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Efficient Differentiation of Human Pluripotent Stem Cells
into Mesenchymal Stem Cells by Modulating Intracellular
Signaling Pathways in a Feeder/Serum-Free System

Ngoc-Tung Tran, Quynh-Mai Trinh, Gyun Min Lee, and Yong-Mahn Han

Mesenchymal stem cells (MSCs) derived from human pluripotent stem cells (hPSC-derived MSCs) will be one
promising alternative cell source for MSC-based therapies. Here, an efficient protocol is demonstrated for
generating hPSC-derived MSCs under a feeder-free culture system by regulating signaling pathways. Si-
multaneous treatments with Activin A, BIO (6-bromoindirubin-3"-oxime), and bone morphogenetic protein 4
(ABB) activated the transcription of mesoderm-lineage genes such as T, MIXL1, and WNT3 in hPSCs. The ABB-
treated hPSCs could develop into CD105" cells with a high efficiency of 20% in the MSC-induction medium. The
properties of the hPSC-derived CD105" cells were similar to those of adult MSCs in terms of surface antigens.
Also, hPSC-derived MSCs had the potential to differentiate into adipocytes, osteoblasts, and chondrocytes in
vitro. The results demonstrated that functional MSCs could be generated efficiently from hPSCs by the combined

modulation of signaling pathways.

Introduction

ESENCHYMAL STEM CELLS (MSCs) were first identified in

bone marrow [1] and have great potential for use in
MSC-based therapies. Moreover, MSCs can be isolated from
various adult tissues such as adipose tissues, cord blood,
peripheral blood, neonatal tissues, and human placenta,
among others [2-5]. MSCs are multipotent in that they can
differentiate into several mesenchymal lineage cell types such
as osteocytes, chondrocytes, tendonocytes, adipocytes, myo-
cytes, and fibroblasts. In addition, they can transdifferentiate
into neural cells [6,7], cardiomyocytes [8], endothelial cells [9],
and hepatocytes [10] under the appropriate medium.

Adult MSCs are considered to be immunologically inert,
because they express class I but not class II major histocom-
patibility complex antigens or costimulatory molecules [11-13].
In fact, it is postulated that MSCs have a potent immunosup-
pressive effect in vivo [14]. However, there are several limita-
tions to the clinical application of adult MSCs. The presence of
MSCs in adult tissues is very rare [15] and the in vitro expan-
sion of adult MSCs is restricted because of replicative senes-
cence [16-20]. To try to get around these limitations, MSCs
derived from human pluripotent stem cells (hPSCs) could be
employed as an alternative source in cell therapy.

hPSCs, such as embryonic stem cells (ESCs) and induced
PSCs (iPSCs), are pluripotent in that they self-renew indefi-
nitely and differentiate into various cell types of the 3 germ
layers. Human ESCs (hESCs) retain their pluripotency via

coordinated networks of intracellular signaling pathways
such as fibroblast growth factor receptor, transforming
growth factor p (TGF-f), wingless-int-very popular signaling
pathways in cells (WNT), and others [21-25]. Therefore, it is
conceivable that a signaling pathway or a combination of
multiple signaling pathways might be associated with the
differentiation of hESCs into a specialized lineage, either
directly or indirectly. In fact, the differentiation of hESCs into
trophoblasts, primitive endodermal cells, and mesodermal
cells can be induced by treatment with bone morphogenetic
protein 2/4 (BMP2/4), a member of the TGF-B superfamily
[26,27]. Both the activation of activin/nodal signaling and
the suppression of PI3K signaling resulted in the induction of
hESCs to definitive endodermal cells [28]. Treatments with
Noggin and SB431542 inhibit SMAD signaling in hESCs and
human iPSCs (hiPSCs), thereby resulting in differentiation
into neural cells [29]. The combined regulation of MEK/ERK
and BMP4 signaling pathways can induce hPSCs into func-
tional CD34" progenitors with high efficiency [30]. A mul-
tipotent mesoderm-committed progenitor population,
CD326~CD56", was generated from hESCs in the presence
of Activin A, BMP4, vascular endothelial growth factor
(VEGF), and fibroblast growth factor 2 [31], and Activin A/
Nodal and BMP4 induce cardiogenic mesoderm in both
human and mouse PSCs [32]. Additionally, there is a com-
mon approach in which specialized cell types can be isolated
from embryoid body-derived differentiated cells using anti-
bodies against cell type-specific surface antigens [33,34].
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Several approaches have been tried to generate MSCs from
hPSCs using a coculturing system with OP9 feeder cells and /
or spontaneous differentiation protocols [35-38]. Further,
MSCs can be derived from hPSCs by culturing in medium
supplemented with growth factors such as basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF), and
platelet-derived growth factor AB (PDGF-AB) [39,40]. How-
ever, these protocols seem to be inadequate for clinical ap-
plication because of low efficiency and contamination by
animal sources. In this study, MSCs could be derived from
hPSCs by an efficient protocol carried out under a feeder- and
serum-free system. The modulation of TGF-B, WNT, and
BMP4 signaling pathways was effective in inducing hPSCs to
differentiate into the mesodermal lineage under a feeder-free
system. When cultured in MSC-induction medium containing
bFGF and EGF, hPSC-derived mesodermal cells developed
into CD105 " MSCs with a high efficiency (>20%). Like adult
MSCs, hPSC-derived CD105" MSCs were positive for CD29,
CD44, CD73, CD90, and human leukocyte antigen (HLA)-
ABC, but negative for CD34, CD45, CD31, and HLA-DR.
Further, they could differentiate into adipocytes, osteoblasts,
and chondrocytes in vitro. Thus, hPSC-derived MSCs
are multipotent and functional. This signaling-controlled,
serum/feeder-free system will be adequate for understanding
the developmental process of hPSCs into a specialized lineage
because of diminished effects of unknown factors, which may
arise from serum and coculture with feeder.

Materials and Methods
Maintenance of hPSCs

In this study, CHA4-hESC (passages 30 to 60) [41] and
OSKM-hiPSC (passages 20 to 50) [30] lines were used. The
hPSCs were cultured in unconditioned medium (UM) con-
taining 4-10ng/mL bFGF (Invitrogen, Carlsbad, CA) on
Mitomycin C (Sigma, St. Louis, MO)-treated STO (ATCC
CRL-1503) feeders at 37°C, in air containing 5% CO,. The
UM consisted of Dulbecco’s modified Eagle medium:
nutrient mixture F-12 (DMEM/F12) medium containing 20%
knockout serum replacement, 1% nonessential amino acids,
and 0.1 mM B-mercaptoethanol (all from Invitrogen, Carls-
bad, NM). The medium was changed daily. For feeder-
free cultures, hPSCs were maintained on Matrigel® (BD
Biosciences, Bedford, MA)-coated culture dishes in STO-
conditioned medium (CM) supplemented with 8ng/mL
bFGF as previously described [42].

Differentiation of hPSCs into CD105" MSCs

Supplementary Figure S1A (Supplementary Data are
available online at www liebertonline.com/scd) depicts the
overall procedures for the differentiation of hESCs into
functional MSCs. Briefly, hESC clumps were transferred into
matrigel-coated dishes in CM containing 8-10ng/mL bFGF
and were then stabilized in an atmosphere of 5% CO, at 37°C
in air for 2 days. To induce mesoderm-lineage cells, hESCs
were incubated in UM containing 5ng/mL Activin A (Pe-
protech, Rocky Hill, NJ), 2uM BIO (6-bromoindirubin-3-
oxime) (Sigma), and 20 ng/mL BMP4 (Peprotech) (ABB) for
3 days. The ABB-treated hESCs were cultured further in the
MSC-induction medium, which contained 90% alpha mini-
mum essential medium («-MEM), 10% SR, 10ng/mL bFGF
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(Invitrogen), and 10ng/mL epidermal growth factor (EGF)
(Peprotech) for 10 days. To isolate CD105" cells, hPSC-
derived cells were first treated with prewarmed Accutase
(Innovative Cell Technologies, San Diego, CA) for 5-10 min
at 37°C, dissociated by gentle pipetting, and then passed
through 40-um cell strainers (BD Biosciences). CD105" cells
were isolated from the dissociated cell population by
magnetic-activated cell sorting (MACS) sorter using a CD105
microbead-conjugated antibody (Miltenyi Biotech, Bergisch
Gladbach, Germany). Sorted cells were maintained and ex-
panded in a-MEM containing 10% fetal bovine serum (FBS).

Differentiation of CD105" MSCs into adipocytes,
osteoblasts, and chondrocytes

The Human Mesenchymal Stem Cell Functional Identifi-
cation Kit (R&D Systems, Minneapolis, MN) was employed
to test the potential of CD105" cells to differentiate into
adipocytes and osteoblasts. Briefly, hPSC-derived CD105"
cells were cultured in basal medium (R&D Systems) con-
taining adipogenic and osteogenic supplements for 2-3
weeks to induce differentiation into adipocytes and osteo-
blasts, respectively. The medium was exchanged with fresh
medium every 3—4 days. The differentiated cells were ana-
lyzed by specific staining for adipocytes and osteoblasts. For
Oil-Red O staining, differentiated cells were fixed in 10%
formalin for at least 1h, washed with 60% isopropanol, dried
completely, and then incubated in Oil-Red O solution (Sig-
ma) for 10min. For Alizarin Red S staining, differentiated
cells were fixed in ice-cold 70% ethanol for 1h at room
temperature, rinsed twice with distilled water, and then in-
cubated with Alizarin Red solution (Sigma) at room tem-
perature for 30 min. For Von Kossa staining, differentiated
cells were fixed in 10% formalin for 30 min, stained with 5%
silver nitrate under ultraviolet light for 10min, and then
fixed with 5% sodium thiosulfate for 5min to remove non-
reacted silver. After washing with distilled water, stained
cells were observed under normal light with a fluorescence
microscope (Olympus, Tokyo, Japan).

Chondrogenic differentiation of MSCs was carried out
according to the manufacturer’s procedure using a StemPro
Chondrogenesis Differentiation kit (Invitrogen). Briefly,
hPSC-derived CD105" cells (1.6 x 10 viable cells/mL) were
cultured in 5 pL droplets of cell solution for 3—4 weeks. The
hMSC-derived cell pellets were fixed in 4% formaldehyde
overnight, cryosectioned using a Leica CM1850 cryostat
(Leica Microsystems, Wetzlar, Germany), and then subjected
to Alcian Blue staining and immunostaining to detect glyco-
saminoglycan and aggrecan, respectively.

Total RNA extraction and real-time reverse
transcription—polymerase chain reaction

TRIzol (Invitrogen) was used to extract total RNA from
cells according to the manufacturer’s protocol. Approxi-
mately 1-2 pg of total RNA was used to generate first-strand
c¢DNA using Superscript II reverse transcriptase (Invitrogen),
and ¢cDNA was amplified using a polymerase chain reaction
(PCR) PreMix (Genetbio, Daejeon, Korea). The primers used
in this study are listed in Supplementary Table S1. The
thermocycling conditions used were as follows: an initial
step at 95°C for 5min, 25-35 cycles of 30s at 94°C, 30s at
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60°C, and 30s at 72°C, followed by a final elongation step at
72°C for 5min. The PCR products were analyzed by elec-
trophoresis on a 1.5% agarose gel. The cDNA from total
RNA was also used for real-time PCR using a Prime
Q-Master mix (with SYBR Green I; Genetbio). Product am-
plification was performed on an iCycler iQ5 Real-Time de-
tection system (Bio-Rad Laboratories, Hercules, CA). The
reaction parameters for real-time reverse transcription (RT)-
PCR analysis were 95°C for 10 min followed by 40 cycles of
95°C for 30s, 60°C for 30s, and 72°C for 30s, with a final
elongation step at 72°C for 5 min. Melting curve analysis was
employed to verify the absence of nonspecific peaks. All
reactions were performed in triplicate.

Immunostaining

The cells were washed with Ca®>*/Mg”*-free phosphate-
buffered saline (PBS; Invitrogen) and fixed in 4% formalde-
hyde at room temperature for 20min. For detection of
specific marker proteins, the cells were permeabilized with
0.1% Triton X-100 in PBS for 30 min, blocked with 4% normal
donkey serum for 1h at room temperature, and incubated
with the respective primary antibodies at 4°C overnight. In
this study, primary antibodies against octamer-binding
transcription factor 4 (OCT4) (1:200), T (1:200), fat acid-
binding protein (FABP-4) (1:30), osteocalcin (1:30), and
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aggrecan (1:30) were properly diluted with blocking solution.
Finally, the cells were washed several times with 0.1% Tween-
20 in PBS and incubated with Alexa-488- or Alexa-594-
conjugated secondary antibodies (Invitrogen). Immunostained
cells were observed on a fluorescence microscope (Olympus).

Western blotting

Total proteins were extracted from cells using the PRO-
PREP™ protein extraction kit (Intronbio, Seong-Nam, Korea)
and were quantified by the Bradford assay. Total proteins
(20-30 ng) were separated by 10% SDS-PAGE and trans-
ferred to a nitrocellulose membrane (Bio-Rad). The blotted
membranes were blocked with 5% skim milk dissolved in
TBST [10mM Tris-HCl1 (pH 7.5), 150 nM NaCl, and 0.1%
Tween-20] for 1h at room temperature. The membranes were
then incubated at 4°C overnight with primary antibodies for
OCT3/4 (Santa Cruz Biotechnology, Santa Cruz, CA;
1:1,000), T (R&D; 1:500), phospho-SMAD1/5/8 (Cell Sig-
naling Technologies, Boston, MA; 1:1,000), SMAD1 (Abcam,
Cambridge, MA; 1:1,000), B-catenin (Santa Cruz; 1:300),
phospho-B-catenin (Santa Cruz; 1:1,000) and a-tubulin (Sigma;
1:3,000), respectively. After washing 3 times with TBST, the
samples were treated with the appropriate HRP-conjugated
secondary antibody (Santa Cruz Biotechnology; 1:3,000)
in blocking solution at room temperature for 1h. The

FIG. 1. Induction of hESCs

l to the mesodermal lineage by
combined treatments with
BIO, Activin A, and BMP4. (A)
Expression patterns of meso-
derm-lineage genes (T, MIXLI,
and WNT3), ectoderm-lineage
genes (SOX1 and ZIC1), and
endoderm-lineage genes
(SOX17 and CXCR4) in ABB-
treated hESCs (ABB stands for
a combination of Activin A,
BIO, and BMP4). Real-time
PCR was used to estimate and
compare the expression levels
of early developmental genes
in untreated hESCs (control)
and ABB-treated hESCs. Sta-
tistical ~significance between
samples was evaluated by
paired t-test (*P<0.05). (B)
Protein level expression of the
mesoderm-lineage gene (T)
and pluripotent gene (OCT4)
in ABB-treated hESCs (bottom)
and untreated hESCs (fop). In
SMAD1/5/8 this figure, immunostaining
i was used to detect the pres-
q- a-TUBULIN ence of T and OCT4 in hESCs
and ABB-treated hESCs (scale

bar is 200 pm). (C) Activation

status of signaling pathways:

W S0X7
CXCR4

hESC ABB(3)

P-B-CATENIN

ABB

WNT, bone morphogenetic protein (BMP), and TGF-p in ABB-treated hESCs. In this figure, the increases in phosphorylation of
SMAD1/5/8 and SMAD2/3 represent the activation of BMP and TGF-B, respectively; the decrease in phosphorylation of -
catenin represents the activation of the WNT signaling pathway; a-tubulin was used as housekeeping gene. The expression of T
and OCT4# at the protein level in ABB-treated cells and untreated hESCs was confirmed by western blotting. hESCs, human
embryonic stem cells; BIO, 6-bromoindirubin-3-oxime; BMP4, bone morphogenetic protein 4; PCR, polymerase chain reaction;

TGF-B, transforming growth factor f.
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membrane was then washed and signals were detected using
an ECL system (Pierce, Rockford, IL) as recommended by the
manufacturer’s protocol.

Flow cytometry

The dissociated cells were suspended in PBS containing
2% FBS and were then labeled with antibodies against
CD73-phycoerythrin (PE), CD34-allophycocyanin (APC),
CD45-fluorescein isothiocyanate (FITC), PE-CD31, PE-CD29,
APC-CD 90, PE-HLA-ABC, PE-CD44 (BD PharMingen,
Minneapolis, MN), APC-HLA-DR, and CD105-APC (R&D
Systems) at 4°C for 3045 min. After washing 3 times with
PBS containing 2% FBS, the antibody-labeled cells were an-
alyzed using an LSRII flow cytometer (Becton Dickson, San
Jose, CA) according to the manufacturer’s instructions. Data
were analyzed using Flow]Jo software (Tree Star, Inc., Ash-
land, OR).

Statistical analysis

The relative gene expression level measured by real-time
RT-PCR was expressed as the mean+SD. The statistical
significance of the real-time RT-PCR data was evaluated
using the 1-way analysis of variance and paired t-tests.
Values of P<0.05 were considered as significant.

Results

Synergistic effects of BIO, Activin A,
and BMP4 on the induction of hESCs
to the mesodermal lineage

Here, we suggest that the combined modulation of 3 sig-
naling pathways such as WNT, BMP, and Activin A could
enhance the expression of mesoderm-lineage genes such as
T, MIXL1, and WNT3, indicating synergistic effects on a
specialized hESC-lineage differentiation pathway. As shown
in Fig. 1A, transcriptional expression levels of mesoderm-
lineage genes (T, MIXL1, and WNT3) increased significantly
in hESCs treated with ABB for 3 days, compared with non-
treated hESCs. Intriguingly, ABB treatment did not enhance
the transcript levels of ectoderm-lineage genes (ZIC1 and
SOX1) and definitive endoderm-lineage genes (SOX17 and
CXCR4) significantly in hESCs. Maximum expression of
mesoderm-lineage genes was shown in hESCs on day 3 after
the chemical treatment (Supplementary Fig. S1B). Also, ABB
treatment activated expression of the mesodermal marker, T,
and downregulated OCT4 expression at the protein level
(Fig. 1B, C). Thus, the dynamics of lineage-specific molecules
such as T and OCT4 might be modulated indirectly in hESCs
by the interplay of intracellular molecules downstream of 3
signaling pathways. As shown in Fig. 1C, Activin A acti-
vated phosphorylated SMAD2/3, which is an intracellular
molecule in the TGF-B signaling pathway; BIO treatment
suppressed phosphorylation of B-catenin, which is an intra-
cellular molecule in the WNT signaling pathway, and the
activity of phosphorylated SMAD1/5/8, which is an intra-
cellular molecule in the BMP4 signaling pathway, was in-
creased in hESCs by the activation of BMP4 signaling. The
results indicated that mesodermal lineage cells might be in-
duced in hESCs by the indirect interplay of intracellular
molecules downstream of 3 signaling pathways.
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FIG. 2. Effect of inhibition of each signaling pathway on the
activation of mesoderm-lineage genes in hESCs. Effects of
(A) TGF-P signaling inhibitor (SB431542, SB), (B) WNT sig-
naling inhibitor [dickkopf-related protein 1 (DKK1), DKK],
and (C) BMP signaling inhibitor (Noggin, Ng) on the ex-
pression patterns of mesoderm-lineage genes in hESCs. After
3 days of treatment, real-time PCR was used to measure the
expression levels of mesoderm-lineage genes (T, MIXL1, and
WNT3a) in the chemical-treated hESCs. Untreated hESCs and
ABB-treated hESCs were used as the negative control and
positive control, respectively. Statistical significance among
samples was evaluated by ANOVA (*P<0.05). ANOVA,
analysis of variance.
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Effect of inhibition of each signaling pathway
on the mesodermal induction of hESCs

Our next question was whether or not the combined
interplay of the 3 signaling pathways is required for the in-
duction of hESCs to the mesodermal lineage. To address this,
hESCs were treated with an inhibitor specific to each signaling
pathway on a feeder-free system for 3 days. As shown in
Fig. 2, inhibition of each signaling pathway did not activate
the transcription of mesoderm-lineage genes such as T,
MIXL1, and WNT3a in hESCs. In particular, treatment with
SB431542, an inhibitor of TGF-B signaling, suppressed the
activation of mesoderm-lineage genes in hESCs (BBS group in
Fig. 2A), whereas inhibition of the WNT and BMP signaling
pathways did not entirely suppress the expression of meso-
derm-lineage genes (ABD group in Fig. 2B and ABN group in
Fig. 2C). Thus, TGF- signaling does not seem to be associated
with the activation of mesoderm-lineage genes in hESCs.
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Next, to test whether mesodermal induction of hESCs
could result from the sequential or simultaneous interaction
of the 3 signaling pathways, hESCs were grown under cul-
ture conditions with different combinations of signaling-
modulating chemicals at varying intervals for 3 days. The
results show that the combined treatment of Activin A, BIO,
and BMP4 significantly enhanced the expression of the me-
soderm-lineage gene, T, in hESCs compared with other
treatment combinations (Supplementary Fig. S2). In addi-
tion, single chemical treatments were not effective on the
transcription of mesoderm-lineage genes in hESCs compared
with the ABB-treated group (Supplementary Fig. S3A).
Treatment with BIO and BMP4 showed lower transcriptional
levels of mesoderm-lineage genes than the ABB-treated
group (Supplementary Fig. S3B). The results demonstrate
that the combined interplay of 3 signaling pathways syner-
gistically activated the transcription of mesoderm-lineage
genes in hESCs.
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FIG. 3. Generation of CD105" cells from ABB-treated hESCs. (A) The proportion of CD105" and CD73™ cells before sorting
(left) and after sorting (right) by magnetic-activated cell sorting (MACS). (B) Surface-antigen profiles of sorted cells were
characterized by fluorescence-activated cell sorting (FACS) using the following antibodies: PE-CD29, PE-CD44, APC-CD90,
PE-CD73, PE-HLA-ABC, PE-CD31, FITC-CD45, APC-HLA-DR, and APC-CD34.
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Oil Red S -
FIG. 4. Differentiation potential ==
of hESC-derived MSCs. (A) Dif-  ~ --
ferentiation ~of hESC-derived = . “g'w
CD105™ cells into adipocytes: Oil- b -
Red S staining and immunostain- %)
ing with FABP-4 antibody were
used to detect lipid drops (red 4 ooy .
color) and FABP-4 (red color) in ) .
adipocytes, respectively. Scale bar
is 100 pm. Transcripts of FABP-4
and PPARG2 were detected by
RT-PCR. (B) Differentiation of
hESC-derived CD105" cells into
osteoblasts; Von Kossa staining
(black color) and Alizarin Red
staining (red color) were used to
detect the calcium deposits in os-
teoblast cells (scale bar is 500 pm).
Osteocalcin, a typical osteoblast
marker, was also detected by
immunostaining (scale bar is
100 pm). RUNX2, OSTEOCALCIN,
and COLLAGEN Type I transcripts
were analyzed by real-time PCR.
(C) Differentiation of hESC-
derived CD105" cells into chon-
drocytes; the 5-10-pm pellet
sections were stained with Alcian
Blue and immunostained with
aggrecan antibody to detect glyco-
saminoglycans (blue color) and ag-
grecan (red color) in chondrocytes,
respectively. Scale bar is 100 pm.
RT-PCR, reverse transcription—
polymerase chain reaction; FABP,
fatty acid-binding protein.
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Differentiation of ABB-treated hESCs
into CD105* MSCs

CD105 has been widely used for isolating hPSC-derived
MSCs [39,40]. In this study, approximately 24% of ABB-
treated hESCs developed into CD105" cells when cultured in
MSC-induction medium for 10 days, and the efficiency of
isolation by using a MACS sorter was approximately 90%
(Fig. 3A). Isolated CD105™ cells also expressed MSC-positive
markers such as CD29, CD44, CD73, CD90, CD105, and
HLA-ABC but not MSC-negative markers such as CD34,
CD45, CD31, and HLA-DR (Fig. 3B). The surface-antigen
profiles were the same as for bone marrow-derived MSCs
(Supplementary Fig. S4). These results indicated that the
molecular features of hESC-derived MSCs might be similar
to those of in vivo derived MSCs.

Differentiation potentials of hESC-derived
CD105" CD73" cells

The next experiment was performed to investigate the dif-
ferentiation potentials of hESC-derived MSCs into specialized
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cell types. As the results indicated, hESC-derived MSCs could
differentiate into adipocytes, which stained positive with Oil-
Red S and the FABP-4 antibody. Adipocyte-specific genes
such as FABP-4 and PPARG2 were also transcribed in hESC-
derived adipocytes (Fig. 4A). As shown in Fig. 4B, osteoblasts
derived from hESC-derived MSCs stained positive with the
Von Kossa stain, Alizarin Red, and an osteocalcin antibody
and demonstrated high levels of expression of osteoblast-
specific genes such as RUNX2, OSTEOCALCIN, and COL-
LAGEN Type 1. Further, hESC-derived MSCs formed a cell
pellet of chondrocytes that expressed aggrecan and glycos-
aminoglycan (Fig. 4C). Thus, hESC-derived MSCs appear to
be functional in that they retain the potential to differentiate
into chondrocytes, adipocytes, and osteoblasts.

Differentiation of hiPSCs into CD105% MSCs

Finally, it was decided to investigate whether our protocol
for the induction of MSCs from hESCs could be applied to
hiPSCs. As the results show, ABB treatment led to enhanced
expression of mesodermal genes at both the transcriptional
and protein level in hiPSCs, but not of endodermal and
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ectodermal genes (Fig. 5A, B). ABB-treated hiPSCs could
develop further into MSCs with a high efficiency of ap-
proximately 23% (Fig. 5C). Like hESC-derived MSCs, hiPSC-
derived MSCs were positive for CD73, CD29, CD44, CD90,
and HLA-ABC, but were negative for CD34, CD45, CD31,
and HLA-DR (Fig. 5D). Also, they could differentiate further
into adipocytes, osteoblasts, and chondrocytes (Fig. 5E). Ta-
ken together, the results indicated that the combined regu-
lation of the WNT, BMP, and TGF-B signaling pathways
efficiently induced hESCs and hiPSCs to mesodermal-lineage
cells that in turn have the ability to differentiate into func-
tional MSCs in vitro.
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Discussion

The efficient derivation of hPSCs into specialized cell
types will be very important in transplantation therapy using
hPSCs. In this study, we developed an efficient protocol to
generate functional MSCs from hPSCs under a feeder-free
culture system by modulating signaling pathways. To date,
it has been reported that signaling pathways play important
roles in the regulation of the self-renewal and/or differenti-
ation in hESCs [43-48]. For example, the TGF-f signaling
pathway has 2 functions in hESCs via interactions with
other signaling pathways: the maintenance of pluripotency
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FIG. 5. Differentiation of hiPSCs into functional CD105" MSCs. (A) Expression patterns of mesoderm-lineage genes (T,
MIXL1, and WNT3), ectoderm-lineage genes (SOX1 and ZIC1), and endoderm-lineage genes (5OX17 and CXCR4) in ABB-
treated hiPSCs. Real-time PCR was used to estimate and compare the expression levels of early developmental genes in
untreated hiPSCs (control) and ABB-treated hiPSCs. Statistical significance among samples was evaluated by paired f-test
(*P<0.05). (B) Protein level expression of the mesoderm-lineage gene T in ABB-treated hiPSCs. Scale bar is 100 pm. (C)
Proportion of the CD105"CD73 " cell population after culturing in MSC-induction medium for 10 days. In this figure, PE-CD73
and APC-CD105 were used for FACS and isotope controls (left figure) were used as a negative control. (D) FACS was used to
characterize surface-antigen profiles of sorted cells using the following antibodies: PE-CD29, PE-CD44, APC-CD90, PE-CD73,
PE-HLA-ABC, PE-CD31, FITC-CD45, APC-HLA-DR, and APC-CD34. (E) Differentiation potentials of hiPSC-derived MSCs.
Oil-Red S staining and immunostaining with FABP-4 antibody were used to detect lipid drops (red) and FABP-4 (red) in
adipocytes, respectively (top figures). Scale bar is 100 pm. Von Kossa staining and immunostaining with osteocalcin antibody
were used to detect calcium deposits (black color; scale bar is 100 pm) and osteocalcin (red color; scale bar is 50 pm) in osteoblasts,
respectively (middle figures). Alcian blue staining and immunostaining with aggrecan antibody were used to detect glycos-
aminoglycan (blue) and aggrecan (red) in chondrocyte pellets, respectively (bottom figures). Scale bar is 100 pm. hiPSCs, human
induced pluripotent stem cells; MSC, mesenchymal stem cell; DAPI, 4,6-diamidino-2-phenylindole (nuclear staining solution).

(Figure continued —)
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[22,25,35,49] and the induction to definitive endoderm
[28,50,51]. The canonical WNT/ B-catenin signaling pathway
is known to be associated with both the maintenance of
pluripotency in ESCs [24,52] and the induction of ESCs to
the mesodermal lineage [53-57]. BMPs, which are involved
in multiple cellular functions such as osteogenesis, cell dif-
ferentiation, and growth are known to be associated with
differentiation in hESCs. hESCs treated with BMP4 for a long
term (up to 7 days) differentiate into trophoblasts [26],
whereas short-term treatment (1 day) initiates mesodermal
induction [27]. Thus, BMP signaling activity may direct the
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(Continued).

cell fate of hESCs toward different lineages in a time-
dependent manner.

Primitive streak (PS)/mesodermal progenitors were in-
duced from hESCs by the cooperative action of beta-catenin
signaling together with Activin and BMP signaling pathways
[56]; however, only the differentiation capacity of the PS to
endothelial-like cells was examined. Cardiac mesodermal
cells have been derived from hPSCs by treatments with Ac-
tivin A and BMP4 [32]. Multipotent mesoderm-committed
CD326 CD56 " progenitors were generated from hESCs by
treatment with Activin A for 1 day followed by treatments
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with BMP4, VEGEF, and bFGF for 2.5 days [31]. In this study,
we found that combined treatments with Activin A, BIO, and
BMP4 together could direct the fate of hPSCs to the meso-
dermal lineage, but not the endodermal or ectodermal lineages
(Figs. 1 and 5). Mesoderm-lineage genes were highly activated
in hESCs via the simultaneous interplay between 3 signaling
pathways, whereas these genes were strongly suppressed by
the inhibition of each signaling pathway (Fig. 2 and Supple-
mentary Figs. S2 and S3). Our results indicated that interac-
tions between the 3 signaling pathways might promote the
direction of the hPSC fate to the mesodermal lineage.

In this study, we investigated whether hPSC-derived MSCs
could retain their differentiation competence toward subtype
cells. To achieve this, CD105" cells were isolated from ABB-
treated hPSCs using a MACS sorter. The surface antigens,
CD105 and CD73, have been used as specific markers for
isolation of MSCs in hPSC-derived cells [35,39,40]. In our
preliminary experiments, when ABB-treated hESCs were
cultured in DMEM/F12 medium supplemented with bFGF
and PDGF-BB for 6 days, only a small number of CD105"
cells (4.45%) expressed CD73, thereby probably leading to low
differentiation potentials to adipocytes and osteoblasts (Sup-
plementary Fig. S5B) and a paucity of chondrogenic devel-
opment (data not shown). After many trials and failures,
CD105*CD73" cells with chondrogenic activity were finally
derived with high efficiency (>20%) by culturing ABB-treated
hESCs in MSC-induction medium, which was newly modified
for this study (Fig. 3A). The hPSC-derived MSCs exhibited
similar surface-antigen profiles compared with adult MSCs
(Figs. 3B and 5D). Moreover, MSCs derived from hPSCs in
this study were multipotent in that they could differentiate
into adipocytes, osteoblasts, and chondrocytes (Figs. 4 and
5E), although their functions in vivo remain to be evaluated.

This study may help to overcome several limitations of adult
MSCs intended for the cell therapy. One of the main difficulties is
securing a large number of MSCs, because their presence in
tissues is extremely rare (eg, 10 MSCs per million of all bone
marrow cells) and in vitro expansion of the cells is also chal-
lenging. In contrast, hPSC-derived MSCs have several advan-
tages compared with adult MSCs: hPSCs can self-renew
indefinitely in vitro, which can provide enough of a cell source
for the generation of MSCs. Another advantage of the protocol
developed in this study is its high efficiency in that a large
number of MSCs can be derived from hPSCs in an experiment.
Also, all the differentiation processes for the production of hPSC-
derived MSCs were performed under a feeder- and serum-free
system, which diminishes the side effects of unknown factors
when hPSC-derived MSCs are used in transplantation therapy.
In addition, our protocol may be useful for exploring underlying
developmental events that occur during the transition from the
pluripotent state to the multipotency of lineage progenitors.

In summary, this study demonstrated that functional
CD105" MSCs could be generated efficiently from hPSCs in
an animal serum- and feeder-free system by modulating
signaling pathways. These hPSC-derived MSCs can be em-
ployed as an alternative cell source for tissue engineering
and MSC-based therapies.
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