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Abstract
It is critical to specify a signal that directly drives the transition that occurs between cell states. However, such inferences are 
often confounded by indirect intercellular communications or secondary transcriptomic changes due to primary transcription 
factors. Although FGF is known for its importance during mesoderm-to-endothelium differentiation, its specific role and 
signaling mechanisms are still unclear due to the confounding factors referenced above. Here, we attempted to minimize the 
secondary artifacts by manipulating FGF and its downstream mediators with a short incubation time before sampling and 
protein-synthesis blockage in a low-density angioblastic/endothelial differentiation system. In less than 8 h, FGF started 
the conversion of  KDRlow/PDGFRAlow nascent mesoderm into  KDRhigh/PDGFRAlow angioblasts, and the priming by FGF 
was necessary to endow endothelial formation 72 h later. Further, the angioblastic conversion was mediated by the FGFR1/
BRAF/MEK/ERK pathway in mesodermal cells. Finally, two transcription factors, ETV2 and LMO2, were the early direct 
functional responders downstream of the FGF pathway, and ETV2 alone was enough to complement the absence of FGF. 
FGF’s selective role in mediating the first-step, angioblastic conversion from mesoderm-to-endothelium thus allows for 
refined control over acquiring and manipulating angioblasts. The noise-minimized differentiation/analysis platform presented 
here is well-suited for studies on the signaling switches of other mesodermal-lineage fates as well.

Keywords Mesoderm · Angioblasts · Endothelium · FGF · FGFR1/BRAF/MEK/ERK · ETV2 · LMO2 · Low-density and 
defined differentiation system

Introduction

Endothelial cells are essential for engineering artificial 
organs and for research on vascular diseases [1]. However, 
endothelial cells are extremely difficult to expand indefi-
nitely ex  vivo without introducing exogenous genes or 
causing them to lose their cellular identity [2, 3]. Thus, it 
is useful to efficiently differentiate endothelial cells from 
human pluripotent stem cells (hPSCs). Endothelial cells are 
derived from specific populations of precursor cells, angio-
blasts and hemangioblasts, in the mesoderm. The heman-
gioblasts are able to differentiate into endothelial, vascular-
wall, and blood precursor cells, while angioblasts can only 
form endothelial and vascular-wall cells [4]. However, these 
endothelial precursor cells still require the forced expres-
sion of ectopic genes for long-term expansion ex vivo [5]. 
Together, efforts to efficiently differentiate endothelium 
and its precursor cells from human pluripotent stem cells 
(hPSCs) and to maintain them in vitro indefinitely still suf-
fer from technical limitations. These limitations can be 
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addressed by obtaining a mechanical understanding of how 
the extracellular factors drive stepwise endothelium forma-
tion through intracellular mediators.

The extracellular growth factor FGF is known to be 
critical for efficient derivation of endothelial cells from the 
mesoderm [6–8]. FGF may exert its function through main-
taining endothelial identity [9], promoting endothelial prolif-
eration [10], or inducing hemangioblasts/angioblasts [11]. In 
the context of endothelium-differentiation as defined herein 
[7], mesodermal cells barely formed endothelial cells at 
colonial densities with VEGF alone. This inefficiency could 
have been mitigated by supplementing FGF in the colonial-
density culture. The resulting significantly increased the 
colony number, but not the colony size or purity, of endothe-
lium with FGF supports the hypothesis that FGF triggers 
mesoderm into endothelial precursor cells. However, the 
hypothesis awaits further mechanistic clarification because 
high-density or colonial differentiation methods were con-
founded by paracrine crosstalk. Additionally, the long lag 
time between FGF induction and sampling and the com-
plexity of the system made it difficult to specify the direct 
fate-determining transcription factors downstream of FGF.

Here, we addressed the limitations mentioned above 
by (i) conducting differentiation at low cell densities (less 
than 1000 cells/cm2) with insufficient time for colony for-
mation to minimize intercellular crosstalk and by (ii) col-
lecting samples hours after FGF induction and including a 
protein-synthesis blocker during differentiation to identify 
direct responders downstream of FGF signaling. Based on 
the refined system, we demonstrated that the transition from 
mesoderm-to-endothelium comprised distinctive mesoderm-
to-angioblast and angioblast-to-endothelium stages. FGF 
and VEGF were both necessary and sufficient for the respec-
tive transition steps in the defined differentiation medium. 
In addition, FGFR1/BRAF/MEK/ERK was responsible for 
the angioblast formation. Finally, using an epistatic analyses, 
two hallmark transcription factors during endothelial dif-
ferentiation, ETV2 [12] and LMO2 [13], were identified as 
the earliest direct targets of the FGF signaling that mediated 
angioblast conversion.

Materials and methods

List of materials

Human iPS cell line DF19-9-7T (WiCell); human ES cell 
line TW1 (Bioresource Collection and Research Center, 
Taiwan); human ES cell line Ch22 (National Engineering 
Research Center of Human Stem Cells, China); Recombinant 
bFGF from zebra fish was produced from zbFGF offered by 
James Thomson (Addgene plasmid # 12,309; https ://n2t.net/
addge ne:12309 ; RRID:Addgene_12309) [14]; recombinant 

human vitronectin was produced from pET-3c-rhVTN-NC 
offered by James Thomson (Addgene plasmid # 30,226; 
https ://n2t.net/addge ne:30226 ; RRID:Addgene_30226); 
recombinant human TGF-β1 and  VEGFA165 (ACROBio-
systems); Y-27632 and SB431542 (SelleckChem); recom-
binant human Activin A, bFGF, and  VEGFA121 (ProSpec-
Tany TechnoGene Ltd.); E. coli-derived recombinant human 
Bone Morphogenetic Protein 4 (BMP-4) (PEPROTECH); 
Accutase (Innovative Cell Technologies); (poly(vinyl alco-
hol) (PVA, Sigma 360,627); CHIR99021, Doxycycline, 
Cycloheximide, U-73122, Sotrastaurin, Gö 6983, BAPTA-
AM, cyclopiazonic acid, Stattic, H89, PD 173,074, Dab-
rafenib, PD 325,901, SCH772984, SP600125, eFT-508 
(Cayman Chemical Company); AP1903 (ApexBio); PE 
Mouse Anti-Human CD31 (eBioscience); PE Mouse Anti-
Human CD309/KDR, PE Mouse Anti-Human PDGFRA, 
PE Mouse Anti-Rat CD90/Mouse CD90.1, APC mouse 
Anti-Human CD43, and FITC Mouse Anti-Human CD34 
(BD Biosciences); anti-V5 (clone SV5-Pk1, LifeSpan Bio-
Sciences); αGAPDH (Epitope Biotech Inc.); SUPERase•In 
RNase inhibitor, Maxima reverse transcriptase, hygromy-
cin B and Halt protease inhibitor cocktail (ThermoFisher); 
T4 DNA ligase (Enzymatics); phi29 DNA polymerase 
(Lucigen); TransIT-LT1 (Mirus Bio); Red Microspheres 
6.0 µm (Polysciences).

Maintenance of hPSCs and differentiation

The hPSCs were maintained in E8 medium at an initial 
seeding density of 1250 cells/cm2 on cell-culture dishes 
precoated with 2.5 µg/cm2 of recombinant human vitronec-
tin [14]. The medium was replenished daily with Y-27632 
(10 µM) included during the first 24 h after replating. Every 
6 days, for the purpose of maintenance and mesodermal dif-
ferentiation, the cells were dissociated with D-PBS (with-
out  Ca2+ and  Mg2+, DPBS) containing 0.5 mM EDTA until 
they detached. After detachment, the cells were added to an 
equal volume of DPBS containing 0.1% PVA (PBSPVA) 
and underwent centrifugation at 300 g for 5 min and resus-
pension in PBS for cell counting and seeding. For meso-
dermal differentiation, the hPSCs (2500 cells/cm2) were 
seeded in E6 medium (basal medium, E8 minus TGF-β1 and 
zbFGF) plus 4.5 µM CHIR99021, 5 ng/ml Activin A, 10 µM 
Y-27632 for 48 h before replating. The mesoderm dissocia-
tion procedure was essentially identical to that of hPSCs, 
except Accutase was used instead of PBS plus EDTA.

For endothelial differentiation, the mesodermal cells 
induced above were dissociated as with hPSCs. The disso-
ciated mesodermal cells were seeded into E6 basal medium 
containing various factors at cell densities indicated in the 
figure legends. The timings of harvest were stated in the 
figure legends. Unless otherwise indicated, the following 
factors/concentrations were used: bFGF: zbFGF 100 ng/

https://n2t.net/addgene:12309
https://n2t.net/addgene:12309
https://n2t.net/addgene:30226
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ml, VEGFA: VEGFA121 10 ng/ml, bFGFH: human bFGF 
10 ng/ml; and VEGFA165: human VEGFA165 10 ng/ml. 
Ch22 human ES cell line was used as a default unless other-
wise specified in the figure legends.

For hematopoietic differentiation in Fig. 1g–j, the meso-
dermal cells derived as for endothelial differentiation were 
seeded in hemogenic mixture (HM), which was E6 basal 
medium containing BMP-4 (200 ng/ml), an ALK5 inhibitor 
(SB431542, 10 µM), PVA (0.2% w/v), zbFGF 100 ng/ml, 
VEGFA121 10 ng/ml. The variations of the procedure to 
demonstrate the importance of FGF were presented in the 
figure legend of Fig. 1g.

Flow cytometry of surface proteins

To characterize the formation of endothelium and angio-
blasts, αCD31 (1 µl/ml), αCD34 (4 µl/ml), and αKDR (2 µl/
ml) were added to the cell culture 2 h before dissociation by 
accutase, followed by direct flow assays. For αCD90.1 or 
αPDGFRA staining, the hPSCs were dissociated and pel-
leted as for maintenance and then resuspended in 50 µl of 
flow buffer (DPBS with 0.5% BSA) containing αCD90.1 
(0.5 µl) or αPDGFRA (2 µl). After 20-min of incubation at 
ambient temperature, 150 µl of flow buffer was added to the 
standing solution before sample loading for the flow assays. 
For the quantification of cell numbers shown in Fig. 1a and 
f, a fixed amount (10,000) of fluorescent beads were added 
with accutase for normalization. The hemogenic and non-
hemogenic endothelia in Fig. 1h and j were dissociated 
with accutase, followed by the αCD90.1 staining procedure 
with αCD31 (0.5 µl/50 µl), αCD34 (2 µl/50 µl), and αCD43 
(2 µl/50 µl).

Flow cytometry of mRNA (PLAYR)

For mRNA quantification using flow cytometry, the dis-
sociation and pelleting processes were identical to those 
for the mesodermal cells. The pellets were resuspended 
in 100 µl of DPBS and mixed with 100 µl of 3.2% para-
formaldehyde in DPBS. After incubation for 10 min at 
ambient temperature, the cells were pelleted in a swing-
bucket rotor at 300 g for 5 min and resuspended in 100 µl 
of ice-cold methanol. After fixation and permeation 
at − 20 °C for at least 10 min, the cells were stained to 
obtain the mRNA expression based on PLAYR (Prox-
imity Ligation Assay for RNA) [15] with the following 
parameters: (1) hybridization in 1 × SSC, 2.5% vol/vol 
polyvinylsulfonic acid, 2 µl/ml SUPERase. In, 1% Tween 
20, 0.1% bovine serum albumin (BSA) and 100 μg/mL 
salmon sperm DNA (ssDNA), 10% ethylene carbonate and 
20 nM final of PLAYR probes (Table S1) at 40 °C for 
2 h; (2) stringency wash in 2X SSC, 0.1% Tween 20, 10% 
ethylene carbonate, and 2 µl/ml SUPERase. In at 40 °C 

for 20 min; (3) bridging-oligo ligation in 1X NEB buffer 
4, 2 µl/ml SUPERase. In, 1 mM ATP, 0.1% Tween 20, 
100 nM each of backbone and respective insert (Table S1), 
and 1.5 µl/100 µl of T4 DNA ligase at 37 °C for 30 min; 
(4) rolling-cycle amplification in 1X NEB buffer 4, 2 µl/
ml SUPERase. In, 0.2 mM dNTP, 0.1% Tween 20, and 
2 µl/100 µl phi29 DNA polymerase at 40 °C overnight; 
(5) detection-probe hybridization in 2X SSC, 1% ethylene 
carbonate, 0.1% Tween 20, 0.1% BSA, 100 µg/ml ssDNA, 
2 µl/ml SUPERase•In and 1 nM respective detection probe 
(Table S1) at 37 °C for 1 h followed by a brief wash with 
5X SSC, 0.1% Tween 20, and 2 µl/10 ml SUPERase. In 
Cells were briefly washed twice with DPBS, 0.1% Tween 
20, 2 µl/10 ml SUPERase. In between each step until sam-
ple loading for flow cytometry.

Construction of gene‑targeting donor vectors

The pAAVS1-NDi-CRISPRi (Gen1) backbone for the 
gene-targeting donor was a gift from Bruce Conklin 
(Addgene plasmid # 73497; https ://n2t.net/addge ne:73497 ; 
RRID:Addgene_73497) [16] with the following modifica-
tions: (i) the NeoR cassette was replaced by a hygromy-
cin-resistance cassette, and (ii) the dCas9-KRAB-P2A-
mCherry was replaced with the genes of interest (GOI) 
listed below. For Fig. 3b–d, the GOI was FGFR1 kinase- 
FKBP12v36 [17] from pSH1/M-FGFR1-Fv-Fvls-E (a gift 
by David Spencer; Addgene plasmid # 15285; https ://n2t.
net/addge ne:15285 ; RRID:Addgene_15285) with a C-ter-
minal V5 epitope. For Fig. 4a, b, the GOI’s were composed 
of the Thy1.1 from MSCV-FOXP3-IRES-Thy1.1 (a gift 
from Anjana Rao; Addgene plasmid # 17443; https ://n2t.
net/addge ne:17443 ; RRID:Addgene_17443) [18] and the 
97-bp shRNA-expressing cassette designed by splashRNA 
[19] (Table S1) after the stop codon of Thy1.1. For Fig. 4c, 
d, a V5-KRAB-3XGGGGS epitope-suppressor-linker 
cassette by custom gene synthesis (MGKPIPNPLL-
GLDSTSLMDAKSLTAWSRTLVTFKDVFVDFTREE-
WKLLDTAQQIVYRNVMLENYKNLVSLGYQLTK-
PDVILRLEKGEEPSNSGGGGSGGGGSGGGGS) was 
attached at the N-termini of ETV2 (CDS of NM_014209) 
and LMO2 (CDS of NM_005574). For Fig.  4e–h, a 
V5-epitope containing peptide (MGKPIPNPLLGLD-
STIGSGEGRGSLLTCGDVEENPG) was put at the N-ter-
mini of the ETV2 and LMO2coding sequences.

For the vector co-expressing Cas9 and sgRNA for the 
AAVS1 locus (sgAAVS1), the target sequence (Table S1) 
was inserted in the BbsI-digested PX459 v2.0 vector (a 
gift from Feng Zhang; Addgene plasmid # 62988; https 
://n2t.net/addge ne:62988 ; RRID:Addgene_62988) [20].

All cloning was performed with a Gibson assembly 
[21].

https://n2t.net/addgene:73497
https://n2t.net/addgene:15285
https://n2t.net/addgene:15285
https://n2t.net/addgene:17443
https://n2t.net/addgene:17443
https://n2t.net/addgene:62988
https://n2t.net/addgene:62988
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Generation of hPSC stable lines

Five µl each of the donor vector and the sgAAVS1 (0.1 µg/µl 
concentration) were mixed first with 87ul of the E6 medium 
and then with 3 µl of the TransIT-LT1 transfection reagent. 
The mixture was incubated at room temperature for 15 min 

and then transferred to a well in a 24-well plate contain-
ing 400 µl of E8 medium plus 10 µM Y-27632. After an 
additional 15 min, 50,000 cells of the dissociated hPSCs 
were seeded to the E8 medium containing the transfection 
complex. After 2 days, the cells were dissociated, and half 
of the cells were seeded into a new well in a 24-well plate 
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containing 400 µl of E8 medium plus 10 µM Y-27632 and 
40 µg/ml of hygromycin B. The E8 medium was changed 
every day. The cells were selected for at least 6 days. No 
further colony picking was performed because we found that 
using this strategy, most of the surviving cells were induc-
ible for the target proteins (Fig. 4a, e, and f).

RT‑qPCR

The cells were lysed directly on culture plates by adding 
50 µl of 0.2% Triton X-100 plus 200 µg/ml of proteinase 
K (no more than 50 seeded cells per µl of lysis buffer). The 

lysates were incubated at 37 °C for 30 min. Five µl of the 
lysates were used to prepare 10 µl Maxima RT reaction 
with 0.5 mM PMSF to quench the proteinase K activity, 
and 2.5 µM Oligo d(T)23VN was used as the RT primer. 
The qPCR reactions were based on SYBR (see Table S1 for 
the primer sequences). The fluorescence raw data were ana-
lyzed based on the R “qpcR” package [22] with the follow-
ing parameters: methods = “sigfit”, model = l5, type = “Cy0”, 
which.eff = “sig”, type.eff = “mean.pair”, which.cp = “Cy0”. 
The means and standard deviations from the permutation 
analysis were used for the statistics below.

Statistical analyses

Paired t test was used to demonstrate the essentiality of FGF 
and its intracellular mediators to induce  KDRhigh angioblasts 
across 3 different hPSC lines in Fig. 1c, 3e and f. For the 
gene-expression analysis with RT-qPCR, the permutation 
outputs were plotted as the fold-change means (n = 3) along 
with 95% confidence intervals for the graphic presentation. 
The difference was considered as statistically significant 
(p < 0.05) if the confidence intervals (CI) did not overlap 
with the null hypothesis of 1 (no difference). Student’s t test 
was used to test the changes of PDGFRA and KDR expres-
sions after replating the nascent mesoderm in Fig. 2e and the 
inhibition of various small molecules on the FGF-induced 
gene changes in Fig. 3g. Linear regression was used to show 
the dosage-dependent effect of cycloheximide on the gene 
expression in Fig. 2d. The statistical means ± values indicate 
95% CI in the text and figures. *, and **** denote p < 0.05 
and 0.0001, respectively.

Protein blotting

The hPSCs were dissociated and counted as for splitting. 
The desirable amount of cells were pelleted and resuspended 
in DPBS with 1% final concentration octyl glucoside and 1X 
Halt protease inhibitor. After incubation for 10 min on ice, 
the lysates were cleared by centrifugation at 17,000 g for 
1 min, and the cleared supernatants were taken for PAGE 
and blotting. αV5 and αGAPDH of 1:5000 were used for 
staining in TBST plus 0.5% fish gelatin.

Results

FGF signaling was crucial for endothelial generation 
through inducing  KDRhigh precursor cells

Based on our previous method of obtaining engraftable 
endothelial cells in a low-density defined differentiation 
system, we could acquire mesodermal cells from hPSCs 
in E6 basal medium containing both TGFβ and canonical 

Fig. 1  FGF signaling was crucial for endothelial generation through 
inducing  KDRhigh precursor cells. a Flow cytometry for mesoderm-
to-endothelial induction using various growth factors. Mesodermal 
cells were replated (500 cells/cm2, 2  cm2) in basal medium with 
bFGF,  VEGFA121(VEGFA), both (bFGF + VEGFA) or no factors 
(NONE) and flowed for CD31 and CD34 expression 72  h later. b 
Flow cytometry for the emergence of KDR and CD34 immunoposi-
tive cells. Mesodermal cells were replated (250 cells/cm2, 2  cm2) in 
basal medium with bFGF or bFGF + VEGFA and flowed for KDR 
and CD34 expression every 24 h during days 3–5. Flow cytometry for 
the KDR protein (c, 3 independent cell lines) and mRNA (d) expres-
sion on day 3. Mesodermal cells were replated [500 cells/cm2, 2  cm2 
for (c) and 8  cm2 for (d)] in a basal medium under the conditions in a 
and assayed for KDR expression 24 h later. e Flow cytometry for the 
induction of  KDRhigh angioblasts using various sources or growth-
factor concentrations. Mesodermal cells were replated (500 cells/cm2, 
2  cm2) in basal medium with default bFGF from zebrafish (bFGF), 
bFGF from humans  (bFGFH), default human  VEGFA121  (VEGFA121), 
5- or 20-fold higher concentrations of  VEGFA121  (VEGFA121 5X 
and 20X, respectively), or a165-aa isoform of VEGFA  (VEGFA165) 
and assayed for KDR immunopositivity 24 h later. f Flow cytometry 
for endothelial formation after 8  h of priming with growth factors. 
Replated mesodermal cells (100 cells/cm2, 2  cm2) were incubated in 
basal medium with bFGF, VEGFA, or no factor (NONE) for 8 h. The 
medium was replaced with basal medium containing VEGFA alone 
for an additional 64 h and flowed for KDR and CD34 immunoreac-
tivity. In a and f, the numbers in the right upper corners indicate the 
normalized numbers (percentages) of the positive cells in the dou-
ble-positive populations. g The strategy of assaying the hemogenic 
potential in the mesoderm. HM (+): hemogenic mixture as the posi-
tive control; HM-B (−): HM minus BMP-4 as the negative control; 
HM-F: HM minus bFGF; FGF: E6 basal medium with bFGF alone; 
NONE: E6 basal medium alone. h Flow cytometry for hematopoietic 
differentiation under various conditions in g. DF19-9-7  T mesoder-
mal cells were replated (500 cells/cm2, 2  cm2) and flowed for CD34, 
CD31 and CD43 expression after 5  days (HM, HM-B, HM-F, and 
 FGF24hrsD7) or 6 days  (FGF24hrsD8, HM-F24hrs, and  NONE24hrs). i RT-
qPCR assays for the changes of mesodermal (T, MESP1), endothelial 
(CDH5, TEK), and definitive hematopoietic (RUNX1, MYB, GFI1B) 
markers of the parental mesoderm, HM, HM-B, and  FGF24hrsD8 sam-
ples in h. The samples were harvested to obtain the relative levels of 
the specified mRNAs against the reference HM-B sample. The verti-
cal bars represent 95% CI (n = 3). j Validating the loss of the hemo-
genic potential with the other 2 hPSC lines (Ch22 and TW1). The dif-
ferentiation protocols and assay procedures were identical to those in 
h. Schematic diagrams of the experiments are on top of the data in 
a–c, and f. The induction and harvest strategies of d and e are identi-
cal to those in c except for the different factors/concentrations speci-
fied in e.
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WNT agonists. These differentiated cells showed increased 
expressions of mesenchymal markers, such as CDH2, VIM, 
ITGB1, FN1, ZEB, SNAI2 and TWIST1. The mesodermal 
nature of these cells was further verified by the surface 
positivity of PDGFRA and by the relative enrichment of 
mesodermal markers, such as T and HAND1, compared 
with the parental hPSCs or progeny endothelial cells [7]. 
In the low-density defined differentiation system, mesoder-
mal cells could only form CD31+/CD34+ endothelial cells 
efficiently in the presence of both basic FGF (bFGF) and 
VEGF (Fig. 1a, CD31+/CD34+ cells, bFGF + VEGFA ver-
sus the others). The quantitative improvement with bFGF 
might have been due to the fact that FGF signaling improved 
the proliferation/survival or the formation of endothelial or 
their precursor cells. The possibility of improved prolifera-
tion after endothelial formation was unlikely because the 
endothelial-colony size was not increased with bFGF based 
on our previous finding [7]. To test if FGF signaling alone 
could convert endothelial precursor cells to the endothe-
lium, the mesodermal cells were differentiated in bFGF 
alone or bFGF plus VEGF and assayed for the induction 
of endothelial cells every 24 h. The negligible amount of 
 KDRhigh/CD34 + endothelial cells with bFGF alone (Fig. 1b, 
 KDRhigh/CD34 + cells, bFGF versus bFGF + VEGFA) 

argued against the hypothesis as well. However, the small 
number of  KDRhigh cells in the mesoderm (Fig. 1c, meso), 
the appearance of the  KDRhigh population with bFGF alone 
24 h after replating (Fig. 1b, upper panels) and the dra-
matic increase in the endothelial-colony number, but not 
size, with bFGF [7] suggested FGF signaling might mediate 
the mesoderm-to-endothelium transition by triggering the 
formation or proliferation/survival of  KDRhigh endothelial 
precursor cells. This hypothesis was supported by the induc-
tion of KDR expression on mesodermal cells with bFGF, 
but not with VEGF alone (Fig.  1c, bFGF 43.6 ± 14.2% 
versus VEGFA 8.4 ± 2.3%, p = 0.0479; and versus NONE 
3.3 ± 2.1%, p = 0.0367). Besides the protein expression 
of KDR on the cell surface, the FGF-mediated induc-
tion of KDR mRNA using a proximity ligation assay for 
RNA (PLAYR) [15] corroborated the supposition (Fig. 1d, 
bFGF versus VEGFA and NONE). Although the expres-
sion of KDR mRNA was marginally higher with VEGF plus 
bFGF (Fig. 1d, bFGF + VEGFA versus bFGF), The inclu-
sion of both factors did not further boost the percentage 
of  KDRhigh cells based on the surface expression (Fig. 1c 
bFGF + VEGFA 44.7 ± 7.7% versus bFGF 43.6 ± 14.2%, 
p = 0.808). The selective requirement for bFGF, but not 
VEGF, was further validated by different forms of bFGF, 
VEGF, and various concentrations of VEGF (Fig. 1e, bFGF 
versus VEGF and NONE). Further, the selective requirement 
of VEGF for the induction of  KDRhigh/CD34 + endothelium 
from the endothelial precursor cells was demonstrated 48 h 
after induction (Fig. 1b, 48–72 h, bFGF + VEGFA versus 
bFGF). Overall, the findings suggested that the transition 
from mesoderm-to-endothelium comprised two stages: the 
mesoderm-to-KDRhigh precursor stage through FGF signal-
ing, and the angioblast-to-endothelium stage through VEGF 
signaling. This supposition was again supported by that 
endothelial cells could only form efficiently when mesoder-
mal cells were seeded in the presence of bFGF during the 
first 8 h before being replaced with the VEGF-only medium 
(Fig. 1f, bFGF versus VEGFA or NONE).

To test if these  KDRhigh endothelial precursor cells had 
hemogenic potential, we treated the day-2 nascent mesoderm 
with FGF for 24 h followed by incubating in a modified 
hemogenic mixture (HM, composed of basal medium plus 
BMP4, bFGF,  VEGF121, a TGFβ inhibitor, and PVA) from 
the murine system we developed previously [23]. When 
these FGF-induced  KDRhigh cells were incubated in HM 
for 4 or 5 days (Fig. 1g, FGF24hrsD7 and D8,), the induc-
tion levels of hematopoietic cells were very low (Fig. 1h, 
FGF24hrsD8, CD31 + /CD43 + , 1.8 ± 0.8%, n = 3). The lack 
of hemogenic potential in the  KDRhigh endothelial precursor 
cells was also demonstrated by the relatively low hemat-
opoietic mRNA levels comparable to the parental mesoderm 
in the FGF24hrsD8 sample (Fig. 1i, RUNX1, MYB, and 
GFI1B), despite its higher expression of endothelial markers 

Fig. 2  ETV2 and LMO2 were immediate genes downstream of FGF 
signaling. a RT-qPCR assays for the induction of angioblastic mark-
ers by bFGF with 3 hPSC lines. Mesodermal cells were replated (500 
cells/cm2, 2  cm2) in basal medium with or without bFGF for 4, 8, or 
24  h. The samples were harvested to obtain the relative levels (+F 
versus −F) of the specified mRNAs. b Flow cytometry for the mRNA 
inductions (left: dot plots; right: corresponding violin plots) of ETV2 
(upper) and LMO2 (lower) after growth-factor treatments. Mesoder-
mal cells were replated (1000 cells/cm2, 8  cm2) in basal medium with 
bFGF, VEGFA, or no factor (NONE) and assayed 8 h later. c Ampli-
fication curves of cDNA (red/black) and corresponding genomic 
DNA (pink/gray) of the same samples in a to reveal the background 
transcripts without bFGF induction. The genomic DNA for qPCR 
was derived by performing no-enzyme reactions side-by-side with the 
RT reactions for cDNA. d Gene-expression profiling for the inhibi-
tion of bFGF-mediated mRNA changes by blocking protein synthe-
sis. Mesodermal cells were replated (500 cells/cm2, 2  cm2) in basal 
medium with bFGF, the concentrations of cycloheximide (CHX) 
were increased, and they were harvested for the RT-qPCR of the 
specified mRNAs 8 h later. S and R2, respectively, denote mean ± 95% 
CI of the slope and R-squared of the regression line. RT-qPCR (e) 
and flow-cytometry (f) assays for the KDR and PDGFRA expressions 
from day-0 PSC to day-3 FGF-uninduced and -induced mesodermal 
cells across 3 hPSC lines. The strategy of differentiation was identi-
cal to that in Fig. 1c. PSC: parental hPSC cells harvested on day 0; 
meso: mesodermal cells harvested on day 2 before replating; NONE: 
E6 basal medium alone on day 3; bFGF: E6 basal medium plus bFGF 
on day 3. For the qPCR analyses in a, d and e, PSMB4 served as the 
reference gene. For a and d, the no-bFGF samples served as the con-
trol samples; for e, the PSC samples served as the control sample. 
Relative levels of the specified mRNAs that are significantly different 
(p < 0.05) from the day-2 nascent mesodermal cells are highlighted 
with black borders in e. The points and vertical lines represent, 
respectively, mean and 95% CI (n = 3)

◂



2206 P.-C. Chen et al.

1 3

(Fig. 1i, CDH5 and TEK) and the lower levels of mesoder-
mal ones (Fig. 1i, t and MESP1, FGF24hrsD8 versus meso-
derm). In contrast to the FGF-induced angioblasts, when 
the day-2 naïve mesodermal cells were incubated in HM 
(Fig. 1g, HM) for 5 days and assayed for the expressions 
of endothelial markers, CD31 and CD34, and a hematopoi-
etic marker, CD43, significantly higher numbers of CD34+/
CD43+ and CD31+/CD43+ cells emerged (Fig. 1h, HM, 
CD31+/CD43+, 34.6 ± 5.1%, n = 3, p = 0.0002 compared 
with FGF24hrsD8). Thus, the day-2 nascent mesoderm 
treated with HM could serve as positive control. The 

negative control was performed by removing an essential 
factor, BMP-4, from HM to abrogate the formation of the 
CD43+ cells (Fig. 1h, HM-B, CD31+/CD43+, 0.6 ± 0.4%, 
n = 3, p = 0.0002 compared with HM) based on our previ-
ous knowledge with the murine system. Compared with the 
parental mesodermal cells, both HM and HM-B samples 
showed increased expressions of endothelial markers, CDH5 
and TEK, and decreased expressions of mesodermal ones, 
T and MESP1, (Fig. 1i). Besides, the HM sample showed 
enrichment of the definitive-hematopoiesis markers, such 
as RUNX1, MYB, and GFI1B, compared with the HM-B 

Y677F

PAmyr-cFGFR1Tet3G CID
Y776F
Y766F

Y653/4F

BA

100

101

102

103

100 101 102 103

100

101

102

103

100 101 102 103

100

101

102

103

100 101 102 103

100

101

102

103

100 101 102 103

FGFR1

FGFR2

FGFR3

FGFR4

FL1

T

C

E

Ca2+c1

6.1%

32.6%

6.7%

9.5%

36.8%

31.1%

3.0%

30.3%

19.6%43.7%

53.2%

24.3%

38.4%

27.1%

1.1%

BRAFi

Ca2+c2

MNKi

FGFRi

MEKi

JNKi

-FGF

ERKi

PLCi

STAT3i

PKCi1

PKCi2

PKAi0

0

100 101 102 103 100 101 102 103

bFGF

G

D

Y776F

Y766F

Y677F

Y653/4F

1.5%

32.8%

30.4%
100 101 102 103

2.6%

9.2%

19.5%

8.0%

N
O

N
E

AP
19

03

KDR

SS
C

bF
GF

WT

1 2 3 4 5 6

70

41

V5

GAPDH
m

oc
k

Y7
66

F

Y6
77

F

Y6
53

/4
F

W
T

Y7
76

F

F

1.8%

38.1%

12.1%

0.8%

0.4%

2.5%
100 101 102 103

bFGF

NONE0

0

FGFRi

BRAFi

MEKi

ERKi

KDR

SS
C

6.5%

57.1%57.1%

29.5%

2.5%

5.5%

2.1%
100 101 102 103

DF19-9-7T TW1

Fo
ld

 c
ha

ng
e

10

1

3

0.3

ETV2 LMO2 KDR PDGFRA

TW1
DF19-9-7T
Ch22

+
FGFRi
BRAFi
MEKi
ERKi

Fig. 3  FGFR1/BRAF/MEK/ERK pathway triggered the angioblastic 
fate. a Flow cytometry for the mRNA expressions of FGFR1-4 and 
T in day-2 mesodermal cells. hPSCs were replated (2500 cells/cm2 
precoated with 0.25 μg/ml vitronectin, 4  cm2) in basal medium plus 
ACTIVIN-A (5  ng/ml) and CHIR99021 (4.5  μM) for 48  h before 
dissociation and fixation. The same number of 293FT cells (10,000) 
were mixed with the mesodermal cells at the methanol-fix step to 
serve as the FGFR- internal control. FGFR1-4: FAM dye; T: CY5 
dye. b The inducible expression cassettes of the chemically-dimeriz-
able mFGFR1 (cFGFR1) and its mutation sites for the complemen-
tation experiments in d. c Protein blotting for the induced cFGFR1s 
in the hygromycin-selected DF19-9-7  T hPSC lines. The inducible 
and parental (mock) hPSC lines (~ 200,000) were induced with 2 ug/
ml of doxycycline for 24  h before harvesting for staining with αV5 
antibody. d Flow cytometry for the induction of KDR expression by 
cFGFR1 and its mutants. The mesodermal cells were replated (500 
cells/cm2, 2  cm2) in basal medium with AP1903 (100  nM), bFGF, 
or no factors (NONE) and assayed for KDR immunopositivity 24 h 
later. The  cFGFRY776F cells were used for positive (bFGF) and nega-
tive (no-factor) controls. e Small molecule-inhibition screening as the 
candidate pathways responsible for KDR induction by bFGF. Meso-

dermal cells were replated (500 cells/cm2, 2  cm2) in basal medium 
with bFGF alone (bFGF and 0, positive control), no factor (-FGF 
and 0, negative control), or bFGF plus PLCi (U-73122, 50  nM), 
 PKCi1 (Sotrastaurin 500 nM),  PKCi2 (Gö 6983, 1 μM),  Ca2+ chela-
tor 1  (Ca2+  c1, BAPTA-AM, 1 μM),  Ca2+ chelator 2  (Ca2+  c2, cyclo-
piazonic acid, 1  μM), STAT3i (Stattic, 1  μM), PKAi (H89, 2  μM), 
FGFRi (PD 173074, 0.5  μM), BRAFi (Dabrafenib, 0.5  μM) MEKi 
(PD 325901, 20 nM), ERKi (SCH772984, 0.3 μM), JNKi (SP600125, 
2 μM) or MNKi (eFT-508, 0.2 μM) and assayed as in d. f Validating 
the essentiality of BRAF/MAPK/ERK to induce KDR with 2 other 
independent hPSC lines (DF19-9-7T and TW1). The differentiation 
protocols, inhibitor concentrations, and assay procedures were identi-
cal to those in e. g Analysis of the suppression of angioblast-related 
genes by inhibiting the FGFR/BRAF/MAPK/ERK pathway. Meso-
dermal cells were replated and incubated as in the conditions shown 
in f. The cells were harvested 8 h after replating for RT-qPCR of the 
indicated genes. PSMB4 served as the reference gene, and the no-
bFGF samples served as the control samples. The points and vertical 
lines represent, respectively, mean and 95% CI (n = 3). Relative levels 
of the specified mRNAs that are significantly different (p < 0.05) from 
the control FGF + samples are highlighted with black borders
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sample or mesodermal cells, which further supported the 
presence of hemogenic endothelium in the HM positive con-
trol alone. By comparing both positive and negative controls, 
the lack of hemogenic potential in the  KDRhigh endothe-
lial precursor cells was demonstrated by the relatively low 
hematopoietic mRNA levels (Fig. 1I, RUNX1, MYB and 
GFI1B, FGF24hrsD8 versus HM-B) and correspondingly 

few CD43+ cells comparable to the HM-B negative con-
trol (Fig. 1h and j, CD43). The lack of hemogenic poten-
tial was verified with 2 other cell lines (Fig. 1j, Ch22 and 
TW1). Thus, it would be proper to call the FGF-induced 
 KDRhigh endothelial precursor cells as angioblasts, instead 
of hemangioblasts, because of their endothelium-restricted 
fate. Nevertheless, the FGF is essential for the formation 
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Fig. 4  ETV2 determined the angioblastic fate downstream of FGF. a 
Flow cytometry for the induction of shRNA-linked CD90.1 in hygro-
mycin-selected DF19-9-7T lines. The parental (control) and induc-
ible CD90.1-shETV2 and -shLMO2 hPSC lines (~ 200,000) were 
incubated with 2 ug/ml of doxycycline for 24 h before being dissoci-
ated for the surface expression of CD90.1. b Flow cytometry for the 
reduced  KDRhigh angioblasts with shRNA against ETV2 (shETV2) 
or LMO2 (shLMO2). Mesodermal cells were replated (1000 cells/
cm2, 2  cm2) in basal medium with no factor (NONE), bFGF, or bFGF 
plus doxycycline (2 μg/ml, bFGF + Dox) and assayed for KDR immu-
noreactivity 24 h later. c Flow cytometry for the decreased  KDRhigh 
angioblasts by induced overexpression of suppressor KRAB-linked 
ETV2 (KRABETV2) or LMO2 (KRABLMO2). The procedures for 
the differentiation, treatment, and staining were as in b except that 
hygromycin-selected inducible KRABETV2 and KRABLMO2 cells 
were used. d Gene-expression assays for the 8-h samples in c. The 
differentiation and treatment were identical to c except that the sam-
ples were collected 8 h after replating the mesoderm. e Flow cytom-
etry for the induction of  KDRhigh angioblasts by inducing the expres-
sion of ETV2 or LMO2. Mesodermal cells of inducible ETV2 or 
LMO2 were replated (1000 cells/cm2, 2  cm2) in basal medium with 

no factor (NONE), bFGF only, or doxycycline alone (2 μg/ml, Dox) 
and stained for KDR immunoreactivity 24 h later. f Gene-expression 
assays for the 8-h samples in e. The differentiation and treatment 
were identical to e and samples were collected 8 h after replating. g 
Flow cytometry for the endothelial induction after 8 h of priming of 
the mesoderm using bFGF or ETV2. Mesodermal cells of inducible 
ETV2 were replated (1000 cells/cm2, 2  cm2) in basal medium with no 
factor (NONE), bFGF, or doxycycline (2 μg/ml, Dox) for 8 h. After 
being washed twice with basal medium, the wells were replenished 
with basal medium containing  VEGFA121 (20  ng/ml) for an addi-
tional 64  h before assaying for immunoreactivity against KDR and 
CD34. h Protein blotting for the induction of ETV2, LMO2 (aster-
isk), KRABETV2, and KRABLMO2 in the hygromycin-selected 
DF19-9-7T hPSC lines. Each inducible line (~ 200,000) was incu-
bated with 2 ug/ml of doxycycline for 24 h before being dissociated 
for immunoreactivity against the V5 epitope. For the qPCR analyses 
in d, f, PSMB4 served as the reference gene, and the NONE samples 
served as the control (baseline) samples. The points and vertical lines 
represent, respectively, mean and 95% CI (n = 3). i Proposed mecha-
nism of the induction of angioblasts by FGF
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of hemogenic endothelium based on the loss of reduction 
of CD31+/CD43+ cells (Fig. 1g and h, HB-F) in addition 
to the loss of CD31+/CD43− endothelial cells (Fig. 1g and 
h, HB-F) in the samples without FGF. Further, FGF was 
required for hematopoietic differentiation (Fig. 1g and h, 
CD31+/CD43+,  NONE24hrs and HB-F24hrs), but not for 
endothelial differentiation (Fig. 1g and h, CD31+/CD43−, 
 NONE24hrs and HB-F24hrs) during the first 24 h after replat-
ing mesoderm.

ETV2 and LMO2 were immediate genes downstream 
of FGF signaling

The increased  KDRhigh angioblasts with FGF could be 
explained either by FGF promoting the survival/prolifera-
tion of  KDRhigh cells or by FGF inducing fate transition 
from  KDRlow/− mesoderm-to-KDRhigh/+ angioblasts. These 
hypotheses were tested by screening several genes associ-
ated with mesodermal and angioblastic fates at several time 
points (4, 8, and 24 h). Eight and 24 h after FGF induction, 
some angioblastic markers, such as ETV2, LMO2, and KDR 
[24], were up-regulated (Fig. 2a, 8 and 24 h). Among them, 
LMO2 was induced as early as 4 h post-induction (Fig. 2a, 
LMO2, 4 h). The induction of the transcription factors ETV2 
and LMO2 in individual cells by FGF, but not VEGF, was 
further verified based on the mRNA flow cytometry (Fig. 2b, 
bFGF versus NONE and VEGFA).

A limitation of the RT-qPCR analysis was that the gene-
expression levels were normalized to a house-keeping gene, 
PSMB4. Thus, it was impossible to see if there were basal 
levels of mRNA in the absence of FGF. To address this limi-
tation, the qPCR analysis was performed with cDNA and 
corresponding genomic DNA samples. Again, FGF sign-
aling obviously induced LMO2, ETV2, and KDR expres-
sion 8 h post-induction (Fig. 2c, red versus black curves). 
Based on the quantifications of cDNA versus genomic DNA, 
LMO2 was minimally expressed in the uninduced meso-
derm (Fig. 2c, LMO2, black versus gray) and was strongly 
dependent on FGF for its expression (Fig. 2c, LMO2, red 
versus pink). In contrast, FGF boosted the pre-existing, basal 
expressions of ETV2 and KDR in the mesoderm to higher 
levels (Fig. 2c, ETV2, and KDR).

To identify direct responding genes downstream of FGF 
signaling, mesodermal cells were treated with increasing 
levels of cycloheximide, a translation blocker, in the pres-
ence of FGF and assayed for gene induction 8 h later. The 
blockage of new protein synthesis abolished the induction of 
KDR and the inhibition of PDGFRA by FGF signaling in a 
dose-dependent manner (Fig. 2d, KDR, slope = − 3.7 ± 1.3, 
p < 0.0001 and CHX 1 µg/ml; PDGFRA, slope = 0.8 ± 0.1, 
p < 0.0001 and CHX 1 µg/ml). By contrast, the inductions of 
ETV2 (Fig. 2d, ETV2, CHX 1 µg/ml) and, to a lesser extent, 
LMO2 (Fig. 2d, LMO2, CHX 1 µg/ml), were minimally 

affected by blocking translation. Thus, the findings indicated 
that ETV2 and LMO2 were directly induced by FGF, and 
the induction of KDR and the suppression of PDGFRA were 
secondary to the synthesis of other mediators.

To trace the dynamics of KDR and PDGFRA expressions 
during the course of PSC to angioblast differentiation, we 
assayed the mRNA and protein expressions of the 2 genes 
in day-0 hPSCs, day-2 mesoderm, day-3 FGF-uninduced 
and -induced mesodermal cells (Fig. 2e, f, PSC, meso, 
NONE, and bFGF, respectively). Both KDR (more appar-
ent in Fig. 2e, NONE versus meso) and PDGFRA (Fig. 2e, 
f, NONE versus meso) expressions increased when the 
 KDRlow/PDGFRAlow nascent mesoderm was incubated 
for 24 h in the basal medium alone without any exogenous 
factors. The finding suggested that either CHIR99021, 
ACTIVIN-A alone, or both factors in the mesoderm-differ-
entiation medium suppressed KDR and PDGFRA expres-
sions and the removal of the factors unleashed the suppres-
sions in the FGF-uninduced cells. In contrast to the default 
no-factor condition, the incubation of FGF with the nascent 
mesoderm for 24 h abolished the emergence of  PDGFRAhigh 
cells (Fig. 2e, f, bFGF versus NONE) and induced angio-
blasts with significant higher KDR expression compared 
with the no-FGF (Fig. 1c–e, 2a, c, e and f, KDR) and the 
nascent-mesoderm (Fig. 1c and 2e, f, KDR) samples.

Finally, the data here could not completely exclude the 
role of FGF in selectively promoting the survival or prolifer-
ation of  KDRhigh angioblasts at the expense of  PDGFRAhigh 
mesodermal cells. However, the importance of FGF in 
diverting the default  KDRlow/PDGFRAhigh mesodermal 
cells to  KDRhigh/PDGFRAlow angioblasts was supported 
by the rapid induction of ETV2/LMO2 (Fig. 2a–c, ETV2, 
and LMO2), by the inhibition of PDGFRA expression 
(Fig. 2a–c, PDGFRA), and by the unchanged house-keep-
ing PSMB4 levels when ETV2 and LMO2 were induced 
(Fig. 2c, PSMB4, +F versus −F).

FGFR1/BRAF/MEK/ERK pathway triggered 
the angioblastic fate

Because bFGF is known to trigger all four subtypes of 
FGFR [25], flow cytometry for the mRNA expressions of 
all four FGFR subtypes was performed to specify the FGF 
subtype that induced KDR. The expressions of FGFR2-4 
were similarly low in the T + mesodermal cells and the T- 
cells (Fig. 3a, FGFR2-4), which were mostly 293 T cells 
that barely expressed any of the four FGFR subtypes [26]. 
In contrast, the expression of FGFR1 in the T + population 
was clearly higher compared to that in the T- control cells 
(Fig. 3a, FGFR1). To further validate the critical role of 
FGFR1 in specifying angioblastic fate, a dimerizing-agent 
inducible mouse FGFR1 (cFGFR1) [16, 17] and its tyrosine-
residue mutants were used to engineer hPSC stable lines 
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(Fig. 3b, c, construct design and validation of protein expres-
sion, respectively). When these cell lines were differentiated 
into mesoderm and induced with AP1903, the dimerization 
inducer to activate cFGFR, the wild-type cFGFR and Y776F 
mutant drove KDR expression to the same degree as that 
by bFGF (Fig. 3d,  cFGFRWT and  cFGFRY776F). However, 
the Y653/4F, Y766F, and Y677F mutations in the activa-
tion motif of the kinase domain [27] were more or less 
defective in complementing the absence of bFGF (Fig. 3d. 
 cFGFRY653/4F,  cFGFRY766F, and  cFGFRY677F). Collectively, 
the findings indicated that FGFR1 induced  KDRhigh angio-
blasts in the mesoderm through a specific set of tyrosine 
residues.

To identify the intracellular pathway accounting for 
angioblastic induction by FGFR1, mesodermal cells were 
incubated with bFGF plus a panel of inhibitors against can-
didate mediators downstream of FGFR [28]. The blockage 
of PLCγ/PKC/Ca2 + (Fig. 3e, PLCi, PKCi and  Ca2+c), PKA 
(Fig. 3e, PKAi), STAT3 (Fig. 3e, STAT3i), MNK (Fig. 3e, 
MNKi), and JNK (Fig. 3e, JNKi) failed to suppress angio-
blast formation. Instead, the blockage of BRAF, MEK, and 
ERK (Fig. 3e, FGF 46.3 ± 11.0% versus BRAFi 2.0 ± 1.6%, 
p = 0.0135; versus MEKi 4.1 ± 3.3%, p = 0.0123; and ver-
sus ERKi 1.9 ± 0.8%, p = 0.0159) reduced the formation 
of  KDRhigh angioblasts to the same degree as the negative 
controls (Fig. 3e, FGF versus -FGF, 46.3 ± 11.0% versus 
5.0 ± 3.1%, p = 0.0125; and versus FGFRi 17.0 ± 12.3%, 
p = 0.0073). The generality of BRAF/MEK/ERK inhibi-
tion on KDR induction was confirmed with two other hPSC 
cell lines (Fig. 3f). Besides its effects on the protein expres-
sion of KDR, blockage of the BRAF/MEK/ERK pathway 
also reduced the effects of bFGF on LMO2, KDR, ETV2 
and PDGFRA. The reduction was more apparent with the 
components located downstream in the FGFR/BRAF/MEK/
ERK pathway (Fig. 3g). Overall, the results indicated that 
the BRAF/MEK/ERK pathway acting downstream of FGF 
to convert mesoderm into angioblasts.

ETV2 and LMO2 mediated the angioblastic fate 
downstream of FGF

To validate the epistatic importance of ETV2 and LMO2 
downstream of FGF, we designed knockdown, suppres-
sor, and overexpression constructs of the two transcrip-
tion factors and performed assays to determine their roles 
in angioblastic induction. The suppression of either ETV2 
or LMO2 by shRNA reduced the number of  KDRhigh cells 
24 h after FGF induction (see Fig. 4a and b for the per-
centages of shRNA-expressing cells and the induced sup-
pression of  KDRhigh angioblasts, respectively). Because 
the shRNA strategy might lead to incomplete knockdown, 
the KRAB suppression-domain linked ETV2 and LMO2 at 
the N-termini (Fig. 4h, the validated protein expressions of 

KRABETV2 and KRABLMO2) were engineered to con-
firm the observation. Concurring with the shRNA results, 
the induction of either KRABETV2 or KRABLMO2 was 
detrimental to angioblastic induction by FGF (Fig.  4c, 
bFGF + Dox versus bFGF alone). Consistent with the pro-
tein-expression data, the mRNA levels of KDR were inhib-
ited by either of the two suppressors 8 h after induction 
(Fig. 4d, KDR, bFGF + Dox versus bFGF).

To assess if either one of the transcription factors could 
rescue angioblast formation without FGF, the mesodermal 
cells were replated in basal medium alone, with bFGF, or 
with the doxycycline to induce either ETV2 or LMO2 (see 
Fig. 4h, the validated expression of ETV2 and LMO2). The 
overexpression of LMO2 alone failed to complement the 
absence of FGF in triggering  KDRhigh angioblasts (Fig. 4e, 
LMO2, Dox versus bFGF). The failed complementation by 
LMO2 was verified by the absence of changes in the mRNA 
8 h after induction (Fig. 4f, LMO2, Dox). By contrast, the 
induction of ETV2 almost completely converted all meso-
dermal cells into  KDRhigh cells (Fig. 4e, ETV2, Dox versus 
bFGF) 24 h after induction. Additionally, ETV2 overexpres-
sion also induced the transcript levels of LMO2 and KDR, 
but not ETV2 itself (Fig. 4f, Dox). Besides the induction of 
angioblastic markers, the 8-h induction of ETV2 obliviated 
the FGF requirement for endothelial formation 72 h later 
(Fig. 4g). Remarkably, the induced ETV2 expression sur-
passed the effects of FGF on marker-gene induction (see 
Fig. 4f, LMO2 and KDR, Dox versus bFGF) as well as on 
angioblastic/endothelial formation (Fig. 4e and g, Dox ver-
sus bFGF).

To summarize, our observations revealed the requirement 
of FGF signaling for converting  PDGFRAlowKDRlow naïve 
mesoderm into  PDGFRAlowKDRhigh angioblasts. FGFR1/
BRAF/MEK/ERK were the intracellular mediators respon-
sible for the direct induction of ETV2/LMO2. The induction 
of two transcription factors, especially ETV2, was critical 
for the fate conversion (Fig. 4i).

Discussion

With quail epiblast in vitro, KDR induction [29] and the 
angioblast/endothelium formation [30–32] required the 
presence of FGF. Contradictorily, exogenous FGF was not 
essential for vasculogenesis with both in vitro mouse [32] 
and human [7] systems. With the advantages of minimizing 
paracrine effects and the totally defined culture environment, 
our findings unify the findings across distant species and 
conclude the essentiality of FGF. Besides, by replacing the 
serum in the avian model with the defined culture medium, 
our study also verified the sufficiency of FGF in driving 
angioblasts from naïve mesoderm. Beyond FGF itself, our 
findings also pinpointed the specific FGFR1/BRAF/MEK/
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ERK pathway and the direct downstream transcription fac-
tors for angioblast induction.

The requirement of FGF to convert mesodermal cells to 
angioblasts in vitro is reminiscent of in vivo gastrulation. 
During gastrulation, both Activin/Nodal [33] and WNT [34] 
signals are required for the formation of the primitive streak, 
which would be the in vivo counterpart of the mesodermal 
cells induced by Activin A and CHIR99021, a canonical 
Wnt agonist [35], in this study. Similar to BMP, the higher 
level of FGF at the posterior/proximal end [36] confers a 
posterolateral fate to the naïve mesoderm. The segregation 
of mesodermal fates by FGF is important beyond biologi-
cal insights. Regarding applications, selective inclusion or 
blockage of FGF activity allows for the enrichment of target 
lineages. Thus, it would be interesting to dissect the progeny 
spectra of the naïve and FGF-induced mesoderms to enrich 
these target cell types.

The loss of hemogenic potential in bFGF-induced 
angioblasts 24 h after priming was caused by missing one 
or more of BMP-4, VEGF, SB431542, or PVA during the 
24-h period. The early requirement of BMP-4 during the 
gastrulation stage for hematopoietic differentiation has been 
suggested with our murine differentiation system [23]. The 
early requirement for BMP-4 could be explained by the loss 
of an essential hemogenic licensing factor during angioblast 
formation, possibly due to the loss of residual Activin/WNT 
activity. Similar logic could also apply to the early require-
ment for FGF revealed in Fig. 1h or for VEGF. SB431542 
could exert its effect by blocking the inhibitory activities of 
paracrine TGFβ or carryover ACTIVIN-A used during mes-
odermal induction [37]. The angioblast-enrichment potential 
of anti-detachment PVA [7] also possibly reduced the par-
acrine anti-hemogenic signal from contaminating cell types. 
The low-density, defined system here allows for testing these 
hypotheses in the future. The transcriptome comparisons 
between individual cells of parental mesodermal cells and 
their progenies induced with each and combinations of the 
critical factors will tell us how each signal drives particular 
transcription factors and how these transcription factors inte-
grate to endow distinct cell fates and to confer hemogenic 
potential. The mechanistic insight will be useful for the deri-
vation of pure cell types by direct cell-type conversion.

The selective requirement of FGF, rather than VEGF, to 
induce angioblasts is intriguing. KDR, the receptor required 
for endothelial formation [38], already existed in the naïve 
mesoderm (Fig. 2c). However, even the high dosages of the 
VEGF ligand failed to induce angioblast formation in the 
absence of FGF. This unresponsiveness could result from 
quantitative or qualitative KDR defects. Quantitatively, 
lower mRNA levels or inefficient translation without FGF 
could reduce the working KDR or KDR/FLT1 ratio on the 
cell surface [39]. Qualitatively, KDR might miss specific 
intracellular pathways, might induce downstream pathways 

with distinctive strength/duration [40], or might exist as 
an inactive form due to mislocation or other reasons. This 
hypotheses could be tested by manipulating the level, activ-
ity, location, or intracellular pathways of KDR in the meso-
derm. Likewise, the mechanisms underlying the unique 
requirement of VEGF, but not FGF (Fig. 1b), in angioblast-
to-endothelium conversion deserve further exploration.

When the protein synthesis was blocked, FGF’s selec-
tive capability to induce ETV2 and LMO2, but not KDR 
(Fig. 2d), suggests the post-translational activation of a 
switchable transcription factor. The transcription factor is 
likely to be phosphorylated either directly or indirectly on 
the active BRAF/MEK/ERK pathway (Fig. 2e–g). If this 
conjecture is true, searching for the particular transcrip-
tor factors would be stimulating. Candidates include ETS, 
ELK, c-Myc, etc. [41]. Because ERK is already active at the 
primed-pluripotency stage [42], the switchable transcription 
factors are likely to express selectively at the naïve meso-
derm stage or require other mesoderm-specific transcrip-
tion factors to mediate angioblast conversion. A mechanistic 
understanding would be facilitated by transcriptome profil-
ing and comparison of the hPSCs and naïve mesodermal 
cells based on the culture conditions used in this study.

ETV2 and LMO2 were direct, immediate-early targets 
downstream of FGF signaling. Although both gene-knock-
down (Fig. 4b) and the suppressor-overexpression (Fig. 4c, 
d) assays supported the importance of LMO2 in mediat-
ing angioblast formation, overexpression of LMO2 in the 
mesoderm failed to trigger changes related to angioblast-
associated genes (Fig. 4e, f). The ineffectiveness of over-
expressing LMO2 alone could be explained by its lack of 
DNA-binding activity and, thus, its requirement of other 
partners for its function [43]. This supposition was sup-
ported by the inhibition of angioblast formation (Fig. 3c) 
and KDR/LMO2 expression (Fig. 3d) when KRABLMO2 
was induced in the presence of FGF. On the other hand, 
overexpressed ETV2 dominantly mediated almost complete 
angioblast conversion in naïve mesoderm (Fig. 4e–g). This 
dominance was demonstrated by its inclusion in transdiffer-
entiation of the endothelial precursor cells from other cell 
types [5, 44, 45]. However, ETV2 was also highly expressed 
in non-hematoendothelial cells [46] and does not have auto-
induction ability (Fig. 4f). These facts suggest the existence 
of cofactors for angioblast induction by ETV2. The cofactors 
will be revealed by assaying transcriptomes in the naïve and 
FGF-induced mesoderms.

Given the critical function of FGF and its downstream 
pathway in imparting angioblast fate in the mesoderm, 
manipulating the activity of this particular pathway can be 
used to acquire purer subpopulations of mesodermal sub-
types. In addition, the direct induction of ETV2 by FGF 
and the complete conversion of angioblasts by overex-
pressing ETV2 also implies the possibility of deriving and 
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maintaining angioblasts using exogenous factors or small 
molecules. Beyond the information provided here, our low-
density, short incubation-time differentiation platform will 
be helpful in regard to clarifying the roles of other signals 
in determining mesodermal lineages in general.
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