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ARTICLE INFO ABSTRACT

Background: Hematopoietic stem cells (HSCs) are a population of multipotent cells that can self-renew and
differentiate into all blood lineages. HSC development must be tightly controlled from cell fate determination
to self-maintenance during adulthood. This involves a panel of important developmental signaling pathways
and other factors which act synergistically within the HSC population and/or in the HSC niche. Genetically
conserved processes of HSC development plus many other developmental advantages make the zebrafish
an ideal model organism to elucidate the regulatory mechanisms underlying HSC programming.

Scope of review: This review summarizes recent progress on zebrafish HSCs with particular focus on how de-
velopmental signaling controls hemogenic endothelium-derived HSC development. We also describe the in-
teraction of different signaling pathways during these processes.

Major conclusions: The hematopoietic stem cell system is a paradigm for stem cell studies. Use of the zebrafish
model to study signaling regulation of HSCs in vivo has resulted in a great deal of information concerning HSC
biology in vertebrates.

General significance: These new findings facilitate a better understanding of molecular mechanisms of HSC
programming, and will provide possible new strategies for the treatment of HSC-related hematological dis-
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eases, such as leukemia. This article is part of a Special Issue entitled Biochemistry of Stem Cells.
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1. Introduction

Stem cells are characterized by their ability to self-renew and dif-
ferentiate into multiple cell lineages. As with other stem cells, hema-
topoietic stem cells (HSCs) are capable of self-renewal and have the
potential to generate all blood lineages, including erythrocytes, mega-
karyocytes, myelocytes (monocytes and granulocytes), and lympho-
cytes. HSCs, the cells at the top of the hierarchy of the ‘blood lineage
tree’, have become the archetype for the study of basic mechanisms
of stem cell biology and more importantly may contribute to the de-
sign of new therapeutic methods to treat stem cell related disease. For
example, HSC transplantation (including bone marrow, peripheral
blood and cord blood transplantation) has been successfully per-
formed in the clinic to treat many blood diseases, such as leukemia.
However, the limited sources of HSCs restrict its application world-
wide. Therefore, new methods for the production of transplantable
HSCs in vitro or ex vivo will be essential for future widely applied
clinical use.

During the last two decades, the zebrafish (Danio rerio) has devel-
oped as a powerful model for HSC studies due to many appealing ad-
vantages. First, external fertilization and transparent embryos allow
researchers to examine the whole process of embryogenesis and
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directly visualize the development, differentiation and migration of
individual cells in vivo. Second, high fecundity and rapid growth facil-
itate large-scale forward genetic screens to identify hematopoiesis-
defective mutants. Third, availability of many different transgenic
lines makes the zebrafish embryo an unparalleled model for observ-
ing and tracing hematopoietic dynamics and processes over time in
vivo. More importantly, key genes and signaling pathways in mam-
mals are highly conserved in zebrafish, ensuring its significant re-
search value and making it complementary to other models [1-5].

In vertebrates, the process of hematopoiesis can be divided into two
consecutive waves: primitive hematopoiesis and definitive hematopoi-
esis. In mammals, the primitive wave occurs in the extraembryonic yolk
sac blood islands, and mainly generates erythrocytes. Although there is
still a debate about whether the yolk sac can contribute to definitive he-
matopoiesis, it is generally believed that primitive and definitive hema-
topoiesis have separate origins in mammals [6,7]. The primitive wave is
transient, and is replaced by the definitive wave at about E10.5 in mice
when HSC specification begins in the aorta-gonad-mesonephros
(AGM) region. Once formed, the HSCs firstly migrate to the fetal liver
for self-expansion. Eventually, induced by several signaling pathways
and chemokines, these HSCs will lodge in the bone marrow, which
serves as a lifelong hematopoietic organ [8].

In zebrafish, the primitive wave begins at two intraembryonic
sites: the anterior lateral mesoderm (ALM) and the posterior lateral
mesoderm (PLM). Primitive myelocytes are mainly generated in the
ALM, while primitive erythrocytes are generated in the PLM, which
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will form the intermediate cell mass (ICM). The existence of
hemangioblasts, bi-potential progenitors of both blood and endothe-
lial cells, has been suggested in both the ALM and the PLM [9-11].
Current data is consistent with primitive hematopoiesis not contrib-
uting to the definitive HSC pool in zebrafish [8,12]. By 24 hpf, the
specification of HSCs in the zebrafish AGM region indicates the initia-
tion of definitive hematopoiesis. Then at about 30 hpf, the earliest
HSCs are generated from the ventral wall of the dorsal aorta (VDA)
through a process known as endothelial hematopoietic transition
(EHT) [13,14]. During EHT, accompanied by changes in cell morphol-
ogy, the HSCs egress into the mesenchyme between the dorsal aorta
and the posterior cardinal vein, and sequentially enter into the vein,
then the caudal hematopoietic tissue (CHT) through blood circulation
(Fig. 1). After a short stay in the CHT, the expanded HSCs continue
their migration journey either to the thymus, where some HSCs dif-
ferentiate into T lymphocytes, or to the kidney marrow to sustain life-
long hematopoiesis [4]. Alternatively, the earliest HSCs, once egressed
from the VDA, enter into the neighboring pronephric ducts under-
neath the dorsal aorta, then colonize the pronephros through a
novel posterior-to-anterior migration route which is distinct from
the AGM-CHT mode [15].

During these successive hematopoietic processes, many signaling
pathways, such as Wnt, Hedgehog, Vegf, Notch, BMP and FGF, have
been identified and demonstrated to be critical at different develop-
mental stages of HSCs and their progenitors, from specification and
proliferation to migration and maintenance in vertebrates. However,
the detailed molecular mechanisms still remain a huge challenge
and warrant further studies. Here, we review recent progress to sum-
marize how these signaling pathways function and cooperate to reg-
ulate the different stages of hematopoiesis in zebrafish (Table 1;
Fig. 1).

2. Hemangioblast and ventral mesoderm patterning

The existence of hemangioblasts, the common progenitors for
both hematopoietic cells and endothelial cells, has been suggested
by the co-expression of many hematopoietic and endothelial markers
in zebrafish [10,16,17]. Single cell labeling and lineage tracing have
evidenced their presence and their hematopoietic/endothelial poten-
tials in zebrafish [9,11].

Hemangioblasts are firstly derived from the ventral mesoderm at
an early stage of embryogenesis [18,19]. Therefore, it is critical to fig-
ure out how the ventral mesoderm is formed and then differentiates
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into different cell types. FGF signaling is required for mesoderm in-
duction, and BMP signaling is needed to determine ventral mesoderm
patterning, while Wnt signaling can influence the dorsal-anterior
mesoderm formation [20]. After ventral mesoderm formation, BMP
signaling induces the mesoderm to differentiate into hematopoietic
cells, while FGF negatively regulates this process and promotes endo-
thelial cell fate determination in vertebrates including Xenopus, chick
and mice [21-23]. Recently, a novel function of Notch signaling was
reported in the cell fate switch between the endothelial and hemato-
poietic lineages in the mesoderm, because inhibition of Notch signal-
ing at an early stage could promote endothelial cell production at the
expense of hematopoietic lineages in zebrafish [24].

3. Artery specification

Angioblasts, the precursors of endothelial cells, are derived from
the hemangioblast and then these angioblasts migrate to the midline,
where they form the dorsal aorta and cardinal vein. The determina-
tion of arterial versus venous fate has been demonstrated to rely on
the Vegf-Notch pathway. In zebrafish, there are four Vegf receptors:
Flt1, Kdr, Fit4 and Flk1/Kdr-like (Kdrl) [25,26]. Artery specification
is mainly regulated by the Vegfa-Kdr/Kdrl pathway. Once bound to
Kdr or Kdrl, the somite-expressed Vegfa will induce endothelial cell
differentiation and primary sprouting of intersegmental arteries
(ISA) via transmitting signals to PLCy-ERK, which specifies arterial
fate [27,28]. It is well known that the Hedgehog pathway acts up-
stream of Vegf to regulate the arterial program. Both shh and gli2 mu-
tants have defects in arterial differentiation, which are similar to the
phenotype caused by the deletion of vegfa, while overexpression of
vegfa mRNA can rescue the artery defect in Hedgehog signaling-
defective mutants [29].

Vegf acts upstream of the Notch pathway during arterial specifica-
tion, since the activation of the Notch signaling pathway can rescue
the arterial defects caused by the absence of Vegf signals [30]. The
Notch signaling cascade is triggered by the binding of the single-
pass membrane receptor, Notch (Notchl to 4, zebrafish Notch5
was previously known as Notch3), to the integral membrane ligands
(Jagged1/2, delta like 1/4 and deltaC in zebrafish), which are
expressed mainly in arterial endothelial cells [31]. In the mindbomb
mutant, which is defective in Notch signaling, the expression of the
artery marker ephrinB2 is reduced; while the expression of the ve-
nous marker fIt4 expands into the artery [32]. Moreover, loss of
hey2 (gridlock in zebrafish), which was considered downstream of
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Fig. 1. The signaling inputs during zebrafish hematopoiesis. Different signaling pathways are involved during early embryogenesis and at various stages of hematopoiesis.
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Table 1
Expression pattern and function of HSC signaling pathways in zebrafish.

Signaling Expression Function References

pathways pattern

Wnt Wnt3/8/16: brain and somite etc. Vascular specification, [36,43,46,54,66,67]
Fzd2: head, tailbud, mesoderm, HSC formation and self-renewal
axial vasculature and hypochord

Hedgehog Shh: notochord Vascular specification, [30]
Ptc1: notochord, somite and dorsal HSC formation
wall of the dorsal aorta

Vegf Vegf-a: somite Artery/vein specification, [28]
Vegfc: first in the hypochord and hematopoietic cell fate determination
then in dorsal aorta
Kdr/kdrl: blood vessel endothelial cell
Flt4: ISA, dorsal aorta and vein

Notch Delta C/dll4: arterial endothelial cells Artery specification,hematopoietic [24,32,40,41]
Notch5: artery cell fate determination

BMP BMP4: somite ventral region etc. Ventral mesoderm induction and [20,39,47]
Smad1/5: somite HSC formation

FGF FGF21: notochord Myeloid-erythroid progenitor cell [53]

fate determination

the Notch pathway, resulted in a disrupted artery which might be
caused by inhibiting angioblast recruitment from the PLM to the dor-
sal aorta [33]. Hedgehog and Vegf signaling can maintain hey2 ex-
pression in the dorsa aorta, and overexpression of the Notch
intracellular domain (NICD) can rescue the arterial phenotype cau-
sed by hey2 deficiency, suggesting that hey2 also acts upstream of
Notch signaling [34]. However, it is unclear how Vegf regulates the
Notch pathway, though studies in mouse showed that Vegf-
activated ERK signaling can induce the expression of dil4 through
foxc1 [35]. Besides Hedgehog-Vegf signaling, Wnt/R-catenin has
been shown to modulate vascular specification and remodeling in
mouse. B-Catenin can upregulate DIl4-Notch signaling via direct
binding to the dll4 promoter [36].

4. Hemogenic endothelium and EHT

Recently, studies in zebrafish have shown that HSCs are derived
directly from aortic endothelium, through a process called EHT. Dur-
ing EHT, single endothelial cells bend and then egress from the dorsal
aorta ventral wall into the sub-aortic space [13,14]. This was the first
visualization of HSC initiation and provided direct in vivo evidence for
the presence of hemogenic endothelium, a specialized endothelial
population that has the potential to generate HSCs [5,16]. However,
which factors and signaling pathways can determine hemogenic en-
dothelial cell fate? The hematopoietic factor, Runx1, is expressed in
hemogenic endothelium in zebrafish and mice [37,38] and runx1-
deficient zebrafish embryos initiate EHT very poorly [13]. In the few
embryos that could initiate EHT, the hemogenic endothelial cells
broke into pieces, thereby aborting the process [13]. The other factors
required for hemogenic endothelial cell fate determination are cur-
rently unknown. Signaling pathways, such as BMP and Hedgehog,
which function ventrally and dorsally respectively in the AGM region
[39], appear to determine which group of endothelial cells is trans-
formed into HSCs and which maintains vascular endothelial fate in
zebrafish.

5. HSC initiation and maintenance

The initiation and maintenance of definitive hematopoiesis result
from the cooperative regulation of many signaling pathways. Notch is
well known for its role in HSC emergence. Studies using the Notch in-
hibitor DAPT, the mindbomb mutant and an hsp70:gal4;uas:NICD over-
expression system showed that the expression of the HSC markers,
runx1 and cmyb, was absent in the mutant and DAPT treated embryos,
while greatly expanded in the overexpression system in zebrafish
[40,41]. Moreover, by treating the hsp70:gal4;uas:NICD embryos for

various periods of time to control the expansion of ephrinB2, it was
found that the effect of Notch on artery and HSC development could
be uncoupled [41]. But a question still remaining is how Notch regulates
runx1 transcription. Hdac1, a novel hematopoiesis regulator, has been
shown to act downstream of Notch signaling to regulate HSC initiation,
because the hdac1 mutation in the hsp70:gal4;uas:NICD overexpression
background still displayed loss of runx1 and cmyb expression after ar-
tery specification in zebrafish [42]. Recent studies showed that Hey2
not only functions in artery specification, but also plays a role in HSC
formation. Hey2-deficient embryos displayed reduced expression of
HSC markers, such as runx1 and cmyb. In contrast to previous studies
[33], Hey2 was shown to act downstream of PLCy and upstream of
the Notch pathway to govern HSC formation [34].

The Wnt/B-catenin pathway has been studied in zebrafish for its role
in HSC development. Goessling et al. found that Wnt was required for
HSC formation [43]. Overexpression of Dkk, a membrane-level inhibitor
of Wnt signaling and Axin, a member of the 3-catenin destruction com-
plex, led to diminished expression of runx1. They also revealed the in-
teraction between PGE2 and the Wnt signaling pathway. PGE2 can
phosphorylate B-catenin and GSK3p via cAMP/PKA signaling in vivo,
and this interaction functions in HSC specification in vertebrates [43].
It was further revealed that the interaction of both Notch and Wnt
with NO signaling could affect HSC formation and maintenance [44].
We have recently demonstrated that NO signaling is directly regulated
by a blood flow-dependent transcription factor, Kif2a, in controlling
the maintenance but not the initiation of HSC programming in zebrafish
[45]. In addition, non-canonical Wnt also plays important roles in HSC
specification. For example, Wnt16, though expressed in somites, con-
trols the establishment of definitive HSCs via regulating the somitic ex-
pression of the Notch ligands, deltaC (dIc) and deltaD (dld), which are
required for arteriovenous and HSC specification. However, loss of
Wnt16 only resulted in an HSC defect rather than vascular abnormality.
So the Wnt16-delta-Notch pathway seems to act separately from the
traditional Hedgehog-Vegf-Notch cascade in controlling Artery-Vein
specification and HSC emergence [46].

Using an inducible BMP dominant-negative zebrafish mutant,
Wilkinson et al. found that BMP signaling was required for the initiation
and maintenance of definitive HSCs, but not for vascular development at
late somitogenesis stages [39]. Smad1 and Smad5 are key mediators of
the BMP signaling pathway, and loss of either smad1 or smad5 expression
leads to defects in the generation of definitive HSCs [47]. Nevertheless,
the underlying molecular mechanism remains to be elucidated in
zebrafish. In Cos-7 and 416 B cell lines, Smad1 binds to and activates
the Runx1 promoter, while Smad6 inhibits Runx1 promoter activity
with the help of Smurf1, indicating a direct link between Smads and
Runx1 [48].
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So far, the role of the FGF pathway in embryonic hematopoietic
development and regulation of adult HSCs is still uncertain. An in
vitro study showed that the FGF signaling pathway acts downstream
of HOXB4, and negatively regulates HOXB4-mediated mouse HSC de-
velopment or ES cell-derived hematopoietic progenitor expansion
[49]. In zebrafish, Cdx-Hox signaling activated by BMP and Wnt is re-
quired for primitive blood specification, however, the role of Cdx-Hox
signaling in HSC development is unknown [50-52]. Chemical inhibition
of FGF signaling augmented the long-term repopulation activity of
HOXB4-expressing HSCs/hematopoietic progenitor cells (HPCs) ex-
panded in vitro, while suppressing the repopulation activity of control
HSCs/HPCs [49]. FGF21 is a newly identified factor essential for the de-
termination of myelo-erythroid progenitor cell fate in zebrafish, but
fgf21 knockdown embryos have normal blood vessels, lymphoid cells
and HSCs, indicating that other FGF ligands might be involved in HSC
regulation [53].

Despite extensive studies on the signaling pathways involved in
HSC initiation and maintenance, whether and how these signaling
pathways regulate the hemogenic-endothelium specification, EHT or
subsequent processes remain to be explored.

6. HSC self-renewal, trafficking and differentiation

After HSC program initiation, signaling pathways are required to
maintain HSCs, their self-renewal, trafficking and differentiation.
Whnt regulates HSC self-renewal [54]. Specifically, Wnt/B3-catenin sig-
nal is thought to be required for normal HSC proliferation and self-
renewal via the upregulation of Notch1 and HOXB4 in mouse HSCs
[54]. Both Notch receptors and target genes can be upregulated by
the stimulation of Wnt signaling, and inhibition of Notch signaling
can promote HSC differentiation and disturb the maintenance of
HSCs [55]. However, the role of Notch in maintenance of HSCs has
been disputed [56,57]. BMP signaling can maintain proliferation and
pluripotency of mouse embryonic stem cells (ESCs) through regulat-
ing Wnt/B-catenin signaling and Akt phosphorylation [58]. Self-
renewal of mouse ESCs regulated by BMP signaling also involves inhi-
bition of the ERK/p38 pathways, which is required for differentiation
[59,60]. However, whether there is a similar regulatory mechanism
during HSC differentiation in vertebrates is unclear. Smad7, one of
the inhibitory Smads downstream of BMP signaling, has been recently
shown to play an important role in mouse HSC self-renewal. Over-
expression of Smad?7 in HSCs increased self-renewal in vivo by block-
ing all Smad signaling [61].

In zebrafish, once HSCs have formed in the VDA, these cells will
migrate to a series of successive definitive hematopoietic organs,
such as the CHT, thymus and pronephros. Recently, Wen and col-
leagues have elegantly demonstrated that HSC trafficking from the
VDA is regulated by cMyb, an essential regulator of HSC development
[62]. Definitive hematopoiesis was initiated normally in the cmyb ™/~
mutant; however, the HSPCs could not migrate from the AGM region
due to the upregulation of Sdf1a which acts as a strong retention sig-
nal for HSCs in the BM of mice [62]. Surprisingly, the expression of the
Sdfla receptor, cxcr4a/4b was not affected and the addition of CXCR4
inhibitor could not rescue the HSPC mobilization defects in cmyb—/~
mutant indicating that there might be other receptors downstream
of Sdf1a.

7. Perspective

The hematopoietic stem cell system is a paradigm for stem cell
studies. Using the zebrafish model to study signaling regulation of
HSCs in vivo has been feasible. The extracellular signals are transmit-
ted into the nucleus by a complex of signaling pathways, and most of
them have multiple roles during embryonic development. But how
can they regulate a specific system like HSCs synergistically? Hedgehog,
Vegf and Wnt ligands are expressed in non-hematopoietic tissues, but

they can transmit the signals through vascular endothelial cells express-
ing receptors and then regulate the Notch pathway, which functions in
the vessel, and HSC development. Besides the intercellular communica-
tions between ligands and receptors, BMP and Wnt signaling pathway
components can also regulate specific cells by co-occupancy on regula-
tory elements of lineage specific master regulators [63,64]. For instance,
Smad1 and TCF7L2, downstream transcription factors of BMP and Wnt
signaling, respectively, can co-occupy the regulatory elements of two
erythroid master regulators, GATA1 and GATA2, and then regulate ery-
throid specific gene expression [63]. This newly found regulatory
model may explain cell-type-specific regulation by extracellular signals.
Further studies are needed to find out whether there are some regulato-
ry elements in HSC master regulators which are co-occupied by key fac-
tors downstream of the signaling pathways.

On the other hand, signals for HSC development may be maintained
at a medium level, whereby either too high or too low levels may lead to
a defect. The Wnt signaling pathway can serve as a good example. Ab-
sence of Wnt signaling can lead to abnormal HSC proliferation and sur-
vival, while augmented Wnt signaling can also induce disrupted
reconstitution after HSC transplantation [65]. Therefore, the discovery
of regulators which can maintain HSC related signals at a normal
range may provide useful therapeutic strategies for some blood dis-
eases. Moreover, although discovery of the EHT process helps explain
HSC emergence from the ventral wall of dorsal aorta, increasing evi-
dence has shown that some signaling pathways regulate artery and
HSC development through separate mechanisms. For example, several
reports have demonstrated the roles of the Vegf signaling pathway in
artery specification, while little is known about the mechanism by
which Vegf regulates HSC initiation. Therefore, it is critical to study
the two processes separately by designing novel approaches.

Taken together, elucidation of regulatory mechanisms of HSC biol-
ogy using zebrafish and other animal models has provided a great
deal of information in the past. A better understanding of HSC devel-
opment under normal physiological and pathological conditions will
offer new therapeutic applications in treating many human blood
diseases.

Acknowledgements

We thank Maggie Walmsley for proofreading the manuscript, Panpan
Zhang and Yonglong Wei for assistance during manuscript preparation.
This work was supported by grants from the National Basic Research Pro-
gram of China (2010CB945300, 2011CB943900), the National Natural
Science Foundation of China (30971678) and the Medical Research
Council of the UK.

References

[1] D.G.Ransom, P. Haffter, J. Odenthal, A. Brownlie, E. Vogelsang, R.N. Kelsh, M. Brand,
FJ. van Eeden, M. Furutani-Seiki, M. Granato, M. Hammerschmidt, C.P. Heisenberg,
Y.J. Jiang, D.A. Kane, M.C. Mullins, C. Nusslein-Volhard, Characterization of zebrafish
mutants with defects in embryonic hematopoiesis, Development 123 (1996)
311-319.

[2] P.Zhang, F. Liu, In vivo imaging of hematopoietic stem cell development in the
zebrafish, Front. Med. 5 (2011) 239-247.

[3] AJ.Davidson, L.I. Zon, The ‘definitive’ (and ‘primitive’) guide to zebrafish hemato-
poiesis, Oncogene 23 (2004) 7233-7246.

[4] J.L. de Jong, L.I. Zon, Use of the zebrafish system to study primitive and definitive
hematopoiesis, Annu. Rev. Genet. 39 (2005) 481-501.

[5] A.T. Chen, LI Zon, Zebrafish blood stem cells, J. Cell. Biochem. 108 (2009) 35-42.

[6] L.M. Samokhvalov, N.I. Samokhvalova, S. Nishikawa, Cell tracing shows the contri-
bution of the yolk sac to adult haematopoiesis, Nature 446 (2007) 1056-1061.

[7] A.Medvinsky, S. Rybtsov, S. Taoudi, Embryonic origin of the adult hematopoietic

system: advances and questions, Development 138 (2011) 1017-1031.

S.H. Orkin, LI Zon, Hematopoiesis: an evolving paradigm for stem cell biology,

Cell 132 (2008) 631-644.

K.M. Vogeli, SW. Jin, G.R. Martin, D.Y. Stainier, A common progenitor for

haematopoietic and endothelial lineages in the zebrafish gastrula, Nature 443

(2006) 337-339.

[10] K.A. Dooley, AJ. Davidson, LI. Zon, Zebrafish scl functions independently in he-

matopoietic and endothelial development, Dev. Biol. 277 (2005) 522-536.

8

[9



2374

(11]

[12]
(13]

[14]

[15]

[16]

(17]

(18]
[19]
[20]

[21]

[22]

(23]

[24]

[25]

(26]

[27]

(28]

[29]

(30]

[31]

(32]

(33]
(34]

(35]

(36]

[37]

(38]

(39]

[40]

C. Zhang et al. / Biochimica et Biophysica Acta 1830 (2013) 2370-2374

R.M. Warga, D.A. Kane, RK. Ho, Fate mapping embryonic blood in zebrafish:
multi- and unipotential lineages are segregated at gastrulation, Dev. Cell 16
(2009) 744-755.

A. Ciau-Uitz, F. Liu, R. Patient, Genetic control of hematopoietic development in
Xenopus and zebrafish, Int. J. Dev. Biol. 54 (2010) 1139-1149.

K. Kissa, P. Herbomel, Blood stem cells emerge from aortic endothelium by a
novel type of cell transition, Nature 464 (2010) 112-115.

J.Y. Bertrand, N.C. Chi, B. Santoso, S. Teng, D.Y.R. Stainier, D. Traver, Haematopoietic
stem cells derive directly from aortic endothelium during development, Nature
464 (2010) 108-111.

J.Y. Bertrand, A.D. Kim, S. Teng, D. Traver, CD41" cmyb™ precursors colonize the
zebrafish pronephros by a novel migration route to initiate adult hematopoiesis,
Development 135 (2008) 1853-1862.

F. Liu, M. Walmsley, A. Rodaway, R. Patient, Fli1 acts at the top of the transcrip-
tional network driving blood and endothelial development, Curr. Biol. 18
(2008) 1234-1240.

F. Liu, R. Patient, Genome-wide analysis of the zebrafish ETS family identifies
three genes required for hemangioblast differentiation or angiogenesis, Circ.
Res. 103 (2008) 1147-1154.

L. Jing, L.I. Zon, Zebrafish as a model for normal and malignant hematopoiesis,
Dis. Model. Mech. 4 (2011) 433-438.

J.B. Turpen, C.M. Kelley, P.E. Mead, L.I. Zon, Bipotential primitive-definitive hema-
topoietic progenitors in the vertebrate embryo, Immunity 7 (1997) 325-334.

K. Choi, Hemangioblast development and regulation, Biochem. Cell Biol. 76
(1998) 947-956.

Y.Z. Tara, L. Huber, Paul E. Mead, Leonard I. Zon, Cooperative effects of growth fac-
tors involved in the induction of hematopoietic mesoderm, Blood 92 (1998)
4128-4137.

F. Nakazawa, H. Nagai, M. Shin, G. Sheng, Negative regulation of primitive hema-
topoiesis by the FGF signaling pathway, Blood 108 (2006) 3335-3343.

M. Walmsley, D. Cleaver, R. Patient, Fibroblast growth factor controls the timing
of Scl, Lmo2, and Runx1 expression during embryonic blood development,
Blood 111 (2008) 1157-1166.

C.Y. Lee, KM. Vogeli, S.-H. Kim, S.-W. Chong, Y.-]. Jiang, D.Y.R. Stainier, S.-W. Jin,
Notch signaling functions as a cell-fate switch between the endothelial and he-
matopoietic lineages, Curr. Biol. 19 (2009) 1616-1622.

L.D. Covassin, Distinct genetic interactions between multiple Vegf receptors are
required for development of different blood vessel types in zebrafish, Proc. Natl.
Acad. Sci. 103 (2006) 6554-6559.

J. Bussmann, N. Lawson, L. Zon, S. Schulte-Merker, Zebrafish VEGF receptors: a
guideline to nomenclature, PLoS Genet. 4 (2008) e1000064.

C.C. Hong, Q.P. Peterson, ].-Y. Hong, R.T. Peterson, Artery/vein specification is
governed by opposing phosphatidylinositol-3 kinase and MAP kinase/ERK signal-
ing, Curr. Biol. 16 (2006) 1366-1372.

C.C. Hong, T. Kume, R.T. Peterson, Role of crosstalk between phosphatidylinositol
3-kinase and extracellular signal-regulated kinase/mitogen-activated protein ki-
nase pathways in artery-vein specification, Circ. Res. 103 (2008) 573-579.

R. Pola, L.E. Ling, M. Silver, MJ. Corbley, M. Kearney, R. Blake Pepinsky, R. Shapiro,
F.R. Taylor, D.P. Baker, T. Asahara, ].M. Isner, The morphogen Sonic hedgehog is an
indirect angiogenic agent upregulating two families of angiogenic growth factors,
Nat. Med. 7 (2001) 706-711.

N.D. Lawson, A.M. Vogel, B.M. Weinstein, sonic hedgehog and vascular endothe-
lial growth factor act upstream of the notch pathway during arterial endothelial
differentiation, Dev. Cell 3 (2002) 127-136.

T. Iso, Y. Hamamori, L. Kedes, Notch signaling in vascular development, Arterioscler.
Thromb. Vasc. Biol. 23 (2003) 543-553.

N.D. Lawson, N. Scheer, V.N. Pham, C.H. Kim, A.B. Chitnis, J.A. Campos-Ortega, B.M.
Weinstein, Notch signaling is required for arterial-venous differentiation during
embryonic vascular development, Development 128 (2001) 3675-3683.

T.P. Zhong, S. Childs, J.P. Leu, M.C. Fishman, Gridlock signalling pathway fashions
the first embryonic artery, Nature 414 (2001) 216-220.

J.M. Rowlinson, M. Gering, Hey2 acts upstream of Notch in hematopoietic stem
cell specification in zebrafish embryos, Blood 116 (2010) 2046-2056.

F. Schweisguth, H. Hayashi, T. Kume, Foxc transcription factors directly regulate
DIl4 and Hey2 expression by interacting with the VEGF-Notch signaling path-
ways in endothelial cells, PLoS One 3 (2008) e2401.

M. Corada, D. Nyqvist, F. Orsenigo, A. Caprini, C. Giampietro, M.M. Taketo, M.L.
Iruela-Arispe, R.H. Adams, E. Dejana, The Wnt/beta-catenin pathway modulates
vascular remodeling and specification by upregulating DIl4/Notch signaling,
Dev. Cell 18 (2010) 938-949.

P. Sroczynska, C. Lancrin, V. Kouskoff, G. Lacaud, The differential activities of Runx1
promoters define milestones during embryonic hematopoiesis, Blood 114 (2009)
5279-5289.

M.L. Kalev-Zylinska, ].A. Horsfield, M.V. Flores, ]J.H. Postlethwait, M.R. Vitas, A.M.
Baas, P.S. Crosier, K.E. Crosier, Runx1 is required for zebrafish blood and vessel de-
velopment and expression of a human RUNX1-CBF2T1 transgene advances a
model for studies of leukemogenesis, Development 129 (2002) 2015-2030.

R.N. Wilkinson, C. Pouget, M. Gering, AJ. Russell, S.G. Davies, D. Kimelman, R. Patient,
Hedgehog and Bmp polarize hematopoietic stem cell emergence in the zebrafish
dorsal aorta, Dev. Cell 16 (2009) 909-916.

M. Gering, R. Patient, Hedgehog signaling is required for adult blood stem cell for-
mation in zebrafish embryos, Dev. Cell 8 (2005) 389-400.

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

C.E. Burns, Hematopoietic stem cell fate is established by the Notch-Runx pathway,
Genes Dev. 19 (2005) 2331-2342.

C.E. Burns, D. Traver, E. Mayhall, J.L. Shepard, L.I. Zon, Hematopoietic stem cell
fate is established by the Notch-Runx pathway, Genes Dev. 19 (2005)
2331-2342.

W. Goessling, T.E. North, S. Loewer, AM. Lord, S. Lee, C.L. Stoick-Cooper, G. Weidinger,
M. Puder, G.Q. Daley, RT. Moon, L. Zon, Genetic interaction of PGE2 and Wnt signaling
regulates developmental specification of stem cells and regeneration, Cell 136 (2009)
1136-1147.

T.E. North, W. Goessling, M. Peeters, P. Li, C. Ceol, A.M. Lord, G.]. Weber, ]J. Harris,
C.C. Cutting, P. Huang, Hematopoietic stem cell development is dependent on
blood flow, Cell 137 (2009) 736-748.

L. Wang, P. Zhang, Y. Wei, Y. Gao, R. Patient, F. Liu, A blood flow-dependent klf2a-NO
signaling cascade is required for stabilization of hematopoietic stem cell program-
ming in zebrafish embryos, Blood 118 (2011) 4102-4110.

W.K. Clements, A.D. Kim, K.G. Ong, J.C. Moore, N.D. Lawson, D. Traver, A somitic
Wnt16/Notch pathway specifies haematopoietic stem cells, Nature 474 (2011)
220-224.

S.G. Lisa, J. McReynolds, Maria E. Figueroa, Mary C. Mullins, Todd Evans, Smad1
and Smad5 differentially regulate embryonic hematopoiesis, Blood 110 (2007)
3881-3890.

J.E. Pimanda, 1J. Donaldson, M.E.T.R. de Bruijn, S. Kinston, K. Knezevic, L. Huckle, S. Piltz,
JR. Landry, AR. Green, D. Tannahill, B. Gottgens, The SCL transcriptional network and
BMP signaling pathway interact to regulate RUNX1 activity, Proc. Natl. Acad. Sci. 104
(2007) 840-845.

B. Schiedlmeier, A.C. Santos, A. Ribeiro, N. Moncaut, D. Lesinski, H. Auer, K. Kornacker,
W. Ostertag, C. Baum, M. Mallo, H. Klump, HOXB4's road map to stem cell expansion,
Proc. Natl. Acad. Sci. U. S. A. 104 (2007) 16952-16957.

C. Lengerke, S. Schmitt, T.V. Bowman, LH. Jang, L. Maouche-Chretien, S.
McKinney-Freeman, AJ. Davidson, M. Hammerschmidt, F. Rentzsch, ]J.B. Green, LI
Zon, G.Q. Daley, BMP and Wnt specify hematopoietic fate by activation of the Cdx-
Hox pathway, Cell Stem Cell 2 (2008) 72-82.

A.J. Davidson, P. Ernst, Y. Wang, M.P. Dekens, P.D. Kingsley, ]. Palis, S.J. Korsmeyer,
G.Q. Daley, L.I. Zon, cdx4 mutants fail to specify blood progenitors and can be res-
cued by multiple hox genes, Nature 425 (2003) 300-306.

AJ. Davidson, L.1. Zon, The caudal-related homeobox genes cdx1a and cdx4 act re-
dundantly to regulate hox gene expression and the formation of putative hemato-
poietic stem cells during zebrafish embryogenesis, Dev. Biol. 292 (2006) 506-518.
H. Yamauchi, Y. Hotta, M. Konishi, A. Miyake, A. Kawahara, N. Itoh, Fgf21 is essen-
tial for haematopoiesis in zebrafish, EMBO Rep. 7 (2006) 649-654.

T.Reya, AW. Duncan, L. Ailles, J. Domen, D.C. Scherer, K. Willert, L. Hintz, R. Nusse,
I.L. Weissman, A role for Wnt signalling in self-renewal of haematopoietic stem
cells, Nature 423 (2003) 409-414.

AW. Duncan, FM. Rattis, L.N. DiMascio, K.L. Congdon, G. Pazianos, C. Zhao, K. Yoon,
J-M. Cook, K. Willert, N. Gaiano, T. Reya, Integration of Notch and Wnt signaling in he-
matopoietic stem cell maintenance, Nat. Immunol. 6 (2005) 314-322.

M. Gering, R. Patient, Notch in the niche, Cell Stem Cell 2 (2008) 293-294.

1. Maillard, U. Koch, A. Dumortier, O. Shestova, L. Xu, H. Sai, S.E. Pross, ].C. Aster,
A. Bhandoola, F. Radtke, W.S. Pear, Canonical notch signaling is dispensable for
the maintenance of adult hematopoietic stem cells, Cell Stem Cell 2 (2008)
356-366.

M.Y. Lee, HW. Lim, S.H. Lee, H.J. Han, Smad, PI3K/Akt, and Wnt-dependent signal-
ing pathways are involved in BMP-4-induced ESC self-renewal, Stem Cells 27
(2009) 1858-1868.

X. Qi, T.G. Li, J. Hao, J. Huy, ]. Wang, H. Simmons, S. Miura, Y. Mishina, G.Q. Zhao,
BMP4 supports self-renewal of embryonic stem cells by inhibiting
mitogen-activated protein kinase pathways, Proc. Natl. Acad. Sci. U. S. A. 101
(2004) 6027-6032.

Z.Li, T. Fei, ]. Zhang, G. Zhu, L. Wang, D. Lu, X. Chi, Y. Teng, N. Hou, X. Yang, H.
Zhang, ].D. Han, Y.G. Chen, BMP4 signaling acts via dual-specificity phosphatase
9 to control ERK activity in mouse embryonic stem cells, Cell Stem Cell 10
(2012) 171-182.

U. Blank, G. Karlsson, J.L. Moody, T. Utsugisawa, M. Magnusson, S. Singbrant, J. Larsson,
S. Karlsson, Smad7 promotes self-renewal of hematopoietic stem cells, Blood 108
(2006) 4246-4254.

Y. Zhang, H. Jin, L. Li, FX. Qin, Z. Wen, cMyb regulates hematopoietic stem/progenitor
cell mobilization during zebrafish hematopoiesis, Blood 118 (2011) 4093-4101.

E. Trompouki, T.V. Bowman, L.N. Lawton, Z.P. Fan, D.C. Wu, A. DiBiase, C.S. Martin,
J.N. Cech, AK. Sessa, J.L. Leblanc, P. Li, E.M. Durand, C. Mosimann, G.C. Heffner,
G.Q. Daley, RF. Paulson, R.A. Young, LI. Zon, Lineage regulators direct BMP and
Wnt pathways to cell-specific programs during differentiation and regeneration,
Cell 147 (2011) 577-589.

A.C. Mullen, D.A. Orlando, J.J. Newman, J. Loven, R.M. Kumar, S. Bilodeau, ]. Reddy,
M.G. Guenther, R.P. DeKoter, R.A. Young, Master transcription factors determine
cell-type-specific responses to TGF-beta signaling, Cell 147 (2011) 565-576.
T.C. Luis, M. Ichii, M.H. Brugman, P. Kincade, FJ. Staal, Wnt signaling strength reg-
ulates normal hematopoiesis and its deregulation is involved in leukemia devel-
opment, Leukemia 26 (2012) 414-421.

FJ. Staal, T.C. Luis, Wnt signaling in hematopoiesis: crucial factors for self-renewal,
proliferation, and cell fate decisions, . Cell. Biochem. 109 (2010) 844-849.

B.E. Sisson, J. Topczewski, Expression of five frizzleds during zebrafish craniofacial
development, Gene Expr. Patterns 9 (2009) 520-527.



	Hematopoietic stem cell development and regulatory signaling in zebrafish
	1. Introduction
	2. Hemangioblast and ventral mesoderm patterning
	3. Artery specification
	4. Hemogenic endothelium and EHT
	5. HSC initiation and maintenance
	6. HSC self-renewal, trafficking and differentiation
	7. Perspective
	Acknowledgements
	References


