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Abstract

Background: Strategies of generating functional blood cells from human pluripotent stem cells (hPSCs) remain
largely unsuccessful due to the lack of a comprehensive understanding of hematopoietic development. Endothelial-
to-hematopoietic transition (EHT) serves as the pivotal mechanism for the onset of hematopoiesis and is negatively
regulated by TGF-β signaling. However, little is known about the underlying details of TGF-β signaling during EHT.

Methods: In this study, by applying genome-wide gene profiling, we identified muscle segment homeobox2
(MSX2) as a potential mediator of TGF-β signaling during EHT. We generated MSX2-deleted human embryonic stem
cell (hESC) lines using the CRISPR/Cas9 technology and induced them to undergo hematopoietic differentiation.
The role of MSX2 in hematopoiesis and functional regulation of TGFβ signaling in EHT was studied.

Results: We identified MSX2 as a novel regulator of human hematopoiesis. MSX2 deletion promotes the
production of hematopoietic cells from hESCs. Functional and bioinformatics studies further demonstrated that
MSX2 deletion augments hematopoietic differentiation of hESCs by facilitating EHT. Mechanistically, MSX2 acts as a
downstream target of TGFβ signaling to mediate its function during EHT.

Conclusions: Our results not only improve the understanding of EHT, but may also provide novel insight into the
efficient production of functional blood cells from hPSCs for regenerative medicine.

Keywords: MSX2, TGF-β signaling, Endothelial to hematopoietic transition, Human embryonic stem cells,
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Background
Human embryonic stem cells (hESCs), generated from the
inner cell mass of human embryos, have the capacity of
self-renewal and multi-lineage differentiation, thus offering
an invaluable tool for dissecting early human hematopoietic
development and the ex vivo production of hematopoietic
stem cells (HSCs) and functional blood cells for therapies
of various hematologic disorders [1–3]. However, it remains
a great challenge to generate HSCs with robust multi-
lineage engraftment potential and infusion dosage levels of
functional blood cells from hESCs, mainly because of the
lack of understanding of the underlying mechanisms con-
trolling hematopoietic development [4].
hESC hematopoietic differentiation goes through three

main stages, including mesoderm induction, the emer-
gence of hemogenic endothelium progenitors (HEPs),
and generation of hematopoietic progenitor cells
(HPCs), which largely mimic embryonic hematopoietic
development in vivo [5]. HPCs emerge from HEPs
through the process of endothelial-to-hematopoietic
transition (EHT), which serves as a vital mechanism for
the initiation of hematopoiesis and is tightly controlled
by several signaling pathways [6, 7]. Retinoic acid (RA)
signaling reportedly enhances hESC hematopoietic dif-
ferentiation by facilitating EHT [8]. Recent studies also
revealed the critical role of HOXA family members in
mediating the function of RA signaling in hematopoietic
differentiation [8, 9]. In addition, a number of studies
have demonstrated that the NOTCH signaling pathway
promotes EHT by activating HES1 both in vitro and
in vivo [10–14]. In contrast, TGFβ signaling exerts a
negative effect during EHT [15–18]. Elevated expression
of TGFβ signaling components has been identified in
endothelial cells and decreased during EHT in mouse
embryos [15]. Activation of TGFβ signaling completely
abolishes the generation of HPCs from HEPs, while
TGFβ inhibition promotes the transition—a response
conserved in both mouse and human embryonic stem
cells [15–18]. Despite its well documented vital role in
EHT, little is known about how TGFβ signaling exerts
its function during this process.
Aside from the cytoplasmic signaling pathways, tran-

scription factors also play a key role in the regulation of
EHT [6, 7]. RUNX1 and GATA2 are indispensable for
EHT both in vitro and in vivo [19, 20]. Overexpression of
SCL/TAL1 severely promotes the emergence of blood
cells from endothelial cells during hESC hematopoietic
differentiation [21], while knockout of MEIS2 severely
suppresses hESC hematopoietic differentiation by impair-
ing EHT [22]. Meanwhile, there are also transcription fac-
tors that play negative roles in EHT. For example,
HOXA3 activates the endothelial program by repressing
the expression of RUNX1, leading to the impairment of
EHT [23]. Additionally, SOX17 prevents EHT by

maintaining the endothelial identity of cells, and SOX17
downregulation is required for the emergence of blood
cells [24]. In addition, suppression of ID1 or ID3 aug-
ments the generation of hematopoietic cells from HEPs
during hematopoietic differentiation of hESCs [25]. A
combined manipulation of the vital transcription factors is
effective in directing the induction of hematopoietic cells
from somatic cells and human pluripotent stem cells
(hPSCs). For instance, fibroblasts can be reprogrammed
into hematopoietic stem and progenitor cells (HSPCs)
with short-term engraftment by the use of a series of
EHT-regulating factors including Runx1c, Gata2, and Scl
[26]. A separate study showed that 7 transcription factors
including RUNX1 are sufficient to convert hPSC-derived
HEs into transplantable HSPCs [27]. Therefore, identifica-
tion of novel transcription factors controlling EHT not
only should advance our understanding of hematopoietic
development but also will help to establish potential new
strategies of HSC generation from hPSCs.
Muscle segment homeobox2 (MSX2), a homeobox-

containing transcription factor, is implicated in organo-
genesis and the development processes of several types
of tissues, including craniofacial tissues, limb, heart, and
neural crest derivates [28–30]. However, whether MSX2
plays a role in hematopoietic development is still un-
clear. In the current study, by using genome-wide tran-
scriptomic analysis and the CRISPR-Cas9 technology, we
identified MSX2 as a novel regulator of EHT that medi-
ates the function of TGFβ signaling. Our results unveiled
the key role of MSX2 in hematopoietic differentiation
and established a novel signaling link between key cyto-
plasmic signaling pathways and transcription factors
during hematopoietic differentiation of hESCs. There-
fore, our findings may facilitate the development of new
efficient strategies to produce large-scale functional
blood cells from hPSCs.

Materials and methods
hESC cultivation and hematopoietic differentiation
To maintain the pluripotent state, H1 hESCs (WiCell
Research Institute, Madison, WI) were cultivated in
mTeSR1 (Stem cell Technology) on plates coated with
Matrigel (Corning) as described previously [31].
Hematopoietic differentiation from hESCs in a chem-
ically defined system was performed as described before
[22]. With Accutase dissociation, hPSCs were seeded
as single cells onto growth factor-reduced (GFR)
Matrigel (Corning)-coated plates at the density of
3.5 × 104 cells/mL. Hematopoietic differentiation was
induced 24 h later by medium changing with Custom
mTeSR1 (Stem cell Technology) supplemented with a
combination of different cytokines as shown in Fig. 1a.
SB431542 (20 μM) (STEMGENT) were treated during
days 5–7. For the further generation of CD45+
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hematopoietic cells, differentiated cells at day 8 were
dissociated and seeded into a suspension culture for
another 6 days in low-attachment plates as described
previously [22]. All cytokines used were from
Peprotech.

Establishment of MSX2 knockout hESC lines with CRISPR/
Cas9
Single guide RNAs (sgRNAs) targeting the second exon
of MSX2 were designed utilizing the CRISPR Design
Tool (http://tools.genome-engineering.org) [32]. The oli-
gonucleotides were annealed and cloned into the
CRISPR-Cas9-Lenti-V2 vector as described before [31].
Lentivirus carrying the constructed vector was packaged
and delivered into H1 hESCs. After puromycin selection,
the infected cells were then dissociated into single cells,
and small colonies were selected. The deletion of the
MSX2 gene was verified by using sequencing. The
sgRNA sequences and primers for MSX2 genotyping are
listed in Supplemental Table S1.

Establishment of MSX2 inducible knockdown hESC lines
We constructed MSX2 shRNAs or a scramble shRNA
(shScramble) into a doxycycline (DOX)-inducible pLKO-
Tet-On vector and established the inducible knockdown
H1 hESC lines. Briefly, shRNA-containing lentivirus was
packaged from HEK293T cells and then infected H1
cells which were seeded as single cells onto Matrigel-
coated plates at the density of 1 × 105 cells/mL 24 h be-
fore infection. After puromycin selection, the infected
cells were dissociated into single cells and small colonies
were picked for selections. Those sequences for MSX2
shRNAs and shScramble are listed in Supplemental
Table S1.

Flow cytometry and cell sorting
The differentiated cells were disassociated with Accutase
and stained with fluorescein-conjugated antibodies after
resuspension with 0.1% BSA. After 30 min of incubation,
cells were washed and filtered through a 70-μm cell
strainer to acquire single-cell suspension. Before ana-
lysis, DAPI was added to detect and exclude dead cells.
Detailed information for the antibodies is listed in Sup-
plemental Table S2. Flow cytometry analysis was per-
formed using a FACS CantoII flow cytometer (BD
Biosciences), and cell sorting was performed using FACS
Aria III sorter (BD Biosciences).

Colony-forming unit assay
5 × 104 hematopoietic cells derived from WT and
MSX2−/− H1 cells were replated into methylcellulose
H4435 (Stem Cell Technologies). After 2 weeks differen-
tiating at 37 °C in 5% CO2 condition, distinct

hematopoietic lineage colonies were counted and scored
based on the standard morphological criteria.

Immunofluorescence
Differentiated cells were fixed with 4% PFA for 20 min
and permeabilized with 0.1% Triton X-100 for 20 min.
Prior to antibody incubation, cells were blocked with 5%
BSA for 1 h. Cells were then incubated with Alexa Fluor
594-conjugated CD43 antibody in 5% BSA at 4 °C over-
night. After washes with PBS for 3 times, the nuclei were
stained with DAPI for 10 min before observation. The
stained cells were assessed with a fluorescence micro-
scope (Nikon).

Quantitative real-time PCR
RNA was extracted with Trizol according to the manu-
facturer’s instructions. RNA was transcribed into cDNA
using random primers. Real-time PCR was performed on
a Q6 Real-Time PCR cycler. Relative quantification of
transcript levels was calculated using CT values normal-
ized to ACTIN. Sequences for various primer pairs are
shown in Supplementary Table S3.

CHIP-qPCR
1 × 107 CD31+ cells derived from H1 hESCs were col-
lected for CHIP-qPCR assay. ChIP assay was conducted
using the Magna ChIP™ A/G kit (Millipore) according to
the manufacturer’s instructions. SMAD2/3 antibody was
bought from CELL SIGNALING TECHNOLOGY
(#3102S), and MSX2 antibody was purchased from
SANTA CRUZ (Sc-15396). And primers used in CHIP-
qPCR were listed in Supplementary Table S4.

RNA-SEQ and bioinformatics analysis
RNA-SEQ analysis was performed by BGI Company
(BGI, Shenzhen, China) as previously described [31].
Heatmap was generated using R language based on the
value of log10 FPKM. Gene set enrichment analyses
(GSEA) were performed using the GSEA software. The
potential upstream TF prediction was performed using
the online tool Enrichr (http://amp.pharm.mssm.edu/
Enrichr/). The data are available at Gene Expression
Omnibus (GEO) (Accession number: GSE134908 and
GSE135171).

Statistical analysis
Three independent experiments were performed for
each analysis. All graphs depict mean ± SD. Statistical
analysis was performed using Student’s t test to compare
the difference between the two groups. The results were
considered statistically significant when P value was less
than 0.05. The graphs and statistical analyses were per-
formed with the GraphPad Software.
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Results
MSX2 is suppressed upon inhibition of TGFβ signaling
To explore the molecular mechanism by which TGFβ
signaling regulates EHT during hematopoietic differenti-
ation of hESCs, we added SB431542, a well-established
TGFβ inhibitor, at the stage of EHT in a chemically de-
fined hematopoietic differentiation system previously
established by us [31], and subsequently performed
RNA-seq by collecting the CD31+ cells at day 8 of differ-
entiation (Fig. 1a). Gene set enrichment analysis (GSEA)
of the data showed a marked downregulation of TGFβ
signaling-associated genes in the SB431542-treated
group (Fig. 1b), thus validating that inhibition of TGFβ
signaling was effective. Interestingly, we found that
TGFβ inhibition led to significantly elevated expression
of a number of hematopoiesis-associated genes, such as
GATA1, MPL, and MYB (Fig. 1c). In accordance, GSEA
also demonstrated enrichment of hematopoiesis-related
gene sets in the SB431542-treated cells when compared
with DMSO-treated cells (Fig. 1d). These results are
consistent with earlier findings that TGFβ inhibition ele-
vates the generation of HPCs [16–18], therefore validat-
ing the reliability of our screening strategy.
To discover crucial transcription factors mediating the

function of TGFβ signaling in hematopoiesis, we se-
lected the transcription factors significantly downregu-
lated in SB-treated cells, leading us to discover 27 genes
(Fig. 1e, Fig.S1A). To narrow down the candidates, we
next analyzed the transcription factors potentially acting
upstream of SB431542-repressed genes during the stage
of EHT using the online tool Enrichr (Fig. 1e, Fig. S1B).
By combining these two strategies, we identified 4 final
candidates that may mediate the function of TGFβ sig-
naling during hematopoiesis (Fig. 1e).
Among the four candidate genes, MSX2 drew our at-

tention due to its fundamental role in hESC mesoderm
induction—the initial stage of hematopoietic differenti-
ation [33]. In line with these observations, the mRNA
expression level of MSX2 after SB treatment was re-
duced by over 50%, as revealed by real-time RT-PCR
analysis, while activation of TGFβ signaling by TGFβ1
treatment increased the expression of MSX2 (Fig. 1f–g).
Furthermore, CHIP-qPCR analysis revealed that there
was a strong binding of SMAD2/3 to the promoter of
MSX2 (Fig. 1h), suggesting that TGFb signaling directly
targets MSX2 via SMAD2/3. In addition, we enriched
the population of hESCs, APLNR+ mesoderm cells,
CD31+CD34+ HEPs, and CD43+ HPCs, respectively, as
confirmed by expression of characteristic genes for each
population (Fig.S1C), and subsequently analyzed the dy-
namics of MSX2 expression during hematopoietic differ-
entiation. As previously reported [33], MSX2 exhibited a
marked upregulation during mesoderm induction from
hESCs. In contrast, MSX2 expression was rapidly

reduced from HEPs to HPCs (Fig. 1i). These data sug-
gest that MSX2 may serve as a key regulatory molecule
and a potential target of the TGFβ signaling pathway
during human hematopoietic differentiation.

MSX2 deletion enhances HPC generation from hESCs
To study the function of MSX2 during hematopoietic de-
velopment, we established MSX2-deleted hESCs by utiliz-
ing the CRISPR-Cas9 technology. We designed sgRNAs
targeting the second exon of MSX2 and successfully gener-
ated two cell clones with MSX2 homozygous deletion.
Frameshift and deletion of the MSX2 gene was verified by
DNA sequencing (Fig. 2a). Under pluripotency culture con-
ditions, the expression of pluripotency markers NANOG,
SOX2, and POU5F1 exhibited little difference in H1 cells
with or without MSX2 knockout (Fig. 2b), indicating min-
imal effects of MSX2 deletion on hESC pluripotency.
Therefore, these cell lines could be used for subsequent
studies of MSX2 function during hematopoietic differenti-
ation of hESCs.
By inducing hematopoietic differentiation of wild-type

(WT) and MSX2-deleted cells, we observed a drastic ele-
vation of emergent CD43+ hematopoietic progenitor cells
from MSX2−/− hESCs, as assessed with immunofluores-
cence analyses (Fig. 2c). When quantified with flow cy-
tometry, the CD43+ hematopoietic progenitor cells
exhibited a 2-fold increase with MSX2 deletion (Fig. 2d).
Consistently, the number of CD45+ hematopoietic cells
was markedly elevated in MSX2−/− cells when compared
with WT cells (Fig. 2e). To further evaluate the differenti-
ation potential of generated hematopoietic progenitors
after depletion of MSX2, we then performed colony for-
mation unit (CFU) assay. The total colony number
showed a significant increase with MSX2 deletion, while
no significant difference was observed with regard to the
distribution of different colony types (Fig. 2f). Therefore,
our results indicate that MSX2 deletion enhances the gen-
eration of HPCs from hESCs.

MSX2 deletion augments hematopoietic differentiation of
hESCs by facilitating EHT
We showed previously that generation of HPCs from
hESCs undergoes a sequential process, including meso-
derm induction, HEP emergence, and HPC derivation
[5]. To dissect the stage(s) at which MSX2 deletion acts
to facilitate hPSC hematopoietic differentiation, we first
measured the generation of early-stage cell populations,
including APLNR+ mesoderm cells and CD31+CD34+

HEPs. We found that MSX2 deletion caused the number
of APLNR+ cells to substantially decrease (Fig. 3a),
which suggested impaired mesoderm induction and was
consistent with previous findings [33]. Expectedly, the
subsequent generation of HEPs was also impaired, as
shown by a decrease of CD31+CD34+ cells at day 5 of
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Fig. 1 MSX2 is suppressed upon inhibition of TGFβ signaling during hematopoietic differentiation of hESCs. a Schematic overview of hESC
hematopoietic differentiation using a chemically defined system. SB431542 (SB) was added during days 5–8, and RNA-seq was performed on
CD31+ cells at day 8. b GSEA of TGFβ signaling-associated gene sets with or without SB treatment. c Heatmap of hematopoiesis-related signature
genes with or without SB addition. d GSEA of hematopoiesis-associated gene sets with or without SB treatment. e Schematic diagram showing
the strategy of screening potential mediators of TGFβ signaling in hematopoietic differentiation. The red circle represents downregulated TFs
upon SB treatment (also see Fig. S1A). The black circle represents potential TFs upstream of SB-repressed genes analyzed by using Enrichr (also
see Fig. S1B). f The real-time PCR analysis of MSX2 expression in cells at day 8 of hematopoietic differentiation with or without SB treatment. g
The real-time PCR analysis of MSX2 expression in cells at day 8 of hematopoietic differentiation with or without TGFβ1 treatment. Relative
expression is normalized to the level (= 1) of Actin. Results are shown as means ± SD (n = 3). h ChIP-qPCR analysis of SMAD2/3-responsive
elements on promoters of MSX2 in H1-derived cells. Non-specific IgG was used as isotype control. All values are normalized to that of their
corresponding input samples. Results are shown as means ± SD (n = 3). i Real-time PCR analysis of MSX2 expression in undifferentiated hESCs, MEs
(APLNR+), HEPs (CD31+CD34+), and HPCs (CD43+) generated from hematopoietic differentiation of hESCs. Relative expression is normalized to the
level (= 1) of undifferentiated hESCs. Results are shown as means ± SD (n = 3). **P < 0.01 and ***P < 0.001
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differentiation (Fig. 3b). However, despite the reduction
in CD31+ cells at day 8 of differentiation, there was still
a significant elevation in the percentage of CD43+

subpopulation in CD31+ cells, indicating that MSX2 de-
letion could promote differentiation at the stage of EHT
(Fig. 3c).

Fig. 2 MSX2 deletion enhances the generation of HPCs from hESCs. a Scheme of sgRNA design and the sequences targeting exon2 of MSX2
mediated by CRISPR/Cas9. The lower panel shows DNA sequencing results of the targeted exon of MSX2 in H1 MSX2−/− 1# and 2# cells. Numbers
indicate the change of nucleotides. b The real-time PCR analysis of NANOG, SOX2, and OCT4 expression in undifferentiated H1 WT, H1 MSX2−/− 1#
and 2# cells. Expression is normalized to the level (= 1) of mRNA in WT H1 cells. c Representative immunofluorescence images of H1 WT and H1
MSX2−/− cells showing the generation of CD43+ HPCs (red) at day 8 of hematopoietic differentiation. Nuclei were stained with DAPI (blue). d
Flow cytometry analysis of the percentage of CD43+ HPCs from H1 WT and H1 MSX2−/− cells at day 8 of hematopoietic differentiation. e Flow
cytometry analysis showing the number of CD45+ hematopoietic cells from H1 WT and H1 MSX2−/− cells at days 8 + 6 of hematopoietic
differentiation. f Left panel: Total colony number generated from WT or MSX2−/− H1-derived cells from chemical defined hematopoietic
differentiation. Right panel: The distribution of different colony types generated from WT or MSX2−/− H1-derived cells from chemical defined
hematopoietic differentiation. CFU-GEMM (colony-forming unit-granulocyte/erythroid/macrophage/monocyte), CFU-GM (colony-forming unit-
granulocyte/macrophage), BFU-E (burst-forming unit-erythroid), and CFU-E (colony-forming unit-erythrocyte) were documented and calculated.
Results are shown as means ± SD (n = 3). NS, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001
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To specifically address the function of MSX2 in EHT, we
enriched CD31+CD34+ HEPs from day 5 of hematopoietic
differentiation and further induced the cells to undergo
hematopoietic differentiation (Fig. 3d). As expected, more
cobblestone-like cells were produced from cells with MSX2
deletion than those fromWT cells (Fig. 3e). Consistent with
the morphological changes, more CD43+ HPCs were gener-
ated from MSX2−/− HEPs, as revealed by immunofluores-
cence analysis (Fig. 3f). Subsequent experiments with flow
cytometry showed an over 2-fold increase in CD43+ HPCs
derived from MSX2−/− HEPs (Fig. 3g), suggesting that the
MSX2−/− HEPs have higher hematopoietic potential. Con-
sistent with these observations, the hematopoietic potential

of MSX2−/− APLNR+ mesoderm cells was also enhanced
(Fig. S2A-S2B).
To further confirm that the enhancement of

hematopoietic differentiation was caused by the loss
of MSX2, we determined whether MSX2 ectopic ex-
pression could rescue the increase of hematopoietic
cells caused by MSX2 deletion. As shown in Fig. 3h,
MSX2 overexpression nearly completely blocked the
increase of CD43+ HPC generation by MSX2 deple-
tion. Thus, although MSX2 deletion impairs meso-
derm induction, it substantially promotes EHT and
thereby augments the final generation of HPCs from
hESCs.

Fig. 3 MSX2 deletion augments hematopoietic differentiation of hESCs by facilitating EHT. a Flow cytometry analysis of the percentage of APLNR+

mesoderm cells from H1 WT and H1 MSX2−/− cells at day 2 of hematopoietic differentiation. b Flow cytometry analysis of the percentage of
CD31+CD34+ HEPs from H1 WT and H1 MSX2−/− cells at day 5 of hematopoietic differentiation. c Flow cytometry analysis showing the percentage of
CD31+ cells (left) and CD43+ subpopulation gated on CD31+ cells (right) from H1 WT and H1 MSX2−/− cells at day 8 of hematopoietic differentiation. d
Schematic overview showing the experimental design to determine the hematopoietic potential of CD31+CD34+ HEPs. HEPs were sorted at day 5 of
hematopoietic differentiation and seeded into the hematopoietic culture for 3 days before immunofluorescence and flow cytometry analysis. e
Representative photomicrographs of cobblestone-like cells generated from H1 WT and H1 MSX2−/− HEPs. f Representative immunofluorescence
images of CD43+ HPCs (red) generated from H1 WT and H1 MSX2−/− HEPs. Nuclei were stained with DAPI (blue). g Representative flow cytometry dot
plots (left) and statistical analysis (right) showing the generation of CD43+ HPCs emerging from H1 WT and H1 MSX2−/− HEPs. h Flow cytometry
analysis showing the percentage of CD43+ subpopulation gated on CD31+ cells from H1 WT and H1 MSX2−/− cells with or without MSX2
overexpression at day 8 of hematopoietic differentiation. Results are shown as means ± SD (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001
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MSX2 deletion elevates EHT signature gene expression
To dissect the molecular mechanism underlying MSX2
regulation of EHT, we performed RNA-seq analysis
using the CD31+ cells produced from both WT and
MSX2−/− hESCs to compare the gene expression pro-
files. In keeping with the elevated generation of HPCs
with MSX2 deletion, a number of hematopoiesis-
associated genes were upregulation in MSX2−/− cells
(Fig. 4a). Among them, a number of known regulatory
genes of EHT, such as RUNX1, GATA2, and TAL1, were
identified (Fig. 4a). Similarly, the results from GSEA also
revealed the enrichment of hematopoiesis-associated
gene sets in MSX2−/− cells when compared with WT
cells (Fig. 4b). In accordance with the bioinformatics
analysis, representative genes associated with EHT, such
as RUNX1, GATA2, and TAL1, were significantly upreg-
ulated upon MSX2 deletion, as shown by real-time RT-
PCR analysis (Fig. 4c). Meanwhile, we further examined
whether MSX2 were capable of binding to the promoter
region of these four genes by CHIP-qPCR. Indeed, our
results indicated there was a strong binding of MSX2 to
the promoters of these genes (Fig. 4d). BMP, WNT, and

FGF signaling play a key role in hematopoietic differenti-
ation of hESCs [16]; we asked whether MSX2 deletion
affect these pathways. However, we found that MSX2
deletion had no effect on Wnt, BMP, and FGF pathways,
as assessed with GSEA (Fig.S3A-C). Thus, MSX2 dele-
tion augments the expression of EHT signature genes,
which might serve as the molecular basis for endothelial
cell differentiation into hematopoietic lineages.

MSX2 mediates the function of TGFβ signaling during
EHT
What is the functional relationship between MSX2 and
TGFβ signaling? We found that TGFβ inhibition results in
the downregulation of MSX2 during hematopoiesis (Fig. 1f).
In addition, MSX2 deletion promotes hematopoietic differ-
entiation by facilitating EHT, mimicking the effects of in-
hibition of TGFβ signaling (Fig. 3d–g). These results led us
to propose that MSX2 acts as a downstream mediator of
TGFβ signaling.
To confirm this notion, we compared the effects of

MSX2 deletion alone and dual treatments of MSX2 dele-
tion and TGFβ inhibition. As depicted earlier, SB431542

Fig. 4 MSX2 deletion promotes upregulation of EHT signature genes. a Heatmap of hematopoietic signature genes in CD31+ cells derived from H1
WT, H1 MSX2−/− 1# and 2# cells. b GSEA of hematopoiesis-associated gene sets in CD31+ cells derived from H1 WT, H1 MSX2−/− 1# and 2# cells. c The
real-time PCR analysis of RUNX1, GATA2, TAL1, and GATA1 expression in CD31+ cells derived from H1 WT, H1 MSX2−/− 1# and 2# cells at day 8 of
hematopoietic differentiation. Expression is normalized to the level (= 1) of mRNA in H1 WT cells. d ChIP-qPCR analysis of MSX2-responsive elements
on promoters of several EHT-associated transcription factors in H1-derived cells. Non-specific IgG was used as isotype control. All values are normalized
to that of their corresponding input samples. Results are shown as means ± SD (n = 3). NS, not significant; *P < 0.05, **P < 0.01, and ***P < 0.001
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treatment caused the production of CD43+ HPCs to ele-
vate (Fig. 5a). Interestingly, MSX2 deletion failed to fur-
ther enhance CD43+ HPC production in the presence of
SB431542, which was further confirmed by quantitative
analysis using flow cytometry (Fig. 5b, upper). Indeed, the
increased fold change of CD43+ HPCs in MSX2−/− cells
with SB431542 treatment reduced from 2 (for SB431542
alone) to near 0 (Fig. 5b, lower).

We next studied the relationship between MSX2 and
TGFβ signaling during EHT by determining the generation
of CD43+ HPCs from gated CD31+ cells. As expected,
MSX2 deletion failed to further augment the emergence of
CD43+ HPCs from CD31+ cells with SB431542 treatment
(Fig. 5c and Fig. 5d, upper), while the fold increase in HPC
generation induced by SB431542 treatment decreased from
1 to near 0 with MSX2 deletion (Fig. 5d, lower).

Fig. 5 MSX2 mediates the function of TGFβ signaling during EHT. a Representative immunofluorescence images of CD43+ HPCs (red) generated
from H1 WT and H1 MSX2−/− cells with or without SB treatment. Nuclei were stained with DAPI (blue). b Upper panel: Flow cytometry analysis
showing the percentage of CD43+ cells from H1 WT and H1 MSX2−/− cells with or without SB treatment at day 8 of hematopoietic differentiation.
Lower panel: The fold increase of CD43+ cell generation from H1 WT and H1 MSX2−/− cells after SB treatment. c Representative flow cytometry
dot plots showing the generation of CD43+ subpopulation gated on CD31+ cells from H1 WT and H1 MSX2−/− cells at day 8 of hematopoietic
differentiation with or without SB treatment. d Flow cytometry analysis showing the percentage of CD43+ subpopulation gated on CD31+ cells
from H1 WT and H1 MSX2−/− cells at day 8 of hematopoietic differentiation with or without SB treatment. The fold increase is also shown (lower
panel). Results are shown as means ± SD (n = 3). NS, not significant; *P < 0.05 and **P < 0.01
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To confirm these results, we utilized a previously de-
scribed MSX2 inducible overexpression stable hESC
lines to induce MSX2 ectopic expression at the stage of
EHT [33]. Indeed, MSX2 overexpression nearly com-
pletely blocked the increase of HPC generation by
SB431542 treatment (Fig.S4A). In addition, enforced ex-
pression of MSX2 robustly suppressed the increased
generation of CD43+ HPCs from CD31+ cells by SB
treatment (Fig.S4B). As expected, TGFβ activation by
TGFβ1 treatment severely impaired the generation of
CD43+ HPCs (Fig.S4C). However, MSX2 deletion was
suffice to block the suppression of TGFβ1 on HPC gen-
eration from HEPs (Fig.S4D). To provide the direct evi-
dence that MSX2 mediates the function of TGFβ
signaling during EHT, we further established MSX2 in-
ducible knockdown hESC lines (Fig.S4E). Flow cytome-
try analysis showed that MSX2 inducible knockdown
during EHT process markedly attenuated the inhibitory
effect of TGFβ1 on HPC emergence from HEPs by
TGFβ1 (Fig.S4F and S4G). Thus, MSX2 mediates the in-
hibitory function of TGFβ signaling during EHT.

Discussion
In this study, we identified MSX2 as a novel regulator of
human hematopoiesis. MSX2 deletion promotes
hematopoietic differentiation of hESCs by facilitating
EHT. Furthermore, MSX2 acts as a downstream effector
of the TGFβ signaling pathway during EHT. Therefore,
our results improve the current understanding of human
hematopoiesis and may therefore facilitate the develop-
ment of novel strategies for efficient production of func-
tional blood cells from hPSCs for regenerative medicine.
MSX2 participates in the development of multiple or-

gans, such as craniofacial tissues, limb, heart, and neural
crest derivates [28–30]. Nagel et al. reported that MSX2
was identified as a physiological NK-like subfamily of
homeobox gene (NKL) involved in T cell differentiation
via regulation of NOTCH3 signaling [34]. However, the
role of MSX2 in early hematopoiesis remains to be eluci-
dated. In this study, we showed that loss of MSX2 aug-
ments hematopoietic differentiation and therefore
revealed, for the first time, the function of MSX2 in
hematopoiesis. Previous studies have demonstrated that
MSX2 plays important roles in mesendoderm induction
[33], neural crest induction, and mesenchymal stem cell
(MSC) generation from hPSCs [34]. Thus, we extend
previous studies by establishing the functional role of
MSX2 in hPSCs undergoing hematopoietic differenti-
ation. Although our findings revealed that MSX2 deletion
augments hematopoietic differentiation of hPSCs, no ap-
parent defects in hematopoietic development has been ob-
served in Msx2 knockout mice. The discrepancy between
the human and the mouse studies might be because of the

species difference. Similar species-specific functions of
other genes have been reported previously. For example, it
was reported that PAX6 is a vital determinant of neuroec-
toderm cell fate in hPSCs but is not required for mouse
neuroectoderm specification [35]. Despite the severe hem-
orrhaging phenotype in Meis2-deficient mice, MEIS2-
deleted hPSCs can normally differentiate into megakaryo-
cytes and produce platelets [22].
As a vital stage of hematopoiesis, EHT is under precise

and highly coordinated control of multiple transcription
factors, including positive regulators (e.g., RUNX1,
GATA2, and TAL1) and negative regulators (e.g., HOXA3
and SOX17) [6, 7]. In this study, we identified MSX2 as a
novel negative regulator of EHT. Specifically, we detected
a drastic reduction of MSX2 expression during EHT,
while MSX2 deletion markedly enhances the generation
of HPCs from HEPs, suggesting negative regulation of
EHT by MSX2. We also showed that MSX2 deletion leads
to the upregulation of several regulatory molecules, in-
cluding RUNX1, GATA2, and TAL1, further confirming
that MSX2 functions as a key suppressor of EHT. In keep-
ing with our results, MSX2 has been widely regarded as a
transcription repressor [36]. However, how MSX2 inter-
acts with those EHT-regulatory factors needs to be further
studied. Moreover, it was recently shown that combining
one or more EHT regulators with other hematopoiesis-
related genes is sufficient to directly convert somatic cells
into hematopoietic cells [6, 27]. Thus, it will be of great
interest to investigate whether MSX2 deletion facilitates
the reprogramming processes in future studies, which
may offer new strategies for the generation of functional
blood cells.
Inhibition of TGFβ signaling is essential for the transi-

tion from endothelium to hematopoietic cells [16–18].
Nevertheless, how TGFβ signaling functions to block
EHT has not been defined. Through genome-wide tran-
scriptome analysis, we identified MSX2 as a transcrip-
tion factor that mediates the function of TGFβ signaling
during EHT. First, inhibition of TGFβ signaling leads to
the downregulation of MSX2, suggesting that MSX2 acts
as a downstream target of the TGFβ pathway. Further-
more, MSX2 deletion promotes hematopoietic differenti-
ation by facilitating EHT, mimicking the effects of
inhibition of TGFβ signaling Moreover, MSX2 deletion
fails to further enhance the effect of TGFβ signaling in-
hibition on hematopoietic differentiation. Thus, our re-
sults provide new mechanistic insights into how TGFβ
signaling functions to regulate EHT.
It was previously shown that TGFβ controls the develop-

ment of the caudal region of the skull by targeting Msx2
[37]. Thus, this signaling axis might function in broader
biological contexts. The detailed mechanisms underlying
the crosstalk between TGFβ signaling and MSX2 remains
to be explored. Moreover, we had shown earlier that
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induction of MSX2 expression by BMP signaling is essential
for mesoderm production of hPSCs [33], while the current
study demonstrated that MSX2 downregulation induced by
inhibition of TGFβ signaling is required for EHT. Thus,
temporal regulation of MSX2 by various signaling pathways
during distinct stages of hematopoietic differentiation
might serve as a key regulatory mechanism during the tran-
sition from hPSCs to the hematopoietic fate.

Conclusions
In summary, we have shown that MSX2 acts as a novel
regulator of human hematopoiesis and that MSX2 dele-
tion promotes hematopoietic differentiation by facilitat-
ing EHT. Furthermore, MSX2 functions to mediate the
TGFβ signaling pathway during the EHT stage. As such,
our results have improved the current understanding of
human hematopoiesis and may facilitate the develop-
ment of novel strategies for efficient production of func-
tional blood cells from human pluripotent stem cells
(hPSCs) for regenerative medicine.
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Additional file 1 : Figure S1. MSX2 is suppressed upon inhibition of
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hESCs after hematopoietic differentiation. Relative expression is normal-
ized to the level (=1) of undifferentiated hESCs. Results are shown as
means ±SD (n = 3). Figure S2. MSX2 deletion augments the
hematopoietic differentiation of hESCs. (A) Schematic overview showing
the experimental design to determine the hematopoietic potential of
APLNR+ mesoderm cells. APLNR+ cells were sorted at day 2 of
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for 5 days before CD43 flow cytometry analysis. (B) Flow cytometry ana-
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H1 MSX2−/− APLNR+ cells. Figure S3. MSX2 deletion had no effect on
BMP, WNT and FGF signaling. (A) GSEA of WNT signaling between WT
and MSX2−/− cells. (B) GSEA of BMP signaling between WT and MSX2−/−

cells. (C) GSEA of FGF signaling between WT and MSX2−/− cells. Figure
S4. MSX2 mediates the function of TGFβ signaling during EHT. (A) Left
panel: Flow cytometry analysis showing the percentage of CD43+ cells
from H1 cells with or without MSX2 overexpression in the absence or
presence of SB-431542 at day 8 of hematopoietic differentiation. Right
panel: The fold increase of CD43+ cell generation from H1 cells with or
without MSX2 overexpression after SB treatment. (B) Left panel: Flow cy-
tometry analysis showing the percentage of CD43+ subpopulation gated
on CD31+ cells from H1 cells with or without MSX2 overexpression in the
absence or presence of SB-431542 at day 8 of hematopoietic differenti-
ation. Right panel: The fold increase of CD43+ subpopulation generation
gated on CD31+ cells from H1 cells with or without MSX2 overexpression
after SB treatment. (C) Left panel: Flow cytometry analysis showing the
percentage of CD43+ cells from H1 WT and H1 MSX2−/− cells with or
without TGFβ1 treatment at day 8 of hematopoietic differentiation. Right
panel: The fold increase of CD43+ cell generation from H1 WT and H1
MSX2−/− cells after TGFβ1 treatment. (D) Left panel: Flow cytometry ana-
lysis showing the percentage of CD43+ subpopulation gated on CD31+

cells from H1 WT and H1 MSX2−/− cells with or without TGFβ1 treatment
at day 8 of hematopoietic differentiation. Right panel: The fold increase
of CD43+ subpopulation generation gated on CD31+ cells from H1 WT
and H1 MSX2−/− cells after TGFβ1 treatment. (E) Real-time PCR analysis of
MSX2 in H1 hESCs expressing ishMSX2–1, ishMSX2–2 or expressing a
scramble shRNA (ishScramble) after the addition of DOX (2 μg/ml) during
the transition from HEP to HPCs. All values are normalized to the level (=
1) of mRNA in H1 hESCs expressing a scramble shRNA (ishScramble). (F)
Left panel: Flow cytometry analysis showing the percentage of CD43+

cells from H1 ishScramble and H1 MSX2-knockdown cells after the
addition of DOX (2 μg/ml) during the transition from HEP to HPCs with
or without TGFβ1 treatment. Right panel: The fold increase of CD43+ cell
generation from H1 ishScramble and H1 MSX2-knockdown cells after
TGFβ1 treatment. (G) Left panel: Flow cytometry analysis showing the
percentage of CD43+ subpopulation gated on CD31+ cells from H1 ish-
Scramble and H1 MSX2-knockdown cells after the addition of DOX (2 μg/
ml) during the transition from HEP to HPCs with or without TGFβ1 treat-
ment. Right panel: The fold increase of CD43+ subpopulation generation
gated on CD31+ cells H1 ishScramble and H1 MSX2-knockdown cells
after TGFβ1 treatment.

Additional file 2 : Supplementary Table S1- S5. Supplementary
Table S1: The sequences for CRISPR sgRNAs and genotyping primers.
Supplementary Table S2: The source of fluorochrome-conjugated anti-
bodies used in flow cytometry. Supplementary Table S3: The primers
used for real-time PCR. Supplementary Table S4: The primers used for
CHIP-qPCR. Supplementary Table S5: RNA-seq of CD31+ endothelial
cells derived from WT and MSX2−/− hESCs.

Abbreviations
EHT: Endothelial-to-hematopoietic transition; GSEA: Gene set enrichment
analyses; hESC: Human embryonic stem cell; HEPs: Hemogenic endothelium
progenitors; HPCs: Hematopoietic progenitor cells; HSCs: Hematopoietic
stem cells; hPSCs: Human pluripotent stem cells; MSC: Mesenchymal stem
cell; MSX2: Muscle segment homeobox2; RA: Retinoic acid; WT: Wild-type

Acknowledgements
The authors thank Wenying Yu, Weichao Fu, Ting Chen, and Wanzhu Yang
for their technical support.

Authors’ contributions
HW, MW, and YW contributed to the conception and design and data
analysis and interpretation, as well as manuscript writing. HW and YW
contributed to the data analysis and interpretation and wrote the
manuscript. HW, MW, YW, YQW, XC, DW, and PS performed the experiments
and assembled the data. JZ contributed to the conception and design,
financial support, manuscript writing, and final approval of the manuscript.
The authors read and approved the final manuscript.

Funding
This work was supported by National Key Research and Development
Program of China Stem Cell and Translational Research (2016YFA0102300,
2017YFA0103100 and 2017YFA0103102), CAMS Initiative for Innovative
Medicine (2016-I2M-1-018, 2016-I2M-3-002, 2017-12 M-1-015), the National
Basic Research Program of China (2015CB964902), Chinese National Natural
Science Foundation (81530008, 31671541, 81870099), Tianjin Natural Science
Foundation (16JCZDJC33100), SKLEH Independent Research Funds (Z18-07),
and Cooperation Research Funds (ZK18-07).

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files. Meanwhile, the
datasets used and analyzed during the current study are also available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Wang et al. Stem Cell Research & Therapy          (2020) 11:147 Page 11 of 12

https://doi.org/10.1186/s13287-020-01653-3
https://doi.org/10.1186/s13287-020-01653-3


Competing interests
The authors declare no competing interests.

Author details
1State Key Laboratory of Experimental Hematology, National Clinical Research
Center for Blood Diseases, Institute of Hematology & Blood Diseases Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical College,
Tianjin 300020, China. 2Center for Stem Cell Medicine, Chinese Academy of
Medical Sciences & Department of Stem Cells and Regenerative Medicine,
Peking Union Medical College, Tianjin 300020, China. 3Department of
Hematology, Xiangya Hospital, Central South University, Changsha, Hunan,
China. 4Key Laboratory of Carcinogenesis and Cancer Invasion, Ministry of
Education; Key Laboratory of Carcinogenesis, National Health and Family
Planning Commission; Cancer Research Institute, School of Basic Medical
Science, Central South University, Changsha, Hunan, China.

Received: 27 August 2019 Revised: 3 March 2020
Accepted: 17 March 2020

References
1. Kaufman DS, Hanson ET, Lewis RL, Auerbach R, Thomson JA. Hematopoietic

colony-forming cells derived from human embryonic stem cells. Proc Natl
Acad Sci U S A. 2001;98:10716–21. https://doi.org/10.1073/pnas.191362598.

2. Chen T, Wang F, Wu M, Wang ZZ. Development of hematopoietic stem and
progenitor cells from human pluripotent stem cells. J Cell Biochem. 2015;
116:1179–89. https://doi.org/10.1002/jcb.25097.

3. Kaufman DS. Toward clinical therapies using hematopoietic cells derived
from human pluripotent stem cells. Blood. 2009;114:3513–23. https://doi.
org/10.1182/blood-2009-03-191304.

4. Slukvin II. Hematopoietic specification from human pluripotent stem cells:
current advances and challenges toward de novo generation of
hematopoietic stem cells. Blood. 2013;122:4035–46. https://doi.org/10.1182/
blood-2013-07-474825.

5. Zambidis ET, Peault B, Park TS, Bunz F, Civin CI. Hematopoietic
differentiation of human embryonic stem cells progresses through
sequential hematoendothelial, primitive, and definitive stages resembling
human yolk sac development. Blood. 2005;106:860–70. https://doi.org/10.
1182/blood-2004-11-4522.

6. Slukvin II. Generating human hematopoietic stem cells in vitro -exploring
endothelial to hematopoietic transition as a portal for stemness acquisition.
FEBS Lett. 2016;590:4126–43. https://doi.org/10.1002/1873-3468.12283.

7. Ottersbach K. Endothelial-to-haematopoietic transition: an update on the
process of making blood. Biochem Soc Trans. 2019;47:591–601. https://doi.
org/10.1042/bst20180320.

8. Chanda B, Ditadi A, Iscove NN, Keller G. Retinoic acid signaling is essential
for embryonic hematopoietic stem cell development. Cell. 2013;155:215–27.
https://doi.org/10.1016/j.cell.2013.08.055.

9. Dou DR, et al. Medial HOXA genes demarcate haematopoietic stem cell fate
during human development. Nat Cell Biol. 2016;18:595–606. https://doi.org/
10.1038/ncb3354.

10. Lee JB, et al. Notch-HES1 signaling axis controls hemato-endothelial fate
decisions of human embryonic and induced pluripotent stem cells. Blood.
2013;122:1162–73. https://doi.org/10.1182/blood-2012-12-471649.

11. Ayllon V, et al. The Notch ligand DLL4 specifically marks human
hematoendothelial progenitors and regulates their hematopoietic fate.
Leukemia. 2015;29:1741–53. https://doi.org/10.1038/leu.2015.74.

12. Butko E, Pouget C, Traver D. Complex regulation of HSC emergence by the
Notch signaling pathway. Dev Biol. 2016;409:129–38. https://doi.org/10.
1016/j.ydbio.2015.11.008.

13. Hadland BK, et al. A requirement for Notch1 distinguishes 2 phases of
definitive hematopoiesis during development. Blood. 2004;104:3097–105.
https://doi.org/10.1182/blood-2004-03-1224.

14. Kumano K, et al. Notch1 but not Notch2 is essential for generating
hematopoietic stem cells from endothelial cells. Immunity. 2003;18:699–711.

15. Lempereur A, et al. The TGFbeta pathway is a key player for the endothelial-
to-hematopoietic transition in the embryonic aorta. Dev Biol. 2018;434:292–
303. https://doi.org/10.1016/j.ydbio.2017.12.006.

16. Wang C, et al. TGFbeta inhibition enhances the generation of
hematopoietic progenitors from human ES cell-derived hemogenic
endothelial cells using a stepwise strategy. Cell Res. 2012;22:194–207.
https://doi.org/10.1038/cr.2011.138.

17. Vargel O, et al. Activation of the TGFbeta pathway impairs endothelial to
haematopoietic transition. Sci Rep. 2016;6:21518. https://doi.org/10.1038/
srep21518.

18. Bai H, Xie YL, Gao YX, Cheng T, Wang ZZ. The balance of positive and
negative effects of TGF-beta signaling regulates the development of
hematopoietic and endothelial progenitors in human pluripotent stem cells.
Stem Cells Dev. 2013;22:2765–76. https://doi.org/10.1089/scd.2013.0008.

19. Ran D, et al. RUNX1a enhances hematopoietic lineage commitment from
human embryonic stem cells and inducible pluripotent stem cells. Blood.
2013;121:2882–90. https://doi.org/10.1182/blood-2012-08-451641.

20. Huang K, et al. GATA2(-/-) human ESCs undergo attenuated endothelial to
hematopoietic transition and thereafter granulocyte commitment. Cell
Regen (Lond). 2015;4:4. https://doi.org/10.1186/s13619-015-0018-7.

21. Real PJ, et al. SCL/TAL1 regulates hematopoietic specification from human
embryonic stem cells. Mol Ther. 2012;20:1443–53. https://doi.org/10.1038/
mt.2012.49.

22. Wang M, et al. MEIS2 regulates endothelial to hematopoietic transition of
human embryonic stem cells by targeting TAL1. Stem Cell Res Ther. 2018;9:
340. https://doi.org/10.1186/s13287-018-1074-z.

23. Iacovino M, et al. HoxA3 is an apical regulator of haemogenic endothelium.
Nat Cell Biol. 2011;13:72–8. https://doi.org/10.1038/ncb2137.

24. Nakajima-Takagi Y, et al. Role of SOX17 in hematopoietic development from
human embryonic stem cells. Blood. 2013;121:447–58. https://doi.org/10.
1182/blood-2012-05-431403.

25. Hong SH, Lee JH, Lee JB, Ji J, Bhatia M. ID1 and ID3 represent conserved
negative regulators of human embryonic and induced pluripotent stem cell
hematopoiesis. J Cell Sci. 2011;124:1445–52. https://doi.org/10.1242/jcs.
077511.

26. Batta K, Florkowska M, Kouskoff V, Lacaud G. Direct reprogramming of
murine fibroblasts to hematopoietic progenitor cells. Cell Rep. 2014;9:1871–
84. https://doi.org/10.1016/j.celrep.2014.11.002.

27. Sugimura R, et al. Haematopoietic stem and progenitor cells from human
pluripotent stem cells. Nature. 2017;545:432–8. https://doi.org/10.1038/
nature22370.

28. Satokata I, et al. Msx2 deficiency in mice causes pleiotropic defects in bone
growth and ectodermal organ formation. Nat Genet. 2000;24:391–5. https://
doi.org/10.1038/74231.

29. Becic T, Kero D, Vukojevic K, Mardesic S, Saraga-Babic M. Growth factors
FGF8 and FGF2 and their receptor FGFR1, transcriptional factors Msx-1 and
MSX-2, and apoptotic factors p19 and RIP5 participate in the early human
limb development. Acta Histochem. 2018;120:205–14. https://doi.org/10.
1016/j.acthis.2018.01.008.

30. Chen YH, Ishii M, Sun J, Sucov HM, Maxson RE Jr. Msx1 and Msx2 regulate
survival of secondary heart field precursors and post-migratory proliferation
of cardiac neural crest in the outflow tract. Dev Biol. 2007;308:421–37.
https://doi.org/10.1016/j.ydbio.2007.05.037.

31. Wang H, et al. MEIS1 regulates hemogenic endothelial generation,
megakaryopoiesis, and thrombopoiesis in human pluripotent stem cells by
targeting TAL1 and FLI1. Stem Cell Rep. 2018;10:447–60. https://doi.org/10.
1016/j.stemcr.2017.12.017.

32. Ran FA, et al. Genome engineering using the CRISPR-Cas9 system. Nat
Protoc. 2013;8:2281–308. https://doi.org/10.1038/nprot.2013.143.

33. Wu Q, et al. MSX2 mediates entry of human pluripotent stem cells into
mesendoderm by simultaneously suppressing SOX2 and activating NODAL
signaling. Cell Res. 2015;25:1314–32. https://doi.org/10.1038/cr.2015.118.

34. Zhang L, et al. MSX2 initiates and accelerates mesenchymal stem/stromal
cell specification of hPSCs by regulating TWIST1 and PRAME. Stem Cell Rep.
2018;11:497–513. https://doi.org/10.1016/j.stemcr.2018.06.019.

35. Zhang X, et al. Pax6 is a human neuroectoderm cell fate determinant. Cell
Stem Cell. 2010;7:90–100. https://doi.org/10.1016/j.stem.2010.04.017.

36. Newberry EP, Latifi T, Battaile JT, Towler DA. Structure-function analysis of
Msx2-mediated transcriptional suppression. Biochemistry. 1997;36:10451–62.
https://doi.org/10.1021/bi971008x.

37. Hosokawa R, et al. TGF-beta mediated Msx2 expression controls occipital
somites-derived caudal region of skull development. Dev Biol. 2007;310:
140–53. https://doi.org/10.1016/j.ydbio.2007.07.038.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Wang et al. Stem Cell Research & Therapy          (2020) 11:147 Page 12 of 12

https://doi.org/10.1073/pnas.191362598
https://doi.org/10.1002/jcb.25097
https://doi.org/10.1182/blood-2009-03-191304
https://doi.org/10.1182/blood-2009-03-191304
https://doi.org/10.1182/blood-2013-07-474825
https://doi.org/10.1182/blood-2013-07-474825
https://doi.org/10.1182/blood-2004-11-4522
https://doi.org/10.1182/blood-2004-11-4522
https://doi.org/10.1002/1873-3468.12283
https://doi.org/10.1042/bst20180320
https://doi.org/10.1042/bst20180320
https://doi.org/10.1016/j.cell.2013.08.055
https://doi.org/10.1038/ncb3354
https://doi.org/10.1038/ncb3354
https://doi.org/10.1182/blood-2012-12-471649
https://doi.org/10.1038/leu.2015.74
https://doi.org/10.1016/j.ydbio.2015.11.008
https://doi.org/10.1016/j.ydbio.2015.11.008
https://doi.org/10.1182/blood-2004-03-1224
https://doi.org/10.1016/j.ydbio.2017.12.006
https://doi.org/10.1038/cr.2011.138
https://doi.org/10.1038/srep21518
https://doi.org/10.1038/srep21518
https://doi.org/10.1089/scd.2013.0008
https://doi.org/10.1182/blood-2012-08-451641
https://doi.org/10.1186/s13619-015-0018-7
https://doi.org/10.1038/mt.2012.49
https://doi.org/10.1038/mt.2012.49
https://doi.org/10.1186/s13287-018-1074-z
https://doi.org/10.1038/ncb2137
https://doi.org/10.1182/blood-2012-05-431403
https://doi.org/10.1182/blood-2012-05-431403
https://doi.org/10.1242/jcs.077511
https://doi.org/10.1242/jcs.077511
https://doi.org/10.1016/j.celrep.2014.11.002
https://doi.org/10.1038/nature22370
https://doi.org/10.1038/nature22370
https://doi.org/10.1038/74231
https://doi.org/10.1038/74231
https://doi.org/10.1016/j.acthis.2018.01.008
https://doi.org/10.1016/j.acthis.2018.01.008
https://doi.org/10.1016/j.ydbio.2007.05.037
https://doi.org/10.1016/j.stemcr.2017.12.017
https://doi.org/10.1016/j.stemcr.2017.12.017
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/cr.2015.118
https://doi.org/10.1016/j.stemcr.2018.06.019
https://doi.org/10.1016/j.stem.2010.04.017
https://doi.org/10.1021/bi971008x
https://doi.org/10.1016/j.ydbio.2007.07.038

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	hESC cultivation and hematopoietic differentiation
	Establishment of MSX2 knockout hESC lines with CRISPR/Cas9
	Establishment of MSX2 inducible knockdown hESC lines
	Flow cytometry and cell sorting
	Colony-forming unit assay
	Immunofluorescence
	Quantitative real-time PCR
	CHIP-qPCR
	RNA-SEQ and bioinformatics analysis
	Statistical analysis

	Results
	MSX2 is suppressed upon inhibition of TGFβ signaling
	MSX2 deletion enhances HPC generation from hESCs
	MSX2 deletion augments hematopoietic differentiation of hESCs by facilitating EHT
	MSX2 deletion elevates EHT signature gene expression
	MSX2 mediates the function of TGFβ signaling during EHT

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

