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Abstract

Mammalian hematopoietic stem cells (HSCs) colonize the bone marrow during late fetal
development and this becomes the major site of hematopoiesis after birth. However, little is known
about the early postnatal bone marrow niche. We performed single cell RNA-sequencing of mouse
bone marrow stromal cells at 4 days, 14 days, and 8 weeks after birth. Leptin Receptor-expressing
(LepR*) stromal cells and endothelial cells increased in frequency during this period and changed
their properties. At all postnatal stages, LepR* cells and endothelial cells expressed the highest
Stem Cell Factor (Scf) levels in the bone marrow. LepR™ cells expressed the highest Cxc/12levels.
In early postnatal bone marrow, SCF from LepR*/Prx1* stromal cells promoted myeloid and
erythroid progenitor maintenance while SCF from endothelial cells promoted HSC maintenance.
Membrane bound SCF in endothelial cells contributed to HSCs maintenance. LepR™ cells and
endothelial cells are thus important niche components in early postnatal bone marrow.

eTOC

LepR+ stromal cells and endothelial cells express the highest Scflevels in early postnatal bone
marrow. Kara and Xue et al. show these cells are necessary sources of SCF for progenitors and
HSCs in early postnatal bone marrow and that they change their properties in the weeks after birth.
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INTRODUCTION

Hematopoietic stem cells (HSCs) arise from hemogenic endothelium in mammalian
embryos 173, then engage in hematopoiesis in the fetal liver during mid-gestation before
colonizing the bone marrow during late fetal development 4. Postnatally, the bone
marrow becomes the primary site of HSC maintenance and hematopoiesis. In adult bone
marrow, HSCs are maintained within perisinusoidal niches >-11 in which Leptin Receptor
expressing (LepR*) mesenchymal stromal cells and endothelial cells are necessary sources
of factors for HSC maintenance, including Stem Cell Factor (SCF) 1214 Cxcl12 1516,
and pleiotrophin 17. LepR™ cells and endothelial cells also regulate vascular regeneration
by synthesizing Angiopoietin-1 18 and VEGF-C 19. Recent single-cell RNA sequencing
(scRNA-seq) studies of bone marrow stromal cells also found that LepR* cells and
endothelial cells express the highest levels of Scfand Cxc/12in adult bone marrow 20-24,

Much less is known about the stroma and the HSC niche in early postnatal bone marrow.
There is evidence that it may differ from adult bone marrow. LepR* bone marrow cells arise
perinatally from chondrocytes and perichondrium in developing bones and are initially rare,
found only in the metaphysis, before expanding throughout the bone marrow by adulthood
25-29 Nestin is broadly expressed by endothelial cells in early postnatal bone marrow 26:30
but becomes more restricted to a subset of periarteriolar endothelial cells and stromal cells in
adult bone marrow 3132, Deletion of Cxc/12with Nestin-CreER at postnatal day 7 depletes
HSCs, suggesting that these cells contribute to the niche in early postnatal bone marrow 33;
however, deletion of Cxc/12or Scfwith Nestin-cre or Nestin-CreER has no effect on HSC
frequency or hematopoiesis in adult bone marrow 1215, Similarly, deletion of Cxc/12with
Neuron-glial antigen 2 (NG2)-CreER beginning at postnatal day 14 (P14) depletes HSCs

in adult bone marrow 3 while deletion beginning at 6 weeks of age has no effect 8. These
studies raise the possibility that NG2* cells may be more important in early postnatal as
compared to adult bone marrow.

RESULTS

The stromal cell composition of bone marrow changes in the weeks after birth

We performed single cell RNA sequencing (SCRNA-seq) on CD45 Lineage”CD71™ bone
marrow stromal cells from P4, P14, and 8 week-old mice (Figure 1A). These cells
represented 2.8%, 0.89%, and 0.59% of enzymatically dissociated bone and bone marrow
cells from P4, P14, and 8 week-old mice, respectively (Figure SLA-C). At each stage, entire
femurs and tibias were crushed and enzymatically dissociated. After quality filtering of the
sequence data, we included in the analysis a total of 11,428 cells from 3 mice at P4, 8,020
cells from 3 mice at P14, and 4,209 cells from 4 adult mice. We detected transcripts encoded
by a median of 2468, 3063, and 1845 genes per cell at P4, P14 and 8 weeks, respectively.
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Unsupervised clustering of all of the data identified 16 clusters of stromal cells (Figure
S1D). We visualized the clusters using Uniform Manifold Approximation and Projection
(UMAP) (Figure 1B-D). Cell identity was assigned to each cluster based on differential
expression of known marker genes (Figures 1C and S1IE-N). The 16 cell populations and
key markers used to infer cell identity are listed in Table S1. We performed SingleCellNet34
to compare our cell clustering with that of Baryawno et al., 201921, Most cell clusters

we identified were highly overlapping and similarly named as the clusters identified by
Baryawno et al (Figure S2A).

We observed dramatic changes in the frequencies of stromal cell populations over time as a
percentage of all stromal cells (Table S1). LepR™ cells (cluster 11, ref12), LepR*Osteolectin*
cells (LepR*OIn*; cluster 12, ref39), arteriolar endothelial cells (cluster 13), and sinusoidal
endothelial cells (cluster 14) all increased in frequency from P4 to adult bone marrow (Table
S1). The frequency of all LepR™ cells increased from 0.7% of stromal cells in P4 bone
marrow to 11% of stromal cells in adult bone marrow (Figure 1E). Conversely, fibroblast
clusters 1-3 (clusters 8 to 10) declined in frequency (Table S1). Some osteolineage and
chondrocyte lineage clusters increased and some decreased in frequency (Table S1).

LepR™ cells were mainly contained within clusters 11 and 12 at each stage, though rare
cells that expressed low levels of Leprwere also scattered among other cell populations,
mainly in sinusoidal endothelial and chondrocyte cell clusters (Figures 1E and S2B). To test
whether these low levels of Leprexpression translated into detectable LepR expression,
we performed immunofluorescence analysis using anti-LepR antibody in chondrocytes
and endothelial cells (Figure S2C and S2D). We did not detect any LepR staining in
chondrocytes (Figure S2C). LepR staining was detected in a small minority (2.7 to 5.8%)
of endothelial cells (Figure S2D-F). Since Lepr-cre does not detectably recombine in
endothelial cells'2, the few endothelial cells that stained with anti-LepR antibody may
have expressed truncated isoforms of Lepr36:37 that would not lead to Cre expression
(the Lepr-cre allele was made by inserting Cre into the 3’ end of the gene such that Cre
transcription requires expression of the full length isoform of Lepr38).

Nestin* cells were scattered within multiple cell clusters, including in osteolineage cells,
fibroblasts, arteriolar endothelial cells, sinusoidal endothelial cells, Smooth Muscle Actint
(SMA)* pericytes, and Schwann cells (Figure 1F and Figure S3A). Nestir™ cells accounted
for 6.2% of stromal cells in P4 bone marrow and 11% of stromal cells in adult bone marrow.
NGZ* cells were broadly distributed across osteolineage, chondrocyte, fibroblast, and SMA*
pericyte cell clusters (Figure 1G and Figure S3B). NGZ2* cells represented 53% of stromal
cells in P4 bones/bone marrow and 39% of stromal cells in adult bones/bone marrow.

Scf and Cxcl12 are most highly expressed by LepR* cells and endothelial cells

Scfwas most highly expressed by Lepr* cells (clusters 11 and 12) at all stages, with lower
levels of expression in arteriolar endothelial cells (cluster 13), sinusoidal endothelial cells
at P4 (cluster 14), and SMA* pericytes (cluster 15) (Figure 2B and 2D; see all clusters in
Figure S3C). We observed little Scfexpression in Nestin* cells or NG2* cells, and virtually
none in osteoblasts (Figure 2D). Cxc/12was also most highly expressed by Lepr* cells at
all stages, with lower levels of expression in SMA™ cells, Nestin* cells, NGZ* cells, and
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endothelial cells (Figure 2C and 2E). Cxc/12was expressed at low levels in some fibroblast,
Schwann cell, and chondrocyte cell clusters (Figure S3D). Scfand Cxc/12were thus most
highly expressed by LepR* cells, endothelial cells, and SMA* cells in P4 and P14 bone
marrow.

Lepr* cells undergo changes during the transition to adulthood

LepR™ bone marrow stromal cells arise from chondrocytes and perichondrial cells during the
first few months after birth28:29, We performed pseudotime trajectory analysis (Monocle 3)
on all osteochondrondral cell clusters in the SCRNA-seq analysis, including chondrocytes,
osteoblasts, osteolineage cells, LepR™ cells, and LepR*OIn* cells (Figure S3E-H). The
analysis showed chondrocytes at one end of the pseudotime trajectory and LepR™* cells

at the other end at P14 and 8 weeks of age. This analysis suggested that osteolineage

and LepR*OIn™ cell clusters were intermediates in the differentiation of chondrocytes

into LepR™ cells. It was not clear what cluster contained perichondral cells. At P4,

the pseudotime trajectory analysis did not identify a clear lineage relationship between
chondrocytes and LepR™ cells, perhaps because few LepR* cells have arisen from
chondrocytes at this stage and the intermediate cell populations were rare.

Lepr* cells increased in number in the bone marrow between P4 and 8 weeks of age (Figure
1E). To test whether these cells changed their properties during this period, we performed
gene ontology (GO) term enrichment analysis on genes that were differentially expressed
between Lepr (cluster 11) cells from P4 versus 8 week-old bone marrow. GO terms related
to ribosome biogenesis and translation were enriched in P4 LepR™ cells (Figure S31) while
GO terms related to the regulation of hematopoiesis, antigen processing, and inflammatory
responses were enriched among 8 week-old LepR™* cells (Figure S3J). The enrichment of
terms related to ribosome biogenesis and protein synthesis in P4 LepR™ cells suggested that
these cells might be more anabolic and more mitotic than 8 week-old LepR* cells. To test
this, we analyzed the incorporation of a 2 hour pulse of BrdU into LepR* bone marrow
cells in P6, P14, and 8 week-old mice. P6 LepR™* cells were significantly more likely to
incorporate a 2 hour pulse of BrdU (5.7+1.4%) than 8 week-old LepR™ cells (0.72+0.41%)
(Fig. 2F-H). Therefore, one of the differences between neonatal LepR* cells and 8 week
old LepR™ cells is that the neonatal LepR™* cells are more rapidly dividing. This likely
contributes to the increase in the number of these cells in the weeks after birth (Figure 1E).

GO terms related to hematopoiesis, antigen processing, and inflammatory responses were
enriched in 8 week-old LepR™ cells. Many secreted factors that regulate hematopoiesis and
inflammation, as well as antigen presentation genes, were more highly expressed in 8 week-
old LepR* cells as compared to P4 LepR™ cells (Figure S3K). The secreted factors that were
more highly expressed in 8 week-old LepR* cells included factors that are known to regulate
hematopoiesis, such as Csf13% and 1L-740 as well as factors that regulate bone marrow
inflammation, such as Adiponectin*! and Cxcl10%2-44. Gene products that regulate antigen
presentation that were more highly expressed by 8 week-old LepR* cells included beta-2-
microglobulin and 6 major histocompatibility alleles (Figure S3K). These data suggest that
the transition into adulthood is marked by immunological maturation of LepR™ cells and
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increased ability to regulate hematopoiesis and the inflammatory environment in the bone
Marrow.

Nestin* cells are not a major source of SCF in early postnatal bone marrow

The scRNA-seq analysis suggested that Mestir™ cells were not one of the main sources of
Scfor Cxcl12in early postnatal or adult bone marrow (Figure 2D and 2E). Comparison

of Nestinexpression with Scfand Cxc/12expression across cell clusters showed limited
overlap, and only in the SMA* pericyte and endothelial cell clusters, which expressed lower
levels of both factors than the Lepr* cell clusters (Figure S3A, S3C, and S3D). Indeed,
Nestinwas detected in only a minority of cells in the SMA™ pericyte and endothelial cell
clusters (Figure 1F) so it did not mark all of the ScFexpressing cells within these clusters.

To independently investigate this, we generated Nestin-CreER, tdTomato, Scf-GFP mice
and administered tamoxifen at P2 to induce recombination (see Table S2 for a description
of the mouse alleles used in this study). The Nestin-creER transgene has a somewhat
different expression pattern as compared to endogenous Nestint24%46 but has been used

as a marker of niche cells in some contexts3247:48 \We enzymatically dissociated an entire
femur and tibia at P4 or P14 and examined the frequencies of cells that were Tomato*
and/or Sc-GFP*: 0.3 to 0.9% of enzymatically dissociated bone/bone marrow cells were
Tomato™ at P4 to P14 and 30 to 40% of these cells were Scf-GFP* (Figure S4A and

S4C). These cells included a subset of endothelial cells and subsets of perisinusoidal and
periarteriolar stromal cells (Figure S4F and S5G), consistent with published analyses of the
Nestin-CreER recombination pattern in early postnatal bone marrow33. When we gated on
all Sc-GFP™ cells in these specimens only 20 to 29% were Tomato™ (Figure S4B and S4D).
This demonstrates that Nestin-CreER recombined in a minority of Sc/-GFP expressing cells
in the bone marrow.

To test if Mestin-expressing cells contributed to the maintenance of HSCs in early postnatal
bone marrow, we generated Nestin-creER: Scfe " mice and compared HSC frequency
and hematopoiesis in these mice to Sc7GF¥/ |ittermate controls. We treated the mice

with tamoxifen at P2 and analyzed the bone marrow at P14. We observed no significant
differences among Nestin-creER; Scf°FF/M mice and littermate controls in bone marrow
cellularity (Figure S4H), or in the frequencies of HSCs (Figure S41), multipotent progenitor
cells (MPPs; Figure S4J), hematopoietic progenitor cells (HPCs, Figure S4K), Lineage™c-
kit* (LK) myeloid progenitors (Figure S4L), common myeloid progenitors (CMPs),
megakaryocyte-erythroid progenitors (MEPS), or granulocyte-macrophage progenitors
(GMPs) (Figure S4M) and colony-forming units-erythroid (CFU-E) (Figure S4N) (see Table
S3 for the surface markers used to isolate each cell population analyzed in this study).

We also observed no difference in the reconstituting potential of bone marrow cells from
Nestin-creER: Scfer/fl versus littermate control mice upon competitive transplantation into
irradiated mice (Figure S40).

We also treated Nestin-creER,; Ai47-GFP (a conditional reporter) with tamoxifen at P2 and
aged them to 8 weeks. Consistent with published studies that showed that cells recombined
by Nestin-creER were extraordinarily rare in adult bone marrow and not a significant source
of SCF or Cxcl12 for HSC maintenance or hematopoiesis'215, we found that the progeny
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of Nestin-creER-expressing cells accounted for less than 0.007% of adult bone marrow
cells (Figure S4E). These cells included small subsets of endothelial cells and CD140a/b*
stromal cells (Figure SAE) that were orders of magnitude less frequent than SCF-expressing
cells. We also observed no differences in bone marrow cellularity (Figure S4P) or in the
frequencies of bone marrow HSCs, MPPs, HPCs, LK cells, CMPs, MEPs, GMPs, or
CFU-Es (Figure S4Q-V) in Nestin-cre, ScfeF*/f as compared to littermate control mice.
HSCs and hematopoiesis, thus, did not depend upon SCF produced by cells that expressed
Nestin-cre or Nestin-creER in early postnatal bone marrow.

NG2* cells are not a major source of SCF in early postnatal bone marrow

The scRNA-seq analysis suggested that NG2* cells were not one of the top sources of Scf
or Cxcl/12in early postnatal or adult bone marrow (Figure 2D and 2E). Comparison of
NGZ2expression with Scfand Cxc/12 expression across cell clusters showed limited overlap
(Figure S3B-D). The only cell cluster that showed clear expression of both NGZand Scf
was SMA* pericytes (Figure S3B and S3C). With respect to Cxc/12, multiple clusters of
fibroblasts and SMA™* pericytes expressed NG2and low levels of Cxc/12 (Figure S3B and
S3D).

We generated NG2-cre; tdTomato;, Scf-GFP mice and analyzed Tomato and Scf-GFP
expression in the bone marrow at P4, P14 and at 5 weeks of age. NG2-cre recombined

in 94% of NG2* cells in P14 bone marrow (Figure S5G). Overall, 1.3% to 4.6% of
enzymatically dissociated bone/bone marrow cells were Tomato* at P4, P14 and 5 weeks of
age, and 51% to 68% of these cells were Sc-GFP* (Figure S5A, S5C and S5E). When we
gated on all Scf-GFP* cells in these specimens, 88% to 98% were Tomato™ (Figure S5B,
S5D and S5F). Imaging and flow cytometric analysis showed that perisinusoidal stromal
cells were Tomato™ throughout the bone marrow (Figure S51), including 98% of LepR*
cells (Figure S5H). This was expected as chondrocytes and perichondrial cells express NG2
(Figure 1G and ref49); therefore, the cells that give rise to LepR™* cells28:22 recombined with
NG2-cre3?, though the Lepr cells themselves exhibited little or no ongoing NG2 expression
(Figure S3B).

To test if NGZ-expressing cells contributed to the maintenance of HSCs in early postnatal
bone marrow, we generated NG2-cre; Scf/f mice and compared the bone marrow of
these mice to Sc/F/ littermate controls at P14. The NG2-cre; Scfc P/ mice exhibited
decreases in bone marrow cellularity (Figure S5J) and the frequencies of HSCs (Figure
S5K), MPPs (Figure S5L), and CFU-Es (Figure S5P) but normal frequencies of HPCs
(Figure S5M), LK myeloid progenitors (Figure S5N), and CMPs, MEPs, and GMPs (Figure
S50). Consistent with this, bone marrow cells from NG2-cre; ScfCF/f mice exhibited
significantly reduced reconstituting potential as compared to control bone marrow cells upon
competitive transplantation into irradiated mice (Figure S5Q). The depletion of HSCs and
primitive hematopoietic progenitors likely reflected the deletion of Scffrom LepR™ cells and
from a subset of endothelial cells in these mice31,

Since the NG2-cre recombination pattern in the bone marrow did not reflect ongoing NG2
expression, we also tested if NG2* cells contributed to the early postnatal bone marrow
niche by generating NG2-creER,; tdTomato, Scf-GFP mice. We administered tamoxifen
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at P2 to induce recombination. At P14, 0.12% of bone/bone marrow cells were Tomato*

and 33% of these cells were Sc/-GFP™ (Figure S6A); however, when we gated on all
Scf-GFP* cells, only 8.6% were Tomato™ (Figure S6B). These Tomato™ cells included rare
perisinusoidal stromal cells with a position and morphology suggesting that they represented
a small subset of LepR™ cells (Figure S6C). Tomato™ cells were more common in the
metaphysis and epiphysis, where they were present in the growth plate and near growing
bone surfaces where chondrocytes give rise to osteoblasts (Figure S6D). This suggests that
many of the NG2* cells in the chondrocyte and fibroblast cell clusters (Figure 1G) were in
the epiphysis/metaphysis.

We performed a similar analysis on 8 week-old NG2-creER, tdTomato, Scf-GFP mice. We
found that only 0.0028% of bone marrow cells were Tomato* (Figure S6E) and only 0.17%
of Scf-GFP* bone marrow cells were Tomato* (Figure S6F).

To test the function of NG2-creER* cells in early postnatal bone marrow, we generated
NG2-creER: ScfCFP/fl and ScfGFP/M littermate controls, treated them with tamoxifen at P2
and analyzed the bone marrow at P14. We observed no significant differences among NG2-
creER: ScfCrP/f and littermate control mice in bone marrow cellularity (Figure S6G), or in
the frequencies of HSCs (Figure S6H), MPPs (Figure S61), LK myeloid progenitors (Figure
S6K), CMPs, MEPs, or GMPs (Figure S6L) or CFU-Es (Figure S6M). We observed no
difference in the reconstituting potential of bone marrow cells from NG2-creER: ScfcF/!
versus littermate control mice upon competitive transplantation into irradiated mice (Figure
S6N). NG2-creER; Scfer*/fl mice did have significantly lower frequencies of HPCs as
compared to littermate controls (Figure S6J), though we did not detect any effect on other
restricted progenitors or differentiated cells. Given the NG2and Scfexpression by SMA*
pericytes (Figure S3B and Figure 2D), it is possible that SMA™* pericytes promote the
maintenance of a subset of HPCs.

SCF from LepR* cells promotes myelopoiesis and erythropoiesis in postnatal marrow

The scRNA-seq analysis showed that LepR™ stromal cells had the highest levels of Scf
and Cxcl12expression in P4, P14, and 8 week-old bone marrow (Figure 2B-E). To further
assess this, we analyzed Scf-GFP expression by non-hematopoietic and non-endothelial
bone marrow stromal cells from femurs and tibias at P4 and P14. At P4, 45% of ScFGFP*
bone marrow stromal cells stained positively for anti-LepR antibody (Figures 3A) and 46%
of LepR™* cells were Sc£GFP* (Figure 3B). At P14, 98% of Sc£GFP* cells were LepR*
(Figures 3C) and 54% of LepR™ cells were Sc~GFP* (Figure 3D). Confocal imaging of
femurs at P14 showed that nearly all LepR* cells in the diaphysis bone marrow were
ScEGFP* and that most cells that expressed high levels of Sc~-GFP were LepR* (Figure
3E). LepR* cells were thus a major source of SCF in early postnatal bone marrow.

To test the functional importance of Scfproduced by LepR™ cells, we first analyzed the
recombination efficiency of Lepr¢ in early postnatal bone marrow. LepR antibody staining
of dissociated cells from Leprc’®; tdTomato, Scf-GFP bone marrow showed that Leprc®
recombined in only 10% of LepR™ cells at P4 and 30% of LepR* cells at P14 (Figure S60).
The low recombination efficiency of Lepr’® in early postnatal bone marrow precluded the
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use of this Cre allele to analyze the functional contribution of these cells to early postnatal
hematopoiesis.

As an alternative approach, we used PrxI-cre, which recombines in limb mesenchyme,
including LepR* cells, osteogenic progenitors, and osteoblasts, but not endothelial cells
16,50, Since LepR negative osteolineage cells (cluster 1) and osteoblasts (cluster 2) do not
express Scf (Figure 2A-D; Figure S3C), this approach allowed us to assess the functional
importance of SCF made by LepR* cells in limb bone marrow. In bone marrow from

the femurs and tibias of PrxZ-cre; tdTomato mice, 93% of LepR™ cells were Tomato™,
demonstrating high recombination efficiency (Figure 3F). We observed no significant
differences among PrxI-cre; Scf” mice and littermate controls in terms of bone marrow
cellularity (Figure 3G) or the frequencies of HSCs (Figure 3H), MPPs (Figure 3I), HPCs
(Figure 3J), CMPs or GMPs (Figure 3L) in the bone marrow. However, Prx1-cre; Scf/f
mice had significantly lower frequencies of Lineage c-kit* (LK) myeloid progenitors
(Figure 3K), MEPs (Figure 3L), CFU-Es (Figure 3M), Mac-1*Gr-1* myeloid cells (Figure
3N), and Ter119" erythroid cells (Figure 30). Conversely, the frequencies of B220* B cells
and CD3* T cells increased in the bone marrow of PrxZ-cre; Scf”" mice as compared to
controls (Figure 3P). SCF made by PrxI-expressing mesenchymal cells was thus necessary
for normal myelopoiesis and erythropoiesis in early postnatal bone marrow and the Scf
made by PrxI-expressing cells came overwhelmingly from LepR* cells based on scRNA-seq
analysis.

We observed no significant difference in the reconstituting activity of bone marrow cells
from P14 PrxI-cre; Scf"" as compared to littermate control mice upon competitive
transplantation into irradiated mice (Figure 3Q), consistent with their normal HSC frequency
(Figure 3H). This suggests that SCF from LepR™* cells is not required for HSC maintenance
in early postnatal bone marrow. However, Prx1-cre recombines in limb mesenchyme but not
in the axial skeleton. Therefore, it is possible that the functional importance of Prx1*/LepR*
cells was underestimated in these experiments if HSCs and other hematopoietic cells from
the axial skeleton migrated to limb bones to compensate for the depletion of progenitors in
limb bones.

SCF from endothelial cells promotes HSC maintenance in early postnatal bone marrow

By scRNA-seq, arteriolar endothelial cells at P4 and P14, and sinusoidal endothelial cells at
P4, expressed higher levels of Scfas compared to the same cells at 8 weeks of age (Figure
2D). We confirmed this by quantitative reverse-transcription PCR (Figure 4A). At P4, 54%
of bone marrow endothelial cells were ScEGFP* (Figure 4B) and 25% of all Sc/-GFP*

cells in the bone marrow were CD31* endothelial cells (Figure 4C). At P14, 52% of bone
marrow endothelial cells were Sc£GFP* (Figure 4D) and 49% all Scf-GFP* cells in the
bone marrow were CD31* endothelial cells (Figure 4E). Confocal imaging showed Sc/-GFP
expression by arteriolar (Figure S6Q) and sinusoidal endothelial cells (Figure S6R) at P14.

To test the functional importance of SCF made by endothelial cells in early postnatal bone
marrow, we compared 7ie2-cre; Scf ™ and littermate control mice. Although 77e2-cre
also recombines in hematopoietic cells, CD45* and/or Ter119* hematopoietic cells do

not express Scfin the bone marrow (Figure S6P)12. At P14, we observed no significant
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differences between Tie2-cre; Scf ™ and littermate control mice in terms of bone marrow
cellularity (Figure 4F) or the frequencies of MPPs (Figure 4H), HPCs (Figure 41), LKs
(Figure 4J), CMPs, MEPs, GMPs (Figure 4K), CFU-Es (Figure 4L), Mac-1*Gr-1* myeloid
cells (Figure 4M), Ter119* erythroid cells (Figure 4N), B220* B cells or CD3* T cells
(Figure 40). However, we did observe a significantly lower frequency of HSCs in the bone
marrow of 7ie2-cre; Scf™ as compared to littermate control mice (Figure 4G). Consistent
with this, bone marrow cells from P14 Tie2-cre; Scf™ mice gave lower levels of donor
cell reconstitution in all lineages as compared to control bone marrow cells upon competitive
transplantation into irradiated mice (Figure 4P). SCF made by endothelial cells is thus
necessary for the maintenance of normal numbers of HSCs, but not restricted hematopoietic
progenitors, in early postnatal bone marrow. Homeostatic mechanisms in the bone marrow
can generate normal numbers of restricted progenitors despite HSC depletion®2.

SCF is produced in membrane bound and secreted forms 2. There is evidence that the
membrane bound form is functionally important for the creation of hematopoietic stem/
progenitor cell niches 52-54, though it is difficult to dissect the relative contributions of the
two forms of SCF given the limited tools available to independently delete each form. We
tested if membrane bound SCF contributed to the ability of endothelial cells to maintain
HSCs in early postnatal bone marrow by generating 77e2-cre; Scf-Ex7 " mice in which the
transmembrane domain of SCF was deleted from endothelial cells 54. Consistent with the
results from 77e2-cre; Scf " mice, Tie2-cre; Scf-Ex7 ™ mice also exhibited a significant
reduction in the frequency of HSCs (Figure 4R) and the reconstituting activity of bone
marrow cells upon competitive transplantation into irradiated mice (Figure 4Z’) relative

to bone marrow cells from littermate control mice. We did not detect any differences
between Tie2-cre; Scf-Ex7 ™ and littermate control mice in overall bone marrow cellularity
(Figure 4Q), or in the frequencies of MPPs, HPCs, LKs, CMPs, MEPs, GMPs, CFU-Es,
Mac-1*Gr-1* myeloid cells, Ter119" erythroid cells, B220* B cells or CD3* T cells (Figure
4S-Z). Membrane bound SCF from endothelial cells thus appears to contribute to HSC
maintenance in early postnatal bone marrow.

HSCs localize to sinusoids in early postnatal bone marrow

We assessed the localization of HSCs in P4 and P14 bone marrow by performing deep
confocal imaging of half bones from a-catulir®FF'* mice8. a-catulin-GFP*c-kit* bone
marrow cells are highly enriched for long-term multilineage reconstituting HSCs8. At
P14, 0.023% of whole bone marrow cells were a-catulin-GFP*c-kit" and 64% of a-
catulinr-GFP*c-kit* bone marrow cells were CD150*CD48 Lineage™ (Figure S7A). 54%
of CD150+CD48 Lineage™ bone marrow cells were a-catulin-GFP*c-kit* (Figure S7B).
At P4, 80% of HSCs were closer to sinusoidal blood vessels than to arterioles, transition
zone vessels, or bone surfaces (Figure S7C and 5D). 70% of HSCs were within 10 um of
sinusoidal blood vessels, significantly more than would be expected by chance based on
the distribution of random spots in the bone marrow (Figure S7E). Another 17% of HSCs
were within 10 um of transition zone vessels, which have properties that are intermediate
between sinusoids and arterioles (Figure S7E). Only around 7% of HSCs were within 10
um of arterioles and 3% were within 10 pm of bone surfaces (Figure S7E). At P14, 88% of
HSCs were closer to sinusoidal blood vessels than to arterioles, transition zone vessels, or
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bone surfaces. This is more than would be expected by chance based on the distribution of
random spots (Figure S7F and 7G). At P14, 64% of HSCs were within 10 um of sinusoidal
blood vessels, (Figure S7H). Most HSCs in early postnatal bone marrow thus localized
adjacent to sinusoidal blood vessels, as we have reported in adult bone marrow®s8,

DISCUSSION

We observed extensive remodeling of the bone marrow stroma between P4 and 8 weeks of
age. LepR* cells, LepR*OIn* cells, arteriolar endothelial cells, and sinusoidal endothelial
cells all increased in frequency during this period while the frequencies of some other
stromal cell populations declined (Table S1). The properties of these cell populations

also changed over time (Figure 2F—H). During the transition into adulthood LepR* cells
increased their expression of many secreted factors that regulate hematopoiesis and bone
marrow inflammation as well as their expression of antigen presentation genes.

Similar to adult bone marrow, LepR™* cells and endothelial cells expressed the highest levels
of Scfin early postnatal bone marrow (Figure 2D). LepR™* cells also expressed the highest
levels of Cxc/12 (Figure 2E). In early postnatal bone marrow, Scffrom endothelial cells
was necessary for the maintenance of normal numbers of HSCs (Figure 4), while Scffrom
LepR*/Prx1* cells was necessary for the maintenance of normal numbers of myeloid and
erythroid progenitors (Figure 3). Indeed, endothelial cells expressed higher levels of Scfat
P4 and P14 than in 8 week-old bone marrow (Figure 4A). Among endothelial cells, Scfis
expressed mainly by arteriolar endothelial cells in adult bone marrow 13:20.21.55 pyt at P4
we found it was also expressed by sinusoidal endothelial cells (Figure 2D). Endothelial cells
thus play an important role in promoting the maintenance of normal numbers of HSCs in
neonatal bone marrow. Arteriolar endothelial cells also regulate the initial engraftment of
hematopoietic stem/progenitor cells in fetal bone marrow by secreting Wnts 55.

While LepR* cells are an important source of SCF for the maintenance of HSCs and
restricted hematopoietic progenitors in adult bone marrow 125156 these cells did not seem
necessary for HSC maintenance in early postnatal bone marrow (Figure 3H and 3Q). It is
possible that Scfwas most highly expressed by LepR™* cells (Figure 2D) but dispensable for
HSC maintenance in early postnatal bone marrow because LepR™ cells were rare in early
postnatal bone marrow, becoming much more abundant in the weeks after birth (Figure 1E).

Deletion of membrane bound SCF from endothelial cells (Figure 4R and 4Z’) phenocopied
the HSC depletion observed after deletion of all SCF from endothelial cells (Figure 4G

and 4P). This suggests that membrane bound SCF from endothelial cells promotes HSC
maintenance in early postnatal bone marrow. Nonetheless, it remains possible that soluble
SCF produced by endothelial cells and/or LepR* cells contributes to the effects of these cells
on the maintenance of HSCs and/or restricted hematopoietic progenitors in the bone marrow.

Limitations of our study

It remains possible that there are cells other than endothelial cells and LepR*/Prx1* cells
that functionally contribute to the synthesis of SCF in early postnatal bone marrow, even
though other cell types expressed lower levels of SCF. It is likely that other cells contribute
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to the regulation of early postnatal bone marrow niches through the synthesis of other
factors.

METHODS
RESOURCE AVAILABILITY

Lead contact and materials availability—Further information and requests for
resources and reagents should be directed to and will be fulfilled by the Lead Contact,
Sean Morrison (sean.morrison@utsouthwestern.edu).

Data and code availability—The single cell RNA sequencing data generated in this
paper have been deposited at SRA (BioProject ID: PRINA835050). Accession numbers
are listed in the key resources table. Source code related to the analysis of these data

can be found at https://git.biohpc.swmed.edu/CRI/morrison-lab/scRNASeq. Any additional
information required to reanalyze the data reported in this paper is available from the Lead
Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Table S2 provides a description of each of the mouse alleles used in this study.
ScfCrP (Kitffm1.-15m: 3 GFP knockin allele that reports Scfexpression), Scf (Kitfm2-15/m.
a floxed allele for deletion of Sc#) and a-catulin®FF (Ctnnal1?™L-15m; g GFP knockin

allele that reports a-catulin expression) were generated in our laboratory8-12. Tje2-cre
(B6.Cg-Tg(Tek-cre)1Ywa; a Cre allele expressed by endothelial and hematopoietic cells)®8,
Prx1-cre (B6.Cg-Tg(Prrx1-cre)1Cjt; a Cre allele expressed by limb mesenchymal cells)>0,
Leprc' (B6.129(Cg)-Leprtm2(cre)Rek: 3 Cre allele expressed by Lepr* cells)38, Nestin-cre
(B6.Cg-Tg(Nes-cre)1Kln; a Cre allele expressed by Nestin* cells), Ng2-creER (B6.Cg-
Tg(Cspg4-cre/Esr1)BAKkik; a CreER allele expressed by NGZ2* cells), NG2-cre (B6;

FVB- /£i20879(Cspg4-cre)1Akik: 5 Cre allele expressed by NGZ2* cells)®® and Rosa26-CAG-
loxp-stop-loxp-td Tomato (tdTomato) (B6.Cg-Gt(ROSA)26SorMI(CAG-Rosa26-tdTomato)Hze. 5
Tomato reporter that is induced by Cre-mediated recombination) mice were obtained from
Jackson Laboratory. Rosa26-CAG-loxp-stop-loxp-eGFP (Ai4d7-GFP; a GFP reporter that

is induced by Cre-mediated recombination) mice were obtained from Hongkui Zeng®.
Nestin-creER mice (a CreER allele expressed by Nestin* cells) were obtained from G.
Fishell8L. Kit/-Ex7/Lex7 mice (Scf-Ex7™. this allows the membrane bound form of Scfto
be deleted by Cre-mediated recombination) were obtained from Claus Nerlov and Sten Eirik
Jacobsen®*. All mice were backcrossed at least six times onto a C57BL/Ka background.

To induce Cre-mediated recombination in Nestin-creER and NG2-creER mice, the mice
were given an intraperitoneal injection of 50ug of tamoxifen dissolved in corn oil at

P2. C57BL/Ka-Thy-1.2 (CD45.1) and C57BL/Ka-Thy-1.1/Thy-1.2 (CD45.1/C45.2) mice
were used as recipient mice and a source of competitive whole bone marrow cells in
transplantation experiments. Recipient mice were given Baytril (0.1 mg/ml in the drinking
water) for 1 week prior to, and one month after, irradiation. All mice were housed in
AAALAC-accredited, specific-pathogen-free animal care facilities at the University of Texas
Southwestern Medical Center (UTSW). Mice were housed under a 12h:12h light:dark cycle
with a temperature of 18-24°C and humidity of 35-60% and were fed Teklad Global 16%
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Protein Rodent Diet ad libitum. All procedures were approved by the UTSW Institutional
Animal Care and Use Committee.

METHOD DETAILS

Flow cytometric analysis of hematopoietic cells—Tibias and femurs were crushed,
triturated, and resuspended in staining medium (Ca2* and Mg2* free Hank’s buffered salt
solution (HBSS) supplemented with 2% heat inactivated bovine serum) and filtered through
a 40 um cell strainer to generate a single cell suspension. Cells were counted, and then
stained with antibodies at 4°C for 30 minutes (except for anti-CD34 that was incubated for
90 minutes). For staining of HSCs, MPPs and HPCs, cells were stained with fluorophore-
conjugated antibodies against c-kit, Scal, CD150, CD48 and lineage markers (CD2, CD3,
CD5, CD8a, B220, Ter119, and Gr-1). For staining of restricted hematopoietic and erythroid
progenitors, cells were first stained with biotin-conjugated anti-CD34 antibody, washed
with staining medium and then resuspended in fluorophore-conjugated antibodies against
c-kit, Scal, CD150, CD48, CD105, CD41, as well as BV510-conjugated streptavidin and
fluorophore-conjugated antibodies against lineage markers (CD2, CD3, CD5, CD8a, B220,
Ter119, and Gr-1). For analysis of lymphoid and myeloid cells, cells were stained with
fluorophore-conjugated antibodies against B220, CD3, Gr-1, Mac1, Ter119. After staining
with antibodies, the cells were washed and resuspended in staining medium with 0.2ug/ml of
propidium iodide to exclude dead cells. The cells were then analyzed using a FACS Canto
cytometer. Markers for each hematopoietic cell population are listed in Table S2.

Flow cytometry analysis and sorting of stromal cells—To isolate bone marrow
stromal cells, whole tibias and femurs were placed in enzymatic dissociation buffer (HBSS
with Ca2* and Mg?2*, supplemented with DNase | (200U/ml) and LiberasePL (250mg/ml)),
minced with scissors, and then dissociated by agitating for 30 minutes at 37°C. Bone
marrow fragments were allowed to sediment for ~1 min, then the cell suspension was
collected and the enzymes were quenched by adding staining medium with 7 mM EDTA.
Cells were washed once in staining medium and incubated with biotin-conjugated goat anti-
LepR antibody for 90 min at 4°C. Cells were washed and then incubated with fluorophore-
conjugated antibodies against CD45, Ter119, CD31 and BV421-conjugated streptavidin. For
endothelial cell analyses in neonatal mice, the cells were stained with anti-VE-cadherin or
anti-CD31 antibody. Dead cells and debris were excluded by gating on forward scatter, side
scatter, and the viability dye Ghost dye Red 780. Samples were analyzed and cells were
isolated (with two successive rounds of sorting to ensure high purity) using a FACS Aria Il
flow cytometer.

RNA extraction and real time quantitative PCR—5,000-10,000 cells were sorted
into staining medium, pelleted by centrifugation, and resuspended in Trizol. RNA was
extracted and reverse transcribed into cDNA using iScript Reverse Transcription Supermix
for RT-qPCR. Primers used for qPCR are listed in Table S3. Transcript levels were
normalized to Actin (Actb) and fold change was calculated based on ACt.

BrdU incorporation—To assess the rate of 5-Bromo-2’-deoxyuridine (BrdU)
incorporation into dividing cells, mice were given an intraperitoneal injection of 0.1 mg
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BrdU per g of body mass in PBS. Two hours later, the frequency of BrdU* cells was
analyzed by flow cytometry using the APC BrdU Flow Kit (BD Biosciences).

Single cell RNA sequencing—Whole tibias and femurs were dissociated as described
above. Cells were stained with antibodies against CD45, CD71, CD2, CD3, CD5, CDS8,
CD11b, Ter-119, B220 and Gr-1. Dead cells and debris were excluded by gating on

forward scatter, side scatter, and the viability dye 4’,6-diamidino-2-phenylindole (DAPI;

2 ug/ml). Bone marrow stromal cells were isolated by sorting live cells that were negative
for hematopoietic markers. 15,000 cells were sorted into staining medium, then pelleted by
centrifugation and resuspended in 40 pl of staining medium. Single cell RNA sequencing
libraries were generated using Chromium Next GEM Single Cell 3° Reagent Kits

v3.1 (10xGenomics) according to the manufacturer’s instructions. Briefly, cells, reagents
(10xGenomics, PN-1000130), gel beads (10xGenomics, 2000164), and partitioning oil
(10xGenomics, 220088) were loaded into the Chromium Next GEM Chip G (10xGenomics,
200177). The chip was loaded into the Chromium Controller (10xGenomics) to generate
Gel Bead-In-Emulsions (GEMs). After reverse transcription using the GEM-RT incubation
protocol, GEMs were broken with recovery reagent (10xGenomics, 220016), cDNA was
purified with DynaBeads MyOne Silane beads (10xGenomics, 2000048), amplified by PCR
for 12 cycles, and further purified with SPRIselect reagent (Beckman Coulter, B23318). The
DNA concentration and amplicon size were measured using a Tapestation (Agilent) with
D1000 high sensitivity screentapes (Agilent, 5067-5582), and cDNA yield was measured
using the Qubit DNA high sensitivity assay (Invitrogen, Q32854), to ensure the amplified
cDNA met quality control standards. After fragmentation, end-repair, A-tailing and size
selection, cDNA was ligated with adaptor and purified with SPRIselect reagents, according
to 10xGenomics instructions. Libraries were amplified by PCR with sample index primers
from the Chromium i7 Multiplex kit (10xGenomics, PN-120262), typically for a total of 14
cycles, depending on the original cDNA yield measured by Qubit. Final PCR products were
subjected to double-sided size selection with SPRIselect reagents to eliminate fragments
larger and smaller than the target amplicons. Library cDNA concentration and size were
determined using the Agilent Tapestation with D1000 screentapes (Agilent, 5067-5582),

as well as the Qubit DNA high sensitivity assay. cDNA libraries were sequenced using a
NextSeq 500 sequencer using the 150bp high output sequencing kit (Illumina), with the
following pair-end sequencing settings: Read 1 — 28bp, i7 index — 8bp, Read 2 — 122bp,
generating ~400 million raw reads per run.

Single cell RNA sequencing data analysis—Cell Ranger single cell software

suite (version 4.0, https://support.10xgenomics.com/single-cell-gene-expression/software/
pipelines/4.0/what-is-cell-ranger) was used to perform sample demultiplexing, alignment,
filtering, and UMI counting. In total, we analyzed 15,189 cells from P4 mice with

41,486 reads per cell and 90.9% of the reads were uniquely mapped to Cell Ranger’s

mouse reference genome mm10-2020-A. The median UMIs and genes per cell for the P4
specimens were 6,864 and 2,392, respectively. We sequenced 13,206 cells with 43,679 reads
per cell from P14 specimens and 91.1% of the reads were uniquely mapped to the mouse
reference genome. The median UMIs and genes per cell for P14 specimens were 7,896 and
2,720, respectively. We sequenced 11,893 cells with 70,245 reads per cell from adult bone
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marrow and 88.8% of reads uniquely mapped to the mouse reference genome. The median
UMIs and genes per cell for the adult bone marrow were 5,110 and 1,715, respectively. The
numbers and distribution of detected genes per cell were comparable across samples.

Cell quality filtering, normalization, sample integration, clustering, gene expression, and
data visualization were analyzed with the Seurat package (version 3.2.3) 62 on R (version
4.0.2). Cells were first filtered to have 100 to 10,000 detected genes, 100 to 100,000

UMI counts, and less than 5% of total UMIs mapping to the mitochondrial genome.

After quality filtering and removing unwanted cells from the dataset, we applied Seurat’s
SCTransform on the UMI counts to account for the variability among cells caused by
different sequencing depths and potential batch effects. We avoided clustering cells based
on differences in cell cycle status or transcription of mitochondrial genes by subtracting
such differences from the data used for clustering. The 3,000 most variable genes across
the transformed cells were selected using SelectIntegrationFeatures, and samples were
integrated using those genes with an anchor set of cells found by FindIntegrationAnchors.
Integrated data were reduced to 30 dimensions by RunPCA. Dimension-reduced cells were
clustered by FindNeighbors followed by FindClusters, and UMAP plots were generated by
RunUMAP using the integrated, dimension-reduced cells. For the gene expression analyses,
we normalized the UMI count data by the total UMIs per cell, multiplied by a scale

factor of 10,000 and log-transformed (log1p) the result. Normalized data were used for
gene-expression visualizations. Heatmaps were based on the z-scores of normalized and
log-transformed UMI counts.

We identified 33 clusters, with 17 of them expressing hematopoietic cell markers, likely
representing contaminating hematopoietic cells. These hematopoietic clusters were removed
and the remaining 16 clusters of non-hematopoietic stromal cells were analyzed further.

Analysis of differential gene expression among cell clusters was performed using the
FindAllMarkers function, and differential gene expression between two groups of cells was
performed using the FindMarkers function with the Wilcoxon rank sum test. Markers that
were used to identify and discriminate cell clusters were selected for having p<0.01 for
pairwise comparisons among clusters, expression by >10% cells in a cluster, and fold change
>1.28 between clusters. Violin plots, heatmaps, and individual UMAP plots for genes were
generated using Seurat’s VInPlot, DoHeatmap, and FeaturePlot functions, respectively.

Pseudotime trajectory analysis—Lepr" cells, Lepr* Osteolectin® cells, Osteolineage
cells, Osteoblasts, Chondro-1, Chondro-2, Chondro-3, and Chondro-4 cells were selected
from Seurat-integrated samples for the single-cell trajectory analysis. Chondro-1 was
specified as the initial cell cluster, though the trajectory analysis showed that Leor” cells
and other osteolineage cells arose from multiple distinct chondrocyte cell clusters. Cells
from all time points were analyzed together as well as separately at P4, P14, and 8 weeks.
The analysis was performed using Monocle 393,

Gene ontology enrichment analysis—Lepr* cells at P4 and 8 weeks of age were
selected from Seurat-integrated samples for the Gene Ontology (GO) enrichment analysis.
Genes that were significantly differentially expressed between Lepr* cells at these time
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points were identified and enriched gene sets were determined with adjusted p<0.05. The top
20 enriched gene sets for each timepoint were visualized by the R package clusterProfiler
3.18.164,

Bone marrow reconstitution assays—Recipient (CD45.1/CD45.2) mice were
irradiated using an XRAD 320 X-ray irradiator (Precision X-Ray Inc.) with two doses of
540 rad at least 4h apart. For whole bone marrow transplantation, 300,000 unfractionated
bone marrow cells from donor (CD45.2) and competitor (CD45.1) mice were mixed and
injected intravenously through the retro-orbital venous sinus. Every 4 weeks until at least 16
weeks after transplantation, blood was collected from the submandibular vein and subjected
to ammonium-chloride potassium chloride red cell lysis. Cells were then stained with
antibodies against CD45.1, CD45.2, Mac-1, Gr-1, B220, and CD3 to evaluate levels of
donor cell engraftment in the myeloid, B, and T cell lineages.

Deep imaging of HSC localization in half bones—Sample preparation and
immunostaining of bisected (half) femurs were performed as previously described®. Freshly
dissected femurs from a-catulin-GFP mice were cleared, stained, and imaged. Briefly,
femurs were fixed in 4% paraformaldehyde solution in PBS for 6 hours with gentle

rocking at 4°C. After fixation, the bones were embedded in OCT embedding medium.

Each femur was trimmed to a half bone using a cryostat and then washed three times

in PBS. Non-specific antibody binding was blocked by incubating half bones in whole
mount staining medium (PBS with 5% donkey serum, 0.5% lgePal630, and 10% DMSO)
overnight at room temperature. Half bones were then stained in whole mount staining
medium with primary antibodies against CD105, laminin, GFP, DsRed/Tomato, and c-kit
for three days at room temperature. The samples were washed three times for 5 minutes in
PBS and then overnight in PBS. Half bones were then stained with secondary antibodies
(Alexa Fluor 647-AffiniPure F(ab’)2 Fragment Donkey Anti-Chicken IgY, Alexa Fluor
488-AffiniPure F(ab")2 Fragment Donkey Anti-Rabbit IgG, and 555-conjugated donkey
anti-goat antibodies) for three days at room temperature. The samples were washed three
times for 5 minutes in PBS and then overnight in PBS. Bone clearing was performed

in eppendorf tubes, gently rotating at room temperature, first by dehydrating through a
methanol series, before clearing with Murray’s clear (1:2 Benzyl Alcohol: Benzyl Benzoate;
BABB) solution8. Half bones were mounted in BABB and three-dimensional images were
acquired using a Leica SP8 confocal microscope.

We analyzed the images to assess the localization of a-catulin-GFP*c-kit* cells relative to
arterioles, sinusoids, transition zone vessels and bone surfaces in P4 and P14 bone marrow.
Confocal tiled Z-stack images were reconstructed in 3 dimensions and analyzed using Andor
Imaris 9.9 software. The bone was segmented manually based on morphology using the
manual surface function. We distinguished blood vessels based on anatomical position,
morphology and continuity of basal lamina, visualized using anti-Laminin and anti-CD105
antibody staining as detailed previously8. The vasculature was manually segmented based

on distance to bone (transition vessels), or morphology (arterioles and sinusoids). Vessel
iso-surfaces were created based on fluorescent signal intensity as detailed previously®.
Individual a-catulin-GFP*c-kit* cell were identified manually and labeled with digital
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spots using the spots function. Random spots were generated as previously described®. We
calculate the shortest distances of each catulin-GFP*c-kit* cell and random spot to blood
vessels and bone surfaces using spot to surface statistics in Andor Imaris image analysis
software.

Quantification and statistical analysis

Data in all figures were obtained in at least three independent experiments using different
mice, as indicated in each figure panel. Mice were allocated to experiments randomly and
samples processed in an arbitrary order, but formal randomization techniques were not used.
No formal blinding was applied when performing the experiments or analyzing the data.
Samples sizes were not pre-determined based on statistical power calculations but were
based on our experience with these assays. No data were excluded.

Prior to analyzing the statistical significance of differences among groups, we tested whether
data were normally distributed and whether variance was similar among groups. To test for
normality, we performed the Shapiro-Wilk tests when 3<n<20 or D’ Agostino Omnibus tests
when n=20. To test whether variability significantly differed among groups we performed
Ftests (for experiments with two groups) or Levene’s median tests (for experiments with
more than two groups). When the data significantly deviated from normality or variability
significantly differed among groups, we log2-transformed the data and tested again for
normality and variability. If the transformed data no longer significantly deviated from
normality and equal variability, we performed parametric tests on the transformed data. If
log2-transformation was not possible or the transformed data still significantly deviated from
normality or equal variability, we performed non-parametric tests on the non-transformed
data.

When data or log2-transformed data were normal and equally variable, statistical analyses
were performed using Student’s t-tests (when there were two groups) or a one-way ANOVA
(when there were more than two groups). When the data or log2-transformed data were
normal but unequally variable, statistical analyses were performed using Welch’s t-tests
(when there were two groups). When the data and log2-transformed data were abnormal
or unequally variable, statistical analysis was performed using Mann-Whitney (when there
were two groups) or nparLD tests (when there were two groups measured at multiple time
points). P-values from multiple comparisons were adjusted using Holm-Sidak’s method
after Student’s t-tests or Mann-Whitney tests, Tukey’s method after one-way ANOVA,

or Benjiamini-Hochberg (FDR) method after nparLD tests. All statistical tests were two-
sided. All data represent mean + standard deviation. Statistical tests were performed using
GraphPad Prism (9.1.0) or R (4.0.2). Flow cytometry data were analyzed using Flowjo
v.10.4 (Flowjo, LLC).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

HSCs were adjacent to sinusoidal blood vessels in early postnatal bone
marrow (BM)

LepR+ and endothelial cells had the highest Scflevels in postnatal BM

SCF from LepR+ cells was required by myeloerythroid progenitors in
postnatal BM

SCF from endothelial cells was required for HSC maintenance in early
postnatal BM
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Figure 1. Single cell RNA sequencing of non-hematopoietic cells from early postnatal and adult

mouse bone and bone marrow.

(A) Experimental design and flow cytometry gates used to isolate endothelial cells

(CD140 negative) and stromal cells (CD140%) that were negative for CD45, CD71, and
hematopoietic lineage markers from enzymatically dissociated P4, P14, or 8 week-old
femurs and tibias. The mouse images were derived from BioRender. (B) Uniform manifold
approximation and projection (UMAP) plot showing cell clusters from analysis of 23,657
non-hematopoietic cells from enzymatically dissociated P4, P14, and 8 week-old bones/bone
marrow. (C) UMAP plots for the expression of genes that mark bone marrow stromal
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cell types listed in panel B. (D) UMAP plots of cells from P4, P14 and 8 week-old bones/
bone marrow. (E-G) UMAP plots showing the expression of Lepr (E), Nestin (F), and
NGZ2 (Cspg4) (G) in stromal cells from P4, P14 and 8 week-old bones/bone marrow. The
percentages in panels E to G represent the mean percentages of cells that were positive for
the indicated transcripts. See also Figure S1, S2, S3 and Table S1.
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Figure 2. Expression patterns of Scf and Cxcl12 niche factors by single cell RNA sequencing in
non-hematopoietic cells from early postnatal and adult bone/bone marrow.

(A) UMAP visualization of all non-hematopoietic cell clusters from P4, P14 and 8 week-old
bones/bone marrow. (B, C) UMAP plots showing Scf(B) and Cxc/12(C) expression. (D,

E) Violin plots showing the expression patterns of Scf(D) and Cxc/12 (E) in Lepr" stromal
cells, arteriolar and sinusoidal endothelial cells, SMA* pericytes, Nestin* stromal cells,
NGZ* stromal cells and osteoblasts from P4, P14 and 8 week-old bones/bone marrow. (F-H)
Incorporation of a 2 hour pulse of BrdU by LepR* cells from enzymatically dissociated
bone/bone marrow from P6 (F), P14 (G) and 8-week-old mice (H) (a total of 5-6 mice per
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time point from 2 independent experiments per time point). All data reflect meanzstandard
deviation. See also Figure S3.
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Figure 3. SCF from LepR* cells promotes myelopoiesis and erythropoiesis in early postnatal
marrow.

(A-D) Analysis of enzymatically dissociated tibia and femur from Sc£GFP mice at P4 (A,
B) and P14 (C, D) (a total of 5 mice per time point from 2 independent experiments per
time point). The first panels in A and C are from negative control bone marrow lacking
ScEGFP. The other panels show the percentage of Sc£GFP* stromal cells (negative for
CD45, Ter119 and CD31) that were LepR* at P4 (A) and P14 (C). Panels B and D show
the percentage of LepR™ cells that were Sc£GFP* at P4 (B) and P14 (D) (the first panel

is a negative control lacking anti-LepR antibody staining). (E) Image of P14 femur bone
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marrow showing that most LepR™ cells were Sc/-GFP* (arrowheads point to LepR* Scf:
GFP* cells; representative of two independent experiments). (F) Flow cytometric analysis

of Tomato expression by LepR* bone marrow cells from PrxI-cre; tdTomato mice at P14
(representative of 3 mice from 2 independent experiments). (G-P) Bone marrow (two femurs
and two tibias) cellularity (G) as well as the frequencies of HSCs (H), MPPs (1), HPCs

(9), LK myeloid progenitors (K), CMPs, MEPs, GMPs (L), CFU-Es (M), Mac-1*Gr-1*
myeloid cells (N), Ter119* erythroid cells (O), B220* B cells and CD3* T cells (P) in

the bone marrow of PrxI-cre: Scf ™ and littermate control mice at P14 (n=8-15 mice

per genotype from 6 independent experiments; each dot represents a different mouse). (Q)
Donor-derived reconstitution in the blood of mice competitively transplanted with PrxI-cre;
Scf ™ or control donor bone marrow cells (2 donors per genotype were transplanted into a
total of 10 recipients per genotype in two independent experiments). All data represent mean
+ standard deviation. *p<0.05; **p<0.01; ***p<0.001 from Welch’s t-test (G), Student’s
t-tests followed by Holm-Sidak multiple comparisons adjustments (H-P), Student’s t-tests

or Mann-Whitney tests followed by Holm-Sidak multiple comparisons adjustments and non-
parametric analysis of longitudinal data, nparLD (Q). All statistical tests were two-sided.
See also Figure S4, S5, S6, Table S2 and Table S3.
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Figure 4. SCF from endothelial cells promotes HSC maintenance in early postnatal bone

marrow.

(A) Quantitative RT-PCR (qRT-PCR) analysis of Scflevels in CD45 Ter119-CD31*
endothelial cells from P4, P14 and 8 week-old bone marrow. Data were normalized to
Scflevels at P4 (n=6-9 mice per time point from 3 independent experiments per time
point). (B-E) Flow cytometric analysis of ScEGFP expression by endothelial cells from
enzymatically dissociated femurs and tibias from P4 (B, C) and P14 (D, E) mice (n=5-

6 mice per time point from 2-3 independent experiments per time point). (F-O) Bone
marrow (two femurs and two tibias) cellularity (F) as well as the frequencies of HSCs (G),
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MPPs (H), HPCs (1), LK myeloid progenitors (J), CMPs, MEPs, GMPs (K), CFU-Es (L),
Mac-1*Gr-1* myeloid cells (M), Ter119* erythroid cells (N), B220* B cells and CD3* T
cells (O) in the bone marrow of 7ie2-cre; Scf ™ and littermate control mice at P14 (n=4-12
mice per genotype from 3—-4 independent experiments). (P) Donor-derived cells in the blood
of mice competitively transplanted with 77e2-cre; Scf ™ or control donor bone marrow
cells (3 donors per genotype were transplanted into a total of 15 recipients per genotype in
three independent experiments). (Q-Z) Bone marrow (two femurs and two tibias) cellularity
(Q) as well as the frequencies of HSCs and restricted hematopoietic progenitors (R-Z) in
the bone marrow of 7ie2-cre; Scf-Ex7 ™ and littermate control mice at P14 (n=6-10 mice
per genotype from 3 independent experiments). (Z’) Donor-derived cells in the blood of
mice competitively transplanted with 7ie2-cre; Ex7-Scf ™1 or control donor bone marrow
cells (4 donors per genotype were transplanted into a total of 18 recipients per genotype

in four independent experiments). All data represent mean = standard deviation. The
statistical significance of differences among groups (*p<0.05; **p<0.01; ***p<0.001) was
assessed using a one-way ANOVA followed by Tukey’s multiple comparisons adjustments
(A), Student’s t-tests (F, Q), Mann-Whitney tests followed by Holm-Sidak’s multiple
comparisons adjustments (G-O; R-Z), Student’s t-tests or Mann-Whitney tests followed

by Holm-Sidak multiple comparisons adjustments (P, Z’), or non-parametric analysis of
longitudinal data, nparLD (P, Z’). All statistical tests were two-sided. See also Figure S6,
Table S2 and Table S3.
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Block™)

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Purified Rat a-Mouse CD16/CD32 (Mouse BD Fc BD Biosciences Cat. 553142

a-mouse CD34 Biotin eBioscience clone RAM34; RRID:AB_466425
a-mouse CD71 PE Biolegend clone R17217; RRID:AB_465741
a-mouse CD71 BV421 Biolegend clone R17217; RRID:AB_10899739
a-mouse CD45 APC Tonbo Biosciences clone 30-F11;

a-mouse CD45 PE-Cy7 Tonbo Biosciences clone 30-F11;

a-mouse CD2 APC

Tonbo Biosciences

clone RM2-5; RRID: AB_2563090

a-mouse CD2 PE

Tonbo Biosciences

clone RM2-5; RRID:AB_2621728

a-mouse CD3 APC

Tonbo Biosciences

clone 17A2; RRID:AB_2621538

a-mouse CD3 PE

Tonbo Biosciences

clone 17A2; RRID:AB_2621731

a-mouse CD3 redFluor™700

Tonbo Biosciences

clone 17A2; RRID: AB_2621971

a-mouse CD5 APC Biolegend clone 53-7.3;RRID:AB_2563929
a-mouse CD5 PE Biolegend clone 53-7.3; RRID:AB_312736
a-mouse CD8a APC Biolegend clone 53-6.7; RRID:AB_312751

a-mouse CD8a PE

Tonbo Biosciences

clone 53-6.7; RRID:AB_2621741

a-mouse CD11b APC eBioscience clone M1/70; RRID:AB_469344
a-human/mouse CD11b PE Biolegend clone M1/70; RRID:AB_312790
a-mouse CD11b APC-eFluor780 eBioscience clone M1/70; RRID:AB_1603193

a-mouse Grl APC

Tonbo Biosciences

clone RB6-8C5; RRID:AB_2621610

a-mouse Grl PE

Tonbo Biosciences

clone RB6-8C5; RRID:AB_2621803

a-mouse Grl PE-Cy7 Biolegend clone RB6-8C5; RRID:AB_313381
a-mouse Grl Alexa Fluor700 Biolegend clone RB6-8C5;RRID: AB_2137487
a-mouse Grl BV510 Biolegend clone RB6-8C5; RRID:AB_2650931

a-human/mouse B220 APC

Tonbo Biosciences

clone RA3-6B2; RRID:AB_ 2621574

a- human/mouse B220 PE

Tonbo Biosciences

clone RA3-6B2; RRID:AB_2621764

a- human/mouse B220 Percp-Cy5.5

Tonbo Biosciences

clone RA3-6B2; RRID:AB_2621892

a-mouse Ter119 APC

Tonbo Biosciences

clone TER-119; RRID:AB_2621609

a-mouse Terl19 PE

Tonbo Biosciences

clone TER-119; RRID:AB_2621802

a-mouse Terl19 PE-Cy7 Biolegend clone TER-119; RRID:AB_2281408
Streptavidin BV421 Biolegend Cat. No. 405226
Streptavidin BV510 Biolegend Cat. No. 405234

a-mouse CD45.1 PE-Cy7

Tonbo Biosciences

clone A20; RRID:AB_2621850

a-mouse CD45.2 VioletFluor 450

Tonbo Biosciences

clone 104; RRID:AB_2621950

a-mouse CD150 BVv421 Biolegend Clone TC15-12F12.2; RRID:AB_10896787
a-mouse CD48 Alexa Fluor700 Biolegend clone HM48-1; RRID:AB_10612754
a-mouse cKit APC-eFluor780 eBioscience clone 2B8; RRID:AB_1272177
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

a-mouse IL7Ra(CD127) PE-Cy7

Tonbo Biosciences

clone A7R34; RRID:AB_2621859

a-mouse FIt3(CD135) APC

Biolegend

clone A2F10; RRID:AB_2107050

a-mouse Scal Percp-Cy5.5

eBioscience

Clone D7; RRID:AB_1272177

a-mouse CD43 PE

BD Biosciences

clone S7; RRID:AB_394748

a-mouse IgM APC eBioscience clone 11/41; RRID:AB_469458
a-mouse CD105 APC Biolegend clone MJ/78; RRID:AB_2687060
a-mouse CD41 PE-Cy7 Biolegend clone MWReg30; RRID:AB_11124102
a-mouse CD16/32 (FcgRIII/IT) Alexa Fluor700 eBioscience clone 93; RRID:AB_493994

a-mouse CD31 PE Biolegend clone 390; RRID:AB_312903
a-mouse CD31 APC Biolegend clone 390; RRID:AB_312905
a-mouse VE-cadherin (CD144) efluor660 eBioscience clone BV13; RRID:AB_11219483

Ghost Dye™ Red 780

Tonbo Biosciences

Cat. 13-0865

Goat a-mouse LepR antibody, Biotin R&D System BAF497; RRID:AB_2296953
Goat a-mouse CD117/c-kit antibody R&D System BAF1356; RRID:AB_ 355961
Goat a-CD105 antibody R&D System Cat. AF1320

Rabbit a-NG2 antibody Sigma Aldrich Cat. AB5320

Rabbit a-Aggrecan antibody Sigma Aldrich Cat. AB1031

Rabbit a-dsRed/tdTomato antibody Takara Cat. 632496

Rabbit a-Laminin 1+2 antibody Abcam Cat. ab7463

Rabbit a-CD105 antibody Abcam Cat. ab221675

Chicken a-Green Fluorescent Protein antibody Aves Labs Cat. GFP-1020

Donkey a-rabbit 1IgG (H+L) Alexa Fluor 488

Jackson ImmunoResearch

Cat.

-

711-545-152

Donkey a-chicken 1gG (H+L) Alexa Fluor 647

Jackson ImmunoResearch

Cat. 703-606-155

Donkey a-goat 1gG (H+L) Alexa Fluor 555

Thermo Fisher Scientific

Cat. A21432; RRID:AB_2535853

Chemicals, peptides, and recombinant proteins

HI bovine serum (FBS) Thermo Fisher Scientific Cat. 26170043
Hank’s Balanced Salt Solution (HBSS) Thermo Fisher Scientific Cat. MT21022CV
DNase | Sigma-Aldrich Cat. 10104159001
Liberase™ TL Sigma-Aldrich Cat. 05401020001
Benzyl alcohol Sigma-Aldrich Cat. 305197
Benzyl benzoate Thermo Fisher Scientific Cat. AC105860010
Corn oil Sigma-Aldrich Cat. C8267
Tamoxifen Sigma-Aldrich Cat. T5648

NP-40 Sigma- Aldrich Cat. 18896
Donkey serum Jackson ImmunoResearch | Cat. 017-000-121
DMSO Sigma-Aldrich Cat. D4540

4% Paraformaldehyde in PBS

Thermo Fisher Scientific

Cat. AAJ19943K2

iScript™ Reverse Transcription Supermix for RT-gPCR

Bio-Rad

Cat.1708840

iTag Universal SYBR Green Supermix

Bio-Rad

Cat. 172-5124
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Critical commercial assays

Chromium Next GEM Single Cell 3* GEM, Library &
Gel Bead Kit v3.1

10X Genomics

Cat. PN-1000128

Chromium Next GEM Chip G Single Cell Kit

10X Genomics

Cat. PN-1000127

Chromium i7 Multiplex Kit

10X Genomics

Cat. PN PN-120262

Invitrogen Qubit Assay Tubes

Thermo Fisher Scientific

Cat. Q32856

Qubit dsDNA HS Assay Kit

Thermo Fisher Scientific

Cat. Q32851

High Sensitivity D1000 Screen Tape

Agilent Technologies

Cat. 5067-5584

High Sensitivity D1000 Reagents

Agilent Technologies

Cat. 5067-5585

Deposited data

single cell RNA sequencing data This paper BioProject ID: PRINA835050
https://dataview.ncbi.nlm.nih.gov/
object/PRINA835050?
reviewer=4834apu817huim2iluoq9afi14

Code This paper https://git.biohpc.swmed.edu/CRI/morrison-lab/
sCRNASeq/

Experimental models: Organisms/strains

ScfeFP (Kitltm1-15im/) Ding et al.12 RRID:IMSR_JAX:017860

Scft (Kitltm2.1Sjmid) Ding et al.12 RRID:IMSR_JAX:017861

KI'IILEXWL ex7, (50 f-EX. 7fl/ﬂ )

Buono et al.>*

N.A.

Tie2-cre (B6.Cg-Tg(Tek-cre)1Ywa/J)

Kisanuki et al 58

RRID: IMAR_JAX:008863

Prx1-cre (B6.Cg-Tg(Prrx1-cre)1Cjt/J)

Logan et al.50

RRID:IMSR_JAX:005584

Lepr-cre (B6.129(Cg)-Leprim2(cre)Rek; 5y

DeFalco et al.38

RRID:IMSR_JAX:008320

Nestin-cre (B6.Cg-Tg(Nes-cre)1KIn/J)

Jackson Laboratory

RRID:IMSR_JAX:003771

NG2-creER (B6.Cg-Tg(Cspg4-cre/Esr1)BAkik/J)

Jackson Laboratory

RRID:IMSR_JAX: 008538

Rosa26-tdTomato (B6.Cg-
Gt(ROSA)26S0rtm9(CAG-tdTomato)Hze/3) (tdTomato)

Jackson Laboratory

RRID:IMSR_JAX:007909

Nestin-creER

Balordi and Fishell, 6!

N.A.

primers used in this study

NG2-cre (B6; FVB-Ifi208-Tg(Cspg4-cre) LAkik/J) Zhu et al.%® RRID:IMSR_JAX:008533
a-catulin®® (Ctnnal1tm2-15jm) ) Acar et al.8 RRID:IMSR_JAX:028342
Gt(ROSA)26S0rim47(CAG-EGFP)Hze) ) (Aj47-GFP) Daigle et al.®° N.A.

Oligonucleotides

See Table S4 for list of gRT-PCR and genotyping Integrated DNA N.A.

Technologies

Software and algorithms

Cell Ranger single cell software suite v.4.0

10X Genomics

RRID: SCR_017344

FlowJo v.10.4 Flowjo, LLC RRID: SCR_016768
BD FACSDiva BD Biosciences RRID: SCR_001456
Graphpad Prism v.9.1.0 Graphpad RRID: SCR_002798
Imaris Bitplane v.8.2 Bitplane RRID: SCR_007370
Imaris Bitplane v.9.9 Bitplane RRID: SCR_007370
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REAGENT or RESOURCE SOURCE IDENTIFIER
R4.0.2 R Project RRID: SCR_001905
Seurat 3.2 Stuart et al .62 RRID: SCR_016341
clusterProfiler 3.18.1 Yu et al .64 RRID: SCR_016884
Monocle 3 Cao et al. 63 RRID: SCR_018685
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