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SUMMARY

In mammals, hematopoietic stem and progenitor
cells (HSPCs) rapidly expand in the fetal liver (FL),
but the underlying mechanism remains unclear.
Here, we characterize zebrafish caudal hematopoietic tissue (CHT) and identify an important cellular and
molecular mechanism of HSPC expansion. Timelapse imaging showed that HSPCs localize adjacent
to vascular endothelial cells (ECs), and their migration and expansion display caudal vein-specific
orientation in the CHT. RNA sequencing and functional analysis identified that an EC-expressed
€ ppel-like factor 6a (Klf6a), is
transcription factor, Kru
essential for the CHT niche. We further demonstrated
that Klf6a directly regulates the expression of
the chemokine (C-C motif) ligand 25b to modulate
HSPC lodgment and proliferation. Ex vivo culture results support the conserved role of Ccl21/Ccr7
signaling in promoting HSPC expansion in mammals.
Together, we identify the Klf6a-Ccl25b/Ccr7 axis in
controlling the complex HSPC-CHT niche interaction, which may be applicable to in vitro expansion
or engraftment of HSPCs after transplantation.

INTRODUCTION
Hematopoietic stem and progenitor cells (HSPCs) are able to
produce multiple blood lineages including erythroid, myeloid,
and lymphoid cells throughout life. In mammals, HSPCs arise
from the aorta-gonad-mesonephros (AGM) region (Medvinsky
and Dzierzak, 1996), then migrate to the fetal liver (FL) (Ema
and Nakauchi, 2000), and finally seed the bone marrow (BM) to
sustain adult hematopoiesis. Compared with the highly quiescent hematopoietic stem cells in the BM, many of HSPCs in
the FL are actively cycling (Pietras et al., 2011). However, it has
been essentially unclear how transient expansion of HSPCs occurs in the FL in mammals. Previously, the caudal hematopoietic
tissue (CHT) in zebrafish has been identified as the equivalent
of FL in mammals (Murayama et al., 2006). Both the conservation
of hematopoiesis across vertebrates and the unique advantage

of zebrafish embryonic transparency provide us the possibility
to explore the relationship between fetal hematopoiesis and their
niche in vivo.
In zebrafish the complex CHT niche contains multiple cell
types, including vascular endothelial cells (ECs), stromal cells,
and hematopoietic cells. The main stromal cells, fibroblastic
reticular cells (FRCs), have been shown to play an essential
role by forming a functional hematopoietic niche in the CHT (Murayama et al., 2015). Tfec, a transcription factor (TF) in the Mitf
family, controls zebrafish HSPC expansion in the vascular niche
via cytokines (Mahony et al., 2016). In mammals, previous
studies have demonstrated that BM ECs have capabilities to
promote HSPC engraftment and reconstitution of hematopoiesis
through VEGFR2 (vascular endothelial growth factor receptor 2)
signaling or angiocrine factors in vivo or in vitro (Butler et al.,
2010; Kobayashi et al., 2010; Hooper et al., 2009). Furthermore,
it has been demonstrated that ECs can produce stem cell factor
(SCF) to maintain HSPCs in the spleen and BM in mice (Inra et al.,
2015; Ding et al., 2012). Therefore, we reasoned that the ECs
might be an essential component of the CHT niche in zebrafish.
In addition, recent high-resolution imaging in zebrafish shows
that vascular ECs of CHT are remodeled into a functional niche
by responding to the endogenous HSPC arrival (Tamplin et al.,
2015). However, which signals or factors mediate the interaction
between vascular ECs and HSPCs in the CHT remains incompletely understood.
€ppel-like factor 6 (KLF6) directly regulates
It is known that Kru
endothelial genes to participate in vascular remodeling during
response to injury (Garrido-Martin et al., 2013; Covassin et al.,
2006). The klf6 / mice are embryonic lethal due to defective hematopoiesis and yolk sac vascularization. Ectopic overexpression of klf6 enhances the hematopoietic potential of embryonic
stem cells (Matsumoto et al., 2006). Our previous studies also
demonstrated that knockdown of klf6a in zebrafish leads to the
blockage of maturation of primitive erythropoiesis (Xue et al.,
2015). Altogether, these findings indicate that KLF6 plays a
crucial role in hematopoiesis and vasculogenesis.
The cytokines and chemokine ligands, as secreted proteins,
are essential for cell viability, migration, proliferation, and differentiation. In mouse FL, stromal cells and ECs can produce cytokines such as angiopoietin-like-protein 3 for HSPC expansion
(Zhao et al., 2015). In the BM, CXCL4-CXCR2 regulates the
survival and self-renewal of HSPCs (Sinclair et al., 2016), while
the CXCL12-CXCR4 axis is important for maintenance of the
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HSPC pool (Sugiyama et al., 2006). In zebrafish, Gcsf ligands
actively regulate HSPC emergence and expansion (Stachura
et al., 2013), and Cxcl8/Cxcr1 signaling promotes HSPC engraftment (Blaser et al., 2017). Knockdown of ccr7 in zebrafish embryos displayed erythroid and myeloid defects (Eckfeldt et al.,
2005). We and others previously showed that the Ccl25aCcr9b axis is necessary for T cell development, whereas knockdown of chemokine (C-C motif) ligand 25b (ccl25b, homologous
to mammalian Ccl21) did not show discernible defects in thymopoiesis or lymphocyte development in zebrafish (Wang et al.,
2015; Ma et al., 2012; Bajoghli et al., 2009), indicating that
different members of the chemokine family may play distinct
roles during hematopoiesis. Interestingly, ccl25b is expressed
in zebrafish caudal vein ECs by in situ hybridization and was
speculated to promote angiogenesis (Lu et al., 2012). However,
the exact function of ccl25b in the CHT has not been determined.
In this study, we demonstrate an essential role of the vascular
niche in HSPC development in zebrafish CHT, and propose a
molecular mechanism for the HSPC-niche interaction in both zebrafish and mice. We find that klf6a is required for the formation
of zebrafish CHT vascular niche, by regulating expression of
ccl25b, to promote HSPC lodgment and expansion. Moreover,
the chemokine Ccl21/Ccr7 signaling plays a conserved role in
HSPC expansion in mouse FL. Our findings provide another layer
of understanding of definitive hematopoiesis in the FL of mammals, and may also have implications for in vitro HSPC expansion and HSPC engraftment after transplantation.
RESULTS
The Spatiotemporal Characterization of HSPCs in
the CHT
To define the relationship between HSPCs and the CHT niche,
we first identified the spatial location of vascular niche cells by
using various transgenic lines at successive developmental
stages and then examined the expression pattern of an HSPC
marker cmyb in detail by whole-mount in situ hybridization
(WISH). In vivo imaging of Tg (kdrl:mCherry/runx1:en-GFP) embryos showed that the colonization of runx1+ cells (HSPCs)
(Zhang et al., 2015) in the CHT was associated with vascular
ECs, and these HSPCs gradually migrated from the caudal artery
to the caudal vein for rapid expansion during developmental
stages (Figure 1A). To directly enumerate the number of HSPCs,
we processed the fluorescence images using Bitplane Imaris
7.4.2, digital spot images from which are shown in Figure 1B.
The area between the caudal artery and caudal vein was divided
into three parts on average including dorsal part (D), middle part
(M), and ventral part (V). The runx1+ spots in three regions of zebrafish CHT at different stages were respectively quantified. The
statistical results showed that the percentage of runx1+ cells in
M/V region increased gradually from 48 hr post fertilization
(hpf) to 4 dpf, which was accompanied with the increase of total
runx1+ cells in the CHT (Figure 1C). This polarized distribution of
HSPCs was also observed in Tg (kdrl:mCherry/CD41:GFP) line
(Figure S1A), supporting a possible mechanism of artery-dependent HSPC emergence (in the AGM) and vein-dependent HSPC
expansion/differentiation (in the CHT). In addition to close association between ECs and HSPCs, we also noticed that some
primitive myeloid cells (lyz+:dsRed) patrolled frequently around
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CD41+ cells in the CHT region at 2 dpf (Figure S1B). Later,
CD41+ cells differentiated into myeloid cells (lyz+:dsRed) and
erythroid (gata1+:dsRed) at 3 dpf and 4 dpf (Figures S1B and
S1C). Based on these observations, we proposed a model (Figure 1D) to illustrate the dynamic process of HSPC behaviors
within the CHT vascular niche. At the early stage (around 2 dpf)
HSPCs reside next to the ventral wall of caudal artery, then
migrate into the caudal vein plexus (CVP), and later seed the dorsal wall of caudal vein to form aggregates of HSPCs and differentiated cells. Furthermore, WISH analysis indicated that
cmyb+ cells migrated to the CHT at 36 hpf and localized into
the CVP afterward, then formed aggregates of HSPCs and differentiated cells, just adjacent to the dorsal wall of the caudal vein,
at 3 dpf and 4 dpf (Figure 1E).
To find the key factors involved in regulation of HSPCvascular niche interaction in the CHT, we performed RNA
sequencing (RNA-seq) analysis with kdrl+ cells (ECs) and
CD41+ gata1 cells (HSPCs) sorted from the CHT region by fluorescence-activated cell sorting (FACS) at 52 hpf. Gene ontology
(GO) analysis showed that EC-enriched genes were mainly
involved in the localization, cell-cell communication, vascular
development, and sequence-specific DNA binding terms (Figure 1F). It is well known that TFs coordinate the genetic program
to define the cell characteristics; thus, we focused on the highly
expressed TFs in ECs. TFs including HOXs, KLFs, and ATFs
were enriched in the upregulated datasets of ECs (Figure 1G).
Hoxa3 and Atf4 have been reported to play important roles in
HSPC emergence and expansion in mice (Zhao et al., 2015; Iacovino et al., 2011), and Klf6a regulates primitive erythroid
maturation in zebrafish (Xue et al., 2015). However, whether
and how Klf6a is involved in HSPC development remains
unknown.
Klf6a Is Required for Vascular Niche Formation and
HSPC Development in the CHT
To determine the potential role of klf6a in regulation of the CHT
niche and HSPCs, we first examined its expression by WISH
and double fluorescence in situ hybridization (FISH). klf6a was
specifically expressed in the CHT at 33 hpf and 48 hpf (Figure 2A),
and co-localized with the endothelial gene fli1a (Figure 2B).
Furthermore, qPCR results confirmed that expression of klf6a
was more enriched in ECs compared with sorted blood cells
(Figure S2A). Thus, the expression pattern of klf6a implies that
it may play a role in CHT vascular development.
To understand the function of klf6a in the CHT, we generated a
klf6a mutant with a 7-bp deletion in the first exon leading to a
premature stop codon using the CRISPR/Cas9 system (Figure 2C). Western blotting with anti-Klf6 antibody showed that
Klf6a protein decreased markedly in mutant embryos (Figure 2D).
The residual protein remained in klf6a / embryo was likely due
to the maternal expression (data not shown). Interestingly, we
observed that the CVP became disorganized, thinner, and less
complex in klf6a / in Tg (kdrl:GFP/gata1:dsRed) background
at 55 hpf (Figure 2E). Moreover, we also observed the hemorrhage of brain vasculature in a proportion of klf6a / embryos
(Figure 2E), which might be caused by the disruption of vessel
integrity. The 3D imaging of CHT vascular structure and digital
analysis showed that the CHT volume was decreased markedly
in klf6a-deficient embryos (Figure 2F). Next, we investigated

Figure 1. HSPC Localization in Zebrafish CHT, and RNA-Seq Analysis
(A) In vivo imaging of Tg (kdrl:mCherry/runx1:en-GFP) showing the detailed localization of HSPCs in the CHT during dynamic developmental processes. At 48 hpf,
runx1+ cells mainly localized next to the ventral wall of caudal artery and then migrated into the venous plexus at 55 hpf. At a later stage, i.e., 3 dpf and 4 dpf, runx1+
cells seeded the dorsal wall of caudal vein in the CHT. The white dashed lines indicate the outlines of caudal artery (CA) and caudal vein (CV), respectively. Scale
bars, 30 mm.
(B) The runx1 spots in the CHT were achieved from runx1:en-GFP+ cells in (A) via imaging by Imaris processing.
(C) The statistical data of runx1 spots in D/M/V region during developmental stages.
(D) The model of dynamic development of CVP and associated HSPCs. The red color marks caudal artery, the green color marks CVP, and red dots mark HSPCs.
(E) Expression of cmyb in the CHT at successive developmental stages. The red dashed lines mark the caudal artery and blue dashed lines mark the main caudal
vein. The right panels are magnified images of cmyb expression in the CHT. The black dashed lines indicate the boundary between the caudal artery and vein. NC,
notochord. Scale bars, 30 mm.
(F) DAVID gene ontology (GO) analysis of genes significantly enriched in ECs versus HSPCs.
(G) Heatmap displays selected highly expressed TFs in ECs of 52 hpf from the GO analysis. The arrows indicate two genes, atf4 and klf6a, respectively.
See also Figure S1.

HSPC development in klf6a / embryos. Live imaging showed
that the number of runx1+ cells, within the CVP of klf6a / in
Tg (kdrl:mCherry/runx1:en-GFP) background, was reduced at
60 hpf and 4 dpf compared with control embryos (Figure 2G,
left panels). The statistical data indicated that HSPC migration
and expansion were impaired (Figure 2G, right panels). The
qPCR result showed that the expression of hematopoietic
markers cmyb, pu.1 and gata1 was all reduced in klf6a / em-

bryos at 5 dpf (Figure 2H). WISH data also supported the
decrease of HSPCs and hematopoietic cells in klf6a-deficient
embryos at 4 dpf (Figure 2I), indicating an indispensable function
of Klf6a during HSPC development in the CHT niche.
We next used a klf6a ATG morpholino (MO) to confirm the
aforementioned phenotypes. The efficiency of klf6a MO has
been validated previously (Xue et al., 2015). The arterial-venous
identity was unchanged in both control and klf6a morphants
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Figure 2. The klf6a-Deficient Embryos Display HSPC Defects in the CHT
(A) The high-resolution expression pattern of klf6a in the CHT at 33 hpf and 48 hpf. Black arrowheads indicate the expression of klf6a in caudal venous ECs. Scale
bar, 30 mm.
(B) Double FISH shows klf6a (red) co-localized with fli1a (green) at 33 hpf in the CHT. White arrowheads indicate the expression of klf6a, fli1a or the co-expression
of fli1a and klf6a, respectively. Scale bar, 30 mm.
(C) The mutation of klf6a with a 7-bp deletion in genomic DNA and the predicated truncated protein.
(D) Western blot result of Klf6a in the siblings and mutants at 48 hpf.
(E) Confocal imaging showing kdrl+ vascular deficiency in the CHT and head region, whereas gata1+ cells accumulated in the brain in klf6a / embryos in
Tg (kdrl:GFP/gata1:dsRed) background. Scale bar, 50 mm.
(F) 3D imaging of the CHT vascular structure. Scale bar, 50 mm.
(G) Confocal imaging of runx1+ cells and vascular structure in the siblings and klf6a / embryos in Tg (kdrl:mCherrry/runx1:en-GPF) background at 60 hpf and
4 dpf (mean ± SD, t test; *p < 0.05, ns [not significant] > 0.05, n = 5). Scale bar, 50 mm.
(H) The qPCR results of cmyb, pu.1, and ae1-globin expression in siblings and klf6a / embryos at 5 dpf (mean ± SD, t test; *p < 0.05, n = 3).
(I) Expression of cmyb, lyz, and gata1 in siblings and klf6a / embryos at 4 dpf by WISH. Black arrowheads indicate the expression pattern of these markers.
See also Figure S2.

(data not shown). However, the CVP structural defect was
evident in klf6a morphants at 48 hpf (Figures S2B and S2D),
similar to that in klf6a / embryos. To further define the CVP
defect, we compared the number and arrangement of ECs in
the CHT of control embryos and klf6a morphants using a double
transgenic line (kdrl:mCherry/fli1a:nGFP). Time-lapse confocal
imaging showed that fewer ECs were observed in klf6a morphants at 48 hpf compared with control embryos (Figure S2B).
The confocal imaging of Tg (kdrl:GFP) embryo also displayed
352 Developmental Cell 42, 349–362, August 21, 2017

that the CHT EC number decreased in klf6a / embryos
compared with wild-type siblings (Figure S2B) . As expected,
the expression of ikaros, cmyb, irf4a, lyz, and be1-globin was
also reduced in the CHT region of klf6a morphants at 3 dpf (Figure S2C). To exclude the MO side effect, we synthesized klf6a
mRNA with mutated binding sites for klf6a ATG MO. As shown
in Figure S2D, the defects of hematopoietic cells including
gata1+, mpo+, and double-positive cells were efficiently rescued
in the CHT of gata1:dsRed/mpo:GFP transgenic embryos

co-injected with klf6a MO and klf6a mRNA (Figure S2D), and the
qPCR data confirmed this result (Figure S2E).
Taken together, these results demonstrated that klf6a is
necessary for the CVP formation and HSPC development in
the CHT, and may directly participate in the HSPC-niche
interaction.
Vascular ECs Facilitate HSPC Settlement and Expansion
in the CHT
To assess the relationship between the caudal vein defect and
HSPC reduction, we first determined when exactly the earliest
hematopoietic defects occurred in klf6a-deficient embryos.
WISH showed that the initiation of primitive myeloid and HSPC
emergence were normal in klf6a-deficient embryos (Figures
S3A and S3B), as well as the early arrival of definitive HSPCs
to the CHT (Figure S3B), suggesting that the defective CVP niche
led to subsequent impairment of HSPCs. As klf6a / embryos
were indistinguishable from siblings at early stages and klf6a
morphants mimicked klf6a / embryos phenotypically (Figures
S2 and S3), we used klf6a morphants in the following experiments. To directly observe the interaction of HSPCs and
vascular ECs, we applied time-lapse live imaging with the double
transgenic line Tg (kdrl:mCherry/runx1:en-GFP) to trace hematopoietic cells in the CHT during 42–48 hpf and 51–53 hpf (Movies
S1 and S2). We observed that HSPCs colonized the CHT niche
and lodged closely with ECs in control embryos, whereas in morphants vascular ECs could not respond to the arrival of HSPCs
and failed to form functional HSPC ‘‘pockets’’ as described previously (Tamplin et al., 2015) (Movie S1and Figure 3A). After
2 dpf, HSPCs gradually colonized toward the ventral caudal
vein with subsequent HSPC proliferation in control embryos; in
klf6a morphants, this polarized migration process of HSPCs
was blocked and many HSPCs were still retained in the region
near the caudal artery (Figures 3A and S3C). Consequently, the
number of HSPCs in the CHT was reduced markedly in klf6a
morphants (Figure 3B).
Since the CHT is an intermediate hematopoietic site for embryonic HSPC expansion and differentiation in zebrafish, similar
to the FL in mammals, we wondered whether the proliferation of
HSPCs was impaired with the blockage of their settlement. As
expected, we observed fewer HSPC (runx1+) divisions in the
CHT of klf6a morphants compared with the control (Figure 3A
and Movie S2). Confocal live imaging of Tg (kdrl:mCherry/
CD41:GFP) also demonstrated that the division of CD41+ cells
rarely occurred in the EC pockets of klf6a morphants at 3 dpf
(Figure 3C, left panels), and the number of HSPCs and differentiated hematopoietic cells became much reduced (Figure 3C,
right panels). Moreover, there were fewer aggregates of HSPCs
and differentiated cells next to the caudal vein in klf6a morphants
at 4 dpf (Figures 3D and 3E). To enumerate the proliferation rate
of HSPCs in control and klf6a-deficient embryos, we performed
bromodeoxyuridine (BrdU) double-labeling experiments. The
percentage of cmyb+BrdU+ double-positive cells in the CHT
was decreased significantly in klf6a morphants and klf6a / embryos (Figures 3F–3I). Collectively, these results demonstrated
that the lodgment and proliferation of HSPCs were affected
severely upon klf6a deficiency, leading to the decrease of hematopoietic cells in the CHT. Therefore, the formation of a proper
CHT vascular niche is necessary for HSPC colonization, which is

a prerequisite for the subsequent HSPC migration, division, and
differentiation.
Klf6a Regulates HSPC Development in an Endothelial
Cell-Autonomous Manner
To address whether the HSPC defect in the CHT of klf6a-deficient embryos is cell autonomous or non-cell autonomous, we
performed transplantation experiments. The whole kidney
marrow (WKM) cells from adult transgenic fish Tg(coro1a:GFP)
were transplanted into the venous sinus of wild-type embryos
and klf6a-deficient embryos at 48 hpf, respectively, and the
development of these GFP+ cells were followed up afterward
(Figure 4A). About 2 hr post transplantation (hpt), there were
already GFP+ cells homing to the CHT and pronephric region
in both control embryos and klf6a-deficient embryos. By
48 hpt, donor-derived cells could migrate into the kidney and
thymus area in control and klf6a-deficient recipients, but far
fewer GFP+ cells were retained in the CHT of klf6a-deficient
recipients compared with wild-type recipients (Figures S4A
and 4B), suggesting a CHT niche defect in klf6a-deficient recipients. To analyze whether the HSPC/hematopoietic cell defects
upon klf6a deficiency were cell intrinsic, we sorted an equal number of coro1a:GFP cells from control embryos or klf6a-deficient
embryos at 48 hpf and transplanted them into wild-type recipients (Figure 4C). We traced the donor cells that entered into
recipient circulation and colonized the CHT after 2 hpt. Analysis
of GFP+ cells in recipients at 48 hpt indicated that HSPCs/hematopoietic cells from both control embryos and klf6a-deficient
embryos had similar numbers in the CHT and kidney marrow
(Figures S4B and 4D), suggesting that HSPCs from klf6a-deficient donors functioned normally. Finally, we generated parabiotic embryo pairs with control embryos (CD41:GFP+) and klf6a
MO-injected scla:dsRed embryos, and analyzed the CD41:GFP+
and scla:dsRed+ cell number at 60 hpf. Far fewer dsRed+ and
GFP+ cells were observed in the CHT of klf6a morphants
compared with the control embryos (Figures S4C and S4D),
consistent with the transplantation results.
To further demonstrate the vascular EC specific function of
klf6a, we generated constructs to overexpress the full-length or
truncated klf6a with GFP reporter in ECs, driven by the fli1a promoter and tol2 transposon system (Figures S4E and S4G). The
embryos without GFP expression served as negative control,
and we validated the klf6a overexpression in the CHT of GFP+
embryos by WISH (Figure S4F). Overexpression of truncated
Klf6a, which lacks 37 amino acids in the N terminus to disturb
its transcriptional activity (Andreoli et al., 2010), in fli1a+ cells
led to CVP disorder and decreased expression of hematopoietic
markers cmyb and ae1-globin (Figure S4F and data not shown).
By contrast, overexpression of the full-length Klf6a, driven by the
fli1a promoter, efficiently rescued the decrease of HSPCs
(labeled by cmyb) and hematopoietic cells (labeled by ae1globin, pu.1 or lyz) in klf6a morphants (Figures S4H and S4I).
Collectively, these results demonstrated that the HSPC defects
in klf6a-deficient embryos are vascular EC niche dependent.
Expression Profiling Identifies ccl25b as a Klf6a
Downstream Factor
We then asked how endothelial cell-expressed klf6a regulates HSPC development. Previous studies provide clues that
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Figure 3. Vascular ECs Are Required for HSPC Lodgment and Proliferation
(A) High-resolution confocal imaging of Tg (kdrl:mCherry/runx1:en-GFP) of control and klf6a morphants. White circles mark ‘‘cuddling HSPC.’’ Blue arrows
indicate the localization and division of HSPCs associated with the CHT niche in control embryos. White arrows indicate HSPCs that could not seed the perivascular niche and migrated away from ECs in klf6a morphants. White arrowheads mark HSPCs without division in klf6a morphants. Scale bar, 30 mm.
(B) Quantification of lodging HSPCs in the CHT in control embryos and klf6a morphants at 51–53 hpf (mean ± SD, t test; *p < 0.05, **p < 0.01, n = 6).
(C) Confocal imaging of Tg (kdrl:mCherry/CD41:GFP) at 3 dpf in control embryos and klf6a morphants. The left panel is high-resolution imaging showing dividing
HSPCs. White circles mark ‘‘cuddling HSPCs.’’ White arrowheads indicate the HSPCs. Scale bars, 10 mm (left) and 50 mm (right).
(D) Confocal imaging showing CD41+ cells in the CHT at 4 dpf. The white dashed lines mark HSPCs and hematopoietic differentiated cells. Scale bar, 50 mm.
(E) Quantification of CD41:GFP+ cells shown in (D) in control and klf6a morphants (mean ± SD, t test; **p < 0.01, n = 5).
(F) The imaging of FISH and anti-BrdU staining in control and klf6a morphants at 60 hpf. Red color indicates BrdU signal and green color indicates cmyb
expressed cells. White arrowheads indicate the BrdU+/cmyb+ double-positive cells. Scale bar, 50 mm.
(G) The statistical data show the percentage of cmyb+BrdU+/cmyb+ cells in (F) (mean ± SD, t test; *p < 0.05, n = 5).
(H) The imaging of FISH and anti-BrdU staining in sibling and klf6a / embryos at 55 hpf. Red color indicates BrdU signal and green color indicates cmyb
expressed cells. White arrowheads indicate the BrdU+/cmyb+ double-positive cells. Scale bar, 50 mm.
(I) The statistical data show the percentage of cmyb+BrdU+/cmyb+ cells in (H) (mean ± SD, t test; *p < 0.05, n = 4).
See also Figure S3; Movies S1 and S2.

cytokines/chemokine ligands and their receptors can modulate
HSPC homing and maintenance in the BM (Ding et al., 2012).
Therefore, we investigated whether the caudal vein ECs
(vECs) can secrete such factors to guide HSPC migration into
354 Developmental Cell 42, 349–362, August 21, 2017

the CVP and promote HSPC proliferation and differentiation
(Figure S5A). Among a panel of various chemokine ligands
and growth factors examined, we found by qPCR and WISH
that several chemokine ligands showed significant changes

Figure 4. Klf6a Regulates HSPCs in the CHT Non-Cell Autonomously
(A) The model of experimental procedure of kidney marrow transplantation.
(B) Confocal imaging showing donor-derived coro1a+ cell in recipients 2 hr and 48 hr post transplantation (hpt). The statistical data show that klf6a morphants had
fewer donor cells in the CHT, but there was no difference in the thymus and kidney in control and klf6a morphant recipients (mean ± SD, t test; ***p < 0.001, ns [not
significant] > 0.05, n = 8). White arrowheads indicate the coro1a+ cells. Scale bars, 50 mm.
(C) The embryos-to-embryos transplantation model.
(D) Transplantation results shows that there was no difference in the number of donor cells from either control or klf6a morphants in the CHT and kidney marrow of
wild-type recipients (mean ± SD, t test; ns > 0.05, n = 8). Scale bars, 50 mm.
See also Figure S4.

in morphants compared with control (Figures S5B and S5C).
We further confirmed that that expression of ccl25b and cxcl8b
was specifically downregulated in ECs when klf6a was
knocked down (Figure S5D). Since the hematopoietic function
of cxcl8b has been reported in zebrafish recently (Blaser et al.,
2017; Jing et al., 2015), we thus focused on the gene ccl25b
(Figures S5B and S5D). Analysis of expression profiling of chemokine ligands and receptors in sorted ECs and HSPCs from
the RNA-seq database revealed a mutually exclusive expression pattern of ccl25b in ECs and its cognate receptor ccr7 in
HSPCs (Figure S5E). This distinct expression pattern was
further validated in sorted cells from the CHT at 52 hpf by
qPCR (Figure S5F). WISH showed that loss of klf6a reduced
the expression of ccl25b in the CHT (Figure 5A). The qPCR
analysis confirmed the WISH results (Figure 5B). The enriched
expression of ccl25b in the caudal vein ECs at 2 dpf indicated
that it may be involved in the oriented migration or cell division

of HSPCs in the CHT, as shown by high-resolution imaging of
WISH (Figure 5C). The co-localization of ccl25b and klf6a was
shown by double FISH (Figure 5D). Taken together, these results suggest that ccl25b acts as a potential downstream factor
of Klf6a.
Bioinformatics analysis predicted a potential Klf6a binding site
in the ccl25b promoter region (Figure 5E). To test whether ccl25b
is a direct target of Klf6a, we performed chromatin immunoprecipitation (ChIP) and luciferase reporter assay, respectively.
ChIP assay demonstrated that myc-tagged Klf6a could bind to
the promoter of ccl25b in vivo (Figure 5F). Reporter assay
showed that the promoter activity of ccl25b with the Klf6a binding site was upregulated by overexpression of Klf6a, whereas
this upregulation of promoter activity was not observed with
the Klf6a mutated binding site in HEK293T cells (Figure 5G).
These results supported that Klf6a directly regulates ccl25b
expression.
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Figure 5. Klf6a Directly Regulates ccl25b Expression
(A) Expression of ccl25b in the CHT of control, klf6a morphants, and klf6a / embryos at 48 hpf. Black arrowheads mark the ccl25b expressed cells.
(B) The qPCR result of ccl25b expression in control, klf6a morphants, and klf6a / embryos at 36 hpf (mean ± SD, t test; *p < 0.05, ***p < 0.001, n = 3).
(C) High-magnification imaging of ccl25b expression pattern in the CHT at 48 hpf. Black arrowheads mark the ccl25b expressed cells. The black dashed lines
mark the boundary of the caudal artery. Scale bar, 30 mm.
(D) Double FISH imaging shows klf6a expression (red), ccl25b expression (green), and co-expression (yellow) in the CHT at 40 hpf. White arrowheads indicate
gene expression. Scale bar, 30 mm.
(E) The schematic structure of the ccl25b promoter.
(F) The ChIP-PCR result shows that Klf6a could directly bind to the promoter of ccl25b. The ccl25b-F/R primers were used to amplify the promoter region
containing the conserved Klf6a binding site. The ccl25b-NF/NR were negative control primers used to amplify the ccl25b promoter region without the conserved
Klf6a binding site. IgG, immunoglobulin G.
(G) Reporter assay shows the regulation of ccl25b promoter by Klf6a. HEK293T cells were co-transfected with the promoter construct of ccl25b containing the
conserved Klf6a binding sites (CACCC) or mutated sites (TGTTA) together with the pCDNA3.1(+)-Klf6a plasmid (mean ± SD, t test; *p < 0.05, n = 3).
See also Figure S5.

Ccl25b Acts as a Mediator to Promote the Lodgment and
Proliferation of HSPCs in the CVP
To determine whether Klf6a exerts its effect on HSPC development through this downstream factor ccl25b, we designed a
ccl25b ATG MO. The MO efficiency and specificity were validated by co-injection of ccl25b ATG MO with the Ccl25b-GFP
plasmid, and GFP expression was blocked efficiently in co-injection embryos (Figure S6A). Knockdown of ccl25b induced a
decreased expression of hematopoietic markers gata1, mpo/
lyz, and cmyb by qPCR and WISH (Figures S6B and S6C). Importantly, a second ccl25b splice MO (Figure S6D) knockdown also
showed similar phenotype. Furthermore, we generated a heat
shock promoter-driven ccl25b construct for temporal overexpression. Expression of cmyb was increased in ccl25b-overexpressed embryos upon heat shock at both 36 hpf and 46 hpf
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(Figure S6E), suggesting a positive effect of ccl25b on HSPC
development. In addition, the expression of hematopoietic
marker genes (cmyb and l-plastin) was partially restored by overexpressing ccl25b mRNA in ccl25b splice MO-injected embryos
(Figure S6F). Taken together, these results demonstrated that
ccl25b deficiency disturbed HSPC development in the CHT.
To investigate the role of ccl25b during the interaction of
HSPCs and CHT vascular ECs, we performed time-lapse intravital imaging and directly observed the HSPC behavior in the
CHT. Interestingly, runx1+ HSPCs within the CVP of ccl25b
morphants in Tg (kdrl:mCherry/runx1:en-GFP) background appeared to be not actively migrating as seen in control embryo
from 50 hpf to 51 hpf (Figure 6A). The runx1+ cells were quantified
in the CHT D/M/V parts of control and ccl25b morphants at
50 hpf, respectively. The statistical data showed that runx1+ cells

in the ventral part of the CVP decreased obviously in ccl25b morphants compared with control embryos (Figure 6B), indicating
that the HSPC migration and colonization were disrupted upon
ccl25b knockdown. Subsequently, at 3 dpf, runx1+ cells in the
CHT reduced significantly in ccl25b morphants (Figures 6C
and 6D). As the cognate receptor of ccl25b, ccr7 knockdown
also displayed similar reduction of runx1+ and CD41+ cells in
the CHT by confocal imaging (Figure S6G). To determine the
proliferation status of HSPCs after ccl25b knockdown, we
performed FISH with the cmyb probe combined with phosphohistone H3 (PH3) staining, and the percentage of cmyb+PH3+
double-positive cells reduced significantly in ccl25b morphants
compared with control (Figures 6E and 6F). Concomitantly, the
genes associated with cell division were also downregulated
significantly in ccl25b morphants (Figure 6G). These results suggested that ccl25b is required for HSPC directional migration
and proliferation in the CHT.
Importantly, overexpression of ccl25b efficiently rescued
the HSPC defects in klf6a morphants evidenced by WISH
and qPCR (Figures S6H and S6I). Taken together, these results suggest that ccl25b acts downstream of klf6a to regulate
HSPC lodgment and proliferation in the CHT of zebrafish
embryos.
Ccl21/Ccr7 Signaling Promotes HSPC Expansion in
Mouse Fetal Liver
To investigate whether Ccl25b, which is homologous to
mammalian Ccl21 (Lu et al., 2012), plays an evolutionarily
conserved role in mammals, we performed ex vivo experiments
with the Lin Sca-1+c-Kit+ (LSK) cells sorted from the FL as reported previously (Zhao et al., 2015). We first determined the
expression of Klf6, Ccl21, and Ccr7 in sorted ECs and LSKs
from embryonic day 14.5 (E14.5) FL by qPCR and found that
Klf6 and Ccl21 were enriched in ECs while Ccr7 was highly expressed in LSKs (Figure 7A). The immunofluorescence analysis
further confirmed the specific expression of Ccr7 on the cell
membrane of Runx1+ cells (Figure 7B). Next, the LSK cells
were sorted from mouse E14.5 FL and cultured in MyeloCultTM
M5300 medium containing SCF, FLT3L (FMS-like tyrosine
kinase 3 ligand), and TPO (thrombopoietin). During this period,
the cells were co-cultured with Ccl21 at different concentrations for 5 days and used for the colony-forming units in the
culture (CFU-C) assay (Figure 7C). The results showed that
Ccl21 could efficiently enhance the colony-forming ability of
LSK cells, including CFU-erythroid (CFU-E), CFU-granulocyte-monocyte (CFU-GM), and CFU-granulocyte, erythrocyte,
macrophage, megakaryocyte (CFU-GEMM), especially at a
higher concentration of Ccl21 (Figure 7D). By contrast, the
enhanced colony-forming ability mediated by Ccl21 was
blocked significantly by the neutralizing anti-Ccl21 antibody
(Figure 7E). To further demonstrate whether Ccr7, the cognate
receptor of Ccl21 (Nomiyama et al., 2013), participates in this
promoting effect, we utilized the neutralizing anti-Ccr7 antibody. An obvious inhibition on the increased colony number
by Ccl21 was observed in the LSK cells after treatment with
anti-Ccr7 (Figure 7E). Taken together, these data demonstrated
that the role of Ccl21 in HSPC expansion is well conserved in
the FL of mice, suggesting its potential for in vitro HSPC expansion in humans.

DISCUSSION
Our study clearly demonstrates a cellular and molecular mechanism for vascular niche regulation of HSPC development in
zebrafish CHT (Figure 7F). We describe the spatiotemporal
characteristics of HSPCs in the CHT, and in vivo imaging reveals
that the lodgment and expansion of HSPCs are tightly associated with vascular ECs. The caudal vein-oriented migration of
HSPCs is important for HSPC settlement and proliferation.
Mechanistically, the TF, klf6a, regulates definitive hematopoiesis
via ccl25b, a chemokine ligand, in an EC-autonomous manner.
Ex vivo cell culture experiments showed that the Ccl21/Ccr7
signaling can effectively enhance the colony formation ability of
LSK cells in mouse FL.
In mammals, the earliest HSPCs are derived from the dorsal
aortic endothelium through endothelial-to-hematopoietic transition (EHT) and then enter into aortic circulation (Clements and
Traver, 2013; Zovein et al., 2008). In zebrafish, the ventral wall
of dorsal aorta produces the earliest HSPCs, which subsequently enter circulation via the axial vein (Bertrand et al.,
2010; Kissa and Herbomel, 2010). Although a recent report suggested that HSPCs expand around the arterial portal vessels in
mouse FL (Khan et al., 2016), our live imaging in zebrafish revealed that after their arrival at the CHT niche through the caudal
artery, these HSPCs gradually migrate toward the caudal venous
ECs for expansion and differentiation. Consistent with our findings here, others also reported that CVP sinusoids support hematopoietic progenitor expansion and differentiation in zebrafish
embryos (Tamplin et al., 2015; Murayama et al., 2006). In mammals, previous studies have demonstrated that distinct BM
blood vessels control definitive hematopoiesis differentially.
For example, arterial vessels regulate HSPC quiescence and
maintenance, whereas sinusoids promote HSPC activation and
leukocyte trafficking (Itkin et al., 2016; Kunisaki et al., 2013). In
addition, recent ex vivo experiments show that co-culture with
human umbilical vein ECs is a feasible approach for HSPC
expansion (Huang et al., 2016; Kobayashi et al., 2010). Together,
these data implicate that venous ECs may be more suitable for
HSPC proliferation and differentiation, whereas aortic ECs are
required for HSPC emergence (in the dorsal aorta) and quiescence (in the BM).
In the CHT vascular niche, vascular ECs provide physical
support as well as biological signals to sustain HSPC expansion
and differentiation. Moreover, HSPC lodgment in the CHT can
remodel the niche components and therefore affect niche formation. Previous study has clearly demonstrated that HSPCs could
trigger CHT niche ECs to form an EC ‘‘pocket,’’ which in turn facilitates HSPC proliferation (Tamplin et al., 2015). Interestingly,
our data indicated that the initiation of this process relies on
HSPC-oriented migration from the ventral side of caudal artery
to the dorsal side of caudal vein, which is guided by the caudal
vein-specific chemokine Ccl25b. It has been shown that the
CCL21 (the homolog of zebrafish Ccl25b)-CCR7 axis mediates
hematopoietic cell recruitment and cancer cell metastasis (Li
et al., 2014; Comerford et al., 2013). Ex vivo culture studies support that CCL21-CCR7 can enhance the proliferation of human
bladder cancer T24 cells and promote T24 cell invasion (Mo
et al., 2015). Here, we identified that in zebrafish CHT, the caudal
vein-specific Ccl25b, which is regulated by Klf6a directly, guides
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Figure 6. Ccl25b Acts Downstream of Klf6a to Facilitate HSPC Settlement and Expansion
(A) Time-lapse imaging of kdrl:mCherry/runx1:en-GFP in control and ccl25b morphants. The white arrowheads mark HSPCs and the white circles indicate HSPC
pockets. Scale bar, 50 mm.
(legend continued on next page)
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Figure 7. The Enhancement of Ccl21/Ccr7
Signaling on HSPC Expansion Is Conserved
in Mice
(A) The expression of Klf6, Ccl21 and Ccr7 in
sorted ECs (CD31+ CD45 TER119 ) and LSKs
(Lin Sca-1+c-Kit+) from E14.5 mouse fetal liver by
qPCR (mean ± SEM, t test; **p < 0.01, ***p < 0.001,
ns [not significant] > 0.05, n = 3).
(B) Immunofluorescence analysis of mouse Ccr7
expression in E14.5 fetal liver. The white arrowheads indicate Ccr7 and Runx1 double-positive
cells. Scale bar, 25 mm.
(C) The flow chart of ex vivo HSPC culture.
(D) CFU-C assay of HSPCs co-cultured with Ccl21
at 10 ng/mL and 40 ng/mL compared with control,
respectively (mean ± SEM, t test; *p < 0.05, **p <
0.01, ***p < 0.001, ns > 0.05, n = 3).
(E) CFU-C assay of HSPCs cultured in MyeloCult
M5300 medium containing Ccl21 at 40 ng/mL and
the neutralizing anti-Ccl21 antibody or neutralizing anti-Ccr7 antibody to block the Ccl21/Ccr7
signaling, respectively (mean ± SEM, t test; ***p <
0.001, n = 3).
(F) Model for development of HSPCs in the CHT
niche. Klf6a+ vascular ECs can produce ccl25b
that attracts HSPCs to settle closely to the caudal
vein, and perivascular ECs are triggered by an
arriving HSPC to form an EC pocket. Later, HSPC
proliferate in the stem cell pocket in the CHT niche. The orange cells indicate perivascular ECs
and green cells indicate HSPCs. The red plots
mark chemokine ligand (ccl25b).

HSPC-oriented migration through interaction with its receptor
Ccr7, and finally promotes HSPC proliferation in the CHT.
Furthermore, we performed ex vivo culture of mouse FL HSPCs
by adding the recombinant mouse Ccl21 to test its effect on the
expansion of HSPCs. The experimental results demonstrated
that incubation with Ccl21 greatly promoted HSPC expansion
and that this stimulation effect by Ccl21 was completely blocked
by using the neutralizing anti-Ccr7 antibody. Therefore, our
results support that the regulation of HSPC expansion by chemokine signaling (Ccl21/Ccl25b-Ccr7) is conserved from zebra-

fish CHT to mouse FL, and reveal a
mechanism of HSPC expansion within
the vascular niche.
Interestingly, according to our observation of CHT niche dynamics (Figure S1B), the primitive hematopoietic
cells, as another type of supporting cells
in the CHT, may also play a role in regulating HSPCs. It was noticed that some myeloid cells
(lyz:dsRed+) were closely associated with CD41:GFP+ cells in
the CHT (Figure S1B). This cell-cell interaction might provide
some signals to fine-tune HSPC behaviors. It is tempting to
speculate that, in addition to their roles in promoting HSPC
emergence in the AGM as we and others reported recently (He
et al., 2015; Travnickova et al., 2015; Espin-Palazon et al.,
2014; Sawamiphak et al., 2014), primitive myeloid cells including
macrophages and neutrophil cells may also mediate HSPC
expansion/differentiation or migration in the CHT. However,

(B) The statistical data of runx1+ cells in D/M/V of CVP in control and ccl25b morphants at 50 hpf (mean ± SD, t test; *p < 0.05, ns [not significant] > 0.05, n = 8).
(C) Confocal imaging of kdrl:mCherry/runx1:en-GFP CHT at 3 dpf in control embryos and ccl25b morphants. Yellow arrowheads mark GFP+ cells. The white
dashed lines mark the outlines of caudal artery and vein. Scale bar, 50 mm.
(D) The quantification of runx1:en-GFP+ cells shown in (C) (mean ± SD, t test; **p < 0.01, n = 8).
(E) Confocal imaging of FISH (cmyb)/immunofluorescence (PH3) at 60 hpf in CHT of control embryos and ccl25b morphants. White arrowheads mark doublepositive cells. Scale bar, 50 mm.
(F) The statistical data showing that the percentage of double-positive/cmyb + cells was reduced significantly in the morphants (mean ± SD, t test;
***p < 0.001, n = 8).
(G) qPCR result of cell division-related gene expression in control and ccl25b morphants (mean ± SD, t test; *p < 0.05, **p < 0.01, ***p < 0.001, ns > 0.05, n = 3).
See also Figure S6.
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further investigation is required to address the detailed role of
myeloid cells in the CHT niche.
Although HSPC transplantation has been recognized as one of
the most effective approaches to treat hematological malignancies, the associated complications often lead to failed
HSPC transplantation, such as acute graft-versus-host disease
(aGVHD) and engraftment syndrome (Blazar et al., 2012; Spitzer,
2001). It has been suggested that the disruption of cytokine
secretion or the defective niche for transplanted HSPCs might
be the leading causes of aGVHD (Yao et al., 2014; Antin and Ferrara, 1992). Therefore, a thorough understanding of HSPC-niche
interaction in vivo is beneficial for more efficient HSPC transplantation in the clinic. Our findings on the interaction between the
CHT and HSPCs in a zebrafish model and mouse ex vivo cultures
may provide useful insights for developing strategies to achieve
a better outcome in treating blood diseases in the future.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Zebrafish and Mice
Zebrafish strains including Tubingen and transgenic lines, kdrl:GFP/gata1:dsRed (Jin et al., 2007), kdrl:mCherry (Bertrand et al.,
2010), fli1a-nuclear-GFP (fli1a:nGFP), CD41:GFP (Lin et al., 2005), mpo:GFP (Renshaw et al., 2006), gata:DsRed (Hall et al., 2007),
runx1:en-GFP (Zhang et al., 2015), and coro1a:GFP (Li et al., 2012) were raised in system water at 28.5 C. Wild-type C57BL/6
mice were housed under specific pathogen-free conditions and handled in accordance with institutional guidelines. The embryos
from crosses between adult males and females of zebrafish or mice were used for all experiments. This study was approved by
the Ethical Review Committee of Institute of Zoology, Chinese Academy of Sciences, China.
METHOD DETAILS
MOs, mRNA, and Microinjection
The antisense MOs (MOs) including klf6a ATG MO, ccl25b ATG MO, ccl25b splice MO and ccr7-utr MO were purchased from
GeneTools. The sequences of gene-specific MOs are described as STAR Method and previous reports: klf6a ATG MO (Vecherin
et al., 2007), ccl25b ATG MO (Hess and Boehm, 2012), ccl25b splice MO, ccr7 utr MO (Wu et al., 2012).
Stock solutions at 1 mM in ddH2O were prepared, and 4-8 ng of MOs were injected into 1-cell stage zebrafish embryos. The
mRNAs were synthesized using the mMessage mMachine SP6 kit (Ambion) and the rescue experiments were performed by injecting
100-200 pg of mRNAs into 1-cell stage embryos (Xue et al., 2015). The Ccl25b-GFP fusion construct was generated to validate the
efficiency of ccl25b ATG MO. The construct contained a partial sequence of ccl25 gene including the ATG MO recognition site and
fused GFP in frame. The PCR primers were designed to amplify the region from the first exon to the third exon to validate the efficiency of ccl25b splice MO. The primers are listed in Table S1.
Whole-Mount In Situ Hybridization
Whole-mount in situ hybridization of zebrafish embryos was performed using a ZF-A4 in situ hybridization machine (Zfand, China)
with probes targeting genes of the klf6a, ccl25b, runx1, cmyb, ikaros, lyz, irf4a, be1-globin, gata1, pu.1, mfap4, cxcl12a, cxcl12b,
vegfa, and tgfbr2 as previously described (Wang et al., 2011).
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Quantitative Real-Time PCR
Total RNA used for quantitative RT-PCR (qPCR) was collected from the whole embryos or dissected tails from control and morphants, and extracted by TRIzol reagent. The cDNAs reversely transcribed from total RNA were all diluted 4 times to be used as templates. The qPCR primers are listed in Table S1. The detailed protocols were followed as described previously (Wang et al., 2011).
Cell Sorting, RNA Extraction, and mRNA Sequencing Analysis
Zebrafish embryos were collected and washed by calcium free Ringer solution to remove yolk sac in 6-well plates. The deyolked
embryos were incubated by 2.5% trypsin in 1 x PBS about 15 min, then stopped by adding CaCl2 to a final concentration of
1 mM and fetal calf serum to 10%. Cells were centrifuged for 6 min at 300 x g and washed by 1 x PBS once. The single cell suspensions for FACS were filtrated through 300 Mesh nylon filter and subject to FACS analysis (Covassin et al., 2006). The coro1a:GFP+
cells were sorted from coro1a:GFP embryos by MoFlo XDP (Beckman). 1 x 104 CD41:GFP+ cells and 2 x 104 kdrl:mCherry+ cells were
sorted from the tail region of 52 hpf zebrafish embryos by FACS and total RNA was isolated by QIAGEN RNeasy Mini Kit (Cat. No.
74104). The mRNA sequencing libraries were generated using NEBNext Ultra RNA Library Prep Kit for Illumina. The library preparations were sequenced on an Illumina Hiseq 4000 platform and 150 bp paired-end reads were generated. Counts were normalized for
mRNA abundance and differential expression analysis was performed using DEGseq R package. Dataset comparisons showed
8,935 differentially expressed genes (DEGs; fold change cutoff R 2, p value < 0.001). There were 210 TFs, out of 5,009 up-regulated
genes, which were highly expressed in kdrl:mCherry+ cells compared with CD41:GFP+ cells. We focused on the top 40 expressed
TFs. Among them, we identified that klf6a expression was highly enriched in zebrafish caudal vein.
BrdU Labeling and PH3 Staining
BrdU labeling and PH3 staining were performed as described previously (Xue et al., 2015). In brief, BrdU (10mM) was injected into
embryonic yolk sac at 2 dpf, and then the embryos were fixed in 4% paraformaldehyde (PFA) after 2 hours (h) injection, and washed in
1 x PBST for three times. After treatment with the Proteinase K (10mg/ml) and the following 2N HCl, the embryos were blocked in 1%
BSA for 1 h and incubated with anti-BrdU solution (1:800) (5-Bromo-2’-deoxy-uridine Labeling and Detection Kit, Roche) at 4  C overnight. Following washing with 1 x PBST, the embryos were incubated with Alexa Fluor 555 Goat Anti-Mouse IgG (H+L) Antibody
(1:500). For Phospho-Histone H3 (pH3) antibody staining, the embryos were fixed and permeabilized as above and were blocked
in 10% goat serum for 2 h and incubated with Phospho-Histone H3 antibody (Cell Signaling) at 4 C overnight. After washing with
PBST, the embryos were incubated with Alexa Fluor 594 Goat Anti-Rabbit IgG (H+L) Antibody (1:500). In the BrdU/PH3 and fluorescence in situ hybridization (FISH) double labeling experiments, BrdU/PH3 staining should be performed after FISH and the in situ hybridization temperature should be 55  C for FISH.
Promoter Constructs and Reporter Assay
To generate firefly luciferase reporter construct, a 2.0 kb (-2076bp to -38bp) fragment of ccl25b promoter was amplified from zebrafish genomic DNA and inserted into the pGL4.0 expression vector. The full length of zebrafish klf6a coding sequence was inserted into
pcDNA3.1 expression vector to generate Klf6a overexpression construct. Reporter assay were performed as previously described
(Wang et al., 2013). HEK293T cells were cultured in DMEM media with 10% fetal bovine serums in each well of 48-well plates. After
transfection with the ccl25b luciferase reporter or ccl25b mutant luciferase reporter (containing the conserved Klf6a binding sites
[CACCC] or mutated sites [TGTTA]) together with the pCDNA3.1 (+)-Klf6a plasmid for 24 h, cells were harvested in passive lysis buffer
and luciferase assays were performed with the Dual-Luciferase Reporter Assay System (Promega).
ChIP Assay
Chromatin immunoprecipitation (ChIP) assay was performed with 36 hpf embryos injected with klf6a-myc mRNA. As no specific antibody of Klf6a in zebrafish for ChIP assay was available, we applied the klf6a-myc overexpression system to pull down the target DNA
fragments using antibody against Myc. The eluted DNA (precipitated by Myc antibody) was assayed by PCR. The primers were designed according to the conserved Klf6a binding sites. The primers were summarized in Table S1. Non-specific primers and rabbit
purified immunoglobulin G were used as controls.
CRISPR/Cas9 Mutant and Overexpression of klf6a Constructs
The klf6a guide RNA was targeted to exon1 (target sequence, GCTTGAAGAATACTGGCAAC). The Cas9 and guide RNA were synthesized as described previously (Chang et al., 2013). The gateway system-based constructs was used for overexpression of Klf6a
(Kwan et al., 2007). The full length of Klf6a with mismatched klf6a MO binding sites was cloned from zebrafish cDNA using the forward
(5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGGAC GTCTTGCCCATGTGCAGC-3’) and the reverse (5’-GGGGACCACT
TTGTACAAGAAAGCTGGGTCGAGGTGCCTCTTCATGTGC-3’) primers. The truncated Klf6a with N-terminal 37 amino-acid residue
deletion was amplified using the forward (5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATGGACATGGAGCTGGAGAGA
TATTT-3’) and the reverse (5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCGAGGTGCCTCTTCATGTGC-3’) primers. The entry
clones of fli1 promoter-enhancer and EGFP were obtained from Meng Anming’s lab in Tsinghua University.
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Zebrafish Transplantation
The whole kidney marrows of transgenic line coro1a:GFP adult fish were used as donor cells in the adult-to-embryo transplantation
experiment. The coro1a:GFP adult kidney marrow was dissected and cell suspension were obtained by trypsin treatment. The 2dpf
coro1a:GFP embryos were used as donor for the embryo-to-embryo transplantation experiment and the coro1a+ cells were sorted
from donor embryos by FACS then transplanted into stage-matched wildtype recipient embryos. The detailed protocol was followed
as previously described (Murayama et al., 2015).
Zebrafish Parabiosis
klf6a MO was injected into Tg (scla:dsRed) embryos at 1-cell stage. The Tg (CD41:GFP) embryos as control were fused with klf6a
morphants at about 3 hpf and then developed intro parabiotic embryo pairs as previously described (Demy et al., 2013).
Immunofluorescence
For immunofluorescence assay of Ccr7 expression in the FL, wild-type mouse embryos at E14.5 were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for overnight at 4  C and used for frozen section. 5% BSA with 0.3% Triton X-100 was used
to block the unspecific binding of the antibodies. The slides were incubated with anti-Runx1 antibody (abcam, ab92336) and antiCcr7 antibody (R&D systems, MAB3477) diluted in 1% BSA overnight at 4  C. Then, the slides were incubated with anti-rabbit-Igfluorescein and anti-Rat-Ig-fluorescein for 2 hrs at RT. The sections were counterstained with DAPI and images were acquired by
Nikon confocal A1 (Nikon, Japan).
HSPC Sorting and Culture
ECs and HSPCs from E14.5 mouse FL were sorted with anti-CD31-PE, anti-CD45-FITC, anti-Lin-FITC, anti-Sca1-PE-Cy7, antiTER119-PE-Cy7 and anti-c-Kit-APC antibodies. For Ccl21 treatment, 200 HSPCs were cultured in MyeloCultTM M5300 medium
(Stem Cell Technologies) containing 20 ng/ml mouse SCF, 20 ng/ml mouse FLT3L and 10 ng/ml mouse TPO as previously reported
(Zhao et al., 2015). After culture with Ccl21 (Biolegend, 586402) at 10 ng/ml or 40 ng/ml for 5 days, the cells were collected and used
for colony-forming units in the culture (CFU-C) assay. Additionally, Ccl21 was re-added to the culture medium during 2-3 day to
maintain the concentration of Ccl21. For antibody blocking experiments, 500 HSPCs were cultured in MyeloCultTM M5300 medium,
containing Ccl21 at 40 ng/ml and the neutralizing anti-Ccl21 antibody (R&D systems, AF457) at 2.5 ug/ml or neutralizing anti-Ccr7
antibody (R&D systems, MAB3477) at 5 ug/ml, to block the endogenous Ccl21/Ccr7 signaling, respectively. The cytokines as
described above were added into the medium. After co-cultured for 5 days, the cells were collected and used for CFU-C assay.
CFU-C Assay
The cells co-cultured with or without Ccl21, the neutralizing anti-Ccl21 and anti-Ccr7 antibodies were harvested and added into
MethoCult GF M3434 medium (Stem Cell Technologies) in ultra-low attachment 24-well plates (Costar). After cultured at 37  C in
5% CO2 for 7-10 days, the number for each type of colonies including CFU-erythroid (CFU-E), CFU-granulo-monocyte (CFU-GM)
and CFU-granulocyte, erythrocyte, macrophage, megakaryocyte (CFU-GEMM) was counted.
Confocal Microscopy
Confocal images were acquired by Nikon confocal A1 laser microscope, and the imaging was edited by ImageJ and Photoshop CS6.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical Analysis of qPCR and Confocal Imaging
All statistical analysis of qPCR and confocal imaging experiments were performed for at least three times. Student’s unpaired 2-tailed
t-test was applied for comparisons unless otherwise indicated.
Analysis of Digital Image
The software Bitplane Imaris 7.4.2 was utilized for digital image processing. The HSPCs of D/M/V in the CVP were quantified in about
2 somite region of CHT and 5-10 embryos were counted for every group.
DATA AND SOFTWARE AVAILABILITY
The RNA-seq data has been deposited in the Gene Expression Omnibus database under accession number GEO: GSE98426.
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