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Recently, Zhou et al. [1] have successfully traced the
hematopoietic stem cell (HSC) specification during the
stepwise development of HSC from the pre-HSC stage at
single-cell resolution. These findings offer fundamental
insights into mouse HSC fate decision and provide exten-
sive information that may lead to novel discoveries in HSC
differentiation.

HSCs, standing at the apex of the hierarchy organized
by blood cells in high coordination, are capable of both
giving rise to entire mature blood lineages and self-re-
newing ability. The identification of HSC was traced back
to the studies on searching the cells capable of protecting
humans exposed to minimum lethal doses of irradiation or
chemotherapy initiated in 1940s [2]. Thomas et al. [3]
performed bone marrow transplantations between identical
twins and found the one with refractory leukemia who
received the bone barrow from his twin brother exhibited
hematologic recovery. Based on these findings, they pro-
posed that there was a population of radioprotective cells
that is capable of self-renew and multilineage differentia-
tion existing in the bone marrows. A series of following
studies confirmed the bone marrow contained highly pro-
liferative progenitor cells that could give rise to myeloid,
erythroid, megakaryocytic cells, as well as lymphocytes.
Weissman lab firstly purified the blood forming stem cells
in both mouse and human based on the expression of
increasingly sophisticated pattes of cell surface markers
[4, 5].
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Extensive efforts have been made to study the HSC
biology and development since its isolation. Now over-
whelming evidences have suggested hematopoiesis begins
in the yolk sac blood islands, then in the dorsal aorta of the
aorta-gonad-mesonephros (AGM) region and the placenta,
eventually seeding into liver, spleen and then bone marrow.
At least three HSC-competent cells have been identified as
precursors of HSC in AGM region around E11, including
haemogenic endothelial cells (ECs), CD45™ pre-HSCs (T1
pre-HSCs), which prime CD41 expression and losing
endothelial potential concurrently, and CD45" pre-HSCs
(T2 pre-HSCs). T2 pre-HSCs proceed further and ulti-
mately into mature HSCs [6, 7]. Although rapid advances
in understanding the biological nature of hematopoietic
stem cell have been achieved, the mechanisms that control
lineage commitment and self-renewal of hematopoietic
stem cells are still ambiguous. The bottlenecks restricted
the development in this field mainly raise from the rarity
(fewer than 1 hematopoietic stem cell in 10,000 fetal liver
and adult bone marrow cells) and heterogeneity of the HSC
and pre-HSC populations. The pre-HSCs vary fast and
continuously in early development and thus it‘s hard to
exactly capture the pre-HSCs in mouse mid-gestation
embryos. Furthermore, the complexity of surface markers
of HSC and pre-HSC populations challenges the function
evaluation using engraftment and lineages chimerism after
transplantation. Zhou et al. [1] paved a way for dissection
of complex molecular mechanisms regulating stepwise
generation of HSCs in vivo by combining a new combi-
nation of surface markers to isolate the T1 and T2 pre-HSC
in AGM and single cell RNA sequencing.

Cellular heterogeneity is a challenge to understand stem
cells. Traditional high-throughput sequencing provides an
average view of the transcriptome across many cells, and
so cannot provide information about the characteristics of
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rare cell types within a heterogeneous population. Thanks
to rapid advancements in single-cell sequencing technolo-
gies, now this problem could be addressed in systematic
and non-biased way [8]. Single cell sequencing can
examine the transcriptome information from individual
cells with optimized next generation sequencing tech-
nologies, providing a unprecedented opportunity for dis-
section of gene expression networks in rare cell types
within a heterogeneous population [9-11].

To enrich T1 pre-HSC population, Zhou et al. first
evaluated the efficacy of several candidate surface markers
including VE-cadherin, AA4.1, and CD201. By combing
the robust in vitro single-cell culture system and function
evaluation assays, the CD317 CD45~ CD41""c-Kit"
CD201"&" population in the E11 AGM region was iden-
tified to be T1 pre-HSC population that can be enriched
efficiently. Then by using single-cell sequencing, the
traditional T2 pre-HSC population isolated by
CD31" CD45" CD41°Y from the E11 AGM region was
identified to be contaminated with myeloid cell, and the
CD31" CD45" c-Kit"™ CD201™Me"  population  was
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corrected to be the genuine T2 pre-HSC which can directly
give rise to HSCs.

Based on the accurate purification of the nascent pre-
HSCs and HSCs with the potent surface markers, Zhou
et al. executed single-cell RNA sequencing on five stages
of HSC development (EC, T1 pre-HSC, and T2 pre-HSC in
the E11 AGM region, E12 HSC and E14 HSC in the fetal
liver). The authors then performed extensive analysis on
dynamics in transcription networks, surface signature
genes, metabolism states, cell circle features and signaling
pathways during HSC formation using the single cell RNA-
Seq data. A continuous developmental process from ECs to
HSCs through T1 and T2 pre-HSCs was discovered with
each stage a unique pattern of surface marker gene and
transcription factor expression (Fig. 1). These results pro-
vided extensive information for uncovering mechanisms of
HSC ontogeny from different angles. For example, the
transcriptome analysis demonstrated a sharp increase
expression of ribosome-based translational machinery from
ECs to T1 pre-HSCs and a gradual transcriptional decrease
from pre-HSCs to HSC. Gene ontology (GO) analysis
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Fig. 1 (Color online) The stepwise road for HSC specification. Single-cell RNA sequencing reveals each developmental stage during HSC
formation (EC, T1 pre-HSC, and T2 pre-HSC in the E11 AGM region, E12 HSC and E14 HSC in the fetal liver) has a unique pattern of gene
expression respectively, indicating each developmental process needs a comprehensively cooperated regulation in transcription networks, surface
signature genes, metabolism states, cell circle features and signaling pathways etc
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revealed that the most dramatic changes occurred between
ECs and T1 pre-HSCs, characterized by down-regulation
of the genes related to cell migration, vasculature devel-
opment, and blood vessel morphogenesis, and up-regula-
tion of genes related to hematopoietic or lymphoid organ
development and intracellular signaling cascade (Fig. 1).
The arterial signature of T1 pre-HSCs suggests that pre-
HSCs should have a more intimate lineage relationship
with arterial ECs than with venous ECs. Interestingly,
mTOR signaling pathways identified by single cell
sequencing was functionally verified to be required for
HSC specification, indicating the feasible strategy to dig
novel mechanisms using single-cell sequencing data.

This is the first integrated assay that the transcriptome of
pre-HSCs and HSCs during embryonic development have
been comprehensively surveyed at single-cell and single-
base resolution. This study provides a paradigm to delin-
eate cell fate decision mechanisms on cells with elusive
heterogeneity. Stem cells hold great promise for therapy
[12, 13]. The HSCs have been successfully applied in
treatment of hematopoietic diseases such as leukemia,
anaemia and congenital immunodeficiency et al. However,
the application of HSCs is restricted by the limitary
resource. In vitro induction of human ESCs/iPSCs into
functional HSCs remains a challenge in this field, partially
due to the insufficient understanding on human HSC
ontogeny [14, 15]. Two recent researches have generated
the global gene regulation dynamics data during both
in vitro process of hematopoietic differentiation and
reprogramming by high-throughput sequencing at cell
population level, respectively [16, 17], providing additional
data resource for dissection hematopoiesis. Given the
successful repopulation of human immune system in NSG
mice by transplantation of human CD34* cells and thymus
[18], the single-cell sequencing technology offers great
opportunity to delineate the ontogeny of human HSCs,
which will significantly benefit clinical development of
human HSCs.

Acknowledgments This work was supported by the National Basic
Research Program of China (2013CB966901), the Strategic Priority
Research Program of the Chinese Academy of Sciences (XDA01040108),
and the National Natural Science Foundation of China (31271592,
31570995) to T.Z. and (31400831) to J.C.

Conflict of interest The authors declare that they have no conflict of
interest.

&) SCIENCE CHINA PRESS

References

1. Zhou F, Li X, Wang W et al (2016) Tracing haematopoietic stem
cell formation at single-cell resolution. Nature 533:487-492

2. Thomas ED (1991) Frontiers in bone-marrow transplantation.
Blood Cells 17:259-267

3. Thomas ED, Lochte HL, Cannon JH et al (1959) Supralethal
whole body irradiation and isologous marrow transplantation in
man. J Clin Invest 38:1709-1716

4. Baum CM, Weissman IL, Tsukamoto AS et al (1992) Isolation of
a candidate human hematopoietic stem-cell population. Proc Natl
Acad Sci USA 89:2804-2808

5. Spangrude GJ, Heimfeld S, Weissman IL (1988) Purification and
characterization of mouse hematopoietic stem-cells. Science
241:58-62

6. Benz C, Copley MR, Kent DG et al (2012) Hematopoietic stem
cell subtypes expand differentially during development and dis-
play distinct lymphopoietic programs. Cell Stem Cell 10:273-283

7. Long Y, Huang H (2015) On signaling pathways: hematopoietic
stem cell specification from hemogenic endothelium. Sci China
Life Sci 58:1256-1261

8. Xue R, Li R, Bai F (2015) Single cell sequencing: technique,
application, and future development. Sci Bull 60:33-42

9. Tang FC, Barbacioru C, Bao SQ et al (2010) Tracing the
derivation of embryonic stem cells from the inner cell mass by
single-cell RNA-Seq analysis. Cell Stem Cell 6:468-478

10. Yan LY, Yang MY, Guo HS et al (2013) Single-cell RNA-Seq
profiling of human preimplantation embryos and embryonic stem
cells. Nat Struct Mol Biol 20:1131

11. Zhang K, Martiny AC, Reppas NB et al (2006) Sequencing
genomes from single cells by polymerase cloning. Nat Biotechnol
24:680-686

12. Li J (2015) Stem cell, basis and application. Sci Bull
60:1711-1712

13. Wang Y, Hai T, Liu L et al (2015) Cell therapy in diabetes:
current progress and future prospects. Sci Bull 60:1744—1751

14. Kyba M, Perlingeiro RCR, Daley GQ (2002) HoxB4 confers
definitive lymphoid-myeloid engraftment potential on embryonic
stem cell and yolk sac hematopoietic progenitors. Cell 109:29-37

15. Murry CE, Keller G (2008) Differentiation of embryonic stem
cells to clinically relevant populations: lessons from embryonic
development. Cell 132:661-680

16. Goode DK, Obier N, Vijayabaskar MS et al (2016) Dynamic gene
regulatory networks drive hematopoietic specification and dif-
ferentiation. Dev Cell 36:572-587

17. Pereira CF, Chang B, Gomes A et al (2016) Hematopoietic
reprogramming in vitro informs in vivo identification of hemo-
genic precursors to definitive hematopoietic stem cells. Dev Cell
36:525-539

18. Zhao TB, Zhang ZN, Westenskow PD et al (2015) Humanized
mice reveal differential immunogenicity of cells derived from
autologous induced pluripotent stem cells. Cell Stem Cell
17:353-359

@ Springer



	Single-cell sequencing delivers hematopoietic stem cell specification
	References




