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Cells?' of Extraembryonic
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Human Dystrophin in the Mdx
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Duchenne muscular dystrophy is an X-linked recessive genetxc dlsease characterized by severe skeletal muscular degenerauon The

placenta is considered to be a promising candidate cell source for cellular therapeutics because it contains a large number of cells and
heterogenous cell populations with myogenic potentlals We analyzed the myogenic potential of cells obtained from six parts of the
placenta, thatis, umbilical cord, amniotic epithelium, amniotic mesoderm, chorionic plate; villous chorion, and decidua basalis. Invitro cells
derived from amniotic mesoderm, chorionic plate, and villous chorion efficiently transdifferentiate into myotubes. In addition, in vivo
implantation of placenta-derived cells into dystrophic muscles of immunodeficient mdx mice restored sarcolemmal expression of human
dystrophin, Differenitial contribution to myogenesis in this study may be attributed to placental portion-dependent default cell state.

Molecular taxoriomic characterlzatlon of placenta-derived matemal and fetal cells in vitro will help determine the feasibility of cell-based

therapy.
}. Cell. Physiol. 9999: 1-9, 2010. @ 2010 Wiley-Liss, Inc,

The human placentais a large dISCOld organ witha dlameter of .

around 20 cm and a weight of approxsmately 500¢. It contains
a large number of cells possessing a wide range of phenotypes
___ genetic disease characterized by severe skeletai muscle
Langman, 2006). The functions of the placenta are (a) exchange .

and potentials (Cunningham and Williams, 2005; Sadler and

of metabolic and gaseous products between maternal and fetal
bloodstreams and (b) production of hormones, such as
progesterone, estradiol, estrogen, and human chorionic
gonadotrophin. The placenta consists of the following two

components: (a) a fetal portion, derived from the amnion, the

chorionic plate (CP), the smooth chorion (chorion laeve (SC)),
and the villous chorion (chorion frondosum (VC)) and (b) a
maternal portion, derived from the decidua basalis (DB).

The amnion, the inner layer, consists of a small amount of
connective tissue (amniotic mesoderm (AM)) covered with

a cuboidal epithelium (amniotic epithelium (AE)). The
amniogenesis is rather.complicated, the AM being
extraembryonic whereas the AE is from the inner cell mass/
embryoblast. The chorion, the outer layer of the amnion, is |
classified into VC, SC, and CP. The embryonic and abembryonic
portions are called villous and SC, respectively. The VC is made
of growing and expanding villi, while the CP and SC are made of
degenerated villi. The DB, originating from the endometrium,
is composed of glandular epithelial cells and stromal
(mesenchymal) cells with: decidual change. The umbilical cord
(UC) that attaches a fetus to the placenta develops from the
body stalk of the embryo and contains blood vessels and
Wharton jelly, surrounded by the amnion. Each part of the
placenta has recently been a candidate cell source for cell-based
therapies because of the variety of cell types that become
available (Fukuchi et al., 2004; Portmarnn-Lanz et al., 2006).
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One current!y untreatable disease which may benefit from

_ cell-based therapy using placenta-derived cells is Duchenne

‘muscular dystrophy (DMD). DMD is an X-linked recessive

degeneration. It is caused by a deficiency in  dystrophin that is
associated with a large oligomeric complex of glycoproteins

_which provide linkage to the extracellular membrane (Ervastl
_and Campbell, 1991). The absence of dystrophin results in

_ destabilization of the extracellular membrane-sarcolemma—

_cytoskeleton architecture, making muscle fibers susceptible to
__ contraction-associated mechanical stress and degeneration. In

_ thefirst phase of the disease, new muscle fibers are formed by

‘ ‘versxon of thrs amcle .
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satellite cells. After depletion of the satellite cell pool in
childhood, skeletal muscles degenerate progressivelyand
irreversibly and are replaced by fibrotic tissue (Cossu and
Mavilio, 2000). No effective therapeutic approaches for
muscular dystrophy currently exist; thus, cell-based therapy, in
addition to gene therapy (Harper et al., 2002), exon skipping
therapy (Matsuo et al,, 1991), and read-through therapy by
aminoglycoside (Barton-Davis et al,, 1999) remain promising
treatment options.

Myoblasts represent the natural first choice in cellular
therapeutics for skeletal muscle because of their intrinsic
myogenic commitment (Grounds et al,, 2002). However,
myoblasts recovered from muscular biopsies are poorly .
expandable in vitro and rapidly undergo senescence (Cossu and
Mavilio, 2000). Intramuscular allotransplantation of normal
muscle precursor cells can induce expression of donor-derived
dystrophin in skeletal muscles of patients with DMD (Skuk etal,;
2006). However, it is difficult to perform transplantation of

muscle precursor cells due to a limited number of donor cells.
An alternative source of muscle progenitor cells is therefore.
desirable. Cells with a myogenic potential are present in many

tissues, including borie marrow (Ferrari et al,, 1998; Dezawa
et al., 2005}, UC blood (Gang et al,, 2004), adipose tissue
(Rodriguez et al;,2005; Di Rocco et al;; 2006), and

endometrium and menstrual blood (Cui et al., 2007), and all k ,

these cells readily form skeletal muscle in culture.
There has, as yet, been no systematic analysis of the

distribution of placenta-derived stem cells which have myogenic

differentiation potential. Therefore, we characterized each

placenta-derived cell in vitro, via a taxonomic approach using
global gene expression profiles, and investigated which part of
the placenta is the most useful source of stem cells witha

myogenic potential that might prove useful for possible future

cell-based therapy-of DMD.

Materials and Methods
isolation of human placental tissues

Ethical approval for tissue collection was granted by the
Institutional Review Board of the National Institute for Child
Health and Development, Japan. Weritten informed consent was
obtained before the sample collection. Human placental samples
were collected from normal full-term pregnancies. All of the
placentas were processed within 24 h of collection and washed

extensively with phosphate-buffered saline (PBS). After peeling off

the amnion, the placenta was separated into three parts, thatis, CP,
VC, and DB. To isolate cells from the UC, the middle part was used,
after excluding the edge of the placenta and the tissue close to the
fetal navel. The amnion and the SC were manually separated.

Amniotic mesodermal cells were manually scraped from the AE.

After each placental part was minced using scissors, minced AM

was re-suspended in MSCGM (Cambrex Bio Science, Walkersville,
MD). We did not calculate the cell numbers at the start of
cultivation because the tissue was chopped up mechanically by
hand. The placenta-derived cells were maintained at 37°Cina
humidified atmosphere containing 5% CQ, and allowed to attach
for-48 h. Non-adherent cells were removed and the medium was
changed twice a week. At 70-80% confluence, the cells were
harvested with trypsin.(0.25%) and | mM EDTA (0.02%) in PBS
(11, v/v)and plated to new dishes. Primary culture cells were used,
except for the differentiation analysis. Cells were processed from
45 placentas, and primary cultures from 10 placentas were used for
this study.

Flow cytometric analysis

Flow cytometric analysis was performed as previously described
(Terai et al.; 2005). Briefly, cells were incubated with primary
antibodies or isotype-matched control antibodies; followed by
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additional treatment:with.the immunofluorescent secondary
antibodies. Cells were analyzed onan EPICS ALTRA analyzer

. (Beckman Coulter, Fullerton, CA). Antibodies against human

CD13, CDI4, CD29, CD34, CD44, CD45; CD55,. CD59, CD73,
CD90, CD105, CD166, HLA-ABC, and HLA-DR were purchased
from Beckman Coulter, Immunotech (Marseille; France), Cytotech
(Hellebaek, Denmark), and BD Biosciences Pharmingen (San
Diego, CA).

In vitro myogenesis
In vitro myogenic analysis was performed as previously described

{Cui-etal, 2007). Briefly, placenta-derived cells were seedTed onto

_60-mm collageit |-coated cell culture dishes (BD Biocoat M ata

density of | x 10%/ml in growth medium (Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 20% fetal bovine
serum (FBS)). Forty-eight hours after seeding onto collagen

 I-coated dishes, the cells were treated with 5 um S-azacytidine for
24h, Cell cultures were then maintained in differentiation medium

(DMEM, supplemented with 2% horse serum). The differentiation
medium was ‘changed twice a week until the experiment was

: terminated,

. Reverse transcriptase-polymerase chain reaction analysis
(RT-PCR) of placenta-derived cells :

RT-PCRanalysis was performedas previously described (Cui etal,,

2007). Briefly, RT-PCR of MyoD, Myf5, myogenin, myosin heavy
chain-lix/d (MyHC-lIx/d), desmin, and dystrophin was performed
with 2 jig of total RNA. The sequences of PCR primers that amplify

‘7 _human but not mouse genes are listed in Supplementary Table |.
_ PCR was performed for 30 cycles, with each cycle consisting of

94°C for 30 sec, 60°C or 65°C for 30 sec, and 72°C for 20 sec, with

_ additional 10-min incubation at 72°C after completion of the last
cycle. ~

. Fusion assay in vitro

 Placenta-derived cells (2,500/cm?) were co-cultured with C2C12
_ myoblasts (2,500/cm?) for 2 days in DMEM supplemented with 0%

FBS, and then cultured for seven additional days in DMEM with 2%
horse serum to promote myotube formation. C2C12 myoblast
cells were supplied by RIKEN Cell Bank (The Institute of Physical
and Chemical Research, Japan). The cultures were fixed in 4%
paraformaldehyde (PFA) and stained with a mouse anti-human
nuclei IgG| monoclonal antibody (clone 235-1, Millipore®?) and
a mouse anti-myosin heavy chain 1gG2b monoclonal antibody

_ (MF-20, Developmental Studies Hybridoma Bank, University

of lowa, 1A). The cells were visualized with appropriate
Alexa-fluor-conjugated goatanti-mouse lgG 1 and IgG2b secondary
antibodies (Molecular Probes; Eugene, OR). Total cell nuclei were
stained with 4/, 6-diamidino-2-phenylindole (DAPI). To assess
the ability of placenta-derived cells to fuse with C2C12 cells, we
calculated the percentage of myotubes containing one or more
human nuclei'in the total myotube as a fusion index.

In vivo cell implantation

The cells (2 x 107) were suspended in PBS, in a total volume of
100w}, and directly injected into the right tibialis anterior muscle of
6~ to 8-week-old mdx/mdx scid/scid (mdx-scid) mice. The mice
were euthanized 4 weeks after cell implantation, and the right
tibialis anterior muscle was analyzed for human dystrophin by
immunohistochemistry.

Immunohistochemical and immunocytochemical analysis

Immunohistochemical and immunocytochemical analyses were
performed as previously described (Mori et al,, 2005). Briefly, the
sections were incubated with a mouse anti-human dystrophin
IgG2a monoclonal antibody (NCL-DYS3, Novocastra, UK), and
then incubated with horseradish peroxidase-conjugated rabbit
anti-mouse immunoglobulin. Staining was developed using a
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solution containing diaminobenzidine and H;O4: Slides were
counterstained with hematoxylin. In the cases of fluorescence,
frozen sections fixed with 4% PFA were. used. The anti-human
dystrophin monoclonal antibody, anti-human nuclei mouse
monoclonal antibody, anti-a-sarcoglycan rabblt 1gG polyclonal
antibody (H-82, Santa Cruz Biotechnology?3) or anti-laminin 2a
rat IgG monoclonal antibody (4H8-2, Sigma~Aldrich®) was used
as the initial antibody, and goat anti-mouse IgG2a conjugated with
Alexa Fluor 546, goat anti-mouse IgG| antibody conjugated with
Alexa Fluor 488, goat anti-rabbit IgG conjugated with Alexa
Fluor 635, or goat anti-rat IgG conjugated with Alexa Fluor 488 was
used as a second antibody. The anti-myogenin mouse.....
monoclonal antibody (F5D, BD Pharmingen®) was used for
immunocytochemistry. As a methodslogical control, the primary
antibody was omitted. In the cases of fluorescence, the slides were
incubated with Alexa Fluor 546 -conjugated goat anti-mouse [gG
antibody.

GeneChip expressioh‘ analysis

Human genome-widé:‘gene expression was examined with the
Human Genome U133 Plus 2.0 Array (GeneChip; Affymetrix; Inc,,

Santa Clara, CA), which contains the oligonucleotide probe setfor
more than 47,000 transcripts and variants, including approximately

40,000 well-characterized human genes and expressed sequence
tags (ESTs). Total RNA was prepared from samplés using the
RNeasy Kit (QiagenZ), according to the manufacturer’s
instructions. The purity of RNA was assessed on the Agilent
Bioanalyser 2100. Double-stranded cDNA was synthesized from

DNase-treated total RNA, and the cDNA was subjected to in vitro. :

transcription in the presence of biotinylated nucleoside

triphosphates using the Enzo BioArray HighYield RNA Transcrrpc

Labeling Kit (Enzo Life Sciences, Inc., Farmingdale, NY) according
to the manufacturer’s protocol. The biotinylated cRNA was

hybridized with a probe array for 16 h at 45°C, and the hybridized
biotinylated cRNA was stained with streptavidin—PE (query 6} and

scanned with a Hewlett-Packard Gene Array Scanner (Palo Altd,k ~

CA). The fluorescence intensity of each probe was quantlﬁed using
the GeneChip Analysis Suite 5.0 computer program (Affymetrix)
and Robust Multi-array Average (RMA) model (Bolstad etal,, 2003;
Irizarry et al,, 2003a,b). To normalize the variations in staining
intensity among chips, the “average difference’’ values for all genes
on a given chip were divided by the median value for expression
of all genes on the chip. To eliminate genes containing only a
backgrotind signal, genes were selected only if the raw values of the
“average difference” were mote than 200, and if the expression of
the gene was judged to be “present” by the GeneChip Operatmg
Software version I 4 (Affymetrix).

Hierarchical clustering and principal compone‘n"t‘an‘alysis (PCA)

The hierarchical clustering and PCA techniques classify data by
similarity of expression pattern using NIA Array Analysis and TIGR
Mev (http://igsun.gre.nia.nih gov/ANOVA/ http://lwww.tm4.org/
mev.html).

Results
Morphology of placenta-derived cells

We collected 45 normal full-term placentas which were then
separated into six parts, that is; UC, AE, AM, CP, VC, and DB
(Fig. 1). Ten placentas were used for the subsequent
experiments. Primary cells from each separated part were
successfully cultured: These cultured cells appeared to be two
morphologically different groups: smali fibroblast-like cells and
epithelium-like cells (Fig. 2Aa-g). Cells derived from the UC,
AM, CP, VC, and DB showed fibroblast-like morphology.
However, AE-derived cells and some DB-derived cells
exhlblted a'small cobblestone-like morphol ogy. Ve obtained
I % 10° cells after 3-week cultivation of | cm’ of UC, AM, CP,
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andVC;and | x 108 cells after 4-week cultivation of | cm® of AE
and DB.

Surface marker expression and gene chip analysis

Surface markers of primary culture placenta-derived cells, in
the absence of any inductive stimuli, were evaluated by flow
cytometric analysis (Fig. 2B, Supplementary Figs. 1--5). The cells
in “early” primary culture (with low replication number)
exhibited a heterogeneous pattern by flow cytometric analysis
as shown in Supplementary Figure 5. The “CP” shows two
peaks (61.1% positive and 38.9% negative) for. CD29

(Supplementary Fig. 5A), and the DB’ contains cells negative
- for CD29 (8.0%) (Supplementary Fig. 5B): In contrast, the

cells in “late” primary culture (with high replication number)
show a homogenous pattern by flow cytometric analysis
due to the culture conditions in. which mesenchymal cells can
predominantly proliferate. UC-, AE-, AM-, CP-, VC-, and
DB-derived cells were positive for CD 13, CD29, CD44, CD55,

_ €CDA59, CD73, CD90, CD105, and CD | 66. Placenta-derived

cells expressed neither hematopoietic lineage markers, such

_as CD34, nor monocyte-macrophage antigens, such as CD14
__ (a marker for macrophage and dendritic cells), or CD45

(leukocyte common antigen). The lack of expression of

. CDI14, CD34, or CD45 suggests that all cells cultured in our

experimental setting are depleted:of hematopoietic cells. The
cell population was positive for HLA=ABC, but not for HLA-DR.
Among the placenta-derived cells, that is, UC-, AM-,-AE-, CP-,
VC-, and DB-derived celis; no significant difference was

_ observed in the expression of mesenchymal stem cell markers,
suggesting that the cells are of mesenchymal ar[gm or stromal
origin.

To clarify the specific gene expression profile of cells derived

from each portion of the placenta, we compared the expression

levels using Affymetrix GeneChip oligonucleotide arrays. RNAs
were isolated from primary cultured cells of the placenta,

The gene expression profile reported in this article has been
_ deposited in the gene Expression Omnibus (GEO) database

(htepi/lwww.ncbi.nlm gov/geo: accession no. GSM289889-
289894). We performed PCA to determine whether it is

possible to discriminate cells of one part from cells of other
_parts in two-dimensional expression space. PCA, using all

probes and 1,087 probes which were annotated with the
“transcription factor,” revealed that the DB-derived cells are
categorized into a distinct group. Statistical analysis revealed

_ thatthe DB-derived celis significantly express genes for FOX L2,

HOP, HOX D10, HOX DI |, and HOX A5. We thus analyzed the

. HOX genes by hierarchical clustering and PCA, since the cells

are well categorized, especially based on the HOX gene family,
and identified three clusters (Fig. 2C,D). Determination of

cell specification via gene chip analysw revealed that the each
placental cell has a distinct expression pattern of the HOX gene
family: (a) AE- and AM-derived cells preferentially express the
HOX B genes, such as HOX B2, Bé, B7, and B8; (b) DB-derived
cells express the HOX D genes, suchas D3,D4,D8,09,D10,and
D1 1;(c) the others express the HOX A genes, HOX Al3 and A3.

In vitro induction of myogenic differentiation

Each distinct part of the placenta has recently been viewed as
a candidate source of material for cell-based therapies.

We examined, both in vitro and in vivo, whether the placenta-
derived cells have a myogenic potential. Of the 54,675 genes
represented on the GeneChip, skeletal muscle=specific genes
such as the phospholamban, myozenin, dystrobrevin, and
myosin heavy chain were expressed in cells derived from VC
and the CP. Expression of these muscle=specific genes in these
cells fed us to hypothesize that these cells are capable of
differentiating into myocytes. To prove this, cells from each part
of the placenta were exposed to 5-azacytidine for 24 hand then
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A, B, C: Change the font size to larger
(same size as D, E, F).

A

Fig..I. P!acenta-derwed celts from each portion. Macroscopy (A) and histology (B C) of amnion (D), chorlomc plate (E), villous chorion, and
decidua basalls (F). AE, amniotic eplthellum' AM, amniotic mesoderm' CP chorionic plate; VC, villous chonon, DB, decndua basalis.

cultured in DMEM supplemented with 2% horse serum for 3
weeks. Myogenic differentiation of the cells was analyzed by
evaluating the expression of MyoD, Myf5, myogenin, MyHC-lix/

d, and desmin by RT-PCR and immunocytochemistry (Fig. 3).
DB exhibited high frequencies of fusion, whereas cells derived

MyoD is constitutively expressed wniotic mesodermal cells

but decreased to no measurable level at day 3 and thereafter
(Fig. 3A). In the case of the CP and VC MyoD expression is

detected at 3 weeks. Expression of ge ncoding MyoD,

Mny myogenin, and MyHC-lix/d was under a detectable level

in cells derived from UC, AE, and DB after myogenic
induction. MyHC-lix/d, a structural gene, started tobe
expressed at the middle of differentiation in amniotic
mesodermal cells and at the late stage in CP-derived cells.
Desmin was expressed in cells derived from AM, UC, CP,.
AE, and DB throughout differentiation. In the cells

AM and CP, dystrophin expression increased after myogenic

induction (Fig. 3B). Immunocytochemical analysis revealed that .

CP-derived cells became positive for MyHC-lix/d, a-
sarcoglycan, and myogenin after cultivation with 2% horse
serum for 2| days (Fig. 3C-E). However, without any
treatment, the cells did not show myotube-like morphology
(Fig. 3Cc)..C2C12 myoblasts were used for a positive
control of immunocytochemistry (Supplementary Fig. 6).
Placenta-derived cells from each portion exhibit different
capabilities for proliferation and myogenesis in vitro (Fig. 3F).

Detection of human placental cell contribution to
myotubes in an in vitro myogenesis model

To simulate in vivo phenomena, human placental cells were
co-cultured in vitro with murine C2C[2 myoblasts for

2 days under proliferative conditions and then switched to
differentiation conditions for an additional 7 days.
Multinucleated myotubes were formed after co-culturing with
C2C12 cells (Fig. 4). Myosin heavy chain and human nuclei were
unequivocally identified by staining with MF20 and an antibody
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rived from‘

- to human nuclei, while the numerous mouse nuclei present
in this field, as shown by DAPI staining, are negative. The
_ frequency of fusion between placenta-derived cells and C2C12

myotube depends on the cell type: cells derived from CP and

from AE and UC induced low-level fusion to C2C12 myocytes.
No muitmuc[eated cells were formed wuthout co- -cultivation;

~ Expresswn of human dystrophin by cell lmplantatlon in

the mdx-scid mouse

To mvesttgate ‘whether placenta-denved cells can generate
muscle tissue in vivo, cells (2 x 107) without any treatment or
induction were implanted directly into the right anterior tibialis
muscles of mdx-scid mice. PBS without cells was injected into
the left anterior tibialis muscie as a control. After 4 weeks,

__myofibers in the muscle tissues injected with amniotic

mesodermal: cells expressed human dystrophin and laminin
(Fig. 5). Dystrophin was not detected in the muscle of mdx-scid
mice without cell implantation because the antibody to
dystrophin used:in this study is human-specific, implying that
dystrophin is transcribed from dystrophin genes of human
donor cells-but not from reversion of dystrophied myocytes in

__ mdx-scid mice.

Discussion
Differential myogenic potential of cultured cells from
each part of the placenta

The placenta includes cells of maternal and fetal origin.
Although most placenta-derived cells are of extraembryonic
origin, AE-derived cells are from the epiblast/inner celf mass of
the blastocyst (Cunningham and Williams, 2005; Sadler and
Langman, 2006). The aim of this study was to determine the
intrinsic differentiation potential of cells from six parts of the
placenta, that is; UC, AE, AM, CP,.VC, and DB. The myogenic
potential of cells from the AM, CP, and VC proved much greater
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Fig. 2. Morphology of placenta-derived cells and flow cytometric analysis of amniotic mesoderm-derived cells. A: Photomicrographs of cells
from umbilical cord-derived cells (a), amniotic epithelial cells (b), amniotic mesodermal cells (c), chorionic plate-derived cells (d), villous
chorion-derived cells (e), deciduabasalis-derived cells (f: fibroblast-like, g: epithelial cell-like) from primary culture. Amnioticepithelial cells (b) and
decidua basalis-derived cells (g) showed an epithelial cell-like (cobblestone-like) morphology, while the others (a,c,d,e,f) showed a fibroblast-like
morphology. Scale bars: 200 pm. B: Flow cytometric analysis of amniotic mesoderm-derived cells in primary culture (with high replication
number) in the absence of any inductive stimuli. Non-shaded and shaded areas indicated reactivity of antibodies for isotype controls and that of
antibodies for cell surface markers, respectively. C: Hierarchical clustering analysis and heat map analysis of HOX gene expression in cells derived
fromumbilical cord (UC719and UC723), amniotic epithelium (AE), amnioticmesoderm, (AM), chorionicplate (CP), villous chorion (VC), decidua
basalis (DB), using “TIGR MeV.” D: PCA revealing general trends of HOX gene expression.

than expected, and this higher myogenic differentiation ratio reported to have the potential to differentiate to all three germ
can be a reflection of the intrinsic cellular potential of layer cells, including myocytes, after in vitro sphere formation
extraembryonic mesodermal cells. Lack of myogenic potential (Miki et al., 2005). Amniotic epithelial cells formed neither

in AE-derived cells is envisaged because the cells are of spheres nor viable supernatant cells in our experimental
extraembryonic ectodermal origin and cuboidal in morphology. settings, but displayed a cobblestone appearance with an
Despite our findings, amniotic epithelial cells have been epithelial phenotype. Cells obtained from AE, we believe,
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Ampniotic mesoderm Umbilical cord Cherionic plate
Day - 21 P 013 71420P 013 7 1421P

MyoD
Myf5
Myogenin
MyHC i
Desmin
188

Day 0 1 3 714210 1 3 714 21 P N

Cell source Proliferation Myogenesis
Amniotic gpithelium Hintmal No
Amnictic mesoderm Moderate Yes
Chorionic plate Farked Yes
Villous chorion Moderate Yos
Decidua basalis Minimal No
Umbilical cord Marked o

a

- B0pm

Fig. 3. Expression of muscle-specific genes during differentiation of placenta-derived cells. A: RT-PCR analysis of human MyoD, Myf5,
myogenin, myosin heavy chain type lix/d (MyHC-Ix/d), desmin, and 188 cDNA (from top to bottom). Umbilical-cord-derived-cells,amniotic
m and chorionic plate-derived cells were exposed to 5 pM 5-azacytidine for 24 h and then subsequently cultured in DMEM
supplemented with 2% HS for 21 days. RNAs from human muscle serve as a positive (P) control. Only the 185 PCR primer used as a positive
control reacted with the human and murine cDNA. B: RT-PCR analysis of human dystrophin in chorionic plate (CP) and amniotic
mesodermal cells (AM). The muscle-specific isoform (Dp427m) was amplified. RNAs from human muscle serve as a positive (P) control.

C: Immunocytochemistry of skeletal myosin heavy chain in chorionic plate-derived cells after myogenic induction (a,b) or no induction (c).
Scale bars: (a) 2.0 mm, (b,c) 200 pm. D: Immunocytochemistry of a-sarcoglycan, a: a-sarcoglycan; b: DAPI staining; c: “merge” ofaandb. Scale
bars: 50 pm. E: Immunocytochemistry of myogenin. & myogenin; b: DAPI staining; c: “merge” ofaand b. Scale bars: 50 pm. F: Cell site origin and
capability for proliferation and myogenesis.

correspond to previously reported adherent cells with lictle may also be due to intrinsic cell characteristics (or cell mission),
myogenic activity (Miki et al., 2005). The poor myogenic and UC-derived cells embedded in Wharton’s jelly may be
capability of UC-derived cells was also contrary to our terminally differentiated cells or highly specific cells which

expectation based on prior research (Conconi et al., 2006). It produce a matrix for cushioning of the cord.

JOURNAL OF CELLULAR PHYSIOLOGY
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Y
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Fig. 4. Detection of human placenta-derived celi contribution to myotubes in an in vitro myogenesis model. The chorionic plate-derived cells
were co-cultured with C2C12 myoblasts for 2 days under conditions that favored proliferation. The cultures were then changed to differentiation
mediafor 7 days toinduce myogenicfusion. A: Fusion between human chorionic plate-derived cellsand murine C2C12 cells. athuman myosin heavy
chain molecule (red, MF20); b: human nuclei (HuNucl, green); c: DAPI staining (blue); d: “merge” of a, b, and c. Scale bars: 100 pm. e-h: Human
chorionic plate-derived cells without co-culturing. B human myosin heavy chain molecule (red, MF20); f: human nuclei (HuNuci; green); g: DAPI
staining (blue); h: “merge” of e, f, and g. B: Cornparison of fusion between each placenta-derived cell and mouse C2C|2 myoblasts. Fusion indexis
shown as number of fused cells per 1,000 cells. UC, umbilical cord; AE, amniotic epithelium; AM, amniotic mesoderm; CP, chorionic plate; VC,

villous chorion; DB, decidua basalis.

Taxonomic approach using global gene
expression database

In general, cultured cells reflect in vivo characteristics, for
example, hematopoietic cells proliferate as a supernatant cell in
culture, and epithelial cells exhibit cobblestone appearance at
confluence. In contrast, mesenchymal/stromal cells from each
part of the placenta, regardless of cell source, show similar
appearance in vitro and in vivo, irrespective of their diversity
with respect to differentiation and proliferation. The different
phenotypes of mesenchymal/stromal cells are maintained even
after a series of cell replications and passages, probably by
epigenetics, such as genomic methylation and chromatin of
cells. The stably transmitted epigenetics in cultured cells
reflects a gene expression network and maintains cell identity,
and thus each mesenchymal cell is predictable by the results of
gene expression with GeneChip analysis. Categorization of the
cells may reflect the native functional difference, even after
cultivation, and implies that cells from the UC, AE, AM, CP, VC,
and DB have a distinct cell identity, in addition to mesenchymal
or epithelial phenotypes.

Cell-based therapy for DMD

DMD is a fatal disease for which an effective treatment is still
being actively sought. As a novel treatment option, stem cells
could be used to replace defective dystrophin and restore the
dystrophic muscles. Most placenta-derived cells are either
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myogenic progenitors or have myogenic potential, and clearly
cells with the highest myogenic potential would be beneficial for
treatment of dystrophic muscle. Acquisition or recovery of
dystrophin expression in dystrophic muscle is attributed to two
different mechanisms: (a) myogenic differentiation of implanted
or transplanted cells and (b) cell fusion of implanted or
transplanted cells with host muscle cells. In this study using
placenta-derived cells, our findings, namely that implantation of
placenta-derived cells improved the efficiency of muscle
regeneration and dystrophin delivery to dystrophic muscle

in mice, are explained by both possibilities or the latter
possibility (fusion mechanism) alone. Efficient fusion systems
of placenta-derived cells with host dystrophic myocytes may
contribute substantially to a major advance toward eventual
cell-based therapies for muscle injury or chronic muscular
disease.

The isolation of tissue-specific stem cells for expansion in
vitro and transplantation back into the patient in an allogeneic
manner is indeed an ideal strategy, from the viewpoint of
industry-based, sustainable supply of large quantities of
affordable, quality-controlled cells. In most cases of degenerative
diseases and genetic diseases, such as lysosomal storage
diseases, it is unlikely that enough unaffected stem cells will
be isolated or available in sufficient quantity, necessitating
the use of stem cells from suitable, cost-effective allogeneic
sources, such as human placenta. The predicted number of
AM-derived cells from one placenta of an average size (500 g)
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Fig. 5. Conferral of dystrophin to mdx myocytes by human
placenta-derived cells. A: Immunochistochemistry using an antibody
against human dystrophin on anterior tibialis muscle sections of
mdx-scid mice after direct injection of PBS without cells (a: negative
control) or amniotic mesoderm-derived cells without any treatment
or induction (b) into mdx-scid myofibers. Scale bars: 50 pm.

B: Immunohistochemistry analysis on anterior tibialis muscle
sections of mdx-scid mice after direct injection of amniotic
mesoderm-derived cells without any treatment or induction.
Immunohistochemistry revealed the incorporation ofimplanted cells
into newly formed myofibers, which expressed human dystrophin

4 weeks after implantation. Murine nuclei are indicated by arrows.
a: human dystrophin molecule (red); b: DAPI staining (blue); c: human
nuclei (HuNucl, green); d: “merge” of a, b, and c. Scale bars: 50 pm. C:
Immunochistochemistry analysis on anterior tibialis muscle sections of
mdx-scid mice after direct injection of amniotic mesoderme-derived
cells. a: a-sarcoglycan (yellow); b: DAPI staining (blue); c: laminin
(red); d: human dystrophin (green); e: “merge” of a, b, ¢, and d.
Scale bars: 50 pm.

would be approximately | x 10° (before ex vivo amplification),
possibly reaching | x 10'" after cultivation. This may cover
3,000 cm?® of muscular tissues in cell-based therapy (Skuk etal.,
2006). Cells converted into myotubes in vitro at a high
frequency after induction, giving rise to large numbers of
myofibers expressing human dystrophin when transplanted
into BALB/c and mdx mice, thus fulfilling all the criteria required
for a successful allogeneic cell therapy for muscular dystrophy.
It should also be remembered that currently, implantation of
placenta-derived cells in an allogeneic combination requires
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administration of immunosuppressive drugs, such as FK506 and
steroids.

We have established a method for systemic mapping of
placental cells with myogenic potential. Cellular dissection and
cultivation, coupled with accurate determination of the
molecular characteristics of specific cells in the human placenta,
opens up significant new possibilities in regenerative medicine.
The outcome of this study indicates a potential cell-based
treatment for DMD, a lethal human disease for which no
effective treatment currently exists.
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EfflClent reprogramming of human and mouse primary
extra-embryonic cells to pluripotent stem cells
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Practical clinical applications for current induced pluripotent stem cell (iPSC) technologies are
hindered by very low generation efficiencies. Here, we demonstrate that newborn human (h)
and mouse (m) extra-embryonic amnion (AM) and yolk-sac (YS) cells, in which endogenous
KLF4/KIft, ¢-MYC/c-Myc and RONIN/Ronin are expressed, can be reprogrammed to hiPSCs
and miPSCs with efficiencies for AM cells of 0.02% and 0.1%, respectively. Both hiPSC and
miPSCs are indistinguishable from embryonic stem cells in colony morphology, expression of
pluripotency markers, global gene expression profile, DNA methylation status of OCT4 and
NANOG, teratoma formation and, in the case of miPSCs, generation of germline transmissible
chimeric mice. As copious amounts of human AM cells can be collected without invasion, and
stored long termm by conventional means without requirement for in vitro culture, they repre-
sent an ideal source for cell banking and subsequent ‘on demand’ generation of hiPSCs for

personal regenerative and pharmaceutical applications.

Introduction

Induced pluripotent stem cells (iPSCs) have been
generated through nuclear reprogramming of somatic
cells via retrovirus or lentivirus-mediated transduction
of exogenous reprogramming factors Oct4, Sox2,
Kif4 and C-Myc (Yamanaka 2007). This has led to
greatly enhanced promise for exploring the causes of,
and potential cures for, many genetic diseases, as well
as increased promise for regenerative medicine.
Improvements in delivery methodology have further
facilitated iPSC generation by minimizing the
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© 2009 The Authors

requirement for genetic modification (Feng ef al.
2009). Notably, generation of genetic modification-
free iPSCs with reprogramming proteins (Kim ef al.
2009; Zhou et al. 2009) suggests regenerative medi-
cine with personal iPSCs could soon be realized.
However, the markedly low efficiency of iPSC gen-
eration, with all adult somatic cell types tested to
date, remains problematic (Wernig et al. 2008). Tech-
nological advancements in this field have mainly been
achieved using mouse embryonic fibroblasts (MEFs),
in which the efficiency of iPSC generation is 10-100
times higher than that with adult somatic cells (Yu
et al. 2007; Wernig et al. 2008). Therefore, current
methods would appear to be less than ideal for gener-
ating iPSCs from adult somatic cells.

Genes to Cells (2009) 14, 1395-1404
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Here, to find nuclear reprogramming-sensitive
cells collectable with no risk by physical invasion,
we generated iPSCs from human and mouse new-
born extra-embryonic membranes, amnion (AM)
and yolk sac (YS), which consist huge amounts of
discarded cells after birth. Interestingly, the etficiency
of mouse iPSC (miPSC) generation from the AM
was comparable to that of MEFs by retroviral trans-
duction with Oct4, Sox2, Klf4 and c¢-Myc. Impor-
tantly, human iPSC (hiPSC) is also efficiently
generated from human AM cells. Expression of the
endogenous KLF4/KIf4, ¢-MYC/c-Myc and RONIN/
Ronin in human/mouse AM cells may function in
facilitating the generation efficiency of iPSCs. The
human AM cell, which is conventionally freeze-stor-
able, could be a useful cell source for the generation
of pluripotent stem cells including iPSCs mediated
by nuclear reprogramming in the purpose of per-
sonal regenerative and pharmaceutical cure in the
future of infants.

Results
Generation of iPSCs from mouse AM and YS cells

Extra-embryonic membranes, AM (amniotic ecto-
derm and mesoderm layers) and YS (visceral yolk sac
endoderm and mesoderm layers) express a high level
of proto-oncogene (Curran et al. 1984) which func-
tion, at least in part, to maintain and protect the fetus
in utero. In E18.5 mouse embryos just before birth,
AM and YS can be easily recognized microscopically
(Fig. 1a). The membranes were dissected from
Oct4-GFP  (OG)/Neo-LacZ (Rosa26) embryos as
approximately 5-10 mm?® sections and digested with
collagenase. Isolated cells were cultured for 4-5 days
resulting in morphologically heterogeneous popu-
lations (Fig. 1a) in which OG expression was unde-
tectable. Approximately 1 x 10> cells were then
retrovirally transfected with exogenous Oct4, Sox2,
Kif4 and c-Myc (OSKM). After approximately
3 weeks, OG-positive embryonic stem cell (ESC)-like
miPSC colonies were picked and expanded without
drug selection. All AM (female) and YS (male)-
miPSC lines generated here, which closely resembled
ESCs in morphology (Fig. 1a), had a 21 = 40 normal
karyotype (data not shown).

Characterization of AM and YS-miPSCs

As with ESCs, all AM- and YS-miPSC colonies were
positive for alkaline phosphatase (ALP) (Fig. 1b).

Genes to Cells (2009) 14, 1395-1404

Immunohistochemical analyses also demonstrated that
the cells were positive for pluripotent cell-specific
nuclear proteins Oct4 and Nanog, and the surface
glycoprotein SSEA1 (Fig. 1b). Thus, the expression
profile of all marker proteins tested in AM and YS-
miPSCs was similar to that observed in ESCs.

To examine the global transcription profile of
these cells, comparative Affymetrix gene expression
microarray analyses were performed between AM
cells, ¥S cells, YS-miPSCs and R1 ESCs (Fig lc¢).
The g¢lobal gene expression profile of YS-miPSCs
was significantly different from that of YS cells. We
detected a similar behavior between AM-miPSCs and
AM cells (data not shown). Notably, the profile was
similar to that of ESCs (Fig. 1c). Together, the data
indicate that significant global nuclear reprogramming
had occurred in these cells in response to OSKM
transfection. We next applied RT-PCR analysis to
gain a more focused transcriptional profile of pluripo-
tent cell-specific marker genes in the induced cells.
We found that Nanog, Rex1, ERas, Gdf3, Zfp296 and
Ronin were expressed in both AM and YS-miPSCs,
whereas the AM and YS genes, Igf1 and Cd6 were
silenced (Fig. 1¢). Notably, Ronin was expressed not
only in AM and YS-miPSCs but also in the precursor
AM and YS cells. To investigate whether the exoge-
nous Oct4, Sox2, Klf4 and ¢-Myc genes were silenced
by DNA methylation as reported for other iPSCs
(Jaenisch & Young 2008) in the AM and YS-miPSCs,
we examined expression using gene-specific primer
sets designed to distinguish endogenous and exoge-
nous transcripts. In all miPSC lines, the expression of
endogenous Oct4, Sox2, Kif4 and ¢-Myc was similar to
that in R1 ESCs, whereas the exogenous ¢-Myc and
Kif4 were fully silenced in some YS-miPSC clones
but not in others (Fig. 1c). Notably, high-level
expression of endogenous Klf4 and cMyc was
detected even in AM and YS cells, consistent with
the expression of proto-oncogene (Curran ef al.
1984). Endogenous expression of Kif4, ¢-Myc and
Ronin genes that are involved in maintaining pluri-
potency may play a key function in enhancing the
generation efficiency of miPSCs from AM and YS
cells.

Timing and efficiency of miPSC generation

The molecular mechanisms that govern OKSM-
induced nuclear reprogramming of somatic cells to
iPSCs are poorly understood. It has been demon-
strated that activation of endogenous Oct4 may be a
landmark for irreversible epigenetic transition toward

© 2009 The Authors

Journal compilation © 2009 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.



Efficient iPSC generation from amnion

Retroviral Transduction of
Oct4, Sox2, Kiid & c-Mye

Timing of Oct4-GFP reactivation
Infection Oct4 F}%act%vzation

Yolksse. . -

Amnion

c-Myc Kif4 Sox2 Oct4

Figure 1 Generation of iPSCs from mouse AM and YS cells. (a) Isolation of AM and YS cells from the extra-embryonic tissues of
newborn mice and generation of miPSCs through epigenetic reprogramming by retroviral infection-mediated expression of Oct4,
Sox2, Kif4 and ¢-Myc. (b) Expression of pluripotent cell matker proteins, alkaline phosphatase (ALP), Nanog, Oct4 and SSEA1. Cell
nuclei were visualized with DAPI. (c) Transcriptional activation and silencing of pluripotent and somatic cell marker genes by
miPSC induction. RT-PCR analyses revealed that pluripotent marker genes were activated, somatic marker genes were silenced,
and KIf4, c-Myc and Ronin were expressed even in AM and YS cells. Gapdh is a positive control. Microarray analyses demonstrated
global alteration in gene expression profile between YS cells and YS-miPSCs, which more closely resemble mESCs. Relative level
of gene expression is illustrated as red > yellow > green. (d) The generation efficiency of ALP-positive colonies and timing of GFP
detection demonstrating Oct4-GFEP reporter gene reactivation. ALP-positive colonies (red) in a 10-cm culture dish was shown when
1.0 X 10° of AM cells, YS cells and MEFs were exposed to OSKM reprogranmuning factors and reseeded at day 4.

fully reprogrammed iPSCs (Sridharan & Plath 2008).
Thus, the timing of reactivation of OG is closely

estimated by ALP-staining 21 days after OSKM trans-
fection with reseeding at day 4. Notably, the num-

linked with the efficiency of reprogramming. Activa-
tion of exogenous OG was detected in some cell
populations in every colony around 10 days after
OSKM transfection of AM and YS cells, similar to
control MEFs examined here and those reported
previously (Fig. 1d) (Brambrink ef al. 2008). The
reprogramming efficiency of AM and YS cells was

© 2009 The Authors

ber of ALP-positive colonies was similar between
AM cells (4373 £ 983; mean * SEM, u = 3) and
MEFs (4997 + 1049, # = 3), and ~50% in YS cells
(2293 £ 487, n = 3). Thus, the efficiency of AM
reprogramming by OSKM is comparable to that of
MEFs, and far exceeds that of adult somatic cells
(Fig. 1d).

Genes to Cells (2009) 14, 1395-1404
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Germline-transmissible chimeras with AM and
YS-miPSCs

To address in vivo differentiation potential of the AM
and YS-miPSCs, approximately 10 agouti miPSCs were
microinjected into C57BL/6] X BDF1  blastocysts
(black), and transferred into white ICR foster mothers
to generate chimeras. Three male YS-miPSC and two
female AM-miPSC lines were tested for chimera forma-
tion. X-gal staining analysis on sections of E15.5
embryos demonstrated successful generation of nor-
mally developing chimeric embryos with OG/Neo-
LacZ miPSC contribution to the majority of tissues in
all miPSC lines examined (data not shown). We next
examined the miPSC potential for normal growth to
sexual maturity and germline transmission. Two high-
degree chimeric mice with a YS-miPSC line and three
high-degree chimeric mice with two AM-miPSC lines,
characterized by the >50% contribution of agouti coat
color (Fig. 2a), developed normally into adulthood.
However, an adult YS-miPSC chimera developed a
neck tumor around 810 weeks after birth, which may
be due to reactivation of the exogenous c¢-Myc as
reported previously (Nakagawa et al. 2008). Testes iso-
lated from affected males were bisected and one-half
was X-gal-stained for LacZ activity whereas the other
half was cryosectioned. Blue staining in the seminiferous
tubule indicated that YS-miPSCs could contribute to
germ cell development. To confirm this, testis cryosec-
tions immunohistochemically stained with antibodies
against LacZ (iPSC-derived cell marker) and TRA98
(spermatogonia and spermatocyte marker) (Fig. 2b).
Germ cells in all tubules were positive for TRA9S,
whereas germ cells in only some seminiferous tubules
were positive for LacZ, clearly demonstrating that
YS-miPSCs are capable of contributing to the differen-
tiating germ line in chimeras. Finally, to examine
whether the genetic information of YS-miPSCs was
transmissible to the next generation, DNA isolated from
progeny of the remaining YS-miPSC chimera was
analyzed by genomic PCR with a primer set specific to
Neo. Seven of the thirty-five pups examined were
positive, demonstrating that YS-miPSCs are able to
differentiate into fully functional germ cells (Fig. 2c).
In one of three female AM-miPSC chimeric mice,
competence for contribution to germ cells was detected
by X-gal staining analysis of ovaries (data not shown).

Teratoma formation with AM and YS-miPSCs
The differentiation competence of AM and YS-

miPSCs was further tested by teratoma formation

Genes to Cells (2009) 14, 1395-1404

induced by injection of cells into the inguinal region
of immunodeficient SCID mice. Teratomas were
isolated 5-8 weeks after for histological analysis and
for gene expression analysis. Hematoxylin—eosin (HE)
staining of paraffin sections demonstrated that the
three primary layers were generated as morphologi-
cally shown by ectodermal glia and neuroepithelium,
mesodermal muscle and endodermal ciliated epithe-
lium and cartilage (Fig. 2d). Multi-lineage differentia-
tion of miPSCs was verified by transcription of
endodermal, mesodermal and ectodermal genes in the
majority of teratomas (Fig. 2e).

Generation of iPSCs from human AM cells

To examine whether hiPSCs could be efficiently gen-
erated from primary AM cells isolated from the amni-
otic membrane (~100 cm?) of the placenta of
newborn human (Fig. 3a), the reprogramming factors
OCT4, SOX2, KLF4 and -MYC were introduced by
vesicular stomatitis virus G glycoprotein (VSV-G) ret-
roviral transduction. About 20 AM-hiPSC lines were
established from 1.0 X 10° AM cells infected (0.02%).
The efficiency of AM-hiPSC generation is markedly
high relative to that with cells from human adult tissues
(Yu et al. 2007). AM-hiPSCs were morphologically
similar to human ESCs (hESCs) (Fig. 3a). Immunohis-
tochemical analyses demonstrated expression of the
pluripotent cell-specific nuclear proteins OCT4,
SOX2 and NANOG, and the keratan sulfate proteo-
glycan TRA-1-60 (Fig. 3b) consistent with the profile
observed in hESCs. To extend this analysis, we exam-
ined the expression profile of genes by RT-PCR.. The
endogenous reprogramming factor genes OCTHY,
SOX2, KLF4 and ¢-MYC were all activated in AM-
hiPSCs, whereas the transgenes were fully silenced
(Fig. 3c). Expression of pluripotent cell-specific genes
NANOG, REX1, GDF3, ESG1, FGF4, TERT and
RONIN were also activated in all AM-hiPSC clones
consistent with the profile of control hESCs (Fig. 3c).
Notably, transcription of KLF4, -MYC, and RONIN
was detected not only in AM-hiPSCs but also AM
cells. Similar to mouse AM and YS cells, endogenous
expression of KLF4, ¢-MYC and RONIN in human
AM cells may facilitate acquisition of reprogramming
competency for efficient generation of hiPSCs.

DNA methylation of OCT4 and NANOG in
AM-hiPSCs

To further characterize the pluripotent nature of
AM-hiPSCs, the promoter CpG methylation status

© 2009 The Authors
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Figure 2 Pluripotency of AM and YS-miPSCs. (a) Chimeric mice with female AM-miPSCs and male YS-miPSCs. Inset: X-gal
staining of testis collected from an adult YS-miPSC chimera (blue cells are YS-miPSC derivatives). (b) Immunohistochemical dou-
ble staining of testis cryosections from a YS-miPSC chimera with anti-LacZ (YS-miPSC-derived germ cells) and anti-TRA98
(spermatogonia and spermatocytes) antibodies. (¢) Genotyping of progeny obtained by backcrossing with YS-miPSC chimeras. Neo
positive demonstrates germline transmission of YS-miPSC genetic information. Gapdh is positive control. (d) Hematoxylin-eosin
staining of teratoma sections generated by AM and YS-miPSC implantation. GL, glia (ectoderm); NE, neuroepithelium (ecto-
derm); CE, ciliated epithelium (endoderm); CA, cartilage (ectoderm); MU, muscle (mesoderm). (e) Transcription analysis of
lineage-specific genes in teratomas generated with AM and YS-miPSCs. Gray rectangle: endoderm makers; purple rectangle: meso-
derm markers; pink rectangle: ectoderm markers. Afp, o-Fetoprotein; Alb, albumin; Des, desmin; Nes, Nestin; Nf-m, neurofilament-M,
Gdh, Gapdh (positive control).

of key pluripotency genes was examined by bisul-
fite-modified DNA sequencing. Promoters of both
OCT4 and NANOG were found to highly methy-
lated in hAM cells, consistent with transcriptional
silencing in these cells. Conversely, both promoter
regions were hypo-methylated in AM-hiPSCs con-
sistent with the observed reactivation (Fig. 3d).
These data demonstrate that human AM cells are
capable of being epigenetically reprogrammed to
AM-hiPSCs through forced expression of repro-

gramming factors.

© 2009 The Authors

Teratoma formation with AM-hiPSCs

To address whether the AM-hiPSCs have compe-
tence to differentiate into specific tissues, teratoma
formation was induced by implantation under the
kidney capsule of immunodeficient nude mice.
Twenty-one out of twenty-four AM-hiPS inde-
pendent clones induced teratoma formation within
6-10 weeks of implantation (1.0 X 107 cells/site).
Histological analysis by HE staining of paraffin-
embedded sections demonstrated that the three
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Figure 3 Generation of iPSCs from human AM cells. (a) Isolation of hAM cells from extra-embryonic tissues of human newborns
and generation of hiPSCs through epigenetic reprogramming by retroviral infection-mediated expression of OCT4, SOX2, KLIF'4
and -MYC. (b) Expression of pluripotent cell marker proteins, NANOG, OCT4, TRA-1-60 and SOX2. Cell nuclei were visual-
ized with DAPI. (c) Transcriptional activation of pluripotent marker genes by hiPSC induction. RT-PCR. analyses revealed that
the exogenous OCT4, SOX2, KLF4 and ¢-MYC genes were silenced and the endogenous pluripotent marker genes were activated
in AM-hiPSCs. KLF4, ¢-MYC and RONIN were expressed even in hAM cells before reprogramming. EIF4G2 (eukaryotic transla-
tion initiation factor 4 ganwna 2) is included as a positive control. {d) Epigenetic reprogramming of the OCT4 and NANOG pro-
moter regions. Bisulfite-modified DNA sequence analysis demonstrated a transition from hyper-methylation in AM cells (black
circles) to hypo-methylation in AM-hiPSCs (white circles). (¢) Hematoxylin-eosin staining of teratoma sections of teratoma gener-
ated by AM-hiPSC implantation. GL, glia (ectoderm); NE, neuroepithelium (ectoderm); CE, ciliated epithelium (endoderm); CA,

cartilage (ectoderm); MU, muscle (mesoderm).

primary layers were generated as shown by ectoder-
mal glia and neuroepithelium, mesodermal muscle
and endodermal ciliated epithelium and cartilage
morphologically (Fig. 3e). Thus, the majority of AM-
hiPSC clones have potential for multi-lineage differ-
entiation in vivo.

Discussion

We here demonstrated that hiPSCs and miPSCs were
efficiently generated from newborn AM cells, in
which endogenous KIf4, c-Myc and Ronin were highly
expressed. The generation efficiency of miPSCs from
AM cells was comparable to that from MEFs in mice
and was notably high to that from adult somatic cells
in humans. The properties of AM-hiPSCs and AM or

Genes to Cells (2009) 14, 1395-1404

YS-miPSCs resemble those of fully reprogrammed
iPSCs from other tissues and ESCs.

iPSCs are generated through epigenetic reprogram-
ming of somatic cells. Information on the base
sequence of DNA in nuclei is unchanged through the
reprogramming, although the gene expression profile
is altered through the reprogramming from the somatic
cell to the iPSC type. Developmentally rewound
iPSCs retain aged DNA base sequence information
inherited from somatic cells. The base sequence of
DNA accumulates mutations through aging with cell
division and mis-repair. Young somatic cells are suit-
able for iPSC generation rather than aged somatic cells.
Therefore, it is suggested that the AM cells accumulat-
ing less genetic mutation are safer than the adult
somatic cells as a cell source for iPSC generation.

© 2009 The Authors
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The generation efficiency of OG-positive colonies
was approximately four times lower than that of
ALP-positive colonies and it is likely that miPSC
generation will be further reduced (Wernig ef al.
2008). Furthermore, when pre-iPSCs are reseeded,
the generation efficiency of iPSC outcome could be
roughly estimated as 1/2% (X = reseeded day after
infection or transfection; doubling time of pre-iPSC
is estimated as 24 h). Recently, iPSC generation tech-
nology has been developed and improved with MEFs
and human embryonic or newborn fibroblasts (HNFs)
as representative somatic cells. Even with these types
of cells, application of the current technology resulted
in a marked decrease in iPSC generation efficiency.
The retroviral transduction-mediated miPSC genera-
tion efficiency is 0.05-0.1% with MEFs (Takahashi
et al. 2007; Wernig et al. 2007). The generation effi-
ciency of hiPSCs (~0.01% in ALP-positive colony
and 0.0025% in hiPSC outcome) (Yu et al. 2007,
Wernig et al. 2008) is ~10 times lower than that of
miPSCs. The generation efficiency of genetic modifi-
cation-free hiPSCs from HNFs by direct delivery of
reprogramming proteins is estimated at about 0.001%
in outcome (Kim ef al. 2009). Notably, it is evident
that the generation of hiPSCs from adult somatic cells
is much harder than that from MEFs. In fact, analysis
with a secondary dox-inducible transgene system
shows that the efficiency varies between different
somatic cell types (Wernig ef al. 2008). Thus, for
practical application of iPSC technology to medical
care, identification of reprogramming-sensitive cell
types is a key issue. Human primary keratinocytes are
one candidate cell type for efficient generation of
hiPSCs from adult patients (the efficiency of ALP-
positive colony = 1.0%) (Aasen et al. 2008). Here, we
have shown that human and mouse AM cells, in
which the endogenous KLF4/KIf4, ¢-MYC/c-Myc and
RONIN/Ronin are naturally expressed, are highly
reprogramming-sensitive (hiPSC generation efficiency
was approximately 0.02% in outcome). An important
point is that relatively huge amounts of human AM
cells can be collected from discarded AM mem-
branes at birth with no risk to the individual. Fur-
thermore, these cells can be kept in long-term storage
without requirement for amplification by in vitro cell
culture.

Our findings illustrate that human AM cells are a
strong candidate cell source for collection and bank-
ing that could be retrieved on demand and used
for generating personalized genetic modification-free
iPSCs applicable for clinical treatment and drug
screening,.

© 2009 The Authors

Efficient iPSC generation from amnion

Experimental procedures
Amnion and yolk sac cells

In mice, AM and YS membranes collected from E18.5
embryos from GOF-18/delta PE/GFP (Oct4-GFP) transgenic
fernales (Yoshimizu ef al. 1999) mated with 129/Rosa26 trans-
genic males (Friedrich & Soriano 1991) were digested with
0.1% collagenase (Wako, Osaka, Japan) and 20% fetal bovine
serum (FBS) at 37 °C for 1 h, and then repeatedly passed
through a 26-gauge needle. The cell suspension was cultured
with mES medium (DMEM/F12 (Dulbecco’s modified Eagle’s
medium/Ham’s F12) (Wako) supplemented with 15% FBS,
107*m 2-mercaptoethanol (Sigma) and 1000 U/mL of recom-
binant leukemia inhibitory factor (Chemicon, Temecula, CA,
USA) containing 5 ng/mL basic fibroblast growth factor
(bFGF) (Peprotech, Rocky Hill, NJ, USA). Following culture
for 2-3 days, the adherent AM and YS cells growing to near-
confluence were applied for iPSC experiments.

In humans, the AM membrane was cut into tiny pieces
with dissection scissors. The AM membrane pieces were cul-
tured in DMEM with 10% FBS for 7-10 days. The adherent
AM cells growing to near-confluence were applied for iPSC
experiments. Primary AM cells were provided from the cell
bank of RIKEN Bioresource Center, Japan.

Generation of iPSCs

In mouse, each of pMXs-Oct4, Sox2, Klf4, c-Myc and DsRed
(an indicator of retroviral silencing) was transfected into the
Plat-E cells using the FuGENE6 Transfection Reagent (Roche
Diagnostics, Indianapolis, IN, USA). A 1:1:1:1:4 mix-
ture of Oct4, Sox2, Klf4, c-Myc and DsRed retroviruses in
supernatants with 4 pg/mL polybrene (Nacalai Tesque, Kyoto,
Japan) was added to AM and YS cells at 1.0 x 10° cells per
3 cm well. At day 4 after infection, the cells were reseeded
into a 10 cm culture dish on feeder cells with mES medium.
Colonies were picked around day 20.

In humans, pMXs-OCT4, SOX2, KLF4 or ¢-MYC, pCL-
GagPol, and pHCMV-VSV-G vectors were transfected into
293FT cells (Invitrogen, Carlsbad, CA, USA) using the
TransIT-293 reagent (Mirus). A 1:1:1:1 mixture of
OCT4, SOX2, KLF4 and ¢c-MYC viruses in supernatant with
4 pg/mL polybrene were added to AM cells at 1.0 x 10° cells
per 3 cm well. The cells were subcultured on feeder cells into
a 10 cm dish with the iPSellon medium (Cardio) supple-
mented with 10 ng/mL bFGF (Wako) (hES medium).
Colonies were picked up around day 28.

Immunocytochemistry

Human and mouse cells were fixed with 4% paraformaldehyde
in phosphate-buffered saline (PBS) for 10 min at 4 °C. After
washing with 0.1% Triton X-100 in PBS (PBST), the cells
were prehybridized with blocking buffer for 1-12h at 4 °C
and then incubated with primary antibodies; anti-SSEA4

Genes to Cells (2009) 14, 1395-1404
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Table 1 Primers for RT-PCR and PCR

Gene name

5'-Forward-3’

5-Reverse-3"

Mice
Oct4 (total)

Oct4 (endogenous)

Oct4 (transgene)
Sox2 (total)
Sox2 (transgene)
Kif4 (total)

KIf4 (endogenous)

KIf4 (transgene)
¢-Myc (total)

¢-Myc (endogenous)

¢-Myc (transgene)
Narnog

Eras

Gdf3

Rex1

Zfp296
Ronin

Igf1

Cdé

Gapdh
o-Fetoprotein
Albumin
Myf-5

MyoD
Desmin

Nestin
Neurofilament-M
Neo
Humans
OCT4 (total)
SOX2 (total)
KLF4 (total)
MYC (total)
NANOG
REX1

GDF3

ESG1

FGF4

TERT
RONIN
EIF4G2
Bis-OCTH4
Bis-NANOG

CTGAGGGCCAGGCAGGAGCACGAG
TCTTTCCACCAGGCCCCCGGCTC

CCCATGGTGGTGGTACGGGAATTC
GGTTACCTCTTCCTCCCACTCCAG
CCCATGGTGGTGGTACGGGAATTC

CACCATGGACCCGGGCGTGGCTGCCAGAAA

GCGAACTCACACAGGCGAGAAACC
CCCATGGTGGTGGTACGGGAATTC
CAGAGGAGGAACGAGCTGAAGCGC
CAGAGGAGGAACGAGCTGAAGCGC
CTCCTGGCAAAAGGTCAGAG
ATGAAGTGCAAGCGGTGGCAGAAA
CAAAGATGCTGGCAGGCAGCTACC
AGTTTCTGGGATTAGAGAAAGC
GACATCATGAATGAACAAAAAATG
AAGCACCCAGATCTGTTGACCT
GCCTCAGAGCTAGAGGCTGCTACG
GGACCAGAGACCCTTTGCGGGG
CCTAAGCACCCTGAAGCAAG
CCCACTAACATCAAATGGGG
TCGTATTCCAACAGGAGG
AAGGAGTGCTGCCATGGTGA
TGCCATCCGCTACATTGAGAG
GCCCGCGCTCCAACTGCTCTGAT
TTGGGGTCGCTGCGGTCTAGCC
GGAGTGTCGCTTAGAGGTGC
GCCGAGCAGACCAAGGAGGCCATT
CGGCAGGAGCAAGGTGAGAT

GCCGTATGAGTTCTGTGG
TAAGTACTGGCGAACCATCT
ACTCGCCTTGCTGATTGTCT
GCGTCCTGGGAAGGGAGATCCGGAGC
ATTATGCAGGCAACTCACTT
CAGATCCTAAACAGCTCGCAGAAT
CTTATGCTACGTAAAGGAGCGGG
ATATCCCGCCGTGGGTGAAAGTTC
CTACAACGCCTACGAGTCCTACA
CCTGCTCAAGCTGACTCGACACCGTG
CACTGTAGACAGCAGTCAGG
AAGGAAAGGGACTGAGTTTC
GATTAGTTTGGGTAATATAGTAAGGT
TGGTTAGGTTGGTTTTAAATTTTTG

CTGTAGGGAGGGCTTCGGGCACTT
TGCGGGCGGACATGGGGAGATCC
AGTTGCTTTCCACTCGTGCT
TCACATGTGCGACAGGGGCAG
TCTCGGTCTCGGACAAAAGT
TTAGGCTGTTCTTTTCCGGGGCCACGA
TCGCTTCCTCTTCCTCCGACACA
GTCGTTGAACTCCTCGGTCT
TTATGCACCAGAGTTTCGAAGCTGTTCG
AAGTTTGAGGCAGTTAAAATTATGGCTGAAGC
GACATGGCCTGCCCGGTTATTATT
CCTGGTGGAGTCACAGAGTAGTTC
GACAAGCAGGGCAAAGGCTTCCTC
GGGCCATGGTCAACTTTGCCT
CCTTCAGCATTTCTTCCCTG
GAGCCTCTGGGGTATCTAGG
TGGAAGGAGTCACGAATTCTGCAG
GGCTGCTTTTGTAGGCTTCAGTGG
ACAACTGGGAACCCACAAAGC
CCTTCCACAATGCCAAAGTT
CACTCTTCCTTCTGGAGATG
CCTAGGTTTCTTGCAGCCTC
CCGGGTAGCAGGCTGTGAGTTG
CCTACGGTGGTGCGCCCTCTGC
GGTCGTCTATCAGGTTGTCACG
TCCAGAAAGCCAAGAGAAGC
CTGGATGGTGTCCTGGTAGCTGCT
CAAGATGGATTGCACGCAGG

TCTCCTTCTCCAGCTTCAC
AAATTACCAACGGTGTCAAC
GAACGTGGAGAAAGATGGGA
TTGAGGGGCATCGTCGCGGGAGGCTG
GATTCTTTACAGTCGGATGC
GCGTACGCAAATTAAAGTCCAGA
GTGCCAACCCAGGTCCCGGAAGTT
ACTCAGCCATGGACTGGAGCATCC
GTTGCACCAGAAAAGTCAGAGTTG
GGAAAAGCTGGCCCTGGGGTGGAGC
TGCCTTTCATCTCTTTCATC
CCAAGAAAGCTTCTTCTTCA
ATCCCACCCACTAACCTTAACCTCTA
AACCCACCCTTATAAATTCTCAATTA

(1 :300) (Chemicon), anti-TRA-1-60 (1 : 300) (Chemicon),
anti-Oct4 (1 : 50) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-Nanog (1 : 300) (ReproCELL, Tokyo, Japan),
anti-Sox2 (1 : 300) (Abcam, Cambridge, UK) and/or anti-
SSEA1 (1:1000) (DSHB) antibodies for 6-12h at 4 °C.
They were incubated with secondary antibodies; anti-rabbit

Genes to Cells (2009) 14, 1395-1404

IgG, anti-mouse IgG or anti-mouse IgM conjugated with
Alexa 488 or 546 (1 : 500) (Molecular Probes, Eugene, OR,
USA) in blocking buffer for 1 h at room temperature. The
cells were counterstained with 4,6-diamidino-2-phenylindole
(DAPI) and then mounted with a SlowFade light antifade
kit (Molecular Probes). To examine germline competence,

© 2009 The Authors
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cryosections of a half of a testis of 4- to 5-week-old chimeric
mice were fixed with 4% paraformaldehyde in PBS for over-
night at 4 °C, and then prehybridized with blocking buffer.
The sections were double-stained with primary antibodies;
anti-LacZ antibody (1 : 500) (Promega, Madison, WI, USA)
specific to miPSC-derived cells and with anti-TRA98 anti-
body (1 :500) specific to spermatogonia and spermatocytes.
The remaining testis and ovaries were stained with X-gal.

RT-PCR

Total RNAs were isolated from mouse and human cells using
the TRIzol (Invitrogen) and the RNeasy Plus Mini Kit
(Qiagen, Valencia, CA, USA), respectively. cDNAs were syn-
thesized from 1 pg total RNAs using Superscript II reverse
transcriptase (Invitrogen) with random hexamers according to
the manufacturer’s instructions. Template cDNA was PCR-
amplified with gene-specific primer sets (Table 1).

Gene expression microarray

Total RNA was extracted from mouse cells using the TRIzol
Reagent. Double-stranded cDNA synthesized from the total
RNA was amplified and labeled using the One-Cycle Target
Labeling and Control Regents (Affymetrix, Santa Clara, CA,
USA). Global gene expression was examined with the Gene-
Chip Mouse Genome 430 2.0 Array (Affymetrix). The fluo-
rescence intensity of each probe was quantified by using the
GeneChip Analysis Suite 5.0 computer program (Affymetrix).
The level of gene expression was determined as the average
difference (AD). Specific AD levels were then calculated as
percentages of the mean AD level of probe sets for housekeep-
ing genes Actin and Gapdh. To eliminate changes within the
range of background noise and to select the most differentially
expressed genes, data were used only if the raw data values
were less than 50 AD. Further data were analyzed with Gene-
Spring GX 7.3.1 (Agilent Technologies, Santa Clara, CA,
USA).

Reprogramming efficiency

The reprogramming efficiency of mouse YS and AM cells was
estimated by counting the number of ALP-positive colonies
21 days after retroviral infection. The cells in 10 cm culture
dish were fixed with 4% paraformaldehyde in PBS for 15 min
at room temperature and washed with PBS. After treating with
ALP stain (pH 9.0) for 30 min at room temperature, the num-
ber of ALP-positive cells was counted.

Chimera

AM-miPSCs (2n = 40, XX) and YS-miPSCs (2n = 40, XY)
were microinjected into blastocysts (C57BL/6] X BDF1). The
blastocysts were transferred into the uterus of pseudopregnant
ICR female mice. Chimeric mice were mated with C57BL/6]

© 2009 The Authors
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for examining germline transmission. The genotype of the
progeny was determined with tail tip DNA by genomic PCR
with a Neo-specific primer set (Table 1). All animal experi-
ments were performed according to the guidelines of animal
experiments of Kyoto University, Japan.

Teratoma

In mice, cell suspension of 1.0x 10° AM or YS-mi-
PSCs/100 pL DMEM/F12 was subcutaneously injected into
the inguinal region of immunodeficient SCID mice (CLEA).
In humans, the 1:1 mixture of the AM-hiPSC suspension
and Basement Membrane Matrix (BD Biosciences, San Jose,
CA, USA) were implanted at 1.0 X 107 cells/site under the
kidney capsule of immunodeficient nude mice (CLEA). Ter-
atomas surgically dissected out 5-8 weeks in mice and 6—
10 weeks in human after implantation, were fixed with 4%
paraformaldehyde in PBS, and embedded in paraffin. Sections
at 10 pm in thickness were stained with HE.

Bisulfite-modified DNA sequencing

Genomic DNAs (1 pg) extracted from AM-hiPSCs and hAM
cells were bisulfite-treated with EZ DNA methylation-Gold
Kit (ZYMO Research, Orange, CA, USA) according to the
manufacturer’s instruction. The promoter regions of the
human NANOG and OCT4 genes were PCR-amplified with
specific primer sets (Table 1). Ten clones of each PCR prod-
uct were gel-purified, sub-cloned and sequenced with the SP6
universal primer.
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Shortening of Human Cell Life
Span b¥‘ Induction of p16ink4a
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Mesenchymal stem cells (MSCs) are attracting a great deal of attention because they represent a valuable source of cells for use in
regenerative medicine. In human cell culture it is important to obtain large numbers of cells for use in therapy. In this study, we attempted
to prolong life span of a marrow-derived mesenchymal stem cell using a combination of growth factors and hormones. Furthermore we
tested whether chemically defined culture conditions are sufficient for maintenance of multipotent mesenchymal stem cells. Epidermal
growth factor, platelet-derived growth factor-BB (PDGF-BB), acidic fibroblast growth factor (FGF), basic FGF, and leukemia inhibitory
factor were found to be key factors for the mesenchymal stem cell proliferation. The combination of these growth factors showed
extremely strong mitogenic activity, and simultaneously induced the expression of cyclin-dependent kinase inhibitor p | 6ink4a protein and
premature senescence more rapidly than serum-supported culture conditions. The induction of p1 6ink4a by growth factors was mediated
through the mitogen-activated protein kinase (MAPK) cascade. Excess growth stimulation by growth factors was thus one of the cuiture
stress signals and a trigger of premature senescence at least in human cells.
J. Cell. Physiol. 221: 335-342, 2009. © 2009 Wiley-Liss, Inc.

Bone marrow-derived mesenchymal stem cells, which provide
a physical scaffold for hematopoiesis, differentiate into
osteoblasts, chondrocytes, skeletal myocytes, adipocytes, and
cardiomyocytes in vitro (Pittenger et al., 1999). Moreover,
recent studies suggest that bone marrow-derived mesenchymal
stem cells can differentiate into a neuronal lineage in addition to
cells of mesodermal origin (Mori et al., 2005). Since the use of
bone marrow-derived mesenchymal stem cells entails no
ethical or immunological problems, they are considered a useful
source of cells for transplantation. The phenotype of
mesenchymal stem cells can be maintained in cultivation, and
are recognized as adherent fibroblastic cells and spindle shaped
(Umezawa et al., 1992). Mesenchymal stem cells have been
shown to display a considerable therapeutic potential in
pre-clinical (Kopen and Phinney, 1999; Petite et al., 2000;
Mahmood et al., 2004; Jaquet et al,, 2005; Lange et al., 2005;
Toégel et al,, 2005) and clinical (Horwitz et al,, 1999; Kog et al.,
2000, 2002; Chen et al., 2004; Le Blanc et al., 2004) studies for
treatment of neuronal degeneration, osteogenesis imperfecta,
graft versus host diseases, support of hematopoietic
engraftment, metabolic diseases, bone and cartilage tissues, as
well as renal and myocardial infarction.

In clinical applications of mesenchymal stem cells, it is
important not only to remove animal serum from the culture
medium for reasons of medical safety with respect to infectious
disease (Lennon et al., 1995; Wiles and Johansson, 1999; Yao
et al., 2004), but also to obtain large numbers of cells for
injection into damaged sites in humans. The cells must be
propagated in vitro to obtain large numbers of cells; however,
Hayflicl('s problem is unavoidable in normal cells (Hayflick and
Moorhead, |96 1; Campisi, 2001). That is, most vertebrate cells
stop dividing after a finite number of cell divisions in culture, a
process called “senescence” (Wei and Sedivy, 1999; Campisi,
2001). Marrow-derived mesenchymal cells divide

©® 2009 WILEY - LISS., INC.

approximately 25—40 times in culture before they cease dividing
or reach senescence (Mori et al,, 2005). Senescence is classified
into two categories: “stress-induced premature senescence”
or “telomere-independent senescence” and “replicative
senescence” or “telomere-dependent senescence” (Rheinwald
et al,, 2002; Beausejour et al., 2003). pl6ink4a, a cyclin-
dependent kinase inhibitor is up-regulated in senescent cells
(Hara et al,, 1996; Serrano, 1997). This upregulation is directly
linked to the increase of the number of cell doublings (Alcorta
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et al., 1996). Inhibition of the pl6/Rb pathway is sufficient to

prolong the life span of cells in cultures of marrow-derived cells
(Mori etal., 2005). Alleviation of culture stress is thus necessary
to prolong the life span of mesenchymal cells.

Mesenchymal stem cells have been cultivated in medium
supplemented with fetal calf serum (FCS). FCS, however, is an
undesired source of xenogeneic antigens (Martin et al., 2005)
and bears the risk of transmitting animal viral, prion, and
zoonose contaminations. Additionally, FCS has been implicated
in anaphylactic immune reactions in patients who received cells
generated in FCS-supplemented medium (Selvaggi et al., 1997),
even leading to arrhythmias after cellular cardioplasty
(Chachques et al., 2004). Serum-free medium or chemically
defined medium containing growth factors needs to be
developed for clinical trials {Lange et al., 2007). Fibroblast
growth factor (FGF) is an important growth factor for
expansion of mesenchymal stem cells. Basic FGF (bFGF)
increases the growth rate of mesenchymal stem cells, and FGF
signaling is essential for proliferation of mesenchymal stem cells
(Ng et al., 2008). Platelet-derived growth factor (PDGF)
signaling is also important in growth (Ng et al,, 2008) and
migration of mesenchymal stem cells, but not in differentiation.
Furthermore, transforming growth factor-B (TGF-B) is
important for proliferation of mesenchymal stem cells in a
Smad-3 dependent manner.

In this study, we sought to determine whether a default-like
mechanism underlies mesenchymal specification in vitro
(Tropepe et al., 2001). We report here that chemically defined
serum-free culture conditions are sufficient for maintenance of
multipotent mesenchymal stem cells. Furthermore,
proliferation of the mesenchymat stem cells can be enhanced by
PDGF and/or bFGF-related signaling, in a manner that is
consistent with a default model of mesenchymal fate
specification.

Methods
Cells and cell culture

After signed informed consent was obtained, bone marrow cells,
chondrocytes and preadipocytes were harvested from surgical
specimens with the approval (approval number, #25 and #49) of
the Ethics Committee of the National Institute for Child and Health
Development, Tokyo. Celis were resuspended in Dulbecco’s
modified Eagle’s medium (DMEM) and cultured as previously
described (Imabayashi et al., 2003; Takeda et al., 2004; Mori et al,,
2005). Several bone marrow stromal cell strains were generated
from primary or first passage cells using the limiting dilution
method. The dissected cartilage was digested for 30 min in
0.08% trypsin in Dulbecco’s phosphate-buffered saline (PBS) at
37°C, followed by two washes with PBS. The cartilage was then
digested by incubation with 0.1% collagenase for 1 h at 37°C in
DMEM. The released chondrocytes were harvested by
centrifugation. The harvested cells were plated onto culture dishes
and cultured in LS (described below) medium or DMEM
supplemented with 10% fetal calf serum. Adipose tissue was
dissected and washed twice in PBS. The dissected tissue was plated
onto culture dishes and cultured in DMEM supplemented with
10% fetal calf serum or LS growth medium. After several days,
outgrowth of preadipocytes occurred. Adult human mesenchymal
stem cells (Poietics normal Human Mesenchymal Stem Cells,
catalog number: #PT-2501, lot number: 2F1657) were purchased
from BioWhittacker (Walkersville, MD). We call these cells MF in
this study to differentiate these cells from the general term
"mesenchymal cells’ and avoid confusion. Mesenchymal stem cell
growing medium (MSCGM) (BioWhittacker) was used for
“conventional growth medium”. «MEM basal medium
supplemented with 1% FCS, insulin, transferrin, selenic acid,
phosphoethanolamine, 10 ng/ml (0.3 1 nM) PDGF-BB, and 10 ng/ml
(0.59 nM) bFGF was prepared as “low-serum (LS) growth
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medium.” H4-1, UE6E7T-12, UE7T-13 and H8-10 cells were
cultured as previously described (Imabayashi et al., 2003; Takeda
et al., 2004; Mori et al,, 2005).

Flow cytometric analysis

Cells were detached and stained for 30 min at 4°C with primary
antibodies and immunofluorescent secondary antibodies. After
washing, the cells were analyzed using a CYTMETRIC FC500 flow
cytometer (Beckman Coulter, Fullerton, CA). Antibodies to
CD!40a (aR1, BD Bioscience, San Jose, CA) and CD [40b (28D4,
BD Bioscience) were used as primary antibodies. As secondary
antibodies, PE labeled Mouse IgG| (Beckman Coulter) and IgG2a
(PharMingen, San Diego, CA) were used.

Cell proliferation

Cell proliferative capacity was assessed by calculating the total
number of population doublings (population doubling level or
accumulative population doublings), using the formula log,¢ (total
number of cells/starting number of cells)/log|o2. The number of
cells was counted by ViCell (Beckman Coulter) at each passage.
Cell proliferation was also measured by a colorimetric assay using
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-dissulfophenyl)-2H-
tetrazolium (WST-I: Dojindo, Japan). Exponentially growing cells
(3.5 x 10%) were plated in a 24-well plate in 500 pl per well of
DMEM/20} combined medium supplemented with 5 pug/mi insulin,
5 pg/ml transferrin, and 0.5% serum. After 24 hr, the growth
medium was changed to the medium containing growth factors.
After incubation at 37°C for 4 days, 50 pl of 3.2 mg/ml WST-1 was
added to each well and incubated at 37°C for an additional 20 min.
Optical densities were measured using a microplate reader with a
wavelength of 450 nm.

Woestern blot analysis

To detect pi6ink4a and tubulin, immunoblotting was performed as
previously described (Sano et al,, 2001) with antibodies against
pléink4a (G175-1239, BD Bioscience) and tubulin (TUB2.1,
Sigma-Aldrich Japan, K.K., Tokyo, Japan).

GeneChip expression analysis

Human-genome-wide gene expression was examined with the
Human Genome UI33A Probe array (GeneChip, Affymetrix),
which contains 22,283 oligonucleotide probe sets, according to the
manufacturer’s protocol (Expression Analysis Technical Manual
and GeneChip small sample target labeling Assay Version 2
technical note. htip://www.affymetrix.com/support/technical/
index.affx).

Results
Effects of growth factors on growth of
mesenchymal cells

To determine which growth factors are effective for promoting
mesenchymal cell growth, we investigated the expression levels
of growth factor receptors in H4-1, UE6E7T-12, and UE7T-13
cells by the DNA chip analysis (Table 1). All the cells tested
expressed receptors for epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), insulin-like growth
factor (IGF), transforming growth factor (TGF), and fibroblast
growth factor (FGF). We therefore investigated the effects of
VEGF, EGF, bFGF and PDGF on the growth of MF cells (Fig. | A).
Among the growth factors tested, PDGF and bFGF accelerated
cell growth. After combination of the growth factors were
tested, we decided to use PDGF and bFGF for subsequent
experiments. To obtain maximum growth, we also examined
the effects of basal medium, hormone, and fat precursors (data
not shown). Based on the results, we established the low serum
growth medium (LS medium: «MEM basal medium
supplemented with 1% FCS, insulin, transferrin, selenic acid,



