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46  Abstract:

47

48  The hematopoietic niche is a supportive microenvironment comprised of distinct cell

49  types, including specialized vascular endothelial cells that directly interact with

50  hematopoietic stem and progenitor cells (HSPCs). The molecular factors that specify

51  niche endothelial cells and orchestrate HSPC homeostasis remain largely unknown.

52 Using multi-dimensional gene expression and chromatin accessibility analyses, we define
53  aconserved gene expression signature and cis-regulatory landscape unique to sinusoidal
54 endothelial cells in the HSPC niche. Using enhancer mutagenesis and transcription factor
55  overexpression, we elucidate a transcriptional code involving members of the Ets, Sox
56  and Nuclear Hormone Receptor families that is sufficient to induce ectopic niche

57  endothelial cells that associate with mesenchymal stromal cells and support the

58  recruitment, maintenance and division of HSPCs in vivo. These studies set forth an

59  approach for generating synthetic HSPC niches, in vitro or in vivo, and for effective

60 therapies to modulate the endogenous niche.
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71  Hematopoietic stem and progenitor cells (HSPCs) are a rare population of cells capable
72 of reconstituting the entire blood system'. In bone marrow, multiple cell types comprise
73 the HSPC niche - primarily endothelial cells (ECs) and perivascular mesenchymal

74  stromal cells*”’. Distinct endothelial subtypes differentially regulate HSPCs: arterial ECs
75  (AECs) promote HSPC quiescence, while sinusoidal ECs (SECs) support HSPC

76  differentiation and mobilization®!°, Specialized bone marrow ECs play a critical role in
77  niche reconstruction and hematopoietic recovery after myelosuppression!'!2, and ECs
78  support HSPCs outside the bone marrow during development and stress-induced

79  hematopoiesis'3.

80 HSPCs are born in the aorta-gonad-mesonephros region and then migrate to a

81  transient fetal niche, the liver in mammals or a venous plexus in the tail of fish called the
82  caudal hematopoietic tissue (CHT)"!4. HSPCs expand in these sites for several days

83  before migrating to the adult niche, the bone marrow in mammals or kidney marrow in
84  fish. The CHT is comprised primarily of low-flow venous SECs surrounded by

85  mesenchymal stromal cells'*!°. As HSPCs lodge in the CHT, ECs reorganize to form
86  supportive pockets, which together with stromal cells form a niche'”. Specific signaling
87  molecules, adhesion proteins and transcription factors are implicated in mediating cross-
88  talk and physical interaction between stem cells and ECs in the niche>20-2°,

89  Understanding the transcriptional regulation of these molecules could guide new

90 strategies to improve the efficacy and availability of bone marrow transplantation.

91
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94  Results:
95  An endothelial gene expression signature unique to HSPC niches
96  To investigate gene expression in the CHT, we performed RNA tomography (tomo-seq)?’
97  on the zebrafish tail at 72 hours post fertilization (hpf; Fig. 1a). This revealed clusters of
98  gene expression corresponding to specific tissues along the dorsal-ventral axis, including
99  spinal cord, notochord, muscle, epidermis and hematopoietic populations (Fig. 1b and
100  Extended Data Fig. 1a). 144 genes were enriched in the CHT (Fig. 1b and Supplementary
101 Table 1). Using EC-specific RNA-seq, published myeloid RNA-seq datasets*® and whole
102 mount in situ hybridization (WISH), we identified 29/144 genes that were selectively
103 enriched in CHT ECs (Fig. 1b and ¢, Extended Data Fig. 1b and Supplementary Table 2).
104  Using published whole kidney and new EC-specific single cell RNA-seq data, we found
105  that 23 of these 29 genes were expressed by venous SECs in the adult kidney (Fig. 1d and
106  Extended Data Fig. 1c), a population associated with hematopoiesis in fish*. The
107  orthologs for 21/29 CHT EC genes were enriched in the ECs of mammalian
108  hematopoietic organs®® — the fetal liver and/or adult bone marrow, at stages when these
109 tissues support hematopoiesis (Fig. 1e). Thus, the niche endothelial signature identified in
110  the CHT is largely conserved across species and hematopoietic development.
111
112 Endothelial niche-specific cis-regulatory elements
113 To isolate CHT ECs, we generated GFP reporter transgenes using 1.3 or 5.3 kb
114  upstream regulatory sequences for two highly expressed CHT endothelial genes known to
115  promote hematopoietic cell adhesion: mrcla and sele’”3"32. We crossed these reporters to

116  the pan-endothelial marker kdri:mCherry. For both the mrcla 1.3kb:GFP and sele
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117 5.3kb:GFP transgenes, the highest vascular expression was observed in venous SECs of
118  the CHT, which directly interact with HSPCs and cxcl/2a:DsRed2+ stromal cells

119  (Extended Data Fig. 2a-¢). Selective GFP expression was similarly observed in kidney
120  marrow ECs (Extended Data Fig. 2f-g), consistent with these transgenes being markers of
121 niche ECs.

122 To investigate transcriptional control of niche-specific gene expression, we

123 dissociated double positive mrcla 1.3kb: GFP; kdrl:mCherry embryos and isolated four
124 populations for RNA-seq and ATAC-seq: GFP"; mCherry* (CHT ECs), GFP-; mCherry”
125  (non-CHT ECs), GFP"; mCherry” (mesenchymal cells in the tail fin), and GFP-; mCherry
126  (negative remainder of the embryo; Fig. 2a). We identified 6,848 regions of chromatin
127  uniquely open in CHT ECs (Supplementary Table 3). Of the 29 CHT EC genes, 26 had
128  an ATAC-seq element within 100 kb of the transcriptional start site accessible only in
129  CHT ECs (Fig. 2b, Extended Data Fig. 3a and Supplementary Table 2). Similar regions
130  of chromatin accessibility were detected when using the sele 5.3kb: GFP transgene

131  (Extended Data Fig. 3d and Supplementary Table 3). To test whether the uniquely

132 accessible regions of chromatin are tissue-specific enhancers, we cloned 15 of the

133 elements, fused them to a minimal promoter and GFP, and injected them into zebrafish
134 embryos. 12/15 constructs showed GFP enrichment in CHT ECs at 60-72 hpf (Fig. 2b,
135  Extended Data Fig. 3a and Supplementary Table 4). Conversely, 6/6 pan-endothelial

136  ATAC-seq elements drove mosaic GFP expression in ECs throughout the entire embryo
137  (Extended Data Fig. 3b), illustrating the specificity of the CHT elements. Stable

138  integration of the enhancer transgenes confirmed the expression observed in FO animals

139  (Extended Data Fig. 3c).
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140 To determine a minimal sequence sufficient to drive CHT EC gene expression,
141 we cloned 125 bp and 158 bp sequences from the strongest ATAC-seq signal upstream of
142 mrcla and sele, respectively (Fig. 2c and Extended Data Fig. 4a). When coupled to a

143 minimal promoter, these elements drove GFP expression that was selectively enriched in
144 CHT ECs in 44% (125 bp, mrcla; 155/356) and 23% (158 bp, sele; 176/775) of embryos
145  (Fig. 2c and Extended Data Fig. 4a-c). Upon stable integration of each transgene, GFP
146  expression was restricted to CHT ECs (Extended Data Fig. 4d). Single cell RNA-seq of
147  FACS-purified ECs from mrcla 125bp:GFP*; kdrl:mCherry" embryos confirmed that
148  GFP” cells selectively expressed the 29-gene niche endothelial signature (Extended Data
149  Fig. 5a). Transcripts for GFP and some of the 29 genes were also detected in a population
150  of head lymphatic ECs (Extended Data Fig. 5a), however, a direct comparison between
151  the CHT EC and head lymphatic EC populations revealed substantial differences in gene
152 expression, including the bona-fide vascular niche factors vcam1b, cxcll2a and sele,

153 which were expressed by CHT ECs but not head lymphatic ECs (Extended Data Fig. 5a
154  and Supplementary Table 5), consistent with the inability of the head lymphatic ECs to
155  recruit and support HSPCs. Within the CHT, mrcla 125bp: GFP expression turned on
156  shortly before HSPC colonization, increased in intensity through 8 dpf (coincident with
157  HSPC expansion), and then decreased steadily as HSPCs exited the CHT (Extended Data
158  Fig. 5b and Supplementary Video 1). A similar dynamic was observed in the kidney

159  marrow, where GFP expression was observed shortly before HSPC colonization

160  (Extended Data Fig. 5b), consistent with a role for mrcla in promoting adhesive

161 interactions between HSPCs and the vascular niche.
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162 To identify transcription factors that bind CHT EC enhancers, we performed

163 motif enrichment analysis of the 6,848 regions of chromatin uniquely accessible in CHT
164  ECs. This revealed that Ets, SoxF and Nuclear Hormone Receptor

165 (NR2F2/RORA/RXRA, specifically, abbreviated hereafter as NHR) binding motifs were
166  highly enriched (Extended Data Fig. 3e). In contrast, 4,522 pan-endothelial elements

167  were enriched for Ets, but not SoxF or NHR binding motifs (Supplementary Table 3;
168  Extended Data Fig. 3e). To test whether the Ets, SoxF and NHR sites were required for
169  expression, we generated variants of the 125 bp and 158 bp enhancer sequences with
170  each motif class mutated (Fig. 2d and Extended Data Fig. 4e). In each case, a significant
171  reduction or complete loss of GFP expression in CHT ECs was observed (Fig. 2e and
172 Extended Data Fig. 4¢). GFP expression was unperturbed in embryos injected with

173 control constructs with mutations between the Ets, SoxF and NHR motifs (Fig. 2d and e,
174  and Extended Data Fig. 4e). Electrophoretic mobility shift assays demonstrated that

175  NR2F2 (also known as COUP-TFII), a NHR that promotes venous identity?, was able to
176  bind the NHR motifs in the mrcla 125 bp and sele 158 bp enhancers (Extended Data Fig.
177  4f). Together, this work defines a cis-regulatory landscape unique to niche ECs and

178  suggests that Ets, Sox and NHR transcription factors drive niche endothelial

179  development.

180

181  Defined factors induce niche endothelial expression

182  To determine which transcription factors might bind the Ets, Sox and NHR motifs in

183  vivo, we examined our bulk RNA-seq data from the double positive CHT ECs. The most

184  highly expressed factors were flila, etv2, etsl, sox18, sox7, nr2f2 and rxraa
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(Supplementary Table 6). To test whether these factors were 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 mrcla and sele expression by WISH at 60-72 hpf (Fig. 3a). Strikingly, 17%
(12/69) of the 7-factor-injected embryos had ectopic mrcla expression in the head, trunk
and over the yolk, whereas controls did not (0/56; Extended Data Fig. 6a and c¢). Similar
results were obtained with WISH for sele or when factors were injected into mrcla
1.3kb:GFP and sele 5.3kb:GFP embryos (Fig. 3b and Extended Data Fig. 6a-b and d).
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, which one from each family, might be sufficient to
induce ectopic niche EC gene expression. ETV2 is a pioneer factor essential for
specification of early mesodermal progenitors into vascular cell fates**>. Forced
expression of ETV2 in nonvascular cells induces reprogramming towards an early
endothelial fate that can generate many types of vasculature3®-38, 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 combination of three of
these factors — ETV2, SOX7 and Nr2f2 — might be sufficient to induce ectopic niche
endothelial gene expression. We injected a pool of ubi-driven ETV2, SOX7 and Nr2f2
and observed significant ectopic mrcla expression, similar to the seven-factor pool (Fig.
3c-d and Extended Data Figs. 6e-f and 7a). Vessels ectopically expressing mrcla had a
sinusoidal-like morphology similar to CHT ECs and were functionally integrated into the

circulatory system (Extended Data Fig. 6f and g and Supplementary Video 2). Injected
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208  embryos similarly showed ectopic expression of sele, gpri82, lgmn, stab?2, ifi30, ctsla
209  and hexb, as well as the mrcla 125bp: GFP transgene (Extended Data Fig. 6¢ and h).
210  Ectopic mrcla expression was also observed when Sox18 was substituted for SOX7, or
211 ETSI1 was substituted for ETV2 (Fig. 3c and d, Extended Data Fig. 7a and ¢), suggesting
212 the factors can function interchangeably. Analysis of our single cell RNA-seq data

213 confirmed overlapping expression of multiple factors from each family within CHT ECs
214  (Extended Data Fig. 9a). To determine whether individual factors are required for

215  endogenous niche endothelial formation, we used previously published morpholinos

216  (MOs). Knockdown of erv2 has been shown to cause early vascular abnormalities that
217  preclude its study in later niche formation®. Similarly, we found that depletion of both
218  sox7 and sox18 together led to early vasculature abnormalities (n=67/67 animals),

219  although individually they showed no change in mrcla 125bp: GFP expression (n=90 and
220 104 animals, respectively). MOs targeting each of the nr2f family members expressed in
221 CHT ECs (nr2fla, nr2f2 and nr2f5) showed no effect individually, but a low dose

222 combination of all three led to a reduction in mrcla 125bp: GFP expression and fewer
223 HSPCs in the CHT (Extended Data Fig. 9b-c). Together these results indicate functional
224 redundancy of the factors for both niche EC reprogramming activity and endogenous
225  niche formation. In the mouse fetal liver (E14-17) and adult bone marrow ECs, multiple
226  factors from the Ets, Sox and NHR families were expressed, with the highest being Ets/,
227  Sox18 and Nr2f2 (Supplementary Table 7), consistent with the notion that a combination
228  of redundant factors, with at least one from each family (although the specific factors
229  may vary in different tissues and contexts) is a conserved feature of the vascular

230  hematopoietic niche.
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231 To evaluate the contribution of individual transcription factors in our 3-factor
232 overexpression experiments we injected each factor alone. No single factor alone gave
233 significant ectopic expression, except for ETV2, which led to ectopic expression of

234 mrcla, though at a lower frequency than with SOX7 and Nr2f2; both of which were

235  required for optimal induction with the ETV2, SOX7 and Nr2f2 combination (Fig. 3d and
236  Extended Data Figs. 7a-c). Some of the original seven factors, including nr2f2 and ets/,
237  had endogenous expression in the dorsal tail (Extended Data Fig. 7d), and in the majority
238  of animals injected with ETV2 alone, ectopic expression was restricted to the dorsal tail
239  region, suggesting the exogenous ETV2 likely works in conjunction with endogenous
240  factors in this region. Human ETV2 alone also induced endogenous zebrafish sox7,

241  soxI8, flila and etv2 in the dorsal tail region (Extended Data Fig. 7d). By comparison,
242 ectopic expression with the three-factor combinations was much more widespread and in
243 many tissues, including the anterior head and yolk regions (53% (n=338/639) of three-
244  factor injections had ectopic yolk expression compared to 22% (n=57/265) of ETV2

245  alone injections). Each of the seven factors themselves had associated regions of

246  chromatin uniquely accessible in the CHT EC fraction, harboring Ets, SoxF and NHR
247  sites (Supplementary Table 6). Thus, overexpression of three-factor combinations likely
248  establishes a reprogramming auto-regulatory loop that drives the niche EC program and
249  underlies the optimal activity of the three-factor combinations to robustly induce the

250  niche EC program.

251 As ectopic CHT-like ECs were frequently observed in the dorsal tail, we

252 performed time-lapse analysis of ubi-driven 3-factor injected mrcla 125bp: GFP and

253 kdrl:mCherry embryos to determine whether these were outgrowths of CHT vasculature

10


https://doi.org/10.1101/2021.11.03.467105
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.03.467105; this version posted November 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

254 or derived from other cell populations in the embryo. In time-lapse movies, ectopic

255  regions were generated independent of the CHT, often prior to the specification of the
256  endogenous CHT ECs (Supplementary Video 1). Many of the ectopic GFP+ cells

257  appeared to be muscle progenitors based on their size, shape and location, and these cells
258  often underwent dramatic morphological changes — developed protrusions, became

259  migratory and integrated into the vasculature (Supplementary Videos 3-6; Extended Data
260  Fig. 8a). Not all cell types exhibited the same behaviors, however. Skin cells and neurons
261  never underwent morphological changes, despite ectopically expressing the mrcla

262 125bp:GFP transgene (Extended Data Fig. 8b). These observations are consistent with
263  studies showing that muscle progenitors in the zebrafish embryo are susceptible to

264  reprogramming to an endothelial fate by etv2 overexpression®®. As the ubi promoter is
265  active very early in development, we sought to evaluate whether niche ECs could be

266  induced at a later stage of development. We injected constructs with ETV2, SOX7 and
267  Nr2f2 downstream of a heat shock promoter (4sp70[). Heat shock induction at 24 hpf
268  resulted in large patches of niche EC gene expression throughout the animal; by 48 hours
269  post-heat shock, these cells incorporated into the vasculature (Extended Data Fig. 8c). To
270  test whether the CHT EC program could be induced specifically in muscle cells, we used
271  the muscle-specific my/z2 promoter to drive expression of the 3-factor pool. We observed
272 mrcla 125bp:GFP' muscle cells co-expressing the vascular marker kdrl:-mCherry, often
273  undergoing morphological changes (n=33/60 animals; Fig. 3¢). To test whether the CHT
274  EC program could be induced in non-CHT ECs at later stages of development, we

275  overexpressed the transcription factors using the pan-endothelial nrp /b enhancer that we

276  isolated. In these animals we observed ectopic mrcla 125bp: GFP expression in non-CHT

11
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277  ECs, including AECs (n=22/87 animals; Fig. 3e and Extended Data Fig. 8d). The amount
278  of ectopic expression per embryo with the mylz2 and nrp1b drivers was noticeably less
279  than with the ubi-driven factors, likely reflective of these drivers turning on later, in more
280  differentiated cell types (differentiated muscle and vasculature, respectively; Fig 3e).

281  Collectively, these data indicate that the minimal combination of Ets, SoxF and NHR

282  factors is sufficient to induce CHT EC gene expression in multiple cell types at different
283  stages of development, with muscle progenitors in particular being susceptible to trans-
284  differentiation into CHT-like ECs.

285

286  Ectopic vascular regions recruit HSPCs and support their proliferation

287  We next asked whether the ectopic CHT-like ECs were capable of recruiting and

288  supporting HSPCs. Injection of 3-factor pools (ETV2 or ETS1 with SOX7 and Nr212)
289  under control of the ubi promoter resulted in runx!* HSPCs localized outside of the CHT
290  (Fig. 4a and b, and Extended Data Fig. 10a). 12/22 embryos with ectopic vascular patches
291  ofmrcla 1.3kb:GFP had runxI:mCherry" HSPCs, often multiple, localized within the
292 ectopic regions. In contrast, only 5/48 control embryos had HSPC localization outside the
293  CHT. The ubi-induced ectopic mrcla:GFP' ECs often formed pockets around the HSPCs
294  and associated with cxcll2a:DsRed2" stromal cells and mpegI:mCherry+ macrophages,
295  similar to CHT ECs (Fig. 4b, Extended Data Fig. 10c and d, and Supplementary Videos
296  7-9). Stromal cells or HSPCs were not localized to ectopic CHT-like vessels in the head
297  or over the yolk (Extended Data Fig. 10e), suggesting specificity in the anatomical

298  location and/or a functional requirement of the stromal cells in the tail for niche activity.

12
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299 To investigate the dynamics of HSPC localization outside of the CHT, we used
300 time-lapse microscopy. In control embryos the majority of HSPCs observed outside the
301  CHT were transiently localized and only one division was observed in 10 embryos

302  (Extended Data Fig. 10b). In 3-factor injected embryos, HSPCs localized to ectopic

303  CHT-like ECs for several hours and often divided (6 divisions observed in 10 embryos;
304  5/6 divisions corresponded to HSPCs with residency times over 2.5 hours; Extended Data
305  Fig. 10b), similar to HSPCs in the endogenous CHT?. We visualized recruitment,

306 lodging and division of HSPCs, but did not observed HSPC formation at the ectopic sites
307  (Fig. 4c and Supplementary Video 8). When HSPCs divided, daughter cells migrated
308 away and entered circulation, presumably traveling to subsequent niches (Supplementary
309  Video 9). Thus, multiple HSPC behaviors normally restricted to the endogenous CHT
310  were exhibited in the ectopic patches of CHT-like ECs. Together, these data demonstrate
311  that a minimal combination of Ets, Sox and NHR factors can induce ectopic niche ECs
312 that associate with cxcll2a+ stromal cells and support the recruitment, maintenance and
313  division of HSPCs outside the endogenous niche.

314

315  Discussion:

316  Our data support a model in which Ets, Sox and NHR factors specify the identity and
317  capacity of vascular niche ECs to choreograph self-renewal and differentiation of blood
318  stem cells. This is a conserved feature of the hematopoietic niche across species and

319  development. The niche endothelial signature identified here includes genes that regulate
320 adhesive interactions between ECs and circulating cells (e.g., the adhesion receptor E-

321  selectin?*? and the scavenger receptors mrcla, stabl and stab2’'*%41), Another CHT

13
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322 niche EC gene, gpri82, was recently shown to be a vascular niche-expressed receptor
323  that maintains HSPC homeostasis in fish and mice*>*}. Our studies identified other bona
324 fide niche factors including vcam b and cxcll2a as being expressed by the niche ECs. In
325 the bone marrow niche these genes are expressed by multiple cell types, including ECs,
326  macrophages and mesenchymal stromal cells. This appears to be the same in the CHT
327  niche as cxcll2a also marks mesenchymal stromal cells** and vcam1b was recently

328  reported to function in macrophages within the CHT niche'®. There are numerous genes
329  identified by this study that were not previously associated with the HSPC niche,

330 including several with activities related to endocytosis and membrane trafficking: aplb1,
331  dab2, pxk, exoc3/2a and snx8. ECs in the CHT were recently shown to be highly

332  endocytic® — this activity might regulate ligand/receptor turnover or may clear

333  potentially harmful agents, such as waste products; modified proteins; or microbial

334  material from the niche.

335 Recent analyses of the mammalian HSPC niche comparing gene expression

336  between SECs and AECs!%447 shows overlap between our niche EC signature and

337  venous SECs in mouse bone marrow. Although AECs may also support

338  hematopoiesis®**¥ our work illustrates the capacity of SECs to recruit HSPCs and

339  support their division. Stress-induced extramedullary hematopoiesis may involve

340  induction of this SEC niche program. A number of our niche EC genes were enriched in
341  adult mouse liver ECs (Fig. 1e), suggesting the liver may be ‘primed’ to support

342  hematopoiesis under stress. Our work here highlights shared gene expression between

343 niche ECs and head lymphatic vessels in the zebrafish embryo. Although these head

14


https://doi.org/10.1101/2021.11.03.467105
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.03.467105; this version posted November 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

344  lymphatic vessels in the fish do not support HSPCs, it was recently shown that lymphatic
345  vessels are a supportive component of the hair follicle stem cell niche®.

346 Our overexpression studies indicate that 3-factor combinations of Ets, SoxF and
347  NHR transcription factors — where specific family members are interchangeable — are
348  able to induce niche EC gene expression in the early embryo and in more differentiated
349  cell types, including AECs, muscle and ectodermal lineages (skin cells and neurons).
350  Some cell populations appear to be more refractory to the developmental reprogramming,
351  while others (e.g. muscle progenitors) trans-differentiate into CHT-like ECs with

352  functional niche properties. Such reprogrammed niche ECs might be used in conjunction
353  with reprogrammed stromal cells®® to enhance the maintenance or production of HSPCs
354 in vitro. Parabiosis experiments indicate that niche size determines HSPC number’!, and
355  functional ectopic niches, termed ossicles, have been used to assemble a bone marrow
356  equivalent upon transplantation?3; it is likely that these structures contain SECs. These
357  studies establish the concept that HSPC numbers could be supported in vivo using a

358  reprogramming-based niche therapy to generate ectopic vascular niches at new safe

359  harbor locations in the body, particularly for blood diseases like myelofibrosis in which
360  the normal niche no longer functions properly. Collectively, our work advances

361  fundamental understanding of the vascular niche that choreographs homeostasis and

362  regeneration of blood stem cells, which may guide new strategies to culture and expand
363  HSPCs for transplantation.

364

365

366
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580 Methods:

581  Animal models

582  Wild-type AB, casper or casper-EKK, and transgenic lines cd41:EGFP,
583 runxI:mCherry [runx1+23:NLS-mCherry)", kdrl(flkl): GFP [kdrl:GRCFP]>,

584  kdrl:mCherry [kdrl:Hsa.hras-mCherry]>S, cxcll2a(sdfla):DsRed2**, and
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585  mpegl:mCherry’” were used in this study. Alternative gene names are listed in

586  parenthesis and full transgene names are listed in brackets. All animals were housed at
587  Boston Children’s Hospital and handled according to approved Institutional Animal Care
588 and Use Committee (IACUC) of Boston Children’s Hospital protocols.

589

590  Genomic analyses

591  For RNA tomography (tomo-seq), 72 hpf embryos were euthanized by tricaine overdose
592  and the portion of the tail containing the CHT was manually dissected using a scalpel.
593  The tissue was oriented in OCT tissue freezing media (Leica) in a cryomold (Tissue-
594  TEK) with the ventral side facing the bottom of the mold. After snap freezing on dry ice,
595 40 individual 8 um-thick cryosections were collected along the dorsal-ventral axis using
596  acryostat. The RNA from individual cryosections was extracted using TRIzol and then
597  barcoded during a reverse transcription step prior to pooling for library preparation and
598  sequencing according to the previously published protocol?’. For inDrops single cell and
599  bulk RNA-seq, kdrl:GFP embryos were dissociated using Liberase (Roche) and GFP*
600 cells were isolated by FACS. For bulk RNA-seq, total RNA was isolated using TRIzol
601 LS and GenElute LPA (Sigma) carrier as per manufacturer’s instructions. Libraries were
602  prepared from 50 ng of total RNA/sample as input using Ribogone and a SMARTer

603  Universal Low Input RNA Kit (Clontech). For inDrops, approximately 2,000 cells were
604  encapsulated and libraries were prepared for sequencing as previously described®. For
605  ATAC-seq, embryos were dissociated using Liberase and a minimum of 12,000 cells
606  (max 50,000) were isolated by FACS. Cells were subsequently lysed and isolated nuclei

607  were incubated in a transposition reaction according to the published protocol®®. All
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sequencing was done using an Illumina Hiseq 2500. For RNA-seq, quality control was
performed 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°!. 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 MACS2 (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 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 species) template followed by reverse transcription with digoxigenin-linked
nucleotides. Primer sequences for all WISH probes used in this paper are provided in

Supplementary Table 8.
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631

632 Transgenesis and enhancer-GFP reporter assays

633  Transgenic lines were established as previously described®®. For the mrcla 1.3kb:GFP
634  and sele 5.3kb:GFP transgenes, 1.3 kb and 5.3 kb sequences, respectively, upstream of
635  the transcriptional start site were PCR amplified off of genomic DNA and then TOPO-
636  TA cloned into a pSE Gateway vector (Invitrogen), which was then recombined with
637  GFP and a polyA tail, all flanked by Tol2 sites. For the 125 bp mrcla and 158 bp sele
638  enhancers, the elements were PCR amplified off of genomic DNA, TOPO-TA cloned
639 into a pSE Gateway vector and then recombined with the mouse Beta-globin minimal
640  promoter!” fused to GFP with a polyA tail, all flanked by Tol2 sites. Embryos were

641  injected at the one cell-stage with Tol2 RNA and at least two independent lines showing
642  similar expression were established for each construct: (Tg(mrcla 1.3kb:GFP); Tg(sele
643  5.3kb:GFP); Tg(mrcla 125bp:GFP); and Tg(sele 158bp:GFP). The CHT EC and pan-EC
644  ATAC-seq elements were similarly amplified by PCR using genomic DNA and then

645  fused to the Beta-globin minimal promoter and GFP. Mutational variants of 125 bp

646  mrcla and 158 bp sele were generated by annealing overlapping oligos followed by a T4
647  DNA polymerase reaction to generate blunt-ended products, which were subsequently
648  cloned into pSE Gateway vectors (following A-tailing with Klenow Fragment (NEB))
649  using the same work flow as for the ATAC-seq elements. Transcription factor binding
650  motifs were disrupted by changing nucleotides in the core binding sites, purines for

651  pyrimidines and vice versa. Injected FO embryos were scored between 60-72 hpf. Control
652  and experimental groups were blinded prior to scoring and all experiments were

653  performed at least three times, with independent clutches. GFP expression in CHT ECs or
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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
mrcla and sele regulatory elements, as well as the 15 CHT EC and 6 pan-EC ATAC-seq
elements, are provided in Supplementary Table 9. The sequences for the overlapping
oligos that were used to generate the enhancer variants are provided in Supplementary

Table 10. 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), xenopus (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. Control and experimental samples were blinded prior to scoring and all

experiments were performed at least three times, with independent clutches.
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677

678  Microscopy and image analysis

679  Time-lapse microscopy was performed using a Yokogawa CSU-X1 spinning disk

680  mounted on an inverted Nikon Eclipse Ti microscope equipped with dual Andor iXon
681  EMCCD cameras and a climate controlled (maintained at 28.5C) motorized x-y stage to
682  facilitate tiling and imaging of multiple specimens simultaneously. Screening of injected
683  enhancer-GFP constructs and imaging of WISH embryos was performed using a Nikon
684  SMZI18 stereomicroscope equipped with a Nikon DS-Ri2 camera. All images were

685  acquired using NIS-Elements (Nikon) and processed using Imaris (Bitplane) or Adobe
686  Photoshop software. HSPC dynamics were quantified using Imaris and vessel

687  morphology was analyzed using the AngioTool software package in Fiji. Embryos were
688  mounted for imaging as previously described!”. Briefly, specimens were mounted in
689  0.8% LMP agarose with tricaine (0.16 mg/ml) in glass bottom 6-well plates and covered
690  with E3 media containing tricaine (0.16 mg/ml).

691

692  Flow cytometry, kidney marrow dissection, dissociation and histology

693  Embryos were prepared for FACS as previously described!”. Briefly, embryos were
694  chopped with a razor blade in cold PBS and then incubated in Liberase (Roche) for 20
695  minutes at 37°C before filtering the dissociated cells through a 40 um mesh filter and
696 transferring to 2% FBS. FACS was performed using a FACS Aria machine (BD

697  Biosciences). Gates were set to select the brightest cells, using transgene positive and
698  negative control samples as a guide and SYTOX Blue as a live/dead stain. Single cell

699  RNA-seq analysis of FACS-sorted kdrl: GFP+ cells was used to supplement bulk RNA-
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700  seq to distinguish genes that were expressed by myeloid versus endothelial cells. At least
701 12,000 (50,000 max) cells were collected per sample for ATAC-seq experiments and at
702 least 10,000 (300,000 max) cells per sample were collected for RNA-seq experiments.
703  Kidney marrow was harvested from adult zebrafish by manual dissection and then

704  dissociated using Liberase or fixed in 4% PFA (for histology) or dissociated by gentle
705  pipetting (for live cell imaging). For histology the kidney marrow was embedded in

706  paraffin prior to sectioning; alternating sections were stained with H&E or with an

707  antibody to GFP. Mouse EC populations were sorted as Cd45Pdpn"Cd31" cells®®.

708

709  Morpholino injections

710  Morpholinos (MOs, Gene Tools) were diluted in water with phenol red and injected as
711  previously described into 1- to 2-cell stage embryos®7!-72, For the Nr2f MO injections,
712 each MO was injected at one third of the published dose. The sequences of the MOs used
713 in this study were: Standard Control MO: 5’ - CCTCTTACCTCAGTTACAATTTATA -
714 3°; 50x7-ATG MO: 5°’- ACGCACTTATCAGAGCCGCCATGTG - 3’; sox18-ATG MO:
715 5 -TATTCATTCCAGCAAGACCAACACG - 3’; nr2fla-ATG MO: 5’-

716  CCAGACGCTAACTACCATTGCCATA - 3’; nr2f2-ATG MO: 5° —

717  AGCCTCTCCACACTACCATTGCCAT -3’ and nr2f5-ATG MO: 5°-

718  CACTGATTTACTACCATTGCCATGC - 3°.

719

720  Electrophoretic mobility shift assay

721  The Nr2f2 fragment was cloned into the pGEX2TK vector (GE Healthcare) to generate

722 GST-tagged Nr2f2 and fidelity was verified by sequencing. The pGEX2TK-Nr2{2
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protein plasmid was transformed into E. coli BL21 competent cells. Protein expression
and purification 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
Supplementary Table 11. 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 oligonucleotides, 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.

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 mrcla
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

27


https://doi.org/10.1101/2021.11.03.467105
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.03.467105; this version posted November 4, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

746  experiment, with at least 15 animals from randomized, independent groups to ensure
747  sufficient sample sized for statistical analysis. No data was excluded from any of the
748  analyses.

749

750  Extended Data:

751  Extended Data contains 10 Extended Data Figures.

752

753  Supplementary Information:

754  Supplementary Information contains 9 Supplementary Videos and 11 Supplementary
755  Tables.
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Figure 1 | An endothelial gene expression signature unique to HSPC niches. a,
Schematic diagram illustrates the haematopoietic 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). b, Schematic cross-section (upper left) and hierarchical
clustering heat map (upper right) reveal clusters of gene expression that correspond to
distinct tissues along the dorsal-ventral axis of the zebrafish tail. Schematic (bottom)
depicts strategy using kdrl:GFP transgenic embryos and FACS to isolate ECs from whole
embryos for analysis by RNA-seq. ¢, 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. d, Heat
map 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. e, Heat map 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 haematopoietic 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.
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Figure 2 | Endothelial niche-specific cis-regulatory elements. a, Image and schematic
depict the four cell populations that were isolated from mrcla 1.3kb:GFP";
kdrl:mCherry" double positive embryos for analysis by ATAC-seq. b, Gene tracks show
regions of chromatin that were uniquely open in the GFP 'mCherry” CHT EC fraction.
Image on the right shows an embryo injected with a CHT EC enhancer-GFP reporter
construct corresponding to the red boxed region (red arrow). Arrowhead points to GFP
expression in CHT ECs. ¢, Gene tracks show a region of chromatin (red box) upstream of
mrcla 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. d, Wild-type sequence of the 125 bp
mrcla 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 Befa-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 mrc/a 125 bp enhancer. Data is
normalized to the wild-type control (44% (155/356)). Mean +/- s.e.m., One-way ANOVA

with Dunnett’s multiple comparisons test; ***P<0.001, ****P<0.0001.
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Figure 3 | Defined factors induce niche endothelial expression. a, Schematic depicts
the strategy used in transcription factor overexpression experiments. b, Images show
mrcla 1.3kb:GFP; kdrl:mCherry double transgenic 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). Red arrows denote
regions of ectopic expression and black arrowheads point to normal domains of
expression in all panels of this figure. ¢, Images show WISH for mrcla in a control
embryo (top) or after injection of a 3-factor pool containing ETV2, SOX7 and Nr2f2
(middle) or ETS1, SOX7 and Nr2f2 (bottom). d, Graph reports quantification of the
percentage of injected embryos that displayed ectopic mrcla WISH staining after
transcription factor overexpression. Chi Square Test and Fisher’s exact test for pairwise
comparisons with the Holm step-down process to correct for multiple comparisons;
*#xP<0.001, ****P<0.0001. e, Images show ectopic expression in mrcla 125bp: GFP;
kdrl:mCherry double positive embryos that were injected with endothelial-specific
nrplb:ETV2, SOX7, Nr212 (left) or muscle-specific mylz2:ETV2, SOX7, Nr2f2 (right)
plasmids. Magnification of boxed regions is shown at the bottom. Scale bars represent

100 um in b and e, and 250 wm in c.
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Figure 4 | Ectopic vascular regions recruit HSPCs and support their proliferation.
a, WISH for runxI shows HSPC localization in a control (left) and 3-factor injected
embryo (right). Black arrowheads denote endogenous CHT localization; red arrows point
to ectopic localization. b, Image shows runx!:mCherry” HSPCs localized outside the
CHT within a large ectopic region of mrcla 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. ¢, Time-lapse series shows a runxI:mCherry” HSPC initially arriving at an ectopic
site and subsequently dividing (images show magnification of region with red arrow in
Supplementary Video 8). Time is shown as hh:mm. Scale bars represent 100 um in a and

b, and 30 um in c.
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