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Spatial heterogeneity of bone marrow
endothelial cells unveils adistinct subtypein
the epiphysis
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Bone marrow endothelial cells (BMECs) play a key role in bone formation
and haematopoiesis. Although recent studies uncovered the cellular
taxonomy of stromal compartments in the bone marrow (BM), the
complexity of BMECs is not fully characterized. In the present study, using
single-cell RNA sequencing, we defined a spatial heterogeneity of BMECs
and identified a capillary subtype, termed type S (secondary ossification)
endothelial cells (ECs), exclusively existing in the epiphysis. Type SECs
possessed unique phenotypic characteristics in terms of structure,
plasticity and gene expression profiles. Genetic experiments showed that
type S ECs atypically contributed to the acquisition of bone strength by
secreting type I collagen, the most abundant bone matrix component.
Moreover, these cells formed a distinct reservoir for haematopoietic stem
cells. These findings provide the landscape for the cellular architecture in
the BM vasculature and underscore the importance of epiphyseal ECs during
bone and haematopoietic development.

Blood vessels are necessary for the development and maintenance of morphogenesis' . This vascular function is mediated by organ-specific
organs throughout our bodies. They provide oxygen and nutrients  endothelial cells (ECs), the cellular and molecular heterogeneity of
to parenchymal cells in each tissue and secrete paracrine molecules, which have beenintensively studied using single-cell transcriptomic
known as angiocrine factors, which drive cell differentiationand tissue  technologies*’.
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Bone marrow endothelial cells (BMECs) play a central role in the
spatiotemporalrelationship between angiogenesis and osteogenesis,
referred to as angiogenic-osteogenic coupling®°. They also serve as
a stem cell niche component that supports the self-renewal and dif-
ferentiation of haematopoietic stem and progenitor cells (HSPCs)" ™.
Recent studies utilizing single-cell RNA sequencing (scRNA-seq)
uncovered the cellular taxonomy of stromal compartments in the bone
marrow (BM)"*¢, which enhanced our understanding of cell-to-cell
interactions governing bone metabolism as well as life-long haemat-
opoiesis. However, information about the spatiotemporal and func-
tional composition of BMECs is limited and this must be analysed in
more detail.

In the present study, we profiled BMECs isolated from mouse
femurs using scRNA-seq and defined their heterogeneity. The data
uncovered anunrecognized capillary subtype, termed type S (second-
ary ossification) ECs, exclusively existing in the epiphysis, the end of
long bones'*®. Type S ECs possess unique phenotypic characteristics,
which contributed to the maintenance of bone strength and consti-
tuted a distinct HSPC niche. Our findings provided the landscape for
the cellulararchitectureinthe BM vasculature and enhanced our under-
standing of the fundamental mechanismregulating osteogenesis and
haematopoiesis.

Results

Spatial heterogeneity of transcriptomes in BMECs

Asaninitial step to explore the heterogeneity of BMECs, we conducted
droplet-based scRNA-seq of CD31°CD45 BM cellsisolated from three
surgically separated fragments of femurs, diaphyses, metaphyses and
epiphyses of postnatal day 11 (P11) mice (Fig. 1a and Extended Data
Fig.1a-c). Using the Uniform Manifold Approximation and Projection
(UMAP) of cells, we defined 11 EC clusters, including arterial, venous
and capillary ECs, with few contaminations of osteoblasts (OBs)/mes-
enchymal stromal cells (MSCs)"™", erythroid cells and myeloid cells
(Fig. 1b-d) based on known markers*>*>*, Type H and type L ECs
have been histologically characterized as specialized capillary pop-
ulations predominantly existing in the metaphysis and diaphysis,
respectively*>?, For capillary EC clusters, based on the spatial origin
and known markers'?**, we assigned one cluster to type HECs and five
clusterstotype LECs (Fig.1b-e). Type LECs were divided into sinusoidal
(SEC) and non-sinusoidal (non-SEC) ECs based on known SEC markers
suchas Stab2 and Vcam1I. Although transcription of Pecami and Emcn,
which areimmunohistochemical markers of type H ECs, did not strik-
ingly differ among capillary subtypes, expression of type H markers
such as Efnb2 and Sox17 (ref. 14) was highest in the capillary cluster
annotated as type H ECs (Fig. 1e). Intriguingly, we identified a unique
non-SEC capillary population, distinct from any other ECs, which exclu-
sively originated from the epiphysis. The development of this area is
called the secondary ossification centre (SOC), and is the reason why
we named this EC populationtype SECs (Fig. 1c, cluster 8). By extract-
inggenesupregulatedintype SECs compared with all EC clusters, Ly6a
and Lyécl, which are highly expressedinarterial ECs (AECs)'® and type H
ECs",were the no.1and no. 8 ranked upregulated genesin terms of the
average log(fold-change) (log(FC)) (Fig.1fand Supplementary Table1).
Intriguingly, Collal and Colla2, both of whichencode typel collagen,
were also upregulated in type S ECs (Fig. 1f,g, Extended Data Fig. 1d
and Supplementary Table 1), although feature plots of these genes
showed that they were most highly expressed in OBs/MSCs (Fig. 1g).
This atypical expression of type I collagen genes suggested that type
SECs play a distinct angiocrine role during osteogenesis. The other
collagen genes were diversely expressed in type S, type H and type L
ECs (Fig. 1h). Ingenuity Pathway Analysis (IPA) uncovered the top four
networks represented by differentially expressed genesin type SECs,
including growth factor signalling (network 2) and integrin-extracel-
lular matrixinteraction (network 4) (Extended DataFig. 1e). Flow cyto-
metric analysis of isolated CD31°CD45 BM cells confirmed that type S

ECswere characterized by Ly6a"¢"Ly6c"e" expression on their surface
(Fig. 1i). Immunohistochemistry confirmed that Ly6a expression was
higherintype SECsthanintypeHECs (Fig. 1j). These datademonstrate
that type S ECs possess unique phenotypic characteristics, although
some of them overlap with those of type H ECs and AECs.

Molecular and morphological features of type SECs
Recentadvancesin histological techniques enabled clear visualization
of angiogenic-osteogenic coupling, focusing on the metaphysis***.
Considering the scRNA-seq datadescribed above and the existence of a
unique niche maintaining skeletal stem cells in the epiphysis'**, which
suggests that there is a differential mode of angiogenic-osteogenic
coupling in this area, we thoroughly examined the spatiotemporal
transition of angiogenesis and osteogenesis during postnatal devel-
opment from P7 to P28 (Fig. 2a-1). ECs first invaded the epiphysis at
P7 from two entry points on the anterior side (Fig. 2a,h,j,m and Sup-
plementary Video1) and rapidly expanded their network until weaning
(Fig. 2c-g). Ossification proceeded synchronously (Fig. 2a-g). The
overall shape of blood vessels in this area was tree like or dendritic,
in contrast with the columnar morphology of those vessels in the
metaphysis (Fig. 2h-1,n). The growing edge of type S vessels highly
expressed CD31and projected short filopodia towards avascular areas
such as type H vessels (Fig. 20 and Extended Data Fig. 2a). Expression
of Vegfrl strikingly differed between type H and type S cells: type H
ECs highly expressed Vegfrl, whereas Vegfrl expression was barely
detectableintype S ECsin VegfrI-BAC-RFPmice (Fig.20 and Extended
DataFig.2b).Skeletal growthinmiceislargely completed by 10 weeks
after birth. Therefore, we examined Vegfrl expression and found that
it was retained even at 6 months of age (Fig. 2p). Expression of other
vascular endothelial growth factor (VEGF) receptors, Vegfr2 and Vegfr3,
did not apparently differ between type S and type H ECs (Fig. 20 and
Extended Data Fig. 2c,d); these receptors were both highly expressed
intype L ECs and were strikingly expressed in the growing edges of
typeSand type HECs.

Type S vessels are crucial for epiphyseal osteogenesis

Considering the lack of Vegfrl1, a negative regulator buffering VEGF
signalling’, we suspected that type S ECs were more vulnerable to dele-
tion of Vegfr2 than type H ECs. Endothelial-specific Vegfr2-knockout
(CAhS-BAC-Creff* Vegfr2™°x hereafter referred to as Vegfr2“f) mice
showed severely impaired angiogenesis and osteogenesis in the epi-
physis during the early postnatal weeks (Fig. 3a-d and Extended Data
Fig.2e).Inagreementwitha previous report®, the morphology of type H
vessels was abnormalin Vegfr2 mice, but theimpairment was milder
thanthat of type S vessels (Fig. 3b and Extended Data Fig. 2f). Accord-
ingly, metaphyseal ossification was not apparently delayed in Vegfr2“t
mice (Fig. 3¢,d). The numbers of Runx2' pre-osteoprogenitors* and
osterix (Osx)* osteoprogenitors”, which usually exist around blood
vessels'®, were significantly reduced in the epiphysis of Vegfr2t
mice (Fig. 3e-k). Mice with endothelial-specific deletion of DIl4
(CdhS-BAC-Creff™ Dl[4/°*X hereafter referred to as DII4“C), the pre-
dominant Notchligandin ECs,showed adensebut reduced vascularized
area in the epiphysis (Fig. 3,m and Extended Data Fig. 2e). Accord-
ingly, DI4“* mice showed reduced osteogenesis as well as decreased
numbers of pre-osteoprogenitors and osteoprogenitors (Fig. 3n-v).
Notch signalling in osteogenic progenitors is reportedly critical for
bone fracture repair®®; therefore, we deleted Rbpj, the principal effec-
tor of Notch signalling, in Osx-expressing mesenchymal progenitors
(Osx—Creff?* Rbpf*ox, hereafter referred to as Rbpj“>). However,
Rbpj“°** mice had no apparent defect in osteogenesis (Fxtended Data
Fig.3a-h).Inretinal angiogenesis, DIl4 deletion was reported to over-
come the anti-angiogenesis effects of Vegfr2 deletion®’. By contrast,
in vascularization of the epiphysis, endothelial ablation of Vegfr2
prevented the hypervascularity induced by DlI4 deletion (Extended
DataFig. 3i-m). CsfI°”° mutant mice, in which osteoclasts are almost
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Fig.1|Spatial heterogeneity of transcriptomes in BMECs. a, Schematic
diagram depicting the strategy for scRNA-seq of BMECs. b-d, Feature plots

of BMECs of three bone fragments and clustering based on the expression of
canonical endothelial subtype markers. Dia, diaphysis; Epi, epiphysis; Meta,
metaphysis. b, Feature plot showing all cells derived from three datasets
(epiphysis, metaphysis and diaphysis). ¢, Feature plot showing all cells derived
from three datasets (epiphysis, metaphysis and diaphysis) with annotation

for each cluster. d, Feature plots showing expression of marker genes with
enriched expression for each endothelial cluster. The arrowheads in d indicate
clusters represented by each marker. e, Violin plots showing the expression of
pan-endothelial and type H markers. f, Violin plots showing the expression of
genes enriched intype SECs. g, Feature plots of BMECs. Collal and Colla2 genes
are highly expressed in type S ECs (arrowheads), although their expression is
highest in OBs/MSCs (arrows). h, A heatmap showing expression of various

Ly6a ———

collagen genes. i, Flow cytometric analysis of isolated CD31'CD45 BM cells

at P11 (Ly6a"s"Ly6c"e" surface protein levels) (n =4, biologically independent
experiments). The Pvalue for the epiphysis versus the metaphysis is 0.000012.
Jj, Immunohistochemistry of femur sections at P11. Ly6a is abundantly expressed
intypeSECs (closed arrowheads) and AECs (asterisks), but weakly in type HECs
(open arrowheads). In the box plots of e and f the lower and upper bounds of
box represent the 25th and 75th percentiles, respectively; the box represents
the middle 50% of the data, namely the interquartile range (IQR); the horizontal
line within the box represents the median; and the lower and upper bounds of
the whiskers represent the minimum and maximum values within 1.5 the IQR
below the 25th percentile and above the 75th percentile, respectively. The black
dotsrepresent outliers. Scale bar,200 pm. Data presented are the mean + s.d.
The comparisons between the averages of two groups were evaluated using the
two-tailed Student’s ¢-test.
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Fig.2|Molecular and morphological features of type S ECs. a-f, Whole-mount
Alizarin Red staining (b at P7, (d) at P11and fat P28) and section immunostaining
of femurs (aat P7, c at P11and e at P28). Vessel invasion of the epiphysis (open
arrowheads) and SOC formation (arrows) occur at P7 and spread three-
dimensionally during the second week after birth. g, Quantification of vessels
and calcified areas in the epiphysis (P3, P7 and P11: n = 4; P28: n = 5, biologically
independent experiments). h-1, Immunohistochemistry of femurs (vertical
(hatP7andiatP11) or horizontal sections j at P7 (epiphysis), k at P11 (epiphysis)
and lat P11 (metaphysis)). Open arrowheads indicate vessel invasion points.

m, Micro-CT angiography at P11showing the heatmap of vessel perfusion of

Alizarin Red

f
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the knee joint. Open arrowheads indicate vessel invasion points. n, Schematic
diagram showing the structural difference between type H (columnar) and

type S (dendritic) vessels. o,p, Immunohistochemistry of femur sections at P11
(o) or 6 months after birth (p). The growing edges of type S and type H vessels
highly express CD31 (open arrowheads) and Vegfr3 (arrows), and project short
filopodia towards avascular areas (insets in the leftmost panels). Vegfrlis
specifically expressed in type H ECs (closed arrowheads). R3, Vegfr3; R2-GFP, GFP
in Vegfr2-GFP transgenic mice; R1-RFP, red fluorescent protein (RFP) in Vegfr1-
RFP transgenic mice. Scale bars,1 mm (a-f, h-land m); 200 pym (o and p). Data
presented are the mean +s.d.

completely depleted®, did not show apparent vascular defects in the
epiphysis, suggesting that osteoclasts are not relevant to vasculari-
zation of this area (Extended Data Fig. 4). Taken together, these data

show that type S vessels are highly plastic during postnatal develop-
ment, even more plastic than type H vessels, and robustly contribute
to epiphyseal osteogenesis.
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a, Protocol for 4OHT injection in neonates. b-d, Femur sections (b) and whole-
mount Alizarin Red staining (control (c) and Vegfr2“¢ (d)) at P11. Vegfr2“t mice
show severely impaired angiogenesis (open arrowheads) and osteogenesis
(arrows) in the epiphysis, although metaphyseal ossificationis largely intact
(asterisks). e-j, Immunohistochemistry of femur sections stained with Osx and
DAPI (e,f) or Runx2 and Emcn (g-j). Panels i and j how the high magnification
views of the areaindicated ing and h. Panels e, g and i are from control, and
panelsf, handj are from Vegfr2“mice. Osx"and Runx2" cells are found around
vessels, their numbers are reduced (arrows) and they are detected only around
surviving vessels (arrowhead) in Vegfr2“t mice. k, Quantification of the SOC area
(n =3, biologically independent experiments) and Osx" cells (n = 4, biologically
independent experiments) in the epiphysis. I, Protocol for 4OHT injection in
neonates. m-o, Femur sections (m) and whole-mount Alizarin Red staining
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(control (n) and DII4™ ¢ (0)) at P11. DI[4““ mice have an increased vessel density
butareduced vascularized area (open arrowheads) and reduced osteogenesis
(arrows) in the epiphysis, although metaphyseal ossificationis largely intact
(asterisks). p-u, Inmunohistochemistry of femur sections stained with Osx and
DAPI (p,q) or Runx2 and Emcn (r-u). Panels t and u show the high magnification
views of the areaindicated inrands. Panels p, r and t are from control, and panels
q, sand u are from DI[4F mice. Osx* and Runx2* cells are found around vessels
and their numbers are reduced (arrows) in DII4“5 mice. v, Quantification of the
SOC area (n =3, biologically independent experiments) and Osx" cells (control:
n=4,DII4“; n = 6, biologically independent experiments) in the epiphysis. Data
are presented as the mean +s.d. ""P < 0.001; two-tailed Student’s ¢-test. Scale bars,
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n,o0, Quantification of c-Kit* cells (n) and Cxcl12-DsRed" cells (0) in BM sections
atvarious stages (n =3, biologically independent experiments). p, Protocol for
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40OHT injection in neonates. q,r, Immunohistochemistry of femur sections.
Panel r shows the high magnification view of the areaindicated in q. Lineage
tracing using CdhS-BAC-Cret®™? mice shows that c-Kit* cells (arrowheads)

do not originate from haemogenic endotheliumin type S vessels. s, A heatmap
showing HSPC niche factors based on the scRNA-seq data shown in Fig. 1.

t,u, Immunohistochemistry of femur sections from amouse at 3 months (t) and
quantification (u) (n = 8, biologically independent experiments). The distance
between HSCs (open arrowheads) and ECs is smaller in epiphyses than in
metaphyses. Asterisks are CD31" megakaryocytes. Scale bars, 1 mm (aand q);
200 um (b-gand h-1,r); 50 pm (m); and 10 pm (t). Data presented are the

mean +s.d. P <0.05. The comparisons between the averages of two groups were
evaluated using the two-tailed Student’s ¢-test.
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Fig. 6 | Type S vessels harbour HSCs. a, Protocol for 4OHT injection during
the second week after birth. b, Inmunohistochemistry of femur sections at
P18 and quantification (vessel area: n = 3, c-Kit" cells per FOV: n = 4, biologically
independent experiments). Vegfr2“f mice lack c-Kit" cells especially in the
avascular area (asterisks). ¢, Protocol for tamoxifen injection in adult mice.

d, Flow cytometric analysis of BM cells isolated from the epiphysis of 12-week-old
mice and quantification (n = 3, biologically independent experiments). Scale bar,
200 um. “P<0.01; 'P<0.05. Data presented are the mean + s.d. The comparisons
between the averages of two groups were evaluated using the two-tailed
Student’s t-test.

Type S vessels regulate osteogenesis by secreting collagen |
Consideringthe datadescribed above, we were interested inhow type S
vessels contribute to epiphyseal osteogenesis. Type SECs did not appar-
ently preferentially express canonical osteogenic factors such asbone
morphogenetic proteins (Bmps), fibroblast growth factors (Fgfs) and
insulin-like growth factors (Igfs), in contrast with their specific expres-
sion of Collal and CollaZ2 (Fig. 4a). This expression pattern of Collal
and Colla2 was confirmed by quantitative (q)PCR analysis of sorted
BMECs (Fig. 4b). Bone is a hybrid tissue with two main components:
collagen fibril frameworks and calcium phosphate minerals. Type |
collagen is the most abundant protein constituting collagen fibrils in
bones. Therefore, we generated endothelial-specific Collal-knockout
(CdhS-BAC-Cret™™ CollaF™~, hereafter referred to as Collal“*) mice
and analysed the collagen patternin epiphyseal bone tissues by trans-
mission electron microscopy (TEM) at P11 (Fig. 4c). As expected, the
bands of collagen fibres around blood vessels were thin and sparse
in CollaI™* mice (Fig. 4d-i). It is interesting that mineral deposition
evaluated by Alizarin Red staining was significantly reduced in the epi-
physis, but notin other bone portions, of Collal“*“ mice (Fig. 4j k). The
numbers of pre-osteoprogenitors and osteoprogenitors were not sig-
nificantly affected in Collalt“ mice (Fig. 41-p); therefore, insufficient
collagen frameworks might impair mineral deposition or stability>".
At 5 weeks after birth, CollaI“t mice showed reduced X-ray intensity
(Fig. 4q), reflecting impaired mineral deposition. Accordingly, bone
strength evaluated by the compression test was significantly reduced
in the epiphysis, but notin the diaphysis, of Collal“ mice (Fig. 4r-t).
These data suggest that mesenchymal cell-derived type I collagen is
insufficient for epiphyseal osteogenesis, but ECs complement this
insufficiency by secreting type I collagen.

Type S vessels establish a satellite niche for HSPCs

Inhaematopoietic analysis of BM cells, epiphyses are usually discarded
during the process of flushing out the BM cavity. Therefore, the emer-
gence and residence of HSPCs in epiphyses have not been intensively
studied. Although Scal staining only marked endothelial cells (Fig. 1j),

visualization of putative HSPCs by c-Kitimmunostaining (Fig. 5a-g,n)
showed that these cells started to appear in the entry point of type S
vessels around P11 (Fig. 5d,e). Thereafter, they expanded throughout
the BM cavity in the epiphysis untilweaning (Fig. 5c,f,g). Next, we inves-
tigated MSCs, one of the most important components of the HSPC
niche™, using Cxcl12"****¢ mice. Although DsRed expressionin these
mice was detected in only afew AECs before P7, it wasrobustly detected
inperivascular reticular cells after P13, suggesting that the emergence
of MSCs synchronizes with the growth of type S vessels (Fig. 5Sh-o and
Extended Data Fig. 5a-g). HSPCs were located in close proximity to
type SECs or MSCs (Fig. 5m), suggesting the existence of vascular and
mesenchymal HSPC niches". Lineage tracing using CdhS BAC-Cre*™
mice showed that c-Kit* HSPCs were not labelled, excluding the pos-
sibility of their de novo specification from haemogenic endothelium
(Fig. 5p-r). Rather, they were supposedly derived from circulating
HSPCs in peripheral blood. Reanalysis of scRNA-seq data found that
type SECs showed moderate but higher expression of some HSPC niche
factors such as Cxcl12, Tgfbl, Tgfb2, Sppl (osteopontin) and TnCthan
type HECs (Fig. 5s). We also visualized haematopoietic stem cells (HSCs)
by performing CD150 staining via modification of a protocol reported
by other groups**>**, and found that the distance between HSCs and
ECs was smaller in epiphyses than in metaphyses (Fig. 5t,u). Consist-
ently, the number of c-Kit" HSPCs in epiphyses was significantly reduced
in BM sections of Vegfr2“c“ mice at P18 (Fig. 6a,b). It is of interest that
MSCs were associated with type S ECs and thus the number of these
cells was also decreased in Vegfr2“t mice (Fig. 6b). Flow cytometric
analysis showed that the numbers of lineage Scal*c-Kit" (LSK) HSPCs
and CD34°*LSK HSCs were significantly decreased in adult Vegfr24t©
mice (Fig. 6¢,d). Taken together, these data demonstrate that type S
vessels postnatally establish a satellite niche for HSPCs that is distant
from the main BM cavity.

Epiphyseal HSCs reconstitute long-term haematopoiesis
Stromal cellsin the metaphysis, including osteogenic cellsand type H
ECs, provide a favourable microenvironment for dormant HSCs'*****,
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Fig. 7| Epiphysial HSCs reconstitute long-term multilineage haematopoiesis.
a,b, Flow cytometric analysis of BM cells isolated from the epiphysis and
metaphysis of 12-week-old mice (a) and quantification (b) (n = 3, biologically
independent experiments). ¢,d, Quantification of donor-derived cells (c) and
lineage differentiation in peripheral blood samples (d) after the first BMT
(n=6,biologically independent experiments). e, Chimaerism of donor-derived
cellsinthe BM (n = 6, biologically independent experiments) at 4 months

after the first BMT. f,g, Quantification of donor-derived cells (f) and lineage

differentiation in peripheral blood samples (g) after the second BMT (n =6,
biologically independent experiments). h,i, Flow cytometric analysis of BM
cellsisolated from the epiphysis and metaphysis of 12-week-old mice (h) and
quantification (i) (n = 4, biologically independent experiments). The cell-cycle
state was determined by DAPl and Ki67 staining. P < 0.001; "P< 0.01; ' P<0.05.
Data presented are the mean + s.d. The comparisons between the averages of two
groups were evaluated using the two-tailed Student’s ¢-test.

This prompted us to compare the ability of metaphyses and epiphyses
to function as an HSPC niche. Flow cytometric analysis showed that
there were comparable numbers of HSPCs and HSCs in metaphyses and
epiphyses (Fig. 7a,b). Next, we conducted abone marrow transplanta-
tion (BMT) and compared the haematopoietic reconstitution activity
of epiphyseal and metaphyseal HSCs. First, donor cells (4 x 10° BM

mononuclear cells (BMMNCs)) isolated from the epiphysis or meta-
physis of Ly5.2 mice were transplanted into lethally irradiated Ly5.1
mice (n= 6 pergroup). Although there was no difference in chimaerism
inperipheral blood between metaphyseal and epiphyseal cells during
the first month, epiphyseal cells showed higher reconstitution activity
than metaphyseal cells at 2 months after transplantation (Fig. 7c,d).
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The frequency of donor-derived HSPCs in the BM was also higher in
mice transplanted with epiphyseal cells thanin mice transplanted with
metaphyseal cells (Fig. 7e). This difference in reconstitution activity
between epiphyseal and metaphyseal cellsbecame much more evident
when BMMNCs were serially transplanted into secondary recipient
mice (Fig. 7f,g). Next, we evaluated the cell-cycle state in HSPCs and
HSCs (Fig. 7h,i). More HSPCs and HSCs were in GO phase in epiphyses
than in metaphyses, suggesting that epiphyseal HSCs are relatively
dormant, which probably accounts for their superior BM reconstitu-
tion ability without a difference in phenotypic characteristics in flow
cytometric analysis. Moreover, we assessed the functional capacities
of single HSCs by performing limiting dilution analysis of donor HSCs
from metaphyses and epiphyses. At 3 months after transplantation, the
engraftment rate of donor cells from epiphyses was 2.5x higher than
that of donor cells from metaphyses, although the difference was not
significant (P=0.19; n = 8recipients per group) (Extended Data Fig. 6).
These datasuggest that type S vessels constitute adistinct and efficient
reservoir for HSCs separate from the main BM cavity.

Discussion

Inthe present study, using scRNA-seq, we thoroughly characterized a
spatial heterogeneity of transcriptomes in BMECs. During the analysis,
we identified a capillary subtype found exclusively in the epiphysis.
These cells possessed unique structural and gene expression features
and robustly contributed to bone strength as well as haematopoietic
maintenance.

Previous studies analysing BM cells by scRNA-seq uncovered
the cellular taxonomy of stromal compartments such as mesen-
chymal stem/stromal cells, chondrocytes, fibroblasts, BMECs and
pericytes™®. In these studies, BMECs were largely divided into two
populations: AECs and SECs. Our current analysis annotated 11 EC
subclusters. These previous studies did not recognize some EC popu-
lations, in particular type H ECs, which are probably included in the
AEC cluster because they used Ly6a expression as a hallmark of AECs.
Itshould be noted that the BM was flushed and enzymatically digested
after the epiphyses were cut out and therefore type S ECs were inevi-
tably discarded in these studies.

Recent discoveries in the field of bone metabolism greatly
improved our understanding of angiogenic-osteogenic coupling,
especially in endochondral ossification of long bones®****, Type
H vessels promote bone formation and contribute to the mainte-
nance of HSPCs'*?*. Pharmacological augmentation of type H ves-
sels enhances bone fracture healing and counteracts bone loss in
ovariectomy-induced osteoporotic mice*. Our current study also
underscores the importance of type S vessels, especially in the ossifica-
tion of epiphyses. Interms of physical activity, type SECs are critically
important because epiphyses sustain the stability of joints, which
oftenbecomes problematicinageing and various bone diseases such
as osteoporosis and osteonecrosis. On the other hand, from the view-
point of systemic haematopoietic maintenance, the contribution of
type S ECs might be minimal considering the small size of epiphyseal
BM. Although our experiments showed that type S ECs harbour trans-
plantable HSCs, epiphyses probably act as a satellite niche, which
might be utilized in anemergency such as extensive loss of the main BM
cavity.Ingeneral, BMECs have two functional aspects: haematopoiesis
and osteogenesis. Type S ECs may prioritize the latter compared with
BMECsin other fragments, althoughitis unclear which biological fac-
tor regulates their prioritization of osteogenesis.

Typelcollagenis produced by mesenchymal cells suchas OBs and
fibroblasts. Our datashowingthat ECs are animportant source of type
I collagen specifically in epiphyses raise the following question: why
do epiphyses employ such aunique ossification system? We speculate
that the mode of epiphyseal growth answers this question. Epiphyses
undergo rapid ossification and angiogenesis synchronously in the
postnatal stage, when the joints are already used daily and therefore

epiphyses are exposed to friction forces. In this complicated and emer-
gent process, it is speculated that type S ECs participate in matrix
deposition, whichis conducted by OBs aloneinother fragments. Sucha
function of ECs could be aunique angiocrine mode?, that is, construct-
ing the framework required for organ functions. However, it should
be mentioned that the phenotype of Vegfr2t mice was much more
severe than that of CollaI“* mice, suggesting that the contribution
of type SECsto osteogenesis cannot be solely attributed to typel col-
lagen secretion. Other angiocrine factors regulating osteogenesis®
or delivery of oxygen and nutrients might account for the phenotypic
gap between these two mutant lines.

Itisunclear how type SECs preferentially produce typel collagen
compared with other collagens and what makes type S ECs distinct
fromother EC subtypes. Epigenetic regulation might account for this
unique expressionintype S ECs. Moreover, type S ECs might have some
characteristic features in multiple steps of collagen synthesis such as
posttranslational modificationin the endoplasmic reticulum, release
from the ribosome, glycosylation of procollagens and secretion®.

In the future, it is important to determine whether type S ECs
are present in humans because epiphyseal blood vessels are criti-
callyinvolved in human diseases such as Legg-Calvé-Perthes disease
(LCPD), atype of femoral head necrosis that affects children. There is
noknown cause ofimpaired blood supply to the femoral head in LCPD?®,

Overall, our current study provides new insight into the landscape
for the cellular architecture and heterogeneity of BMECs and uncovers
theimportance of epiphyseal ECs, which has been overlooked so far.In
the future, our findings may lead to the discovery of new therapeutic
options for bone diseases such as LCPD and osteoporosis.
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Methods

Mice

Animal experiments were approved by the Institutional Animal Care
and Use Committee of Keio University (protocol no. A2021-003) and
were performedinaccordance with the Guidelines of Keio University for
Animal and Recombinant DNA Experiments (protocol no. D2005-044).
CdhS-BAC-Cre™™™ (ref. 39), Osx-Cref®™ (ref. 8), Vegfr2-flox*°, Dll4-flox*,
Collal-flox*?, CAG-LSL-EGFP*, Vegfr1-BAC-DsRed"*, Vegfr2-BAC-GFP**
and Rbpj-flox* mice had been developed previously. All mice were
crossed with C57BL/6) mice more than 8x and maintained. For analyses
of phenotypes, mice of both sexes were used. CsfI%”? (stock no. 000231)
and Cxcl127°* (stock no. 0225458) mice were obtained from the Jack-
son Laboratory. For neonatal experiments of tamoxifen-inducible
expression of Cre, 40 pg of 4-hydroxytamoxifen (4OHT, Sigma-Aldrich,
catalogue no. H6278) was subcutaneously injected at the indicated
timepoints. For adult experiments of tamoxifen-inducible expression
of Cre, 1 mg of tamoxifen (Sigma-Aldrich, catalogue no. H5648) was
subcutaneously injected at the indicated timepoints.

Preparation of tissue sections

Samples were collected and placed in 4% paraformaldehyde at 4 °C for
16-24 hunder rotation. Decalcification was performed with 0.5 MEDTA
for16-24 hat4 °Cunder rotation. Decalcified bone was infiltrated with
30% sucrose for 2 d under rotation, embedded with optimal cutting
temperature compound and sectioned ata thickness of 100 pmusing
tungsten carbide knives (Thermo Fisher Scientific).

Immunostaining

Sections were air-dried at room temperature, rehydrated in
phosphate-buffered saline (PBS) and then blocked using 2% bovine
serum albumin (BSA) overnight at 4 °C. Sections were incubated
with primary antibodies overnight at 4 °C in a humidified chamber
and then with secondary antibodies overnight at 4 °C in a humidi-
fied chamber. After thorough washing, sections were mounted. The
following primary monoclonal antibodies were used: anti-CD31
(Abcam, catalogue no. ab119341; 1:1,000), anti-Runx2 (Abcam, cat-
alogue no. ab192256, 1:500), anti-ASMA (Sigma-Aldrich, catalogue
no. A5228;1:200), anti-Ly6a (BD Biosciences, catalogue no. 553333;
1:500), anti-endomucin (Santa Cruz, catalogue no. sc-65495; 1:500)
and anti-CD150 (BioLegend, catalogue no. 115905; 1:200). The fol-
lowing primary polyclonal antibodies were used: anti-green fluores-
cent protein (GFP)-Alexa Fluor-488 (Molecular Probes, catalogue no.
A21311,1:500), anti-c-Kit (R&D Systems, catalogue no. AF1356,1:500),
anti-Sp7/0sx (Abcam, catalogue no. ab22552, 1:500), anti-cathepsin
K (Abcam, catalogue no.ab19027,1:500), anti-VEGFR3 (R&D Systems,
catalogue no. AF743,1:1000), anti-aggrecan (Sigma-Aldrich, catalogue
no. AB1031, 1:500), anti-CGRP (Sigma-Aldrich, catalogue no. C8198,
1:8000) and anti-Erg (Abcam, catalogue no. ab92513, 1:2,000). The
secondary antibodies used were Alexa Fluor-488-conjugated immu-
noglobulin (Ig)G (Molecular Probes, catalogue nos. A11034, A11006,
and A11055;1:500) and Cy3/Cy5 DyLight549/DyLight649-conjugated
IgG (Jackson ImmunoResearch, catalogue nos. 711-165-152, 112-165-
167,127-165-160, 711-605-152,112-605-167 and 127-605-160; 1:500). For
nuclear staining, specimens were treated with DAPI (Molecular Probes,
catalogue no. D-1306). For immunostaining of both intracellular and
extracellular aggrecan, slides were pretreated with hyaluronidase
(Sigma-Aldrich, catalogue no. H4272, 2 mg ml™) at 37 °C for 30 min
before primary antibody staining.

Confocal microscopy

Fluorescent images were obtained using a confocal laser scanning
microscope (Olympus, FV3000). Obtained images were analysed using
FV10-ASW 3.0 Viewer (Olympus). Cells or substances of interest were
quantified in the entire area of the epiphysis, in a 600 x 600 pm?field
of view (FOV; to count OSX" and c-Kit" cells and to quantify relative

intensity ofimmunofluorescence), orinal-mmlength of the vascular
front (to count tip-cell filopodia). To measure the distance between
HSCs and ECs, two HSCs were randomly picked per scanned image.
Image) software (the US National Institutes of Health) was used to
quantify the indicated areas in scanned images.

Flow cytometric analysis of BMECs

Femurs of wild-type mice were collected and incubated for 30 min
at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 1% collagenase D (from Clostridium histolyticum, Sigma-Aldrich,
catalogue no. C5138-1G), 1 U ml™ of dispase (Thermo Fisher Scien-
tific, catalogue no. 17105-041) and 1 U ml™ of DNase (Invitrogen)
before cells were dissociated by trituration. Cells were dissociated
to generate a single-cell suspension by filtering through a 40-pum
nylon mesh. RBCs were eliminated using RBC Lysis Buffer (pluriSe-
lect, Deutscher, catalogue no. 60-00050-11). Cells were subjected
to Fcblocking (BioLegend, catalogue no. 101320, 1:200) and stained
with FITC-conjugated anti-CD31 (BioLegend, catalogue no.102506,
1:200), allophycocyanin (APC)-conjugated anti-CD45 (BioLegend,
catalogue no.103112,1:200), phycoerythrin (PE)-conjugated anti-Ly6a
(BioLegend, catalogue no. 122507, 1:200) and APC/Cy7-conjugated
anti-Lyé6c (BioLegend, catalogue no. 128025, 1:200) antibodies for
40 min. Analysis was performed with an SH800S Cell Sorter (SONY)
and FlowJo software (Tree Star).

ScRNA-seq

ScRNA-seq was performed using a Chromium instrument (10x
Genomics). Single-cell suspensions from femurs were generated as
described above. Cells were subjected to Fc blocking and stained with
FITC-conjugated anti-mouse CD31 (BioLegend, catalogue no.102506,
1:200) and APC-conjugated anti-mouse CD45 (BioLegend, catalogue
no. 103112, 1:200) antibodies for 40 min. CD45"CD31" BMECs were
sorted with an SH80O0S Cell Sorter. Libraries were constructed using
the commercial microdroplet-based platform Chromium Single Cell
3’v.3.1(10x Genomics) according to the manufacturer’sinstructions. A
DNBSEQ-G400 platform (MGI) was used to sequence 28 and 91 bp-end
reads. Sequenced reads were aligned to the reference genome (mm10)
using Cell Ranger v.3.0.2 software (10x Genomics). The datawere pro-
cessed and analysed using Seurat package v.3.5.243. UMAP was used for
dimensionality reduction that captures bothlocal and global structures
in scCRNA-seq data. Clusters were visualized in two dimensions as a
feature or violin plot and annotated based on expression of canonical
endothelial subtype markers. To construct the lists of upregulated
genes in type S ECs, differentially expressed genes were extracted
using Wilcoxon’s rank-sum test in the Seurat package. IPA (Ingenuity
Systems) was performed to identify the most significant pathways and
to construct molecularinteraction networks of differentially expressed
genes (log(FC) > 0.5 or <-0.5) in type S ECs. In brief, the gene list file
containing gene symbols, FCs and P values was uploaded to IPA and
core analysis was performed.

Flow cytometric analysis of HSPCs and HSCs

Femurs of 12-week-old wild-type mice were collected in PBS. The epi-
physes and metaphyses were crushed separately and BM cells were col-
lected for analysis and isolation of HSCs and HSPCs. After haemolysis,
surface markers were stained with fluorophore-conjugated antibodies.
HSCs and HPCs were phenotypically defined based on the presence
and absence of surface markers, as follows: HSCs, lineage Sca-1'c-K
it'FIt3 CD150°CD487; HPCs, lineage Sca-1"c-Kit'FIt3". The methods
usedtoidentify andisolate HSCs and other haematopoietic cells have
been described previously*****, Cell sorting was performed using a
FACS Aria Il or FACS Aria Illu instrument (BD Biosciences). Data were
analysed with FlowJo software (Tree Star). Anti-lineage marker (CD4,
CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5, anti-c-Kit-APC-Cy7,
anti-Sca-1-PE-Cy7, anti-CD150-PE, anti-CD48-FITC and anti-FIt3-APC
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antibodies were used. These antibodies were purchased from BD Bio-
sciences, BioLegend, TONBO Biosciences and eBioscience.

Quantitative PCR analysis

Total RNA was prepared fromisolated cells, and reverse transcription
was performed using Superscript Il (Invitrogen). The qPCR assays were
performed with the ABI 7500 Fast Real-Time PCR System using TagMan
Fast Universal PCR Master Mix (Applied Biosystems) and TagMan Gene
Expression Assay Mix with ColIal (Mm01302043_gl). Amouse 3-actin
(MmO00607939 sl1) assay mix served as an endogenous control. Data
were analysed using 7500 Fast System SDS software v.1.3.1.

Cell-cycle analysis of HSPCs

Femurs from wild-type mice at 12 weeks postnatally were collected in
PBS containing 2% fetal calf serum (FCS). The epiphyses and metaphy-
ses were crushed separately using amortar and pestle onice followed
by filtration with a 70-um cell strainer (Corning), the diaphyses were
flushed with PBS containing 2% FCS and BM cells were collected. After
lysis of RBCs, 1-4 million BMMNCs were aliquoted into Eppendorf
tubesand1 pl of Fc-block was added to each sample and incubated for
10 min at 4 °C. Anti-CD150-BV421, anti-CD48-FITC, anti-lineage (CD4,
CD8a, Gr-1,Mac-1, Ter-119,B220)-PerCP-Cy5.5, anti-c-Kit-APC-Cy7 and
anti-Sca-1-PE-Cy7 antibodies were used to detect surface antigens.
Stained samples were centrifuged at 340g (2,000 r.p.m.) and 4 °C for
5 min and then 250 pl of BD Cytofix/Cytoperm (BD Biosciences) was
added and incubated for 20 min at room temperature for fixation.
Fixed cells were washed twice at 2,000 r.p.m. and 4 °C with 1 ml of BD
Perm/Wash buffer (BD Biosciences). Each sample was stained with
1l of Ki67-eFluor660 (eBioscience) for 30 min at room temperature
in the dark. Ki67-stained cells were washed once at 2,000 r.p.m. and
4 °C with BD Perm/Wash buffer. Samples were resuspended in 500 pl
of PBS containing 2% FCS and 10 pg ml™ of Hoechst 33432, filtered and
then analysed with a BD FACS Aria lllu instrument.

BMT

Femurs of wild-type mice at 12 weeks postnatally were collected in PBS
containing 2% FCS. The epiphyses and metaphyses were crushed sepa-
rately and the diaphyses were flushed to collect BM cells for BMT. A total
of 4 x 10° BMMNCs from C57BL/6)-Ly5.2 and 4 x 10° BMMNCs from a
competitor recipient (C57BL/6)-Ly5.1) were transplanted retro-orbitally
intolethallyirradiated (9.5 Gy) recipients (Ly5.1).At1,2,3 and 4 months
after BMT, peripheral blood was collected and the percentage of
donor-derived cells and their differentiation status were determined
using MACSQuantv.2.1.1(Miltenyi). Then, 40-80 pl of peripheral blood
was sampled from the retro-orbital plexus using heparinized glass
capillary tubes (Drummond Scientific) and suspended in 1 ml of PBS
containing heparin. The blood suspension was centrifuged at 340gfor
3 min. The supernatant was discarded and the pellet was resuspended
in1 mlof PBS containing1.2% (w:v) dextran (200 kDa; Nacalai Tesque)
for 45 min at room temperature. The supernatant was centrifuged at
340g for 3 min and pellets were resuspended in 0.17 M NH,CI solu-
tion to lyse residual RBCs for 5-10 min until the suspension became
clear. Cells were resuspended in 50 pl of PBS containing 2% FCS with
0.3 pl of Fc-block. Surface antigens were stained using the following
antibody panel: Gr1-PE-Cy7, Mac-1-PE-Cy7,B220-APC, CD4-PerCP-Cy5.5,
CD8a-PerCP-Cy5.5,CD45.1-PE and CD45.2-FITC; 0.3 pl of each antibody
was added per sample. The frequency (%) of donor-derived cells was
calculated as follows:

100 x donor-derived (GFP" or Ly5.2°Ly5.1") cells (%)/(donor-
derived cells (%) + competitor- or recipient-derived (Ly5.2-Ly5.1" or
GFP") cells (%)).

Myeloid cells, B cells and T cells were marked by Gr-1* or Mac-1*,
B220*and CD4" or CDS8’, respectively. Total cell chimaerismrepresents
the frequency of donor-derived Ly5.2*Ly5.1" cells over the frequency
of Ly5.2°Ly5.1" cellsamong mononuclear cells. At 4 months after BMT,

the frequency of donor-derived cellsin BM was determined using one
femur andtibia per recipient. After counting BM cells usinga TC10 auto-
mated counter (BioRad), equal volumes of cell suspensions (20-30%
of total volume) from each recipient were pooled and 2 x 10° cells
were resuspended in SF-O3 medium containing 0.1% BSA. The cell
suspension (200 pl per recipient) was transplanted by retro-orbital
injection into lethally (9.5 Gy) irradiated Ly5.1" recipients with a 1-ml
syringe and 27-gauge needle. The remaining cells were stained to assess
BM chimaerism. Anti-CD150-BV421, anti-CD48-PE, anti-FIt3-APC,
anti-lineage (CD4, CD8a, Gr-1, Mac-1, Ter-119, B220)-PerCP-Cy5.5,
anti-c-Kit-APC-Cy7, anti-Sca-1-PE-Cy7, anti-Ly5.1-Alexa Fluor-700 and
anti-Ly5.2-FITC antibodies were used to detect surface antigens. Then,
1plof each antibody was added per sample.

For limiting dilution analysis to estimate the frequency of HSCs,
BM cells were collected from the metaphyseal or diaphyseal region
of a cohort of four mice, as described above. HSCs were sorted at a
density of 1, 3 or 10 cells per well directly into a 96-well, non-treated,
U-bottomed plate (Greiner) containing 300 pl of SF-O3 medium with
8 x10° Ly5.1" whole BM cells. Individual cell suspensions were carefully
collected from each well using a 27-gauge, 1-ml syringe (Terumo) and
subsequently administered viaretro-orbital injectioninto lethally irra-
diated (8.5 Gy) Ly5.1" recipient mice. At 3 months posttransplantation,
the frequency of donor-derived cells was assessed as detailed above.
Mice exhibiting donor-derived cell frequencies >0.1% and the existence
of donor-derived B cells, T cells and myeloid cells were considered to
besuccessfully repopulated. The HSC frequency was estimated using
the elda package of R software v.1.5.0 (R-project.org).

TEM analysis

Bone samples were prepared for TEM observation as described pre-
viously*®. Briefly, the tissues were dissected and fixed with 2.5% glu-
taraldehyde (TAAB Laboratories Equipment Ltd) diluted in 30 mM
HEPES buffer (pH 7.4, Sigma-Aldrich) for 16-24 h under rotation at
4 °C. Decalcification was performed with 0.5 M EDTA for 3 weeks at
4 °C under rotation. After 2 h of postfixation with 1.0% OsO, (TAAB
Laboratories Equipment Ltd), samples were dehydrated in a series
of increasing concentrations of ethanol (70-100%) and then in ace-
tone (Sigma-Aldrich), n-butyl glycidyl ether (QY1; Oken-shoji Co.
Ltd) and graded concentrations of Epon prepared in QY-1. Samples
were then incubated in 100% Epon (100 g of Epon contains 27.0 g
of 1-methylnicotinamide, 51.3 g of EPOK-812, 21.9 g of dodecenyl
succinic anhydride and 1.1 ml of 2,4,6-tris(dimethylaminomethyl)
phenol-30, all from Oken-shoji Co. Ltd) for 72 h at 4 °C to enhance
infiltration of the resin. After 72 h of polymerizationin100% Epon at
60 °C, semithin sections (1-pm thick) were prepared with a glass knife
and stained with toluidine blue. Ultrathin sections (70-nm thick) were
prepared using an ultramicrotome (Leica UC7, Leica Biosystems) with
adiamond knife. Aslice every tenslices was collected on a copper grid
andsiliconwafer. Ultrathin sections were stained with uranyl acetate
and subsequently with lead citrate for 10 min. Dried sections on cop-
per grids were examined with a transmission electron microscope
(JEM-1400plus, JEOL).

X-ray and micro-CT analyses

Soft X-rays were obtained with Softex type CMB2 (Softex Co.) and
micro-computed tomography (CT) images were obtained using a
micro-CT apparatus (R_.mCT2; Rigaku) under 90 kV and 160 pA with 512
projections per 360°. Micro-CT images were analysed using Tri/3DBON
software (Ratoc Systems Engineering).

Whole-mount Alizarin Red staining

Femurs were collected and incubated overnight in both 100% etha-
nol and 100% acetone at room temperature. Next, samples were
placed in 1% KOH overnight with shaking and in 0.005% Alizarin Red
(Sigma-Aldrich, A5533) diluted in 1% KOH for 4 h. Finally, samples were
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placed in 1% KOH containing 50% glycerol overnight with shaking,
imaged and stored in 100% glycerol.

Mechanical testing

Femurs were obtained immediately after animals were killed, and the
femoral epiphyses were cut out. A femoral epiphysis compression test
was conducted using a mechanical testing machine (Model TK-252C,
Muromachi Kikai Co.). A load was placed at the centre of the bone at
arate of 2 mm min™ until the bone broke. The parameters analysed
included stiffness and ultimate force.

Statistics and reproducibility

Results are expressed as the mean + s.d. The comparisons between the
averages of two groups were evaluated using two-tailed Student’s ¢-test.
Pvalues < 0.05were considered statistically significant. For histological
analyses, at least three but typically more independent samples were
quantified or qualitatively analysed, with each experimental repeat
yielding highly similar results. No statistical method was used to pre-
determine sample size. No data were excluded from the analyses. The
experiments were not randomized. PCRgenotyping determined group
allocation and the investigators were not blinded in this process. Data
analysis was performed by different lab members involved in each
analysis, to avoid conscious and unconscious bias. No statistical meth-
ods were used to predetermine sample sizes, but our sample sizes are
similar to those reported in previous publications**’, Data distribution
was assumed to be normal but this was not formally tested.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data that support the findings of the present study have
been deposited in the Gene Expression Omnibus under accession no.
GSE163451. All other data supporting the findings of the present study
areavailable fromthe corresponding author uponreasonable request.
The URL directing the site of Gene Expression Omnibus (GSE163451):
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE163451.
Source data are provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Quality control and characterization of endothelial
clusters inscRNA-seq. (a) Statistics of cells analyzed by scRNA-seq.

(b) Immunohistochemistry of a femur section mechanically dissected into three
fragments: diaphysis (Dia), metaphysis (Meta), and epiphysis (Epi). (c) Violin
plots of internal control genes for the comparison of all fragments. (d) A scatter
plot of normalized expression and ridge plots of raw UMI (Unique Molecular
Identifier) counts for Collal and Colla2. Both plots confirm that definite
populations of type S ECs express these genes abundantly. (e) IPA showing the

top four networks represented by genes upregulated in type S ECs. Scale bar:
1mm. Inthe box plots of ¢, the lower and upper bounds of box represent the 25th
and 75th percentile, respectively. The box represents the middle 50% of the data,
namely interquartile range (IQR). The horizontal line within the box represents
median. The lower and upper bounds of whisker represent the the minimum

and maximum values within 1.5 times the interquartile range below the 25th
percentile and above the 75th percentile, respectively. The black dots represent
outliers. Data presented are the mean + SD.
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Extended Data Fig. 2| Expression of VEGF receptors and vascular changes
caused by Vegfr2 or DIl4 deficiency. (a) Quantification of the number of tip cell
filopodia per 1mm length of vascular front at P11 (diaphysis: n =3, metaphysis and
epiphysis: n =4, biologically independent experiments). (b—d) Quantification of
the relative intensities of Vegfr1-RFP, Vegfr2-GFP, and Vegfr3 immunoreactivity

atP11showninFig. 20 (n =3, biologically independent experiments). (e, f)
Immunohistochemistry of femur sections from mice at P11. ***P<0.001; **P<0.01;
*P<0.05. Data presented are the mean + SD. Scale bar: 50 um. The comparisons
between the averages of two groups were evaluated using the two-tailed
Student’s t-test.
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Extended Data Fig. 3| Osteogenic Notch signaling and dominance of
endothelial Vegfr2 over DIl4. (a) Protocol for 4OHT injection in neonates.
P, postnatal. (b-h) Immunohistochemistry of femur sections and whole-
mount Alizarin red staining at P11 and quantification (Cont: =3, Rbpj “**:n=
4, biologically independent experiments). (i) Protocol for 4OHT injection in
neonates. (j-m) Immunohistochemistry of femur sections at P11. Combined
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from Vegfr2 knockout dominate those resulting from DIl4 knockout (open
arrowheads). Scale bars:1mm (b, ¢, f, g, j, k); 200 pum (d, e, 1, m). Data presented
are the mean = SD. The comparisons between the averages of two groups were
evaluated using the two-tailed Student’s ¢-test.
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Extended Data Fig. 4| Osteoclasts are dispensable for epiphyseal vascularization. (a) Inmunohistochemistry of femur sections from mice at P11. (b-g) Femur
sections at P11. CsfI°°? mice lack CatepsinK* osteoclasts, but vessel invasion and formation in the epiphysis occur normally. Scale bars: 1mm (b-e); 50 um (a, f, g).
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Epiphysis (Cxcl12+PsRed)

Extended DataFig. 5| DsRed expression in Cxcl12"/°**d mouse. (a-g) Immunohistochemistry of a femur section from a Cxcl12"”**¢ mouse at P11. DsRed* AECs are
covered by ASMA* smooth muscle cells. CGRP* sensory nerves are located around arteries and do not express DsRed. Scale bars: 50 pm (a); 20 pm (b-g).
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Extended Data Fig. 6 | Limiting dilution analysis of epiphyseal and linear model fit, while dotted lines represent the 95% confidence interval. The
metaphyseal cells. Limiting dilution transplantation analysis using the Poisson estimated frequencies of repopulating HSCs within the CD150"CD48 LSK
statistical method (n =8 recipients per group). Solid lines indicate the optimal fraction are displayed. Epi, epiphysis; Meta, metaphysis.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Software and code

Policy information about availability of computer code

Data collection  FV10-ASW 3.0 Viewer (Olympus),Strand NGS software v3.3 (Strand Life Sciences), Cell Ranger 3.0 software (10xGenomics)
FACS Aria Il and FACS Aria lllu instrument (BD Biosciences).

Data analysis FV10-ASW 3.0 Viewer (Olympus), Image J Software 1.46 (NIH), Seurat package v3.5.2 (Seurat), FlowJo TM v10.8.1(BD Bioscience, elda package
of R software ver 1.5.0 (R-project.org), MACSquant ver 2.1.1 (Miltenyi)
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

For scRNAseq data, raw data is available in GEO (GSE163451). There is no restriction on data availability. Mus musculus (house mouse) genome assembly GRCm38
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(mm10) from Genome Reference Consortium Numerical is available in https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001635.20/. Numerical source
data are provided with this study. All the other data supporting the findings of this study are available from the corresponding author on reasonable request.
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Sample size

Data exclusions

Replication

Randomization

Blinding

No statistical method was used to calculate sample size. Sample size was determined to be adequate based on the magnitude and consistency
of measurable differences between groups. For histological analyses in Figs.1,2, 3, 4, 5,6, and Extended Data Figure 1, 2, 3,4,5,6,7 at least
three, but typically more, independent samples, were quantified or qualitatively analysed with each experimental repeat yielding highly
similar results. Experimental animals were always compared to litter mate controls. For single cell RNA-seq (Fig. 1,4,5, and Extended Data
Figure 1), the sample sizes were the maximum number of cells we could isolate from 20 mice. For Flow cytometry analysis (Fig. 1i), the sample
sizes were the maximum number of cells we could isolate from 10 mice . For Flow cytometry analysis (Fig. 7), the sample sizes were the
maximum number of cells we could isolate from 6 mice . The number of cells analyzed were sufficient because their numbers were high and
isolated from all bones. No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in
previous publications (Okabe et al., 2014; Tai-Nagara et al., 2020). Data distribution was assumed to be normal but this was not formally
tested.

No data was excluded.

We have reproduced all our results in a minimum of three independent experimental repeats and using independent samples. Many
experiments were repeated independently by two investigators in the lab, in particular experiments shown in Fig. 1, 2, 3, 4, 5, 6,7, and
Extended Data Figure 1, 2, 3, 4,5,6. All attempts at replication were successful.

Randomization was not required for our mouse studies because we determined the genotype using genomic PCR before the experiments.

PCR genotyping determined group allocation, and the investigators were not blinded in this process. Data analysis was performed by different
lab members involved in each analysis, to avoid conscious and unconscious bias.
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Antibodies used The primary monoclonal antibodies used were, CD31 (Abcam; Cambridge, UK, ab119341; 1:1000), Runx2 (Abcam; ab192256; 1:500),
ASMA (Sigma—Aldrich, Saint Louis, MO, USA, A5228; 1:200), Ly6a (BD; 553333; 1:500), anti-CD150 (BioLegend, San Diego, CA, USA;
115905; 1:200), and Endomucin (Santa Cruz; Santa Cruz, CA, USA; sc-65495; 1:500). The primary polyclonal antibodies used were as
follows: GFP-Alexa Fluor 488-conjugated (Molecular Probes, Eugene, OR, USA, A21311; 1:500), c-Kit (R&D Systems, Minneapolis, MN
USA, AF1356; 1:500), Sp7/Osterix (Abcam; ab22552; 1:500), Cathepsin K (Abcam; ab19027; 1:500), VEGFR3 (R&D; AF743; 1:1000),
CGRP (SIGMA; C8198; 1:8000), and anti-Erg (Abcam, ab92513, 1:2,000). Secondary antibodies used were Alexa Fluor 488-conjugated
1gGs (Molecular Probes, A11034, A11006, A11055; 1:500) or Cy3/Cy5 DyLight549/Dyelight649-conjugated IgGs (Jackson
ImmunoResearch, West Grove, PA, USA, 711-165-152, 112-165-167, 127-165-160, 711-605-152, 112-605-167, 127-605-160; 1:500).
For nuclear staining, specimens were treated with 4',6-diamidino-2-phenylindole (DAPI; Molecular Probes, D-1306). For Flow
cytometry analysis, we used the following antibodies. FITC-conjugated anti-CD31 antibodies (Biolegend; 102506; 1:200), APC-
conjugated anti-CD45 antibodies (Biolegend; 103112; 1:200), PE-conjugated anti-Ly6a antibodies(Biolegend; 122507; 1:200), and
APC/Cy7-800 conjugated anti Ly6c antibodies(Biolegend; 128025; 1:200)

’

Validation All antibodies were sold by the manufacturer with validation data and citations, and they detected the specified targets in our
study as expected. Specificity was confirmed by obtaining the expected pattern of tissue staining with the respective antibodies.

All commercially available antibodies are routinely tested by he manufacturers.

-CD31 (Abcam; Cambridge, UK, ab119341; 1:1000). It has been successfully used for IF in the mouse mesentery by Deng Muller's
group (doi: 10.1084/jem.179.3.1059).

-Runx2 (Abcam; ab192256; 1:500). It has been successfully used for IF in the mouse dura by Elizabeth Engles's group (doi: 10.1016/
j.devcel.2017.07.027.).

-ASMA (Sigma—Aldrich, Saint Louis, MO, USA, A5228; 1:200). It has been successfully used for IF in the mouse carotid artery by Adria
Giacca's group (doi: 10.1161/ATVBAHA.109.185447).

-Ly6a (BD; 553333; 1:500). It has been successfully used for IF in the mouse bone marrow by Ralf Adams's group (doi:10.1038/
nature17638).

-anti-CD150 (BioLegend, San Diego, CA, USA; 115905; 1:200). It has been successfully used for IF in the mouse bone marrow by Paul
Frenette's group (doi: 10.1038/nature12612.).

-Endomucin (Santa Cruz; Santa Cruz, CA, USA; sc-65495; 1:500). It has been successfully used for IF in the mouse bone marrow by
Ralf Adams's group (doi:10.1038/nature17638).

-GFP-Alexa Fluor 488-conjugated (Molecular Probes, Eugene, OR, USA, A21311; 1:500). It has been successfully used for IF in the
mouse bone marrow by Ralf Adams's group (doi:10.1038/nature17638).

-c-Kit (R&D Systems, Minneapolis, MN, USA, AF1356; 1:500). It has been successfully used for IF in the mouse bone marrow by Paul
Frenette's group (doi: 10.1038/nature12612.).

-Sp7/Osterix (Abcam; ab22552; 1:500). It has been successfully used for IF in the mouse bone marrow by Ralf Adams's group
(doi:10.1038/nature13145).

-Cathepsin K (Abcam; ab19027; 1:500). It has been successfully used for IF in the mouse digits by Ken Muneoka's group (doi:
10.1016/j.ydbio.2022.03.007).

-VEGFR3 (R&D; AF743; 1:1000), CGRP (SIGMA; C8198; 1:8000). It has been successfully used for IF in the mouse bone marrow by Ralf
Adams's group (doi:10.1038/nature13146).

-anti-Erg (Abcam, ab92513, 1:2,000). It has been successfully used for IF in the mouse lung by Ralf Adams's group (doi:10.1038/
s41467-017-01738-3).

-FITC-conjugated anti-CD31 antibodies (Biolegend; 102506; 1:200). It has been successfully used for flowcytometry in the mouse
bone marrow by Ralf Adams's group (doi:10.1038/nature17638).

-APC-conjugated anti-CD45 antibodies (Biolegend; 103112; 1:200). It has been successfully used for flowcytometry in the mouse
bone marrow by Ralf Adams's group (doi:10.1038/nature17638).

-PE-conjugated anti-Ly6a antibodies (Biolegend; 122507; 1:200). It has been successfully used for flowcytometry in the mouse bone
marrow by Rubinsztein DC's group (10.1038/ncomms10533).

-APC/Cy7-800 conjugated anti Ly6c antibodies (Biolegend; 128025; 1:200). It has been successfully used for flowcytometry in the
mouse bone marrow by Rubinsztein DC's group (10.1038/ncomms10533).




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The strains (Cdh5-BAC-CreERT2, Osx-CreERT2,FVegfr2-flox, Dll4-flox, Collal-flox,CAG- LSL-EGFP, Vegfr1-BAC-DsRed
,Vegfr2-BAC-GFP, Rbpj-flox, Csflop/op,Cxcl12+/DsRed) have all been published previously and are described in the methods section
with appropriate references. Mice at P7, P11, P13, P18, P28, P35, 3Mo, 4Mo, and 6Mo. Ages of mice used in each experiment are
specified in the figures and figure legends. Mouse cages were well ventilated, softly lit and subject to a 12h light/dark cycle. The
relative humidity were kept at 45 to 65%. Mouse rooms and cages were kept at a temperature range of 20-240C.

Wild animals The study did not involve wild animals.

Reporting on sex The vast majority of work was carried out with neonatal materials of unknown sex, but, based on Mendelian genetics, all material
would be comprised of equal proportions of male and female tissues, as none of the strains we have used have reported sex-related
lethality that would eliminate one or the other sex from litters. The sex of the tissues has been recorded and can be provided if
required, but is considered not relevant in the context of our study.
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Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight Animal experiments were approved by the Institutional Animal Care and Use Committee of Keio University (protocol number
A2021-003) and were performed in accordance with the Guidelines of Keio University for Animal and Recombinant DNA Experiments
(protocol number D2005-044).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology
Sample preparation Femurs from wild-type mice at postnatal 12 weeks were collected in PBS+2%FCS.Epiphysis, and metaphysis were crushed
separately, and diaphysis was flushed to collect bone marrow cells
Instrument Cell sorting was performed using a FACS Aria I, FACS Aria Illu instrument (BD Biosciences).or SH800S (SONY)
Software Data were analyzed with FlowJo software (Treestar)
Cell population abundance Post-sorted cells were immediately re-analyzed to confirm the validity and purity (>95%) of each sorting.
Gating strategy Debris and dead cells were excluded by forward and side scatter and a negative gate for propidium iodide staining.

Percentages of cell doublets/aggregates were checked by FSC-A vs. FSC-W, and SSC-A vs. SSC-W plots. In all FACS studies, we
routinely included unstained control samples and compensation tubes. Using these negative and positive control tubes, we
set fluorescence voltages and the compensation matrix according to the instructions of the manufacturer.

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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