Therefore,
combined transplantation of human VPC-
derived ECs and MCs could synergistically
contribute to vascular regeneration.

These results indicate that human ES-cell-
derived ECs and MCs can be used as a new
promising cell source for therapeutic vasculag
regeneration in patients with tissue ischel
However, to enable their therapeutic poteq
to be realized, effective strategies need. fo
developed to produce sufficient g@sntit
human ES-cell-derived ECs and
tion, because human ES cel@
tiated cells will express
including human leukocyt
effective prevention of
needed. Recently,
the creation of a
cells from which a b stimatch could be selected,
helping to reduce the likelihood of graft rejection
{Nakajima er al. 2007;%Taylor et al. 2005).
However, use of human embryos faces ethical
controversies that hinder the application of
human ES cells. One way to circumvent this
issue is to induce pluripotent status in somatic
cells by direct reprogramming. Takahashi et al.
[2007] demonstrated the generation of induced
pluripotent stem (iPS) cells from human dermal
fibroblasts by transduction of four defined tran-
scription factors: Oct3/4, Sox2, Klif4, and c-Myc.
In theory, reprogramming a patient’s somatic
cells into pluripotent stem cells can facilitate
differentiation into the required cell type for

retransplantation t
is overcome, huma
able in regenerativ

€d clinically for cardiac disease, the
ism by which EPCs enhance endothelial

s could potentially be useful as an alternative
cell source for vascular regenerative therapy.
However, human ES cell-derived vascular cell
therapy should be further tested in preclinical
trials to confirm its therapeutic effect in the treat-
ment of ischemic diseases.
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Induced pluripotent stem (iPS) cells were recently established from human fibroblasts. In the pres-
ent study we investigated the adipogenic differentiation properties of four human iPS cell lines and
compared them with those of two human embryonic stem (ES) cell lines, After 12 days of embryoid
body formation and an additional 10 days of differentiation on Poly-L-ornithine and fibronectin-
coated dishes with adipogenic differentiation medium, human iPS cells exhibited lipid accumula-
tion and transcription of adipogenesis-related molecules such as C/EBPa, PPARY2, leptin and aP2,

These results demonstrate that human iPS cells have an adipogenic potential comparable to human
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1. Introduction

Pluripotent embryonic stem (ES) cells have been considered po-
tent candidates for regenerative medicine as an unlimited source
of cells for the transplantation therapy and a useful tool for the
investigation of cell development/differentiation, especially after
establishment of human ES cells {1]. We previously clarified the
differentiation process of mouse, monkey and human ES cells into
vascular cells [2-4] and demonstrated that transplantation of vas-
cular cells derived from human ES cells may constitute a novel
strategy for vascular regeneration [4,5). A number of immunologi-
cal and ethical problems remain to be overcome before clinical
application of the ES cells, however. Recently, novel ES cell-like
pluripotent cells, termed induced pluripotent stem (iPS) cells, were

* Corresponding authors, Fax: +81 75 771 9452,
E-mail addresses: sonemasa®kuhp.kyoto-u.acjp (M. Sone), kh@kuhp.kyoto-
u.ac.jp (K. Hosoda).
' These authors contributed equally to this work.

generated by introducing four transcription factors (Oct3/4, Sox2,
Kif4 and c-Myc) into mouse skin fibroblasts [6], and soon thereaf-
ter iPS cells were also generated from human skin fibroblasts {7,8].
Since then, a new generation of human iPS cells has been generated
by introducing into fibroblasts just three of the aforementioned
transcription factors (c-Myc was omitted) [9]. By overcoming the
immunological and ethical problems associated with ES cells, iPS
cells open a new avenue for cell transplantation-based regenera-
tive medicine and provide a powerful new tool with which to
investigate organ development/differentiation in specific disease
states, especially in inherited diseases.

Generalized lipodystrophy consists of congenital and acquired
types characterized by the lack of the whole adipose tissue, which
leads to severe insulin-resistant diabetes, hypertriglyceridemia
and fatty liver. We previously analyzed genes and phenotypes of
congenital generalized lipodystrophic Japanese [10] and also dem-
onstrated the long-lasting efficacy and safety of the leptin-replace-
ment therapy in these patients [11-13]. Since metabolic
abnormality in the mouse model is known to be cured by mature

0014-5793/$36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.febslet.2009.02.031
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adipocytes transplantation, the regeneration therapy of the adi-
pose tissue with human iPS cells-derived adipocytes is the ideal
goal for lipodystrophic patients. Moreover, in vitro adipogenic dif-
ferentiation system of human iPS cells will contribute to elucidate
the pathogenesis of congenital generalized lipodystrophy when iPS
cell lines are established from patients with lipodystrophy. in the
present study we have investigated the adipogenic differentiation
of human iPS cells and compared with that of human ES cells.

2. Materials and methods
2.1. Cells and culture

Four human iPS cell lines (201B6, 201B7, 253G1 and 253G4)
were investigated. The 201B6 (B6) and 201B7 (B7) lines were gen-
erated by introducing four transcription factors (Oct3/4, Sox2, Kif4
and c-Myc) into human skin fibroblasts while the 253G1 (G1) and
253G4 (G4) lines were generated using only three factors (c-Myc
was omitted) [9]. These iPS cell lines were maintained as previ-
ously described [7]. Two human ES cell lines (H9 and KhES-1) were
used and maintained as previously described [1,14].

2.2. Adipogenic differentiation

For embryoid body (EB) formation, iPS and ES colonies were di-
gested with 1 mgfml collagenase type IV (GIBCO, CA, USA) and pla-
ted onto non-adherent bacterial culture dishes, where they were
allowed to aggregate in maintenance medium without bFGF. Reti-
noic acid (Sigma-Aldrich, Japan) was added to the medium to a
concentration of 100 nM from day 2 to day 5. After 12 days, EBs
were transferred to 6-well plates coated with a combination of
30 pg/mi Poly-t-ornithine (Sigma-Aldrich) and 2 pg/ml fibronectin
(Sigma-Aldrich). To induce adipocyte differentiation from iPS and
ES cells, we applied a modification of a procedure described previ-
ously for use with mouse and human ES cells (Fig. 1) [15-19]. Dif-
ferentiation was induced for 10 days using medium consisting of
DMEM-F12, 10% KSR, and an adipogenic cocktail (0.5 mM IBMX,
0.25 uM dexamethasone, 1 pg/ml insulin, 0.2 mM indomethacin
and 1 uM pioglitazone).

2.3. Immunocytochemistry

Immunocytochemistry was carried out as previously described
[7]. The anti-human primary antibodies included Nanog (R&D Sys-
tems, MN, USA) and Alexa 488-conjugated SSEA-4 (Santa Cruz Bio-
technology Inc., CA, USA) and TRA1-60 (CHEMICON, LA, USA). The
TRA1-60 antibody was labeled using an Alexa Fluor 488 Monoclo-
nal Antibody Labeling Kit (Molecular Probes, OR, USA). Alexa 546-
conjugated donkey anti-sheep IgG (Molecular Probes, OR, USA)
served as the secondary antibody. Alkaline phosphatase activity
was detected using a BCIP/NBT substrate system {Dakocytomation,
CA, USA).

2.4. 0il Red 0 staining and microscopic analysis of adipocytes
Cells were washed with phosphate-buffered saline (PBS) twice,

fixed in 3.7% formaldehyde for 1 h and then stained with 0.6% (w/v)
Oil Red O (Nacalai Tesque, Japan) solution (60% isopropanol, 40%

Table 1
Primers for reverse-transcription polymerase chain reaction,

i1 Sequende

CAGCCCCEATTCTTCCACCAGTCEC
CGGAAGATTCCGAGTCGGGTTCACC
ATTGACCCAGRAAGCEATTC -
GAAAGUAGTOOGAGTAGTCT
‘GCAAACTcAccccchAATG
TPTAGOTTCCAAGOCOCAATTS | .
ACCTTAGATGGCOGTGTCOTE . -
GATGGAAGTOACGOETTTG ¥
AACCCTGTGCGGATTCTTGTG
COTTTCTFFAAGGCATACTAOTGAG:
ACAGTCCATGCCATCAG -
TCCACOACCOTGTTGOTAT.
1GATACACTGTCTGCAAACATATGACAA
CCACHOAGOTGATCOCAA 0
GAGATGCCATTCTGGCCCACCAACTT

ZSense nii
““Antisense. -
“Sense 7 o

Antisense - -

water) for 2 h at room temperature. The cells were then washed
with water to remove unbound dye. Subsequently, the bound Oil
Red O was eluted with isopropanol.

After staining with Oil Red O, each EB was examined microscop-
ically for the presence of adipocyte colonies, and the percentage of
EBs with outgrowths showing adipocyte positivity was determined
as previously described [15). EBs in which adipocytes accounted
for more than half of their circumference were considered adipo-
cyte-positive. The percent area of Qil Red O staining (+) was deter-
mined at 20x magnification by counting the number of pixels
exhibiting Oil Red O positivity in selected microscope fields
(449 x 338 pixels). Four randomly selected fields were examined
in each well of a 6-well plate, and the percent area was calculated
as the average for the four fields. Six independent experiments
were performed for each cell line.

2.5. Reverse-transcription polymerase chain reaction (RT-PCR) and
quantitative real-time PCR

Total RNA was extracted using TRizol Reagent (Invitrogen, CA,
USA) and treated with RNase-Free DNase Set (QIAGEN, Germany)
to remove any contaminating genomic DNA. For RT-PCR, cDNA was
synthesized using a PrimeScript RT reagent Kit (Takara Bio Inc., Ja-
pan), after which RT-PCR was run using ExTaq (Takara Bio Inc.). For
quantitative real-time PCR, TagMan PCR was carried out using a Step
One Plus Real-Time PCR System as instructed by the manufacturer
(Applied Biosystems, CA, USA). Levels of mRNA were normalized to
those of 18S mRNA. The primers used are listed in Table 1.

2.6. Statistical analysis

Data are expressed as means * S.EM. Statistical significance
was evaluated using ANOVA for comparison among six groups.
Values of P < 0.05 were considered significant.
3. Results
3.1. Adipogenic differentiation of human iPS and ES cells

Morphological phenotypes, immunoreactivities of Nanog, SSEA-
4 and TRA-1-60, and ALP activity of human iPS cells did not differ

Day0 2 RA 5 12 22
100aM
I hend |
EB formation with 20% KSR "attached on coated dish with adipogenic cocktail

Fig. 1. Schematic diagram of the experimental protocol used for adipocyte differentiation from human ES and human iPS cells, EB: embryoid body. Adipogenic cocktail:
0.5 mM IBMX, 0.25 pM dexamethasone, 1 itg/m! insulin, 0.2 mM indomethacin and 1 M pioglitazone,



D. Taura et al./ FEBS Letters 583 (2009) 1029-1033 1031

from those of human ES cells (Fig, 2). In order to assess their poten-
tial for adipogenic differentiation, the human iPS cells were sub-
jected to adipogenic induction culture. After 12 days of EB
formation, EBs derived from human iPS cells were attached to
coated dishes to induce differentiation. Several kinds of coating
for the dishes, including gelatin, collagen IV and fibronectin were
compared, and the efficiency of EB attachment and adipogenic dif-
ferentiation were the best on dishes coated with a combination of
Poly-L-ornithine and fibronectin. On day 15, after 3 days of adipo-
genic differentiation following the EB formation, differentiated
cells containing small cytoplasmic lipid droplets were observed
spreading outward from the attached EBs. On day 22, the lipid
accumulation was evaluated by staining the cells with Oil Red O.
To evaluate the adipogenic potential of individual iPS cell lines,
the percentage of EB outgrowths having adipocyte colonies and the
percent area of Oil Red O staining (+) were determined. For each of
iPS and ES cell lines tested, 40-60% of EBs formed adipocyte colo-
nies (Table 2). In all of the iPS cell lines, lipid accumulation was
similar to that seen in human ES cell lines (Fig. 3), though the B7
line showed stronger lipid accumulation than the other cell lines.

Fig. 2. Morphology of undifferentiated human iPS cells (G4). (A) Phase-contrast
photomicrograph of an undifferentiated colony. (B) Alkaline phosphatase activity.
(C) Immunofiuorescent staining with Nanog. (D) Immunofluorescent staining with
SSEA-4. (E) Immunofluorescent staining with TRA1-60. Scale bar = 100 pM.

Table 2
% of EBs with adipocyte colonies.

Fig. 3. Oil Red O staining of adipocytes derived from human iPS cells (A-D) and ES
cells (E, F) on day 22. B6 (B) B7 {(C) G1 (D) G4 (E) H9 {F) KhES-1. Scale bar = 50 uM,

Statistical analysis of the percent area of Oil Red O staining (+)
showed no significant differences among the cell lines (Fig. 4).

3.2. Expression of adipogenesis-related molecules

Using RT-PCR, transcription of adipogenic markers was investi-
gated on days 0 and 22 of differentiation (Fig. 5A). Though not de-
tected at day 0, mRNAs encoding the adipogenic transcription
factors C/EBPa (CCAAT/enhancer binding protein a) and PPARYy2
(peroxisome proliferator-activated receptor y2) were detected on
day 22. In contrast, expression of Nanog mRNA was strongly sup-
pressed on day 22, as compared with its expression on day 0.
Expression of the mature adipocyte markers leptin and aP2 (adipo-
cyte fatty acid binding protein) was also clearly detected on day 22.
All of the human iPS cell lines expressed mRNAs encoding adipo-
genesis-related molecules at levels that were comparable to the
levels seen in human ES cell lines (Fig. 5A). In Quantitative real-
time PCR analysis, expression of PPARY2 mRNA differed somewhat
among the iPS and ES cell lines. The differences between the B7
line and the two ES cell lines were significant, but other differences
were not significant (Fig. 5B).

percent area (%)

B6 B7 Gl G4 H9

KhES-1

Fig. 4. Percent area of Oil Red O staining. Results are means of six independent
experiments. No significant differences were observed among the iPS and ES cell
lines.
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Fig. 5. (A) Transcription of the adipocyte-specific markers PPARY2, CEBP/a, aP2 and
leptin, RNA samples from undifferentiated human iPS cells (B7, day 0} and
differentiated stage iPS cells (B6, B7, G1, G4) and human ES cells (H9, KhES-1), as
well as mature human adipocytes differentiated from human adipose-derived
mesenchymal stem cells (positive control), were analyzed by RT-PCR. Nanog is an
undifferentiated human ES cell marker. GAPDH served as an internal standard for
RT-PCR. Kh1: KhES-1. Adipose: human mature adipocytes differentiated from
human adipose-derived mesenchymal stem cells. (B) Relative levels of PPARY2
mRNA expression are shown as means £ S.EM. of 4-6 independent experiments
and normalized to those of 18S. The levels are expressed as percentages of the
expression in the H9 cell line. *P < 0.05 vs. H9. **P < 0.05 vs. KhES-1.

4. Discussion

The present study demonstrates that human iPS cells have adi-
pogenic potential comparable to human ES cells. Four human iPS
cell lines of two generations were investigated. The B6 and B7 were
generated by introducing four transcription factors (Oct3/4, Sox2,
KIf4 and ¢-Myc) into human skin fibroblasts while the G1 and G4
were generated using only three factors (c-Myc was omitted) [9].
After 12 days of embryoid body formation and an additional
10 days of differentiation on Poly-i-ornithine and fibronectin-
coated dishes with adipogenic differentiation medium, all human
iPS cell lines of both generations exhibited lipid accumulation
and transcription of such adipogenesis-related molecules as C/
EBPa, PPARY2, leptin and aP2. We also compared differentiation
efficiency between human iPS and ES cells using two lines of hu-
man ES cells and found no apparent difference between human
iPS and ES cells in properties of adipogenic differentiation inciud-
ing the time course and potential. In terms of lipid accumulation
and transcription of adipogenesis-related molecules, human iPS-
derived adipocytes appear to reach at least the same level of matu-
rity as those derived from human ES cells. The B7 line tended to
show stronger adipogenic potential than the other five iPS lines
and the ES cell lines, but the difference in terms of percent area
of Oil Red O staining (+) was not significant. The B7 line also
showed significantly stronger expression of PPARY2 than the two
ES cell lines tested, but PPARY2 expression varied among the dif-
ferent iPS cell lines, despite their having the same genetic back-
ground. We conclude that the adipogenic potential of iPS cells
did not essentially differ from ES cells, though their adipogenic
potentials were rather varied in each line,

Despite the prevalence of obesity, systems for research into hu-
man adipocyte biology remain underdeveloped, in part because of a
lack of available human adipocyte cell lines. There are significant
differences between adipocyte development in humans and mice
[20]. The established in vitro adipocyte differentiation system using
human iPS cells in the present study should make it possible to dis-
sect out the cellular mechanisms underlying human adipocyte dif-
ferentiation. It should also contribute to the better understanding of
adipocyte biology and serve as a basis for advances in research into
obesity and adipotoxicity, which has been proposed as the sum of
the negative effects associated with obesity [21].

Adipogenesis is largely divided into two phases: the early
phase consisting of the lineage commitment of adipocytes from
pluripotent stem cells and the late phase consisting of the termi-
nal differentiation of preadipocytes into adipocytes [22]. The
molecular mechanism underlying the terminal adipocyte differen-
tiation has been identified through analysis of the differentiation
process in immortalized mouse preadipocyte cell lines (e.g., 3T3-
L1 and 3T3-F442A cells) [22-24], but the differentiation from plu-
ripotent stem cells during the early stage of adipogenesis must
await further clarification. The establishment of adipocyte differ-
entiation system with human iPS cells should facilitate that line
of research.

In contrast to human ES cells, iPS cells can be induced from any
human being irrespective of their genetic make-up. Consequently,
the study of iPS cells should contribute to the identification of new
susceptibility genes associated with obesity and metabolic syn-
drome, and to the clarification of the functions of those genes.
The establishment of iPS cell lines from patients with inherited dis-
eases presenting adipocyte abnormality should enable clarification
of their pathogenesis. And because they overcome the immunolog-
ical and ethical problems associated with human ES cells, iPS cell
systems should also contribute to the development of novel regen-
erative therapies for reconstruction of soft tissue defects after tu-
mor resections, extensive deep burns and lipodystrophy. The
induced cells obtained with our protocol are not a homogeneous
population. Consequently, at this stage human iPS cells may not
yet have as much adipogenic potential as adipose-derived stem
cells (ADSCs), which are derived from the stromal vascular fraction
of human adipose tissue and are thought to be a safe and useful
tool in adipose regenerative medicine [25). About 80% of ADSCs dif-
ferentiate into adipocytes under suitable conditions [26]. The next
issue we plan to address will be the establishment of an improved
differentiation protocol that includes a purification process such as
cell sorting.

In conclusion, the present study demonstrates that human iPS
cells have adipogenic potential that is generally equal to that of hu-
man ES cells. The use of iPS cells will contribute to the development
of regenerative therapies of adipose tissue for lipodystrophy. This
work should also contribute to our understanding of human adipo-
genesis and to the clarification of the pathogenesis and pathophys-
iology of obesity and metabolic syndrome, potentially leading to
the development of new drug therapies.
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