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Bone marrow (BM) niches are specialized microenvironments 
where distinct mesenchymal cells, the vasculature and differ-
entiated haematopoietic cells interact to regulate the mainte-

nance and differentiation of haematopoietic and mesenchymal stem 
cells (HSCs and MSCs, respectively)1–3. Classically, BM niches have 
been studied using genetic approaches that involve labelling cell 
types and ablating candidate niche factors based on the expression 
of individual reporter genes. These studies have generated impor-
tant insights into the functional roles and cellular sources of key 
cytokines, such as Cxcl12 or Scf (Kitl)4–10. However, single markers 
are used to define cell types in such approaches, probably result-
ing in the labelling of heterogeneous populations. These limitations 
have resulted in a controversial debate about the importance of dis-
tinct cell types and factors, and their localization to sinusoidal, arte-
riolar or endosteal niches4–10. To gain a global understanding of the 
cell types and niches in the BM, we have generated a molecular map 
of all major BM populations based on single-cell RNA sequenc-
ing (scRNAseq). We then used spatially resolved transcriptomics 
in combination with computational tools to allocate cell types to 
different BM niches, determine the molecular mediators of inter-
cellular interactions, and identify the cellular and spatial sources of 
niche factors.

Results
Identification and characterization of BM-resident cell types by 
scRNAseq. The frequencies of the various BM cell types differ by 
several orders of magnitude11, imposing a challenge to scRNAseq 

approaches. To capture both highly abundant and extremely rare 
BM-resident cells, we performed droplet-based scRNAseq12 of cells 
from total mouse BM, followed by progressive depletion of the abun-
dant cell types or enrichment of rare populations from undigested 
BM or enzymatically digested bones (Fig. 1a). In total, our dataset 
comprised 7,497 cells, which formed 32 clusters corresponding to 
distinct cell types or stages of differentiation (Fig. 1b and Extended 
Data Fig. 1). Importantly, this map is not quantitative with regard to 
the relative size of the different cell populations, as the dissociation 
rates differ greatly between cell types11. As detailed below, the cell-
type annotation was performed based on the expression of marker 
genes (Supplementary Table 1 and Extended Data Figs. 2,3), gene-
ontology analyses (Supplementary Table 1) and quantification of 
the enrichment of cluster gene signatures in the transcriptomic data 
of previously described bulk populations using the CIBERSORT 
algorithm13,14 (Extended Data Fig. 4a,b and Supplementary Note 1).  
We used SOUP15 to confirm that the mesenchymal populations 
described here are primarily distinct cell types, while transition 
states between clusters exist (Extended Data Fig. 4c–e).

As expected, scRNAseq of the total BM identified the major 
haematopoietic cell types, including dendritic cells, neutrophils, 
monocytes, T  cells and distinct developmental stages of B cells  
(Fig. 1b and Extended Data Figs. 2, 4a). Following the depletion 
of these major immune populations, scRNAseq primarily yielded 
erythroid progenitors that exhibited low expression of the pan-hae-
matopoietic marker CD45 and displayed erythroid markers such 
as CD71 (ref. 16; Extended Data Fig. 2). An additional 2% of these 
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cells were non-haematopoietic (Fig. 1a and Extended Data Fig. 1). 
To capture the non-haematopoietic cells in depth, we subsequently 
depleted cells expressing the lineage markers, CD45 or CD71 from 
non-digested BM and enzymatically digested bone chips (Fig. 1a). 
We thereby identified rare populations, including Schwann cells 
(Mog, Mag), smooth muscle cells (Tagln, Acta2), putative myofibro-
blasts, nine different Pdgfra-positive mesenchymal populations and 
two endothelial cell (EC) clusters (Cdh5, Pecam; Extended Data Fig. 3  
and Supplementary Table 1). The endothelial populations com-
prised Sca1 (Ly6a)-expressing arterial ECs and Emcn-expressing 
sinusoidal ECs (Fig. 2a,b)17. The mesenchymal lineage contained 

chondrocytes (Acan, Sox9), osteoblasts (Osteocalcin/Bglap, Col1a1) 
and several less well-described cell types. These included three dis-
tinct fibroblast-like populations, which we annotated based on their 
localization (see below), and two additional populations that showed 
a high transcriptomic similarity to previously described SCF–green 
fluorescent protein (GFP)+ (ref. 5) and Cxcl12–GFP+ (ref. 9) Cxcl12-
abundant reticular (CAR) cells (Fig. 2c)4,18. Remarkably, the latter 
two populations expressed adipocyte and osteo-lineage genes dif-
ferentially (Fig. 2d), despite similar overall transcriptomic profiles. 
We therefore termed these subpopulations ‘Adipo-CAR’ and ‘Osteo-
CAR’ cells, respectively. The Adipo-CAR cells expressed high levels 
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Fig. 1 | identification of BM-resident cell types by scRNAseq. a, Overview of the FACS strategy (left). Five consecutive scRnAseq runs were performed in 
total. T-distributed stochastic neighbour embedding (t-SnE) of all cells, colour-coded according to the respective experiment on the left (right). b, t-SnE 
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of leptin receptor (Lepr) and showed a high transcriptomic similar-
ity to LepR–Cre cells5,8,19 (Fig. 2c,d). In contrast, Osteo-CAR cells 
expressed higher osterix (Sp7; Fig. 2d and Extended Data Fig. 3n) 
and lower Lepr levels. Finally, we identified a cluster of Ng2- and 
nestin-expressing mesenchymal cells that show transcriptomic sim-
ilarity to previously described Ng2+Nestin+ MSCs, which we there-
fore termed ‘Ng2+ MSCs’ (Fig. 2a,c). Pseudo-time analysis using 
RNA-Velocity20 placed Ng2+ MSCs at the apex of a differentiation 

hierarchy with osteoblasts, CAR cells, chondrocytes and fibroblasts 
downstream (Fig. 2e).

In addition, we performed scRNAseq of Lin−cKit+ cells to com-
prehensively cover the haematopoietic stem and progenitor cell 
(HSPC) populations. This revealed a differentiation continuum21–24 
spanning the megakaryocyte–erythrocyte and lympho–myeloid 
branches as well as a separate cluster of eosinophil/basophils pro-
genitors (Fig. 1b and Extended Data Fig. 2).
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Fig. 2 | Characterization of BM-resident cell types. a, Gene expression levels of Sca1 (Ly6a), endomucin (Emcn), nestin (Nes) and ng2 (Cspg4), with 
the relevant populations colour-coded. MAGIC44 was used for the imputation of drop-out values. b, Deep imaging of a BM section immunostained with 
antibodies against Sca1 and Emcn. Scale bar, 20 µm. The experiment was repeated independently ten times with similar results. c, Enrichment of the gene 
expression signatures of Adipo-CAR cells (left), Osteo-CAR cells (middle) and ng2+ MSCs (right) in previously published transcriptomes of relevant 
genetically labelled populations5,7–9. See Extended Data Fig. 4b for further populations and Supplementary note 1 for a detailed evaluation of the algorithm 
used (CIBERSORT). Individual data points represent n = 3 replicates; the bars denote the mean. d, Boxplots of the scaled expression levels of selected genes 
in single cells from the Adipo-CAR (n = 528), Osteo-CAR (n = 57) and osteoblast (n = 53) populations. The mean expression of all genes annotated with the 
gene ontology (GO) term ‘ossification’ was computed for each cell (right). The boxplot elements are defined in Methods (‘Data visualization’ section).  
e, Projection of all mesenchymal cell types using PHATE45 with the time derivatives of the gene expression state, as determined by RnA velocity20, 
highlighted as arrows; n = 1,784 cells. f, Comparison of the cell-type frequencies obtained through distinct cell isolation methods used for scRnAseq.
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To assess the impact of isolation strategies on cell-type recovery 
in the scRNAseq experiments, we compared flushing of BM ver-
sus crushing of whole bones and isolation with or without enzy-
matic digestion. This demonstrated that the majority of the cell 
populations are found both in flushed and crushed BM but many 
populations are only released efficiently following intense physi-
cal treatment or enzymatic digestion (Fig. 2f and Extended Data  
Fig. 5a,b). The fibroblast populations, myofibroblasts and Schwann 
cells were found to be more abundant in crushed bones when com-
pared with flushed bones. Although we confirmed the presence of 
fibroblast subpopulations in the diaphyseal BM using imaging and 
spatial transcriptomics (see Figs. 3 and 5), similar cell types deriving 
from the cortical bone, epiphysis or periosteum might also be pres-
ent in the scRNAseq datasets from whole bones.

In summary, our dataset spans almost all known BM-resident 
cell types as well as several previously unknown populations. 
Osteoclasts, neurons and mature megakaryocytes are not covered by 
our dataset, probably due to limitations in cell size. The full dataset  

can be interactively browsed at http://nicheview.shiny.embl.de.  
A comparison with two recently published scRNAseq studies25,26 
can be found in the supplement (Extended Data Fig. 5c–e).

Spatial allocation of BM-resident cell types by combined single-
cell and spatial transcriptomics. Although single-cell transcrip-
tional profiling provides a powerful tool to characterize the identity 
and molecular make-up of BM cell types, information regarding 
their spatial distribution is lost. We therefore sought to integrate 
our scRNAseq dataset with spatially resolved transcriptomics data 
of the BM. Recently described spatial transcriptomic approaches 
either require a high image and RNA quality27–29 or rely on unfixed 
tissue material30,31, and have not been successfully adapted to the 
adult BM. Here, we developed a robust and significantly improved 
version of laser-capture microdissection coupled with sequenc-
ing (LCM-seq)32. Our approach makes use of random priming to 
cope with low quality of input RNA, as encountered in fixed BM 
sections (Extended Data Fig. 6a; see Methods). Using this strategy,  

A
rt

er
io

la
r

N
on

-v
as

cu
la

r
E

nd
os

te
al

S
in

us
oi

da
l

S
ub

-e
nd

os
te

al

Sinusoidal ECs

Osteoblasts
Chondro.

Fibro./chondro prog.
Stromal fibro.

Osteo-CAR

Smooth muscle

Ng2+ MSCs
Adipo-CAR

0

0.2

0.4

0.6

0.8

1

Other niches (n = 48)

Other cells (n = 7,400)

LC
M

10
x

Arteriolar niches (n = 28)

Arterial ECs (n = 97)

Non-vascular ni. (n = 11)

Other cells (n = 7,388)

LC
M

10
x

Sinusoidal niches (n = 14)

Sinusoidal ECs (n = 109)

Other niches (n = 64)

Other cells (n = 7,444)

LC
M

10
x

Endosteal niches (n = 12)

Osteoblasts (n = 53)

Ng2+ MSCs
Sinusoidal ECs

Osteoblasts

Chondro.
Fibro./chondro. prog.
Arterial ECs

Smooth muscle

Osteo-CAR

Adipo-CAR

Stromal fibro.

Arteriolar
fibro.

Endosteal fibro.

0

1

2

3

4

0 0.1 0.2 0.3 0.4

Fraction of marker genes with
differential expression between niches

–l
og

10
[e

nr
ic

hm
en

t P
 v

al
ue

]

Sca1 Emcn DAPI

e

a

d

b c

f

Arteriolar fibro.

Arterial ECs

Endosteal fibro.

Relative expression levels

B
on

e
B

M

10x

LCM

Col1a1

10x

LCM

Col22a1

10x

LCM

Bglap

10x

LCM

Stab1

10x

LCM

Stab2

10x

LCM

Plvap

10x

LCM

Sema3g

10x

LCM

Jag1

10x

LCM

Sox17

Single-cell layered
BM

Laser-capture
microdissection

scRNAseq

Identify cellular
niche composition

RNA-seq

Derive signature genes

NicheA NicheB
A

rt
er

io
la

r

A
rt

er
io

la
r

E
nd

os
te

al
S

in
us

oi
da

l
N

on
-v

as
cu

la
r

S
ub

-e
nd

os
te

al

A
rt

er
io

la
r

E
nd

os
te

al
S

in
us

oi
da

l
N

on
-v

as
cu

la
r

S
ub

-e
nd

os
te

al

E
nd

os
te

al
S

in
us

oi
da

l
N

on
-v

as
cu

la
r

S
ub

-e
nd

os
te

al

A
rt

er
io

la
r

E
nd

os
te

al
S

in
us

oi
da

l
N

on
-v

as
cu

la
r

S
ub

-e
nd

os
te

al

Niche

C
IB

E
R

S
O

R
T

 e
st

im
at

e 
(a

.u
.)

Sinusoidal ECs Adipo-CAR Ng2
+
 MSCs Stromal fibro.

Osteoblasts Chondro. Endosteal fibro. Fibro./chondro. prog.

Arterial ECs Smooth muscle Arteriolar fibro. Osteo-CAR

Fig. 3 | Spatial allocation of BM-resident cell types by integrated single-cell and spatial transcriptomics. a, Schematic of the experimental design. Bone 
sections (12 µm) were stained for arterioles (Sca1) and sinusoids (Emcn). Areas of approximately 14,500 µm2 surrounding arteries (dark yellow box), 
sinusoids (yellow box) and the endosteum (blue box), as well as areas with no vessels (grey box) and sub-endosteal areas (dotted blue box) were collected 
using laser-capture dissection and subjected to RnA-seq. A confocal image is shown for illustrative purposes. Scale bar, 100 µm. For images acquired under 
the laser-capture dissection microscope and selected areas, see Extended Data Fig. 6b. b, Expression of osteoblast-, sinusoid- and arteriole-specific genes in 
the scRnAseq data (10x) and spatial transcriptomics from different niches (LCM, LCM-seq data); n, number of cells or niches as indicated on the graph. The 
boxplot elements are defined in Methods (‘Data visualization’ section). c, Enrichment of population marker genes (Supplementary Table 1) among genes 
with differential expression between niches (Supplementary Table 2). The P values were derived using a re-sampling-based test; n = 25 cell types are shown; 
all HSPC subtypes were summarized as a single population. d, Schematic outline of the computational data-analysis strategy used. e, Estimated abundance 
of different cell types in microscopically distinct niches. The means of the CIBERSORT estimates are shown; the error bars indicate the standard error of the 
mean. Arteriolar niches, n = 28; endosteal niches, n = 12; sinusoidal niches, n = 14; non-vascular niches, n = 11; and sub-endosteal niches, n = 11. f, Heatmap 
summarizing the data from e. The means of the CIBERSORT estimates are colour-coded according to the legend. Fibro., fibroblast: chondro.; chondrocyte; 
a.u., arbitrary units.

NATuRe CeLL BioLoGy | VOL 22 | JAnUARy 2020 | 38–48 | www.nature.com/naturecellbiology 41

http://nicheview.shiny.embl.de
http://www.nature.com/naturecellbiology


Articles NATuRE CEll BIOlOgy

we generated full-length, high-quality transcriptomic data from 
LCM-dissected areas of fixed BM sections containing 200–300 cells 
in a single-cell layer. We applied LCM-seq to 76 microdissected 
regions collected from the diaphyseal BM, based on the presence 

or absence of sinusoidal and arteriolar blood vessels or based on 
the distance from the endosteum, to characterize the endosteal, sub-
endosteal, arteriolar, sinusoidal and non-vascular niche composi-
tion (Fig. 3a and Extended Data Fig. 6b).
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To evaluate our approach, we selected marker genes of cell types 
known to be specific to the respective niches and compared their 
expression in scRNAseq and corresponding spatial transcriptomics 
data (Fig. 3b and Supplementary Table 2). As expected, osteoblast 
genes were selectively enriched at the endosteum, genes specific for 
sinusoidal ECs were enriched at regions with a high abundance of 
sinusoids and arterial endothelial genes were enriched at the arte-
rioles. Marker gene sets for haematopoietic populations, Schwann 
cells and myofibroblasts were not significantly associated with any 
of the defined niches, suggesting that these cell types are either rela-
tively evenly distributed across niches (haematopoietic populations) 
or insufficiently covered in the LCM-seq data (Schwann cells and 
myofibroblasts; Fig. 3c and Extended Data Fig. 6d,e). In contrast, 
marker gene expression of the remaining 12 populations differed 
significantly across niches (Fig. 3c).

To systematically assess the preferential localization of these BM 
cell types to candidate niches, we estimated the frequencies of the 
cell populations defined by scRNAseq in the spatially resolved tran-
scriptomics data using the CIBERSORT algorithm13,14 (Fig. 3d–f). 
We validated the ability of CIBERSORT to decompose bulk tran-
scriptomes using a single-cell reference and evaluated its perfor-
mance on assembled pools of 100 cells with known composition 
(see Supplementary Note 1 and Extended Data Fig. 7). As expected, 
osteoblasts and chondrocytes were found exclusively at the end-
osteal niches (Fig. 3e,f). In addition, a specific fibroblast popula-
tion localized preferentially to the endosteum and was therefore 
tentatively termed ‘endosteal fibroblasts’. In contrast, arterial ECs, 
smooth muscle cells and a distinct fibroblast population localized 
specifically to the arteriolar niches (Fig. 3e,f). We termed this fibro-
blast population ‘arteriolar fibroblasts’. Sinusoidal ECs were found 
in the sinusoidal niches but were also present in the (sub)-endosteal 
niches, in accordance with a widespread web of sinusoids spanning 
the entire BM (Fig. 2b and Extended Data Fig. 8a). Adipo-CAR 
cells were also found predominantly in areas with high sinusoidal 
occurrence, in line with their similarity to LepR–Cre cells and the 
reported peri-sinusoidal localization of these cell types4,5. In contrast,  

the previously undescribed Osteo-CAR cells preferentially local-
ized to arteriolar or non-vascular niches, suggesting that the two 
CAR cell populations occupy distinct niches. Ng2+ MSCs could 
not be unanimously assigned to a niche, potentially due to addi-
tional heterogeneity within this population (Supplementary Note 1  
and Extended Data Fig. 7i). In summary, the systematic integra-
tion of spatial transcriptomics with single-cell transcriptomics data 
allowed us to localize the majority of annotated as well as previously 
unknown BM-resident populations to distinct endosteal, sinusoi-
dal, arteriolar and non-vascular niches.

Validation of cell-type localization. To confirm the spatial rela-
tionships of BM cell types identified by LCM-seq, we determined 
marker combinations specific to the individual populations and 
performed immunofluorescence imaging of bone sections.

Gene expression analyses suggested that the expression of alka-
line phosphatase (Alpl) and Cxcl12 allows discrimination between 
Osteo-CAR (Cxcl12+Alpl+), Adipo-CAR cells (Cxcl12+Alpl−), and 
Cxcl12−Alpl+ cell types, such as osteoblasts, Ng2+ MSCs and arterial 
ECs (Fig. 4a). To confirm the in situ localization of the Adipo- and 
Osteo-CAR cells, we performed whole-mount immunofluorescence 
imaging of the long bones of Cxcl12–GFP mice4. Co-staining with 
the sinusoidal marker Emcn revealed that Cxcl12+Alpl− Adipo-CAR 
cells in the central BM predominantly ensheathed sinusoids, in line 
with the results from LCM-seq (Fig. 4a and Extended Data Fig. 8a). 
In contrast, Cxcl12+Alpl+ Osteo-CAR cells in the central BM typi-
cally showed a non-sinusoidal localization and a highly reticular 
morphology (Fig. 4a–e and Extended Data Fig. 8a). Importantly, 
Cxcl12+Alpl+Sca1low Osteo-CAR cells were also frequently observed 
in the immediate vicinity of Sca1+GFPdim arterioles, with GFPhigh 
protrusions of Osteo-CAR intensively covering the arteriolar blood 
vessels (Fig. 4f and Extended Data Fig. 8b). Together, these obser-
vations quantitatively confirm the predominantly non-sinusoidal 
localization of Osteo-CAR cells and qualitatively confirm that these 
cells localize to both arterioles and non-vascular regions, as pre-
dicted from the LCM-seq. The ubiquitous staining of Alpl in the 
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endosteal regions (probably derived from osteoblasts) prevented the 
analysis of the CAR cell populations in these areas.

We next used CD31, SM22, Pdpn, Pdgfr, Col1a1 and Sca1 as 
markers to specifically identify and localize smooth muscle cells 
(SM22+Pdpn−), the fibroblast populations (Pdpn+Pdfgr+), osteo-
blasts (Pdpn−Col1a1+) and arterial ECs (Pdpn−CD31+Sca1+; Fig. 5). 
As suggested by the LCM-seq data, CD31/Sca1-expressing arteri-
oles were enveloped by SM22+Pdpn− smooth muscle cells and Pdpn+ 
fibroblasts (Fig. 5a). Arteriolar fibroblasts seem to be the cellular 
source for the collagen layer of the tunica externa surrounding arte-
rioles (Extended Data Fig. 6c) and probably overlap with previously 
described peri-arteriolar Pdpn-expressing stromal cells33. Moreover, 
immunofluorescence confirmed the existence of Pdpn+Col1alow 
fibroblasts localizing to the bone-facing side of the endosteal lin-
ing made up of Pdpn−Col1ahigh osteoblasts (Fig. 5b). Notably, Pdpn+ 
cells were also found at the cortical bone and periosteal regions, 
which raises the possibility that fibroblast-like cells similar to those 
in the central marrow also derive from distal regions of the BM (that 
is, the cortical bone, epiphysis or periosteum; Fig. 5c).

Together, these data validate the ability of our approach to iden-
tify previously unknown cell types, such as Adipo- and Osteo-CAR 
cells, and spatially allocate them in the BM.

The spatial relationships of the BM-resident cell types can be 
accurately predicted based on scRNAseq data. How the spa-
tial relationships of cell types are established and maintained in  

complex organs such as the BM remains poorly understood. It has 
been suggested that the expression of cell adhesion molecules rep-
resents an important mechanism that translates basic genetic infor-
mation into complex three-dimensional patterns of cells in tissues34. 
We compiled a comprehensive list of well-annotated cellular adhe-
sion receptors and their cognate plasma membrane or extracellular 
matrix bound ligands and developed the RNA-Magnet algorithm 
to investigate whether the cell-type-specific localizations of BM 
populations can be predicted by the differential expression of cell 
adhesion molecules (Extended Data Fig. 9a, Supplementary Table 3  
and Supplementary Note 2). RNA-Magnet predicts the poten-
tial physical interactions between single cells and selected attrac-
tor populations (anchors) based on the expression patterns of the 
cell-surface receptors and their cognate surface-expressed binding 
partners. RNA-Magnet provides scores for the strength of attraction 
(RNA-Magnet adhesiveness) for each cell and a direction indicating 
the attractor population the cell is most attracted to (RNA-Magnet 
location). To investigate whether RNA-Magnet is able to recapitu-
late the spatial relationships of BM cell types, we introduced four 
anchor populations representing the following niches: osteoblasts 
for the endosteal niche, sinusoidal ECs for the sinusoidal niche, as 
well as arterial ECs and smooth muscle cells to represent the arterio-
lar niches (Fig. 6a). The predicted adhesiveness of BM populations 
to distinct niches correlated strongly with their degree of differen-
tial localization, as measured by spatial transcriptomics (Fig. 6b). 
Localization was also recapitulated with high accuracy for almost 
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all populations (Fig. 6c and Extended Data Fig. 9b–d), including the 
differential localization of Adipo- and Osteo-CAR cells to the sinu-
soidal and arteriolar endothelia, respectively. Interestingly, smooth 
muscle cells were most attracted to arterial ECs, whereas arteriolar 
fibroblasts adhered to smooth muscles, recapitulating the consecu-
tive layering observed in blood vessels with the tunica intima (endo-
thelial cells) surrounded by the tunica media (smooth muscle cells) 
and the tunica externa (extracellular matrix produced by arteriolar 
fibroblasts)35. Together, these observations demonstrate the ability 
of RNA-Magnet to predict spatial localization from single-cell gene 
expression data and highlight the importance of cell adhesion pro-
teins for tissue organization in the BM.

Cellular and spatial sources of cytokines and growth factors in 
the BM. Key biological processes occurring in the BM are thought 
to be mediated by the coordinated action of a diverse set of cyto-
kines and growth factors. However, the identity of the cytokine-
producing cells and their organization into spatial and functional 
BM niches remain poorly understood. To identify cells serving as 
the source of HSC maintenance factors, we initially examined our 
scRNAseq dataset. Our data show that Cxcl12 and Kitl (Scf) are 
indeed expressed by arterial ECs36 and some mesenchymal cell 
types9. However, their expression was several orders of magnitude 
higher in the Adipo- and Osteo-CAR populations (Fig. 7a; see also 
Fig. 4). To confirm Cxcl12 expression from Adipo- and Osteo-CAR 
cells at the protein level, we developed fluorescence-activated-cell-
sorting (FACS) marker strategies to discriminate these cells types 
and confirmed them using FACS-based index-scRNAseq (Fig. 7b 
and Extended Data Fig. 10). Comparative analyses demonstrated 
that Adipo-CAR cells are CD45−CD71−Ter119−CD41−CD51+VC
AM1+CD200midCD61low, whereas Osteo-CARs and NG2+ MSCs 
expressed CD200 and CD61 at high levels (Fig. 7c). Intracellular 
flow cytometric analyses confirmed that both CAR populations are 
the main producers of Cxcl12, whereas endothelial cells produced 
detectable but significantly lower levels (Fig. 7d; see also Fig. 4a,f). 
The CAR cell populations were also among the main producers 
of key cytokines required for B-cell and myeloid lineage commit-
ment, such as Il7 and m-CSF (Csf1; Fig. 7a). Among all of the BM 
cell types, the CAR cell populations produced the highest numbers 
of distinct cytokines and growth factors, and attributed the high-
est proportion of transcriptional activity to cytokine production, 
suggesting that they act as ‘professional cytokine-producing cells’ 
(Fig. 7e,f). Together, these observations suggest a model in which 
the differential localization of professional cytokine-producing cells 
to cellular scaffolds results in the establishment of specific micro-
niches. In line with this, spatial transcriptomics revealed that the 
five niches investigated displayed unique production patterns of sig-
nalling mediators (Fig. 7g,h). Importantly, CAR-cell-derived cyto-
kines were predominantly produced in the arteriolar and sinusoidal 
niches, and the net production of growth factors and cytokines was 

significantly higher in the vascular niches compared with non-vas-
cular niches, in line with the preferential localization of Osteo- and 
Adipo-CAR cells to their respective endothelial scaffolds (Fig. 7g). 
Together, these observations suggest that the specific localization 
of professional cytokine-producing BM-resident cells results in the 
establishment of unique niches with both the arteriolar and sinusoi-
dal niches as key sites for the production of HSC maintenance and 
differentiation factors.

Systems-level analysis of intercellular signalling interactions of 
BM cell types. We applied RNA-Magnet to soluble signalling medi-
ators (for example cytokines, growth factors and so on) and their 
receptors to gain a systems-level overview of potential intercellular 
signalling interactions (Fig. 8a and Extended Data Fig. 9e). Unlike 
previous approaches for the reconstruction of signalling networks 
from single-cell data37–39, RNA-Magnet incorporates information on 
surface receptors with low messenger RNA expression, is based on a 
highly curated list of ligand–receptor pairs (Supplementary Table 3) 
and specifically identifies the enrichment of signalling interactions 
between pairs of cell types, with an improved runtime compared 
with the packages available at present37 (see Methods).

The network obtained from the RNA-Magnet analyses formed 
two disconnected signalling clusters consisting of either mature 
immune or non-haematopoietic cells, suggesting that immune 
and non-immune cells preferentially communicate within their 
respective groups. For example, many signals potentially sensed 
by osteoblasts40 (for example, Bmp-, PTHrP- and FGF-signalling; 
see Extended Data Fig. 9f) are released by the endosteal fibroblasts 
described above. In contrast to mature immune cells, the HSPC 
populations frequently received signals from non-haematopoietic 
cells, suggesting that HSPCs gradually switch from a mesenchy-
mal to an immune signalling niche following lineage commitment. 
Importantly, both CAR cell populations were the most important 
source of the signals sensed by all myeloid and lymphoid progeni-
tors (Fig. 8a). In accordance with the specific localization of the 
Osteo- and Adipo-CAR populations to arteriolar or sinusoidal scaf-
folds, an analysis of the net signalling output of distinct local niches 
implied that lymphoid and myeloid progenitors receive strong input 
from cytokines produced in the vascular and especially sinusoidal 
niches (Fig. 8b,c). Together, these analyses support a concept where 
distinct biological BM processes are mediated by specific combina-
torial signalling input from different local niches41,42 and provide a 
systems-level view of the signalling interactions in the BM.

Discussion
In this study we combined single-cell and spatially resolved tran-
scriptomics to transcriptionally map all major BM-resident cell 
types and spatially allocate them to distinct BM niches. Our data 
clarify the cellular and spatial origins of key cytokines regulating 
BM haematopoiesis. Key HSC factors, such as Cxcl12 and Scf, are 

Fig. 7 | Cellular and spatial sources of key cytokines in the BM. a, Contribution of different cell types to distinct cytokine pools. The mean gene 
expression across all cells constituting each cell type is compared. b, Single-cell gene expression levels of Cd200 and Itgb3 (CD61) from scRnAseq data in 
CD45−Lin−CD71−Vcam1+ cells. MAGIC44 was used to impute the drop-out values. c, Surface marker levels of CD200 and CD61 from index-scRnAseq data 
(n = 91) in CD45−Lin−CD71−Vcam1+ cells (see Methods). The colour indicates the most similar cell type from the main dataset, as identified using scmap46. 
d, Intracellular FACS analyses of Cxcl12 expression in total BM, lineage-negative BM, Lin−CD31+ ECs and CD61/CD200 subpopulations of CD45−Lin−CD
71−CD51+Vcam1+ CAR cells. Data are depicted as the mean and s.e.m. with n = 3 per group. Statistics were performed using an unpaired two-tailed t-test. 
The experiment was performed two times independently with a similar outcome. e, Quantification of the number of growth factors (GFs) and cytokines 
expressed by each cell type and the fraction of total mRnA devoted to producing GFs and cytokines. f, Relative expression of cytokines and GFs in Adipo-
CAR cells and fibroblasts. g, Expression of Cxcl12 (left), Kitl (middle) and summed expression of all cytokines and GFs (right) in the indicated niches from 
spatial transcriptomics data. The P values for differential expression of Cxcl12 and Kitl (left and middle) relative to non-vascular niches were computed 
using the moderated t-test used in limma/voom47 and corrected for multiple testing using the Benjamini–Hochberg method. Right, a two-sided Wilcoxon 
rank-sum test was applied. Arteriolar niches, n = 28; sinusoidal niches, n = 14; and non-vascular niches, n = 11. The boxplot elements are defined in Methods 
(‘Data visualization’ section). h, Expression of cytokines, chemokines and GFs in the different niches measured by LCM-seq. Only factors with significant 
differences between niches are included. ***P < 0.001; **P < 0.01; *P < 0.05; and n.s., not significant.
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mainly produced by two distinct and previously unappreciated 
subpopulations, which we have termed Osteo- and Adipo-CAR 
cells according to their gene expression profile. Besides stem-
cell-maintenance factors, the CAR cell subsets produce the high-
est quantities of cytokines among all BM cell types, including the 
main cytokines mediating myeloid and lymphoid differentiation, 
in line with a recent study demonstrating that IL7 and Cxcl12 are 
produced by the same BM cell type43. This suggests that CAR cells 

act as ‘professional cytokine-producing cells’ and constitute cen-
tral niche cells orchestrating different aspects of haematopoiesis. 
Whereas the more abundant Adipo-CAR cells localize to sinusoidal 
endothelia, Osteo-CAR cells localize to the non-vascular regions or 
cover arteriolar endothelia. Accordingly, a high production of stem-
cell-maintenance and differentiation factors could be observed in 
both sinusoidal and arteriolar niches when compared with the non-
vascular and endosteal niches. Together, this suggests that both the 
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arteriolar and sinusoidal vascular scaffolds represent key sites for 
the production of factors required for HSC maintenance and differ-
entiation, with the Adipo- and Osteo-CAR cell subsets constituting 
central cellular hubs.

Conceptually, our data support a model where the establish-
ment of unique niches is mediated by the differential localization of 
professional cytokine-producing cells to cellular scaffolds. Distinct 
niche milieus might differentially regulate haematopoietic activities, 
in line with recent data from genetic studies41. In the future, it will be 
of interest to investigate whether such extrinsic, niche-driven varia-
tions determine early fate decisions of haematopoietic stem cells21.

Overall, our approach combining scRNAseq and spatially 
resolved transcriptomics reveals the molecular, cellular and spatial 
organization of BM niches and offers a broadly applicable strategy 
to systemically map the organization of whole organs.
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Methods
Mouse experiments. The mice were purchased from the distributors Janvier  
and Envigo, and housed under specific pathogen-free conditions at the central 
animal facility of the German Cancer Research Center. All of the animals 
used were 8- to 12-week-old C56Bl/6J females. All of the animal experiments 
were performed according to protocols approved by the German authorities 
(Regierungspräsidium Karlsruhe).

Tissue harvesting and processing. Femurs, tibiae, hips and spines were dissected 
and cleaned of surrounding tissue. For all cell sorting and flow cytometry 
analyses, the bones were crushed in cell suspension medium (RPMI 1640 (Sigma) 
containing 2% fetal bovine serum) using a mortar and pestle. Dissociated cells 
were filtered through a 40-µm filter, spun down at 1,500 r.p.m. for 5 min and then 
incubated with 5 ml ACK lysis buffer (Thermo Fisher Scientific) for 5 min at room 
temperature for red-blood-cell lysis. Neutralization was achieved with 20 ml cell 
suspension medium. The cells were then lineage-depleted using the Dynabeads 
untouched mouse CD4 cells kit (Thermo Fisher Scientific) according to the 
manufacturer’s recommendations, using a homemade lineage cocktail.

For cell extraction from bones, crushed bone chips were washed four times 
each with 10 ml cell suspension medium and then incubated with 10 ml digestion 
medium (1 mg ml−1 of each collagenase II and dispase in Hanks’ balanced salt 
solution; all from Gibco) for 30 min at 37 °C in a water bath. The cell suspension 
was then removed and filtered through a 40-µm filter and the digestion reaction 
was stopped by adding 40 ml cell suspension medium. From this point on, the cells 
were treated exactly the same as BM cells above.

Flow cytometry. Lineage-depleted bone and BM cells obtained following crushing 
and digestion were stained with FACS antibodies (Supplementary Table 4) for 
30 min on ice and then washed with cell suspension medium. For intracellular 
CXCL12 staining, the cells were fixed/permeabilized using BD Cytofix/Cytoperm 
for 30 min on ice, washed with BD Perm/Wash, incubated overnight with 
anti-CXCL12 antibody (1:10) and then washed with BD Perm/Wash. All flow 
cytometric analyses were performed using BD Fortessa flow cytometers. Cell 
sorting was done using BD Aria I, Aria II and Aria Fusion sorters.

scRNAseq—10x Genomics. For scRNAseq using 10x Genomics, bone and BM 
cells were processed as described earlier. In addition to FACS markers, the cells 
were stained with a DNA dye (Vybrant DyeCycle Violet, Thermo Fisher Scientific) 
to exclude debris and ensure that only cells were sorted for droplet-based 
scRNAseq. For this purpose, 2.5 µl ml−1 Vybrant dye in cell suspension medium 
was incubated with 3 × 106 cells at 37 °C for 30 min in a water bath. Following 
the incubation, the cells were placed on ice and a total of 1.0–1.5 × 104 events 
were sorted immediately for each experiment into 15 µl PBS containing 2% fetal 
bovine serum. The cell numbers were confirmed using a LUNA automated cell 
counter (Logos Biosystems). A volume of 33.8 µl of the cell suspension was used 
as input without further dilution or processing, with final concentrations around 
100–200 cells µl−1. Reverse transcription and library construction were carried 
out following the Chromium single cell 3ʹ reagent v2 protocol (10x Genomics) 
according to the manufacturer’s recommendations. Total complementary-DNA 
synthesis was performed using 14 amplification cycles, with final cDNA yields 
ranging from approximately 2 ng µl−1 to 10 ng µl−1. The 10x Genomics sequencing 
libraries were constructed as described and sequenced on an Illumina NextSeq 500, 
with read lengths of 26 + 58 or 26 + 98.

FACS-indexed scRNAseq. Lineage-depleted BM cells were obtained by crushing 
and stained with the following antibodies on ice for 30 min: CD41, CD45, CD51, 
CD61, CD71, CD200, Ter119 and VCAM1 (Supplementary Table 4). Indexed 
single-cells were sorted into 5 µl Smart-Seq2 lysis buffer (2 µM Oligo-dT30VN 
primer, 2 mM dNTP mix (10 mM each; NEB), 1:50 RNAse inhibitor (Promega) 
and 1:125 10% Triton X-100 (Sigma-Aldrich)) and immediately snap frozen in 
an ethanol and dry-ice bath. The plates were kept at −80 °C until processing. 
Following 3 min at 72 °C, cDNA amplification was performed using a modified 
Smart-Seq2 protocol by adding 5 µl of reverse transcription mix containing 
1×SMART first strand buffer (Clontech), 2 mM dithiothreitol (Clontech), 2 μM 
template-switching oligo (Exiqon), 10 U μl−1 SMARTScribe (Clontech) and 
10 U μl−1 RNAsin plus (Promega). Transcriptome amplification was performed 
using 1×KAPA HiFi HS MM and 0.1 µM ISPCR primer, with 21 PCR enrichment 
cycles. Libraries were constructed using Tn5 produced in house48 at a 1:100 
dilution and sequenced on an Illumina NextSeq 500 sequencer, with 75 cycles of 
single-end sequencing.

Bone preparation and sectioning for immunofluorescence staining. Femurs 
were dissected, cleaned of muscle and immediately placed in 4% paraformaldehyde 
at 4 °C for 30 min. Subsequently, the femurs were washed three times in 1×PBS 
before incubating with 15% sucrose for 2 h, followed by 30% sucrose for another 
2 h. All incubations were performed at 4 °C. The femurs were placed in OCT 
compound and frozen at −80 °C until sectioning.

For sectioning, a cryotome (Thermo Fisher) was used to generate 12-µm 
sections at −20 to −22 °C, which were then transferred to slides using the CryoJane 

Tape-Transfer System (Leica Biosystems). The slides were post-fixed with 4% 
paraformaldehyde for 1 min to enhance the adherence of sections to the slide, then 
washed for 2 min by dipping in PBS. The sections were stained with antibodies 
in blocking buffer (PBS containing 10% goat serum and 0.2% Triton X-100; see 
Supplementary Table 4 for the antibodies used) at 4 °C overnight and then washed 
by dipping into PBS for 1 min. Secondary antibody staining was done in blocking 
buffer at room temperature for 2 h. The sections were imaged using an LSM710 
microscope (Zeiss) equipped with a polychromatic META detector (458, 488, 
514, 561, 594 and 633 nm lasers) and an Olympus FV3000 confocal laser scanning 
microscope with four GaAsP spectral detectors, fluorescence recovery after 
photobleaching and fluorescence resonance energy transfer (405, 445, 488, 514, 
561, 594 and 640 nm lasers). Imaris software (v8.41) was used for the data analysis 
and representation.

Whole-mount imaging of immunostained mouse femurs. The employed whole-
mount staining protocol has been previously described in detail11. Briefly, femurs 
were isolated—the surrounding connective and muscle tissue were thoroughly 
removed using precision wipes (Kimberly-Clark Professional)—and fixed in 2% 
paraformaldehyde in PBS (6 h, 4 °C). After dehydration in 30% sucrose in PBS 
(72 h, 4 °C) the femurs were embedded in Tissue-Tek OCT compound (Sakura), 
snap frozen in liquid nitrogen and bi-sectioned using a cryotome (Leica) to 
expose the BM. The thick BM slice obtained was washed in PBS (3 × 5 min, room 
temperature), incubated in blocking solution overnight (0.2% Triton X-100 
(Sigma), 1% bovine serum albumin (Sigma) and 10% donkey serum (Jackson 
ImmunoResearch) in PBS) at 4 °C. Antibody stainings (see Supplementary Table 5)  
were performed in 1.5 ml Eppendorf tubes with gentle agitation on a laboratory 
rocker at 4 °C. The thick BM slices were incubated with primary antibodies 
(diluted in 400 µl blocking solution) for 3 d, followed by three 1-h washing steps 
with PBS. Secondary antibody staining was performed analogously for 3 d, 
followed by three 1-h washing steps with PBS. The immunostained thick BM 
slices were subsequently immersed into 400 µl RapiClear 1.52 (SUNJIN LAB) for a 
minimum of 6 h at 4 °C to increase the optical transparency. Images were acquired 
on an SP8 Leica confocal microscope system using a white light laser source for 
optimal excitation and hybrid detectors for light detection. Imaris software (v8.41) 
was used for the data analysis and representation.

Bone sectioning for LCM-seq. Femurs for LCM-seq were carefully processed 
following the guidelines of good RNA work practice. The femurs were 
harvested and cleaned as quickly as possible, placed immediately in ice-cold 
4% paraformaldehyde, fixed for 30 min and dehydrated in 15 and 30% sucrose 
solutions, prepared using RNase-free sucrose powder (Acros Organics), for 2 h 
each. All incubation steps were carried out on ice. The femurs were then flash 
frozen in a 2-methylbutane and dry-ice bath and stored overnight at −80 °C. 
Bone sectioning for RNA retrieval was performed in a sterilized cryotome, 
the blades were wiped with RNaseZAP (Sigma) and slides were stored on dry 
ice until staining (on the same day). For the staining, we adapted a shortened 
immunostaining protocol49 starting with thawing the slide quickly at room 
temperature, then incubating with the primary antibody (1:20 to 1:40, depending 
on the antibody) on an aluminium rack on ice for 10 min, washing in ice-cold 
PBS for 30 s and adding the secondary antibody for 5 min on ice. Higher antibody 
concentrations may be needed for antibodies of lower quality. The final wash and 
dehydration were performed by dipping the slides for 30 s in each of the following: 
ice-cold PBS, RNase-free H2O, and 70, 95 and 100% ethanol, in this order.

LCM-seq. Bone sections were processed using the Zeiss PALM MicroBeam Axio 
Observer Z1 (Zeiss) with a monochromatic Axiocam 506 mono camera, shooting 
laser at 355 nm and filter sets FS18 C adv (DAPI), FS44 C adv (FITC) and FS45 C 
adv (mCherry). Image acquisition and sample isolation were carried out using a 
LD Plan-NEOFLUAR ×20/0.4 objective with the adjustment ring set to one (Zeiss). 
The cutting energy was set to 45 and focus to 67, while laser pulse catapult (LPC) 
energy was used with a delta of 12. We used the ‘CloseCut+AutoLPC’ option for 
cutting and shooting. No more than four sections (two per slide) were processed 
and scanned in parallel, keeping collection time after staining under 30 min. 
A three-channel colour image was acquired for each sample, as well as before/
after LPC images and metadata including the day of collection, slide number 
and distance of the area of interest from the bone lining. On average, areas of 
14,500 µm2 (corresponding to around 200–300 cells) were isolated from different 
BM districts and collected separately in 200 µl AdhesiveCap opaque Eppendorf 
tubes. After LPC, each collection lid was covered with 15 µl of a 1:16 dilution of 
proteinase K in PKD buffer (Qiagen), incubated at room temperature for 5 min 
and subsequently snap frozen in dry ice and stored at −80 °C overnight. For reverse 
crosslinking, the samples were thawed for 5 min at room temperature, centrifuged 
for 30 s to collect all the liquid at the bottom of the tubes and incubated for 1 h at 
56 °C on a PCR block50. After incubation, the samples were resuspended in 100 µl 
TRI reagent (Sigma-Aldrich) under a laminar flow hood and stored in eight-
PCR-tube strips at −80 °C until RNA extraction. The RNA extractions and library 
construction were performed in batches of 16. In brief, after thawing and spinning, 
each sample was transferred to a 1.5 ml Eppendorf tube and 20 µl chloroform 
was added. Phase separation was achieved at room temperature after vigorous 
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shaking and centrifugation at 12,500 r.p.m. for 5 min, 40 µl of the aqueous phase 
was collected from each sample and added to 75.5 µl isopropanol and glycoblue 
(Invitrogen) diluted 1:150 as a co-precipitant. The RNA was then dehydrated at 
−80 °C for at least 24–36 h and precipitated by centrifugation at 4 °C and maximum 
speed. The supernatant was removed and the pellet was washed once with 70% 
ethanol, air dried and resuspended in 8 µl nuclease-free water. Library preparation 
followed the SMARTER stranded total RNA-Seq kit v2—Pico input mammalian 
(Takara Bio). Due to the degraded nature of the input material, we omitted the 
fragmentation step and 16 enrichment cycles were used in the final RNA-seq 
amplification. The libraries were then eluted in a minimal volume of 12 µl and 
sequenced on an Illumina NextSeq 500 with 75 bp single-end reads.

Bioinformatics data analysis of single-cell data. Raw sequencing data were 
processed using the CellRanger pipeline (10x Genomics) or kallisto51 (for indexed 
scRNAseq). Count tables were loaded into R and further processed using the 
Seurat R package52. We removed all cells with fewer than 500 distinct genes 
observed or cells with more than 5% of unique molecular identifiers stemming 
from mitochondrial genes. Principal component analysis was then performed on 
significantly variable genes and the first 16 principal components were selected 
as input for clustering and t-SNE based on manual inspection of a principal 
component variance plot (‘PC elbow plot’). Clustering was performed using the 
default method from the Seurat package, with the resolution parameter set to five. 
Whereas lower-resolution parameters caused biologically distinct groups with 
a low number of cells to be merged into single clusters (for example, sinusoids 
and arterioles were merged into a single cluster), this relatively large parameter 
resulted in groups with a high number of cells to be split into an undesirable 
number of subgroups. We therefore computed the mean scaled gene expression 
values for each cluster and performed hierarchical clustering of the means using a 
correlation distance. Clusters with correlations greater than 0.8 were then merged, 
resulting in the final clusters displayed in Fig. 1b. The marker genes for each 
population were identified using the FindMarkersAll function and ROC-based 
test statistics. The Seurat label transfer routines53 were used to map cells to a 
reference (Extended Data Fig. 5), except in the context of single-cell index-sorting 
(Fig. 7c and Extended Data Fig. 10) where the cell number was insufficient for 
this method and scmap46 was used instead. All mapping results were confirmed by 
the analysis of the marker-gene expression (Extended Data Fig. 10b). For Fig. 2e, 
RNA velocity was run with a neighbourhood size of 50 and a linear velocity scale. 
The result was insensitive to the choice of parameters, except that the relative 
arrow lengths varied.

Bioinformatics data analysis of LCM-seq and bulk RNA-seq data. Reads 
were aligned to version 38.73 of the mouse genome using STAR54, and reads 
falling on exons of genes were counted using htseq-count55. Samples containing 
fewer than one million reads on feature as well as two outlier samples identified 
by principal component analysis were removed from the dataset. Differential 
expression between niches was determined using the limma/voom workflow47 
while accounting for batch (that is, slide number). The cell-type proportions 
in the different samples were then estimated using a custom R implementation 
of the CIBERSORT algorithm13 run on raw count data. CIBERSORT requires 
the specification of a population-specific gene expression ‘signature matrix’; for 
that purpose, average gene expression profiles were computed for each cell type 
and 1,571 population-specific genes (Extended Data Fig. 7a; genes were defined 
by specificity to a given population of 0.8 or greater, as quantified from areas 
under the ROC curve). To simplify the analyses, we merged the highly similar 
HSPC subtypes into one population for CIBERSORT. Beyond the selection 
of genes, the CIBERSORT algorithm does not have any free parameters. 
Further considerations underlying the analyses using CIBERSORT, as well as a 
discussion on the impact of selecting different sets of genes, are detailed in the 
Supplementary Note 1.

For the reanalysis of published RNA-seq data (Fig. 2c and Extended Data 
Fig. 4a,b), count tables were created from raw sequencing data available in the 
Gene Expression Omnibus (GEO; GSE89811 and GSE48764) or count tables 
were downloaded from the GEO (GSE109125). For published microarray  
data, raw expression matrices were downloaded from the GEO (GSE33158, 
GSE43613 and GSE57729). It has previously been shown56 that CIBERSORT  
can be reasonably applied to decompose microarray data using a  
RNA-seq reference.

Data visualization. All plots were generated using the ggplot2 (v. 3.1.0) and 
pheatmap (v. 1.0.10) packages in R 3.4.1. Boxplots are defined as follows: the 
middle line corresponds to the median; the lower and upper hinges correspond to 
first and third quartiles, respectively; the upper whisker extends from the hinge 
to the largest value no further than 1.5× the inter-quartile range (or the distance 
between the first and third quartiles) from the hinge and the lower whisker 
extends from the hinge to the smallest value at most 1.5× the inter-quartile range 
of the hinge. Data beyond the end of the whiskers are called ‘outlying’ points and 
are plotted individually57.

RNA-Magnet. RNA-Magnet is documented in Supplementary Note 2.

Statistics and reproducibility. Statistical analyses were performed using  
R. Summarized views on data that underlie the statistical tests are available in the 
Source Data files. The statistical details for each experiment are also provided 
in the figure legends. All microscopy-based experiments were performed 
independently at least four times.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The LCM-seq and scRNAseq that support the findings of this study have been 
deposited in the GEO under accession code GSE122467. Data are further available 
in processed form for download and interactive browsing at https://nicheview.
shiny.embl.de. Previously published sequencing data that were reanalysed here 
are available under the accession codes GSE89811, GSE48764, GSE109125, 
GSE33158, GSE43613 and GSE57729 (bulk transcriptome studies reanalysed in 
Fig. 2c and Extended Data Fig. 4a,b), or GSE128423 and GSE108892 (single-cell 
transcriptome studies reanalysed in Extended Data Fig. 5). Source Data for Figs. 
1–6 and 8 and Extended Data Figs. 1–5, 7 and 10 are available online. All other data 
supporting the findings of this study are available from the corresponding author 
on reasonable request.

Code availability
Our implementation of RNA-Magnet and CIBERSORT, as well as vignettes 
for re-creating key analysis steps are available at https://github.com/veltenlab/
rnamagnet.
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Extended Data Fig. 1 | Cellular composition of populations defined by flow cytometry. a, Abundance of different gates as fraction of total BM.  
b, Quantification of cell type composition for each FACS gate shown in main Fig. 1a.
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Extended Data Fig. 2 | expression of marker genes for haematopoietic populations highlighted on t-SNe. For full lists of marker genes,  
see Supplementary Table 1. n=7497 cells are shown.
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Extended Data Fig. 3 | expression of marker genes for non-haematopoietic populations highlighted on t-SNe. For full lists of marker genes,  
see Supplementary Table 1. n=7497 cells are shown.
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Extended Data Fig. 4 | Comparison of cell-type transcriptomes determined by scRNAseq to data from bulk populations described in literature.  
a, Enrichment of gene expression signatures of haematopoietic populations in immune cell transcriptomes published by the ImmGen consortium  
(data source: GEO GSE109125)58. Data points in the same row correspond to experimental replicates. b, Enrichment of gene expression signatures of  
non-haematopoietic populations in published transcriptomes of populations defined by genetic markers5,7–9,59; see methods for specification of data 
sources, and see the Supplementary note 1 for a detailed evaluation of the algorithm used. c, The optimal number of mesenchymal cell clusters was 
determined using the SOUP method15, a semi-soft clustering algorithm designed to distinguish between distinct cell types and transition states between 
cell types. Error bars indicate 90% confidence intervals across 10 independent SOUP runs, central values correspond to medians. d, Main cluster identity 
from SOUP highlighted on the t-SnE from Fig. 1b (mesenchymal cell types only, n=2223 cells). e, Comparison of clusters identified by Seurat (Fig. 1b) to 
clusters identified by SOUP (panel d) demonstrates strong overlap between both methods.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Comparison of cell isolation methods and reference datasets. a,b, Additional scRnAseq data was generated as described, except 
that BM was derived by flushing bones and subjected or not subjected to enzymatic digestion. Data was projected to two dimensions using t-SnE and cell 
type labels were assigned using the anchoring approach implemented in seurat353. n=2411 cells are shown. c,d, Single-cell RnA-seq data from a recent 
study of different genetically labelled populations from flushed BM26 was projected to two dimensions using t-SnE and cell type labels were assigned using 
the anchoring approach implemented in seurat353. n=6617 cells are shown. e, Comparison of cell type frequencies between various published datasets. 
For Tikhonova et al.26, n=6617 cells, Baryawno et al.25, n=25933 cells, Baccin et al., n=7497 cells.
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Extended Data Fig. 6 | Technical properties of the LCM-seq dataset. a, Boxplots comparing the number of genes observed per sample in different 
protocols. All samples were down-sampled to 1 million reads for comparison. For the dataset presented in main Fig. 3, the protocol relying on random 
priming was used. n represent numbers of samples or cells as indicated on the graph. Boxplot elements are defined in the Methods section (section on 
data visualization). Smart-Seq2 data is from ref. 21, bulk transcriptome data is from ref. 7. b, Representative images of samples collected for LCM-seq; 
scale bar: 100µm. c, Immunofluorescence staining of a BM arteriole stained for Col1a1, Pdpn and CD31. Scale bar: 20 µm. The experiment was repeated 
independently 4 times with similar results. d, Schwann cell markers were lowly expressed across all niches e, haematopoietic markers were highly 
expressed across all niches. In panel d and e, sample sizes are as follows: Arteriolar niches, n=28, endosteal niches, n=12, sinusoidal niches, n=14,  
non-vascular niches, n=11, sub-endosteal niche, n=11. Boxplot elements are defined in the Methods section (section on data visualization).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | evaluation of the CiBeRSoRT algorithm, see also Supplementary Note 1. a, Heatmap of population-specific marker genes used 
for the algorithm. b,c, Simulations to assess the ability of CIBERSORT to decompose individual samples; see Supplementary note 1 for detail. n=15 
sampling runs were performed. Boxplot elements are defined in the Methods section (section on data visualization). d, CIBERSORT estimates of cell 
type composition of total BM, compared to the cell type composition estimate from 10x genomics (see Extended Data Fig. 1b). Central values indicate 
means, error bars correspond to standard error of the mean of n=3 samples. e,f, Simulations to assess the ability of CIBERSORT to identify changes in 
population frequencies across multiple samples; see Supplementary note 1 for detail. n=15 samples runs were performed. g, FACS was used to assemble 
n=8 different pools of B220+ B-cells, CD3+ T/nK-T cells and Gr1+SSChigh neutrophils. Each pool contained a total of 100 cells at predefined ratios of B cells, 
T cells and neutrophils. Pools were then fixed and processed using the LCM-seq protocol, and CIBERSORT was used to decompose their composition. 
Estimates for T and nK cells, as well as different B-cell subpopulations, were summed for the display. Pearson correlation coefficients are shown.  
h, Simulations to assess the ability of CIBERSORT to discriminate between similar cell types; see Supplementary note 1 for detail. Red squares highlight 
pairs of similar cell types. Pearson correlation coefficients across n=100 simulated samples are shown. i, Stability of the CIBERSORT estimates from main 
Fig. 3e with regard to re-sampling of the marker gene lists used; see Supplementary note 1 for detail.
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Extended Data Fig. 8 | Whole-mount imaging and data analysis. a, Whole-mount imaging data of a Cxcl12–GFP bone section stained for Alpl and Emcn 
was segmented in 3D using the imaris software. Large Alpl+ surfaces (red, corresponding to endosteum and arteries) were identified and any GFP+ 
spots with <20µm proximity to these structures were excluded from further analysis (yellow spots). The strong Alpl signal in these regions prevents a 
quantitative assessment. Remaining GFP+ spots were classified as within 15µm of sinusoidal vessels (purple dots), of away from sinusoidal vessels (cyan 
dots). GFP+ spots were further classified as Alpl+ (right panels, red spots) or Alpl- (right panels, green spots). Scale bar left panel: 200µm; right panels: 
50µm. b, Additional whole-mount imaging data of a femur from a Cxcl12–GFP mouse, stained for Alpl and the arteriolar marker Sca1. Arrowheads point to 
Alpl+Cxcl12+ cells near, but not overlapping with, Sca1+ arteriolar endothelial cells. See also Fig. 4f. In ROI 3, asterisk correspond to GFP+Alpl+ protrusions 
on, but clearly distinct from, Sca1+ arteriolar endothelial cells. In ROI 4, various z-sections of a highly reticulate Cxcl12–GFP+Alpl+ cell are shown. Scale bars 
in ROIs: 20µm; scale bar in main panel: 300µm.
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Extended Data Fig. 9 | Analyses using RNA-Magnet, see also Supplementary Note 2. a, Overview of the receptor–ligand list used. See methods for 
data sources, and Supplementary Table 3 for the complete list. b, Stability of the RnA-Magnet location estimate for different choices of the fuzzification 
parameters k and x0. For each parameter set, RnA-Magnet location estimates were summarized per cell type, and compared to the summarized 
location estimate displayed in Fig. 6c. The asterisk indicates the parameter set used in Fig. 6c. c, Choice of local neighbourhoods. As detailed in the 
methods section, RnA-Magnet works by identifying interactions specific to a single cell compared to similar cells. The figure displays the size of local 
neighbourhoods for four representative cells demarked by a black triangle. d, Detailed comparison of location estimates obtained from LCM-seq and RnA-
Magnet. See also main Fig. 6c. Sample sizes are as follows: Arteriolar niches, n=28, endosteal niches, n=12, sinusoidal niches. Mean values and standard 
error of the mean are shown. e, Fully labelled display of the network from main Fig. 8a. f, Expression of selected cytokines and growth factors involved in 
bone remodelling.
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Extended Data Fig. 10 | index-sorting analysis of Lin−Vcam1+ cells. a, Sorting scheme used. b, Expression of key marker genes confirm the cell type 
assignment obtained by scmap, cf. main Fig. 7c.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

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

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Raw data were processed using the CellRanger pipeline v. 2.0.0 (10x genomics experiments), or STAR v. 2.6.0 and htseq-count v. 0.7.2 
(LCM-seq experiments), or Kallisto v. 0.43.0 (indexed single cell RNAseq experiment)

Data analysis Genomics data were analysed using R version 3.5.1 and packages including Seurat v. 3.0.2, e1017 v. 1.7-2, scmap v. 1.2.0, Rmagic v. 1.4.0, 
flowcore v. 1.46.1 and limma v. 3.36.2. Graphs were generated using ggplot2 v. 3.2.0 and igraph v. 1.2.4.1. An R package containing code 
is available at https://github.com/veltenlab/rnamagnet . Image data was analysed using Imaris v. 9.3.1

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

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 list of figures that have associated raw data 
- A description of any restrictions on data availability

LCM-seq and scRNA-seq that support the findings of this study have been deposited in the Gene Expression Omnibus (GEO) under accession code GSE122467. Data 
is further available in processed form for download and interactive browsing at https://nicheview.shiny.embl.de 
Previously published sequencing data that were re-analysed here are available under accession code GSE89811, GSE48764, GSE109125, GSE33158, GSE43613, 
GSE57729 (bulk transcriptome studies reanalysed in figures 2c and S4a,b), or GSE128423, GSE108892 (single cell transcriptome studies reanalysed in figure S5). 
All other data supporting the findings of this study are available from the corresponding author on reasonable request. 
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Sample size a) scRNAseq: No statistical methods were used to pre-determine sample size. Instead, each FACS gate defined in figure 1a was covered with a 
single 10x genomics run, yielding between 946 to 2599 cells each. In total, n=7497 cells were included into the study. This number is sufficient 
since very rare cell types were successfully identified, including smooth muscle cells, which are represented with n=22 cells or 0.3% of all cells 
sampled. 
b) LCM-Seq. Based on an initial test experiment with only endosteal and arteriolar niches, we pre-determined that a sample size of n>5 per 
niche is sufficient for robustly identifying biological variability between groups in unsupervised analyses. Therefore, n=11 to n=28 samples per 
niche were included. 
c) Indexed scRNA-seq: Sample number was limited by the low number of Lin-Cd71-Cd45-Vcam1+ cells in bone marrow. n=91 cells were 
included. This number was sufficient to note a significant difference in FACS marker expression between Adipo-CAR cells and Osteo-CAR cells/
NG2+ MSCs. No further statements are drawn from this experiment.

Data exclusions a) scRNAseq: As described in the methods, we removed all cells with less than 500 distinct genes observed, or cells with more than 5% of 
UMIs stemming from mitochondrial genes. Such quality control steps are customary in the field and were pre-established. 
b) LCM-Seq: As described in the methods, samples containing less than one million reads on feature were removed from the data set. Such 
quality control steps are customary in the field and were pre-established. Furthermore two outlier samples identified by PCA were removed. 
Such quality control steps are customary in the field but cannot be pre-established. 
c) Indexed scRNA-seq: All samples with less than 500k reads, samples with >70% of reads not mapping to exons, or samples with more than 
10% of reads stemming from mitochondrial genes were excluded. Such quality control steps are customary in the field and were set after 
inspection of the data, and not pre-established.

Replication a) scRNAseq: No replication with the exact same conditions was attempted. Experiments were instead repeated with slightly modified 
extraction protocols to investigate the effect of the extraction protocol (Figure 2f, Extended Data Fig. 5a,b). This demonstrated that the cell 
populations described in the study are found independent of the protocol, but that the extraction protocol has a large effect on determining 
cell type frequencies. 
b) LCM-Seq: The experiment was performed in replicates (Arteriolar niches, n=28, endosteal niches, n=12, sinusoidal niches, n=14, non-
vascular niches, n=11, sub-endosteal niche, n=11). Variability between replicates is investigated in Figure 3e. 
c) Imaging, Flow cytometry: All experiments were repeated for a minimum of two times. Representative examples are shown. 
d) Indexed scRNA-seq: No replication was attempted due to the high number of mice required for this experiment and the laborious 
procedure.

Randomization Not relevant - no treatment groups.

Blinding Not relevant - no treatment groups.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Antibodies

Eukaryotic cell lines
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Methods
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used See table S4, S5 
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Antibody;Clone;Company;Catalogue number;Dilution 
Alpl;Goat Polyclonal #PA5-47419;ThermoFisher;AF2910-SP ;1:100 
B220;RA3-6B2;ThermoFisher;25-0452;1:1000 
CD105;MJ7/18;eBioscience;48-1051-82;1:300 
CD106 (VCAM1);429;BioLegend;105719;1:100 
CD11b;M1/70;eBioscience;25-0112;1:1000 
CD140a (PDGFRa);APA5;eBioscience;17-1401-81;1:100 
CD144/VE-Cad;VECD1;BioLegend;BLD-138106;1:100 
CD200;OX-90;BD;565546;1:100 
CD31;390;eBioscience;48-0311;1:500 
CD4;RM4-4;eBioscience;11-0043-82;1:1000 
CD41;eBioMWReg30;eBioscience;14-0411-82;1:300 
CD45;30-F11;eBioscience;17-0451;1:1000 
CD51;RMV-7;eBioscience;13-0512-82;1:30 
CD61;2C9.G2;BD/BioLegend;Biolegend 104315 BD 561911;1:200 
CD71;C2;BD;561937;1:100 
CD8;53-6,7;BD;25-0081;1:3000 
Collagen I;Rabbit polyclonal;Bio Trend;BT21-5014-10;1:100 
CXCL12/SDF-1;79018;R&D;IC350A;1:10 
Donkey Anti-Goat IgG H&L;Donkey polyclonal;Abcam;ab150135;1:200 
Donkey Anti-Rabbit IgG H&L;Donkey polyclonal;Abcam;ab150073;1:200 
Endomucin (IF, LCM);V.7C7;eBioscience;14-5851-82;IF: 1:100 LCM: 1:25 
Goat anti-rat IgG;Goat polyclonal;BioLegend;405420;IF: 1:200 LCM: 1:25 
Goat Anti-Syrian hamster IgG H&L;Goat polyclonal;Abcam;ab180063;1:200 
Gr1;RB6-8C5;eBioscience;25-5931;1:3000 
Podoplanin;08.01.01;BioLegend;127401;1:100 
Sca-1 (IF, LCM, FACS);D7;eBioscience;56-5981;IF: 1:50 LCM: 1:20 FACS 1:1000 
SM22;Rabbit polyclonal;Abcam;ab14106;1:100 
Streptavidin APC-eFluor™ 780 Conjugate;-;eBioscience;47-4317-82;1:30 
Ter119;TER-119;eBioscience;11-5921;1:500

Validation All antibodies are standard and well-established monoclonal ABs with the exception of SM22, see www.abcam.com/sm22-alpha-
antibody-ab155272-references.html for references ; and Collagen I, validation statement from manufacturer: Antibody 
recognizes murine Collagen 1.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 8-12 weeks old C56Bl/6J females mice were used for all experiments

Wild animals No wild animals were used

Field-collected samples No wild animals were used

Ethics oversight All animal experiments were performed according to protocols approved by the German authorities (Regierungspräsidium 
Karlsruhe).

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

Confirm that:

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.

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

Methodology

Sample preparation Femurs, tibiae, hips and spines were dissected and cleaned from surrounding tissue. For all cell sorting and flow cytometry 
analyses, bones were crushed in cell suspension medium (RPMI 1640 (Sigma-Aldrich) containing 2% fetal bovine serum) using a 
mortar and pestle. Dissociated cells were filtered through a 40 μm filter, spun down at 1500 rpm for 5 min, then incubated with 
5 ml ACK lysis buffer (Thermo Fisher Scientific) for 5 min at room temperature for red blood cell lysis. Neutralization was 
achieved with 20 ml cell suspension medium. Cells were then lineage-depleted using Dynabeads Untouched Mouse CD4 Cells Kit 
(Thermo Fisher Scientific) according to manufacturer’s recommendations, using a home-made lineage cocktail.  
For cell extraction from bones, crushed bone chips were washed four times each with 10 ml of cell suspension medium, then 
incubated with 10 ml of digestion medium (1 mg/ml of each Collagenase I (Gibco) and Dispase (Gibco) in HBSS (Gibco)) for 30 
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min at 37 °C in a water bath. Cell suspension was then removed and filtered through a 40 μm filter and the digestion reaction 
was stopped by adding 40 ml of cell suspension medium. From this point on, cells were treated exactly the same as bone 
marrow cells above.

Instrument All flow cytometric analyses were performed using BD Fortessa flow cytometers. Cell sorting was done using BD Aria I, Aria II and 
Aria Fusion sorters.

Software FlowJo (Version 10.6.0)

Cell population abundance See Figure S1 and S8. Cell type purity was determined by scRNAseq (see Figure S1 and Figure 1).

Gating strategy See Figure S1 and S8

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