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ELTD1 inhibits differentiation of hemogenic endothelium
progenitors from human embryonic stem cells through the

HPIP-Wnt pathway
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Human embryonic stem cells (hESCs) serve as an ideal cell source for generating hematopoietic stem cells (HSCs). In embryonic
hematopoiesis, hemogenic endothelium has been identified as a source of HSCs, yet the regulatory mechanisms remain elusive.
Here, through dynamic gene expression profiling analysis and verification, we find that ELTD1 expression parallels genes related to
the specification of hemogenic endothelium progenitors (HEPs) from hESCs and is highly expressed in the HEPs. We then
investigate the impact of ELTD1 on the hematopoietic differentiation of hESCs via gain- and loss-of-function experiments.
Knockdown or deletion of ELTD1 mediates hESC hematopoiesis by specifically facilitating the generation of HEPs, thus promoting
endothelial-to-hematopoietic transition to generate more hematopoietic cells. Besides, the overexpression of ELTD1 serves to
further solidify this conclusion. Mechanistically, we demonstrate that ELTD1 exerts its function through the Wnt signaling pathway
by bioinformatic analyses and functional studies. In addition, our results demonstrate a protein—protein interaction between ELTD1
and HPIP and further reveal that HPIP modulates the Wnt signaling pathway through LEF1. Collectively, these findings indicate that
the ELTD1-HPIP-LEF1-Wnt regulatory axis acts as a novel mechanism regulating HEP generation during early hematopoietic
differentiation of hESCs, providing new insights into the molecular mechanisms underlying human hematopoiesis.

Experimental & Molecular Medicine (2025) 57:1216-1231; https://doi.org/10.1038/512276-025-01473-6

INTRODUCTION
Hematopoietic stem cell (HSC) transplantation has been applied in
the treatment of hematological malignancies in the clinic.
However, its application has been hindered by the shortage of
donors and the occurrence of graft-versus-host disease after
transplantation'. Therefore, there is an urgent need to find
alternative sources of HSCs in vitro. Human embryonic stem cells
(hESCs), which are generated from the inner cell mass of human
embryos, possess multipotent differentiation potential and self-
renewal capabilities®. Hematopoietic differentiation of hESCs has
emerged as a promising strategy for generating HSCs. Despite
recent advances in inducing hESC differentiation, the production
of HSCs with engraftment potential from hESCs remains highly
challenging. Therefore, unraveling the mechanisms governing
hESC hematopoietic differentiation will offer insights into early
human hematopoietic development and could also enhance the
generation of HSCs from hESCs for clinical applications.
Hematopoietic differentiation of hESCs imitates the progression
of hematopoietic development in vivo>*. Generally, hematopoietic

differentiation from hESCs involves a sequential series of cell fate
decisions: the production of the mesoderm, the generation of
specialized endothelial cells, termed hemogenic endothelium
progenitors (HEPs), and finally, the emergence of hematopoietic
cells from HEPs through the process of endothelial-to-
hematopoietic transition (EHT)". Each stage is under the regulation
of extrinsic factors, intracellular signaling pathways and transcrip-
tion factors. In addition, accumulating evidence demonstrates that
G protein-coupled receptors (GPCRs), the largest family of
membrane protein, play critical roles in hematopoietic differentia-
tion. For instance, G protein-coupled receptor 183 (Gpr183) has
been identified as a crucial factor for the emergence of
hematopoietic stem and progenitor cells by suppressing Notch
signaling before the initiation of EHT®. LGR4 enhances hESC
hematopoiesis by facilitating mesoderm induction through the
activation of TGF- signaling’. Zebrafish embryos with suppressed
Gpr56 expression exhibit substantial decreases in the generation of
aortic hematopoietic stem and progenitor cells during EHT®. As
mentioned earlier, hematopoietic cells originate from a specialized
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group of endothelial cells with hemogenic potential, known as the
HEPs”'°. However, numerous GPCRs and their functions, as well as
the associated mechanisms, have not been elucidated in HEP
generation so far. Therefore, identification of novel GPCRs in
directing hematopoietic differentiation, especially at the stage of
HEPs, is essential for a better understanding of hematopoiesis and,
consequently, the de novo generation of clinical-grade HSCs.

Recently identified as a novel adhesion GPCR (aGPCR) member,
the epidermal growth factor latrophilin and seven transmembrane
domain-containing protein 1 (ELTD1) has been found to be
involved in brain angiogenesis'""'? and exhibits specific expres-
sion in endothelial cells across various tissues, as indicated by the
Human Protein Atlas database. However, it remains unclear
whether ELTD1 plays a role in human hematopoiesis, particularly
in HEP generation. In this study, using genome-wide transcrip-
tomic analysis combined with genetic gain-of-function and loss-
of-function studies, we find that ELTD1 is essential for the HEP
specification. We also found that ELTD1 modulates HEP formation
through the HPIP-LEF1-Wnt axis. Our findings unveil the role of
ELTD1 in hematopoietic differentiation, shedding light on
previously undiscovered mechanisms governing human hemato-
poiesis. Moreover, our discoveries offer fresh insights into the
generation of hematopoietic cells from hESCs, thereby presenting
promising prospects for regenerative medicine.

MATERIALS AND METHODS

Cell culture and hematopoietic differentiation

The hESC line H1 utilized in this study was sourced from our laboratory’s
repository. In addition, the hESC line H9 and induced pluripotent stem cells
(iPSCs) were obtained from Ubigene Biosciences and UniXell Biotechnol-
ogy, respectively. hESCs and iPSCs were cultured on Matrigel-coated
(Corning) plates in mTeSRT medium (Stem Cell Technologies).
HEK293T cells were cultured in Dulbecco’s modified Eagle medium
(Corning) supplemented with 10% fetal bovine serum (Gibco). Hemato-
poietic differentiation of hESCs or hiPSCs was performed using STEMdiff
Hematopoietic Kit (Stem Cell Technologies), as previously described'>. To
be more specificc hESCs or iPSCs were passaged as aggregates with
diameters ranging from 100 to 200um using ReLeSR (Stem Cell
Technologies). On day 0, adherence of 4-10 colonies/cm? was confirmed.
The culture medium was aspirated and replaced with 1 ml of medium A
per well, followed by incubation at 37 °C for 48 h. On day 2, 0.5 ml of the
medium was gently removed, and 0.5 ml of fresh medium A was added,
with subsequent incubation for an additional 24 h. On day 3, the medium
was aspirated and replaced with 1 ml of medium B, and the cells were
incubated for 48 h. Medium exchange was repeated on days 5 and 7 by
carefully removing 0.5 ml of medium and adding 0.5 ml of fresh medium B,
ensuring the preservation of floating cells, followed by incubation for 48 h.
Cells can be collected at specific time points to accommodate the
experimental requirements of different studies.

Establishment of ELTD1-deleted hESC lines with
iCRISPR-Cas9 system

The online CRISPR Design Tool (http://crispor.tefor.net/crispor.py) was used
to design the single guide RNAs (sgRNAs) targeting ELTD1. Details of the
inducible CRISPR (iCRISPR)-Cas9 system technology and ELTD1 ™/~ 1#
clone information can be obtained from our previous report'*. A second
homozygous ELTD1 deletion clone (ELTD1 ™/~ 2#) was constructed using
the same method, and its information and characteristics are shown in
Supplementary Fig. 4f-h and Supplementary Fig. 5a-e.

Alkaline phosphatase staining

The cells were treated with 4% paraformaldehyde for 10 min, rinsed with
Dulbecco's phosphate-buffered saline (D-PBS) and incubated with 5-bromo-
4-chloro-3-indolyl-phosphate (BCIP)-nitro blue chloride (NBT) for 30 min.
After 30 min, BCIP-NBT was discarded and D-PBS was added to abort the
reaction. The cells were observed under a light microscope (Nikon).

Karyotype analysis
Karyotype analysis service was provided by VivaCell Biosciences.
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siRNA synthesis, plasmid construction and lentivirus
production

The small interfering RNAs (siRNAs) of ELTD1, ELTD1-short hairpin RNA
(shRNA) and ELTD1-overexpression (OE) plasmids were constructed and
obtained from Transheep, and the efficiency of knockdown or over-
expression was confirmed. The sequences used in this study are listed in
Supplementary Table 1. siRNAs were transfected into cells using
Lipofectamine 2000 according to the manufacturer's protocols. ELTD1
knockdown or overexpressing hESCs were generated using the lentivirus
produced in HEK293T cells. In brief, HEK293T cells of 60-80% confluent
confluency were transfected with the psPAX2, pMD2.G, ELTD1-shRNA or
ELTD1-OE plasmids using polyethylenimine. The supernatants were
collected after 48h and concentrated by ultracentrifugation at 4°C,
25,000 rpm for 1.5h. The lentivirus of HPIP-shRNA and LEF1-OE was
obtained from Transheep. hESCs were infected with lentivirus at a
multiplicity of infection of 10 for 6 h. After 6 h, the viral supernatants
were discarded and the infected hESCs were cultured in fresh mTeSR1
medium (Stem Cell Technologies). Puromycin (1 ug/ml, Selleck) was
applied to select for positive cells after 48 h.

Flow cytometry and cell sorting

After dissociation with Accutase (Stem Cell Technologies), the cells were
stained with the desired antibodies (Supplementary Table 2) for 20 min.
Then, the cells were rinsed with D-PBS, filtered through a 70-um cell
strainer (Falcon) and analyzed by flow cytometry (DxFLEX, Beckman
Coulter). Cell sorting was performed using a cell sorter (MoFlo Astrios EQ,
Beckman Coulter). For apoptosis analysis, cells were stained with Annexin V
and propidium iodide (PI) using an Annexin V-FITC apoptosis detection kit
(BD Biosciences). Cells were dissociated into single-cell suspensions,
washed twice with ice-cold PBS and resuspended in binding buffer at a
concentration of 1x 10° cells per 100 pl. Then, 5 pl of Annexin V-FITC and
5 pl of Pl were added to the cell suspension and incubated for 10 min at
room temperature (RT) in the dark. Subsequently, 400 pl of 1x Binding
Buffer was added to each sample, and flow cytometry analysis was
performed within 1 h.

Colony-forming unit (CFU) assay

A total of 1 x 10* hematopoietic cells derived from iCas9-H1 and ELTD1 "/~
hESCs were replated into MethoCult medium (Stem Cell Technologies). The
cells were cultured for 12 days at 37 °C under 5% CO, conditions to allow
differentiation. Distinct hematopoietic lineage colonies were then counted
and scored according to standard morphological criteria.

Hematoxylin and eosin staining

Teratomas were fixed in 4% paraformaldehyde (Solarbio) at 25°C,
embedded in paraffin wax and sectioned into 3-um slices. The sections
were deparaffinized with three xylene treatments and rehydrated through
a graded ethanol series. After a 2-min tap water rinse, the sections were
stained with Gill's hematoxylin V for 5 min and washed in tap water for
5 min and then in 95% ethanol for 2 min. Subsequently, they were stained
with eosin Y for 1 min, dehydrated in ethanol and xylene and mounted
with Canada balsam. Photomicrographs were obtained using a Pannora-
mic DESK (3DHISTECH).

Immunofluorescence

The cells were fixed with 4% paraformaldehyde (Solarbio) for 20 min at
RT, then permeabilized with a 0.1% Triton X-100 solution in PBS for an
additional 20 min at RT. Subsequently, the cells were incubated with a
blocking buffer containing 5% bovine serum albumin for 1h at RT to
prevent nonspecific binding of antibodies. After blocking, the cells were
washed once with D-PBS, followed by incubation with the desired
primary antibodies at 4 °C overnight. After primary antibody incubation,
the cells were thoroughly washed three times with D-PBS for 5 min each.
The cells were then incubated with the appropriate Alexa Fluor-
conjugated secondary antibody (Thermo Fisher Scientific) for 1 h at RT
in the dark to avoid photobleaching. Before observation, the cell nuclei
were stained with 4/,6-diamidino-2-phenylindole (DAPI, Yeasen) for
10 min at RT, after which the cells were washed three times with D-PBS
to remove excess DAPI. The cells were mounted with an anti-fade
mounting medium to preserve fluorescence signals, and high-resolution
images were captured using a confocal laser scanning microscope (LSM
880, Zeiss). Details regarding the antibodies used can be found in
Supplementary Table 2.
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Western blotting

Cell lysates were subjected to gel electrophoresis on sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting with the desired antibodies. The signals of the individual bands
in the immunoblots were observed using an image analyzer (Clinx). The
information of antibodies is presented in Supplementary Table 2.

Real-time quantitative PCR (qPCR)

Total RNA was extracted using an RNA extraction kit (Vazyme) and
transcribed into cDNA using a reverse transcription kit (Vazyme). All samples
were tested with SYBR Green (Vazyme) in triplicate on a PCR cycler (CFX-96,
Bio-Rad). The relative expression of individual genes was normalized to actin.
The primers utilized in this study are detailed in Supplementary Table 1.

Teratoma formation

Teratoma formation experiments were approved by the Laboratory Animal
Center of Zhejiang University. All mice were bred and treated ethically
under specific-pathogen-free conditions. In brief, 1 x 10° hESCs suspended
in Matrigel diluted with D-PBS were injected into the gastrocnemius
muscle of NOD-SCID mice. After 6-8 weeks, teratomas were collected and
treated with 4% paraformaldehyde. Hematoxylin and eosin (H&E) staining
was used to detect the three germ layer formation potentials of hESCs.

RNA sequencing and bioinformatic analyses

RNA sequencing (RNA-seq) analysis was accomplished by BGI Company.
Bulk RNA-seq data were converted to Transcripts Per Million (TPM) for
gene expression analysis. Heatmaps were generated using R language.
Gene set enrichment analysis (GSEA) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were accomplished using
the online tool of BGI.

Co-immunoprecipitation, mass spectrometry and data
processing

Cells were collected and lysed at 4 °C for 30 min with GPCR extraction
and stabilization reagent (Thermo Fisher Scientific) supplemented with
protease inhibition cocktail. Co-immunoprecipitation (Co-IP) was con-
ducted by following manufacturers’ instructions with anti-Flag M2
magnetic beads (Sigma) at 4°C overnight. After this, the beads were
washed with precold Tris-Buffered Saline (TBS), and the pellets were
resuspended in 2x loading buffer without reducing agents, then boiled
at 100°C for 3min. The resulting supernatants were collected and
analyzed using western blotting. Proteins that were immunoprecipitated
from cell lines expressing Flag-ELTD1 were isolated using anti-Flag M2
magnetic beads, separated by SDS-PAGE and then subjected to silver
staining (Beyotime). After this, the gel was excised from the samples and
subjected to tryptic digestion according to a standard protocol'®. The
tryptic peptides were dissolved and the separated peptides were
analyzed using Orbitrap Exploris 480 with a nano-electrospray ion
source (Thermo Fisher Scientific). Next, PD search engine (v.2.4) software
was used to analyze the mass spectrometry (MS) data.

Molecular docking analysis

Rigid protein—protein docking was performed to investigate the relation-
ship between ELTD1 and HPIP by using GRAMM-X (http://
gramm.compbio.ku.edu/). The protein structural domains of ELTD1 and
HPIP were obtained from the Protein Data Bank PDB database (http://
www.rcsb.org/). Pymol (Version 2.4) and PDBePISA (https://www.ebi.ac.uk/
pdbe/pisa/) were used to examine protein—protein interactions and further
visual analysis.

Statistical analysis

Statistical analyses were performed using SPSS software. Statistical
differences were examined using Student’s t-test or one-way analysis of
variance. P < 0.05 was considered statistically significant.

RESULTS

ELTD1 is a potential regulator of HEPs during early
hematopoietic differentiation of hESCs

Hematopoietic differentiation of hES cells mimics human hemato-
poiesis in vivo and progresses through three sequential stages:
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mesoderm induction, HEP derivation and generation of hemato-
poietic cells'®. These stages are distinguished by the expression of
specific markers: CD309'” and APLNR'® for mesoderm induction,
CD31 and CD34”'9%° for HEP derivation, and CD43°' for hemato-
poietic cell generation. Therefore, we induced directed hematopoie-
tic differentiation of hESCs using a previously reported strategy'* and
assessed the temporal expression of these markers through qPCR,
which showed dynamic changes during hESC differentiation. In
addition, we analyzed the expression of markers associated with axial
mesoderm (SFRP2 and DCLK1), paraxial mesoderm (MESP2 and
MSGNT1), intermediate mesoderm (CDH5 and OSR1), lateral plate
mesoderm (CD309 and HAPLNT1) and extraembryonic mesoderm
(IGF2 and LUM). Notably, with the exception of the lateral plate
mesoderm marker, the expression levels of all other mesoderm
subtype markers were either suppressed or remained inactive on day
3 of differentiation. Moreover, the expression of pluripotent markers
(OCT4 and SOX2) exhibited a gradual decline as differentiation
progressed (Supplementary Fig. 1a). These results validate the
effectiveness of our hematopoietic differentiation method in this
study. In addition, we tested the alkaline phosphatase activity in cells
of different days, which further confirmed the differentiation of
hESCs (Supplementary Fig. 1b).

To discover novel regulators of early hematopoietic differentia-
tion of hESCs, we collected RNA samples at days 0, 3, 6 and 9
during the differentiation process for time-course RNA-seq
analysis (Fig. 1a). Our transcriptome data showed high reprodu-
cibility among different biological replicates and reflected the
continuity of hematopoietic differentiation process (Fig. 1b). To
define the temporal characteristics of the transcript dataset during
hESC hematopoietic differentiation, transcripts were grouped into
six clusters by Mfuzz based on their expression levels (Fig. 1c and
Supplementary Fig. 2). In these clusters, cluster 1 and 5
represented downregulated transcripts, while cluster 2, 3 and 6
represented upregulated transcripts. Transcripts in cluster 4
exhibited an increase from day 0 to day 3, subsequently
decreasing significantly from day 3 to day 9. In short, the Mfuzz
analysis showed notable differences in the relative abundance of
transcripts across different days.

In the current study, we aim to identify potential regulators of
HEP during hESC hematopoietic differentiation. Therefore, we
focused on cluster 2 because the transcripts in this cluster showed
a sharp upregulation from day 3 to day 6, corresponding to the
stage of HEP generation (Fig. 1c). We then conducted a Gene
Ontology (GO) analysis of cluster 2 and found that most of the
transcripts in cluster 2 were associated with cell fate commitment,
stem cell differentiation, endothelium development, GPCR signal-
ing pathway, hematopoietic or lymphoid organ development,
suggesting the reliability of candidate selection strategy (Fig. 1d).
Among these, the GPCR signaling pathway was especially
interesting because aGPCRs, the second-largest family of GPCRs,
are broadly distributed and are crucial in regulating numerous
developmental processes, including the orderly progression of
hematopoiesis?>. Approximately 30% of human aGPCRs are
expressed in hematopoietic stem, progenitor or mature cells,
where they define different cell populations®®. Therefore, we
analyzed aGPCRs of the enriched GPCR signaling pathway and
found that ADGRG1 and ELTD1 were highly expressed at day 6,
namely the HEP stage (Fig. 1e). As the indispensable effect of
ADGRG1 in hematopoietic development has been previously
reported®*, we selected ELTD1 for further study.

ELTD1, also known as ADGRL4, is specifically expressed in
endothelial cells of various tissues, as indicated by The Human
Protein Atlas database (Supplementary Fig. 3a,b). We analyzed the
dynamic changes of ELTD1 expression during hematopoietic
differentiation and found that it differed from the other three
members of the ADGRL family (Supplementary Fig. 3c). However,
its expression pattern was parallel to the genes related to HEPs
(ITGB3%°, PECAM1?®, CD34°° and SOX7%), as well as genes
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associated with hematopoiesis (MEIS1'S, GATA2?%, MEIS2?°,  CD309" mesoderm cells, CD31*CD34" HEPs and CD43* hemato-
RUNX1%°, HOXA3®' and HOXA9%) (Fig. 1f). In accordance with  poietic cells at days 3, 6 and 9 and performed qPCR (Fig. 1a). As
the RNA-seq results, ELTD1 is highly expressed at day 6 of shown in Fig. 1h, ELTD1 expression was low in hESCs and
differentiation, with a slight decrease thereafter, as confirmed by mesoderm cells, peaked in the HEPs and then began to
gPCR analysis (Fig. 1g). To further confirm the results, we sorted downregulate in hematopoietic cells. Collectively, these results
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Fig. 1

ELTD1 is a potential regulator of HEPs during early hematopoietic differentiation of hESCs. a A schematic overview of early

hematopoietic differentiation process from hESCs and our experimental workflow. The process typically begins with the formation of
mesoderm, followed by the emergence of HEPs, which eventually give rise to hematopoietic cells. b Principal component analysis (PCA) was
applied to the RNA-seq dataset to visualize the overall similarities and differences in gene expression profiles across various time points.
¢ Mfuzz analysis identified the patterns of gene expression in the time-course datasets of cluster 2. d GO analysis was performed to identify
the significantly enriched biological processes in cluster 2. e A heatmap of dynamic aGPCR expression levels in the enriched GPCR signaling
pathway during early hematopoietic differentiation from hESCs. f A heatmap showing dynamic gene expression associated with HEPs (for
example, PECAM1 and CD34) and hematopoiesis (for example, GATA2 and RUNX1) during early hematopoietic differentiation from hESCs.
g Time course analysis of ELTD1 mRNA level with gPCR during hESC hematopoietic differentiation. Results are shown as mean +s.d.;n=3.n.s,,
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the day 0 group. h gPCR analysis of ELTD1 mRNA levels in undifferentiated
hESCs, sorted CD309" mesoderm, sorted CD317CD34" HEPs and sorted CD43™ hematopoietic cells derived from hESCs. Results are shown as
mean *s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the undifferentiated group.

suggest that ELTD1 may act as a regulator of HEPs during early
hematopoietic differentiation of hESCs.

ELTD1 suppression enhances hematopoietic differentiation
of hESCs

To investigate the potential role of ELTD1 in HEP specification, we
generated ELTD1-knockdown hESs (Supplementary Fig. 4a). We
used the ELTD1-knockdown hESCs to undergo hematopoietic
differentiation. Flow cytometric analysis showed that transgenic
ShELTD1-hESCs displayed increased production of CD317CD34*
HEPs at day 6 compared with control hESCs (Fig. 2a). To further
confirm the results, transgenic ELTD1-expressing hESC lines were
generated using lentivirus infection. Stable ectopic expression of
ELTD1 and pluripotency analysis were confirmed thereafter
(Supplementary Fig. 4b-d). As expected, ELTD1 overexpression
significantly inhibited the generation of CD31*CD34" HEPs at day
6 (Fig. 2b), resulting in outcomes opposite to those observed with
ELTD1 knockdown. These findings suggest that ELTD1 may play a
key role in regulating HEP generation from hESCs.

To gain a deeper understanding of ELTD1 in hematopoietic
differentiation of hESCs, we disrupted ELTD1 in hESCs using the
iCRISPR-Cas9 system, in which high expression of Cas9 protein can
be induced by doxycycline treatment®*. sgRNAs targeting exon 2 of
ELTD1 were designed (Supplementary Fig. 4e), transfected and
evaluated for genome editing efficacy using the T7E1 assay. By
taking advantage of this system, two hESC homozygous ELTD1-
deleted clones were constructed and named ELTD1™/~ 1# and
ELTD1™/~ 2#, respectively. The deleted region of the sgRNA
targeting site was confirmed using Sanger sequencing and PCR
analysis. The results of ELTD1~/~ 1# has been documented in our
previous report'?, and the results of ELTD1 '~ 2# are shown in
Supplementary Fig. 4f-h.

ELTD1 /™ 1# and ELTD1 '~ 2# exhibited compact and normal
hESC morphologies (Supplementary Fig. 5a), and their pluripo-
tency was retained by the high expression of OCT4, SOX2 and
NANOG, which was assessed by gPCR (Supplementary Fig. 5b) and
western blotting (Supplementary Fig. 5¢c). Moreover, ELTD1 ™/~ 1#
and ELTD1~/~ 2# were injected into immunodeficient mice to
form teratomas, verifying the multilineage differentiation potential
after ELTD1 deletion (Supplementary Fig. 5d). Karyotype analysis
was additionally performed on both cell lines. The results revealed
a normal karyotype with no detectable chromosomal abnormal-
ities in the analyzed cells (46, XY). We have previously
documented the results of ELTD1~/~ 1# in our report'®, and the
results for ELTD1™/~ 2# are depicted in Supplementary Fig. 5e.
These findings indicate that the gene knockout did not induce
notable chromosomal alterations. In summary, ELTD1™"~ 1# and
ELTD1~/~ 2# were considered suitable for subsequent studies on
hESC hematopoietic differentiation.

To dissect the effect of ELTD1 deletion on hematopoiesis, we
induced the iCas9-H1, ELTD1 ™/~ 1# and ELTD1/~ 2# hESCs to go
through hematopoietic differentiation and measured the genera-
tion of stage-specific cell populations. The expression of
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pluripotency genes was assessed and found to gradually decrease
during hematopoietic differentiation, indicating a steady progres-
sion of differentiation (Supplementary Fig. 5f). Interestingly, no
distinct discrepancy in the percentage of CD309* and APLNR*
mesoderm cells was observed with ELTD1 ablation at day 3
(Fig. 2¢, d). However, the generation of CD317CD34* HEPs at day 6,
arising from mesoderm cells, was profoundly elevated by ELTD1
deletion (Fig. 2e), consistent with our prior observations in ELTD1-
knockdown hESCs (Fig. 2a). As expected, flow cytometry analysis
also showed an increase in CD43* hematopoietic cells generated
from HEPs (Fig. 2f). Moreover, the above results have also been
confirmed by gPCR (Fig. 2g) and immunofluorescence analysis
(Fig. 2h—j). To further validate this phenotype, we conducted
knockdown and overexpression of ELTD1 in an additional hESC
line H9 and in iPSCs. Subsequent hematopoietic differentiation
experiments using the established stable cell lines consistently
recapitulated the phenotypes observed previously, thereby further
substantiating our findings (Supplementary Figs. 6 and 7).
Together, these findings suggest that ELTD1 acts as a regulator
of hematopoietic differentiation of hESCs, and its suppression
could facilitate hematopoiesis.

Inhibition of ELTD1 promotes hematopoietic differentiation of
hESCs, particularly HEP specification

To explore at which stage ELTD1 functions in hematopoietic
differentiation of hESCs, we transfected siRNAs at day 0, 3 and 6
of hematopoietic differentiation, respectively (Fig. 3a). As shown
in Fig. 3b, ELTD1 was effectively suppressed by ELTD1-siRNAs.
We assessed the changes in specific cell populations at days 3, 6
and 9. The results revealed no changes in the generation of
mesoderm cells at day 3 and hematopoietic cells at day 9
(Fig. 3¢, e). However, there was an enhancement in HEP
production at day 6 (Fig. 3d). To further investigate the effects
of ELTD1 on HEPs, we examined the apoptosis levels of
CD31*CD34" HEPs on day 6 of hematopoietic differentiation in
both knockout and overexpression models. The results showed
that neither the knockout nor the overexpression of ELTD1
affected the apoptosis levels of CD317CD34* HEPs (Supplemen-
tary Fig. 8a). Next, we sorted CD31*CD34" HEPs on day 6 of
differentiation and assessed their capacity to differentiate into
hematopoietic cells (Fig. 3f). Compared with the iCas9-H1 group,
the sorted CD31%CD34" HEPs from the knockout group exhibited
a significantly increased capacity to generate hematopoietic cells
(Fig. 3g and Supplementary Fig. 8b). Moreover, we performed
CFU assays to assess the differentiation potential in each group.
The results showed that the knockout group was able to
completely differentiate into B/CFU-E (burst-forming unit-ery-
throid/CFU-erythroid), CFU-G/M (CFU-granulocyte/macrophage)
and CFU-GEMM (CFU-granulocyte/erythroid/macrophage/mono-
cyte), similar to the iCas9-H1 group (Fig. 3h, i). Overall, these
findings indicate that suppression of ELTD1 enhances hemato-
poietic differentiation of hESCs by promoting HEP production,
thereby improving the subsequent generation of hematopoietic
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cells and their differentiation into downstream blood cell

lineages.

ELTD1 deletion suppresses the Wnt signaling during HEP
generation

To dissect the molecular mechanism underlying ELTD1 regulation
of HEPs, the differentiated cells at day 6 were collected for RNA-seq
analysis (Fig. 4a). A substantial number of differentially expressed
genes (DEGs) were identified between iCas9-H1 and ELTD1-deleted

Experimental & Molecular Medicine (2025) 57:1216 - 1231

Day 9

Day 9, Scale bar=100 ym

hESCs. Among these DEGs, mesoderm-associated genes such as
MIXL1, EOMES, APLNR and BMP4 were downregulated, whereas
HEP or hematopoiesis-associated genes including HOXA9, ITGB3
and RUNX1 were upregulated in ELTD1-deleted hESCs compared
with iCas9-H1 (Fig. 4b). Furthermore, GSEA analysis revealed a
significant enrichment of genes related to hematopoietic cell
lineage in ELTD1-deleted cells compared with iCas9-H1 hESCs
(Fig. 4c), consistent with the observed augmentation of HEPs and
hematopoietic cells resulting from ELTD1 deletion.
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Fig. 2 ELTD1 suppression enhances hematopoietic differentiation of hESCs. a Flow cytometry analysis of HEPs at day 6 of early
hematopoietic differentiation. The percentage of CD317CD34" cells was quantified to assess the efficiency of HEP formation. Results are
shown as mean *s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the ELTD1-shControl (shCtrl) group. b Flow
cytometry analysis of HEPs at day 6 of early hematopoietic differentiation. The percentage of CD317CD34" cells was quantified to assess the
efficiency of HEP formation. Results are shown as mean £ s.d.; n = 3. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the
H1-ELTD1-Ctrl group. ¢ Flow cytometry analysis of APLNR* mesoderm cells at day 3 of early hematopoietic differentiation. Results are shown
as mean *s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the iCas9-H1 group. d Flow cytometry analysis of
CD309" mesoderm cells at day 3 of early hematopoietic differentiation. Results are shown as mean * s.d.; n = 3. n.s., not significant, *P < 0.05,
**P < 0.01, ***P < 0.001, compared with the iCas9-H1 group. e Flow cytometry analysis of HEPs at day 6 of early hematopoietic differentiation.
The percentage of CD317CD34 " cells was quantified to assess the efficiency of HEP formation. Results are shown as mean + s.d.; n = 3. n.s., not
significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the iCas9-H1 group. f Flow cytometry analysis of hematopoietic cells at day 9 of
early hematopoietic differentiation. The percentage of CD43" cells was quantified to assess the proportion of hematopoietic cells. Results are
shown as mean +s.d,; n=3. n.s., not significant, *P < 0.05, **P <0.01, ***P < 0.001, compared with the iCas9-H1 group. g qPCR analysis of
CD309 and APLNR at day 3, CD31 and CD34 at day 6, and CD43 at day 9 of early hematopoietic differentiation. Results are shown as
mean *s.d.; n = 3. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the iCas9-H1 group. h Representative immunostaining
of CD309" (red) mesoderm cells and quantification of positive area (%) at day 3 of early hematopoietic differentiation. Nuclei were
counterstained with DAPI (blue). Scale bar, 100 um. Results are shown as mean+s.d.; n=3. n.s, not significant, *P <0.05, **P<0.01,
***P < 0.001, compared with the iCas9-H1 group. i Representative immunostaining of CD317 (red) and CD34™ (green) HEPs and quantification
of positive area (%) at day 6 of early hematopoietic differentiation. Nuclei were counterstained with DAPI (blue). Scale bar, 100 pm. Results are
shown as mean £s.d.; n=3. n.s., not significant, *P <0.05, **P < 0.01, ***P < 0.001, compared with the iCas9-H1 group. j Representative
immunostaining of CD43™" (green) hematopoietic cells and quantification of positive area (%) at day 9 of early hematopoietic differentiation.
Nuclei were counterstained with DAPI (blue). Scale bar, 100 pm. Results are shown as mean £s.d,; n=3. n.s, not significant, *P <0.05,

**P < 0.01, ***P < 0.001, compared with the iCas9-H1 group.
<

To narrow down the genes for further analysis, we identified
439 common differential genes between iCas9-H1 and the two
ELTD1-deleted hESCs (Fig. 4d) and performed KEGG analysis
(Fig. 4e). We found these DEGs to be primarily enriched in the Wnt
signaling pathway. Mounting evidence suggests that the Wnt
signaling pathway plays a pivotal role in stem cell differentiation.
Therefore, we analyzed changes in Wnt-associated genes at day 6,
with or without ELTD1 deletion. Our findings revealed a notable
downregulation of Wnt-associated genes in ELTD1-deleted cells
(Fig. 4f). Apart from Wnt-associated genes, SOX17, a master
regulator defining the hemogenic endothelium, which should be
downregulated during EHT to promote commitment to blood
cells, was also markedly downregulated in ELTD1-deleted cells**.
Next, several Wnt-associated genes (TCF7L1, CCND1, BIRC5 and
AXIN2) were selected for verification by qPCR (Fig. 4g), indicating
that ELTD1 might function by mediating Wnt signals.

To delve deeper into the status of Wnt signaling at day 6 of hESC
hematopoietic differentiation, we conducted western blotting
analysis to measure the levels of phosphorylated (-catenin (at
serine 33, 37 and 45; tyrosine 41), which are downstream mediators
of the Wnt signaling®>. As depicted in Fig. 4h, the phosphorylation
level of B-catenin, reflecting 3-catenin degradation, was higher in
ELTD1-deleted hESCs compared with iCas9-H1 hESCs, indicating
that Wnt signaling was inhibited by ELTD1 deletion. By contrast,
ELTD1 overexpression led to reduced (-catenin phosphorylation,
suggesting enhanced Wnt signaling activity. In summary, both
bioinformatic analysis and functional studies revealed that ELTD1
deletion inhibits Wnt signaling during HEP generation.

ELTD1 participates in HEP specification from hESCs via Wnt
signaling

As the above results showed that ELTD1 deletion inhibits Wnt
signaling during HEP generation, we next assessed the relation-
ship between ELTD1 and Wnt signaling. To determine whether the
downregulation of Wnt signaling is essential for the improved
early hematopoietic differentiation resulting from ELTD1 deletion
in hESCs, we treated ELTD1 '~ 1#and ELTD1 "/~ 2# hESCs with the
Wnt agonist CHIR990213°. Based on the previous results that
ELTD1 functions from mesoderm induction to HEP specification,
we thus added CHIR99021 from days 3 to 6 for subsequent
studies. As anticipated, the administration of CHIR99021 inhibited
the generation of CD317CD34" HEPs at day 6 (Fig. 5a, b) compared
with ELTD1 deletion alone, as validated by flow cytometry. To
further validate these results, we then treated ELTDI1-
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overexpressing hESCs with or without the Wnt antagonist
IWR13” from day 3 to 6 of differentiation. As depicted in
Fig. 5¢, d, ELTD1 overexpression robustly suppressed the
proportion of CD31*CD34* HEPs at day 6 but was reversed by
treatment with the Wnt antagonist IWR1. These findings were
further corroborated by immunofluorescence staining analysis
(Fig. 5e-h). Consistent with these results, the proportion of CD43*
hematopoietic cells derived from HEPs at day 9 was significantly
reduced after CHIR99021 treatment in the ELTD1 deletion group
(Fig. 6a, b). Similarly, the addition of IWR1 markedly reversed the
decline in CD43* hematopoietic cells caused by ELTD1 over-
expression (Fig. 6¢, d). These findings were further supported by
immunofluorescence staining experiments, which yielded consis-
tent results (Fig. 6e-h). Furthermore, treatment with an alternative
Wnt agonist (SKL2001) (Supplementary Fig. 9a, b and 9e, f) or Wnt
antagonist (MSAB) (Supplementary Fig. 9¢, d and 9g, h) from days
3 to 6 of differentiation produced identical outcomes. Collectively,
these observations suggest that ELTD1 act as an upstream
mediator of Wnt signaling in the regulation of HEP specification.

ELTD1 regulates Wnt signaling via the HPIP-LEF1

axis to modulate HEP generation

To investigate how ELTD1 regulates Wnt signaling pathway, we
used co-IP coupled with mass spectrometry to identify its
potential interaction partners. We screened the top 30 proteins
based on the unique peptides and intensity analysis, respectively
(Fig. 7a). Following our screening strategy, we identified 12
overlapped proteins that may interact with ELTD1 (Fig. 7b).
Among them, HPIP (hematopoietic PBX1-interacting protein)
attracted our attention (Fig. 7c) and was chosen for validation
because it has been reported that HPIP deﬁciencg/ could impair
Wnt signaling in osteoarthritis (OA) chondrocytes>®. Moreover, its
dynamic expression pattern during hematopoietic differentiation
is similar to that of ELTD1, with notable upregulation observed
from day 3 to day 6 (Fig. 7d). To confirm this relationship, we
subsequently conducted rigid protein—protein docking between
ELTD1 and HPIP. As shown in Fig. 7e, ELTD1 and HPIP formed
hydrogen bonds through amino acid residue sites such as ASN
180-THR 220 and GLN 181-THR 379, revealing that proteins ELTD1
and HPIP formed a stable protein docking model. Furthermore, we
confirmed the formation of the ELTD1-HPIP complex through co-
IP assays (Fig. 7f) and determined the subcellular localization of
ELTD1 and HPIP using immunofluorescence staining. We found
that ELTD1 and HPIP were primarily co-localized in the region
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where the cytoskeleton interacts with the cell membrane (Fig. 7g).
These results suggested that ELTD1 might regulate Wnt signaling
through interaction with HPIP.

To investigate whether HPIP is required for ELTD1-mediated
expression of Wnt target genes, we knocked down HPIP in ELTD1-
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overexpressing hESCs and performed hematopoietic differentia-
tion. The results revealed that ELTD1 overexpression increased the
expression of Wnt targets (TCF7L1, CCND1, BIRC5 and AXIN2),
whereas knockdown of HPIP abolished the ability of ELTD1 to
modulate Wnt target production (Fig.7h-j), indicating the
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Fig. 3 Inhibition of ELTD1 promotes hematopoietic differentiation of hESCs, particularly HEP specification. a A schematic diagram of the
experimental timeline and workflow. siRNAs targeting ELTD1 or nontargeting control (si-NC) were transfected into cells on day 0, day 3 and
day 6. Flow cytometry analysis was performed on day 3, day 6 and day 9 to assess the effects of ELTD1 knockdown on the generation of
mesoderm, HEPs and hematopoietic cells, respectively. b gPCR analysis of ELTD1 transcript knockdown efficiency in differentiated cells. The
MRNA levels of ELTD1 were measured to confirm the efficiency of siRNA-mediated knockdown. Results are shown as mean +s.d; n=3. ns,,
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the si-NC group. ¢ Flow cytometry analysis of APLNR" mesoderm cells at day
3 after siRNA transfection. Cells were transfected with siRNAs on day 0, and the percentage of APLNR* mesoderm cells was quantified by flow
cytometry on day 3. Results are shown as mean + s.d,; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the ELTD1-si-
NC group. d Flow cytometry analysis of CD317CD34" HEPs at day 6 after siRNA transfection. Cells were transfected with siRNAs on day 3, and
the percentage of CD317CD34" HEPs was quantified by flow cytometry on day 6. Results are shown as mean + s.d.; n = 3. n.s,, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, compared with the ELTD1-si-NC group. e Flow cytometry analysis of CD43" hematopoietic cells at day 9 after
siRNA transfection. Cells were transfected with siRNAs on day 6, and the percentage of CD43" hematopoietic cells was quantified by flow
cytometry on day 9. Results are shown as mean + s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the ELTD1-si-
NC group. f A schematic diagram of the experimental timeline and workflow. CD317CD34" HEPs were sorted at day 6 of differentiation and
assessed for their capacity to differentiate into hematopoietic cells, as well as subsequent multilineage differentiation potential. g Flow
cytometry analysis of CD43" hematopoietic cells at day 9. These cells were derived from sorted CD317CD34" HEPs at day 6, after 3 days of
hematopoietic differentiation. Results are shown as mean * s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared with the
iCas9-H1 group. h The distribution of different colony types generated from iCas9-H1 or ELTD1~/~ hESCs. B/CFU-E, CFU-G/M and CFU-GEMM
were documented and calculated. Results are shown as mean *s.d.; n= 3. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, compared
with the iCas9-H1 group. i Representative images of different colony types from CFU assay. Day 9 floating cells were seeded in MethoCult

medium for 12 days. Scale bar, 200 pm.
<

importance of HPIP in ELTD1-mediated regulation of Wnt target
gene expression.

Next, we asked whether HPIP knockdown could rescue the
defects caused by ELTD1 overexpression. Indeed, knockdown of
HPIP could rescue the negative effects of ELTD1 overexpression in
HEP induction at day 6 (Fig. 8a). Moreover, inhibition of HPIP could
further rescue the impaired CD43" hematopoietic cells generation
caused by ELTD1 overexpression at day 9 (Fig. 8b). Finally, we
explored how ELTD1-HPIP regulates Wnt signaling. A prior study
revealed that HPIP primarily mediates its biological effects by
interacting with lymphoid enhancer binding factor 1 (LEF1) to
activate Wnt signaling®. LEF1, a sequence-specific DNA-binding
protein, is expressed in pre-B and T lymphocytes of adult mice, as
well as in various embryonic tissues®”. Therefore, we hypothesized
that ELTD1-HPIP might promote Wnt signaling activation through
LEF1 to mediate hematopoiesis. We overexpressed LEF1 in the
aforementioned experiments and used flow cytometry to
determine whether it could suppress the phenotypes induced
by HPIP knockdown. As shown in Fig. 8¢, overexpression of LEF1
attenuated the increase in the proportion of CD31*CD34* HEPs at
day 6 that was induced by HPIP knockdown in ELTD1-
overexpressing hESCs. Consistent with these findings, LEF1
overexpression also inhibited the generation of CD43" hemato-
poietic cells at day 9 (Fig. 8d). Taken together, these findings
demonstrate that ELTD1 regulates the Wnt signaling pathway
through the HPIP-LEF1 axis to modulate the generation of HEPs
during hematopoietic differentiation of hESCs.

DISCUSSION
Elucidating the novel mechanism that regulates the formation of the
HEP and its transition to a hematopoietic fate is important for us to
accurately understand hematopoietic development in the early
embryo and ultimately generate functional HSCs from pluripotent
stem cells in vitro. In this study, we identified ELTD1 as a potential
regulator of HEPs in early hESC hematopoietic differentiation and
revealed its fundamental role in hematopoiesis. Suppression of
ELTD1 remarkably increased the generation of HEPs, thereby
enhancing hematopoietic differentiation in vitro. Mechanistically,
we found that ELTD1 modulates the generation of HEPs by
regulating the Wnt signaling pathway via the HPIP-LEF1 axis. Our
results reveal a new mechanism for human hematopoiesis and may
provide fresh ideas for efficient production of blood cells from hESCs
in the fields of developmental biology and regenerative medicine.
As discovered in 2001 by Nechiporuk et al*®, ELTD1 is an
orphan member of the GPCR superfamily, which is also known as
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ADGRLA. Since its discovery, ELTD1 has been found to participate
in cardiac hypertrophy, renal cancer, ovarian cancer, colorectal
cancer and glioblastoma'"""?>4'"*3, However, the role of ELTD1 in
early human hematopoietic development remains elusive. In this
study, we analyzed the contribution of ELTD1 to human
embryonic hematopoietic differentiation using H1 hESCs as a
model. We analyzed the dynamic expression of ELTD1 during
hematopoietic differentiation by using a hESC hematopoietic
differentiation system in vitro. Our analysis indicated that the
expression of ELTD1 peaked at day 6, which is in parallel with the
expression of HEP-related genes. We further indicated that ELTD1
is specifically expressed in CD317CD34" HEPs rather than in other
cell populations. Therefore, we speculated that ELTD1 may
participate in HEP generation of human hematopoiesis. Subse-
quent functional assays confirmed our hypothesis, showing that
ELTD1 inhibition increased the generation of HEPs rather than
mesoderm or hematopoietic cell production, thus confirming its
critical role in HEP differentiation.

Interestingly, in this study, we found that ELTD1 expression
gradually increased during early hematopoietic differentiation,
paralleling the emergence of the HEP population. However, its
effect on HEPs was negative in loss-of-function studies. In both
ELTD1-knockdown and ELTD1-deleted H1 hESCs, there was an
increase in the proportion of CD317CD34" HEPs at day 6 of early
hematopoietic differentiation, which was in contrast to its role
identified in other endothelium studies. A previous study demon-
strated that ELTD1 acts as a key player in tumor angiogenesis.
Silencing ELTD1 drastically reduces tumor growth by impairing
endothelial sprouting and vessel formation both in vitro and
in vivo™. The observed variation between our study and previous
research may be attributed to the diverse functions of ELTD1 across
different stages and tissues during ontogeny. Hemogenic endothe-
lium, a specialized subset of the endothelium with hematopoietic
potential, is known to generate hematopoietic stem and progenitor
cells through EHT**%, Both hemogenic endothelium and vascular
endothelium are developmentally related cells that share a
common endothelial precursor*’*, Thus, downregulation of ELTD1
expression may be beneficial for the generation of hemopoiesis-
biased endothelium, rather than vascular endothelium. In addition,
Favara et al. showed that the HSC regulator KIT, which is expressed
in hematopoietic stem and progenitor cells** and required for
hemogenic endothelium specification®®, can be significantly
upregulated at both the mRNA and protein levels by
ELTD1 silencing®', which further supports our findings.

Mechanistically, we performed RNA-seq of differentiated cells at
day 6 combined with rescue experiments. As expected, GSEA
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Fig. 4 ELTD1 deletion suppresses the Wnt signaling during HEP generation. a A schematic diagram of the experimental workflow. b A
volcano plot displaying the DEGs between ELTD1-deleted and control groups. Genes with significant upregulation (red) or downregulation
(blue) are displayed. ¢ GSEA reveals the enrichment of gene sets associated with ‘hematopoietic cell lineages’ in ELTD1-deleted cells compared
with controls. The normalized enrichment score (NES) and P value are indicated. d The strategy of screening potential genes for further
analysis. e A bar plot showing the top enriched KEGG pathways enrichment analysis of the screened candidate genes. The significance of
enrichment is indicated by the —log,o(Q value). f A heatmap showing the expression levels of Wnt signaling-related genes in ELTD1-deleted
and control groups at day 6 of differentiation. g The mRNA levels of key Wnt signaling-related genes quantified by qPCR. Results are shown as
mean * s.d. n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001. h Protein levels of phosphorylated p-catenin (at serine 33, 37 and 45;
tyrosine 41), an indicator of p-catenin degradation, were assessed by western blotting in ELTD1-KO or ELTD1-OE groups at day 6 of
hematopoietic differentiation.
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Fig. 5 ELTD1 participates in HEP specification from hESCs via Wnt signaling. a Flow cytometry detection of CD31"CD34" HEPs generated
from iCas9-H1, ELTD1~/~ 1# and ELTD1~/~ 2# hESCs at day 6 of early hematopoietic differentiation after CHIR99021 treatment (2 pM) or not.
b Statistical analysis of the flow cytometry data presented in a showing the percentage of CD31"CD34" HEPs generated from iCas9-H1,
ELTD1~/~ 1# and ELTD1/~ 2# hESCs at day 6 of early hematopoietic differentiation. Results are shown as mean +s.d.; n=3. n.s., not
significant, *P < 0.05, **P < 0.01, ***P < 0.001. ¢ Flow cytometry detection of CD317CD34" HEPs generated from H1-ELTD1-Ctrl and H1-ELTD1-
OE hESCs at day 6 of early hematopoietic differentiation after IWR1 treatment (2.5 pM) or not. d Statistical analysis of the flow cytometry data
presented in ¢ showing the percentage of CD317CD34" HEPs generated from H1-ELTD1-Ctrl and H1-ELTD1-OE hESCs at day 6 of early
hematopoietic differentiation. Results are shown as mean £ s.d.; n = 3. n.s., not significant, *P < 0.05, **P <0.01, ***P <0.001. e Quantitative
analysis of the immunostaining results presented in f Results are shown as mean +s.d,; n=3. n.s., not significant, *P < 0.05, **P < 0.01,
***Pp < 0,001. f Immunostaining of CD31" (red) and CD34" (green) generated from H1-ELTD1-Ctrl and H1-ELTD1-OE hESCs at day 6 of early
hematopoietic differentiation after IWR1 treatment (2.5 uM) or not. Nuclei were counterstained with DAPI (blue). Scale bar, 200 pm.
g Quantitative analysis of the immunostaining results presented in h. Results are shown as mean +s.d.,; n = 3. n.s., not significant, *P < 0.05,
*P < 0,01, ***P < 0.001. h Immunostaining of CD31" (red) and CD34" (green) generated from iCas9-H1, ELTD1 /" 1# and ELTD1~/~ 2# hESCs at
day 6 of early hematopoietic differentiation after IWR1 treatment (2.5 uM) or not. Nuclei were counterstained with DAPI (blue). Scale bar,
200 pm.
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Fig. 6 ELTD1 negatively regulates HEP specification from hESCs through Wnt signaling and modulates subsequent hematopoietic cell
generation. a Flow cytometry detection of CD43" hematopoietic cells generated from iCas9-H1, ELTD1~/~ 1# and ELTD1 /™ 2# hESCs at day 9
of early hematopoietic differentiation after CHIR99021 treatment (2 pM) or not. b Statistical analysis of the flow cytometry data presented in
a showing the percentage of CD43" hematopoietic cells generated from iCas9-H1, ELTD1~/~ 1# and ELTD1~/~ 2# hESCs at day 9 of early
hematopoietic differentiation. Results are shown as mean +s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001. ¢ Flow cytometry
detection of CD43" hematopoietic cells generated from H1-ELTD1-Ctrl and H1-ELTD1-OE hESCs at day 9 of early hematopoietic differentiation
after IWR1 treatment (2.5 uM) or not. d Statistical analysis of the flow cytometry data presented in ¢ showing the percentage of CD43™
hematopoietic cells generated from H1-ELTD1-Ctrl and H1-ELTD1-OE hESCs at day 9 of early hematopoietic differentiation. Results are shown
as mean * s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001. e Quantitative analysis of the immunostaining results presented in f.
Results are shown as mean + s.d,; n = 3. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. f Immunostaining of CD43™" (green) generated
from H1-ELTD1-Ctrl and H1-ELTD1-OE hESCs at day 9 of early hematopoietic differentiation after IWR1 treatment (2.5 pM) or not. Nuclei were
counterstained with DAPI (blue). Scale bar, 200 pm. g Quantitative analysis of the immunostaining results presented in h. Results are shown as
mean +s.d.; n=3. n.s, not significant, *P <0.05, **P <0.01, ***P <0.001. h Immunostaining of CD43" (green) generated from iCas9-H1,
ELTD1~/~ 1# and ELTD1~/~ 2# hESCs at day 9 of early hematopoietic differentiation after IWR1 treatment (2.5 M) or not. Nuclei were
counterstained with DAPI (blue). Scale bar, 200 pm.
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Fig.7 ELTD1 regulate HEP generation via HPIP. a Identification of proteins that potentially interact with ELTD1 through mass spectrometry
analysis. b A schematic representation of the strategy used to screen and validate potential protein interactions with ELTD1. ¢ Detailed mass
spectrometry analysis of HPIP protein fragments. The secondary mass spectrum of HPIP is displayed, highlighting the key peptides used for
protein identification. d Time course analysis of HPIP mRNA level with qPCR during hESC hematopoietic differentiation. Results are shown as
mean = s.d.; n=3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001. e A surface diagram of the docking model and their interfacing
residues between ELTD1 and HPIP protein (ELTD1, yellow; HPIP, blue; hydrogen bond interaction, dotted line). f Co-IP analysis confirming the
interaction between ELTD1 and HPIP proteins. g Immunofluorescence analysis was performed to visualize the colocalization of HPIP (green)
and ELTD1 (red) in 293T cells. Nuclei were counterstained with DAPI (blue). Scale bar, 50 pm. h The mRNA levels of HPIP at day 6 of early
hematopoietic differentiation in H1-ELTD1-Ctrl and H1-ELTD1-OE with or without HPIP knockdown. Results are shown as mean +s.d.; n=3.
n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001. i The mRNA levels of ELTD1 at day 6 of early hematopoietic differentiation in H1-ELTD1-
Ctrl and H1-ELTD1-OE with or without HPIP knockdown. Results are shown as mean *s.d.; n=3. n.s., not significant, *P < 0.05, **P < 0.01,
***P < 0.001. j The mRNA level of representative Wnt signaling genes at day 6 of early hematopoietic differentiation in H1-ELTD1-Ctrl and H1-
ELTD1-OE with or without HPIP knockdown. Results are shown as mean +s.d.; n = 3. n.s., not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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showed the enrichment of hematopoietic cell lineages-associated
genes in ELTD1-deleted cells compared with iCas9-H1 cells, and
KEGG analysis also displayed the same results. Expanding on the
current understanding of ELTD1, we subsequently identified and
confirmed Wnt signaling as the downstream target of ELTD1 that
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mediates the hematopoiesis. Accumulating evidence indicates that
the Wnt signaling pathway is a conserved intercellular communica-
tion system crucial for stem cell proliferation, renewal and
differentiation during embryonic development®®>3, For example,
inhibition of Wnt signaling by retinoic acid signaling is essential for
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Fig. 8 ELTD1 regulates Wnt signaling via the HPIP-LEF1 axis to modulate HEP generation. a The percentage of CD317CD34" HEPs at day 6
derived from H1-ELTD1-Ctrl and H1-ELTD1-OE with or without HPIP knockdown detected by flow cytometry. Results are shown as mean + s.d;
n = 3. n.s,, not significant, *P < 0.05, **P < 0.01, ***P < 0.001. b The percentage of CD43" hematopoietic cells at day 9 derived from H1-ELTD1-
Ctrl and H1-ELTD1-OE with or without HPIP knockdown detected by flow cytometry. Results are shown as mean+s.d.; n=3. n.s, not
significant, *P < 0.05, **P < 0.01, ***P < 0.001. ¢ The percentage of CD31"CD34" HEPs at day 6 derived from H1-ELTD1-Ctrl and H1-ELTD1-OE
cells with or without HPIP knockdown and LEF1 overexpression, detected by flow cytometry. Results are shown as mean + s.d.; n = 3. n.s., not
significant, *P < 0.05, **P < 0.01, ***P < 0.001. d The percentage of CD43" hematopoietic cells at day 9 derived from H1-ELTD1-Ctrl and H1-
ELTD1-OE with or without HPIP knockdown and LEF1 overexpression, detected by flow cytometry. Results are shown as mean +s.d.;n=3.n.s,,

not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
<

HSC development*. However, the relationship between ELTD1 and
Wnt signaling has not yet been explored. It has been widely
reported that GPCRs can exert their functions via Wnt signaling®>°.
By treating ELTD1-deleted hESCs with the Wnt agonist CHIR99021
or SKL2001, we found that the induction of CD317CD34" HEPs and
subsequent production of CD43" hematopoietic cells was drama-
tically inhibited compared with that in ELTD1-deleted hESCs.
Similarly, the addition of the Wnt antagonist IWR1 or MSAB could
rescue the defects of hematopoietic differentiation caused by
ELTD1 overexpression. Collectively, these observations raise the
interesting possibility that ELTD1 acts as an upstream of Wnt
signaling and regulates early human hematopoiesis.

To investigate how ELTD1 regulates Wnt signaling during hESC
hematopoietic differentiation, we performed protein mass spectro-
metry assay and found 12 candidates that may interact with ELTD1
based on the unique peptides and intensity analyses. Among these
candidates, HPIP captured our interest owing to its deficiency,
which has been shown to inhibit Wnt signaling in osteoarthritis
chondrocytes®, suggesting that ELTD1 may mediate Wnt signaling
through HPIP. HPIP is a scaffolding protein known to interact with
various signaling proteins and participate in diverse cellular
functions, including cell differentiation, proliferation and migra-
tion®”. For instance, as a downstream target of GATA1, HPIP can
promote erythroid differentiation via the PI3K-AKT pathway>%.
Based on the findings above, we speculate that HPIP is required for
ELTD1 to activate the Wnt signaling pathway in hematopoiesis, thus
warranting further investigation. In the present study, we verified
the interaction between ELTD1 and HPIP protein. Subsequent
analysis demonstrated that ELTD1 overexpression increased the
expression of Wnt targets, whereas knockdown of HPIP inhibited
the expression of Wnt targets caused by ELTD1 overexpression.
Besides, we presented evidence that HPIP knockdown was able to
rescue the defects of ELTD1 overexpression in HEP induction at day
6 and subsequent CD43" hematopoietic cell generation at day 9.
These results confirm our speculation that ELTD1 primarily exerts its
biological function through interaction with HPIP to activate Wnt
signaling in human hematopoiesis. Next, we sought to elucidate
how the ELTD1-HPIP complex regulates Wnt signaling. It has been
reported that HPIP interacts with transcription factors such as LEF1
to activate Wnt signaling. LEF1, also known as lymphoid enhancer
factor 1, is a critical transcription factor involved in the
Wnt-B-catenin signaling pathway. It belongs to the TCF-LEF family
of proteins and plays a key role in regulating the expression of
genes involved in cell proliferation, differentiation and survival®>°.
Through overexpression of LEF1 in HPIP-knockdown hESCs and
subsequent functional analyses, we identified LEF1 as a down-
stream factor in the ELTD1-HPIP axis that regulates HEP generation.
Although the role of HPIP in modulating the Wnt signaling pathway
through its interaction with LEF1 has been previously reported, our
study establishes a functional link between ELTD1, HPIP, LEF1 and
Wnt signaling, uncovering a novel regulatory mechanism that
governs early hematopoiesis. Our work highlights the
ELTD1-HPIP-LEF1-Wnt axis as a regulatory pathway influencing
hematopoietic differentiation. However, several unresolved issues
remain. For instance, the precise mechanism by which the
ELTD1-HPIP complex regulates Wnt signaling via LEF1 requires
further investigation. We hypothesize that ELTD1 may enhance
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HPIP's ability to interact with LEF1 or stabilize the HPIP-LEF1
complex, thereby potentiating Wnt signaling. To address this, future
experiments, such as co-IP and chromatin immunoprecipitation
assays, will be conducted to elucidate the molecular interactions
among ELTD1, HPIP and LEF1 in greater detail.

In summary, the findings of this study identify a pivotal role of
ELTD1 in early hESC hematopoietic differentiation. Besides, we
provide evidence that it performs this function through Wnt signaling
and revealed a molecular network around ELTD1, HPIP, LEF1 and Wnt
signaling in early hematopoiesis. This study offers insights into the
function of ELTD1 in regulating hematopoietic specification in vitro
and may offer clues for optimizing in vitro differentiation methods for
generating HSCs for future clinical applications.
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