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SUMMARY

The accurate control of early cell fate specification during differentiation of human embryonic stem cells (hESCs) is critical for acquiring
pure therapeutic cell populations of interest. Bone morphogenetic protein 4 (BMP4) is a key mesoderm inducer from ESCs. However, the
molecular mechanism of the mesodermal cell fate decision induced by BMP4 remains unclear. Here, we demonstrate the requirement of a
bioactive lipid, prostaglandin E, (PGE;), for the mesoderm specification from hESCs by BMP4 induction. We show that BMP4 directly
regulates the expression of the key enzyme for PGE, synthesis, COX-1, and promotes PGE, production. More importantly, in the absence
of BMP4, forced COX-1 expression or PGE, treatment is sufficient to initiate mesoderm specification of hESCs by activation of EP2-PKA
signaling and modulation of nuclear translocation of B-catenin. Together, our findings provide insights into the critical role of BMP regu-
lation of PGE, synthesis and its downstream signaling in initiating mesoderm commitment of hESCs.

INTRODUCTION

Human embryonic stem cells (hESCs) derived from the in-
ner cell mass have a capacity for long-term self-renewal and
can differentiate into cells of all three germ layers (Thom-
son et al., 1998). Among the three embryonic germ layers,
the mesoderm lineage gives rise to diverse tissues including
blood, heart, and muscle. This unique property makes
hESCs an attractive tool for various cell-based therapeutic
applications and disease modeling (Murry and Keller,
2008). Although the development of mesoderm tissues is
well studied and characterized in vivo and in vitro at embryo
and cellular levels, the molecular mechanism of this pro-
cess remains poorly understood. Previous studies have sug-
gested that bone morphogenetic protein (BMP) is a critical
gastrulation regulator that induces the primitive streak and
mesoderm formation in embryos (Beppu et al., 2000; Mis-
hina et al., 1995; Winnier et al., 1995). Short-term BMP4
treatment can mediate the induction of primitive streak
and mesoderm lineage differentiation of mouse ESCs and
hESCs (Drukker et al., 2012; Ng et al., 2005; Wang et al.,
2012; Wiles and Johansson, 1997; Zhang et al., 2008). In
addition to BMP4 signaling, canonical Wnt and Activin-
Nodal signaling also participate in driving differentiation
of pluripotent stem cells toward mesendoderm and meso-
derm lineages (Chng et al., 2010; Kurek et al., 2015; Ma-
tulka et al., 2013; Singh et al.,, 2012; ten Berge et al.,,
2008; Vallier et al., 2009). In recent years, significant ad-
vances have been made in understanding the events that
control early lineage differentiation through using hESC
modeling of the differentiation in vitro. However, precise

mechanisms by which microenvironmental factors and
intracellular molecules promote specific programs of mes-
endoderm and early mesoderm differentiation remain to
be elucidated.

Prostaglandin E, (PGE;) has been known to mediate
numerous physiological events, such as reproduction,
angiogenesis, hematopoietic stem cell proliferation, and
homing (Hoggatt et al., 2009; Leahy et al., 2000; Ruan
et al., 2012). Recent studies suggest that PGE, is required
for early vertebrate embryogenesis, specifically gastrula-
tion, a key process in the formation of the germ layers
(Goessling et al., 2009; Speirs et al., 2010). Interference
with the expression of cyclooxygenase-1 (COX-1, also
known as PTGS1), the key enzyme responsible for the syn-
thesis of PGE,, results in gastrulation arrest, mainly due to
disruption of the stability of Snaila and excessive cell adhe-
sion (Speirs et al., 2010). Further studies suggest that PGE,
also participates in mesoderm-derived cell differentiation
from ESCs (Yang et al., 2010; North et al., 2007). The key
role observed for PGE, and its synthesis enzymes in the
zebrafish development model and ESC differentiation led
us to investigate its function in the early mesoderm specifi-
cation of human pluripotent stem cells.

Here, we report that PGE, signaling plays a critical role
in the initiation of the mesoderm differentiation of
human pluripotent stem cells. Inhibition of PGE,
synthesis by indomethacin significantly blocked the
BMP4-induced mesoderm differentiation and promoted
neuroectoderm commitment of hESCs. COX-1, one of the
key enzymes responsible for PGE, synthesis, is required for
mesoderm specification of hESCs. Its expression is directly
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regulated by BMP4 signaling in hESCs. Subsequently, PGE,
can bypass BMP4 signal and stimulate the mesoderm differ-
entiation of hESCs via the EP2-PKA-GSK3p/B-catenin
signaling pathway. Thus, our data provide insights into the
function of COX-1-regulated PGE, signaling in the initia-
tion of the mesoderm specification of human pluripotent
stem cells and suggest that this signaling pathway plays a
critical role in early embryo development.

RESULTS

PGE; Level Increases upon BMP4-Induced Mesoderm
Differentiation

It has been reported that BMP4 signaling is dispensable in
the initiation of gastrulation and mesoderm differentia-
tion. We also found that BMP4 was the one of the strongest
mesoderm inducers to promote the expression of meso-
derm initiation marker genes (BRACHYURY, TBX3, and
MIXL-1) and key proteins BRACHYURY (BRA) and
MIXL-1 in the process of hESC differentiation (Figures
S1A-S1D). By culturing hESCs in a serum-free defined me-
dium (SFDM) with BMP4 for 48 hr (Figure 1A), the
morphology of these hESCs changed from round, dense
colonies into loose patches with more flattened cells in
the surroundings (Figure 1B). qPCR analysis showed signif-
icant upregulation of expression of the mesendodermal
and early mesodermal marker genes, such as BRA, TBX3,
MIXL-1, EOMESODERMIN (EOMES), WNT3, and PDGFRa,
whereas the expression of a pluripotent and early neuroec-
todermal gene, SOX2, was downregulated after BMP4 in-
duction (Figure 1C). Immunofluorescence staining results
indicated that most of the differentiated cells coexpressed
BRA, EOMES, and TBX3 upon BMP4 induction (Figure 1D),
reflecting mesendoderm and early mesoderm specification.
The expression of OCT4 gene and protein presented little
change (Figures 1C and S1E), which is consistent with its
role in mesoderm commitment. To identify the potential
role of PGE, in regulating mesoderm specification, we
harvested the culture supernatants of hESCs and their
differentiated cells during the mesoderm induction pro-
cess. Interestingly, a remarkable increase in the levels of
PGE, in the culture supernatants upon BMP4-induced
mesoderm differentiation was observed by enzyme immu-
noassay (EIA) (Figures 1E and S1F), indicating that PGE,
might play a role in BMP4 signaling during mesoderm
fate determination.

De Novo Synthesis of PGE; Is Required for BMP4-
Induced Mesoderm Specification of hESCs

To elucidate the role of PGE, during the mesoderm differ-
entiation of hESCs, we used a non-selective COX inhibitor,
indomethacin, to block the endogenous synthesis of PGE,
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(Figures 2A and S1G). Indomethacin treatment within the
concentration range tested showed little impact on the
proliferation and survival of BMP4-induced cells (Figures
S2A-S82C). Exposure to indomethacin during the meso-
derm differentiation process caused significant decreases
in the expression of the mesodermal key genes, BRA,
MIXL-1, and EOMES, and a striking blockade of the expres-
sion of the mesodermal marker BRA at a protein level (Fig-
ures 2B-2D and S2D), indicating that endogenous and de
novo PGE, synthesis was required for BMP4-induced meso-
derm specification of hESCs. Similarly, mouse epiblast stem
cells (EpiSCs), which are derived from pre-gastrula-stage
late epiblast, showed little expression of the mesodermal
marker genes Bra in the absence of endogenous PGE,
(data not shown). To further investigate the differentiation
fate of the indomethacin-treated cells, we grew them in
hemato-vascular (HV) progenitor differentiation medium
for 4 days (Figure 2A). These indomethacin-treated cells
showed differentiation defect in formation of HV precur-
sors. Expression of hematopoietic as well as endothelial
marker genes, such as KDR, SCL, and VE-CAD, were all sup-
pressed after indomethacin treatment (Figure 2E). Consis-
tently, the percentage of KDR*CD31" cells was significantly
decreased (Figures 2F and 2G). The indomethacin-treated
cells presented notably impaired endothelial and cardiac
differentiation potential (Figures S2E-S2H), indicating
that inhibition of endogenous PGE, synthesis led to a
mesoderm differentiation block. Furthermore, despite the
existing of BMP4 signaling, inhibition of endogenous
PGE, synthesis by indomethacin significantly raised
the level of the early neuroectodermal marker tran-
scripts (HOXA1, ZIC1, SOX1, and GBX2), and increased
NESTIN*PAX6" cell percentage after neural induction (Fig-
ures 2H, S2I, and S2J). However, effects of BMP4 on tro-
phectoderm differentiation measured by expression of
GCM1 and cGA genes and of cGA protein were not altered
by indomethacin (Figures S2K and S2L). All these results
indicated that de novo synthesis of PGE, is required specif-
ically for BMP4-induced mesoderm specification of hESCs,
whereas blockade of its synthesis reduced mesoderm spec-
ification and enhanced neuroectoderm cell fate commit-
ment of hESCs.

We then performed ex vivo transplantation experiments
to further evaluate the differentiation potential of these
pluripotent cells in the presence of BMP4 induction or
absence of PGE, synthesis. After 2 days of BMP4 induction
in the presence and absence of indomethacin, the diffe-
rentiated cells were subcutaneously transplanted into
NOD/SCID mice. The whole grafts formed from trans-
planted hESCs treated with BMP4 in the presence of indo-
methacin demonstrated significantly increased expression
of the neuroectodermal markers NESTIN, NEUROD, PAX6,
ZIC1, and GFAP compared with grafts from transplanted
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Figure 1. PGE; Is Increased upon BMP4-Induced Mesoderm Differentiation

(A) Schematic of mesoderm induction of hESCs.

(B) Morphological changes of BMP4-treated hESCs on different days. Scale bars represent 50 pm (main) and 10 um (inset).

(C) Lineage-specific gene expression changes in hESCs during mesoderm differentiation (SFDM + 25 ng/mL BMP4, 2 days) were determined
by gPCR. *p < 0.05, **p < 0.01 compared with 0 hr. n = 3 independent experiments.

(D) Lineage-specific proteins expression was detected during hESC mesoderm differentiation by immunostaining. Scale bars represent

20 pm.

(E) Secreted PGE; levels in the culture medium of hESCs and their differentiated cells were detected by EIA. hESC culture medium was
collected as sample at 0 hr. At 24 and 48 hr after BMP4 induction, the culture media were collected for detection of PGE; secretion levels
(24h and 48h). *p < 0.05, **p < 0.01 compared with 0 hr. n = 3 independent experiments.

Error bars indicate SD. See also Figure S1.

hESCs with BMB4 treatment alone (Figure 2I). In contrast,
mesoderm and endoderm lineage marker genes, such as
VE-CAD, RUNX1, WNT3, ACTA2, PPARy, SOX9, and
FOXA2, were uniformly downregulated in these engrafted
tissues (Figure 2I). Consistently, immunostaining of the
grafts from hESCs treated with BMP4 in the absence of
indomethacin showed more positive staining for meso-
derm markers (KDR, ACTA2) and less for neural stem cells
and neurons in the intact tissue sections than grafts from
hESCs treated with BMP-4 but in the presence of indo-
methacin (Figures S2M and S2N), indicating that endoge-
nous PGE, synthesis is required for BMP4 induction of

mesoderm differentiation in hESCs. Blockade of de novo
PGE, synthesis prevented BMP4-induced mesoderm differ-
entiation, whereas it promoted neuroectoderm cell fate of
hESCs.

BMP4 Signaling Directly Regulates COX-1 Gene
Expression and Promotes PGE, Production

We next investigated how an increase of endogenous PGE,
level was induced during BMP4-initiated mesoderm differ-
entiation from hESCs. Since PGE, was synthesized from
arachidonic acid (AA) by two key cyclooxygenases
(COX-1 or COX-2), we firstly evaluated the expression of
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Figure 2. De Novo Synthesis of PGE, Is Required for BMP4-Induced Mesoderm Specification of hESCs

(A) Schematic of different induction methods. Indo, indomethacin.

(B) gPCR analysis of mesodermal marker gene expression levels in hESCs with BMP4 induction plus DMSO (—Indo) orindomethacin (+Indo)
for 48 hr. **p < 0.01 compared with —Indo group. n > 3 independent experiments.

(Cand D) Immunostaining (C) and western blotting (D) analysis for BRA in hESCs with BMP4 induction plus DMSO (—Indo) orindomethacin
(+Indo) for 48 hr. Scale bars represent 50 pm.

(E) hemato-vascular precursors (HV) marker gene expression levels in hESCs with BMP4 induction plus DMSO (—Indo) or indomethacin
(+Indo) for 48 hr and hemato-vascular precursors induction (SFDM + 50 ng/mL VEGF + 50 ng/mL bFGF) for 4 days. *p < 0.05, **p < 0.01
compared with —Indo group. n = 3 independent experiments.

(F and G) Flow cytometry analysis of the percentage of KDR"CD31* cells after hemato-vascular induction. *p < 0.05 compared with —Indo
group. n = 3 independent experiments.

(legend continued on next page)
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COX-1 and COX-2 in the presence of BMP4. qPCR, western
blot, and immunofluorescence analyses revealed that the
expression levels of COX-1 mRNA and its protein were
notably increased during BMP4-induced mesoderm differ-
entiation in hESCs (Figures 3A-3C). However, the expres-
sion of COX-2 mRNA and its protein showed little change
during this process (Figures 3A and 3B). Pharmacological
inhibition of activation of BMP4 receptor by dorsomor-
phin resulted in significantly reduced expression of the
COX-1 and PGE, synthesis in the BMP4-treated hESCs (Fig-
ures 3D, S3A, and S3B). Consistently, suppression of SMAD
production by siSMAD1 in the downstream of BMP4 also
remarkably suppressed the expression of COX-1 and
PGE; synthesis (Figures 3E, 3F, S3C, and S3D). These results
suggested a direct regulation of COX-1, a cyclooxygenase
for PGE, synthesis, by BMP signaling.

To further investigate the transcriptional regulation of
COX-1 by the BMP/SMAD signaling, we cloned the regula-
tory region of human COX-1 gene promoter spanning the
upstream 1,000 bp to downstream 115 bp around the initi-
ation codon ATG into the pGL3-basic luciferase reporter
plasmid. Results from the luciferase activity assay revealed
that this reporter containing this region responded well to
SMAD1 overexpression in hESCs (Figure 3G). To further
map the location of the SMAD1-responsive element, we
made serial truncations in the region and tested their
SMAD1 responsiveness. We found that the region between
—500 bp and +115 bp of COX-1 ATG still showed response
to SMAD1 overexpression, whereas no significant activity
alteration was observed for the pGL3-basic reporter with
the region between —100 and +115 bp sequences (Fig-
ure 3G). We also used chromatin immunoprecipitation
(ChIP) assays to evaluate the interaction of SMAD1 to the
human COX-1 promoter in hESCs. Four sets of primers
were designed to amplify the SMAD1-interacting DNA frag-
ments. The qPCR assay using the second pair of primers
showed that BMP4 remarkably induced the recruitment
of SMAD1 to the region between —435 bp and —140 bp
of the COX-1 ATG, which contained a putative SMAD-
binding element (SBE) (from nucleotides —355 to —359;
Figure 3H). To further determine whether the transcrip-
tional activity of COX-1 promoter is regulated by the puta-
tive SBE and SMADI1, we deleted the predicted SBE
sequence (CAGAC) in the COX-1 promoter by PCR and
constructed this SBE-less sequence into a pGL3-basic vec-
tor, which we named pGL3-A(500/+115). Upon compari-
son of the COX-1 promoter constructs of pGL3-500/+115

and pGL3-A(500/+115), the latter showed significantly
impaired luciferase activity in HEK293 cells expressing a
high endogenous level of SMAD1 (Figure 3I). However, in
SMADT1 silencing cells, SBE deletion did not significantly
affect the activity of the COX-1 promoter (Figure 3I). On
the other hand, SMAD1 silencing resulted in a dramatic
decrease in the activity of COX-1 promoter with SBE
sequence (Figure 3I), which subsequently inhibited the
production of PGE, (Figure 3]). These results indicated
that COX-1, the key enzyme for PGE, production, was
directly regulated by BMP signaling through the binding
of SMAD1 to the consensus SBE in the COX-1 promoter.

PGE; Synthesized by COX-1 Initiates Mesoderm
Differentiation of hESCs

To further determine the role of COX-1 and PGE, in the
early fate decisions of hESCs, we carried out loss-of-func-
tion experiments to further study the relationship between
the key enzymes of PGE, synthesis and hESC differentia-
tion. Notably, selective silencing of COX-1 expression
with two independent small interfering RNAs (siRNAs) or
pharmacological blockage of the catalytic function of
COX-1 by SC-560 downregulated the mRNA level of meso-
dermal marker genes, such as BRA, MIXL-1, and EOMES
(Figures 4A and 4C). Immunostaining results revealed
that the percentage of BRA-positive cells was significantly
decreased by COX-1 knockdown or COX-1 selective inhib-
itor SC-560 (Figures 4B and 4D). Consistently, the expres-
sion of BRA was remarkably blocked by SC-560 (Figure 4E).
Both SC-560 and DMHI1 (selectively inhibited the
BMP-induced Smad1/5/8 activation) were more complete
in suppression of mesodermal key marker gene (BRA,
MIXL-1, and EOMES) expression (Figure S3E). These inhib-
itors showed no significant difference on suppression of
BRA protein expression (Figure S3F). However, selective
silencing of COX-2 expression or selective inhibition of
COX-2 with NS-398 had little effect on the expression of
mesodermal genes and their protein (Figures 4C-4E, S3G,
and S3H). These results indicated that COX-1 and its prod-
ucts PGE, mediated BMP4-induced mesoderm differentia-
tion. Next, we investigated whether overexpression of
COX-1 or exogenous PGE, administration promoted meso-
derm differentiation in hESCs. Compared with the control
group, COX-1 overexpression significantly drove differen-
tiation of hESCs into mesoderm cells, expressing higher
levels of the marker genes BRA, MIXL-1, and EOMES (Fig-
ure 4F). Western blot analysis showed that overexpression

(H) Neuroectoderm (NE) marker gene expression levels in hESCs with BMP4 induction plus DMSO (—Indo) or indomethacin (+Indo) for
48 hr. *p < 0.05 compared with —Indo group. n = 3 independent experiments.
(I) gPCR analysis of tissue-specific gene expression levels in different engrafts. *p < 0.05, **p < 0.01 compared with —Indo group. n =3

independent experiments.
Error bars indicate SD. See also Figure S2.
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Figure 3. BMP4 Signaling Directly Regulates COX-1 Gene Expression and Promotes PGE, Production

(A) gPCR analysis of COX-1 and COX-2 gene expression levels in hESCs after mesoderm induction. *p < 0.05 compared with 0 hr. n > 3
independent experiments.

(B) COX-1 and COX-2 protein expression levels in hESCs after mesoderm induction were determined by western blot analysis.

(C) COX-1 expression was detected during hESC mesoderm differentiation by immunostaining. The nuclei were counterstained with DAPI.
Scale bars represent 20 um.

(D) gPCR analysis of the expression levels of COX-1 in hESCs treated with vehicle control, BMP4 alone, dorsomorphin (Dor) alone, or BMP4
plus Dor. **p < 0.01 compared with —BMP4—Dor group. n = 3 independent experiments.

(legend continued on next page)
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of COX-1 notably enhanced the expression of BRA protein
(Figure 4G). We then tested the effect of exogenous PGE,
on the initiation of early mesoderm differentiation of
hESCs. PGE, induced expression of BRA transcript in a
dose-dependent manner in differentiated cells at concen-
trations between 10 nM and 1 pM (Figure 4H). Similarly,
other key mesodermal genes were also markedly upregu-
lated by PGE, treatments (Figure 4I). As a control, the
differentiated cells from hESCs in the absence of PGE, in-
duction exhibited little or undetectable BRA expression.
Strong expression of the BRA protein was only detected
in PGE,-treated hESCs (Figures 4] and 4K). Finally, PGE,
application in mouse EpiSCs also significantly upregulated
the expression of mesodermal marker genes and BRA pro-
tein (Figures 4L and 4M). These results further suggested
that PGE, conferred mesoderm fate decision in hESCs
and EpiSCs.

PGE, Stimulates Mesoderm Differentiation of hESCs
through the EP2-PKA-GSK3B/B-Catenin Signaling
Pathway

PGE, exerts its cellular functions by binding to four G-pro-
tein-coupled receptors, which are designated EP1 to EP4.
We first detected the expression level of EP1 to EP4 in
cultured hESCs and found that the expression of EP2, EP3,
and EP4 was higher than that of EP1 (Figure S4A). Studies
have suggested that EP2 and EP4 are coupled to the stimu-
lation of adenylyl cyclase and result in increased intracel-
lular cyclic AMP (cAMP) production, and EP3 inhibited
the formation of cAMP (Sugimoto and Narumiya, 2007).
We then investigated whether PGE, affected the production
of CAMP in hESCs. The results showed that PGE, treatment
significantly stimulated the formation of cAMP, which sug-
gests that EP2 or EP4 mightbe activated by PGE, (Figure 5A).
The expression of these two receptors was significantly
detectable in hESCs (Figure 5B). We then added a selective
antagonist of EP2 or EP4 to the cultured hESCs before
PGE, treatment. Application of the EP2 antagonist
AH6809 abolished the effects of PGE, on the cCAMP increase

(Figure 5A). In contrast, the EP4 antagonist AH23848 had
little effect on the level of cAMP (Figure 5A). Analysis by
gPCR revealed that the PGE,-induced expression of the
mesoderm marker genes BRA and MIXL-1 was significantly
inhibited by the EP2 antagonist AH6809, but not by the EP4
antagonist AH23848 (Figure 5C). Similarly, EP2 knockdown
suppressed the expression of mesoderm marker genes in the
presence of PGE, (Figure S4B). Consistently, the EP2 agonist
butaprost, but not the EP4 agonist PGE,; alcohol, induced
mesodermal marker gene expression (Figure 5D).

We then investigated the downstream signaling pathway
associated with PGE,-EP2 activation. It has been reported
that the cAMP-activated protein kinase (PKA) can directly
phosphorylate glycogen synthase kinase 38 (GSK-3p) and
inhibit its kinase activity (Fang et al., 2000; Fujino et al.,
2002; Li et al., 2000). Western blotting results revealed
that treatment of hESCs with PGE, induced rapid phos-
phorylation of GSK-3p on Ser9 and B-catenin on Ser675
(Figure 5E). Notably, the EP2 antagonist AH6809 and the
PKA inhibitor H89 significantly inhibited the phosphoryla-
tion of GSK-3B and B-catenin provoked by PGE, (Figure 5F).
Conversely, the EP4 antagonist AH23848 did not prevent
the activation of GSK-3B or B-catenin. Subsequently, nu-
clear translocation of B-catenin was observed in response
to PGE, stimulation (Figure 5G), and its translocation was
blocked by the EP2 antagonist or the PKA inhibitor H89
(Figure 5G). These results suggested that PGE, induced
the mesoderm differentiation of hESCs mainly by acti-
vating the EP2-PKA-GSK-3B/B-catenin signaling pathway,
which then initiated the expression of its target genes (Fig-
ure 6) such as BRA and MIXL-1 (Arnold et al., 2000; Singh
et al., 2012).

DISCUSSION

Here, we demonstrated that de novo synthesis of PGE, was
required for BMP4-induced mesoderm specification of
hESCs. Our data further showed that one of the key PGE,

(E and F) gPCR (E) and immunostaining (F) analysis of COX-1 expression levels in siScrambled or siSMAD1-transfected hESCs treated with
vehicle control and BMP4. **p < 0.01 compared with scrambled-transfected and —BMP4 group. n = 3 independent experiments. Scale bars
represent 20 um.

(G) Effect of SMAD1 on COX-1 transcriptional activity was determined by measuring luciferase activity. Firefly luciferase activity was
normalized to control Renilla activity. *p < 0.05 compared with control group. n = 3 independent experiments. OE, overexpression.

(H) Binding relationship between SMAD1 and the human COX-1 promoter was determined by ChIP and gPCR assays. **p < 0.01 compared
with —BMP4 cells. n = 3 independent experiments.

(I) HEK293 cells were transfected with siSMAD1 or Scrambled control and the luciferase activities of pGL3-500/+115 and pGL3
A(—500/+115) (Delete CAGAC) were determined. **p < 0.01 compared with scrambled+pGL3 —500/+115; #*p < 0.01 compared with
scrambled+pGL3 —500/+115 group. n = 3 independent experiments.

(J) HEK293 cells were transfected with siSMAD1 or Scrambled control and the intracellular PGE, concentration was detected by EIA.
**p < 0.01 compared with scrambled. n = 3 independent experiments.

Error bars indicate SD. See also Figures S3 and S5.
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Figure 4. PGE; Is Sufficient to Initiate Mesoderm Differentiation of hESCs

(A) gPCR analysis of mesoderm marker gene expression levels in BMP4-induced hESCs transfected with two independent siRNAs against
COX-1 or a scrambled control siRNA. *p < 0.05, **p < 0.01 compared with the scrambled control group. n = 3 independent experiments.
(B) Immunostaining for BRA expression in BMP4-induced hESCs transfected with two independent siRNAs against COX-1 or a scramble
control siRNA. Scale bars represent 50 pum.

(C) gPCR analysis of mesoderm marker gene expression levels in hESCs with BMP4 induction plus DMSO (control), SC-560, or NS-398 for
48 hr. *p < 0.05, **p < 0.01 compared with control group. n = 3 independent experiments.

(D and E) Immunostaining (D) and western blotting (E) analysis for BRA expression in hESCs with BMP4 induction plus DMSO (Control),
SC-560, or NS398 for 48 hr. Scale bars represent 50 pum.

(F) Mesoderm gene expression levels in pEGFP-hESCs and pEGFP-COX-1 hESCs during differentiation were determined by qPCR. *p < 0.05,
**p < 0.01 compared with pEGFP-transfected cells. n = 3 independent experiments.

(G) Western blotting analysis for COX-1 and BRA in pEGFP-hESCs and pEGFP-COX-1 transfected hESCs 2 days after transfection.

(H) gPCR analysis of the BRA expression levels in hESCs with PGE, treatment at different concentration for 2 days. *p < 0.05 compared
with —PGE, cells. n = 3 independent experiments.

(legend continued on next page)
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synthesis enzymes, COX-1, was crucial for proper differen-
tiation of mesoderm progenitor cells from hESCs, which
indicated that COX-1-derived PGE, mediated BMP4-
induced mesoderm commitment. Our results reveal a pre-
viously unknown role for PGE, in regulating mesodermal
cell fate specification.

It is well known that ESCs are capable of differentiating
into three germ layers in vitro. However, limiting differenti-
ation of ESCs into a desired cell lineage is still a big chal-
lenge. To obtain directed differentiation, it is critical to
reveal the complicated signal networks that control ESC
fate decisions. It has been reported that BMP4 signaling is
required for mesoderm formation and for inhibition of
neural induction in mice (Marchal et al., 2009). In hESCs,
BMP4 can also promote mesendoderm and mesoderm dif-
ferentiation, and inhibit neuroectoderm development (Di-
Gregorio et al., 2007; Massagué et al., 2005; Tang et al.,
1998; Watabe and Miyazono, 2009; Winnier et al., 1995).
Despite several signal pathways and some target genes hav-
ing been reported to participate in BMP4-induced meso-
derm specification, the precise regulatory mechanism of
BMP4 signaling has remained largely unknown. Recent
studies have demonstrated that PGE, signaling plays
crucial roles in the modulation of angiogenesis, vascular
tube formation, and hematopoiesis (Cha et al., 2005;
Yang et al., 2010; North et al., 2007). These findings have
attracted us to investigate the regulatory role of PGE; in
the early mesoderm commitment of ESCs. Here, we first
tested effect of inhibition of endogenous PGE, synthesis,
using a PGE, synthesis inhibitor indomethacin, on
BMP4-induced mesoderm fate decision of hESCs. Sur-
prisingly, indomethacin treatment remarkably suppressed
mesoderm progenitor cell commitment and impaired the
mesoderm progeny cell differentiation capacity of
BMP4-induced cells. Indomethacin at 5-20 uM induced
strong blockade of HV differentiation (Figure S5A). We
also assessed the endoderm differentiation potential of
BMP4-treated cells with or without the presence of indo-
methacin for 2 days. These two cell populations displayed
low definitive endoderm differentiation efficiency (Fig-
ure S5B), which might be due to the low expression of
endoderm genes (GSC and CXCR4) as a result of BMP4
treatment (Figure S5C). However, cells in the presence of
indomethacin showed significantly decreased expression

of endoderm genes (SOX17 and GATA4) compared with
that in the absence of indomethacin (Figure S5D).
Conversely, indomethacin treatment strongly promoted
the neuroectoderm development of hESCs.

PGE,; is a small-molecule metabolite of AA, synthesized
first by COX-1 or COX-2 and then by prostaglandin
synthase (Phipps et al.,, 1991). Increasing evidence has
suggested that the requirement of individual COX for
PGE, production is specific to cell types and functions, espe-
cially in early embryonic development (Cha et al., 2005;
Goessling et al., 2009; Speirs et al., 2010). COX-1 expression
is restricted to the posterior mesoderm during zebrafish
somitogenesis (Cha et al., 2005; Grosser et al., 2002).
In our study, we found that the expression levels of
COX-1 mRNA and protein were increased during the
BMP4-induced differentiation process, which is consistent
with the increased levels of PGE, in the same process. We
then wanted to examine the correlation of BMP4 signal
and COX-1 gene expression. More detailed studies showed
that BMP4 recruited SMAD1 to the predicted SBE-contain-
ing part of the COX-1 cis-regulatory region and directly regu-
lated COX-1 transcription. Therefore, our results support the
hypothesis that COX-1 acts as a BMP4/SMAD1 downstream
target. Another transforming growth factor p superfamily
member, Activin A, could not induce either COX-1 expres-
sion or PGE, synthesis (Figures SSE and SS5F), indicating
the specific regulation of COX-1 by BMP4. These results
further led us to investigate whether COX-1-derived PGE,
directly regulated early cell fate decisions. We used both
COX-1 knockdown and chemical blockade of COX-1 activ-
ity approaches to further demonstrate the role of COX-1-
derived PGE, in mesoderm specification. Selective inhibi-
tion of COX-1 activity led to mesoderm differentiation
defect in hESCs, revealing the necessity of COX-1-derived
PGE, for mesoderm differentiation. The critical role of
COX-1 in early embryonic development was also proved
in the zebrafish model. Knockdown of COX-1 resulted in
gastrulation arrest, while COX-2 knockdown failed to pro-
duce any phenotype in zebrafish (Speirs et al., 2010). In
line with this observation, we found that COX-2 did not
participate in BMP4-induced mesoderm differentiation.
Importantly, forced COX-1 expression or PGE, treatment
was sufficient for the initiation of mesoderm specification
of hESCs, demonstrating that PGE, signaling positively

(I) gPCR analysis of mesodermal gene expression levels in hESCs treated with 1 uM PGE,. *p < 0.05 compared with —PGE; 2d. n = 3

independent experiments.

(J and K) Western blotting (J) and immunostaining (K) analysis for BRA in hESCs treated with 1 uM PGE, for 2 days. Scale bars represent

50 pm.

(L) gPCR analysis of mesodermal gene expression levels in EpiSCs treated with 1 uM PGE,. *p < 0.05, **p < 0.01 compared with —PGE, 2d.

n = 3 independent experiments.

(M) Western blotting analysis for Bra in EpiSCs treated with 1 uM PGE; for 2 days.

Error bars indicate SD. See also Figure S3.
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regulated mesoderm commitment of hESCs. Furthermore,
prolonged exposure to PGE, for 7 days caused remarkably
increased expression levels of mesoderm marker genes but
not neuroectoderm genes (Figure S6A), further supporting
the positiverole of PGE; in mesoderm cell fate commitment.

PGE; functions in an either autocrine or paracrine
manner via four specific receptors, EP1 to EP4. These recep-
tors, encoded by different genes and expressed specifically
in different cells, have complex, sometimes opposite, re-
sponses to PGE, (Harizi et al., 2003; Panzer and Uguccioni,

2004; Villablanca et al., 2007). PGE, can activate different
receptors in different cell types, and the interaction of
PGE, with its receptors can result in activation of different
pathways (Castellone et al., 2005; Xia et al., 2010). In our
study we found that PGE, activated EP2 and PKA signaling,
which subsequently induced phosphorylation of GSK-38
(Ser9) and B-catenin (Ser675) in hESCs. Consistently, EP2
agonist notably activated B-catenin in hESCs (Figure S6B).
These findings suggest that PKA-GSK-3p/p-catenin is the
main downstream effector of PGE,/EP2 signaling in

Figure 5. PGE, Stimulates Mesoderm Differentiation of hESCs through the EP2-PKA-GSK3B/B-Catenin Signaling Pathway

(A) cAMP level of hESCs with vehicle control, Forskolin, PGE,, PGE, + AH6809, or AH23848 treatment were determined by cAMP Glo array.
*p < 0.05 compared with the control group. n = 3 independent experiments.

(B) EP2 and EP4 receptor expression in hESCs was detected by immunostaining. Scale bars represent 20 pum.

(C) gPCR analysis of the BRA and MIXL-1 expression levels in hESCs treated with vehicle control, PGE,, PGE, + AH6809, or AH23848.
*p < 0.05 compared with the control group; p < 0.05 compared with the PGE, group. n = 3 independent experiments.

(D) gPCR analysis of the gene expression levels in hESCs treated with vehicle control, butaprost, and PGE; alcohol. *p < 0.05 compared with

the control group. n = 3 independent experiments.

(E) Western blotting analysis for p-GSK3B and p-B-catenin levels in hESCs treated with PGE, for different times.
(F) Western blotting analysis for p-GSK3B and p-B-catenin protein expression levels in hESCs treated with vehicle control, PGE,,

PGE, + AH6809, PGE, + AH23848, or PGE, + H89.

(G) Immunostaining analysis for B-catenin protein translocation in hESCs treated with vehicle control, PGE,, PGE, + AH6809, PGE, + AH23848,

or PGE, + H89. Scale bars represent 25 pum.
Error bars indicate SD. See also Figures S4 and S6.
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BMP-4-activated hESCs. It has been reported that phos-
phorylation of B-catenin (Ser675) or GSK-3p (Ser9) stabi-
lizes the B-catenin protein by inhibiting its destruction
(Fang et al., 2000; Hino et al., 2005). The activation of
Wnt/B-catenin pathway and the accumulation of B-catenin
in the nucleus are required for the mesoderm differentia-
tion of ESCs (ten Berge et al., 2008; Tran et al., 2009). We
found that CHIR treatment of hESCs markedly induced
the expression of key mesoderm genes and their proteins
(Figures S6C and S6D). Addition of CHIR rescued the block-
ing effect of BRA expression caused by indomethacin (Fig-
ure S6E). Interestingly, Wnt receptor antagonist DKk-1
could not block the expression of BRA induced by BMP4,
which is consistent with the report by Zhang et al.
(2008). However, indomethacin, a PGE, synthesis inhibi-
tor, strikingly suppressed mesoderm induction by BMP4.
Furthermore, the function of PGE, on initiation of meso-
derm specification could not be blocked by Wnt secretion
inhibitor IWP2 (Figure S6F). These results further suggest
that PGE, mediates the mesendoderm and early meso-
derm-inducing effect of BMP4, which is independent of
endogenous WNT3a signaling.

In conclusion, our work presented here elucidates a role
for COX-1-derived PGE, in mesoderm progenitor cell in-
duction from hESCs and EpiSCs. In particular, our data
reveal that mesoderm inducer BMP4 directly upregulated
the metabolism enzyme COX-1, providing a mechanism
of how BMP4 controls mesoderm differentiation via a
metabolism pathway. Our findings also show crosstalk be-
tween BMP4 and Wnt/-catenin signaling via early activa-
tion of the PGE, pathway. In all, our findings reveal a
mechanism for the early cell fate determination of hESCs
and provide insights into strategies for mesoderm induc-
tion or neuroectoderm specification through increasing
or blocking the PGE, signaling pathway.

EXPERIMENTAL PROCEDURES

Cell Culture and Differentiation

WAO1 and WAQ9 hESCs (from Wicell Research Institute, hESCs
with 40-60 passages were used in all experiments) were cultured
on Matrigel (BD Biosciences)-coated wells in mTeSR1 medium
(STEMCELL Technologies) according to the manufacturer’s proto-
col. Mouse EpiSCs were grown on fibronectin coated wells in
N2B27 medium supplemented with 20 ng/mL Activin A (R&D
systems) and 12 ng/mL basic fibroblast growth factor (bFGF)
(Millipore). For mesoderm differentiation, hESCs were grown in
SFDM consisting of Iscove’s modified Dulbecco’s medium/F12
(3:1) supplemented with 0.05% lipid-rich BSA, 1 mM Glutamax,
1% non-essential amino acids, 1% insulin-transferrin-selenium
(all from Gibco), and 25 ng/mL BMP4 (R&D Systems). For neuroec-
toderm differentiation, hESCs were grown in SFDM +10 uM
SB431542 (Stemgent) + 12 ng/mL bFGE Other cytokines or small
molecules used were the following: vascular endothelial growth
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factor 165 (VEGFi6s5; 50 ng/mlL, Peprotech); PGE,, AH6809
(10 pM), butaprost (5 uM), AH23848 (10 pM), and prostaglandin
E; alcohol (5 uM) were from Cayman; dorsomorphin (2 uM) was
from Stemgent; indomethacin (10 pM), SC-560 (10 uM), and NS-
398 (10 uM) were from Sigma-Aldrich; DMH1 (S pM) was from Sell-
eck. Concentration of inhibitors using in all experiments depend
on related references (Liou et al., 2007; North et al., 2007; Rocca
et al., 2002; Zhang and Daaka, 2011). All differentiation experi-
ments were repeated at least three times on different passages of
hESCs to ensure that the experimental data described were repro-
ducible from one experiment to the next. HEK293 cells were
cultured in HDMEM medium with 10% fetal bovine serum (FBS).

qRT-PCR

Total RNA from cultured cells or tissues was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer’s protocol.
One microgram of total RNA was reverse transcribed with the
reverse transcriptase M-MLV (Takara) using oligo(dT) primers.
qPCR analysis was performed on a Bio-Rad iQS5 system using the
SYBR Green PCR Master Mix (TaKaRa). The RNA levels were
normalized using GAPDH as an internal control. The data were
representative of multiple experiments. The primers are described
in detail in Table S1.

siRNA Transfection

siRNAs were purchased from Sigma-Aldrich. The siRNAs
(100-200 nM) were transfected into hESCs with Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instruc-
tions. The knockdown efficiency was determined by analysis of
the gene expression levels of the corresponding target molecule.
The siRNA information is described in detail in Table S2.

Immunostaining

Cells were washed twice with PBS before being fixed in 4% parafor-
maldehyde for 20 min at room temperature, permeabilized in PBS
with 0.2% Triton X-100 for 10 min, and blocked in PBS with 10%
normal donkey serum for 30 min at room temperature. The cells
were then incubated with diluted primary antibody in PBS with
10% donkey serum at 4°C overnight followed by incubation
with the corresponding secondary antibody in the dark at room
temperature for 40 min. The cells were washed with PBS three
times between each step. The nuclei were counterstained with
4',6-diamidino-2-phenylindole (DAPI) before visualization and
image acquisition under a microscope. The antibodies used were
as follows: COX-1 (ab109025) and COX-2 (ab15191) were from
Abcam; BRA (AF2085) was from R&D Systems; EP2 (sc-20675)
and EP4 (sc-55596) were from Santa Cruz Biotechnology.

Flow Cytometry

The cells were trypsinized into single-cell suspensions using 0.25%
trypsin (Gibco) and resuspended in PBS containing 5% FBS. The
cells were washed and incubated with isotypic antibodies or the
indicated antibodies in the dark for 45 min at 4°C. After incuba-
tion, the cells were washed three times with PBS and suspended
in 0.4 mL of PBS for analysis. 7-Aminoactinomycin D (BD
Biosciences) was added to each sample and incubated for 5 min
before analysis to eliminate the dead cells. Flow-cytometry analysis



was performed using FACSCalibur (BD Biosciences). The anti-
bodies used were as follows: KDR-PE (560494) was from BD Biosci-
ence; CD31-APC (17-0319-42) was from eBioscience.

Western Blotting

The cells were lysed with RIPA buffer. The homogenates were
centrifuged, and the supernatants collected and stored at —80°C.
The protein concentrations were determined with the BCA protein
assay (Pierce). Equal amounts of proteins were separated using
10%-12% SDS-PAGE and transferred to PVDF membranes. The
membranes were blocked with 5% skimmed milk for 1 hr at
room temperature and blotted with the primary antibody over-
night at 4°C followed by horseradish peroxidase-coupled second-
ary antibodies. The antigens were revealed using ECL reagents
(Millipore). The antibodies used were as follows: B-catenin
(Ser675) Antibody Duet (11887), GSK-3B (9315), and pGSK-38
(Ser9) (9322) were from Cell Signaling; COX-1 (ab109025) and
COX-2 (ab15191) were from Abcam; BRA (AF2085) was from
R&D Systems.

Luciferase Assays

SMAD1 overexpression plasmid (Addgene) and pGL3-basic
plasmids containing different fragments of COX-1 promoter
were co-transfected into hESCs with Neon Transfection System
(Invitrogen). The pRL-CMV plasmid was co-transfected for
normalization. The cells were harvested 48 hr later for luciferase
assay. Luciferase activity was measured using the dual luciferase
assay kit (Promega). All assays were performed in triplicate, and
all values were normalized by Renilla luciferase activity.

Chromatin Immunoprecipitation Assays

hESCs were treated with 25 ng/mL BMP4 for 120 min followed by
the ChIP assays. The detailed methods are described in Zhang et al.
(2012). Four micrograms of the SMAD1 antibody (Santa Cruz, sc-
7965) was used for immunoprecipitation, and normal mouse
immunoglobulin G was used as a negative control. The DNA was
precipitated and purified by the Wizard SV Gel and PCR Clean
Up system (Promega), and was used as a template for qPCR to
amplify the proximal promoter of COX-1. The primers are
described in detail in Table S3.

cAMP Luminescence Assay

Samples containing 1 x 10* cells were exposed to different treat-
ments for 15 min. The luminescence assay was performed accord-
ing to the standard protocol of the manufacturer (Promega, cCAMP
Glow).

PGE; EIA Assay

The culture supernatants of hESCs and the differentiated cells were
collected and dead cells were eliminated by centrifugation. The
secreted PGE, concentrations were determined by EIA kits accord-
ing to the manufacturer’s protocol (Enzo).

Statistical Analyses
The data are presented as mean + SD. Student’s t test was used for
the statistical analysis between two groups. One-way ANOVA was

used to compare means among three or more independent groups.
p < 0.05 was considered significant.
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