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The vertebrae mesoderm is a source of cells that forms a variety of tissues, including the heart, vasculature, and
blood. Consequently, the derivation of various mesoderm-specific cell types from human embryonic stem cells
(hESCs) has attracted the interest of many investigators owing to their therapeutic potential in clinical appli-
cations. However, the need for efficient and reliable methods of differentiation into mesoderm lineage cell types
remains a significant challenge. Here, we demonstrated that inhibition of glycogen synthase kinase-3 (GSK-3) is
an essential first step toward efficient generation of the mesoderm. Under chemically defined conditions without
additional growth factors/cytokines, short-term GSK inhibitor (GSKi) treatment effectively drives differentiation
of hESCs into the primitive streak (PS), which can potentially commit toward the mesoderm when further
supplemented with bone morphogenetic protein 4. Further analysis confirmed that the PS-like cells derived from
GSKi treatment are bipotential, being able to specify toward the endoderm as well. Our findings suggest that the
bipotential, PS/mesendoderm-like cell population exists only at the initial stages of GSK-3 inhibition, whereas
long-term inhibition results in an endodermal fate. Lastly, we demonstrated that our differentiation approach
could efficiently generate lateral plate (CD34"KDR™) and paraxial (CD34~PDGFRx") mesoderm subsets that
can be further differentiated along the endothelial and smooth muscle lineages, respectively. In conclusion, our
study presents a unique approach for generating early mesoderm progenitors in a chemically directed fashion
through the use of small-molecule GSK-3 inhibitor, which may be useful for future applications in regenerative

medicine.

Introduction

MBRYONIC STEM CELLS (ESCs) are endowed with the po-
tential of indefinite self-renewal and the capacity to dif-
ferentiate into all cell types of the three germ layers [1]. Due to
these unique properties, therapeutic applications based on
ESCs, an unlimited, renewable source of cells have become an
attractive concept in regenerative medicine [2]. The develop-
ment of ESC-based therapies necessitates an in-depth under-
standing of the complex signaling pathways involved during
the differentiation process. To this end, numerous growth
factors/cytokine combinations are currently being evaluated
in order to understand the molecular mechanisms governing
lineage commitment of ESCs and to establish differentiation
protocols that drives their differentiation toward specific cell
types.
The derivation of mesoderm lineage cell types, in partic-
ular, those with vascular [3-5] and hematopoietic potential
[6,7], has been a focus of many investigators in the field of

ESC research. The interest in the generation of these cells
stems from their therapeutic potential in the treatment of
cardiovascular diseases and applications in tissue engineer-
ing [8,9]. Certain cell types are region specific. For example,
the skeletal musculature arises from the paraxial mesoderm
[10], while cardiac progenitors have been reported to be
derived from the lateral plate mesoderm [11]. As such, effi-
cient derivation of these cells may also require efficient dif-
ferentiation toward their specific mesoderm subtypes. The
vascular endothelial growth factor receptor 2 (VEGFR2 or
KDR) and platelet-derived growth factor receptor-alpha
(PDGFRa) have been identified as useful surface markers
that distinguish the lateral plate and paraxial mesoderm
[12,13]. Despite the enormous progresses made in differen-
tiating ESCs into these functional cell types, the need for
efficient, time- and cost-effective methods of differentiation
to reliably commit and expand therapeutically relevant and
lineage-specific cells remains a major challenge before ESC-
based therapies becomes a clinical reality.
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During gastrulation, a specific subset of epiblast cells in-
gresses into the primitive streak (PS) from which the meso-
derm emerges within the posterior region [14]. Since the
formation of PS marks the initial specification step that gen-
erates all mesodermal and endodermal tissue lineages during
early embryogenesis, efficient differentiation toward the PS
would be an important first step toward increasing mesoderm
yield during in vitro ESC differentiation. The canonical Wnt
pathway is among the several identified signaling pathways
playing a crucial role the gastrulation process. Genetic studies
in mice have shown that embryos deficient in the canonical
ligands of Wnt3 and its co-receptors, Lrp5/6 or lacking the
downstream effector, B-catenin, are unable to establish the PS
and eventually failed to generate the mesoderm [15-18]. These
findings, along with recent reports on the in vitro differenti-
ation of mouse ESCs (mESCs), demonstrated the requirement
for Wnt/B-catenin activity in germ layer specification [19-21],
although studies have also implicated its role in the mainte-
nance of mESCs [22-24]. Instead, the role of Wnt/ -catenin
signaling in human ESCs (hESCs) has been more controversial
due to contradictory results among recent studies. Activation
of the Wnt pathway using Wnt3a or BIO, an inhibitor of
glycogen synthase kinase-3 (GSK-3), was observed to main-
tain hESCs in its undifferentiated state [25,26]. Other reports,
however, demonstrated differentiation toward the PS and
definitive endoderm lineages under the influence of Wnt
signaling [27-29]. Thus, whether Wnt/B-catenin maintains
hESCs in its undifferentiated state, or whether it promotes
differentiation remains a subject of debate.

While there are multiple studies demonstrating mesoder-
mal differentiation of hESCs, attention has largely been fo-
cused on the derivation of mature mesoderm cell types
instead of the early events of germ layer specification, which
could play a significant role in the effectiveness of the dif-
ferentiation approach. In this work, we aimed at demon-
strating efficient differentiation of hESCs into the mesoderm
by inducing PS formation as an initial differentiation step
and at identifying the earliest time point at which the two
distinct mesoderm subtypes can be derived. We report that
short-term activation of the Wnt/B-catenin pathway through
the inactivation of GSK-3 using small-molecule inhibitors is
sufficient to induce differentiation into a PS-like population,
while long-term inactivation of GSK-3 results in an endo-
dermal fate. The PS-like cells derived from GSK inhibitor
(GSKi) treatment are demonstrated to be bipotential, being
able to commit toward both the endoderm and mesoderm
fate. Based on our findings, we further established a simple,
yet efficient protocol by which hESCs can be differentiated
into CD34"KDR™ and CD34™PDGFR«" mesoderm subsets
from which we demonstrated further specification toward
vascular endothelial and smooth muscle lineages, respec-
tively. Access to these mesoderm derivatives in an efficient
and time-effective approach could present opportunities for
cell-based therapeutic strategies while bridging the gap be-
tween translational research and clinical applications.

Materials and Methods
hESC feeder-free culture

H1 and H9 hESC lines were purchased from Wicell Research
Institute (Madison, WI) and maintained on Matrigel-coated
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six-well tissue culture plates in complete mTeSR™1 medium
(STEMCELL Technologies). Both cell lines were routinely
characterized and found to have expression of pluripotency
markers OCT4, SSEA4, and alkaline phosphatase (Supple-
mentary Fig. S1; Supplementary Data are available online at
www liebertpub.com/scd). Every 5-7 days, cells were pas-
saged by exposure to 1mg/mL dispase (Invitrogen) for 5-
10 min at 37°C. hESC colonies were then harvested, dissociated
into small clumps by gentle vortexing, and re-plated onto
Matrigel-coated six-well plates at five colonies per well.

Differentiation of hESCs

All differentiation studies were carried out under feeder-
free, chemically defined conditions. To study the effect of
GSK inhibition on the fate of hESCs, the colonies were first
dissociated into small clumps and re-plated onto Matrigel-
coated six-well plates as per normal routine passaging. After
48 h, mTeSR medium was replaced with basal differentiation
media (STEMdiff APEL; STEMCELL Technologies) supple-
mented with 5pM GSKi (CHIR99021; Stemgent) for 5 days.
For endoderm and mesoderm differentiation, the hESCs
were first differentiated in the presence of 5uM GSKi for
24 h, and further differentiated in basal differentiation media
supplemented with either 25ng/mL human recombinant
Activin A (R&D Systems) or in 25ng/mL rh-bone morpho-
genetic protein 4 (rhBMP4; Peprotech). Mesoderm differen-
tiation was conducted in parallel with continuous GSKi
treatment to compare the transcription profiles of endoderm-
and mesoderm-associated genes. Concurrently, a separate
group was also differentiated in BMP4 without prior GSKi
treatment. When applicable, 10 pM SB431542 (Sigma) was
added along with BMP4 during mesoderm specification or
with Activin A during endoderm differentiation.

To induce further differentiation toward the vascular en-
dothelial and smooth muscle lineages, GSKi-treated hESCs
were differentiated in the presence of 25ng/mL rhBMP4 for
24h and further treated with basal differentiation media
supplemented with 50 ng/mL VEGF (Peprotech) and 25ng/
mL rhBMP4 for 2 days. CD34*KDR" and CD34~PDGFRo.*
subpopulations were sorted using fluorescence-activated cell
sorting (FACS; Dako Cytomation MoFlo cell sorter) and
seeded onto collagen IV-coated plates. The post-sorted
CD34*KDR™ cells were further committed toward the en-
dothelial lineage in ECGM-MV2 (Promocell) endothelial
media supplemented with 50ng/mL VEGF, and the CD34"
PDGFRo™" subpopulation was cultured in SMCGM2 (Pro-
mocell) smooth muscle media supplemented with 50 ng/mL
PDGFy, (Molecular Probes) to induce smooth muscle line-
age. After three passages, cells were harvested and compared
with human umbilical vein endothelial cells (HUVECs) and
human coronary artery smooth muscle cells (hCA-SMCs;
Lonza) for gene expression levels of CD31, vWF, VE-cadherin,
0-SMA, SM220, and PDGFRS.

Acetylated-low-density lipoprotein uptake assay

Low-density lipoprotein (LDL) uptake assay was per-
formed by incubating the hESC-derived ECs with 10 ug/mL
of Dil-Acetylated-LDL (Invitrogen) for 4h. After washing
twice with phosphate buffered saline (PBS), the nuclei were
counterstained with Hoechst 33258 (Sigma). LDL uptake was
viewed under an Olympus IX70 fluorescence microscope.



EFFICIENT MESODERMAL DIFFERENTIATION OF HESCs

Matrigel tube formation assay

Tube formation assay was done according to the published
work of Vo et al. [30]. Briefly, 10uL of Matrigel (BD
Bioscience) was pipetted into each well of a p-Slide Angio-
genesis (iBidi) and allowed to undergo gelation at 37°C for 1h.
To assess the ability of hESC-derived ECs to form vascular
tube-like structures, 1x10* hESC-ECs were seeded onto each
well of Matrigel-coated ibidi slides and incubated at 37°C for
18 h. Formation of vascular tube-like structures was observed
under a phase-contrast microscope (Olympus IX70).

Flow cytometry

Differentiated cells were dissociated into a single-cell
suspension using accutase (STEMCELL Technologies) and
resuspended in PBS with 0.5% bovine serum albumin (BSA).
To block non-specific binding of antibodies, cells were
blocked with FcR blocking agent (1:10; Miltenyi Biotec) and
incubated for 10 min at 4°C-8°C. For labeling of cell surface
antigens, the cells were incubated with the following anti-
bodies for 20min at 4°C-8°C: KDR-phycoerythrin (PE),
PDGFRa-fluorescein isothiocyanate (FITC), VE-Cadherin-al-
lophycocyanin (APC) (all from R&D Systems), KDR-APC,
CD34-APC or CD34-FITC, CD31-FITC (all from Miltenyi Bio-
tec), and CXCR4-PE (BD Biosciences). For intracellular labeling
of SOX17-Alexa Flour 488 (BD Biosciences), Calponin, and a-
SMA, the procedure was performed using BD cytoperm/
cytofix™ as per manufacturer’s instructions. Indirect labeling
of intracellular antigens Calponin and «-SMA was done using
goat anti-mouse Alexa Flour 488 as secondary antibody. After
incubation of antibodies, cells were washed thrice with PBS
(0.5% BSA) to remove unbound antibodies. Flow cytometric
data were collected using a Dako Cytomation CyAn ADP
cytometer and analyzed with FlowJo Version 7.6.5 (TreeStar).

Quantitative real-time polymerase chain reaction

Total RNA was isolated from the cells using RNeasy Mini
plus Kit (Qiagen) and reverse transcribed using iScript™
cDNA synthesis Kit (Biorad) at 500 ng total RNA per sample
according to the manufacturer’s protocol. All real-time poly-
merase chain reaction (RT-PCR) experiments were performed
in triplicates using ABI StepOnePlus Real-Time PCR System
and Fast SYBR-Green Master Mix as per the manufacturer’s
instructions (Applied Biosystems). The thermal cycling condi-
tions included an initial denaturation step at 95°C for 10 min,
40 cycles at 95°C for 15s, and 60°C for 1min. The data are
presented as fold changes in target gene expression calculated
using the 27**“T method normalized to the internal control
gene (B-actin) and relative to control samples (day 0, undif-
ferentiated hESCs). Details of primer sequences used for
quantitative RT-PCR (qRT-PCR) are described in Supplemen-
tary Table S1. Results are presented as mean=*s.e.m. of three
independent experiments unless otherwise stated.

Immunoflourescence

For immunofluorescence analysis, cells were fixed with
4% paraformaldehyde for 15min and permeabilized with
0.2% Triton X-100 for 20 min. To block non-specific staining,
cells were incubated with 5% goat serum/PBS for 1h at
room temperature. Subsequently, the cells were incubated
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with primary antibodies overnight at 4°C, followed by in-
cubation with secondary antibodies, and counterstained with
4’,6-diamidino-2-phenylindole (DAPI). Alexa Fluor 488- and
596-conjugated secondary antibodies were purchased from
Molecular Probes. Primary antibodies against the following
proteins were used: mouse monoclonal OCT4 (Santa Cruz),
rabbit polyclonal Brachyury, rabbit polyclonal beta-Catenin
(both from Abcam), mouse monoclonal CD31, mouse
monoclonal VE-Cadherin, mouse monoclonal «-SMA (all
from R&D Systems), mouse monoclonal Calponin, and
rabbit polyclonal vWF (Abcam). Antibodies used for im-
munoflourescence and flow cytometry are shown in Sup-
plementary Table S2.

Results

Despite the growing body of literature, the role of Wnt/
B-catenin signaling in hESCs has remained controversial due
to conflicting reports demonstrating either stem cell differen-
tiation or self renewal. In this study, we activated the Wnt/
B-catenin pathway using a selective inhibitor of GSK-3 and
investigated its effects on the fate of hESCs. The transcrip-
tional profiles of genes associated with both pluripotency and
early differentiation were first analyzed using RT-qPCR.

Inhibition of GSK-3 under feeder-free, chemically
defined conditions up-regulate PS-associated
genes in hESCs in as early as 24 h

Profound changes in gene expression were detected during
the time course of GSKi treatment (Fig. 1A). Pluripotency
markers SOX2 and NANOG were down-regulated, while
OCT#4 appears to be maintained at 24 h of differentiation. The
transient PS and early mesoderm population is characterized
by expression of MIXL1 and T (Brachyury) [31,32], although
genes characteristic of early definitive endoderm such as
FOXA2 and Goosecoid (GSC) [33,34] are also expressed.
Compared with hESCs treated in basal differentiation media
alone, the addition of GSKi (CHIR99021) significantly elevated
the transcript levels of T in just 24 h. The transcription profiles
of both T and OCT4 are comparable, with both reaching a
peak at day 1 and down-regulated progressively thereafter.
Similarly, MIXL1, as well as FOXA2 and GSC, both of which
are expressed in the anterior PS, were observed to follow a
similar trend. Based on titration analysis, the up-regulation of
T at day 1 is only possible with a concentration of 5pM
CHIR99021 and above (Supplementary Fig. S2A). Immuno-
fluorescence analysis confirmed the up-regulation of T and the
presence of OCT#4 after 24 h of GSKi treatment in both H1 and
H9 hESC lines (Fig. 1B for H1 and Supplementary Fig. S2C for
H9). As cells began moving out from the periphery of the col-
ony at day 2, both T and OCT4 were visibly down-regulated.
Differentiation in basal media alone is insufficient to induce
T expression (Supplementary Fig. S2C). Further, GSKi-treated
colonies showed signs of nuclear accumulation of f-catenin
as they appeared to be spread throughout individual
cells; whereas they were more localized at the cell pe-
riphery in hESCs and no-GSKi control groups (Fig. 1C and
20x magnification in Supplementary Fig. S2D). These
observations established the involvement of GSKi in the
transient up-regulation of T and suggest the existence of a
“temporal window” during the early stages of differentiation
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FIG. 1. Time-course analysis of the transcriptional profiles of genes associated with both pluripotency and early differen-
tiation in GSKi-treated hESCs. (A) H1-hESCs were treated with 5pM CHIR99021 using STEMdiff APEL as the basal dif-
ferentiation media without additional growth factors/cytokines under feeder- and serum-free conditions. Subsequently,
RNA was extracted from GSKi-treated hESCs at 24 h intervals from day 0 to 5, and quantitative real-time PCR (qRT-PCR)
analysis was performed using primers specific to PS (T, MIXL1, GSC, and FOXA?2), pluripotency (OCT4, NANOG, and SOX2),
mesoderm (KDR and PDGFRu), ectoderm (SOX1 and PAX6), and endoderm (CXCR4 and SOX17) genes. The transcript levels of
PS-associated genes were up-regulated in just 24 h of GSKi treatment and were subsequently down-regulated thereafter. All qRT-
PCR data were normalized to B-actin as an endogenous control and were presented as expression levels (fold) relative to day 0,
with undifferentiated hESCs as controls. (B) T (brachyury) and OCT4 expression was analyzed by immunofluorescence micros-
copy. T was visibly detected in hESCs after 24 h of GSKi treatment and began to down-regulate by day 2. (C) f-catenin expression
in hESCs after GSKi treatment. Top row: f-catenin expression in undifferentiated hESCs, middle row: after 24 h of GSKi treatment,
bottom row: no-GSKi control. All scale bars represent 200 pm. GSK, glycogen synthase kinase; GSKi, GSK inhibitor; hESCs, human
embryonic stem cells; PS, primitive streak; GSC, Goosecoid. Color images available online at www.liebertpub.com/scd

where the expression of pluripotency and PS markers may
overlap.

regulation, while CXCR4 was markedly increased starting
only at day 2. Following the trend of PS markers, the lateral

We further analyzed the expression of endoderm, ecto-
derm, and mesoderm associated genes in GSKi-treated
hESCs. In the absence of GSKi, the up-regulation of SOX1
and PAX6 beginning at day 3 indicates presumptive neu-
roectoderm induction. Otherwise, the expression levels of
these two markers appear to be down-regulated throughout
the entire time course, which suggest a non-ectodermal route
of differentiation under GSKi treatment. Endoderm marker
SOX17 remained at low levels with no noticeable up-

plate mesoderm marker KDR was transiently up-regulated
after 24h of exposure to GSKi. Coincidentally, its down-
regulation beginning at day 2 was met with the elevated
expression of paraxial mesoderm marker PDGFRo on the
same day, suggesting that prolonged GSKi treatment may
favor differentiation toward the paraxial mesoderm fate.
Using a different GSKi, CHIR98014 (Selleckchem), a similar
transcription profile was observed for CXCR4 and T with
significant up-regulation occurring at days 2 and 1,
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respectively ~ (Supplementary  Fig. S2B). Similar to
CHIR99021, T expression and the nuclear accumulation of f-
catenin can be induced by CHIR98014 (Supplementary Fig.
S2C and S2D, respectively). Taken together, our findings
propose that GSKi treatment is unable to maintain the plu-
ripotent status of hESCs but triggers differentiation to a state
resembling the PS in as early as 24 h based on an analysis of
the transcription profiles of PS-associated genes.

A PS/mesendoderm-like population exists in the
early stages of GSK-3 inhibition, whereas prolonged
inhibition results in a pure CXCR4"* population

Our analysis on the transcription profiles of PS-associated
genes in Fig. 1 suggests that the GSKi-treated hESCs at day 1
may be a source of cells representing the mesendoderm. At
this time point, the hESC colonies appear to have shrunk
slightly, with the edges of the colony starting to pull away
from the plate (Fig. 2A). Prolonged GSKi treatment for more
than 24 h resulted in morphological changes that are char-
acterized by small, cobblestone-like cells spreading outward
from the edges of the colony. We note that this outgrowth of
cells seems to coincide with the transcription profile of
CXCR4, which is up-regulated starting at day 2. These ob-
servations are in line with our time-course FACS analysis
that detected the large emerging population of CXCR4 ™ cells
after 2 days of GSKi treatment (Fig. 2B). In basal media alone,
CXCR4" cells remained undetected (Supplementary Fig.
S3A). On the same day, the mesoderm marker PDGFRo was
also detected in some of the CXCR4" cells, although its ex-
pression decreased by day 4 and was undetectable at day 7.
KDR was lowly expressed in its undifferentiated state, and
the number of KDR" cells increased slightly after 24h of
exposure to GSKi. By day 4, the differentiated cells were
almost entirely positive for CXCR4 and negative for KDR,
which indicates a purely endodermal fate under prolonged
GSKi treatment. Despite the abundance of CXCR4™" cells,
SOX17 was not detected throughout the course of GSKi
treatment (data not shown).

We next investigated the mesoderm potential of the GSKi-
treated hESCs. BMPs are multifunctional growth factors that
comprise a subfamily of the transforming growth factor B
(TGFB) superfamily. Their roles in embryonic development
and cellular functions in postnatal and adult animals have
been extensively studied in recent years. Typically, BMP4 is
known for inducing pluripotent stem cell (PSC) differentia-
tion into both hematopoietic [35] and endothelial cells [36] as
well as in trophoblast [37] and extra-embryonic endoderm
[38]. In addition, BMP4 signaling is also critical for bone and
cartilage formation, as it has been shown to promote chon-
drogenic and osteogenic differentiation in stem cells [39]. A
recent study suggested its role as a mesoderm inducer dur-
ing hESC differentiation [40]. Here, we administered BMP4
after hESCs had been treated with GSKi for varying dura-
tions and analyzed the expression of mesoderm markers
KDR and PDGFRu after 24h of exposure to BMP4. FACS
analysis confirmed that BMP4 treatment promoted the de-
velopment of both mesoderm subtypes in the group that
underwent prior GSKi treatment for 1 day (G1B) (Fig. 2C). A
small fraction of cells was observed to be double positive for
KDR and PDGFRo, which was expected as both lateral and
paraxial mesoderm populations emerge adjacent to each
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other during embryogenesis with overlapping gene expres-
sion patterns. For the group that underwent 2 days of GSKi
treatment before BMP4 culture (G2B), the number of cells
expressing KDR decreased considerably while PDGFRo*
cells increased after 24h of exposure to BMP4. From the
representative dot plot, the KDR and PDGFRo populations
appears to be more distinct as compared with the G1B group.
The expression of both markers, in particular, PDGFRx was
noticeably decreased in the G4B group and was almost un-
detectable in the G7B group, indicating that exposure to
BMP4 after prolonged GSKi treatment had failed to induce
mesoderm differentiation. As the differentiated cells become
fully committed toward the endoderm fate due to prolonged
inactivation of GSK-3, the number of cells that could po-
tentially differentiate toward the mesoderm decreases. These
findings demonstrate that cells with mesoderm potential
exist only at the initial stages of GSK inhibition, preferably
within 2 days after exposure to GSKi. In the next section, we
show that the GSKi-treated hESCs at this time point (the
G1B group) are also bipotential, with the capability of dif-
ferentiating toward the endoderm without prolonged GSKi
treatment.

GSKi-treated hESCs have potential to commit
toward the endoderm under Activin A treatment

Based on our findings pertaining to the use of GSKi, we
sought to investigate the endoderm potential of GSKi-treated
hESCs. Accordingly, the endodermal differentiation experi-
ment was performed after initial GSKi treatment for 24h in
chemically defined, feeder-free conditions, without addi-
tional growth factors/cytokines other than the ones men-
tioned in this section. Among the growth factors tested,
endoderm formation was most pronounced in the presence
of exogenous Activin A, while exposure to BMP4 after GSKi
treatment induced mesoderm lineage commitment (Fig. 3A,
B). Exposure to Activin A for a period of 2 days resulted in
significant up-regulation of endoderm markers FOXA2,
SOX17, and CXCR4 (Fig. 3B). In addition, the transcripts of
mesoderm-associated genes KDR and PDGFRa remained at
low levels during Activin A treatment but was markedly up-
regulated in the group treated with BMP4 (Fig. 3B). Re-
markably, exposure of GSKi-treated hESCs to Activin A
alone yielded ~75% of cells expressing SOX17 and 52%
CXCR4™" cells, while the faction of cells expressing meso-
derm markers KDR and PDGFRo remained negligible after
48h (Figs. 3C and 4A). To further demonstrate the involve-
ment of Activin/Nodal signaling in endoderm commitment,
the differentiation media was simultaneously administered
with SB431542, a selective inhibitor of the TGFp type I activin
receptor-like kinases (ALK), specifically ALK4, ALKS5, and
ALK?. Compared with the group treated with Activin A
alone, gene expression analyses revealed the distinctively
lower transcript level of CXCR4 and the complete abolish-
ment of SOX17 and FOXA2 with the addition of SB431542
(Fig. 3B). This endoderm-suppressing effect of SB431542 was
further confirmed by FACS analysis, which detected little or
no expression of CXCR4 and SOX17 (Fig. 3C). Interestingly,
the combination of SB431542 and Activin A also increases the
proportion of both PDGFRa«" and KDR™ cell population.
This suggests that the GSKi-treated hESCs which were
originally fated for endodermal differentiation during
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KDR-APC

CXCR4-PE

KDR-APC

PDGFRa-FITC

FIG.2. A PS/mesendoderm-like cell population exists in the initial stages of GSKi treatment as analyzed by FACS. (A) The
representative morphology of the hESC colonies under GSKi treatment at the indicated time points was shown. Scale bars:
500 pm for 10 x magnification (top row), 1 mm for 4 X (bottom row). (B) Time-course FACS analysis in GSKi-treated hESCs.
Cells were harvested at different time points (days 0, 1, 2, 4, and 7) and stained with KDR-APC, PDGFRo-FITC, and CXCR4-
PE for FACS analysis. Cells expressing CXCR4 were detected starting at day 2 of GSKi treatment, which is also concurrent
with the morphological spreading of cells from the edges of the hESC colony. Prolonged inhibition of GSK-3 eventually
resulted in a pure CXCR4" cell population. (C) Analysis on the mesoderm potential of hESCs after GSKi treatment. Cells
were treated with BMP4 for 24 h after different durations of GSKi treatment as indicated: G1B, G2B, G4B, and G7B, the
number representing the days of GSKi treatment. For the GOB group, hESCs were differentiated directly in BMP4 for 48 h
without prior GSKi treatment. FACS, fluorescence-activated cell sorting; APC, allophycocyanin; FITC, fluorescein iso-
thiocyanate; PE, phycoerythrin; BMP, bone morphogenetic protein.
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FIG. 3. hESCs treated with 5uM GSKi for 24 h and subsequently in Activin A for 48 h differentiate toward the endoderm.
(A) Ilustration on the differentiation of hESCs based on the inhibition of GSK-3. hESCs were initially treated with 5 pM GSKi
for 24 h to induce PS formation and further differentiated toward the endoderm using Activin A, or toward the mesoderm
using BMP4. (B) GSKi-treated hESCs were further differentiated for 48 h in different growth factor combinations consisting of
BMP4, Activin A, and SB431542. qPCR analysis was performed using primers specific to endoderm (FOXA2, CXCR4, and
SOX17) and mesoderm (KDR and PDGFR«) genes. Activin A was shown to up-regulate endoderm-associated markers, while
BMP4 up-regulated mesoderm markers. (C) Percentage of CXCR4" and SOX17" cells after 3 days of differentiation (initial
24h in 5uM GSKi, and 48h in Activin A, Activin A+SB431542, or BMP4) as determined by flow cytometry. Activin A
treatment alone resulted in a majority of cells expressing CXCR4 and SOX17, but its endoderm-inducing effect was sup-

pressed with the addition of SB431542.

Activin A treatment undergo mesoderm commitment under
the effect of SB431542.

BMP4 treatment after initial exposure to GSKi drives
hESC differentiation toward the mesoderm lineage
and blocks endoderm differentiation

To further analyze the mesoderm potential of GSKi-treated
hESCs, we administered BMP4 24 h after GSKi treatment and
examined the transcription levels of PDGFRo and KDR at 24h
intervals. In contrast to hESCs that underwent continuous
GSKi treatment, the gene expression of lateral plate marker
KDR was significantly up-regulated after 24 h of exposure to
BMP4 (Fig. 4B). Similarly, PDGFRo was up-regulated at day 2,
although it decreased to levels comparable with continuous
GSKi treatment by day 4. We, therefore, identified day 2 as the
time point where the relevant mesoderm subsets were sulffi-

ciently specified. Our FACS analysis also confirmed the me-
soderm-inducing effect of BMP4 (Fig. 4A).

Next, we compared the gene expression of these markers
in hESCs that were differentiated in BMP4 without prior
GSKi treatment. In a way, this comparison allows us to de-
termine whether the expression of these markers can be
influenced by upstream protocols in mesoderm induction.
From RT-qPCR analysis, the transcripts of PS/early meso-
derm markers T and MIXL1 were elevated in both groups,
although it was distinctively higher in the group that had
been initially differentiated with GSKi (Supplementary
Fig. S3B). Following our protocol, KDR was noticeably up-
regulated after 24 h in BMP4 to levels higher than the group
that was differentiated directly in BMP4 without using GSKi
from the onset. These data correspond well with our FACS
analysis in Fig. 2C, where abrogation of the initial GSKi
treatment step (the GOB group) resulted in a smaller fraction
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expression (fold) using day 0 as control samples.



EFFICIENT MESODERMAL DIFFERENTIATION OF HESCs

of KDR*" cells, while cells expressing PDGFRo. were not de-
tected at all. This low yield may suggest that hESCs have yet
to adopt a PS-like stage before specifying toward the mesoderm.
This could also imply that activation of Wnt/ p-catenin pathway
using GSKi is a more effective approach to induce PS forma-
tion in hESCs than using BMP4, whose role, in our opinion, is
more suited in transiting from the PS to the mesoderm.

In addition, we analyzed the expression of endoderm- and
ectoderm-related genes in response to BMP4 treatment and
found that most of these genes appear to be inhibited
throughout the course of BMP4 treatment. CXCR4, which
was noticeably up-regulated at day 2 under continuous GSKi
treatment as shown in Fig. 1, was completely suppressed at
all time points after switching to BMP4 culture (Fig. 4B). We
also detected little or no expression of FOXA2, PAX6, and
SOX1 throughout the course of differentiation. Interestingly,
we found that, in the presence of BMP4, the gene expression
of SOX17 was up-regulated within 24h (day 2), although its
transcript level was nowhere as high as the group treated
under Activin A (see Figs. 3B and 4B). These observations
correspond well with FACS data that detected minimal
levels of SOX17% and CXCR4" cells in BMP4 cultures (Fig.
3C). Collectively, we showed that hESCs which underwent
differentiation to the PS under the influence of GSKi (for
24 h) have the potential to further commit toward either the
endoderm or mesoderm depending on the culture condi-
tions. Along with our findings pertaining to the use of GSKi,
we were able to establish a novel, stepwise mesoderm in-
duction protocol for the directed differentiation of hESCs
into the mesoderm lineage.

GSKi-derived mesoderm has the potential
to further differentiate into endothelial
and smooth muscle lineages

Among the three germ layers, the mesoderm is considered
a potential source of progenitors giving rise to vascular en-
dothelial cells and SMCs during embryonic development. A
variety of markers have been used to identify progenitors
that could give rise to ECs and SMCs, including CD34, CD31,
KDR, and PDGFRuo [4,41,42]. CD34 has generally been asso-
ciated with progenitors for hematopoietic and endothelial
lineages, whereas other studies have related PDGFRa with
progenitors for cardiac, smooth muscle, and mesenchymal
lineages. To further ascertain the potential of our GSKi-
derived mesoderm, we further directed the differentiation of
hESCs toward these two lineages. Differentiation was con-
ducted in a stepwise approach that was similar to our me-
soderm induction protocol but with an additional VEGF
treatment step to induce vascular commitment (Fig. 5A). In
just 24h exposure to VEGF (day 3 of differentiation), the
transcript levels for endothelial-associated markers such as
CD31 and CD34 were visibly up-regulated (Fig. 5B). This
follows after the increase in KDR and PDGFRo. expression at
day 2, which is in line with the down-regulation of T.
Without VEGF, CD34 and CD31 remained down-regulated.
Our time-course FACS analysis reveals that the CD34" cells
starts moving out from the KDR™ population at day 3 and
amounts to approximately half of the entire cell population
by day 4, of which most co-expressed CD31 (Fig. 5C). Almost
all of the CD34" cells co-expressed KDR, but all were
negative for PDGFRo, which confirms their lateral plate
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specificity (Fig. 5D). Similarly, the H9 hESC line showed
comparable transcription profiles and also demonstrated
efficient differentiation under the same protocol, although
having a slightly lower percentage of cells expressing CD34,
PDGFRo, and KDR (Supplementary Fig. S4A, B). Likewise,
the H1 cell line showed comparable differentiation effi-
ciency using CHIR98014 as the GSKi.

From pre-sort analysis, both the CD34"KDR™ and
CD34~PDGFRo™" cell populations make up ~51% and 35%
of the total population, respectively (Supplementary Fig.
S4D). After three passages in endothelial growth conditions,
the post-sorted CD34"KDR" cells displayed a flattened,
cobblestone-like morphology and strongly expressed endo-
thelial cell-specific proteins: CD31, vWF, and VE-cadherin
(Fig. 6A). The gene expression levels of these markers are
comparable with HUVECs (Fig. 6B). The majority of the sorted
CD34"KDR" cells became CD34"CD31" positive and re-
mained negative for PDGFRo, while KDR was down-regulated
(Supplementary Fig. S4D). In addition, the cells were able to
spontaneously reorganize into tube-like structures on Ma-
trigel and were capable of acetylated-LDL uptake. FACS
analyses also revealed that a majority of the pre-sorted
CD34™ cells express PDGFRa, which indicates their paraxial
mesoderm origin (Fig. 5D). In other reports, CD34 ™ cells that
are positive for PDGFRo have also been proposed to differ-
entiate toward smooth muscle lineages [42]. After three
passages in PDGF,,-supplemented medium, the sorted
CD34~PDGFRa"* population expressed comparable levels of
oa-SMA, SM22a, and PDGFRf; to hCA-SMCs with no detect-
able transcripts of endothelial markers (Fig. 6B). While
PDGFRo expression is lost after a few passages, CD31 re-
mained unexpressed, confirming their non-endothelial fate
(Supplementary Fig. S4D). Further, immunoflourescence anal-
ysis corresponds with FACS data, which detected the presence
of a-SMA and calponin (Fig. 6A, C). These observations dem-
onstrated the efficacy of our mesoderm induction approach in
driving differentiation toward vascular endothelial and smooth
muscle lineage under the right growth conditions.

Discussion

The development of successful ESC-based therapies re-
quires an in-depth understanding of the complex signaling
pathways governing lineage commitment and to establish
robust, efficient, and reproducible protocols that direct their
differentiation toward specific and therapeutically relevant
cell types. To realize this potential, a plethora of differenti-
ation methods to generate specific cell types have been de-
vised. However, the rationale of the differentiation approach
in a number of these existing protocols is often left unex-
plained, often involving spontaneous and/or one-step dif-
ferentiation approaches in undefined conditions, and/or
requires long-term culture that generates low yields with
other undesirable cell types, rather than recapitulating the
early events in germ-layer specification as a basis of their
differentiation approach. Here, we presented a step-wise
mesoderm induction method based on the use of small-
molecule GSK-3 specific inhibitor and minimal growth
factors, while elucidating the involvement of each factor at
every step of the protocol. We believe that by recapitulating
the early events of embryogenesis in culture, effective dif-
ferentiation strategies can be formulated accordingly.
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muscle lineage. After initial GSKi treatment for 24 h and further differentiation toward the mesoderm for an additional 24 h
using BMP4, hESCs were further differentiated in VEGF-supplemented conditions. (B) Time-course qRT-PCR analysis on the
entire differentiation process. As the mesoderm matures, T expression is down-regulated followed by the up-regulation of
mesoderm markers (KDR and PDGFRo). The vascular inducing effect of VEGF is confirmed by the detection of CD34 and
CD31 expression at day 3 of differentiation. (C) FACS analysis on the expression of the mesodermal markers KDR, CD34, and
CD31. At day 3 of differentiation (after 24 h exposure to VEGF), CD34" cells were observed to emerge from the KDR™*
population (left column) and began to co-express CD31 by day 4 (right column). (D) FACS analysis for day 4 samples stained
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Inhibition of GSK-3 function leads to stabilization and
translocation of f-catenin to the nucleus, where it associates
with transcription factors of the T-cell factor (TCF) and lym-
phoid enhancing factor (LEF) families [43]. In this article, we
demonstrated that short-term inhibition of GSK-3 efficiently
induced differentiation of hESCs toward a PS/mesendoderm-
like state, and that initial GSKi treatment followed by BMP4

supplementation efficiently drives differentiation of hESCs to-
ward the mesoderm lineage. The concomitant peaking of bra-
chyury expression and other PS-related genes in as early as 24h
in response to GSKi and their subsequent down-regulation is
reminiscent of the transient nature of the PS during early em-
bryogenesis. It was also interesting to note that the down-
regulation of these genes at day 2 begins in tandem with the
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Color images available online at www liebertpub.com/scd

morphological spreading of cells from the edges of the hESC
colony and the emergence of cells expressing CXCR4. While
differentiation toward an endodermal fate via long-term inac-
tivation of GSK-3 has been demonstrated, the short-term effects
of GSKi treatment were not previously reported. Here, we
showed that hESCs treated with GSKi for 24 h is sufficient to
induce a mesendoderm-like cell population that is capable of

differentiation toward the endoderm or mesoderm. The rapid
induction of the mesendoderm in this work may very well
depict the events described in the study of Kemler et al. [44],
where B-catenin stabilization in mutant mouse embryos leads
to premature epithelial-mesenchymal transition and, thus, may
be a point to be considered for differentiation protocols where
time effectiveness is an issue.
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A possible explanation to account for the controversies
surrounding the role of Wnt/B-catenin signaling in hESCs is
the presence of additional factors in the differentiated media
used in various studies that could have interfered with Wnt
signaling and/or activated other pathways. In one study that
used mouse embryonic fibroblasts (MEF)-conditioned media,
hESCs were observed as maintaining their undifferentiated
morphology and proliferated when supplemented with
Wnt3a [45]. One may argue that the presence of anti-differ-
entiation factors, for example, basic fibroblast growth factor
(bFGF) in conditioned media supports the maintenance of
hESCs while under the influence of Wnt signaling. Supporting
this hypothesis are studies showing the differentiation of
hESCs under active Wnt signaling in the absence of bFGF but
self renewal in the presence of exogenous bFGF [46,47]. This
was, however, contradicted in another report demonstrating
differentiation toward the endoderm lineage using mTeSR1 as
the basal differentiation media, which is known to contain
high concentrations of bFGF and other factors [28]. In our
study, we showed that activation of the Wnt/p-catenin
pathway using GSKi alone in feeder-free, chemically defined
culture conditions without additional growth factors/cyto-
kines drove hESC differentiation toward the PS.

During maturation of the mesoderm, brachyury expression
is down-regulated and cells begin expressing KDR and
PDGFRu. In the context of mesodermal differentiation, others
have reported that initial BMP4 treatment was sufficient to
drive hESC differentiation toward the mesoderm lineage
[40,48]. In our experience, however, exposure to BMP4
without prior GSKi treatment was permissive, but not ef-
fective in mesoderm induction and it also failed to generate
the paraxial subtype. Conversely, our findings pertaining to
the use of BMP4 demonstrated efficient derivation of both
the paraxial and lateral plate mesoderm subtypes in GSKi-
mediated differentiation. These observations may be attrib-
uted to the addition of the GSKi treatment step, which
effectively drove differentiation toward the PS, an essential
specification step that generates all mesodermal tissues
during the early developmental process. Further, the differ-
ences in culture conditions, with hESCs being cultured in
MEF-conditioned medium before differentiation in these
studies, may also explain the discrepancy in the use of BMP4
in our study. In support of this possible explanation, a study
has shown that hESCs cultured under MEF-conditioned
media displayed elevated expression of PS genes as com-
pared with hESCs cultured in N2B27 medium, which indi-
cates a pre-PS-like intermediate stage but still adopts an
undifferentiated status [49]. Apparently, their differentiation
in conditioned media is prevented because of factors present
in knockout™ serum that stimulates phosphatidylinositol 3-
kinase activity [50]. This may explain the ineffectiveness of
using BMP4 as the initial differentiation step to drive PS/
mesodermal differentiation in our study, as our hESCs are
continuously passaged and cultured in mTeSR1 under
feeder-free conditions, thus lacking these factors that would
have “conditioned” the hESCs into a pre-PS-like stage. In this
study, we were also able to demonstrate endodermal dif-
ferentiation using Activin A alone in feeder-free, chemically
defined conditions, which affirms the bipotential status of
our GSKi-treated hESCs.

Collectively, we have established a novel, stepwise me-
sodermal differentiation approach by exploiting the use of
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small-molecule inhibitors that are specific to GSK-3. Further
differentiation toward the endoderm or mesoderm fate can
be modulated by Activin/Nodal and BMP signaling path-
ways. We have also demonstrated that distinct mesoderm
subtypes, the lateral plate (CD34"KDR™) and paraxial
(CD34™ PDGFRo.™) mesoderm, can be efficiently and rapidly
derived as early as the third day of differentiation. The ability
to generate various mesoderm derivatives may provide op-
portunities to establish model systems to study the underlying
mechanisms regulating mesoderm specification in humans.
More importantly, our study presents a unique approach in
driving hESC differentiation toward mesoderm lineage cell
types in a chemically directed fashion, which may be useful
for future applications in regenerative medicine. Besides ESCs,
the landmark discovery of induced PSCs (iPSCs) that are
derived from human somatic cells through ectopic expression
of transcription factors have also become a major develop-
ment toward patient-specific cell therapy, drug discovery, and
disease modeling in recent years [51,52]. Research is also in-
creasingly focused on combining iPSCs with gene therapy for
treatment of human diseases via gene targeting or gene aug-
mentation therapy [53,54]. As such, our findings in this study
may also be applicable for iPSC technology.
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