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SUMMARY

The hematopoietic niche is a supportive microenvironment composed of distinct cell types, including
specialized vascular endothelial cells that directly interact with hematopoietic stem and progenitor cells
(HSPCs). The molecular factors that specify niche endothelial cells and orchestrate HSPC homeostasis
remain largely unknown. Using multi-dimensional gene expression and chromatin accessibility analyses in
zebrafish, we define a conserved gene expression signature and cis-regulatory landscape that are unique
to sinusoidal endothelial cells in the HSPC niche. Using enhancer mutagenesis and transcription factor over-
expression, we elucidate a transcriptional code that involves members of the Ets, Sox, and nuclear hormone
receptor families and is sufficient to induce ectopic niche endothelial cells that associate with mesenchymal
stromal cells and support the recruitment, maintenance, and division of HSPCs in vivo. These studies set
forth an approach for generating synthetic HSPC niches, in vitro or in vivo, and for effective therapies to
modulate the endogenous niche.

INTRODUCTION HSPCs are born in the aorta-gonad-mesonephros region and

then migrate to a transient fetal niche, the liver in mammals, or a

Hematopoietic stem and progenitor cells (HSPCs) are a rare pop-
ulation of cells capable of reconstituting the entire blood system."
In the bone marrow, multiple cell types are thought to contribute to
the HSPC niche, with endothelial cells (ECs) being a primary
component.”” Distinct endothelial subtypes differentially regulate
HSPCs: arterial ECs (AECs) promote HSPC quiescence, whereas
sinusoidal ECs (SECs) support HSPC differentiation and mobiliza-
tion.®™'° Specialized bone marrow ECs play a critical role in niche
reconstruction and hematopoietic recovery after myelosuppres-
sion,'"'? and ECs support HSPCs outside the bone marrow dur-
ing development and stress-induced hematopoiesis.'®
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venous plexus in the tail of fish called the caudal hematopoietic
tissue (CHT)."'* HSPCs expand in these sites for several days
before migrating to the adult niche, the bone marrow in mam-
mals, or the kidney marrow in fish. The CHT is composed of
low-flow venous SECs.'*'® As HSPCs lodge in the CHT, ECs
reorganize to form supportive pockets, which together with peri-
vascular stromal cells form a niche.'” Specific signaling mole-
cules, adhesion proteins, and transcription factors are impli-
cated in mediating cross-talk and physical interaction between
stem cells and ECs in the niche.?*°"?° Understanding the tran-
scriptional regulation of these molecules could guide strategies
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Figure 1. An endothelial gene expression signature unique to HSPC niches
(A) Schematic diagram illustrates the hematopoietic tissues of the zebrafish embryo (top) and the sectioning strategy used to perform RNA tomography (tomo-
seq) on the CHT (bottom; double transgenic embryo carrying the HSPC markers cd41:GFP and runx1:mCherry is shown).

(legend continued on next page)
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to improve the efficacy and availability of bone marrow
transplantation.

RESULTS

An endothelial gene expression signature unique to
HSPC niches

To investigate gene expression in the CHT, we performed RNA
tomography (tomo-seq)’’ on the zebrafish tail at 72 hours
post-fertilization (hpf), sectioning along the dorsal-ventral axis
(Figure 1A). This revealed clusters of gene expression corre-
sponding to specific tissues within the tail, including the spinal
cord, muscle, notochord, epidermis, and distinct hematopoietic
populations (Figures 1B and 1C). From this dataset, we found
144 genes enriched in the CHT (Figure 1B; Table S1). Using a
combination of EC-specific RNA-seq, published myeloid RNA-
seq datasets,?® and whole-mount in situ hybridization (WISH),
we identified 29/144 genes that were selectively expressed by
ECs in the CHT (Figures 1B, 1D, and S1A; Table S2). Using pub-
lished whole kidney and EC-specific single-cell RNA-seq data
generated in this study, we found that 23 of these 29 genes
were expressed by venous SECs in the adult kidney
(Figures 1E and S1B), a population associated with hematopoi-
esis in fish.?® The orthologs for 21/29 CHT EC genes were en-
riched in the ECs of mammalian hematopoietic organs®°—the
fetal liver and/or adult bone marrow—specifically at stages
when these tissues support hematopoiesis (Figure 1F). Thus,
the niche endothelial signature identified in the CHT is largely
conserved both across species and in hematopoietic
development.

Endothelial niche-specific cis-regulatory elements
To isolate CHT ECs, we generated GFP reporter transgenes us-
ing 1.3 or 5.3 kb upstream regulatory sequences for two highly
expressed CHT endothelial genes known to promote hemato-
poietic cell adhesion: mrc7a and sele.”>*'*? We then crossed
these reporters to the pan-endothelial marker kdrl:mCherry.
For both the mrc1a 1.3kb:GFP and sele 5.3kb:GFP transgenes,
the highest vascular expression was observed in venous SECs
of the CHT, which directly interact with HSPCs and
cxcl12a:dsRed2+ stromal cells (Figures 2A-2C, S1C, and S1D).
Selective GFP expression was similarly observed in kidney
marrow ECs (Figures S1E and S1F), consistent with these trans-
genes marking niche ECs.

To investigate transcriptional control of niche EC-specific gene
expression, we dissociated double-positive mrci1a 1.3kb:GFP;
kdrl:mCherry embryos and isolated four populations for RNA-

¢ CellP’ress

OPEN ACCESS

seq and assay for transposase accessible chromatin (ATAC-
seq): GFP*; mCherry* (CHT ECs), GFP~; mCherry* (non-CHT
ECs), GFP*; mCherry~ (mesenchymal cells in the tail fin), and
GFP~; mCherry~ (negative remainder of the embryo; Figure 3A).
We identified 6,848 regions of chromatin across the genome
open in CHT ECs but not the other three cell populations
(Table S3). Of the 29 CHT EC genes, 26 had an ATAC-seq element
within 100 kb of the transcriptional start site accessible only in
CHT ECs (Figure 3B). Similar regions of chromatin accessibility
were detected when using the sele 5.3kb:GFP transgene (Fig-
ure S2A; Table S3). To test whether the uniquely accessible re-
gions of chromatin contain tissue-specific enhancers, we cloned
15 of the elements, fused them to a minimal promoter and GFP,
and injected them into zebrafish embryos. 12/15 constructs
showed GFP enrichment in CHT ECs at 60-72 hpf (Figure 3B;
Table S4). Conversely, 6/6 pan-endothelial ATAC-seq elements
(regions that were open and accessible in both EC populations
but not the negative or GFP only fractions) drove mosaic GFP
expression in ECs throughout the entire embryo (Figure 3C), illus-
trating the specificity of the CHT elements. Stable integration of
several of these enhancer transgenes confirmed the expression
observed in FO animals (Figures 3D and S2B).

To define minimal sequences sufficient to drive CHT EC gene
expression, we cloned 125 and 158 bp sequences from the
strongest ATAC-seq signal upstream of mrc1a and sele, respec-
tively (Figures 4A and S2C). When coupled to a minimal pro-
moter, these elements drove GFP expression that was selec-
tively enriched in CHT ECs in 44% (125 bp, mrcia; 155/356)
and 23% (158 bp, sele; 176/775) of embryos (Figures 4A, S2C,
and S2D). On stable integration of each transgene, GFP expres-
sion was restricted to CHT ECs (Figures 4B and S2C). Single-cell
RNA-seq of FACS-purified ECs from mrcla 125bp:GFP*;
kdrl:mCherry* embryos confirmed that GFP* cells selectively ex-
pressed the 29-gene niche endothelial signature (Figure S2E).
Transcripts for GFP and some of the 29 genes were also de-
tected in a population of head lymphatic ECs (Figure S2E). How-
ever, a direct comparison between the CHT EC and head
lymphatic EC populations revealed clear differences in gene
expression, including the bona fide vascular niche factors
vcam1b, cxcl12a, and sele, which were expressed by CHT ECs
but not head lymphatic ECs (Figure S2E; Table S5). This expres-
sion is consistent with the head lymphatic ECs not recruiting and
supporting HSPCs. Within the CHT, mrc1a 125bp:GFP expres-
sion turned on as HSPCs colonized this tissue, increased in in-
tensity through 8 days post fertilization (dpf), coincident with
HSPC expansion, and then decreased steadily as HSPCs exited
the CHT (Figure 4C; Video S1). A similar dynamic was observed

(B) Cross-section schematic (upper left) and hierarchical clustering heatmap (upper right) reveal clusters of gene expression that correspond to distinct tissues
along the dorsal-ventral axis of the zebrafish tail. Schematic at bottom depicts strategy using kdrl:GFP transgenic embryos and FACS to isolate ECs from whole
embryos for analysis by RNA-seq.

(C) Graphs show tomo-seq expression traces for individual tissue-specific genes.

(D) Images show whole-mount in situ hybridization (WISH) for the pan-endothelial gene kdr/ (top panel) and CHT EC-enriched genes identified by tomo-seq and
tissue-specific RNA-seq (bottom panels). Arrows point to expression in dorsal vasculature and arrowheads point to expression in the CHT.

(E) Heatmap shows the expression of the 29 CHT EC genes in the different cell populations that comprise the adult zebrafish kidney marrow. Spectral scale
reports normalized expression.

(F) Heatmap shows the expression of orthologs of the zebrafish CHT EC genes in ECs from different organs of the mouse at different stages of development and
postnatal transition to adulthood. Red arrows denote hematopoietic tissues at the respective stage of development. Black bracket denotes genes enriched in
fetal liver ECs at the E14-17 stages and then later in the adult bone marrow. Spectral scales report Z scores. BM, bone marrow. Scale bars represent 250 um in
this and all subsequent figures unless noted otherwise.

Developmental Cell 58, 1037-1051, June 19, 2023 1039
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(A) Images show a double transgenic embryo carrying the pan-endothelial marker kdr:mCherry (magenta) and the mrc1a 1.3kb:GFP transgene (green). Mag-
nifications of boxed areas are shown on the right. The highest levels of vascular GFP expression are observed in CHT ECs (red arrows), whereas lower levels of
expression are observed in the anterior head region, although some of these cells do not express the kdrl:mCherry transgene.

(B) Images show runx1:mCherry* HSPCs (magenta) directly interacting with mrc1a 1.3kb:GFP* ECs within the CHT niche (red arrows). Panel on right shows

magpnification of boxed area.

(C) cxcl12a:dsRed2* stromal cells (magenta) are closely associated with mrc1a 1.3kb:GFP* ECs in the CHT. Scale bars in (B) and (C) represent 100 um.

in the developing kidney, where GFP expression was observed
as HSPCs colonized the kidney (Figure 4C), consistent with a po-
tential role for mrc1a in promoting adhesive interactions between
HSPCs and the vascular niche.

To identify transcription factors that might bind the CHT EC
enhancers, we performed motif enrichment analysis of the
6,848 regions of chromatin uniquely accessible in CHT ECs.
This analysis revealed that Ets, SoxF, and nuclear hormone re-
ceptor (NR2F2/RORA/RXRA, specifically, abbreviated hereafter
as NHR) binding motifs were highly enriched (Figure S2F). In
contrast, 4,522 pan-endothelial elements (regions open and
accessible in all EC populations) were enriched for Ets, but not
SoxF or NHR binding motifs (Figure S2F; Table S3). To test
whether the Ets, SoxF, and NHR sites were required for expres-

1040 Developmental Cell 58, 1037-1051, June 19, 2023

sion, we generated variants of the 125 and 158 bp enhancer se-
quences with each motif class mutated (Figure 4D; Figure S2G).
In each case, a significant reduction or complete loss of GFP
expression in CHT ECs was observed (Figures 4E and S2H).
GFP expression was unperturbed in embryos injected with con-
trol constructs carrying mutations between the Ets, SoxF, and
NHR motifs (Figures 4D, 4E, S2G, and S2H). Electrophoretic
mobility shift assays demonstrated that NR2F2 (also known as
chicken ovalbumin upstream promoter-transcription factor Il or
[COUP-TFII]), a NHR that promotes venous identity,>* was able
to bind the NHR motifs in the mrc1a 125 bp and sele 158 bp en-
hancers (Figure S2I). Together, this work defines a cis-regulatory
landscape unique to niche ECs and suggests that Ets, Sox, and
NHR transcription factors drive niche endothelial development.
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(legend continued on next page)
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Defined factors induce niche endothelial expression

To determine the endogenous transcription factors that might
bind the Ets, Sox, and NHR motifs in vivo, we examined our
bulk RNA-seq data from the double-positive CHT ECs. The
most highly expressed factors from the Ets, SoxF, and NHR fam-
ilies were flila, etv2, ets1, sox18, sox7, nr2f2, and rxraa
(Table S6). To test whether a combination of these factors was
sufficient to induce ectopic niche endothelial gene expression,
we injected a pool of constructs encoding orthologs for the
seven factors driven by a ubiquitous (ubi) promoter into zebrafish
embryos and examined mrc1a and sele expressions by WISH at
60-72 hpf (Figures 5A-5C). Strikingly, 17% (12/69) of the 7-fac-
tor-injected embryos had ectopic mrc1a expressions in the
head, trunk, and over the yolk, whereas controls did not (0/56;
Figures 5B and S3A). Similar results were obtained with WISH
for sele or when factors were injected into mrc1a 1.3kb:GFP
and sele 5.3kb:GFP embryos (Figures 5C-5E and S3B).

Our mutant-enhancer experiments indicated that at least one
factor from each of the three families was required for niche EC
gene expression, which led us to ask whether a combination of
just three factors, with one from each family, might be sufficient
to induce ectopic niche EC gene expression. ETV2 is a pioneer
factor essential for the specification of early mesodermal pro-
genitors into vascular cell fates.***® Forced expression of
ETV2 in nonvascular cells induces reprogramming toward an
early endothelial fate that can generate many types of vascula-
ture.*®~*® Previous work in zebrafish has shown the importance
of SoxF factors (sox7 and sox18) and nr2f2 during arterial-
venous specification.*>® We therefore hypothesized that a combi-
nation of three of these factors —ETV2, SOX7, and Nr2f2—might
be sufficient to induce ectopic niche endothelial gene expres-
sion. We injected a pool of ubi-driven ETV2, SOX7, and Nr2f2
and observed significant ectopic mrc1a expressions, similar to
the 7-factor pool (Figures 6A and 6B). Vessels ectopically ex-
pressing mrcia had a sinusoidal-like morphology resembling
CHT ECs and were functionally integrated into the animal’s cir-
culatory system (Figures S3C and S3D; Video S2). These CHT-
like ECs similarly showed ectopic expressions of sele, gpr182,
lgmn, stab2, ifi30, ctsla, and hexb, as well as the mrcila
125bp:GFP transgene, all of which were expressed at levels
similar to what is normally observed in the CHT ECs
(Figures 6C and 6D). Together, these data provide strong evi-
dence of the cells being reprogrammed into niche ECs. Ectopic
mrcla expression was also observed when Sox18 was
substituted for SOX7, or ETS1 was substituted for ETV2
(Figures 6A, 6B, S3E, and S3F), suggesting the factors can func-
tion interchangeably in terms of reprogramming with the 3-factor
pools. Analysis of our single-cell RNA-seq data confirmed the
expression of multiple factors from each family within the CHT
EC population, with etv2, sox7, nr2fia, and nr2f2 showing a
higher expression (Figure S4A). To determine whether the indi-

Developmental Cell

vidual factors are required for endogenous niche endothelial for-
mation, we sought to use previously published morpholinos
(MOs). Knockdown of etv2 has been shown to cause early
vascular abnormalities that preclude its study in later niche for-
mation in the CHT.®® We found that depletion of both sox7 and
sox18 together similarly led to early vasculature defects that pre-
cluded analysis of the CHT (n = 67/67 animals), although individ-
ually they showed no change in mrc1a 125bp:GFP expression
(n =90 for sox7 and 104 for sox18). These results were similar
to what has been reported previously for sox7 and sox718.%°
MOs targeting each of the nr2f family members expressed in
CHT ECs (nr2f1a, nr2f2, and nr2f5) showed no effect individually
when injected at a low dose, but a combination of all three led to
areductioninmrcia 125bp:GFP expression and fewer HSPCs in
the CHT (Figures S4B and S5C). Collectively, these results indi-
cate functional redundancy of the factors for both ectopic niche
EC reprogramming activity and endogenous niche formation
during development. In the mouse fetal liver (E14-17) and adult
bone marrow ECs, multiple factors from the Ets, Sox, and NHR
families were expressed, with the highest being Ets7, Sox18,
and Nr2f2 (Table S7), consistent with the notion that a combina-
tion of redundant factors, with at least one from each family
(although the specific factors may vary in different species, tis-
sues, and contexts) is a conserved feature of the vascular he-
matopoietic niche.

To evaluate the contribution of individual transcription factors
in our 3-factor overexpression experiments, we injected each
factor alone. No single factor alone gave significant ectopic
expression, except for ETV2, which led to the ectopic expression
of mrcia, although at a lower frequency than with SOX7 and
Nr2f2; both of which were required for optimal induction with
the ETV2, SOX7, and Nr2f2 3-factor combination (Figures 6B
and S3E-S3G). Some of the original seven factors, including
nr2f2 and ets1, had endogenous expression in the dorsal tail
(Figure S3H), and in most animals injected with ETV2 alone,
ectopic expression was restricted to the dorsal tail region, sug-
gesting the ectopic human ETV2 likely works in conjunction
with endogenous zebrafish factors in this region. Single-cell
RNA-seq analysis of whole zebrafish tails at 72 hpf similarly
showed expressions of etv2, sox7, and nr2f2 in cells outside
the CHT (Figure S4D). Injection of human ETV2 alone induced
endogenous zebrafish sox7, sox18, flila, and etv2 in the dorsal
tail region (Figure S3H). By comparison, ectopic expression
with the 3-factor combinations was much more widespread
and in many tissues, including the anterior head and yolk regions
(53% (n = 338/639) of 3-factor injections had ectopic yolk
expression compared with 22% (n = 57/265) of ETV2 alone injec-
tions), further supporting the notion that the human ETV2, when
injected alone, likely works in conjunction with endogenous ze-
brafish factors to induce ectopic niche EC gene expression.
Each of the original seven factors themselves had associated

(B) Gene tracks show regions of chromatin that were uniquely open in the GFP*mCherry* CHT EC fraction. Images on the right show embryos injected with a CHT
EC enhancer-GFP reporter construct corresponding to the red boxed region (red arrow). Arrowheads points to GFP expression in CHT ECs.

(C) Gene tracks show regions of chromatin that were open in both the mCherry*GFP* (CHT EC) and mCherry*GFP~ (non-CHT EC) populations (red boxes and
arrows). Images on the right show embryos injected with pan-endothelial enhancer-GFP reporter constructs corresponding to the red boxed regions. Arrows
point to GFP expression in non-CHT ECs and arrowheads point to expression in CHT ECs.

(D) Images show reporter expression of stable enhancer-GFP transgenes. Arrows point to GFP expression in non-CHT ECs and arrowheads point to expression in

CHT ECs.
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Figure 4. CHT endothelial specific enhancer mutagenesis

(A) Gene tracks show a region of chromatin (red box) upstream of mrc1a that is uniquely open in the double-positive CHT EC fraction but not the other three cell
populations. Green bars denote the position of the 125 bp enhancer sequence and the 1.3 kb sequence used to generate the reporter transgenes. Image on the
right shows transient GFP expression in an FO embryo injected with the 125 bp enhancer sequence coupled to a minimal promoter and GFP.

(B) Images show an embryo expressing the stably integrated mrc1a 125 bp:GFP transgene.

(legend continued on next page)
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regions of chromatin uniquely accessible in the CHT EC fraction,
harboring Ets, SoxF, and NHR sites (Table S6). Thus, overex-
pression of the 3-factor combinations likely establishes a reprog-
ramming auto-regulatory loop that drives the niche EC program
and underlies the optimal activity of the 3-factor combinations to
robustly induce the niche EC program.

As ectopic CHT-like ECs were frequently observed in the dor-
sal tail, we performed the time-lapse analysis of ubi-driven
3-factor injected mrcia 125bp:GFP and kdrl:mCherry embryos
to determine whether these vessels were outgrowths of CHT
vasculature or derived from other cell populations in the embryo.
In time-lapse movies, we observed that the ectopic regions were
clearly generated independent of the CHT, often prior to the
specification of the endogenous CHT ECs (Video S1). Many of
the ectopic GFP+ cells appeared to be muscle progenitors based
on their size, shape, and location, and these cells often under-
went dramatic morphological changes —developing protrusions,
becoming migratory and integrating into the vasculature (Videos
S3-56; Figure S5A). Not all cell types exhibited the same behav-
iors, however. Skin cells and neurons never underwent morpho-
logical changes, despite ectopically expressing the mrcia
125bp:GFP transgene (Figure S5B). These observations are
consistent with studies showing that muscle progenitors in the
zebrafish embryo are susceptible to reprogramming to an endo-
thelial fate by etv2 overexpression.®® As the ubi promoter is active
very early in development, we sought to evaluate whether niche
ECs could be induced at a later stage of development. We in-
jected constructs with ETV2, SOX7, and Nr2f2 downstream of a
heat shock promoter (hsp70l). Heat shock induction at 24 hpf re-
sulted in large patches of niche EC gene expression throughout
the animal; by 48 h post-heat shock, these cells incorporated
into the vasculature (Figure S5C). To test whether the CHT EC
program could be induced specifically in muscle cells, we used
the muscle-specific mylz2 promoter to drive the expression of
the 3-factor pool. We observed mrc1a 125bp:GFP* muscle cells
co-expressing the vascular marker kdrl:mCherry, often undergo-
ing morphological changes (n = 33/60 animals; Figure 6E). To test
whether the CHT EC program could be induced specifically in
non-CHT ECs at later stages of development, we overexpressed
the 3-factor pool using the pan-endothelial nrp1b enhancer that
we had isolated earlier. In these animals, we observed ectopic
mrcia 125bp:GFP expression in non-CHT ECs, including AECs
(n=22/87 animals; Figures 6E and S5D). The amount of ectopic
expression per embryo with the mylz2 and nrp1b drivers was
noticeably less than with the ubi-driven factors, likely reflective
of these drivers turning on later, in more differentiated cell types
(differentiated muscle and vasculature, respectively; Figure 6E).
Collectively, these data indicate that the minimal combination
of Ets, SoxF, and NHR factors is sufficient to induce CHT EC
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gene expression in multiple cell types at different stages of devel-
opment, with muscle progenitors being particularly susceptible
to trans-differentiation into CHT-like ECs.

Ectopic vascular regions recruit HSPCs and support
their proliferation

We next asked whether the ectopic CHT-like ECs were capable of
recruiting and supporting HSPCs outside of the endogenous CHT.
Injection of 3-factor pools (ETV2 or ETS1 with SOX7 and Nr2f2) un-
der the control of the ubi promoter resulted in runx1* HSPCs local-
ized outside of the CHT (Figures 7A, 7B, and S5E). 12/22 embryos
with ectopic vascular patches of mrc1a 1.3kb:GFP contained
runx1:mCherry* cells often with multiple HSPCs localized
within the ectopic regions. In contrast, only 5/48 control embryos
had HSPC localization outside the CHT. The ubi-induced
ectopic mrc1a:GFP* ECs often formed pockets around the
HSPCs and were associated with cxc/12a:dsRed2* stromal cells
and mpeg1:mCherry+ macrophages, similar to CHT ECs
(Figures 7B, 7C, and S5F; Videos S7-S9). We did not observe stro-
mal cells or HSPCs localized to ectopic CHT-like vessels in the
head or over the yolk (Figure S5G), suggesting specificity in the
anatomical location and/or a functional requirement of other cells
in the tail (e.g., stromal cells) for the ectopic niche activity.

To investigate the dynamics of the ectopic HSPCs localized
outside of the CHT, we used time-lapse microscopy. In control
embryos, the majority of HSPCs observed outside the CHT
were only transiently localized and only one division outside of
the CHT was observed in 10 embryos (Figure S5H). In contrast,
HSPCs localized to ectopic CHT-like ECs for several hours in
3-factor-injected embryos and divided at rates similar to
HSPCs in the endogenous CHT niche (6 divisions observed in
10 embryos; 5/6 divisions corresponded to HSPCs with resi-
dency times over 2.5 h; Figure S5H).?® We visualized recruit-
ment, lodging, and division of HSPCs but did not observe
HSPC formation at the ectopic sites (Figure 7D; Video S8).
When HSPCs divided, daughter cells migrated away and entered
circulation, similar to what is observed in the CHT, presumably
traveling to subsequent niches (Video S9). Thus, multiple
HSPC behaviors normally restricted to the endogenous CHT
were exhibited in the ectopic patches of CHT-like ECs. Together,
these data demonstrate that a minimal combination of Ets, Sox,
and NHR factors can induce ectopic niche ECs that associate
with cxcl12a+ stromal cells and support the recruitment, mainte-
nance, and division of HSPCs outside the endogenous niche.

DISCUSSION

Our data support a model in which Ets, Sox, and NHR factors are
sufficient to specify the identity and capacity of vascular niche

(C) Images show mrc1a 125bp:GFP (green) and runx1:mCherry (magenta) expression in the CHT (left) and kidney (right) at 8 different developmental time points.
White brackets denote the location of the CHT and arrowheads point to the location of the developing kidney. Grayscale images of the runx1:mCherry signal are
shown to the right of color overlays. Identical settings were used for image acquisition at each time point. The fluorescence intensity for the images in the figure
was adjusted relative to the highest expression at 8 dpf. This results in the reduced fluorescence intensity in the image for the 48 hpf time point.

(D) Wild-type sequence of the 125 bp mrc1a enhancer is shown, annotated with colors highlighting the Ets, Sox, and NHR binding motifs. Schematic depicts
enhancer-reporter constructs in which each class of motif or control regions was targeted by mutation. Red X’s denote the location of targeted sites. mp-GFP,

mouse Beta-globin minimal promoter fused to GFP.

(E) Graphs report the frequency of embryos with GFP expression in CHT ECs after injection with wild-type sequences or mutated variants of the mrc1a 125 bp
enhancer. Data is normalized to the wild-type control (44% [155/356]). Mean + SEM, one-way ANOVA with Dunnett’s multiple comparisons test; ***p < 0.001,
****p < 0.0001. All experiments were performed at least three times, with independent clutches. Scale bar in (C) represents 100 um.
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ECs, which likely work in conjunction with other niche cell types
to recruit and support the proliferation of blood stem cells. Based
on conserved gene expression, similar mechanisms appear to
be in place in hematopoietic niche ECs across species and
development. Other transcription factors including Tfec and
Kif6a®"*® have been shown to drive CHT vascular gene expres-
sion that maintains hematopoietic cells. These factors were not
identified by our study here but are known to turn on much earlier
in development such that we might have missed them with our
analysis at 72 hpf. Of note, several of the transcription factors
we did identify are expressed more broadly in venous vascula-
ture earlier in development but not all veins express the niche
signature, consistent with a model where multiple factors in the
CHT ECs are required for niche EC gene expression. The niche
endothelial signature identified here includes genes that regulate
adhesive interactions between ECs and circulating cells (e.g.,
the adhesion receptor E-selectin®>*? and the scavenger recep-
tors mrcta, stab1, and stab2°"*"**?). Another CHT niche EC
gene, gpr182, was recently shown to be a vascular niche-ex-
pressed receptor that maintains HSPC homeostasis in fish and
mice.*®** Our studies identified other bona fide niche factors
including vcam1b and cxcl12a as being expressed by the niche
ECs. In the bone marrow niche, these genes are expressed by
multiple cell types, including ECs, macrophages, and mesen-
chymal stromal cells. This appears to be the same in the CHT
niche as cxcl12a also marks mesenchymal stromal cells*® and
vcam1b was recently reported to function in macrophages within
the CHT niche.'® Of note, there was not an obvious set of genes
within our signature that would promote HSPC expansion. It is
possible that our transcription factor cocktail might not regulate
every aspect of CHT vascular identity, and such factors are ex-
pressed by the other cells we see associated with the ectopic
niches. There are numerous genes identified by this study that
were not previously associated with the HSPC niche, including
several with activities related to endocytosis and membrane traf-
ficking: ap1b1, dab2, pxk, exoc3/2a, and snx8. Validating our
expression analysis, ECs in the CHT were recently shown to be
highly endocytic.“° This endocytic activity might regulate
ligand/receptor turnover or may clear potentially harmful agents,
such as waste products, modified proteins, or microbial material
from the niche.

Recent analyses of the mammalian HSPC niche comparing
gene expression between SECs and AECs'%*”*® show an over-
lap between our niche EC signature and venous SECs in the
mouse bone marrow. Although AECs may also support hemato-
poiesis,®**° our work illustrates the capacity of SECs to recruit
HSPCs and support their division. Stress-induced extramedul-
lary hematopoiesis may involve the induction of this SEC niche
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program. A number of our niche EC genes were enriched in adult
mouse liver ECs (Figure 1E), suggesting the liver may be partially
‘primed’ to support hematopoiesis under stress. Our work here
highlights shared gene expression between niche ECs and
head lymphatic vessels in the zebrafish embryo. Although these
head lymphatic vessels in the fish do not support HSPCs, it was
recently shown that lymphatic vessels are a supportive compo-
nent of the hair follicle stem cell niche.*°

Our overexpression studies indicate that 3-factor combina-
tions of Ets, SoxF, and NHR transcription factors —where spe-
cific family members are interchangeable—are able to induce
niche EC gene expression in different cell types, including
AECs, muscle, and ectodermal lineages (skin cells and neurons).
Some cell populations appear to be more refractory to reprog-
ramming, whereas others (e.g., muscle progenitors) trans-differ-
entiate into CHT-like ECs with functional niche properties. The
susceptibility of muscle progenitors to reprogramming might
be tied to the chromatin state and/or differentiation status of
the cells or may be related to the shared mesodermal origin of
muscle and ECs. Such reprogrammed niche ECs might be
used in conjunction with reprogrammed stromal cells®' to
enhance the production, maintenance, or expansion of HSPCs
in vitro. Parabiosis experiments indicate that niche size deter-
mines HSPC number,®® and functional ectopic niches, termed
ossicles, have been used to assemble a bone marrow equivalent
upon transplantation®***; it is likely that these structures contain
SECs. These studies, in combination with our work here, estab-
lish the concept that HSPC numbers could be supported in vivo
using a reprogramming-based niche therapy to generate ectopic
vascular niches at new safe harbor locations in the body, partic-
ularly for blood diseases like myelofibrosis in which the normal
bone marrow niche no longer functions properly. Such a syn-
thetic niche in the long-term may function normally or be associ-
ated with some dysregulation requiring further development of
the system. Nevertheless, this would be a potential therapy for
relocating and stimulating hematopoietic stem cells. Collec-
tively, our work here advances the fundamental understanding
of the vascular niche that choreographs homeostasis and regen-
eration of blood stem cells, which may guide strategies to culture
and expand HSPCs for transplantation.

Limitations of the study

Of note, our study here has certain limitations. Although muscle
progenitors are likely to be a major contributor, we cannot
conclude definitively with our current data the source of embry-
onic cells giving rise to the ectopic CHT-like ECs. Similarly, we
have not yet rigorously assessed the full capacity of the ectopic
niches to support HSPCs, compared with the endogenous niche

Figure 5. 7-factor induction of ectopic niche EC gene expression

(A) Schematic depicts the strategy used in transcription factor overexpression experiments.
(B and C) Images show embryos that were injected with control DNA (left) or a pool of seven transcription factors (right) from the Ets, Sox, and NHR families (FLI1,
ETV2, ETS1, SOX7, Sox18, Nr2f2, and RXRA) and then stained by WISH for mrc1a (B) or sele (C). Red arrows denote regions of ectopic expression and black

arrowheads point to normal domains of expression in all panels of this figure.

(D) Images show mrc1a 1.3kb:GFP; kdr:mCherry double transgenic embryos that were injected with control DNA (left) or a pool of seven transcription fac-

tors (right).

(E) Images show ectopic expression of the mrc1a 1.3kb:GFP and kdrl:mCherry transgenes over the yolk extension in a 7-factor injected embryo. Magnification of
the boxed area is shown at the right. Control and experimental groups were blinded prior to scoring and all experiments were performed at least three times, with

independent clutches. Scale bars in (D) and (E) represent 100 um.
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in the CHT. Both questions will require the development and/or
implementation of tools that are beyond the scope of the present
study. Finally, it remains to be determined whether the cocktail of
transcription factors defined here will exhibit the same degree of
transdifferentiating activity in human cells. Nonetheless, our
study advances the fundamental understanding of the mecha-
nisms that underlie niche function, providing a conceptual
framework for future “niche therapies” for the treatment of
numerous hematopoietic disorders including cancer.
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Figure 7. Ectopic vascular regions recruit HSPCs and support their proliferation

(A) WISH for runx1 shows HSPC localization in a control (left) and 3-factor injected embryo (right). Black arrowheads denote endogenous CHT localization; and
red arrows point to ectopic localization.

(B) Image shows runx1:mCherry* HSPCs localized outside the CHT within a large ectopic region of mrc1a 1.3kb:GFP expression in an embryo injected with a pool
of ubi:ETV2, SOX7, and Nr2f2. Magnification of boxed area is shown on the right.

(C) ECs ectopically expressing mrc1a 1.3kb:GFP are associated with cxcl12a:dsRed2* stromal cells, similar to ECs in the CHT. Asterisk denotes notochord
expression of cxc/12a:dsRed2, and the black arrowhead points to CHT localization. Magnification of boxed region is shown.

(D) Time-lapse series shows a runx1:mCherry* HSPC (red arrows) initially arriving at an ectopic site and subsequently dividing (images show magpnification of
region with red arrow in Video S8). Time is shown as hh:mm. Control and experimental groups were blinded prior to scoring and all experiments were performed at
least three times, with independent clutches. Scale bars represent 100 um in (A-C), and 30 pm in (D).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-NR2F2 R&D Biosystems Cat#PP-H7147-00; RRID: 2155627

Chemicals, peptides, and recombinant proteins

Liberase TM Research Grade
Klenow fragment

GenElute LPA

TRIzol LS Reagent

Leica Tissue Freezing Medium
Tissue-Tek Cryomolds

Millipore Sigma
NEB

Sigma
ThermoFisher
Leica

VWR

Cat# 5401119001
Cat# M0210S

Cat# 56575

Cat# 10296010
Cat# 14020108926

https://us.vwr.com/store/product/4639407/
tissue-tek-cryomold-molds-adapters-sakura-finetek

Critical commercial assays

SMARTer Universal Low Input RNA Kit

Takara Clontech

Cat# 634938

PENTR 5’-TOPO TA Cloning Kit ThermoFisher Cat# K59120

Deposited data

Zebrafish tomo-seq, RNA-seq This paper GEO: GSE124151

and ATAC-seq data

Mouse endothelial bulk RNA-seq data Barry et al.*° GEO: GSE129005

Adult zebrafish kidney marrow scRNA-seq Tang et al.?” https://molpath.shinyapps.io/zebrafishblood/
Experimental models: Organisms/strains

Zebrafish: Tg(mrcia 1.3 kb:GFP) This paper N/A

Zebrafish: Tg(sele 5.3 kb:GFP) This paper N/A

Zebrafish: Tg(mrcia 125 bp:GFP) This paper N/A

Zebrafish: Tg(sele 158 bp:GFP) This paper N/A

Zebrafish: Tg(stab2 422 bp:GFP) This paper N/A

Zebrafish: Tg(nrp1b 552 bp:GFP) This paper N/A

Zebrafish: Tg(cdh5 823 bp:GFP) This paper N/A

Oligonucleotides

Primers use for WISH probe synthesis This paper See Table S8

Primers used to clone promoter This paper See Table S9

and enhancer elements

Sequences and primers used This paper See Table S10

for enhancer variants

Primers used for cloning and This paper See Table S11

EMSA probe synthesis

Morpholino: sox7-ATG MO: 5’- ACGC Swift et al.*® https://www.gene-tools.com/
ACTTATCAGAGCCGCCATGTG - 3’

Morpholino: sox18-ATG MO: 5’ -TATT Swift et al.*° https://www.gene-tools.com/
CATTCCAGCAAGACCAACACG - 3

Morpholino: nr2f1a-ATG MO: 5’-CCAG Wu et al.”® https://www.gene-tools.com/
ACGCTAACTACCATTGCCATA - 3’

Morpholino: nr2f2-ATG MO: 5’ - AGCC Swift et al.*® https://www.gene-tools.com/
TCTCCACACTACCATTGCCAT -3’

Morpholino: nr2f5-ATG MO: 5’-CACTG Chen et al.”” https://www.gene-tools.com/
ATTTACTACCATTGCCATGC - 3’

Morpholino: Standard Control MO: Gene Tools https://www.gene-tools.com/

5’ - CCTCTTACCTCAGTTACAATTTATA - &
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

Imaris Oxford Instruments https://imaris.oxinst.com/

Elements Nikon https://www.microscope.healthcare.nikon.com/
products/software/nis-elements

HOMER Heinz et al.®® http://homer.ucsd.edu/homer/motif/

MACS2 Zhang et al.%* https://github.com/macs3-project/MACS

Consite Sandelin et al.?® http://www.phylofoot.org/consite.

Bowtie2 (version 2.2.1)
Cufflinks 2.2.1
Tophat 2.0.11
GraphPad Prism v.7.03

Langmead and Salzberg®

Trapnell et al.®®

Trapnell et al.®

GraphPad

https://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://cole-trapnell-lab.github.io/cufflinks/manual/
https://ccb.jhu.edu/software/tophat/index.shtmi
https://www.graphpad.com/features

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Leonard
Zon (zon@enders.tch.harvard.edu)

Materials availability
Plasmids generated in this study will be shared by the lead contact upon request.
Transgenic zebrafish lines generated in this study will be shared by the lead contact upon request.

Data and code availability
® Alltomo-seq, bulk RNA-seq, single cell RNA-seq and ATAC-seq data have been deposited at GEO and are publicly available as
of the date of publication. Accession numbers are listed in the key resources table. Microscopy data reported in this paper will
be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Wild-type AB, casper or casper-EKK, and transgenic zebrafish (Danio rerio) lines cd41:EGFP,*> runx1:mCherry [runx1+23:NLS-
mCherryl,"” kdrl(flk1):GFP [kdrl:GRCFP],°® kdrl:mCherry [kdrl:Hsa.hras-mCherry],®” cxcl12a(sdf1a):DsRed2,"® and mpeg1:mCherry*®
were used in this study. Alternative gene names are listed in parenthesis and full transgene names are listed in brackets. All zebrafish
were housed at Boston Children’s Hospital and handled according to approved Institutional Animal Care and Use Committee
(IACUC) of Boston Children’s Hospital protocols. Zebrafish (Danio rerio) stocks were maintained at 28C in a recirculating
system and bred by putting male-female pairs into a mating tank and controlling the day-night cycle. Male and female breeders
from 3-9 months of age were used to generate fish for all experiments. Analyses of the adult kidney marrow was performed using
3-6 month old fish. No tests on the influence of sex were preformed in this study; sex determination in zebrafish occurs in late juvenile
stage.

METHOD DETAILS

Genomic analyses

For RNA tomography (tomo-seq), 72 hpf embryos were euthanized by tricaine overdose and the portion of the tail containing the CHT
was manually dissected using a scalpel. The tissue was oriented in OCT tissue freezing media (Leica) in a cryomold (Tissue-TEK) with
the ventral side facing the bottom of the mold. After snap freezing on dry ice, 40 individual 8 pm-thick cryosections were collected
along the dorsal-ventral axis using a cryostat. The RNA from individual cryosections was extracted using TRIzol and then barcoded
during a reverse transcription step prior to pooling for library preparation and sequencing.?” For inDrops single cell and bulk RNA-
seq, kdrl:GFP embryos were dissociated using Liberase (Roche) and GFP* cells were isolated by FACS. For bulk RNA-seq, total RNA
was isolated using TRIzol LS and GenElute LPA (Sigma) carrier as per manufacturer’s instructions. Libraries were prepared from
50 ng of total RNA/sample as input using Ribogone and a SMARTer Universal Low Input RNA Kit (Clontech). For inDrops, approx-
imately 2,000 cells were encapsulated and libraries were prepared for sequencing.®® For ATAC-seq, embryos were dissociated using
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Liberase and a minimum of 12,000 cells (max 50,000) were isolated by FACS. Cells were subsequently lysed and isolated nuclei were
incubated in a transposition reaction.®® All sequencing was done using an lllumina Hiseq 2500. For RNA-seq, quality control was per-
formed by Fast QC and Cutadapt to remove adaptor sequences and low quality regions. High-quality reads were aligned to UCSC
build danRer7 of the zebrafish genome using Tophat 2.0.11°" without novel splicing form calls. Transcript abundance and differential
expression were calculated with Cufflinks 2.2.1 .52 FPKM values were used to normalize and quantify each transcript. For ATAC-seq,
reads were aligned to UCSC build danRer7 of the zebrafish genome using Bowtie2 (version 2.2.1)°° with the following parameters:
—end-to-end, -NO-, -L20. The MACS?2 (version 2.1.0) peak finding algorithm®* was used to identify regions of ATAC-seq peaks with
the following parameters: —-nomodel —shift -100 —extsize 200. An initial g-value threshold of enrichment of 0.05 was used for peak
calling and a more stringent g-value of 14 was used to identify peaks that were distinct between different samples. Genome-wide
motif enrichment analysis was performed using HOMER®® and motif annotation was done using Consite.®® Gene expression analysis
of the adult kidney marrow was performed using publicly available data (https://molpath.shinyapps.io/zebrafishblood/).®”

Whole mount in situ hybridization (WISH)

In situ hybridization was performed using a standard in situ protocol.”® Embryos were subsequently transferred to glycerol for scoring
and imaging. In situ probes were generated by PCR amplification using a cDNA or plasmid (for transcription factors from other spe-
cies) template followed by reverse transcription with digoxigenin-linked nucleotides. Primer sequences for all WISH probes used in
this paper are provided in Table S8.

|-68

Transgenesis and enhancer-GFP reporter assays

Transgenic lines were established a standard Tol2 protocol.®® For the mrc1a 1.3kb:GFP and sele 5.3kb:GFP transgenes, 1.3 kb and
5.3 kb sequences, respectively, upstream of the transcriptional start site were PCR amplified off of genomic DNA and then TOPO-TA
cloned into a p5E Gateway vector (Invitrogen), which was then recombined with GFP and a polyA tail, all flanked by Tol2 sites. For the
125 bp mrci1a and 158 bp sele enhancers, the elements were PCR amplified off of genomic DNA, TOPO-TA cloned into a p5E
Gateway vector and then recombined with the mouse Beta-globin minimal promoter'” fused to GFP with a polyA tail, all flanked
by Tol2 sites. Embryos were injected at the one cell-stage with Tol2 RNA and at least two independent lines showing similar expres-
sion were established for each construct: (Tg(mrcla 1.3kb:GFP); Tg(sele 5.3kb:GFP); Tg(mrcia 125bp:GFP); and Tg(sele
158bp:GFP). The CHT EC and pan-EC ATAC-seq elements were similarly amplified by PCR using genomic DNA and then fused
to the Beta-globin minimal promoter and GFP. Mutational variants of 125 bp mrc1a and 158 bp sele were generated by annealing
overlapping oligos followed by a T4 DNA polymerase reaction to generate blunt-ended products, which were subsequently cloned
into p5E Gateway vectors (following A-tailing with Klenow Fragment (NEB)) using the same work flow as for the ATAC-seq elements.
Transcription factor binding motifs were disrupted by changing nucleotides in the core binding sites, purines for pyrimidines and vice
versa. Injected FO embryos were scored between 60-72 hpf, and embryos were scored as positive if there were GFP+ ECs present in
the CHT. Control and experimental groups were blinded prior to scoring and all experiments were performed at least three times, with
independent clutches. GFP expression in CHT ECs or pan-EC expression was scored as significant if it was observed in at least 10%
of FO injected embryos. Embryos scored as negative had either no GFP expression or had only sparse ectopic expression in muscle
cells. The sequences for primers used to amplify the mrc71a and sele regulatory elements, as well as the 15 CHT EC and 6 pan-EC
ATAC-seq elements, are provided in Table S9. The sequences for the overlapping oligos that were used to generate the enhancer
variants are provided in Table S10. The fidelity of all constructs was confirmed by sequencing prior to injection.

Transcription factor overexpression studies

For transcription factor overexpression studies, the open reading frames for the human (FLI1, ETV2, ETS1, SOX7 and RXRA), xen-
opus (Sox18) or zebrafish (Nr2f2) genes were cloned into a pME Gateway vector (Invitrogen) and then recombined with the zebrafish
ubi promoter,® hsp70! promoter,”® nrp1b enhancer, or mylz2 promoter,”’ and a polyA tail, all flanked by Tol2 sites. The fidelity of all
constructs was confirmed by sequencing prior to injection. Embryos were injected with transcription factor pools (1 nl at 25 ng/ul total
DNA, plus Tol2 RNA) at the one cell-stage and then screened between 24-72 hpf for ectopic niche endothelial gene expression or
ectopic HSPC localization. For control and single-factor injections, the empty Tol2 Gateway destination vector was used as filler
DNA in the injection mix. Expression of the transcription factors was confirmed by WISH using species-specific in situ probes.
Ectopic expression was scored as vascular staining or vascular GFP expression outside the normal domain of gene expression.

Microscopy and image analysis

Time-lapse microscopy was performed using a Yokogawa CSU-X1 spinning disk mounted on an inverted Nikon Eclipse Ti micro-
scope equipped with dual Andor iXon EMCCD cameras and a climate controlled (maintained at 28.5C) motorized x-y stage to facil-
itate tiling and imaging of multiple specimens simultaneously. Screening of injected enhancer-GFP constructs and imaging of WISH
embryos was performed using a Nikon SMZ18 stereomicroscope equipped with a Nikon DS-Ri2 camera. All images were acquired
using NIS-Elements (Nikon) and processed using Imaris (Oxford Instruments) or Adobe Photoshop software. HSPC dynamics were
quantified using Imaris and vessel morphology was analyzed using the AngioTool software package in Fiji. Embryos were mounted
for imaging in 0.8% LMP agarose with tricaine (0.16 mg/ml) in glass bottom 6-well plates and covered with E3 media containing
tricaine (0.16 mg/ml)."”
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Flow cytometry, kidney marrow dissection, dissociation, and histology

Embryos were prepared for FACS by chopping with a razor blade in cold PBS and then incubating in Liberase (Roche) for 20 min at
37C before filtering the dissociated cells through a 40 pm mesh filter and transferring to 2% FBS."” FACS was performed using a
FACS Aria machine (BD Biosciences). Gates were set to select the brightest cells, using transgene positive and negative control sam-
ples as a guide and SYTOX Blue as a live/dead stain. Single cell RNA-seq analysis of FACS-sorted kdrl:GFP+ cells was used to sup-
plement bulk RNA-seq to distinguish genes that were expressed by myeloid versus endothelial cells. At least 12,000 (50,000 max)
cells were collected per sample for ATAC-seq experiments and at least 10,000 (300,000 max) cells per sample were collected for
RNA-seq experiments. Kidney marrow was harvested from adult zebrafish by manual dissection and then dissociated using Liberase
or fixed in 4% PFA (for histology) or dissociated by gentle pipetting (for live cell imaging). For histology the kidney marrow was
embedded in paraffin prior to sectioning; alternating sections were stained with H&E or with an antibody to GFP. Mouse EC popu-
lations were sorted as Cd45"Pdpn Cd31* cells.*°

Morpholino injections
Morpholinos (MOs, Gene Tools) were diluted in water with phenol red and injected into 1- to 2-cell stage embryos.*%"7° For the Nr2f
MO injections, each MO was injected at a one third dose.

Electrophoretic mobility shift assay

The Nr2f2 fragment was cloned into the pGEX2TK vector (GE Healthcare) to generate GST-tagged Nr2f2 and fidelity was verified by
sequencing. The pGEX2TK-Nr2f2 protein plasmid was transformed into E. coli BL21 competent cells. Protein expression and puri-
fication were carried out as previously described’ and purified proteins were quantified against BSA. EMSAs were performed as
previously described.”* Probes were generated by annealing 100 pmol of sense and antisense oligonucleotides and 1-2 pmol of
probe was used in each reaction. All primer and probe sequences are provided in Table S11. Gel shift reactions were conducted
at 4°C in 20% glycerol, 20 mM Tris (pH 8.0), 10 mM KCI, 1 mM DTT, 12.5 ng poly dI/C, 6.25 pmol of random, single-stranded oligo-
nucleotides, BSA and the probe in the amount specified above. Samples involving the Nr2f2 protein were loaded on a 6% gel to
resolve protein-DNA complexes. In reactions with cold competitors, 20x unlabeled probes were included in the reactions. Anti-
NR2F2 (R&D Biosystems; cat # PP-H7147-00) was at the same amount of the Nr2f2 protein to obtain super-shifts.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all graphs, error bars report mean + s.e.m. One-way ANOVA analyses were followed by Dunnett’s (enhancer variant analyses) or
Tukey’s (vessel analyses and HSPC budding) post hoc tests for multiple comparisons. Chi Square Test was used for comparing
mrcia 125bp:GFP expression data. To compare transcription factor injections, Chi Square Test and Fisher’s exact tests were
used, with the Holm step-down process to correct for multiple comparisons. Unpaired two-tailed Student’s t-test or two-tailed
Mann-Whitney tests were used to analyze HSPC counts and HSPC residency time, respectively. Data were analyzed using
GraphPad Prism v.7.03, P < 0.05 was considered to be statistically significant. At least three independent biological replicates
were performed for each experiment, with at least 15 animals from randomized, independent groups to ensure sufficient sample
sized for statistical analysis. Control and experimental samples were blinded prior to scoring and all experiments were performed
at least three times, with independent clutches. No data was excluded from any of the analyses.
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