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Abstract

Hematopoietic stem progenitor cells (HSPCs) are derived from a specialized subset of endothelial cells named hemogenic
endothelial cells (HECs) via a process of endothelial-to-hematopoietic transition during embryogenesis. Recently, with the usage
of multiple single-cell technologies and advanced genetic lineage tracing techniques, namely, “TIF” approaches that combining
transcriptome, immunophenotype and function/fate analyses, massive new insights have been achieved regarding the cellular
and molecular evolution underlying the emergence of HSPCs from embryonic vascular beds. In this review, we focus on the
most recent advances in the enrichment markers, functional characteristics, developmental paths, molecular controls, and the
embryonic site-relevance of the key intermediate cell populations bridging embryonic vascular and hematopoietic systems, namely
HECs and pre-hematopoietic stem cells, the immediate progenies of some HECs, in mouse and human embryos. Specifically,
using expression analyses at both transcriptional and protein levels and especially efficient functional assays, we propose that the
onset of Kit expression is at the HEC stage, which has previously been controversial.
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1. INTRODUCTION

Lineage tracing and live imaging analyses in vertebrates
show that hematopoietic stem progenitor cells (HSPCs) are
derived from a subset of embryonic endothelial cells, named
hemogenic endothelial cells (HECs), which undergo a process
known as endothelial-to-hematopoietic transition (EHT).!
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Understanding how HSPCs are formed from their upstream
endothelial precursors during embryogenesis will greatly shed
light on the strategies for manipulating the de novo gener-
ation of HSPCs in dishes.*¢ In recent years, the development
of single-cell omics technologies and advanced genetic lineage
tracing strategies have largely contributed to deciphering cellu-
lar heterogeneity, lineage relationships, and regulatory mecha-
nisms during the establishment of vascular and hematopoietic
systems.” ' Here, we focus on the recent progresses in the diver-
sified embryonic endothelial specification, the transcriptomic
and functional characteristics of HECs, and the molecular con-
trols of EHT, and present a vision for the use of massive data-
sets and advanced technologies in the study of developmental
hematopoiesis.

2. TRANSCRIPTOMIC, IMMUNOPHENOTYPIC, AND
FUNCTIONAL IDENTIFICATION OF HECs

HECs are defined as a kind of specialized endothelial cells
with the functional capacity to give rise to hematopoietic cells.
In addition to this mostly important aspect, the definition of
HEC:s also includes several other features: they must be endo-
thelial cells in nature and usually express the transcription
factor Runx1, localize in the vascular inner layer, and express
endothelial rather than hematopoietic surface markers."”
During embryonic development, multiple waves of hemato-
poiesis occur sequentially, which together build the principal
hematopoietic system throughout the individual ontogeny.?->*
In mammals, except for the primitive hematopoiesis, the cel-
lular origin of which remains unclear that mesoderm progen-
itors or hemangioblasts are suggested to be the candidates,
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the occurrence of all the HSPCs once the primordial vascu-
lature has been established, including hematopoietic stem cell
(HSC)-dependent and HSC-independent hematopoiesis, no
matter localized intra- or extra-embryonically, are believed to
be derived from HECs.?-3!

The formation of HSCs is a transient and rare event in mam-
malian embryos, occurring in the ventral part of dorsal aorta
in aorta-gonad-mesonephros (AGM) region at embryonic day
(E) 10.5 to E11.5, accounting for about 1 to 3 per embryo.’>%
Efficient capture of the HSC-primed HECs has long been
chased but has only recently been achieved, especially with the
help of using the relevant high-precision single-cell transcrip-
tomic profiling.”%1%-1214 In addition to their AGM localiza-
tion, the intra-embryonic HECs are readily recognized given
their endothelial nature and the expression of Runxl1 from
the transcriptomic view. The number of the intra-embryonic
HECs reaches the peak at E10.0 and almost becomes unde-
tectable at E11.0.” Unambiguous arterial feature suggests the
arterial endothelial origin of these HECs,” %114 whereas they
are more active in some biological processes including cell
cycle and ribosome biogenesis compared to adjacent arte-
rial endothelial cells.” Through the computational prediction
and functional validation, a combination of surface markers
(CD31*CD41-CD43-CD45 Procr’Kit'CD44*, PK44, approx-
imately 100 per embryo) is identified to efficiently enrich the
HSC-competent HECs at E10.0.” Importantly, PK44 cells did
not produce hematopoietic colonies in the CFU-C culture sys-
tem, indicating they are not yet hematopoietic-committed.”
PK44 cells are still molecularly and functionally heterogeneous
and have the potential to differentiate into either endothelial or
hematopoietic cells. Specifically, individual cells of a small pro-
portion of PK44 cells display dual endothelial-hematopoietic
potential, suggesting that the HECs represented by PK44 are
undergoing hemogenic specialization, and have not been com-
mitted to either endothelial or hematopoietic cell fate.”$3*
Using an index-sorting strategy that can record the expression
levels of multiple proteins of each sorted cell, the endothelial-
biased population in PK44 cells can be further enriched by the
marker combination of CD93"Kit" or CD146"Kit", while the
hematopoietic-biased population can be enriched by CD93"Kith
or CD146 Kit".3*

Several feature genes of HECs have been used to construct
reporter mouse lines for the enrichment of HECs, represented
by Runx1, Gfil, and recently identified Newurl3.7535-37 Studies
using a Rwunx1+23 enhancer-reporter transgenic (23GFP)
mouse model confirmed that hemogenic potential of the endo-
thelial cells is restricted to the 23GFP* population. At about
E10, the proportion of 23GFP* cells in AGM endothelial cells
is approximately 10%. Interestingly, only 1/49 of the 23GFP*
cells have hemogenic potential, which is somewhat lower than
expected. Consistently, Runx1 transcripts are detected in less
than half of 23GFP* cells.’” At E10.5, the hemogenic potential
was reported to be restricted to Gfil-Tomato* endothelial cells,
which account for 2% to 3% of endothelial cells in the AGM
region. However, as its expression is not detected at E9.5, it may
not be sensitive enough for the study of HECs at earlier times.*
Recent studies identified Neurl3 as one of the signature genes
of the in silico-identified intra-embryonic HECs,”®!!8 and a
Neurl3-EGFP knockin mouse model was further constructed.”
Neurl3-EGFP* endothelial cells account for nearly half of the
aortic endothelial cells in AGM region at E10, largely co-express
Runx1 transcriptionally and histologically, and enrich the HSC
competence. These characteristics make the Neurl3-EGFP
mouse an ideal model for studying the biology of HECs.”

Along the developmental path from endothelial cells to HSC-
primed HECs, a precursor cell population of HECs called pre-
HECs has been proposed to exist. Transcriptomically, there was
a developmental bottleneck separates pre-HECs from HECs.!°
Pre-HECs are characterized by the expression of ACE.'*
Compared to HECs, pre-HECs exhibited robust arterial
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characteristics, a more quiescent cell cycle state, and very low
levels of Runx1 expression.!®!:* Considering the high similarity
between the transcriptome of pre-HECs and the aortic endothe-
lial cells prior to the emergence of HSCs, it is possible that these
2 differently named cells are essentially the same (Fig. 1A).

The inclusion of single-cell transcriptome data from endo-
thelial cells at early stages of vascular development enables us
to recognize the de novo origins of HECs and arterial endothe-
lial cells. Intra-embryonic primitive endothelial cells from E8.0
experience 2-step fate choices to become HECs, namely an ini-
tial arterial fate choice followed by a hemogenic fate decision®*
(Fig. 1B). It is worth noting that during early vascular devel-
opment in mammals, there exist 2 types of arterial endothelial
cells with distinct transcriptomic profiles, anatomical distribu-
tions, and even cellular origins.>* One type is the major artery
endothelial cells, which express major artery marker CD44 in
addition to the known arterial markers D14 and Unc5b, local-
ized predominantly in the major arteries including aorta and
intracranial arteries. Some of them continue to mature as major
artery endothelial cells, while a subset of them specialize into
HECs only in a short time window before E11. The other type
is the arterial vascular plexus endothelial cells, which express
Kitl, Ptp4a3, Nid2, and Vwal in addition to several known
arterial markers such as DII4 and Unc5b, and are widely dis-
tributed throughout the whole embryo in the form of small ves-
sels. Of note, by genetic lineage tracing studies, they are recently
shown to be derived from venous-featured endothelial cells via
venous-to-arterial fate conversion, a process representing the
first arteriogenesis in the mammalian embryo.*3® These arterial
plexus endothelial cells seem not to be the direct upstream cell
origin of HECs by computational prediction, and their future
cell fates still need to be determined®*® (Fig. 1B). Understanding
the characteristics, origins and fates of the 2 types of arterial
endothelial cells is important for precisely resolving the de novo
origin of HSCs, which would facilitate exploring the strategies
of HSC regeneration in vitro.

HEC:s also exist in the extra-embryonic yolk sac besides the
intra-embryonic AGM region.>*° The researchers found that the
emergence of rounded hematopoietic cells from polygonal clus-
ters of Kit* cells precedes the establishment of arborized arterial
and venous vasculature in the yolk sac. In contrast to intra-
embryonic HECs, which are only present in the arterial vascular
bed, the flat Runx1*Kit* presumptive HECs in the yolk sac can
be detected in both arterial and venous vessels after remodel-
ing.* Erythro-myeloid progenitors are thought to be derived
from HECs present in both arterial and venous vascular bed
of the yolk sac,® whereas in vivo and in vitro studies suggested
that lymphoid potential is predominantly detected in the arte-
rial vessels.**> Recently, unbiased transcriptomic analyses have
revealed that in general the arterial feature of HECs in yolk sac
is much weaker than that in the AGM region*** A study using
GjaS-EGFP reporter as an arterial marker for functional assays
showed that lymphoid potential can be detected in non-arterial
yolk sac endothelial cells.** Recent studies have identified
Neurl3-EGFP as a faithful marker for both intra-embryonic and
yolk sac HECs. The combination of Neurl3-EGFP and Unc5b-
Tomato reporters revealed that yolk sac HECs contain 2 sub-
populations with different level of arterial characteristics, and
the lymphoid potential in the yolk sac was enriched in Neurl3-
EGFP*Unc5b-Tomato* endothelial cells with an arterial-biased
feature.* The different labeling efficiencies of arterial endothe-
lial cells using different reporter mice and the distinct lymphoid
induction strategies may underlie the seemingly conflicting
conclusions.*** In addition to Neurl3-EGFP, CD44 has been
reported to enrich yolk sac endothelial cells with hemogenic
potential at E10.0-E10.5.% The immunophenotypic PK44 cells
in the yolk sac demonstrate short-term multilineage reconstitu-
tion capacity after in vitro incubation. The yolk sac PK44 cells
show endothelial- or hematopoietic-biased characteristic similar
to those in the AGM region, but display transcriptomic features
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Figure 1. Cellular evolution and marker genes along arteriovenous and hemogenic specification during early vascular development in mouse embryos. (A) Violin
plots showing the expression levels of indicated genes during the EHT process in multiple single-cell transcriptomics datasets. Note that Kit mRNA expression
is initiated at the HEC stage. (B) Schematic diagram of cellular evolution and marker genes along arteriovenous and hemogenic specification during early vas-
cular development. The red arrows represent the 2 fate choices experienced from primitive endothelial cells to HECs and the purple one represents the fate
conversion from venous to arterial ECs. AEC = arterial endothelial cells, EC = endothelial cells, HEC = hemogenic endothelial cells, HSC = hematopoietic stem
cell, HSPC = hematopoietic stem progenitor cell, IAHC = intra-aortic hematopoietic clusters.

distinct from those in the AGM region, expressing yolk sac but
not aortic endothelial cell markers such as Lyvel and Stab2.3

3. KIT EXPRESSION ENRICHES THE FUNCTIONAL
HECs IN MOUSE EMBRYOS

Along the procedure of EHT, Kit expression is usually thought
to be initiated from the hematopoietic progenies of HECs located
in the intra-aortic hematopoietic clusters (IAHCs) rather than
in the HEC stage based predominantly on histological analy-
sis. 2113545447 In contrast, other groups showed that some flat cells
located in the endothelial layer do have Kit expression, albeit at
lower levels than IAHC cells.*® Additionally, it has been shown
that endogenous HECs are enriched in the Kit* population,*
and recently, many research teams have begun to acknowledge
that HECs with a Kit°® or Kit* phenotypes.’®! These contro-
versies are not only due to the different sensitivity of detection
means, but also reflect the ambiguity of HEC definition given
the difficulties in efficiently evaluating the blood-forming capac-
ity of HECs in previous studies, while this functional aspect
should be highly emphasized.

A combined analysis of 4 recently published single-cell
transcriptomic datasets on the EHT process showed that
Kit expression is clearly elevated at the HEC stage”''? and
continues to increase in the pre-HSC and TAHC popula-
tions (Fig. 1A). It is widely acknowledged that HECs should
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express Runx1.%? At the protein level, Runx1-positive endo-
thelial cells are CD44-positive, consistent with the fact that
the intra-embryonic HECs are predominantly distributed in
the aortic endothelial layer (Fig.2A). Importantly, Runx1-
positive immunophenotypic endothelial cells in the aorta
are essentially Kit-positive, albeit at relatively lower levels
than TAHCs (Fig. 2A), in line with the transcriptomic find-
ings (Fig. 1A). In situ immunostaining showed that some flat
Runx1* cells located at the endothelial layer co-express Kit,
although the expression level is lower than that in the TAHCs
(Fig. 2B). Taken together, Kit is indeed expressed in HECs at
protein levels, facilitating the use of Kit as a sorting marker of
HECs for functional assays.

Using PK44 population as a positive control, the hemo-
genic potential of the aortic Kit endothelial population
(CD41-CD43-CD45-CD31+*CD44+*Kit") has been assessed in
parallel, showing that they hardly form typical hematopoietic
clusters in the in vitro co-cultures (Fig. 2C). Interestingly, the
endothelial tube forming capacity of the aortic endothelial Kit
population is also significantly lower than that of PK44 pop-
ulation (Fig. 2D). Further flow cytometric analysis validated
that these Kit™ aortic endothelial cells produce very few CD45*
hematopoietic progenies, let along hematopoietic lineage cells
(Fig. 2E). Taken together, we propose that functional HECs are
essentially Kit* rather than Kit~. This finding also emphasizes
the functional evaluation as a crucial basis for the definition of
HECs.
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Figure 2. Kit is expressed in HECs at the transcriptomic, protein, and functional levels. (A) Representative FACS plots showing the expression of Kit and Runx
in the endothelial population (AEC and HEC, other EC) and IAHCs in E10.0 AGM region. (B) Representative whole-mount confocal image of the E10.0 AGM
region stained with CD31, Kit, and Runx1. Blue arrows indicate CD31*Runx1*Kit*'° endothelial cells distributed in the endothelial layer of the aorta. Yellow arrows
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= aorta-gonad-mesonephros, EC = endothelial cells, FACS = fluorescence-activated cell sorting, HEC = hemogenic endothelial cells, HSPC = hematopoietic

stem progenitor cell, IAHC = intra-aortic hematopoietic cluster, SD = standard deviation.

4. ENRICHMENT MAKERS AND HETEROGENEITY
OF THE NASCENT HSCs IN MOUSE EMBRYOS

The enrichment markers of nascent HSCs in embryos have
been explored for more than 2 decades. Nascent HSCs in AGM
region still express endothelial cell markers such as CD34,
CD144, and CD31,**3% and have also begun to express the
hematopoietic marker CD435,%* as well as the stem cell marker
Kit.*” Ly6a-GFP transgene and HIf-Tomato knockin reporter
mouse models have also been constructed to enrich nascent
HSCs.557 All AGM HSCs express Ly6a-GFP* and the percent-
age of Ly6a-GFP* cells in E11.0 AGM is about 1.7%.%5 CD45*
E10.5 nascent HSCs exist exclusively in HIf-Tomato* cells,
while the percentage of CD45*HIf-Tomato* cells in AGM region
is less than 0.1%.%7 Studies using the reporter mouse men-
tioned above and dorsal aorta perfusion with fluorescent dye
confirmed that the nascent HSCs are localized in IAHCs.%5-8
In recent years, CD31*Kit*Procr* has been shown to enrich
functional nascent HSCs in AGM region, and the efficiency
was approximately 61-fold than that of CD31*Kit*Procr'® pop-
ulation.”” Through iterative single-cell analyses, the immuno-
phenotype of CD31MSSC-AKithGata2m!CD27md (~20 per
AGM) has been recently identified to enrich all functional
HSCs in IAHCs, which account for about 0.01% of cells in
the AGM region and are localized to aortic clusters containing
one to two cells.®

4

HSCs are derived from a type of precursors called pre-HSCs,
which cannot directly repopulate irradiated adult recipients,
but can reconstitute more permissive recipients (eg, busulfan-
conditioned neonates, immune-deficient adult) and mature
into transplantable HSCs in vivo or in vitro.’%¢162 Although
pre-HSCs still co-express endothelial cell markers and mani-
fest certain arterial features,®! they are not endothelial cells in
nature as they are primed with a hematopoietic CD41 marker.*®
According to the expression of CD45, pre-HSCs in E10.5-E11.5
AGM region could be separated into 2 consecutive subsets type
I (CD144*CD45-) and type I (CD144*CD45+).>® Unlike nascent
HSCs, the pre-HSCs have been reported to be distributed more
broadly both in the endothelial and subendothelial cell layers.*®
The Kit* TAHCs are reported to contain pre-HSCs or HSC
precursors, and their number increases from 2 to 12 per aorta
from early E10 to mid-E10, far exceeding the estimated num-
ber of HSCs at this stage (~0.1 HSC).®* Unlike nascent HSCs,
pre-HSCs in IAHCs are not restricted to a specific phenotype
at E10 based on Ly6a-GFP and CD45 expression, but acquire
Ly6a-GFP and CD4S5 expression as they mature into an HSC
fate.®? Subsequently, a study using the surface marker combi-
nations CD31*CD45 CD41""Kit*Procr™ (~11 per embryo) and
CD31*CD45*KitProcr™ (~18 per embryo) captured high purity
type I and type II pre-HSCs in E11 AGM region, respectively, as
rigorously validated by single-cell-initiated serial transplanta-
tion.®! HIf-Tomato can enrich CD45* but not CD45" pre-HSCs,
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suggesting that the cells should acquire HIf expression before
or together with CD45 to give rise to functional HSCs.’”
Importantly, lineage tracing studies confirmed that Hlf- and
Procr-labeled cells contribute to the HSC pool and maintain
their size in the adult bone marrow.””* Type I pre-HSCs in both
GO or S/G2/M phase exhibit reconstitution potential,*! differing
from HSCs in adult bone marrow and E14 fetal liver, which are
mostly in GO and G1 phase, respectively.®

Through single-cell-initiated serial transplantation exper-
iments, researchers detected the functional heterogeneity in
emerging HSCs during embryonic development, starting from
pre-HSC stage. These earliest HSCs show predominantly the
myeloid-deficient (y) type and the lymphomyeloid-balanced ()
type, the latter has a stronger capacity for reconstruction and
self-renewal.®* Together with previous findings, the data sug-
gest that functional heterogeneity of HSCs exists from the very
beginning of embryonic HSC emergence and throughout whole
lifespan.®> Whether the pre-HSCs are fated to become a specific
subtype intrinsically at the HEC stage, or they are in response to
extrinsic cues from the microenvironment remains to be further
investigated. Transcriptomics and clonal analysis of HECs in
mouse embryos showed that Cxcr4 expression can distinguish
between HSC-competent and multipotent progenitor-competent
HECs, suggesting that the fate of HSCs or non-HSC progenitors
is committed at the HEC stage.!?

5. NEXT-GENERATION OMICS FACILITATES
DECIPHERING THE PRECISE REGULATION OF EHT
IN MOUSE EMBRYOS

Runx1 is one of the most pivotal transcription factors for
embryonic hematopoiesis, which has been reported to be
required for the EHT and consequent HSC formation but not
thereafter.”’* However, the exact stage of crucial involvement
of Runx1 in this multi-step EHT process remains unclear. The
finding that Runx1 deficiency does not preclude formation of
VE-cad*CD45-CD41* (pre-HSC Typel) cells but blocks transition
to the subsequent CD45* stage (pre-HSC Type II) suggests that
Runx1 only works after T1 pre-HSC stage.”" Recently, a single-
cell transcriptome dataset involving the whole EHT process in
AGM region demonstrated that insufficient Runx1 dosage leads
to a block in cellular identity at the pre-HEC stage, preventing
the pre-HECs from transitioning to HECs.!® Consistently, the
other single-cell RNA sequencing (scRNA-seq) atlas of EHT
continuum deciphers the precise cellular and molecular changes
that are caused by the deficiency of the pivotal transcription
factor Runx1b, and also reveals that Runx1b deletion leads to
obstruction of pre-HECs to HECs differentiation.!!*

The technology of scRNA-seq provides clues to study the
regulation of hematopoietic development. Combining compu-
tational and functional screening of dynamic long non-coding
RNA (IncRNA) profiles of HSC development, IncRNA-H19 is
identified as a key regulator of in vivo HSC emergence in AGM
region. LncRNA-H19 promotes pre-HSC and HSC specification
via demethylation of a series of master hematopoietic transcrip-
tion factors such as Runx1 and Spil.” Full-length scRNA-seq
enables the construction of an isoform-based transcriptional
atlas of HSC development, which allows the identification of
stage-specific RNA alternative splicing events. EHT process
is accompanied by a significant alternative splicing modality
switch, which is mainly orchestrated by the splicing regulator
Srsf2. Loss of Srsf2 from the endothelial stage affected the splic-
ing pattern of several master hematopoietic regulators and sig-
nificantly impaired HSC generation.'

Recently, the global DNA methylation dynamics of HSC devel-
opment have been revealed at the genome scale. Interestingly,
during HEC specification from upstream arterial endothelial
cells, the differentially methylated region—associated genes are
involved in hematopoiesis- but not endothelial cell-related
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biological processes, suggesting that DNA methylation modi-
fication participates in the hematopoietic fate priming but not
endothelial feature extinguishing during this process.!” Paired
scRNA-Seq and scATAC-Seq reveals that pre-HEC stage is char-
acterized by increased accessibility of chromatin enriched for
SOX,FOX, GATA, and SMAD motifs.'” Recently, with optimized
low-input itChIP-seq and Hi-C assays, HSC regulatory regions
are found already pre-configurated with active histone modifica-
tions as early as arterial endothelial cell stage, preceding chroma-
tin looping dynamics within topologically associating domains.
Half of Runx1 binding-mediated chromatin looping structures
between enhancers and promoters are observed prior to HEC
stage.” Furthermore, using a low cell number ChIP-seq proto-
col to profile the genomic locations of 4 histone-modification
marks over the course of HSC ontogeny from HEC to adult
HSCs, 2 broadly expressed transcription factors, SP3 and MAZ,
are shown to play an important role in the formation of HECs.!*

In summary, single-cell/low-input multi-omics provides
additional information on the regulation of hematopoietic
development, which, combined with the previously established
discovery of transcription factors that play a key role in hema-
topoietic development, will shed light on the study of efficient
generation of functional intact HSCs.

6. EMERGING HSCS AND THEIR ENDOTHELIAL
ORIGIN IN HUMAN EMBRYOS

There are many similarities in the EHT process between
humans and mice. It has been widely proposed that human
HSCs are also derived from HECs, based on the expression
of multiple endothelial markers in emerging HSCs, their spa-
tiotemporally intimate relationship with vascular endothelial
cells,” and the hierarchy established by human pluripotent stem
cell in vitro differentiation models.” Functional assay with pre-
cise dissection of the dorsal aorta revealed that human HSCs
are principally distributed in the ventral part of the dorsal aorta
in the AGM region.”>’¢ Histologically, similar to mice, HSCs
are thought to be mature in TAHCs budding from the ventral
wall of the dorsal aorta.”’® In human embryos, IAHCs begin to
appear on the ventral floor of the dorsal aorta at 4 weeks post
conception (PCW)/Carnegie Stage 12 (CS 12).77¢ Thereafter,
in § PCW/CS 14, the first functional HSCs of human embryos
are detected at the AGM, expressing surface markers such as
CD34, CD45, CD144 (VE-cadherin), KIT, THY-1, Endoglin,
and RUNX1 whose homologs are also expressed in mouse
HSCs.”>”7 Human HSCs also appear in the yolk sac, liver, and
placenta later.”>”” Limiting dilution assays demonstrated that
the frequency of HSCs is ~0.8 per AGM region in 5 to 6 PCW
(CS 14-17) human embryos, which is close to the number of
HSCs in the mouse AGM region. They can generate more than
300 daughter HSCs and reconstruct all blood lineages in the
primary mouse recipients.’>’”” Nevertheless, the reconstitution
dynamics and differentiation behaviors of these human nascent
HSCs in primate recipients remain to be determined.

Given the limited accessibility of human embryonic tissues
and the poor investigating methods that can be used on human
embryos, the study of human HSC development is lagging far
behind compared to that in animal models. In recent years,
with the help of single-cell transcriptome technologies, molec-
ular characteristics of the emerging HSCs in human embryos
come to be well recognized. The expression profile of nascent
HSCs in the AGM region of early human embryos is defined
as RUNX1*HOXA9*MLLT3*MECOM*HLF*SPINK2*, which
could be used to distinguish HSCs from lineage-restricted pro-
genitors throughout gestation.”® These transcriptomically iden-
tified nascent HSCs could be found in 5§ PCW (CS14) AGM,
placenta and yolk sac, some in umbilical and vitelline vessels,
but minimal in the liver, head and heart, implying that HSCs
populate extra-embryonic tissues before colonizing the liver.”®
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In addition, the cellular evolution and molecular programs
underlying the generation of the first HSCs from HECs in
human have been finely investigated recently.”®”” The human
HECs are captured at 4 to 5 PCW (CS 12-14) in an unbiased
way, showing an unambiguous feature of arterial endothelial
cells and high expression of RUNX1, MYB, and ANGPT1.
Consistent with mice, the biological processes enriched in
human HECs are related to ribosome biogenesis.””” CD44 is
screened out as a surface marker to enrich HECs in endothelial
cells more than 10-fold.” Transcriptomic and immunohistolog-
ical assays showed that ALDH1AT*KCNK17* could represent
HECs, which arise from an IL33*ALDH1A* arterial endothelial
cells termed pre-HECs.” Moreover, WT1*, DLK1*, and FBLNS5*
mesenchymal cells in the AGM region are predicted to act as
niche cells to contribute the signals required for the develop-
ment of HECs, including Notch, bone morphogenetic protein,
and transforming growth factor beta signals.” Interestingly, at
earlier CS 10, prior to the detection of the HSC-primed HECs,
another molecularly distinct intra-embryonic HEC population
has been uncovered, which lacks the arterial feature and appears
to be formed independently of HSC-primed HECs.”

7. CONCLUSIONS AND PERSPECTIVES

In recent years, advances in single-cell omics technology
have greatly expanded our understanding of the cellular and
molecular evolution and regulation mechanisms underlying the
EHT process in mouse and human embryos. SCRNA-seq has
been widely used for marker screening and definition and for
the identification of heterogeneous populations. In addition to
scRNA-seq, the most promising protocols for surface marker
screening and definition are CITE-seq® and REAP-seq,®' which
combine scRNA-seq and surface marker profiling and can help
to resolve discrepancies between the transcriptome and pro-
tein expression and facilitate marker screening and definition,
although they have not yet been reported to be used in the study
of process of the EHT. Other multi-omics technologies per-
formed in the same single cell also hold promise for more accu-
rate definition and identification of heterogeneous populations
from different perspectives, such as CoTECH (combined assay
of transcriptome and enriched chromatin binding),*? Paired-Tag
(joint analysis of gene expression and histone modifications),?
Ribo-RNA-lite,** and T&T-seq® (includes both transcriptome
and translatome sequencing). However, these technologies are
not yet widely used, and studies using them to elucidate the pro-
cess of HSC generation are highly anticipated.

The use of massive data resources provides multi-dimensional
imaginations and possibilities for future researches. For exam-
ple, by accurately understanding heterogeneous populations
through transcriptomics, the cell type- or tissue-specific signa-
ture genes could be screened out to construct new mouse mod-
els. The in-depth application of these mouse models can help us
explore the functions of new candidate genes or the biological
processes previously uninvestigated during HSC development.
For instance, as one of the signature genes of HSC-primed
HECs, Nuprl is further identified to be a negative regulator of
EHT process to generate HSCs.3¢

In addition to exploring gene function, novel Cre mouse
models can be established to trace the fate of certain cell popula-
tions newly identified. This noninvasive genetic lineage tracing
strategy is convenient for studying the origin and fate deter-
mination of HSPCs under physiological conditions. During
embryonic development, the occurrence of HSC-independent
hematopoiesis precedes the generation of HSCs, as the former
can more rapidly differentiate into functional mature blood
cells to meet the needs of blood supply, oxygen exchange,
and early immune surveillance of early embryos.?32487:88 Of
note, the important contribution of HSC-independent hema-
topoiesis in embryonic development and postnatal stages
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has been increasingly uncovered and valued. Traditionally,
the HSC-progenitor hierarchy in the fetal liver is believed to
be established through the differentiation of fetal HSCs in a
manner similar to adult bone marrow.**-> Recently, lineage
tracing experiments using HIf-CreERT2 and Evil-CreERT2
mouse models demonstrated that fetal HSCs minimally con-
tribute to the generation of progenitors and functional blood
cells before birth.”> Generated within a limited time window
for EHT, which is presumably due to the transient nature of
embryonic endothelial cells to choose a hematopoietic fate,
fetal HSCs might be similar to adult HSCs regarding the dif-
ferentiation latency, and their main value is as an important
reserve of blood production. Using an barcoding strategy and
fate mapping with Flt3-CreER mice, it was shown that embry-
onic multipotent progenitors (eMPPs), independent of tradi-
tional HSCs, predominantly drive hematopoiesis in the young
adult and are the predominant source of lymphoid output.’®
Subsequent study using inducible Fgd5-Cre and Cdh5-Cre
to trace the fate of HSC-derived and endothelial cell-derived
(HSC-independent) hematopoietic products, respectively, have
demonstrated that HSC-independent fetal MPPs are derived
from endothelial cells as early as E7.5.2' The sequential and
overlapping occurrence of both HSC-independent and HSC-
dependent hematopoiesis during embryogenesis makes it dif-
ficult to identify the specific functions of HSC-independent
hematopoietic products, and there are still many open ques-
tions about their exact roles, origins, and contributions.

Lineage tracing starting with endothelial cells can more
clearly identify the cellular origin of blood birth than tracing
studies starting with hematopoietic cells. Specifically, hemato-
poietic products can be detected to be associated with vascular
beds in distinct anatomical sites such as yolk sac, placenta, head,
and heart, in addition to aorta.’>****7 Whether and to what
extent these presumed different waves of embryonic hemato-
poiesis contribute to the hematopoietic system are not exactly
known. Therefore, lineage tracing studies starting with specific
sub-population of vascular endothelial cells would have unique
advantages in distinguishing hematopoietic events in different
anatomical sites and distinct vascular beds, which will certainly
bring new insights and discoveries in the field of developmental
hematopoiesis.

On the other hand, considering the ethical limitations of
reverse genetics research on human studies, non-human pri-
mates can serve as a suitable model to study the molecular
regulation of HSC development in vivo as they are highly con-
served with humans. In addition, although Cre-mediated tracing
and gene barcoding technologies are not applicable to human
studies, lineage tracing technology represented by endogenous
genomic mutations is expected to be an important tool in future
for studying the developmental paths of diversified HSPCs in
humans.”%*

8. MATERIALS AND METHODS
8.1. Mice

All mice used in the experiment were raised in the Laboratory
Animal Center, Military Medical Academy. Mouse experiments
were performed with the approval of the Institute’s Animal Care
and Use Committee (approval no.: IACUC-DWZX-2021-056).
All mice were of C57 background. The morning of the detec-
tion of the vaginal plug was defined as EO. For E10.0 embryos
(31-35 somite pairs), the caudal half was dissected under the
heart with the limbs removed.

8.2. Single-cell suspension preparation

Embryonic cells were prepared for flow cytometric sorting as
follows: embryos were digested with 0.1% type I collagenase
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(Sigma-Aldrich, Burlington, Massachusetts) for 20 to 30 min-
utes at 37°C, 20% fetal bovine serum (FBS) in phosphate buffer
saline (PBS) was added to samples to deactivate the collagenase,
then the samples were triturated and filtered to obtain a single
cell suspension.

8.3. Flow cytometry and antibodies

Cells were sorted and analyzed by flow cytometers
fluorescence-activated cell sorting (FACS) Aria II, the data
were analyzed by Flow]Jo software (BD Biosciences, San Jose,
California). Cell surface staining was performed with the fol-
lowing antibodies: Kit (eBioscience, San Diego, California, 2B8),
CD201 (eBioscience, eBio1560), CD44 (Biolegend, San Diego,
California, IM7), CD31 (BD Biosciences, MEC13.3), CD41 (BD
Biosciences, MWReg30), CD43 (BD Biosciences, S7), CD4S
(eBioscience, 30-F11), Sca-1 (BD Biosciences, D7), T1/ST2
(Biolegend, DIHY9), CD41 (BD Biosciences, eBioMWReg30),
Ter119 (eBioscience, TER-119), Gr1l (Biolegend, 1A8), Macl
(eBioscience, M1/70), F4/80 (Biolegend, BM8), Runx1 (Abcam,
Cambridge, UK, ab92336). 7-Amino-actinomycin D (7-aad;
eBioscience) was used to exclude dead cells.

8.4. OP9-DL1-GFP co-culture

The 3x10* OP9-DL1-GFP cells were cultured per well
in a 24-well plate (Corning) with o-minimum essential
medium (MEM) (Gibco) containing 20% FBS (Gibco) for
1 day before co-culture. To compare the hematopoietic and
endothelial potential of the PK44 and the remaining Kit-
(CD41-CD43-CD45-CD31*CD44*Kit")  aortic  endothelial
populations during hematopoietic development, these cell
populations were sorted and plated on OP9-DL1-GFP stromal
cells, and induced with hematopoietic and endothelial induc-
tion medium, respectively. (Hematopoietic induction medium:
10% FBS/a-MEM, L-glutamine [2 mM], penicillin/streptomycin
[100 U/m], IL-3 [100 ng/mL], stem cell factor [100 ng/mL] and
FIt3L [100ng/mL]; Endothelial induction medium: 15% FBS/
improved minimum essential medium [IMEM], vascular endo-
thelial growth factor [100ng/mL].) After 7 days of co-culture,
cells in the hematopoietic induction medium were used for
flow analysis, and cells in the endothelial induction medium
were used for immunohistochemical staining with CD31 (BD
Pharmingen, MEC13.3).

8.5. Staining intracellular antigens

Prepare a single-cell suspension; Stain for cell surface mark-
ers (the antibodies used were as described earlier). After the
final wash, discard the supernatant and fix cells in 300 pL of
2% paraformaldehyde for 30 minutes; Add 300 pL of Foxp3
Fixation/Permeabilization working solution to resuspend cells,
and incubate for 60 minutes at room temperature; add 1x
permeabilization buffer and centrifuge samples at 700 g for §
minutes at room temperature, discard the supernatant; resus-
pend pellet in residual volume with 1x permeabilization buf-
fer; without washing, add the recommended amount of directly
conjugated antibody for detection of intracellular antigen(s) to
cells and incubate for at least 30 minutes at room temperature.
Add 500 pL of 1x permeabilization buffer to each well and cen-
trifuge samples at 700 g for 5 minutes at room temperature,
discard the supernatant; transferred to the flow tubes, and ana-
lyzed by flow cytometer.

8.6. Whole-mount immunofluorescence

The caudal half region was fixed in 2% PFA/PBS for 20
minutes on ice and dehydrated in graded concentrations of
methanol/PBS (50%, 100%; 10 minutes each). Samples were
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bleached in 5% H,O, for 1 hour on ice to block endogenous
peroxidase. Then samples were incubated for 1 hour in block-
ing solution (0.2% bovine serum albumin, 1% milk, 0.4%
[v/v] Triton X-100 in PBS), and incubated overnight at 4°C
with designed primary antibody CD31 (Cell Signaling tech-
nology, Danvers, Massachusetts, 1:100) in blocking solution.
After at least 3 times washes for 1 hour each in PBS-MT (1%
milk, 0.4% [v/v] Triton X-100 in PBS), samples were stained
with specific secondary antibody IgG (1:2000, Zhongshan
golden bridge) in PBS-MT overnight at 4°C. After 3 times
washes for 20 minutes each in PBS-T (0.4% [v/v] Triton X-100
in PBS), samples were stained with TSA Plus Fluorescein
Kit (Histova, NEON 4-color IHC Kit for Wholemount/
Cytometry, 1:500, 20 minutes). Then samples were rinsed 3
times with PBS-T to stop the enzymatic reaction. The stain-
ing method for the other antibody was the same as described
earlier (the dilution ratio was 1:200 and 1:250 for primary
antibody Runx1 and Kit, respectively). Finally, the samples
were dehydrated in 100% methanol, and soaked in graded
concentrations of BABB (phenylcarbinol and benzyl benzo-
ate, 1:2)/methanol (50%, 100%; 1 minute each), and stored
at =20°C until photographed.

8.7. Statistical analysis

Flow data were analyzed by FlowJo_V10. The remaining
experimental data were processed with GraphPad Prism 8.3.0.
The # test was used to test for statistically significant differences
between groups. P < .05 was considered statistically signifi-
cant. *.01 < P < .05; **.001 < P < .01; ***.0001 < P < .001;
kP < 0001,

ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program
of China (2022YFA110350 and 2020YFA0112400), State
Key Laboratory of Experimental Hematology Research Grant
(ZK23-04), and the National Natural Science Foundation of
China (82000111).

AUTHOR CONTRIBUTIONS

S.H. and Y.L. wrote the manuscript, Y.L. and B.L. revised the
manuscript, X.G. performed the experiments with the help from
X.D., X.N., H.W., and H.C. ].D. performed bioinformatics anal-
ysis, all authors reviewed the manuscript.

REFERENCES

[1] Zovein AC, Hofmann JJ, Lynch M, et al. Fate tracing reveals the
endothelial origin of hematopoietic stem cells. Cell Stem Cell
2008;3(6):625-636.

[2] Boisset JC, van Cappellen W, Andrieu-Soler C, Galjart N, Dzierzak E,
Robin C. In vivo imaging of haematopoietic cells emerging from the
mouse aortic endothelium. Nature 2010;464(7285):116-120.

[3] Bertrand JY, Chi NC, Santoso B, Teng S, Stainier DY, Traver D.
Haematopoietic stem cells derive directly from aortic endothelium
during development. Nature 2010;464(7285):108-111.

[4] Guibentif C, Gottgens B. Blood: education for stem cells. Nature
2017;545(7655):415-417.

[5] Sugimura R, Jha DK, Han A, et al. Haematopoietic stem and
progenitor cells from human pluripotent stem cells. Nature
2017;545(7655):432-438.

[6] Lis R, Karrasch CC, Poulos MG, et al. Conversion of adult endo-
thelium to immunocompetent haematopoietic stem cells. Nature
2017;545(7655):439-445.

[7] Hou S, Li Z, Zheng X, et al. Embryonic endothelial evolution towards
first hematopoietic stem cells revealed by single-cell transcriptomic and
functional analyses. Cell Res 2020;30(5):376-392.

[8] Howell ED, Speck NA. Forks in the road to the first hematopoietic stem
cells. Cell Res 2020;30:457-458.



Hou et al

&l

[10]

[11

[12

[13

[14]

[15]

[16

(17

(18]

[19

[20

[21

[22

23

(24]

25

[26]

27

[28

[29

[30

[31

[32

(33

[34]

Hou S, Li Z, Dong J, et al. Heterogeneity in endothelial cells and wide-
spread venous arterialization during early vascular development in
mammals. Cell Res 2022;32(4):333-348.

Zhu Q, Gao P, Tober ], et al. Developmental trajectory of pre-
hematopoietic stem cell formation from endothelium. Blood
2020;136(7):845-856.

Fadlullah MZH, Neo WH, Lie-A-Ling M, et al. Murine AGM single-cell
profiling identifies a continuum of hemogenic endothelium differentia-
tion marked by ACE. Blood 2022;139:343-356.

Dignum T, Varnum-Finney B, Srivatsan SR, et al. Multipotent progeni-
tors and hematopoietic stem cells arise independently from hemogenic
endothelium in the mouse embryo. Cell Rep 2021;36(11):109675.
Patel SH, Christodoulou C, Weinreb C, et al. Lifelong multilin-
eage contribution by embryonic-born blood progenitors. Nature
2022;606(7915):747-753.

Lan Y. Deciphering the continuum of hemogenic endothelium differen-
tiation. Blood 2022;139(3):308-310.

Zhou ], Xu J, Zhang L, et al. Combined single-cell profiling of IncRNAs
and functional screening reveals that H19 is pivotal for embryonic
hematopoietic stem cell development. Cell Stem Cell 2019;24(2):285-
298.e5.

Wang F, Tan P, Zhang P, et al. Single-cell architecture and functional
requirement of alternative splicing during hematopoietic stem cell for-
mation. Sci Adv 2022;8(1):eabg5369.

Li X, Liu D, Zhang L, et al. The comprehensive DNA methyla-
tion landscape of hematopoietic stem cell development. Cell Discov
2021;7(1):86.

Gao P, Chen C, Howell ED, et al. Transcriptional regulatory network
controlling the ontogeny of hematopoietic stem cells. Genes Dev
2020;34(13-14):950-964.

Ghosn E, Yoshimoto M, Nakauchi H, Weissman IL, Herzenberg LA.
Hematopoietic stem cell-independent hematopoiesis and the origins of
innate-like B lymphocytes. Development 2019;146(15):dev170571.
Dzierzak E, Bigas A. Blood development: hematopoietic stem cell
dependence and independence. Cell Stem Cell 2018;22(5):639-651.
Kobayashi M, Wei H, Yamanashi T, et al. HSC-independent definitive
hematopoiesis persists into adult life. Cell Rep 2023;42(3):112239.
Vink CS, Mariani SA, Dzierzak E. Embryonic origins of the hema-
topoietic system: hierarchies and heterogeneity. Hemasphere
2022;6(6):e737.

Soares-da-Silva F, Elsaid R, Peixoto MM, et al. Assembling the layers of
the hematopoietic system: a window of opportunity for thymopoiesis
in the embryo. Immunol Rev 2023;315(1):54-70.

Yokomizo T, Suda T. Development of the hematopoietic system:
expanding the concept of hematopoietic stem cell-independent hema-
topoiesis. Trends Cell Biol 2024;34(2):161-172.

Lacaud G, Kouskoff V. Hemangioblast, hemogenic endothelium, and
primitive versus definitive hematopoiesis. Exp Hematol 2017;49:19-24.
Amaya E. The hemangioblast: a state of competence. Blood
2013;122(24):3853-3854.

Stefanska M, Batta K, Patel R, Florkowska M, Kouskoff V, Lacaud G.
Primitive erythrocytes are generated from hemogenic endothelial cells.
Sci Rep 2017;7(1):6401.

Garcia-Alegria E, Menegatti S, Fadlullah MZH, Menendez P,
Lacaud G, Kouskoff V. Early human hemogenic endothelium gener-
ates primitive and definitive hematopoiesis in vitro. Stem Cell Rep
2018;11(5):1061-1074.

Yoshimoto M, Montecino-Rodriguez E, Ferkowicz M]J, et al.
Embryonic day 9 yolk sac and intra-embryonic hemogenic endothelium
independently generate a B-1 and marginal zone progenitor lacking B-2
potential. Proc Natl Acad Sci U S A 2011;108(4):1468-1473.
Yoshimoto M, Porayette P, Glosson NL, et al. Autonomous murine
T-cell progenitor production in the extra-embryonic yolk sac before
HSC emergence. Blood 2012;119(24):5706-5714.

Boiers C, Carrelha ], Lutteropp M, et al. Lymphomyeloid contribution
of an immune-restricted progenitor emerging prior to definitive hema-
topoietic stem cells. Cell Stem Cell 2013;13(5):535-548.

Kumaravelu P, Hook L, Morrison AM, et al. Quantitative developmen-
tal anatomy of definitive haematopoietic stem cells/long-term repopu-
lating units (HSC/RUs): role of the aorta-gonad-mesonephros (AGM)
region and the yolk sac in colonisation of the mouse embryonic liver.
Development 2002;129(21):4891-4899.

Medvinsky A, Dzierzak E. Definitive hematopoiesis is autonomously
initiated by the AGM region. Cell 1996;86(6):897-906.

Li YQ, Gong Y, Hou S, et al. Spatiotemporal and functional heteroge-
neity of hematopoietic stem cell-competent hemogenic endothelial cells
in mouse embryos. Front Cell Dev Biol 2021;9:699263.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Chen MJ, Li Y, De Obaldia ME, et al. Erythroid/myeloid progenitors
and hematopoietic stem cells originate from distinct populations of
endothelial cells. Cell Stem Cell 2011;9(6):541-552.

Thambyrajah R, Mazan M, Patel R, et al. GFI1 proteins orchestrate the
emergence of haematopoietic stem cells through recruitment of LSD1.
Nat Cell Biol 2016;18(1):21-32.

Swiers G, Baumann C, O’Rourke J, et al. Early dynamic fate changes
in haemogenic endothelium characterized at the single-cell level. Naz
Commun 2013;4:2924.

Rhee S, Wu JC. Vein to artery: the first arteriogenesis in the mammalian
embryo. Cell Res 2022;32(4):325-326.

Frame JM, Fegan KH, Conway SJ, McGrath KE, Palis J. Definitive
hematopoiesis in the yolk sac emerges from Wnt-responsive hemogenic
endothelium independently of circulation and arterial identity. Stem
Cells 2016;34(2):431-444.

Lee LK, Ghorbanian Y, Wang W, et al. LYVE1 marks the divergence of
yolk sac definitive hemogenic endothelium from the primitive erythroid
lineage. Cell Rep 2016;17(9):2286-2298.

Yzaguirre AD, Speck NA. Insights into blood cell formation from
hemogenic endothelium in lesser-known anatomic sites. Dev Dyn
2016;245(10):1011-1028.

Park MA, Kumar A, Jung HS, et al. Activation of the arterial program
drives development of definitive hemogenic endothelium with lym-
phoid potential. Cell Rep 2018;23(8):2467-2481.

Wang C, Gong Y, Wei A, et al. Adult-repopulating lymphoid potential
of yolk sac blood vessels is not confined to arterial endothelial cells. Sci
China Life Sci 2021;64(12):2073-2087.

Ning X, Du J, Gong Y, et al. Divergent expression of Neurl3 from
hemogenic endothelial cells to hematopoietic stem progenitor cells
during development. | Genet Genomics 2023;50(9):661-675.

North T, Gu TL, Stacy T, et al. Cbfa2 is required for the for-
mation of intra-aortic hematopoietic clusters. Development
1999;126(11):2563-2575.

Jaffredo T, Gautier R, Eichmann A, Dieterlen-Lievre F. Intraaortic
hemopoietic cells are derived from endothelial cells during ontogeny.
Development 1998;125(22):4575-4583.

Yokomizo T, Dzierzak E. Three-dimensional cartography of hematopoi-
etic clusters in the vasculature of whole mouse embryos. Development
2010;137(21):3651-3661.

Souilhol C, Gonneau C, Lendinez JG, et al. Inductive interactions medi-
ated by interplay of asymmetric signalling underlie development of
adult haematopoietic stem cells. Nat Commun 2016;7:10784.

Nadin BM, Goodell MA, Hirschi KK. Phenotype and hematopoietic
potential of side population cells throughout embryonic development.
Blood 2003;102(7):2436-2443.

Howell ED, Yzaguirre AD, Gao P, et al. Efficient hemogenic endothe-
lial cell specification by RUNX1 is dependent on baseline chromatin
accessibility of RUNX1-regulated TGFbeta target genes. Genes Dev
2021;35(21-22):1475-1489.

Yang Y, Mumau M, Tober ], et al. Endothelial MEKK3-KLF2/4 signal-
ing integrates inflammatory and hemodynamic signals during definitive
hematopoiesis. Blood 2022;139(19):2942-2957.

Medvinsky A, Rybtsov S, Taoudi S. Embryonic origin of the adult
hematopoietic system: advances and questions. Development
2011;138(6):1017-1031.

Sanchez MJ, Holmes A, Miles C, Dzierzak E. Characterization of the
first definitive hematopoietic stem cells in the AGM and liver of the
mouse embryo. Immunity 1996;5(6):513-525.

Taoudi S, Morrison AM, Inoue H, Gribi R, Ure J, Medvinsky A.
Progressive divergence of definitive haematopoietic stem cells from the
endothelial compartment does not depend on contact with the foetal
liver. Development 2005;132(18):4179-4191.

de Bruijn MF, Ma X, Robin C, Ottersbach K, Sanchez M], Dzierzak
E. Hematopoietic stem cells localize to the endothelial cell layer in the
midgestation mouse aorta. [mmunity 2002;16(5):673-683.

Yokomizo T, Watanabe N, Umemoto T, et al. HIf marks the devel-
opmental pathway for hematopoietic stem cells but not for erythro-
myeloid progenitors. | Exp Med 2019;216(7):1599-1614.

Tang W, He J, Huang T, et al. HIf expression marks early emergence of
hematopoietic stem cell precursors with adult repopulating potential
and fate. Front Cell Dev Biol 2021;9:728057.

Rybtsov S, Sobiesiak M, Taoudi S, et al. Hierarchical organization and
early hematopoietic specification of the developing HSC lineage in the
AGM region. | Exp Med 2011;208(6):1305-1315.

Zheng X, Zhang G, Gong Y, et al. Embryonic lineage tracing with
Procr-CreER marks balanced hematopoietic stem cell fate during entire
mouse lifespan. | Genet Genomics 2019;46(10):489-498.

www.blood-science.org



[60] Vink CS, Calero-Nieto FJ, Wang X, et al. Iterative single-cell analyses
define the transcriptome of the first functional hematopoietic stem cells.
Cell Rep 2020;31(6):107627.

[61] Zhou E, Li X, Wang W, et al. Tracing haematopoietic stem cell forma-
tion at single-cell resolution. Nature 2016;533(7604):487-492.

[62] Boisset JC, Clapes T, Klaus A, et al. Progressive maturation toward
hematopoietic stem cells in the mouse embryo aorta. Blood
2015;125(3):465-469.

[63] Bowie MB, McKnight KD, Kent DG, McCaffrey L, Hoodless PA,
Eaves CJ. Hematopoietic stem cells proliferate until after birth and
show a reversible phase-specific engraftment defect. | Clin Invest
2006;116(10):2808-2816.

[64] Ye H, Wang X, Li Z, et al. Clonal analysis reveals remarkable func-
tional heterogeneity during hematopoietic stem cell emergence. Cell
Res 2017;27(8):1065-1068.

[65] Copley MR, Beer PA, Eaves CJ. Hematopoietic stem cell heterogeneity
takes center stage. Cell Stem Cell 2012;10(6):690-697.

[66] Benz C, Copley MR, Kent DG, et al. Hematopoietic stem cell subtypes
expand differentially during development and display distinct lympho-
poietic programs. Cell Stem Cell 2012;10(3):273-283.

[67] Chen M], Yokomizo T, Zeigler BM, Dzierzak E, Speck NA. Runx1 is
required for the endothelial to haematopoietic cell transition but not
thereafter. Nature 2009;457(7231):887-891.

[68] Gao L, Tober J, Gao P, Chen C, Tan K, Speck NA. RUNXI1 and the
endothelial origin of blood. Exp Hematol 2018;68:2-9.

[69] Yzaguirre AD, Howell ED, Li Y, Liu Z, Speck NA. Runx1 is suffi-
cient for blood cell formation from non-hemogenic endothelial cells
in vivo only during early embryogenesis. Development 2018;145(2):
dev158162.

[70] de Bruijn M, Dzierzak E. Runx transcription factors in the develop-
ment and function of the definitive hematopoietic system. Blood
2017;129(15):2061-2069.

[71] Liakhovitskaia A, Rybtsov S, Smith T, et al. Runx1 is required for pro-
gression of CD41+ embryonic precursors into HSCs but not prior to
this. Development 2014;141(17):3319-3323.

[72] Li CC, Zhang G, Du ], et al. Pre-configuring chromatin architecture
with histone modifications guides hematopoietic stem cell formation in
mouse embryos. Nat Commun 2022;13(1):346.

[73] Tavian M, Coulombel L, Luton D, Clemente HS, Dieterlen-Lievre F,
Peault B. Aorta-associated CD34+ hematopoietic cells in the early
human embryo. Blood 1996;87(1):67-72.

[74] Ditadi A, Sturgeon CM, Keller G. A view of human haemato-
poietic development from the Petri dish. Nat Rev Mol Cell Biol
2017;18(1):56-67.

[75] Ivanovs A, Rybtsov S, Anderson RA, Turner ML, Medvinsky A.
Identification of the niche and phenotype of the first human hemato-
poietic stem cells. Stem Cell Rep 2014;2(4):449-456.

[76] Tavian M, Hallais ME Peault B. Emergence of intraembryonic hema-
topoietic precursors in the pre-liver human embryo. Development
1999;126(4):793-803.

[77] Ivanovs A, Rybtsov S, Welch L, Anderson RA, Turner ML, Medvinsky
A. Highly potent human hematopoietic stem cells first emerge in
the intraembryonic aorta-gonad-mesonephros region. | Exp Med
2011;208(12):2417-2427.

[78] Calvanese V, Capellera-Garcia S, Ma F, et al. Mapping human haema-
topoietic stem cells from haemogenic endothelium to birth. Nature
2022;604(7906):534-540.

www.blood-science.org

Chin Assoc of Blood Sci

[79] Zeng Y, He ], Bai Z, et al. Tracing the first hematopoietic stem cell
generation in human embryo by single-cell RNA sequencing. Cell Res
2019;29(11):881-894.

[80] Stoeckius M, Hafemeister C, Stephenson W, et al. Simultaneous epi-
tope and transcriptome measurement in single cells. Nat Methods
2017;14(9):865-868.

[81] Peterson VM, Zhang KX, Kumar N, etal. Multiplexed quantification of pro-
teins and transcripts in single cells. Nat Biotechnol 2017;35(10):936-939.

[82] Xiong H, Luo Y, Wang Q, Yu X, He A. Single-cell joint detection of
chromatin occupancy and transcriptome enables higher-dimensional
epigenomic reconstructions. Nat Methods 2021;18(6):652-660.

[83] Zhu C, Zhang Y, Li YE, Lucero J, Behrens MM, Ren B. Joint profiling
of histone modifications and transcriptome in single cells from mouse
brain. Nat Methods 2021;18(3):283-292.

[84] Zou Z, Zhang C, Wang Q, et al. Translatome and transcriptome
co-profiling reveals a role of TPRXs in human zygotic genome activa-
tion. Science 2022;378(6615):abo7923.

[85] Hu W, Zeng H, Shi Y, et al. Single-cell transcriptome and translatome
dual-omics reveals potential mechanisms of human oocyte maturation.
Nat Commun 2022;13(1):5114.

[86] Wang H, Liu D, Chen H, et al. Nupr1 negatively regulates endothelial
to hematopoietic transition in the aorta-gonad-mesonephros region.
Adv Sci (Weinh) 2023;10(6):¢2203813.

[87] Neo WH, Lie ALM, Fadlullah MZH, Lacaud G. Contributions of
embryonic HSC-independent hematopoiesis to organogenesis and the
adult hematopoietic system. Front Cell Dev Biol 2021;9:631699.

[88] Godin I, Cumano A. The hare and the tortoise: an embryonic haemato-
poietic race. Nat Rev Immunol 2002;2(8):593-604.

[89] Traver D, Miyamoto T, Christensen J, Iwasaki-Arai J, Akashi K,

Weissman IL. Fetal liver myelopoiesis occurs through distinct, prospec-

tively isolatable progenitor subsets. Blood 2001;98(3):627-635.

Draper JE, Sroczynska P, Fadlullah MZH, et al. A novel prospective iso-

lation of murine fetal liver progenitors to study in utero hematopoietic

defects. PLoS Genet 2018;14(1):e1007127.

[91] Notta F, Zandi S, Takayama N, et al. Distinct routes of lineage devel-
opment reshape the human blood hierarchy across ontogeny. Science
2016;351(6269):aab2116.

[92] Orkin SH, Zon LI. Hematopoiesis: an evolving paradigm for stem cell
biology. Cell 2008;132(4):631-644.

[93] Yokomizo T, Ideue T, Morino-Koga S, et al. Independent origins
of fetal liver haematopoietic stem and progenitor cells. Nature
2022;609(7928):779-784.

[94] Heck AM, Ishida T, Hadland B. Location, location, location: how vas-
cular specialization influences hematopoietic fates during development.
Front Cell Dev Biol 2020;8:602617.

[95] Gordon-Keylock S, Sobiesiak M, Rybtsov S, Moore K, Medvinsky A.
Mouse extraembryonic arterial vessels harbor precursors capable of
maturing into definitive HSCs. Blood 2013;122(14):2338-2345.

[96] LiZ,Lan Y, He W, et al. Mouse embryonic head as a site for hemato-
poietic stem cell development. Cell Stem Cell 2012;11(5):663-675.

[97] Nakano H, Liu X, Arshi A, et al. Haemogenic endocardium contributes
to transient definitive haematopoiesis. Nat Commun 2013;4:1564.

[98] Ludwig LS, Lareau CA, Ulirsch JC, et al. Lineage tracing in humans
enabled by mitochondrial mutations and single-cell genomics. Cell
2019;176(6):1325-1339.e22.

[99] Weng C, Yu E, Yang D, et al. Deciphering cell states and genealogies of
human haematopoiesis. Nature 2024;627(8003):389-398.

[90



