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The Balance of Positive and Negative Effects of TGF-3
Signaling Regulates the Development of Hematopoietic
and Endothelial Progenitors in Human Pluripotent Stem Cells

Hao Bai,' Yin-Liang Xie? Yong-Xing Gao, Tao Cheng,? and Zack Z. Wang'

Derived from mesoderm precursors, hemangioblasts are bipotential common progenitors of hematopoietic cells
and endothelial cells. The regulatory events controlling hematopoietic and endothelial lineage specification are
largely unknown, especially in humans. In this study, we establish a serum-free and feeder-free system with a
high-efficient embryoid body (EB) generation to investigate the signals that direct differentiation of human
pluripotent stem cells (hPSCs), including human embryonic stem cells (hESCs) and induced pluripotent stem
cells (hiPSCs). Consistent with previous studies, the CD34"CD31*VE-cadherin™ (VEC™) cells derived from
hPSCs contain hematopoietic and endothelial progenitors. In the presence of hematopoietic and endothelial
growth factors, some of CD34"CD31"VEC™" cells give rise to blast colony-forming cells (BL-CFCs), which have
been used to characterize bipotential hemangioblasts. We found that the level of the transforming growth factor
beta (TGF-B) 1 protein is increased during hPSC differentiation, and that TGF-B signaling has the double-edged
effect on hematopoietic and endothelial lineage differentiation in hPSCs. An addition of TGF-B to hPSC dif-
ferentiation before mesoderm induction promotes the development of mesoderm and the generation of
CD34"CD31"VEC" cells. An addition of TGF-p inhibitor, SB431542, before mesoderm induction downregulates
the expression of mesodermal markers and reduces the number of CD34"CD31"VEC™ progenitor cells.
However, inhibition of TGF-p signaling after mesoderm induction increases CD34"CD31"VEC™ progenitors
and BL-CFCs. These data provide evidence that a balance of positive and negative effects of TGF-f signaling at
the appropriate timing is critical, and potential means to improve hematopoiesis and vasculogenesis from
hPSCs.

Introduction

IN EARLY ONTOGENY, hematopoiesis is closely associated
with vasculogenesis. The earliest hematopoietic and endo-
thelial cells arise at the same time and locations in the yolk sac,
and share the expression of molecules, such as Flk-1 (VEGFR2
or KDR). Based on the rationale that the vascular and hema-
topoietic systems develop together to establish the body’s
oxygen-delivery system during organogenesis, it has been hy-
pothesized that the hematopoietic and vascular endothelial
cells, which line the interior surface of blood vessels, are de-
rived from a common precursor, the hemangioblast [1-3]. The
hemangioblasts have been identified in early embryonic life
in vivo [4,5], and during mouse and human pluripotent stem
cell (hPSC) differentiation in vitro [6-9]. Although the nature of
hemangioblast is still debatable, increasing evidences indicate
that hemogenic endothelial cells are transient intermediates
that contribute to de novo production of hematopoietic cells

[10-12]. Whereas hemangioblasts are derived from the extra-
embryonic mesoderm and couple vasculogenesis and primitive
hematopoiesis in the yolk sac, the hemogenic endothelium of
intraembryonic mesoderm in the dorsal aorta has been recog-
nized as a source of hematopoietic stem cells [11,13]. It is still
unclear whether hemangioblasts give rise to hematopoietic
cells directly or through hemogenic endothelial cells by an
endothelial to hematopoietic transition in hPSCs.

A bipotential hemangioblast is still poorly characterized
and difficult to distinguish from multipotent mesodermal
progenitors. Differentiation of hPSCs, including human em-
bryonic stem cells (hESCs) and induced pluripotent stem
cells (hiPSCs), reproduces many features of embryonic de-
velopment and provides an in vitro model to elucidate
mechanisms of lineage commitment, practically inaccessible
in the human embryo [14]. Although hiPSCs through re-
programming adult somatic cells are similar to hESCs in
many aspects, including self-renewal and differentiation into
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cell types in three germ layers, the full extent of the hiPSC
relation to typical pluripotent stem cells, such as hESCs, is
still being assessed [15]. Differentiation of hPSCs provides a
great model system to characterize signals that direct lineage
commitment. Our previous studies demonstrated that hESC-
derived CD34" cell populations contain the progenitor cells
for hematopoietic, endothelial, and smooth muscle cells,
suggesting that CD34 " cells are heterogeneous and contain
common precursors of blood and endothelial cells, he-
mangioblasts [16,17]. The signals that regulate hematopoietic
and endothelial specification are largely unknown.

Transforming growth factor beta (TGF-p) signaling directs
different responses in different cell types [18]. Bone mor-
phogenetic protein 4 (BMP4) is one of the TGF-B super-
family members that participate in a wide range of processes,
including vascular development, angiogenesis, and vascular
cell functions [19-21]. We and others have previously found
that BMP4, vascular endothelial growth factor (VEGF), and
fibroblast growth factor 2 (FGF2) are critical factors to pro-
mote hESC differentiation to CD34" progenitors [16,17].
TGE-B and its closer relatives, such as activin and nodal,
activate Smad2 and Smad3 via the type I receptors ALK4,
ALKS5, and ALK7 (ACVRI1B, TGFBR1, and ACVRIC, re-
spectively), are required for hESC pluripotency; whereas
most of the BMP subfamily members induce hESC differ-
entiation by activating Smad1, Smad5, and Smad8 (Smad1/
5/8) signaling via ALK1, ALK2, ALK3, and ALK6 (ACVRLI,
ACVR1, BMPR1A, and BMPRI1B, respectively) [17,22-29].
Recent studies demonstrated that lineage-specific factors re-
cruit Smad proteins to many sites in the genome to imple-
ment specific differentiation programs. For example, C/
EBPa and GATA-1 interact with Smad1 to regulate myeloid
and erythroid lineage by BMP signaling, whereas Smad3
mediates TGF-B signaling by interacting with MyoD1 and
PU.1 in myotubes and pro-B cells, respectively [30,31].

While BMP and TGF-B pathways are critical for he-
mangioblast development in the murine system [32-35], the
role of TGF-p signaling, including those by endogenous ac-
tivin and Nodal ligands, in human hemangioblast develop-
ment is largely unknown. Combinatorial signals of activin/
Nodal and BMP4 regulate the early lineage differentiation of
hPSCs [36,37]. In the present study, we demonstrated that
CD34"CD31*"VE-Cadherin® (VEC™*) cells derived from
hPSCs have a great potential to give rise to both hemato-
poietic and endothelial cells. Inhibitory assay with small
molecules indicated that the TGF-f signaling pathway
played a complicated role in developmental windows of
hematopoietic and endothelial progenitors. Here we report
that TGF-B signaling is indispensable before mesoderm
commitment. We found that TGF-B expression is signifi-
cantly increased after mesoderm induction, and inhibition of
TGF-B enhances the development of CD34"CD31*VEC"
hematopoietic and endothelial progenitors. Our study dem-
onstrated that TGF-B signaling has the double-edged effect
on hematopoietic and endothelial lineage specification.

Materials and Methods
Maintenance of hESC and hiPSC cultures

H1 and H9 hESCs were obtained from the WiCell Re-
search Institute. The HDFa-YK26 and TZ1 hiPSCs were kind
gifts from Dr. Ren-He Xu at the University of Connecticut
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Health Center [38]. BC1 hiPSCs were obtained from Dr.
Linzhao Cheng at Johns Hopkins University [39]. To assess
mesodermal development in hPSCs, a lentiviral transduction
on BC1 hiPSCs were performed to generate a hiPSC line,
BC1-Brachyury-GFP, in which GFP expression is driven
by the Brachyury (T-box) promoter [40]. The hESCs and
hiPSCs (passages 30-50) were grown on mitotic-inactivated
mouse embryonic fibroblast cells (MEFs) in the ESC culture
medium (ESM) containing the DMEM/F-12 (Invitrogen),
20% knockout serum replacement (KSR; Invitrogen), 0.1 mM
nonessential amino acids (Invitrogen), 2mM L-glutamine
(Mediatech, Inc.), 0.1 mM beta-mercaptoethanol (Sigma), and
4ng/mL FGF2 (PeproTech). The growth media were chan-
ged every day. MEFs were derived from decapitated E12.5
embryos. MEFs were maintained and treated by mitomycin
C as previously described [17,41].

Differentiation of embryoid bodies

To remove feeder cells before differentiation, hESCs or
hiPSCs cultured on MEFs were treated by Accutase at room
temperature for 2 to 3min. After washing away MEFs with
PBS, hPSC colonies were dissociated to single cells by con-
tinuing Accutase treatment at 37°C for 5min. To generate
hanging-drop EBs, 1,000 cells per drop in 25 uL were cultured
on Petri dishes to form EBs in the presence of 5uM Rho-de-
pendent protein kinase (ROCK) inhibitor, Y27632, in the ESM
without FGF2. After 2 days of hanging-drop EB formation, EBs
were collected and transferred to ultralow attachment dishes
in a serum-free differentiation medium (DM-SF; Supplemen-
tary Table S1). The differentiation media were changed every 2
days with growth factors and inhibitors as indicated in Fig. 1A.

Hematopoietic and endothelial differentiation

After 10 days of EB differentiation, EBs were treated by
TrypLE (Invitrogen) in room temperature for 10 min to ob-
tain a single-cell suspension. The CD34*CD31*VEC™" cells
were isolated by fluorescence-activated cell sorting (FACS)
with FACSAria II (BD Biosciences). In some experiments, the
CD34"CD31" cells were positively selected by using the
MultiSort immunomagnetic separation system (Miltenyi
Biotec) following the manufacturer’s instruction.

For further differentiation to endothelial cells and hema-
topoietic cells, CD34*CD31"VEC™ cells were cultured on a
collagen-I-coated six-well plate (1x10° cells per well) in a
serum-free endothelial cell growth medium (SFEGM; Sup-
plementary Table S1). The adhesive cells were cultured for 6
days before passage. Suspension cells were collected after 4
days of culture for flow cytometry analyses.

Measurement of TGF-f concentration in media

During EB differentiation, supernatants from EB culture
were collected every 2 days. The human TGF-B1 concentra-
tions were measured by the Quantikine ELISA kit (R&D
Systems) following the manufacturer’s instruction. The
endpoint absorbencies were determined on iMark Micro-
plate Absorbance Reader (Bio-Rad Laboratories).

Real-time PCR analyses

Total RNAs from undifferentiated hPSCs and EBs at dif-
ferent time points were isolated by using Direct-zol RNA
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FIG. 1. Differentiation of human pluripo-
tent stem cells (hPSCs) in embryoid bodies
(EBs). (A) Schematic diagram of hPSC dif-
ferentiation. EBs were initialized in hanging
drops. After 2 days, EBs were collected into
ultralow attachment dishes with growth
factors as indicated. (B) Rho-dependent
protein kinase (ROCK) inhibitor, Y27632,
enhanced EB formation in hanging drops
from day 0 to 2. The percentages of EB for-
mation in hanging drops were counted after
2 days in the presence of different Y27632
concentrations (left panel). A representative
morphology of EBs at day 2 was shown
(right panel). Scale bar =500 um. (C) Media for
hPSC differentiation from day 2 to 10, in-
cluding the ESC culture medium (ESM), se-
rum-containing  differentiation =~ medium
(DM-S), and serum-free differentiation me-
dium (DM-SF). Flow cytometry analyses
were performed at day 10. (D) The kinetics of
hPSC differentiation to CD34"CD31" cells.
Flow cytometry analyses were performed
every 2 days in triplicate experiments. (E)
Differentiation of human embryonic stem
cells (hESCs) and human induced-pluripo-
tent stem cells (hiPSCs) to CD34*CD31"
cells. Flow cytometry analyses were per-
formed at day 10. (F) CD34"CD31"VEC"
population from hPSC differentiation. Flow
cytometry analyses were performed at day
10 of hPSC differentiation. Data are re-
presented as mean+SD from three indepen-
dent experiments. *P <0.05, **P <0.01.

MiniPrep kit (Zymo Research). To eliminate DNA contami- merase chain reaction (QPCR) was performed on iQ5 thermal
nation, the RNA samples were treated with DNase I on cycler (Bio-Rad Laboratories). Samples were adjusted to
column following the manufacturer’s instruction. Total RNA  yield equal amplification of glyceraldehyde-3-phosphate
(1 pg) was used for each reverse transcription reaction with ~ dehydrogenase (GAPDH) as an internal standard. Oligonu-
SuperScript III (Invitrogen). Real-time quantitative poly- cleotide primers are listed in the Supplementary Table S2.
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Immunohistochemistry

The cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 10 min, permeabilized with 0.1% Tri-
ton X-100 in PBS at room temperature for 10 min, and then
incubated with 1% BSA in PBS for 30 min to block non-
specific binding. The cells were incubated with the primary
antibodies VEC-Alexa Fluor 488 (eBioscience) for 1h at room
temperature. The nuclei were stained by 0.1 png/mL DAPI for
3min. The results were examined by a fluorescence micro-
scope (Olympus).

Western blot

To examine the phosphorylation of Smad stimulated by
TGEF-B, undifferentiated hPSCs or EBs at day 2 were incubated
with TGF-B1 (10ng/mL) and/or SB431542 (10 uM; Sigma) for
30 min. Cells were lysed by the RIPA buffer (1% Triton X-100,
0.1% SDS, 1% sodium deoxycholate, 1 mM EDTA, 1mM so-
dium orthovanadate, 1 mM sodium fluoride, 10 uM leupeptin,
150mM NaCl, 50mM Tris, pH 7.4) containing 1% protease
inhibitor cocktail (Sigma). Western blots were developed with
primary antibodies anti-Phospho-Smad1/5/8, anti-Phospho-
Smad2/3 (Cell Signaling Technology), and secondary anti-
body anti-rabbit IgG-HRP (Sigma).

LDL -uptake assay

Endothelial cells derived from hPSCs (hPSC-ECs) were
cultured in the SFEGM (Supplementary Table S1) containing
2ng/mL Dil-acetylated low-density lipoprotein (Dil-Ac-LDL;
Invitrogen) for 12h. After washing twice with PBS, the cells
were examined by a fluorescence microscope (Olympus).

Vascular network formation in Matrigel

The assay was performed essentially as previously de-
scribed [16,42]. Briefly, 24-well plates were coated with 200 pL
per well of Matrigel matrix (BD Biosciences) in room tem-
perature for more than 30 min, and hPSC-ECs (5x 10* cells) in
500pL EGM-2 medium (Lonza) were loaded on Matrigel-
coated plates. The plates were incubated at 37°C in 5% CO,.
The vascular structures in Matrigel were photographed by a
phase-contrast microscopy (Zeiss) after 16h of incubation.

Colony-forming cell assay

Hematopoietic colony-forming cell (CFC) assay was per-
formed as described in our previous studies [16,42] with
minor modifications. The 1x 10* subpopulation cells isolated
from EBs at day 10, including CD34*CD31" cells, CD34"
CD317 cells, or CD34"CD31"~ cells, were mixed with the
methylcellulose medium (StemCell Tech.; H4435) following
the manufacturer’s instruction. The hematopoietic colonies
were photographed and counted after 2 weeks of culture.

To assess hemangioblast potential of CD34"CD31*VEC"
cells, the blast colony-forming cell (BL-CFC) assay was
performed according to previous studies [7,9,43]. The
methylcellulose medium (StemCell Tech.; H4435) was sup-
plemented with 2uM Y27632, 10ng/mL VEGF, 10ng/mL
IGF-1, 5ng/mL FGF-2, 5ng/mL epidermal growth factor
(EGF), 1U/mL heparin, 1 pg/mL hydrocortisone, and 20 ug/
mL ascorbic acid. The CD34*CD31*VEC* cells (2x10°),
isolated from EBs at day 10 were mixed with the methyl-
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cellulose medium following the manufacturer’s instruction.
The blast colony number was counted after 3 days of culture.
To analyze endothelial and hematopoietic components, 10
blast colonies were pooled together for analysis of gene ex-
pression pattern by reverse transcription polymerase chain
reaction (RT-PCR) as previously described [9].

Flow cytometric analysis

The adhesion cells or EBs were dissociated to single-cell
suspension by TrypLE (Invitrogen) treatment, and washed
with the FACS buffer (0.5% BSA, 1mM EDTA in PBS). The
dissociated cells were suspended in the FACS buffer, and
labeled by fluorochrome-conjugated anti-human CD34-APC,
CD31-PE (both from Miltenyi Biotec), and VEC-Alexa Fluor
488 (eBioscience). 7-Amino-Actinomycin D (7-AAD; BD
Biosciences) was used to detect dead cells. Isotype-matched
control antibodies were used to determine the background
staining. The flow cytometry was performed on a FACSCa-
libur (BD Biosciences). Data analysis was performed using
CellQuest or FCS Express software.

For cell proliferation analyses, EBs were incubated with
10uM EdU (5-ethynyl-2’-deoxyuridine) for 3h, and then
dissociated to single cells by TrpyLE treatment. The Click-iT
EdU Flow Cytometry Assay Kit (Invitrogen) was used to
analyze EdU-positive cells by FACSCalibur.

Statistical analysis

The data were subjected to statistical analysis by the Stu-
dent’s t-test. Results with a value of P<0.05 were considered
statistically significant.

Results
Differentiation of hESCs and hiPSCs

To identify molecular signals and the cell population that
gives rise to hematopoietic cells and endothelial cells in
hPSCs, it is critical to establish a reproducible serum-free and
feeder-free system to induce hPSC differentiation. Because of
the low survival rate of dissociated single cells, hPSCs do not
form embryoid bodies (EBs) efficiently from single-cell sus-
pension. Our previous study demonstrated that attenuation
of apoptosis in hESCs by Bcl-xL enhances single-cell sur-
vival, and increases the efficiency of EB formation [41]. Re-
cent studies demonstrated that inhibition of ROCK by small
molecules improves hESC survival by blocking dissociation-
induced cell death [44,45]. The outline of our serum-free and
feeder-free differentiation system was shown in a schematic
diagram (Fig. 1A). We found that the ROCK inhibitor, Y-
27632, significantly enhanced the efficiency of EB formation
by a hanging-drop method in serum-free conditions (Fig.
1B). When 1,000 cells were used in each drop, almost 100% of
the drops formed uniformed EBs in 2 days in the presence of
5uM Y-27632 (Fig. 1B). We and others previously showed
that BMP4 promotes mesodermal development [17,32,46—
48]. However, the efficiency of hanging-drop EB forma-
tion from day 0 to 2 was decreased by an addition of BMP4,
but not TGF-B (Supplementary Fig. S1C). Several basic me-
dia were tested for hESC differentiation into CD34*CD31*
progenitors in the presence of BMP4, VEGF, and FGF2
[16,17]. Compared to the ESM and serum-containing differ-
entiation medium (DM-S), hESCs in the DM-SF differentiated
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to CD34"CD31" progenitors effectively (Fig. 1C). The com-
ponents of the differentiation medium were detailed in
Supplementary Table S1. The CD34"CD31" progenitors
emerged after 4 days of differentiation in DM-SF. At day
10, ~10% to 15% cells were CD34"CD31" progenitors (Fig.
1D). Similar results were observed in both hESCs and hiPSCs
(Fig. 1E). The majority (more than 90%) of CD34"CD31*
cells also expressed the endothelial marker, VEC, but not the
hematopoietic marker, CD45 (Fig. 1F).

Hematopoietic and endothelial potential
of CD34" CD31*VEC™ cells

To investigate the hematopoietic and endothelial poten-
tial of CD34"CD31"VEC" cells, CD34"CD31" and CD34"
CD31" cells were isolated by FACS sorting. Gene expression

RUNX1

>

Fold-change
Fold-change

LMo2

2769

analysis by real-time RT-PCR indicated that CD34*CD31"
progenitors expressed a high level of endothelial markers,
including VEC, vWF, and KDR, and hematopoietic stem/
progenitor markers, including RUNX1, LMO?2, and SCL (Fig.
2A). By hematopoietic CFC assay in methylcellulose (Fig.
2B), isolated CD34"CD31" cells gave more hematopoietic
colonies, compared to CD34"CD31~ cells (Fig. 2C). To de-
termine whether CD34"CD31"VEC™ cells contain he-
mangioblast potential, the BL-CFC assay, which has been
used to identify hemangioblast potential by several labora-
tories [7,9,32,49,50], was performed in the methylcellulose
medium containing growth factors to support both endo-
thelial and hematopoietic cell growth. Approximately 2.3%
of CD34"CD31*VEC™" cells gave rise to BL-CFCs, compared
to ~12% from CD34"CD31” cells and ~0.5% from
CD34"CD31" cells (Fig. 2D). The BL-CFCs contained both
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FIG. 2. Characterization of CD34*CD31" cells. (A) qPCR analyses of hematopoietic stem/progenitor markers (RUNX1,
LMO2, and SCL) and endothelial markers (KDR, VEC, and vWF). CD34"CD31" cells and CD34*CD31~ cells were isolated
by fluorescence-activated cell sorting (FACS) at day 10 of hPSC differentiation. (B) Hematopoietic colony-forming cell (CFC)
assay in the methylcellulose medium. Photos of representative hematopoietic colonies were taken after 2 weeks of culture. (C)
CFC assays of different populations that were isolated from day 10 EBs. The cells (1x10*) were mixed with the methyl-
cellulose medium (StemCell Tech.; H4435), the colony numbers were counted after 2 weeks of incubation. (D) Blast colony-
forming cell (BL-CFC) assay of subpopulation from day 10 EBs. Two thousand or 5,000 cells were cultured in the methylcellulose
medium with both hematopoietic and endothelial growth factors. The colony number was counted at day 3 and normalized
to per 1,000 cells. Data are represented as mean=+SD from three independent experiments. **P <0.01.
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endothelial and hematopoietic components, assessed by RT-
PCR analysis as previously described [9]. Both endothelial
genes (CD31, VE-cad, eNOS, and vWF) and hematopoietic
genes (SCL, RUNX1, CD41, GATA-1, HBE, and HBG) were
expressed in BL-CFCs and CD34"CD31"VEC" cells (Sup-
plementary Fig. S2).

To further characterize hematopoietic and endothelial
potential of CD34"CD31"VEC™ cells, the CD34"CD31"
VEC™ cells were cultured in a SFEGM without hematopoi-
etic factors. After 4 to 6 days of culture, both adhesion and
suspension cells were emerged (Fig. 3A). The adhesion cells
were characterized as endothelial cells by (i) their cobble-
stone morphology (Fig. 3B), (ii) high expression of the en-
dothelial marker VEC by immunohistochemistry (Fig. 3C)
and flow cytometry (Fig. 3D), (iii) uptaken Dil-Ac-LDL (Fig.
3E), and (iv) formation of network on Matrigel in vitro (Fig.
3F). The suspension cells after 4 days of culture in the
SFEGM were positive for hematopoietic lineage markers,
including CD235a, CD61, and CD45 (Fig. 4). Interestingly,
the majority (~90%) of suspension cells expressed CD31,
whereas ~50% of suspension cells were CD34™" cells. Over
60% of cells were positive for CD41, the megakaryocyte
marker, and early hematopoietic marker in embryonic de-

FIG. 3. Endothelial potential of
CD34"CD31*VEC* cells. CD34*
CD31*VEC* cells were isolated ©C
from day 10 EBs, and then cultured

in the serum-free endothelial cell
growth medium (SFEGM). After 4
days of culture, the cells showed
hematopoietic-like colonies (A).
After 6 days, the adhesive cells
displayed endothelial characteris-
tics, including typical morphology

of endothelial cells (B), positive for
VEC by immunohistochemistry (C)

and flow cytometry analysis (D),
Dil-acetylated low-density lipopro-

tein (Dil-Ac-LDL) uptake (E), and
vascular network formation on
Matrigel (F). A light phase photo

was inserted to show the en-
dothelial morphology (E).
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velopment [51,52]. These data demonstrated that CD34*
CD31*VEC™ cells contained progenitors to give rise to en-
dothelial cells and multilineage hematopoietic cells without
additional hematopoietic growth factors.

Positive effect of TGF-p signaling on mesodermal
progenitor development

The TGE- subfamily, including TGF-f, activin, and nodal,
regulates both stem cell pluripotency and differentiation
[25,27,53]. We measured the level of TGF-B1 proteins during
the differentiation of hPSCs by ELISA assay. As shown in
Fig. 5A, the expression of TGF-B was increased after 4 days
of differentiation of hESCs (H1) or hiPSCs (HDFa-YK26). By
day 10, the concentration of TGF-B1 in a culture medium was
approximately 500 pg/mL. Interestingly, the pattern of TGF-
B expression was similar to kinetics of hemangioblast de-
velopment (Fig. 1D), showing a robust increase from day 6 to
10. To elucidate the role of TGF-B signaling in the he-
mangioblast development, we added TGF-f1 (2ng/mL) in
three major steps of hemangioblast generation: (i) the for-
mation of uniformed EBs in hanging-drops (day 0 to 2), (ii)
the development of multipotent mesoderm precursors in
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FIG. 4. Hematopoietic potential of CD34"CD31"VEC"*
cells. CD34"CD31 *VEC™" cells were cultured in the SFEGM.
After 2 days, unattached cells were removed by PSB wash-
ing, and attached cells were cultured for additional 2 days in
the SFEGM. The suspension cells were collected at day 4, and
analyzed by flow cytometry. Data were representative of
three independent experiments.

cultivation of EBs (day 0 to 4), and (iii) the generation of
hemangioblasts (day 6 to 10). As shown in Fig. 5B, the ad-
dition of TGF-B1 from day 0 to 4 significantly increased the
population of CD34"CD31"VEC™ cells. Treatment with
TGF-p1 between day 6 and 10 decreased the number of
CD34"CD31*VEC" cells modestly (Fig. 5B). During the
early stage of hPSC differentiation (day 0 to 4), the addition
of TGF-B1 or other members of the TGF-f family, including
TGF-p2, TGF-B3, and activin, induced the expression of
mesodermal markers, Brachyury (T), EOMES, and TIE1, and
decreased the expression of endoderm marker, SOX7, as well
as ectoderm marker, PAX6 (Supplementary Fig. S3). To
further assess the role of TGF-B in mesoderm development,
we generated a hiPSC line, BC1-Brachyury-GFP, in which the
GEFP expression is driven by a specific Brachyury promoter
[40]. The mesodermal marker, Brachyury, was tracked by
GEFP expression during hPSC differentiation. In the presence
of TGF-B1 for 2 days during EB formation, the Brachyury-
GFP expression was significantly increased in the EBs at day
5 when the level of mesodermal progenitors was high (Fig.
5C). These data demonstrated that TGF-B signaling pro-
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moted mesoderm development during the early stage of
hPSC differentiation.

A small molecule, SB431542, is a specific inhibitor of TGF-
B receptors of ALK4, ALKS5, and ALKY?, and blocks the acti-
vation of downstream transducers, Samd2/3 [54,55]. We
further investigated whether inhibition of TGF-B1 signaling
with SB431542 affects mesodermal development. As shown
in Fig. 5D, the addition of SB431542 at day 2 to 4 significantly
decreased the development of CD34"CD31" cells. Real-time
RT-PCR analysis showed that the inhibition of TGF-p sig-
naling significantly decreased the expression of mesodermal
markers, Brachyury (T), EOMES, TIE1, and MIXL1, and in-
creased the endodermal and ectodermal markers Sox7,
HNF1B, MAP2, and PAX6 (Fig. 5E). Western blot analysis of
Smad phosphorylation in day 2 EBs of hiPSCs indicated that
TGF-p1 stimulated the phosphorylation of Smad2/3 (p-
Smad2/3), which was inhibited by SB431542 (Fig. 5F). The
phosphorylation of Smad1/5/8 was not affected by TGF-p1.
Similar results of p-Smad2/3 were obtained in undifferenti-
ated hESCs (Supplementary Fig. S4). These data indicated
that the TGF-B and Smad2/3 signaling pathway is essential
for mesodermal progenitor development in hPSCs, whereas
inhibition of TGF-B signaling in the early stages of hPSC
differentiation promotes ectodermal and endodermal devel-
opment.

Negative effect of TGF-f on the development
of hematopoietic and endothelial progenitors

Because of the high expression of TGF- between day 6 to
10 during hPSC differentiation (Fig. 5A), we tested the hy-
pothesis that endogenous TGF-B expression inhibits the de-
velopment of hematopoietic and endothelial progenitors
from mesodermal precursors. Whereas an addition of TGF-
B1 decreased CD34"CD31" cells modestly (Fig. 5B), inhibi-
tion of TGF-B signaling by SB431542 after day 6 of hPSC
differentiation promoted the development of CD34*CD31"
cells (Fig. 6A). Gene expression analysis by real-time RT-PCR
revealed that inhibition of TGF-p by SB431542 after day 6 of
hPSC differentiation increased gene expression of CD34,
CD31, and VEC, as well as hematopoietic stem/progenitor
markers, SCL, LMO2, and CD41 (Fig. 6B). To examine the
effect of TGF-p signaling on BL-CFC formation, we per-
formed BL-CFC assay of CD34"CD31"VEC" cells with or
without TGF-B inhibitor, SB431542. As shown in Fig. 6, the
addition of SB431542 not only significantly increased the
number of BL colonies (Fig. 6C), but also increased the size of
BL-CFCs (Fig. 6D, E), suggesting that TGF-f signaling neg-
atively regulates BL-CFC generation and proliferation. TGF-
B signaling has antiproliferative effects in several cell types,
including hematopoietic cells, epithelial cells, and primary
MEFs [56,57]. To determine whether TGF-f inhibition stim-
ulates CD34*CD31"VEC™ progenitor cell proliferation
during EB differentiation, we utilized the EdU cell prolifer-
ation assays and flow cytometry to quantify proliferating
cells in EBs. As shown in Fig. 6F, the percentages of EdU-
positive cells in CD34™" cells and VEC* cells were not sig-
nificantly affected by TGF-B inhibition. Our study demon-
strated that TGF-B signaling is required for mesodermal
development, and inhibition of TGF- signaling facilitates
hematopoietic and endothelial lineage specification after es-
tablishment of mesoderm precursors (Fig. 6G).
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kinetics of TGF-p secretion during EB differentiation. The cultured media were collected for ELISA assay every 2 days
before changing to fresh media. The TGF-B concentration in cultured media with hESCs (H1) and hiPSCs (HSFa-YK26)
were measured by the Quantikine ELISA kit. (B) Promoting effect of TGF-B1 on CD34*CD31"VEC™ cells during early
mesoderm development. TGF-f1 (2ng/mL) was added to EB differentiation at different time points. Flow cytometry
analyses were performed at day 10 of EB differentiation. (C) EBs were generated from hiPSC BC1-Brachyury-GFP, in
which the GFP expression is driven by the Brachyury promoter, in the medium with or without 2ng/mL TGF-p1 from day
0 to 2. The morphology and GFP expression were examined at day 5. The GFP mean fluorescence intensity (MFI) of
individual EBs was quantified according to histogram of green channel by Photoshop software. (D) Impaired development
of CD34"CD31" cells by inhibition of TGF-B signaling during early mesoderm development. TGF-f inhibitor, SB431542,
(10 pM) was added to EB culture from day 2 to 4. Flow cytometry analyses were performed at day 10 of EB differentiation.
(E) gPCR analyses of three germ layer gene expressions. EB differentiation was performed with or without SB431542 from
day 2 to 4. EBs were collected at day 4 for gene expressions analyses of mesodermal, endodermal, and ectodermal markers.
(F) Western blot analysis of phosphorylated Smad. EBs from hiPSCs at day 2 were incubated with 10 ng/mL TGF-B1 and/
or 10 pM SB431542 for 30 min. The phosphorylated Smad2/3 (p-Smad2/3) and p-Smadl/5/8 were detected by specific
antibodies against p-Smad2/3 or p-Smad1/5/8. B-Actin was used a control. Data are represented as mean & +SD from three
independent experiments. *P<0.05, **P<0.01, compared with the day 0 group or indicated group. ‘P <0.05, between two
groups.

Discussion

Despite decade-long research, the molecular and niche
signals, which regulate de novo blood generation in humans,
are largely unknown, partially because of the transient
presence of the hematopoietic precursors at different devel-
opmental stages, and limited accessibility of study materials.
Human PSCs differentiate efficiently in vitro and give rise to
a differentiated cell mass called EBs. Although an EB is far
less organized than an actual embryo, it can partially mimic
the spatial organization in the embryo, and provides a great
model system to investigate early blood development. We
previously used the scratching method to generate EBs of

hPSC differentiation [16,42], and found that the random EB
formation by the scratching method caused low efficiency of
EB formation and various EB sizes, resulting in tremendous
deviation of differentiation outcomes (data not shown). Re-
cently, a spin-aggregation method by centrifuge is developed
to generate unified EBs from hPSCs [58,59]. However, it is
time-consuming and labor intensive if changing the medium
is required following a series of sequential steps either in
AggreWell plate (StemCell Tech.) or 96-well plate. In this
study, we established a serum-free and feeder-free EB dif-
ferentiation system to investigate the role of TGF-f signaling
in the early development of hematopoietic and endothelial
lineages from hESCs and hiPSCs. EBs were formed by
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FIG. 6. Negative effect of TGF-B on the development of CD34*CD31*VEC™ progenitors. (A) Inhibition of TGF-$ enhanced
the generation of CD34*CD31"VEC™ cells. EB differentiation was conducted with or without SB431542 from day 6 to 10.
Flow cytometry analyses of CD34"CD31" cells were performed at day 10 of differentiation. (B) qPCR analyses of endothelial
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The gene expressions levels were normalized by the group of EBs without SB431542 addition. (C) BL-CFC assay of
CD34"CD31*"VEC" cells from EB day 10. Two thousand or 5,000 cells were cultured with or without 10 uM SB431542 in the
methylcellulose medium containing both hematopoietic and endothelial growth factors. The colony number was counted at
day 3 and normalized by per 1,000 cells. The blast colony morphology (D) and statistic size (E) were examined at day 6. (F)
Cell proliferation analyses by flow cytometry. Ten mM EdU was added for 3 h before analyses. The CD34-positive and VEC-
positive cells with EAU integration were analyzed using the Click-iT EdU Flow Cytometry Assay Kit. Data were represen-
tative of three independent experiments. (G) A working model of TGF-B regulating hemangioblast development. TGF-f
signaling is required for mesodermal development, and inhibition of TGF-B signaling facilitates hemangioblast development
after establishment of mesoderm precursors. Data are represented as mean+SD from three independent experiments.

*P<0.05, *P<0.01.

hanging drop from day O to 2, and then transferred to an
ultralow attachment dish for up to 10 days of differentiation.
By combining the advantages of Accutase and ROCK in-
hibitor Y27632, as well as optimization of cell numbers
and differentiation medium (Supplementary Fig. S1), we
achieved extremely high efficiency and uniformity of EB
generation by the hanging-drop method. Interestingly, the
efficiency of EB formation in the ESM from day 0 to 2 in-
creased compared to in the differentiation medium. An ad-
dition of BMP4, but not TGF-f, decreased the efficiency of EB
formation in hanging drops. Our study indicated that the
promotion of early differentiation reduces the efficiency of
EB formation.

Hemangioblast is defined as a common precursor with
the potential to differentiate into both hematopoietic and
endothelial lineages. In the presence of mesoderm-inducing

growth factors (Fig. 1A), we successfully differentiated
hPSCs to CD34"CD31"VEC" progenitor cells that gave rise
to endothelial cells and hematopoietic cells (Figs. 3 and 4), as
well as BL-CFCs (Fig. 2), which are clonal expansion of he-
mangioblast [7,9,43]. To explore a role of TGF-p signaling in
hematopoietic and endothelial lineage commitment, we ap-
plied TGF-B1 and inhibitor (SB431542) during EB differenti-
ation at different stages. During the early stage of hPSC
differentiation (day O to 4), the addition of TGF-B1 and other
members of the TGF-B family, including TGF-p2, TGF-$3,
and activin, promoted the mesoderm gene expression and
reduced gene expressions of endoderm and ectoderm (Sup-
plementary Fig. S3). Inhibition of TGEF-B signaling by
SB431542 significantly decreased the expression of meso-
derm genes, and increased the expression of endoderm and
ectoderm genes (Fig. 5E), resulting in attenuation of the
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generation of CD34"CD31"VEC" progenitors (Fig. 5D). At
this point, it is unknown whether the effect of TGF-p on
mesoderm induction resulted from inhibition of endoderm
and ectoderm. Although BMP4 promotes mesoderm induc-
tion, addition of BMP4 during EB initiation (day 0 to 2) re-
sulted in poor EB formation (Supplementary Fig. S1C),
probably because inducing differentiation by BMP4 before
hPSC aggregation leads to apoptosis. These data indicated
that TGF-p is indispensable during the early mesoderm de-
velopmental stage.

Because of the complexity of TGF-f signaling, the function
of the TGF-B family of cytokines depends on their cell con-
text [18]. Although an addition of TGF-p had no significant
effect after 6 days of hPSC differentiation (Supplementary
Fig. S5), inhibition of TGF-p signaling during the later stage
of hPSC differentiation (day 6 to 10) promoted the generation
of CD34"CD31*VEC™ progenitors and BL-CFCs (Fig. 6),
suggesting that high expression of endogenous TGF-f in EBs
negatively regulates hematopoietic and endothelial lineage
commitment and hemangioblast development from meso-
dermal progenitors. Gene expression analysis at different
developmental stages indicated that expression of early
mesoderm genes, such as Brachyury, was induced by TGF-f
signals (Fig. 5E), whereas suppression of TGF-B after meso-
derm induction lead to profound enhancement in the levels
of hemangioblast-related and key hematopoietic regulators,
including CD34, VEC, SCL, CD41, and LMO2 (Fig. 6B).
Whether these genes are direct targets of Smad2/3 will be
further investigated. A recent study from the Gordon Keller’s
group [60] demonstrated that TGF-f inhibition promotes the
differentiation of hPSC toward hemogenic endothelium and
definitive hematopoiesis. In our study, a similar result was
obtained when TGF-B inhibitor was added after day 6 EB
culture. Interestingly, when TGF-f inhibitor was added be-
fore mesoderm induction (before day 4 EB culture), the de-
velopment of CD34"CD31"VEC™ cells was abolished as a
result of mesoderm reduction. Considering the heterogeneity
of CD34*CD31*VEC™ cell populations, it would be impor-
tant to understand whether TGF-p signaling regulates he-
mangioblast bipotential differentiation of hematopoietic and
endothelial cells. The future studies of hemangioblast in
clonally derived blast colonies, as well as hematopoietic and
endothelial cell lineage commitment from hemangioblast,
will shed light on human hemato-vascular development and
provide insights into a role of TGF- signaling in he-
mangioblast development, proliferation, and differentiation
into hematopoietic and/or endothelial cells.

Taken together, we concluded that TGF-B signaling has
the double-edged effect on hPSC differentiation to hemato-
poietic and endothelial progenitors. Whereas TGF- signal-
ing is required for the early mesoderm induction, inhibition
of TGF-f signaling after mesoderm induction enhances the
hematopoietic and endothelial lineage commitment.
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