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Haematopoietic stem cell number is not 
solely defined by niche availability

Shoichiro Takeishi1,2 ✉, Tony Marchand1,2,15,16, Wade R. Koba3, Daniel K. Borger1,2, 
Chunliang Xu1,2,17, Chandan Guha4,5,6,7, Aviv Bergman5,8,9,10, Paul S. Frenette1,2,11,18,19, 
Kira Gritsman1,2,7,12,13,14,18 & Ulrich Steidl1,2,7,12,13,14,18 ✉

Haematopoietic stem cells (HSCs) reside in specialized microenvironments, referred 
to as niches, and the classical model suggests that HSC numbers are predominantly 
determined by the niche size1–5. However, the vast excess of niche cells relative to HSCs 
challenges this perspective. To rigorously define the role of niche size in regulating 
HSC numbers, we developed a femur-transplantation system, enabling us to increase 
available HSC niches. Notably, the addition of niches did not alter the total HSC 
numbers in the body, suggesting the presence of a systemic mechanism that limits 
HSC numbers. Additionally, HSC numbers in transplanted wild-type femurs did not 
exceed physiological levels when HSCs were mobilized from defective endogenous 
niches to the periphery, indicating that HSC numbers are constrained at the local  
level as well. The notion of dual restrictions at systemic and local levels was further 
supported by other experimental approaches, including parabiosis and non- 
conditioned transfer of HSCs after bone transplantation. Moreover, we found that 
thrombopoietin has a pivotal role in determining the total number of HSCs in the 
body, even in the context of increased niche availability. Our study redefines key 
principles underlying HSC number regulation, providing insights into this critical 
biological process.

In the 1970s, Schofield proposed the niche model, suggesting that HSCs 
expand until they occupy their niches and HSC numbers are therefore 
predominantly determined by niche availability5. This idea is partially 
supported by the observation that transplanted HSCs do not engraft 
unless available niche ‘space’ is emptied by conditioning, such as irra-
diation, chemotherapy or other methods, which damages or mobilizes 
endogenous HSCs5–10. We and others have previously identified several 
HSC niche components, such as perivascular mesenchymal stem cells 
(MSCs), which are marked by nestin–GFP, Cxcl12GFP, leptin receptor, 
or CD51 and CD140α expression11–16. It is also known that endothelial 
cells (ECs), characterized by the expression pattern of CD31, CD144, 
SCA-1 and CD62E, contribute to the HSC niche11,17–19. These cells pro-
duce niche factors, such as C-X-C motif chemokine ligand 12 (CXCL12) 
and stem cell factor (SCF, encoded by Kitl), which are essential for the 
retention and maintenance of HSCs in the bone marrow (BM). Genetic 
depletion of these cytokines or these HSC niches results in a reduction 
in HSC numbers in the BM11–15,20,21. One puzzling observation is that the 
number of defined niche cells is significantly greater than the number 

of HSCs11,14–16. However, these findings do not exclude the possibility 
that a small population of these niche cells creates unique saturable 
spaces, or that HSCs compete for space with their progenitors that 
also depend on niche factors. Notably, increasing evidence supports 
the notion that nutrition has a role in HSC maintenance both in culture 
and in vivo22, suggesting the possibility that HSC numbers are deter-
mined by other mechanisms in addition to local control by niches. We 
therefore aimed to experimentally examine whether HSC numbers are 
indeed determined by niche availability in this study.

Bone transplantation adds new HSC niches
To rigorously define the role of niche size in regulating HSC numbers, 
we aimed to augment the overall availability of niches in vivo and to 
assess the impact of such a gain of niches on HSC numbers. To achieve 
this goal, we developed a bone transplantation method, transplanting 
femoral bones from one adult mouse to another23,24. In this model, 
when femurs (hereafter referred to as grafts) from wild-type (WT) mice 
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are implanted subcutaneously into non-conditioned WT mice (called 
hosts), MSCs (marked by CD45−TER-119−CD31−CD51+CD140α+)16 persist 
in the grafts, while phenotypic HSCs (defined by Lin−SCA-1+KIT+CD150+ 
CD48−CD34−)25 and differentiated haematopoietic cells are no longer 
detected within 3 days after transplantation (Extended Data Fig. 1a–e 
and Supplementary Fig. 1a–f). For longer-term analyses, we next trans-
planted femurs from nestin–GFP transgenic mice14 into nestin–GFP 
mice (one graft per host) (Extended Data Fig. 2a). We confirmed the 
overlap of nestin–GFP+ cells and CD51+CD140α+ cells in the CD45−TER-
119−CD31− fraction of the grafts, as previously reported for endogenous 
BM16 (Extended Data Fig. 2b). Based on imaging, nestin–GFP+ cells were 
observed in the grafts as well as in the host femurs at 1 and 5 months 
after transplantation, with robust vascularization shown by in vivo 
staining of the BM through CD31 and CD144 (Extended Data Fig. 2c). 
Flow cytometry analyses revealed progressive recovery of whole BM 
cells, MSCs and HSCs in the grafts (Extended Data Fig. 2d–f). However, 
while the host femurs and the grafts had comparable numbers of BM 
cells, MSCs and differentiated haematopoietic cells at 5 months after 
transplantation, HSC numbers in the grafts were still lower than those 
in the host femurs (Extended Data Fig. 2g).

We next examined the origin of MSCs, ECs and haematopoietic cells 
in the grafts. When femurs from nestin–GFP mice were transplanted 
into WT mice, most CD51+CD140α+ cells in the CD45−TER-119−CD31− 
fraction of the grafts were positive for nestin–GFP (Extended Data 
Fig. 3a,b). By contrast, nestin–GFP+ cells were hardly detected in the 
CD51+CD140α+ fraction of WT grafts transplanted to nestin–GFP mice 
(Extended Data Fig. 3c,d), indicating that nestin–GFP+ MSCs in the grafts 
originated from the grafts. Similar experiments were then performed 
using Cdh5-creER;iTdTomato (Cdh5 encodes VE-cadherin) mice. Imag-
ing and flow cytometry analyses confirmed TdTomato fluorescence in 
both arterial ECs (AECs; CD45−TER-119−CD31+SCA-1highCD62Elow) and 
sinusoidal ECs (SECs; CD45−TER-119−CD31+SCA-1lowCD62Ehigh)19, regard-
less of whether Cdh5-creER;iTdTomato mice were used as hosts or grafts 
(Extended Data Fig. 3e–j), showing that these cells were derived from 
both the hosts and the grafts. Next, femurs from CD45.1 mice were 
transplanted into CD45.2 mice, and we observed that almost all BM cells, 
including HSCs, expressed CD45.2 (Extended Data Fig. 3k,l), indicating 
that haematopoietic cells in the grafts were replaced by the host cells. 
These results suggest that this femur transplantation system could be 
used to provide additional niches without adding HSCs.

Given that granulocyte colony-stimulating factor (G-CSF) mobilizes 
HSCs from the BM to the periphery26, and HSCs in grafts are of host ori-
gin, we examined the effects of administration of G-CSF on the recovery 
of HSCs in grafts (Extended Data Fig. 4a). Imaging analyses at 3 months 
after transplantation revealed normal BM vascular architecture in 
the grafted femurs, as evidenced by comparable vascular density and 
arteriole lengths between the host and grafted femurs (Extended Data 
Fig. 4b–d). We did not observe any differences in nestin–GFP+ density 
in imaging, which was further confirmed by flow cytometry analyses, 
demonstrating equivalent BM cellularity and frequency of nestin–GFP+ 
cells in host versus grafted bones (Extended Data Fig. 4e–g). Similar 
observations were made when we performed the same experiments 
with WT hosts and grafts (Fig. 1a). BM cellularity, and the number of 
HSCs, differentiated haematopoietic cells, ECs and MSCs were again 
comparable between the host and grafted femurs at 3 months after 
transplantation with no significant differences in the frequencies of the 
stromal cell subsets (Fig. 1b–h). The levels of inflammatory cytokines 
(IL-1β, IL-6 and TNF) in BM extracellular fluid (BMEF) did not differ 
between these two types of bones at 2 or 3 months after transplanta-
tion, while the amount of IL-1β increased in the transplanted femurs at 
1 month (Fig. 1i and Extended Data Fig. 4h), at which time HSCs were 
nearly absent in the grafts. Moreover, sorted MSCs from the hosts and 
the grafts at 3 months after transplantation expressed equivalent mRNA 
levels of canonical niche factors, such as Cxcl12, Kitl, Vcam1, Angpt1 
and Spp1 (Fig. 1j and Supplementary Table 1), consistent with RNA-seq 

data in our recent study showing that MSCs from endogenous femurs 
and grafts express comparable levels of HSC niche-associated genes23. 
Protein levels of CXCL12 and SCF in BMEF also did not differ between 
the host femurs and the grafts (Extended Data Fig. 4i). Consistent with 
comparable niche function in the host and grafted femurs, HSCs from 
these two bones exhibited similar mean fluorescence intensity of KIT, 
CD150 and CD41, as well as cell cycle status and expression levels of cell 
cycle regulators, which were shown to be associated with HSC fates and 
functions27–32 (Fig. 1k and Extended Data Fig. 5a,b). BM reconstitution 
assays using HSCs collected from either unperturbed femurs, host 
femurs or grafts at 3 months after bone transplantation showed com-
parable donor chimerism in the peripheral blood (Fig. 1l) and BM, which 
was maintained after secondary BM transplantation (BMT) (Extended 
Data Fig. 5c–g). Collectively, these results demonstrate that this femur 
transplantation system provides adult mice with additional functional 
niches, in which host-derived HSCs are able to engraft with minimal 
inflammatory stress and maintain multilineage reconstitution of the 
haematopoietic system.

HSC number restriction at the systemic level
Iron-distribution experiments estimate that one femur contains only 
6–7% of the total BM in mice33 and we observed that two femurs con-
tain 16.9 ± 0.924% of HSCs in the total body (Extended Data Fig. 6a). 
Thus, to assess how an increase in the HSC niches affects total HSC 
numbers in the body, six WT femurs were transplanted per WT mouse, 
followed by G-CSF administration (Fig. 2a and Extended Data Fig. 6b). 
The mRNA expression of inflammatory cytokines in peripheral blood 
cells was not elevated at 3 months after transplantation (Fig. 2b). BM 
cellularity, EC and MSC numbers, and the levels of niche factors were 
comparable among the femurs from sham-operated mice, the host 
femurs and the grafts from bone transplantation hosts (Fig. 2c–e and 
Extended Data Fig. 6c–g). These data indicate that our six-femur trans-
plantation technique enables us to add substantial HSC niches without 
inducing chronic systemic inflammation. HSC numbers in the grafts 
were independent of their transplanted sites and, notably, we found 
that the frequency and the absolute number of phenotypic HSCs per 
host femur and grafted femur were lower than those per femur from 
the sham-operated mice (Fig. 2f,g and Extended Data Fig. 6h). A BM 
reconstitution assay demonstrated lower donor chimerism when BM 
cells from the host femurs or the grafted femurs of bone transplanta-
tion hosts were transplanted (Fig. 2h). To determine whether such 
decreased repopulation activity was attributable to lower HSC numbers 
or a decreased competitiveness of HSCs, we performed competitive 
repopulation experiments with sorted HSCs. We found no difference 
in the repopulation activities among the three groups, consistent with 
equivalent mean fluorescence intensity of KIT and CD150 in trans-
planted HSCs (Fig. 2i and Extended Data Fig. 6i,j). These results suggest 
that the decreased BM repopulation activity in the host femurs and the 
grafted femurs from bone transplantation hosts resulted from a lower 
number of functional HSCs. Similarly, total HSC numbers in the entire 
body of bone transplantation hosts (excluding those in the grafts) were 
lower than those in the sham-operated mice (Fig. 2j). Importantly, the 
sum of HSC numbers in the bone transplantation hosts and the grafts 
was equivalent to that in the sham-operated group (Fig. 2k and Sup-
plementary Table 2). These results indicate that the total HSC numbers 
in the body are not determined by niche availability alone, and suggest 
that their numbers are restricted at the systemic level (Extended Data 
Fig. 6k).

Given the increasingly clear role of multipotent progenitors (MPPs) in 
maintaining steady-state and stressed haematopoiesis34–38, we also 
examined several subsets of MPPs39 in this experimental system and 
found that MPP numbers per host femur and graft were lower than 
those per femur from the sham-operated mice (Extended Data Fig. 7a). 
MPPs in the entire body of bone transplantation hosts (excluding those 
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in the grafts) were fewer than those in the sham-operated mice, and the 
sum of MPP numbers in the hosts and the grafts did not differ between 
these groups (Extended Data Fig. 7b,c). Collectively, MPP numbers in 
our six-femur transplantation model exhibit the same pattern as HSC 

numbers, suggesting that MPP numbers may also be subject to similar 
restrictions at the systemic level.

To further investigate whether HSC numbers are constrained sys-
temically, we next sought to determine whether total HSC numbers 
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Fig. 1 | Normal functions of HSCs and their niches in the bone transplantation 
model. a, Experimental strategy and analyses for the transplantation of WT 
femurs into WT mice, G-CSF administration and HSC transplantation (HSCT). 
s.c., subcutaneous. The diagram was created using BioRender. Takeishi, S. 
(2025) https://BioRender.com/9d3nv16. b, BM cellularity per host femur  
and graft. n = 8 host femurs and 8 grafts from 8 G-CSF-administered host mice. 
c, HSC numbers per host femur and graft. n = 6 host femurs and 6 grafts from  
6 vehicle-administered hosts, and 8 host femurs and 8 grafts from 8 G-CSF- 
administered hosts. d, The number of differentiated haematopoietic cells per 
host femur and graft. n = 8 host femurs and 8 grafts from 8 G-CSF-administered 
hosts. e,f, The frequency of ECs (e) and MSCs (f) in the host femurs and the 
grafts. n = 8 host femurs and 8 grafts from 8 G-CSF-administered hosts.  
g,h, The number of ECs (g) and MSCs (h) per host femur and graft. n = 8 host 
femurs and 8 grafts from 8 G-CSF-administered hosts. i, Inflammatory cytokine 

(IL-1β, IL-6 and TNF) levels in BMEF of the host femurs and grafts measured by 
enzyme-linked immunosorbent assay (ELISA). n = 8 host femurs and 8 grafts 
from 8 G-CSF-administered hosts. j, Quantification of mRNA levels of the 
indicated HSC niche factors in MSCs from the host femurs and grafts. n = 8 host 
femurs and 8 grafts from 8 G-CSF-administered hosts. k, The frequency of 
quiescent (G0) and proliferating (non-G0) cells in HSCs from the host femurs 
and grafts. n = 8 host femurs and 8 grafts from 8 G-CSF-administered hosts.  
l, White blood cell (WBC) chimerism (CD45.2) in recipient mice transplanted 
with HSCs (CD45.2) from unperturbed WT femurs, the G-CSF-administered 
host femurs or the grafts mixed with competitor BM cells (CD45.1). n = 10 mice 
per group. Data are mean ± s.e.m. Significance was assessed using a two- 
tailed unpaired Student’s t-tests (b and d–k) or one-way analysis of variance 
(ANOVA; c and l).
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in the body would be maintained in hosts that harbour defective 
endogenous niches. To this end, we used Cdh2-creER;Cxcl12fl/fl (Cdh2 
encodes N-cadherin) mice as hosts, given the known role of CXCL12 in 
the retention of HSCs in the BM12. Consistent with a study showing that 
Cdh2-expressing BM stromal cells contribute to the HSC niche21, we 
observed that Cdh2-creER;iTdTomato+ cells in the CD45−TER-119−CD31− 
fraction largely overlapped with CD51+CD140α+ cells and nestin–GFP+ 
cells (Extended Data Fig. 8a,b). HSC numbers were decreased in the BM 
and increased in the blood and spleens of Cdh2-creER;Cxcl12fl/fl mice 

(Extended Data Fig. 8c–e), indicative of extramedullary haematopoie-
sis. On the basis of this observation, six WT femurs were transplanted 
into Cxcl12fl/fl or Cdh2-creER;Cxcl12fl/fl mice before Cxcl12 depletion by 
tamoxifen injection (Extended Data Fig. 8f). In the bone transplantation 
groups, HSC numbers per graft in Cdh2-creER;Cxcl12fl/fl (Cre+) hosts were 
greater than those in Cxcl12fl/fl (Cre−) hosts (Extended Data Fig. 8g), which 
could be attributable to more HSCs mobilized to the periphery in the 
former hosts. Notably, HSC numbers per graft in Cdh2-creER;Cxcl12fl/fl  
hosts are still lower than those in the femurs of sham-operated Cxcl12fl/fl 
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size. a, Schematic of the transplantation of six WT femurs into WT mice and 
analyses. The diagram was created using BioRender. Takeishi, S. (2025)  
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numbers in the entire body of hosts (excluding grafts) ( j), and the sum of  
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mean ± s.e.m. Significance was assessed using two-tailed unpaired Student’s 
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mice, indicating that local HSC numbers in the former bones are below 
the physiological level. We also observed that bone transplantation 
mitigated extramedullary haematopoiesis in the spleens imposed 
by CXCL12 deficiency (Extended Data Fig. 8h). In the sham-operated 
groups, Cdh2-creER;Cxcl12fl/fl mice had fewer total HSCs than Cxcl12fl/fl  
mice (Extended Data Fig. 8i), which could be attributable, at least in 
part, to the insufficiency of extramedullary haematopoiesis in the 
spleens to compensate for the reduced HSC numbers in the BM. Nota-
bly, the sum of HSC numbers in Cdh2-creER;Cxcl12fl/fl hosts and WT grafts 
was equivalent to that in sham-operated Cxcl12fl/fl mice (Extended Data 
Fig. 8j). Collectively, these data suggest that total HSC numbers in the 
body remain unchanged when the size of the intact niche is increased, 
even in mice with impaired HSC retention in endogenous BM niches, 
further supporting the notion that HSC numbers are restricted at the 
systemic level (Supplementary Fig. 2).

Local limit on HSC numbers
To further characterize how HSC numbers are determined at the sys-
temic level, we next examined whether damage to HSCs in one part  
of the body would be offset by an increase in HSCs in other regions. To 
this end, we subjected mice to targeted irradiation of their four limbs 

to permanently damage the niches and thereby eradicate HSCs in the 
limb bones, and then assessed HSC numbers in the non-targeted areas 
(Fig. 3a). At 3 months after irradiation with 20 Gy, we confirmed that 
EC and MSC numbers in the limb bones were reduced, while these cell 
numbers and expression levels of niche factors in the non-targeted 
bone were not affected by irradiation (Fig. 3b,c and Extended Data 
Fig. 9a–d). Although HSC numbers in the limbs were also decreased 
as expected, we did not observe any increase in HSCs in non-targeted 
areas (Fig. 3d and Extended Data Fig. 9e). There could be at least two 
possible explanations for this finding: (1) HSC numbers are restricted 
locally within each non-targeted bone (in addition to a limit on total 
HSC numbers in the body); and (2) HSC numbers are not upregulated 
when they are reduced in specific experimental settings. These two 
possibilities are not mutually exclusive.

To test the first hypothesis, we transplanted a single WT femur into 
Cxcl12fl/fl or Cdh2-creER;Cxcl12fl/fl mice (Fig. 3e), based on the assump-
tion that the addition of only one femur would have a low impact on 
the total BM, and therefore HSC numbers in the grafts transplanted to 
Cxcl12fl/fl mice would reach physiological levels. We reasoned that, if 
there is no local restriction on HSC numbers, HSCs in the grafts would 
increase beyond the physiological level when HSCs are mobilized from 
endogenous BM to the periphery by CXCL12 depletion in the hosts.  

0

1

2

3

0

2

4

6

8

10

0

0.2

0.4

0.6

0.8

0

1

2

3

4

0

1

2

3

4

0

2

4

6

8

10

0

1

2

3

0

1

2

3

a b

A
E

C
s 

p
er

 in
d

ic
at

ed
 b

on
e 

(×
10

3 )

M
S

C
s 

p
er

 in
d

ic
at

ed
 b

on
e 

(×
10

4 )

S
E

C
s 

p
er

 in
d

ic
at

ed
 b

on
e 

(×
10

3 )

20 Gy0 Gy

20 Gy
irradiation

H
S

C
s 

in
 t

he
 in

d
ic

at
ed

re
gi

on
s 

(×
10

4 )

dc

1
2
3 Analysis

Months
after irradiation Ta

rg
et

ed

bon
e

Non
-ta

rg
et

ed

re
gio

n Sum
Femur Tibia Humerus

P = 5.48 × 10–5

P = 1.62 × 10–6

P = 3.93 × 10–7

P = 0.0004

P = 0.001

P = 0.0005

P = 0.0006

Femur Tibia Humerus Femur Tibia Humerus

P = 0.379 P = 0.0005P = 0.0003

P = 0.0002

P = 0.001

20 Gy0 Gy

Host (Cxcl12�/� or
Cdh2-creER;Cxcl12�/�)

f g h i

H
S

C
s 

p
er

 fe
m

ur
 (×

10
3 )

H
S

C
s 

p
er

 s
p

le
en

 (×
10

3 )

H
S

C
s 

p
er

 h
os

t 
(×

10
4 )

H
S

C
s 

p
er

 m
ou

se
 (×

10
4 )

Sham Bone
transplantation

Cre–

host
Cre+

host
Cre–

host
WT
graft

WT
graft

Cre+

host

Sham Bone
transplantation

Cre–

host
Cre+

host

e Graft (femur from WT)

1
2
3

Analysis

Transplantation
(1 graft per host)

Months after
bone transplantation

or sham
operation

4

Tamoxifen i.p.
2 mg per day

5 days

5

P < 0.0001

P = 0.903

P = 0.433

P = 0.986

P = 0.824

Cre–

host
Cre+

host

P < 0.0001

P = 0.912

P < 0.0001

Sham Bone
transplantation

Cre–

host
Cre+

host
Cre–

host
Cre+

host

P = 0.811

P < 0.0001

Sham Bone
transplantation

Cre–

host
+WT
graft

Cre+

host
+WT
graft

Cre–

host
Cre+

host

P = 0.9998

P < 0.0001

P = 0.003

P = 0.228

P = 0.0002

G-CSF s.c.
125 μg per kg

per dose
8 doses

P = 0.558

Lead
shield

Fig. 3 | HSC numbers are limited locally. a, The experimental strategy and 
analyses for localized irradiation to limbs at a dose of 20 Gy. b,c, The number  
of ECs (b) and MSCs (c) in the targeted bones (limbs) after localized irradiation. 
n = 6 mice per group. d, HSC numbers in the targeted bones (four limbs), non- 
targeted regions (skull, spine, rib cage, pelvis, spleen and liver) and the sum  
of HSCs after localized irradiation. n = 6 mice per group. e, Schematic of the 
transplantation of a single WT femur into Cdh2-creER;Cxcl12fl/fl mice and 
analyses. i.p., intraperitoneal. f, HSC numbers per host femur and graft of  

the indicated genotypes. 8 femurs from 8 sham-operated mice, 8 host femurs  
and 8 grafts from 8 bone transplantation hosts in both Cxcl12fl/fl and Cdh2- 
creER;Cxcl12fl/fl groups. g–i, HSC numbers in the spleens (g) and in the entire 
body of hosts (excluding grafts) (h), and the sum of HSCs in the hosts and the 
grafts (i) of the indicated genotypes. n = 8 mice per group. Data are mean ± s.e.m. 
Significance was assessed using two-tailed unpaired Student’s t-tests (b–d) 
and one-way ANOVA (f–i). The diagrams in a and e were created using BioRender. 
Takeishi, S. (2025) https://BioRender.com/9d3nv16.

https://BioRender.com/9d3nv16


6  |  Nature  |  www.nature.com

Article

1 2 3 4 5
0

20

40

60

80

100

0

1

2

3

4

0

1

2

3

4

0

0.005

0.010

0.015

0.020

0

1

2

3

4

0

0.5

1.0

1.5

2.0

2.5

0

2

4

6

8

0

5

10

15

To
ta

l H
S

C
s 

p
er

 m
ou

se
 (×

10
4 )

Collect BM cells
(CD45.2)

0

1

2

3

4

0

1

2

3

4

0

1

2

3

e

Blood analysis
(f and g)

WT

Months after
G-CSF administration

0 1 2

Sham operation
or splenectomy

g

H
S

P
C

s 
p

er
 m

l b
lo

od
 (×

10
2 )

f

H
S

C
s 

p
er

 m
l b

lo
od

 (×
10

2 )

D
on

or
 c

hi
m

er
is

m
 (%

)

j

Time after BMT (months)

h

Host (Kitl�/� or
Cdh2-creER;Kitl�/�)

b c da Graft (femur from WT)

–1
0
1

Analysis

Transplantation
(6 grafts per host)

Months after
bone transplantation

or sham
operation

2

Tamoxifen i.p.
2 mg per day

5 days

3

Fr
eq

ue
nc

y 
of

 H
S

C
s 

in
fe

m
ur

s 
(%

)

H
S

C
s 

p
er

 fe
m

ur
 (×

10
3 )

H
S

C
s 

p
er

 fe
m

ur
 (×

10
3 )

G-CSF s.c.
125 μg per kg

per dose
8 doses

H
S

C
s 

p
er

 fe
m

ur
 (×

10
3 )

Sham Bone
transplantation

Cre–

host
Cre+

host
Cre–

host
WT
graft

WT
graft

Cre+

host

Sham Bone
transplantation

Cre–

host
Cre+

host

P = 0.023

P = 0.028

P = 0.0001

P < 0.0001

Cre–

host
Cre+

host

To
ta

l H
S

C
s 

p
er

 m
ou

se
 (×

10
4 )

Sham Bone
transplantation

Cre–

host
Cre+

host
Cre–

host
Cre+

host

Vehicle G-CSF

P = 0.0006

P = 0.001 P = 0.010

P < 0.0001

P = 0.863

P = 0.002

H
S

C
s 

p
er

 h
os

t 
(×

10
4 )

P < 0.0001

P = 0.028
P = 0.602

Vehicle or G-CSF s.c.
125 μg per kg per dose,

8 doses

BM cells from
CD45.1 mice

(competitor cells)

Irradiation
(12 Gy) BMT

(j)

BM analysis
(h, i and k, and
Extended Data

Fig. 10g–l)

P = 0.0002 P = 0.831

P = 0.999

i

P = 0.689

k

P = 0.459 

Vehicle + sham
Vehicle + splenectomy

Vehicle G-CSF

P = 0.002 

Vehicle + sham

G-CSF + splenectomy

Vehicle + splenectomy
Vehicle + sham

G-CSF + splenectomy

Vehicle + splenectomy

P = 0.020 P = 0.002

G-CSF + splenectomy

versus

versus P = 0.152

P < 0.0001

Host (Kitl�/� or Cdh2-creER;Kitl�/�)

m nl Graft (femur from WT)

–1
0
1

Analysis

Transplantation
(1 or 6 grafts per host)

Months after bone transplantation

or sham
operation

2

Tamoxifen i.p.
2 mg per day,

5 days

3

G-CSF s.c.
125 μg per kg

per dose
8 doses

or

4

HSPC transfer
106 cells Bone

transplantation:

Cre–

host
Cre+

host
WT
graft

–

Cre+

host
WT
graft

1 graft

HSPC transfer: – – +

Cre+

host
WT
graft

Cre+

host
WT
graft

6 grafts

– +

To
ta

l H
S

C
s 

p
er

 m
ou

se
 (×

10
4 )

HSPC transfer: – – +

Cre–

host
Cre+

host

Bone
transplantation: – 1 graft 6 grafts

– +

P < 0.0001

P > 0.999

P < 0.0001 P < 0.0001

P > 0.999

P = 0.008

P = 0.008 P < 0.0001

Fig. 4 | See next page for caption.



Nature  |  www.nature.com  |  7

As expected, HSC numbers per host femur and grafted femur in Cxcl12fl/fl  
mice were comparable to those per femur of sham-operated Cxcl12fl/fl  
mice (corresponding to the physiological level) (Fig. 3f). However, 
CXCL12 deficiency in the host BM did not affect the HSC numbers per 
grafted WT femur. Consistent with these data, HSC numbers in the 
spleens of the hosts as well as in the host body (excluding the graft) 
were not altered by bone transplantation in the presence or absence 
of CXCL12 in the hosts (Fig. 3g,h). Notably, the sum of HSC numbers 
in the host body and the grafted WT femur of Cdh2-creER;Cxcl12fl/fl 
recipient mice was lower than that of sham-operated Cxcl12fl/fl mice 
(Fig. 3i), indicating that total HSC numbers in the former mice are below 
the systemic limit. Collectively, these data suggest that the failure to 
increase HSC numbers per graft in Cdh2-creER;Cxcl12fl/fl hosts is, at least 
in part, due to a local restriction on HSC numbers within the grafted 
femur (Supplementary Fig. 3).

To determine whether the findings of HSC number limitation at both 
systemic and local levels are reproducible using an alternative method, 
we next performed parabiosis experiments. Mice of the same or dif-
ferent genotypes (Cxcl12fl/fl, Cdh2-creER;Cxcl12fl/fl and WT (CD45.1)) 
were surgically joined, and blood chimerism was analysed to confirm 
the exchange of circulating leukocytes between partners, followed by 
tamoxifen administration (Extended Data Fig. 9f,g). We found that the 
HSC numbers in the femurs from WT mice did not differ between the 
Cxcl12fl/fl–WT pair and the Cdh2-creER;Cxcl12fl/fl–WT pair (Extended Data 
Fig. 9h), suggesting a local restriction of HSC numbers in the BM. While 
splenic HSCs increased in both mice of the Cdh2-creER;Cxcl12fl/fl–WT 
pair compared with the WT–WT pair, they were fewer than those in the 
pair of Cdh2-creER;Cxcl12fl/fl mice (Extended Data Fig. 9i), indicating 
that splenic HSC numbers in the Cdh2-creER;Cxcl12fl/fl–WT pair were 
below their local limit in the spleen. Importantly, total HSC numbers 
per parabiont were equivalent between the Cxcl12fl/fl–WT pair and the 
Cdh2-creER;Cxcl12fl/fl–WT pair (Extended Data Fig. 9j). Taken together, 
these results suggest that HSC numbers in the Cdh2-creER;Cxcl12fl/fl– 
WT pair are restricted at the systemic level, as well as locally in the BM, 
further supporting the notion that HSC numbers are limited at both 
systemic and local levels.

Homeostatic mechanism for HSC recovery
We also tested the second hypothesis, based on our observation in the 
targeted irradiation experiments, that HSC numbers are not upregu-
lated when they are reduced in specific settings. To this end, we exam-
ined how HSC numbers are determined at the systemic level when 
local restriction on HSC numbers is lifted. We used Cdh2-creER;Kitlfl/fl 
mice as hosts, given that SCF is essential for the maintenance of HSCs 
in the BM11,20. Consistent with such a key role of SCF, we observed that 
tamoxifen-injected Cdh2-creER;Kitlfl/fl mice had fewer HSCs in the 
femurs, and equivalent numbers of haematopoietic stem and progeni-
tor cells (HSPCs, defined by Lin−SCA-1+KIT+ (LSK)) in the blood and HSCs 
in the spleens compared with Kitlfl/fl mice (Extended Data Fig. 10a–c). 
We then transplanted six WT femurs into tamoxifen-treated Kitlfl/fl or 
Cdh2-creER;Kitlfl/fl mice and found that HSC numbers per grafted femur 

in Cdh2-creER;Kitlfl/fl (Cre+) hosts were further decreased compared with 
those in Kitlfl/fl (Cre−) hosts, and HSC numbers in the hosts exhibited 
a similar trend (Fig. 4a–c). Notably, the sum of HSC numbers in the 
hosts and the grafts in Cdh2-creER;Kitlfl/fl hosts was equivalent to that 
in sham-operated Cdh2-creER;Kitlfl/fl hosts, but was lower than that in 
sham-operated Kitlfl/fl mice (Fig. 4d). Taken together, these data suggest 
that HSC numbers do not necessarily recover to physiological levels 
after they are reduced (Supplementary Fig. 4).

To exclude the possibility that the rescue of HSC loss at the sys-
temic level requires SCF, we performed splenectomy after G-CSF 
administration to examine the impact of removing mobilized HSCs 
in the spleen on the number of residual HSCs in the BM (Fig. 4e). We 
observed more HSCs in the blood of G-CSF-treated mice compared 
with in vehicle-treated mice on the last day of G-CSF administration, 
and this was no longer evident in HSPC numbers at 1 week after G-CSF 
injection (Fig. 4f,g), indicating that HSC mobilization from the BM had 
concluded by this point. We also confirmed that G-CSF administration 
decreased HSC numbers in the BM at this timepoint, while increasing 
splenic HSCs (Extended Data Fig. 10d–f). Subsequently, we performed 
splenectomy or sham operation and analysed the BM at 2 months after 
G-CSF administration, based on a study showing that mobilized HSCs 
have returned to the BM 2 months after G-CSF treatment26. BM cellular-
ity, EC and MSC numbers and the levels of niche factors, including SCF, 
were comparable among the vehicle + sham operation, the vehicle +  
splenectomy and the G-CSF + splenectomy groups (Extended Data 
Fig. 10g–l). Notably, we found that splenectomy after G-CSF treat-
ment decreased the frequency and the absolute number of HSCs in 
the femurs, which was further confirmed by competitive repopula-
tion assays of BM cells, while splenectomy alone did not affect these 
parameters (Fig. 4h–j). Similarly, the G-CSF + splenectomy group had 
a lower number of total HSCs in the body compared with the other two 
groups (Fig. 4k), demonstrating that HSC numbers do not necessarily 
recover when they are reduced, even when SCF is present.

To determine whether HSC replenishment is possible when their 
numbers are reduced, we next investigated the impact of non- 
conditioned transfer of excess HSCs into mice with fewer total HSCs in 
the body despite having intact niches. To this end, we expanded HSCs 
ex vivo40 and transferred HSPCs (106 LSK cells per recipient mouse) 
into non-irradiated Cdh2-creER;Kitlfl/fl mice after the transplantation 
of one or six WT femurs (Fig. 4l). With single femur transplantation, 
although excess HSPC transfer restored HSC numbers in the grafts 
transplanted into SCF-deficient mice, their numbers per grafted femur 
did not increase beyond physiological levels (corresponding to the 
host femur of sham-operated Kitlfl/fl mice) (Fig. 4m). If there were no 
local restriction on HSC numbers, we would have expected higher HSC 
numbers per grafted femur than those at a physiological level, given 
that the number of transferred HSPCs vastly exceeded the number 
lost due to SCF deficiency in the endogenous niche. The sum of HSC 
numbers in Cdh2-creER;Kitlfl/fl hosts and WT grafts also increased after 
excess HSPC transfer, but remained below physiological levels (cor-
responding to sham-operated Kitlfl/fl mice) (Fig. 4n). Taken together, 
these results indicate that, in this setting, HSC numbers are limited 

Fig. 4 | Homeostatic mechanism allowing for HSC replenishment.  
a, Schematic of six WT femur transplantation into SCF-deficient mice. b, HSC 
numbers per host femur and graft of the indicated genotypes. n = 8 femurs 
from 8 sham-operated mice, 8 host femurs and 48 grafts from 8 hosts in both 
Kitlfl/fl and Cdh2-creER;Kitlfl/fl groups. c,d, HSC numbers in the entire body of 
hosts (c) and the sum of HSCs in the hosts and the grafts (d) of the indicated 
genotypes. n = 8 mice per group. e, Schematic of G-CSF administration, 
followed by splenectomy and BMT. f, HSC numbers in the blood on the last  
day of G-CSF injection. n = 12 and 6 mice, respectively. g, HSPC numbers in the 
blood at 1 week after G-CSF administration. n = 12 and 6 mice, respectively.  
h,i, The HSC frequency (h) and numbers (i) in the femurs of the indicated 
cohorts at 2 months after G-CSF administration. n = 6 mice per group. j, WBC 

chimerism (CD45.2) in recipient mice transplanted with BM cells (CD45.2) from 
the indicated cohorts mixed with competitor BM cells (CD45.1). n = 10 mice per 
group. k, HSC numbers in the entire body of the indicated cohorts at 2 months 
after G-CSF administration. n = 6 mice per group. l, Schematic of WT femur 
transplantation and HSPC transfer into SCF-deficient mice. m, HSC numbers 
per host femur and graft of the indicated genotypes and conditions. n = 8, 8, 8, 
8, 8, 8, 48, 8 and 48 bones, respectively. n, The sum of HSC numbers in the  
hosts and the grafts of the indicated genotypes and conditions. n = 8 mice per 
group. Data are mean ± s.e.m. Significance was assessed using two-tailed 
unpaired Student’s t-tests (f and g) or one-way ANOVA (b–d, h–k, m and n).  
The diagrams in a, e and l were created using BioRender. Takeishi, S. (2025) 
https://BioRender.com/9d3nv16.
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at the local level within the grafted femur. By contrast, when six WT 
femurs were transplanted into Cdh2-creER;Kitlfl/fl mice, excess HSPC 
transfer increased the number of HSCs per graft in these host mice, 

but their numbers were still below physiological levels. Although total 
HSC numbers in Cdh2-creER;Kitlfl/fl hosts and WT grafts also increased 
after excess HSPC transfer, they did not increase beyond physiological 
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levels. These findings are consistent with the notion that HSC numbers 
are constrained at the systemic level. Collectively, these data suggest a 
homeostatic mechanism that allows for HSC replenishment when they 
are reduced, and is less permissive to their expansion after increased 
niche availability.

TPO levels set systemic HSC numbers
Lastly, we aimed to obtain mechanistic insights into the systemic limita-
tion of HSC numbers. We hypothesized that signals from outside the 
BM, rather than factors from HSC niches, might be involved in this type 
of restriction. Among such long-range signals, we focused on throm-
bopoietin (TPO), based on its known role in the maintenance of BM 
HSCs41,42. To investigate whether TPO is able to constrain total HSC 
numbers in the body in the setting of increased niche availability, six 
WT femurs were transplanted into Tpo+/+, Tpo+/− or Tpo−/− mice (Fig. 5a). 
In this experimental setup, if TPO primarily determines the level of 
HSC number restriction at the local level, we would anticipate that 
HSC numbers in host femurs and grafts from the bone-transplanted 
Tpo-knockout mice would be equivalent to those in femurs from their 
sham-operated controls of the same host genotypes, and thereby the 
former mice would have more HSCs in the entire body compared with 
the controls. We found that, in the sham-operated group, HSC numbers 
in femurs from Tpo+/− mice were lower than in Tpo+/+ mice, with further 
reductions in Tpo−/− mice (Fig. 5b). Notably, HSC numbers per host femur 
and graft from the bone-transplanted Tpo+/− mice were lower than those 
per femur from the sham-operated Tpo+/− mice, and HSC numbers in the 
entire body of hosts (excluding those in the grafts) exhibited a similar 
trend (Fig. 5c). Importantly, the sum of HSC numbers in the hosts and 
the grafts did not differ between the bone-transplanted mice and their 
respective sham-operated controls of the same host genotypes (Fig. 5d), 
suggesting a role for TPO in determining the systemic limit of HSC 
numbers in the body, even in the setting of increased niche availability.

We also transplanted six WT femurs into Tpo-transgenic (Tg) mice, 
in which Tpo is overexpressed under the albumin promoter43, or their 
littermate WT mice (Fig. 5e,f). In the sham-operated group, Tpo-Tg mice 
had more HSCs in the femurs than WT controls (Fig. 5g). HSC numbers 
per host femur from the bone-transplanted Tpo-Tg mice were lower 
than those from the sham-operated Tpo-Tg mice, and this trend was also 
evident in HSC numbers in the entire body of hosts (excluding those 
in the grafts) (Fig. 5h), making it unlikely that TPO primarily limits the 
local HSC numbers. The sum of HSC numbers in the hosts and the grafts 
did not differ between the sham-operated and the bone-transplanted 
Tpo-Tg mice, while they were significantly higher than physiological 
HSC numbers in WT hosts (Fig. 5i). Collectively, these data suggest 
that TPO levels have a key role in determining the level of restriction of 
total HSC numbers in the body, even in the context of increased niche 
availability (Fig. 5j and Supplementary Table 3).

Discussion
Here we used a femoral bone transplantation technique developed by 
our group that enables us to investigate the effect of increased niche 

size on HSC numbers. Data from transplanting six WT femurs into WT or 
CXCL12-deficient mice indicate that total HSC numbers in the body are 
maintained after the addition of normal niches, regardless of whether 
the endogenous niche is functional. This led us to conclude that HSC 
numbers are restricted at the systemic level. Further investigations, 
in which TPO levels were increased or decreased in the setting of six 
femur transplantation, suggest a pivotal role for TPO in determining 
the systemic limit of HSC numbers, even in the context of increased 
niche availability. In future studies, it will be interesting to evaluate 
whether elevated TPO levels affect HSC functions and/or create new 
niches. Moreover, several lines of evidence from other experiments, 
such as localized irradiation and single WT femur transplantation 
into CXCL12-deficient mice, suggest that HSC numbers are also lim-
ited at the local level within each specific intact niche. These restric-
tions at the systemic and local levels were further demonstrated by 
non-conditioned HSPC transfer after HSCs were decreased. These 
mechanisms of systemic and local restriction are not mutually exclu-
sive, as further evidenced by our parabiosis experiments, which showed 
that HSC numbers in the Cdh2-creER;Cxcl12fl/fl–WT pair are restricted 
systemically, as well as locally in the BM. On the basis of these findings, 
we propose that HSC numbers are restricted at both the systemic and 
local levels.

We also found that HSC numbers do not necessarily recover after they 
are reduced in specific conditions, including the bone transplantation 
system using SCF-deficient mice, unlike in stress haematopoiesis. In 
contrast to the disappearance of nearly all haematopoietic cells in the 
body after 5-fluorouracil challenge or BMT, BM cells persist in the body 
under the conditions tested in this study. The presence (in the case of 
localized irradiation, bone transplantation into SCF-deficient mice or 
G-CSF administration + splenectomy) or absence (after 5-fluorouracil 
challenge or BMT) of residual BM cells in the body might affect the 
distinct responses to HSC reduction in these settings. Given the recent 
notions that the majority of HSCs is dispensable for steady-state hae-
matopoiesis34–38 and that HSCs are involved in the pathogenesis of hae-
matological malignancies as a source of (pre)leukaemic stem cells44,45, 
it is intriguing to speculate that the haematopoietic system might be 
equipped with extrinsic safeguards that suppress HSC numbers to 
prevent leukemogenesis, even at a slight expense for normal haemat-
opoiesis. It has been reported that HSC niche cell numbers are increased 
in myeloid malignancies46,47. In future studies, it may be interesting to 
determine whether the mechanisms of HSC number regulation are 
affected in these or other pathophysiological conditions.
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Methods

Mice
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)/Hze/J (iTdTomato) (007914), C57BL/6J 
(CD45.2) (000664) and B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) (002014) mice 
were purchased from The Jackson Laboratory. Nestin–GFP mice48 were 
bred in our facility. Cdh5-creER, Cdh2-creER, Cxcl12fl/fl, Kitlfl/fl, Tpo−/− and 
Tg(Alb-Tpo) mice were provided by R. H. Adams, L. Li, T. Nagasawa,  
S. J. Morrison, F. J. de Sauvage and W. S. Alexander, respectively. Unless 
indicated otherwise, 8–10-week-old mice of both sexes were used for 
experiments. All these mice were backcrossed with C57BL/6J mice for 
more than ten generations and maintained in pathogen-free conditions 
under a 12 h–12 h light–dark cycle, at a temperature of 21 ± 1 °C and 
humidity of 40–70%, and were fed with autoclaved food and water. 
This study complied with all ethical regulations involving experiments 
with mice, and all experimental procedures performed on mice were 
approved by the Institutional Animal Care and Use Committee of Albert 
Einstein College of Medicine. No randomization or blinding was used 
to allocate experimental groups.

Femoral bone transplantation
Femurs with intact periosteum were isolated from 8–10-week-old donor 
mice and preserved on ice in PBS (21-040-CV, Corning) until they were 
implanted in recipient mice. For transplantation of a single femur, 
non-conditioned recipient mice that were age and sex-matched with 
donor mice were anaesthetized with ketamine and xylazine, and a small 
incision was made at their unilateral thoracic region. Subsequently, the 
preserved femur was implanted subcutaneously, and the wound was 
closed. For transplantation of six femurs, small incisions were made at 
the bilateral cervical, thoracic and pelvic regions of recipient mice, and 
then one femur was implanted in each area, followed by wound closure. 
A sham operation was performed by making small incisions on the same 
area of skin as the control bone transplantation group and closing them.

Parabiosis
Parabionts were generated by making an incision in the skin from the 
elbow to the knee of mice on opposite sides of each mouse. The elbows 
and knees were paired together by s.c. suturing. The skin was then 
matched from one mouse to the other, sutured together and secured 
with wound clips.

Splenectomy
After mice were anaesthetized with ketamine and xylazine, a longitudi-
nal incision was made in the skin and peritoneum on the left dorsolateral 
side of the abdomen, caudal to the last rib. The splenic artery was ligated 
and the spleen was removed. The abdominal wall was then closed, and 
the skin was sutured. A sham operation was performed by exteriorizing 
the spleen and then reinserting it into the abdominal cavity.

In vivo treatment
For G-CSF treatment, G-CSF (NEUPOGEN/Filgrastim; 300 µg ml−1, 
purchased from Jack D. Weiler Hospital of Albert Einstein College of 
Medicine) was injected s.c. at a dose of 125 μg kg−1 twice a day (eight 
divided doses) beginning in the evening of the first day. When used 
in bone transplantation experiments, G-CSF was administered to all 
groups at 1 month after the femurs were implanted or a sham operation 
was performed unless otherwise indicated. When HSC mobilization was 
checked, blood was collected at 3 h or 7 days after the final morning 
dose. For induction of CreER-mediated recombination, 8–10-week-old 
Cdh5-creER;iTdTomato mice were injected intraperitoneally with 
2 mg tamoxifen (T5648, Sigma-Aldrich) dissolved in corn oil (C8267, 
Sigma-Aldrich) for five consecutive days (10 mg in total per mouse). 
Then, 4 weeks after the injection, these mice were used as hosts, or their 
femurs were isolated for transplantation. In experiments examining the 
overlap of Cdh2+ cells and MSCs, 8–10-week-old Cdh2-creER;iTdTomato 

or Cdh2-creER;iTdTomato;Nestin-GFP mice were injected with tamoxifen 
and subjected to analyses 4 weeks after the injection. In experiments 
using Cdh2-creER;Cxcl12fl/fl or Cxcl12fl/fl mice as hosts, tamoxifen was 
administered at 2 months after the femurs were implanted or a sham 
operation was performed in these mice. In parabiosis experiments, 
each mouse of the parabionts was injected with 2 mg tamoxifen for five 
consecutive days (20 mg in total per parabiont) 3 weeks after the sur-
gery. Then, 4 weeks after the injection, the parabionts were subjected 
to analyses. In experiments using Cdh2-creER;Kitlfl/fl or Kitlfl/fl mice as 
hosts, tamoxifen was administered to four to five-week-old mice before 
femurs were implanted or a sham operation was performed.

Whole-mount imaging of host femurs and femoral grafts
Antibodies used for immunofluorescence staining of femoral grafts and 
host femurs are CD31 (PECAM1) Alexa Fluor 647 (MEC13.3, 102516) and 
CD144 (VE-cadherin) Alexa Fluor 647 (BV13, 138006) from BioLegend. 
For all imaging experiments, these antibodies (5 μg each) were injected 
into mice through the retro-orbital plexus for the vasculature stain-
ing, and mice were euthanized 10 min after injection. Femoral grafts 
and host femurs were then isolated and fixed in 4% paraformaldehyde 
(PFA; 15710, Electron Microscopy Sciences) overnight at 4 °C. For cryo-
preservation, the bones were incubated sequentially in 10%, 20% and 
30% sucrose/PBS at 4 °C for 1 h each, embedded and flash-frozen in 
SCEM embedding medium (C-EM002, SECTION-LAB) and stored at 
−80 °C. For whole-mount imaging, bones were placed at −20 °C over-
night and shaved with a Cryostat (CM3050, Leica) until the BM cavity 
was fully exposed. The sections were carefully collected from the melt-
ing embedding medium, rinsed with PBS and post-fixed with 4% cold 
PFA for 10 min followed by permeabilization in 0.5% Triton X-100/PBS 
for 3 h at room temperature (20–25 °C) and incubation with 2 µg ml−1 
4′,6-diamino-2-phenylindole (DAPI; D9542, Sigma-Aldrich) for 30 min. 
Images were acquired at room temperature using the Zeiss Axio exam-
iner D1 microscope (Zeiss) with a confocal scanner unit (Yokogawa), 
and reconstructed in three dimensions with SlideBook 6 (Intelligent 
Imaging Innovations), Photoshop 26 (Adobe) and Fiji build of ImageJ 
2 (National Institute of Health, NIH) software.

Cell preparation
For analyses of haematopoietic cells in host femurs and femoral grafts, 
BM cells in these bones were flushed and dissociated using a 1 ml syringe 
with PBS through a 21-gauge needle. For analyses of haematopoietic 
cells throughout the mouse body, BM cells in endogenous and grafted 
femurs, tibias, humeri and pelvis were collected by flushing and dis-
sociating, and radii, skull, spine, sternum and ribs were minced into 
small pieces with scissors, crushed with a mortar and pestle and fil-
tered through a 70 µm cell strainer. Splenic cells were obtained by 
gentle grinding with slide glasses and passing through a 70 µm cell 
strainer. Cells in the liver were obtained by gentle grinding with slide 
glasses followed by digestion at 37 °C for 30 min in 1 mg ml−1 collagenase 
type IV (17104019, Gibco), 2 mg ml−1 dispase (17105041, Gibco) and 
50 μg ml−1 DNase I (DN25, Sigma-Aldrich). Peripheral blood was col-
lected by retro-orbital bleeding of mice anaesthetized with isoflurane 
and mixed with EDTA to prevent clotting. The data from the bones 
above, spleen, liver and blood (assumed to be 2 ml per animal) were 
summed to determine the total HSC numbers in the mouse body. For 
analyses of BM stromal cells, intact flushed BM plugs were digested at  
37 °C for 30 min in 1 mg ml−1 collagenase type IV, 2 mg ml−1 dispase and 
50 μg ml−1 DNase I in Hank’s balanced salt solution with calcium and 
magnesium (21-023-CV, Gibco). These single-cell suspensions were 
then subjected to red blood cell lysis with ammonium chloride and 
washed in ice-cold PEB (PBS containing 0.5% BSA and 2 mM EDTA).

Flow cytometry analysis and cell sorting
Cells were surface-stained in PEB for 30–60 min at 4 °C. Antibodies 
used for flow cytometry analyses and sorting were as follows: anti-CD45 
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APC-eFluor 780 (30-F11, 47-0451-82), anti-TER-119 APC-eFluor 780 
(TER-119, 45-5921-82), anti-CD31 PE-Cyanine7 (390, 25-0311-82), 
anti-CD51 biotin (RMV-7, 13-0512-85), anti-CD140a (PDGFRA) PE (APA5, 
12-1401-81), anti-CD140a PE-Cyanine7 (APA5, 25-1401-81), anti-Ly6A/E 
(SCA-1) FITC (D7, 11-5981-82), anti-Ly6G/Ly6C (GR-1) FITC (RB6-8C5, 
11-5931-85), anti-Ly6G/Ly6C APC-eFluor 780 (RB6-8C5, 47-5931-82), 
anti-CD11b PE (M1/70, 12-0112-83), anti-CD11b PE-Cyanine7 (M1/70, 
25-0112-82), anti-CD11b APC-eFluor 780 (M1/70, 47-0112-82), anti-B220 
APC-eFluor 780 (RA3-6B2, 47-0452-82), anti-CD3e APC-eFluor 780 (145-
2C11, 47-0031-82), anti-CD48 PerCP-eFluor 710 (HM48-1, 46-0481-85), 
anti-CD48 PE-Cyanine7 (HM48-1, 25-0481-80), anti-CD41 PerCP-eFluor 
710 (MWReg30, 46-0411-82), anti-CD34 eFluor 660 (RAM34, 50-0341-
82, 1:50 dilution), anti-CD135 (FLT3) PerCP-eFluor 710 (A2F10, 46-1351-
82), anti-CD115 APC (AFS98, 17-1152-82) and anti-CD45.1 PE-Cyanine7 
(A20, 25-0453-82) from eBioscience; anti-CD62E PE (10E9.6, 553751) 
from BD Biosciences; anti-KIT PE-Cyanine7 (2B8, 105814), anti-CD117 
Brilliant Violet 421 (2B8, 105828), anti-CD150 PE (TC15-12F12.2, 115904), 
F4/80 PE (BM8, 123110) and anti-CD45.2 APC (104, 109814) from Bio-
Legend; and anti-CD3e PerCP-Cyanine5.5 (145-2C11, 65-0031-U100) 
from Tonbo Biosciences. Streptavidin FITC (11-4317-87) and Strepta-
vidin PerCP-eFluor 710 (46-4317-82) were purchased from eBiosci-
ence. Unless otherwise specified, all antibodies, Streptavidin FITC 
and Streptavidin PerCP-eFluor 710 were used at a 1:100 dilution. Flow 
cytometry analyses were carried out on the BD LSRII (BD Biosciences) 
system, and cell sorting experiments were performed using BD FACS
Aria (BD Biosciences). Dead cells and debris were excluded by forward 
scatter, side scatter and DAPI staining (1 µg ml−1) profiles. Data were 
analysed using FACS Diva 6.1 (BD Biosciences) and FlowJo 10 software. 
Gating strategies are shown in Supplementary Fig. 1.

Cell cycle analysis
Single-cell suspensions were stained for cell surface markers, and sub-
sequently fixed and permeabilized with BD Cytofix/Cytoperm solution 
(554714, BD Biosciences) according to the manufacturer’s instructions. 
The cells were then stained with DAPI (Sigma-Aldrich) at 5 μg ml−1 and 
anti-Ki-67 PerCP eFluor 710 antibody (SolA15, 46-5698-80, eBioscience) 
or anti-Ki-67 eFluor 660 antibody (SolA15, 50-5698-82, eBioscience) at 
1:100 dilution for 30 min at 4 °C. After washing, the cells were analysed 
on the BD LSRII (BD Biosciences) system. A DAPIlowKi-67low fraction was 
designated as the G0 phase of the cell cycle.

Blood cell analysis
Peripheral blood was diluted in PBS, and blood parameters were deter-
mined with the Advia120 Hematology System (Siemens).

Competitive BM and HSC transplantation
Competitive repopulation assays were performed using the CD45.1/
CD45.2 congenic system. CD45.1 recipient mice were lethally irradiated 
(12 Gy, two split doses at least three hours apart) in a caesium mark 1 irra-
diator ( JL Shepherd & Associates). For BM repopulation assays, 1 × 106 
CD45.2 donor-nucleated BM cells were transplanted into irradiated 
recipients together with 1 × 106 CD45.1 BM cells. For HSC repopulating 
assays, 200 HSCs (CD45.2) were sorted from BM cells and transplanted 
into irradiated CD45.1 recipients together with CD45.1 competitor BM 
cells calculated to contain 200 HSCs (1:1 HSC ratio). For secondary BMT, 
3 × 106 BM cells from primary recipient mice were transplanted into 
newly irradiated (12 Gy) CD45.1 recipients. CD45.1/CD45.2 chimerism 
of the myeloid (CD11b+), B (B220+) and T (CD3ε+) lineages in recipient 
blood was analysed up to 5 months after BM or HSC transplantation 
using a flow cytometer, and that of BM cells was checked at 5 months 
after BM or HSC transplantation, at which the mice were euthanized.

Ex vivo HSC culture
Ex vivo HSC cultures were performed using F12-PVA-based culture 
conditions as previously described40. In brief, HSCs were sorted 

into 96-well flat-bottom plates containing 200 µl HSC medium and 
expanded at 37 °C with 5% CO2 for up to 28 days. Medium changes were 
made every 2–3 days. Cells were split at a 1:3 ratio into new plates when 
reaching 80–90% confluency. After expansion, the cells were used for 
non-conditioned transplantation.

Non-conditioned HSPC transplantation
HSCs were purified from CD45.2 mice and expanded, as described 
above. Expanded HSPCs (106 LSK cells per recipient mouse) were 
then transferred into non-irradiated tamoxifen-administered 
Cdh2-creER;Kitlfl/fl mice (backcrossed with CD45.2 mice for more than 
10 generations) after the transplantation of one or six WT femurs, split 
into three doses over consecutive days.

Targeted limb irradiation
Animals were anaesthetized by isoflurane before irradiation using 
the Small Animal Radiation Research Platform, SARRP (XStrahl). The 
orthovoltage X-ray unit operates at 220 kVp and 13 mA. Before irradia-
tion, a static X-ray scan was acquired using 50 kVp and 0.7 mA tube 
current with Al filtration. Mice were maintained in a circular lucite jig 
with whole-body lead shielding (to protect the individualized compart-
ments from unwanted irradiation) and ports through which secured 
four limbs protruded and were irradiated to 20 Gy in a single fraction.

RNA extraction and RT–qPCR analysis
A total of 2 × 103 MSCs or HSCs were sorted directly into lysis buffer 
and stored at −80 °C. mRNA was extracted using the Dynabeads mRNA 
DIRECT Purification Kit (61012, Invitrogen) according to the manufac-
turer’s protocols. Conventional reverse transcription (RT) with random 
hexanucleotide primers was then performed using the RNA to cDNA 
EcoDry Premix (639549, TaKaRa) in accordance with the manufacturer’s 
instructions. Quantitative PCR (qPCR) was performed in 384-well plates 
with FastStart Universal SYBR Green Master Mix (04913914001, Roche) 
on the QuantStudio 6 Flex Real-Time PCR System v.1.7.2 (Applied Bio-
systems). The PCR protocol started with one cycle at 95 °C (10 min) 
and continued with 40 cycles at 95 °C (15 s) and 60 °C (1 min). All mRNA 
abundance was calculated relative to the corresponding amount of Actb 
(encoding β-actin) using the ΔCt method. A list of the primer sequences 
is provided in Supplementary Table 1.

ELISA
For analysis of BMEF, the BM of one femur or pelvis was flushed out using 
1 ml of PBS, and the cells were subsequently pelleted by centrifugation. 
The resulting supernatant was transferred to another tube and stored 
at −80 °C until analysis. For analysis of serum, blood was allowed to clot 
at room temperature, and serum was separated by centrifugation and 
stored at −80 °C until analysis. Cytokine levels in BMEF and serum were 
then measured using mouse IL-1β (BMS6002), IL-6 (KMC0061) ELISA 
kits (Thermo Fisher Scientific) and TNF (MTA00B-1), CXCL12/SDF-1α 
(MCX120), SCF (MCK00) and TPO (MTP00) Quantikine ELISA kits (R&D 
Systems) according to the manufacturer’s protocols.

Statistics and reproducibility
All data are presented as mean ± s.e.m. n represents the number of mice 
in each experiment, as detailed in the figure legends, and experiments 
presented were successfully reproduced in at least three biological 
replicates. No statistical method was used to predetermine sample 
sizes, and sample sizes were determined by previous experience with 
similar models of haematopoiesis, as shown in previous experiments 
performed in our laboratory13,14,16,19,20,47. Sample exclusion was only 
done as a result of premature mouse death. Statistical significance was 
determined by an unpaired, two-tailed Student’s t-test to compare two 
groups or a one-way ANOVA with Tukey’s multiple-comparison tests for 
multiple group comparisons. Data presentation and statistical analy-
ses were performed using Prism 10 (GraphPad), Excel 16 (Microsoft), 



SlideBook 6 (Intelligent Imaging Innovations), Photoshop 26 (Adobe) 
and FlowJo 10 software.

The data in Fig. 2j,k were obtained in the same experiments, and data 
from the sham-operated mice were reused in each of these figure pan-
els. The data in Extended Data Fig. 7b,c were obtained in the same exper-
iments, and data from the sham-operated mice were reused in each of 
these figure panels. The data in Extended Data Fig. 8i,j were obtained in 
the same experiments, and data from the sham-operated Cxcl12fl/fl and 
Cdh2-creER;Cxcl12fl/fl mice were reused in each of these figure panels. 
The data in Fig. 3h,i were obtained in the same experiments, and data 
from the sham-operated Cxcl12fl/fl and Cdh2-creER;Cxcl12fl/fl mice were 
reused in each of these figure panels. The data in Fig. 4c,d were obtained 
in the same experiments, and data from the sham-operated Kitlfl/fl and 
Cdh2-creER;Kitlfl/fl mice were reused in each of these figure panels. The 
data in Fig. 5c,d were obtained in the same experiments, and data from 
the sham-operated Tpo+/+, Tpo+/− and Tpo−/− mice were reused in each 
of these figure panels. The data in Fig. 5h,i were obtained in the same 
experiments, and data from the sham-operated WT and Tpo-Tg mice 
were reused in each of these figure panels.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper.
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Extended Data Fig. 1 | While MSCs survive in the femoral grafts, virtually  
no haematopoietic cells are detected shortly after bone transplantation. 
a, Experimental strategy to determine the number of MSCs, HSCs and 
differentiated haematopoietic cells in the grafts shortly after bone 
transplantation from WT to WT mice. The diagram was created using 
BioRender. Takeishi, S. (2025) https://BioRender.com/9d3nv16.  
b, c, The number of MSCs (b) and HSCs (c) in the grafts at the indicated 
timepoints after bone transplantation. n = 6, 7 grafts from 6, 7 host mice, 

respectively, at each timepoint. d, Relative number of MSCs and HSCs in the 
grafts compared with non-transplanted femurs at the indicated timepoints 
after bone transplantation. n = 6, 7 grafts from 6, 7 host mice, respectively, at 
each timepoint. e, The number of differentiated haematopoietic cells in the 
grafts at the indicated timepoints after bone transplantation. n = 8 grafts from 
8 host mice at each timepoint. Data are mean ± s.e.m. Significance was assessed 
using a two-tailed unpaired Student’s t-test (d) or one-way ANOVA (b, c, e).

https://BioRender.com/9d3nv16
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Extended Data Fig. 2 | BM stroma regeneration and haematopoietic 
recovery in the femoral grafts. a, Schematic of the transplantation of Nestin-
GFP femurs into Nestin-GFP mice and analyses. The diagram was created  
using BioRender. Takeishi, S. (2025) https://BioRender.com/9d3nv16.  
b, Representative flow cytometry plots and the quantification of overlap of 
CD51+CD140α+ cells and Nestin-GFP+ cells in CD45–TER-119–CD31– fraction of 
the host femurs and the grafts at 5 months after bone transplantation. 8 host 
femurs and 8 grafts from 8 host mice. c, Representative confocal z-stack 
projection montages of Nestin-GFP (green) host femur and graft stained for 

CD31+CD144+ (white) vasculature at 1 or 5 months after bone transplantation. 
Scale bars, 1000 µm; four independent experiments yielded similar results.  
d-f, The number of BM cells (d), MSCs (e) and HSCs (f) per host femur and graft 
at the indicated timepoints after bone transplantation. 8 host femurs and 8 
grafts from 8 host mice at each timepoint. g, The number of differentiated 
haematopoietic cells per host femur and graft. 8 host femurs and 8 grafts from 
8 host mice. Data are mean ± s.e.m. Significance was assessed using a two-
tailed unpaired Student’s t-test.

https://BioRender.com/9d3nv16
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Extended Data Fig. 3 | Determination of the origin of the cells in the femoral 
grafts. a, Experimental strategy to determine whether MSCs in the grafts are 
derived from the grafts. b, Left: representative flow cytometry plots of Nestin-
GFP+ cells in CD45–TER-119–CD31–CD51+CD140α+ MSCs isolated from the host 
femurs (top) and the grafts (bottom) in the experiment shown in a. Right: 
the frequency of the Nestin-GFP+ population within the CD45–TER-119–CD31–

CD51+CD140α+ fraction in the host femurs and the grafts. 6 host femurs and 6 
grafts from 6 host mice. c, Experimental strategy to determine whether MSCs 
in the grafts are derived from the hosts. d, Left: representative flow cytometry 
plots of Nestin-GFP+ cells in CD45–TER-119–CD31–CD51+CD140α+ MSCs isolated 
from the host femurs (top) and the grafts (bottom) in the experiment shown in 
c. Right: the frequency of the Nestin-GFP+ population within the CD45–TER-119–

CD31–CD51+CD140α+ fraction in the host femurs and the grafts. 6 host femurs 
and 6 grafts from 6 host mice. e, Experimental strategy to determine whether 
ECs in the grafts are derived from the grafts. f, Confocal z-stack projection of 
Cdh5-CreER; iTdTomato (red) graft transplanted to WT mice and stained for 
CD31+CD144+ (white) vasculature. Scale bar, 1000 µm; three independent 
experiments yielded similar results. g, Left: representative flow cytometry 
plots of TdTomato+ cells in CD45–TER-119–CD31+SCA-1highCD62Elow AEC fraction 
from the host femurs (top left) and the grafts (bottom left) and in CD45–TER-

119–CD31+SCA-1lowCD62Ehigh SEC fraction from the host femurs (top right) and 
the grafts (bottom right) in the experiment shown in e. Right: the frequency  
of the TdTomato+ cells in AEC and SEC fractions in the host femurs and the 
grafts. 6 host femurs and 6 grafts from 6 host mice. h, Experimental strategy  
to determine whether ECs in the grafts are derived from the hosts. i, Confocal 
z-stack projection of WT graft transplanted to Cdh5-CreER; iTdTomato (red) 
mice and stained for CD31+CD144+ (white) vasculature. Scale bar, 1000 µm; 
three independent experiments yielded similar results. j, Left: representative 
flow cytometry plots of TdTomato+ cells in CD45–TER-119–CD31+SCA-1highCD62Elow 
AEC fraction from the host femurs (top left) and the grafts (bottom left) and  
in CD45–TER-119–CD31+SCA-1lowCD62Ehigh SEC fraction from the host femurs 
(top right) and the grafts (bottom right) in the experiment shown in h. Right: 
the frequency of the TdTomato+ cells in AEC and SEC fractions in the host 
femurs and the grafts. 6 host femurs and 6 grafts from 6 host mice. k, Schematic 
of the determination of the origin of haematopoietic cells in the grafts.  
l, The frequency of CD45.1+ and CD45.2+ cells in the whole BM cells, HSCs and 
differentiated haematopoietic cells in the host femurs and the grafts. 6 host 
femurs and 6 grafts from 6 host mice. Data are mean ± s.e.m. The diagrams  
in a, c, e, h and k were created using BioRender. Takeishi, S. (2025) https://
BioRender.com/9d3nv16.

https://BioRender.com/9d3nv16
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Extended Data Fig. 4 | Normal BM structure and HSC niche function in 
G-CSF-administered femoral grafts. a, Schematic of the transplantation of 
Nestin-GFP femurs into Nestin-GFP mice, G-CSF administration and analyses. 
The diagram was created using BioRender. Takeishi, S. (2025) https://
BioRender.com/9d3nv16. b, Representative confocal z-stack projection 
montages of G-CSF-administered Nestin-GFP (green) host femurs and grafts 
stained for CD31+CD144+ (white) vasculature. Green arrows indicate arterioles. 
Scale bars, 100 µm; four independent experiments yielded similar results.  
c, Vasculature density in the host femurs and the grafts, as assessed by 
quantification of CD31+CD144+ vascular area divided by total BM area. n = 30 
and 34 projections in the host femurs and the grafts, respectively; 4 host 
femurs and 4 grafts from 4 host mice. d, Arteriolar segment length in the host 
femurs and the grafts, as assessed by quantification of the length of the Nestin-
GFP+ signal covering CD31+CD144+ arterioles. n = 60 and 55 projections in the 
host femurs and the grafts, respectively; 4 host femurs and 4 grafts from 4 host 

mice. e, Nestin-GFP density in the host femurs and the grafts, as assessed by 
quantification of Nestin-GFP+ area divided by total BM area. n = 28 and 31 
projections in the host femurs and the grafts, respectively; 4 host femurs and  
4 grafts from 4 host mice. f, g, BM cellularity (f) and the frequency of Nestin-
GFP+ MSCs (g) from the host femurs and the grafts, assessed by flow cytometry. 
8 host femurs and 8 grafts from 8 host mice. h, IL-1β, IL-6 and TNF-α levels in 
BMEF of the host femurs and the grafts measured by ELISA at the indicated 
timepoints after bone transplantation in the experiment shown in Fig. 1a. 8 
host femurs and 8 grafts from 8 G-CSF-administered host mice. i, CXCL12 and 
SCF levels in BMEF of the host femurs and the grafts measured by ELISA. 8 host 
femurs and 8 grafts from 8 G-CSF-administered host mice. Data are mean ± s.e.m. 
For box plots, the box spans from the 25th to 75th percentiles and the centre 
line is plotted at the median. Whiskers represent the minimum to maximum 
range. Significance was assessed using a two-tailed unpaired Student’s t-test.

https://BioRender.com/9d3nv16
https://BioRender.com/9d3nv16


Extended Data Fig. 5 | G-CSF-administered grafts harbour HSCs with 
normal functions. a, Mean fluorescence intensity (MFI) of cKIT, CD150 and 
CD41 in HSCs from the host femurs and the grafts in the experiment shown  
in Fig. 1a. 8 host femurs and 8 grafts from 8 G-CSF-administered host mice.  
b, Quantification of mRNA levels of the indicated cell cycle regulators in HSCs 
from the host femurs and the grafts. 8 host femurs and 8 grafts from 8 G-CSF- 
administered host mice. c, Blood chimerism (CD45.2) in myeloid (CD11b+), B 
(B220+) and T (CD3ε+) cells of recipient mice transplanted with HSCs (CD45.2) 
from G-CSF-administered host femurs or grafts in competition with CD45.1+ 
BM cells at the indicated timepoints after primary HSCT in the experiment 

shown in Fig. 1a. n = 10 mice per group. d, e, BM chimerism in whole BM, myeloid, 
B, T cells (d) and HSCs (e) at 5 months after primary HSCT. n = 10 mice per 
group. f, Blood chimerism (CD45.2) in total WBC, myeloid, B and T cells of 
recipient mice at the indicated timepoints after secondary BMT. n = 10 mice  
per group. g, BM chimerism in whole BM, myeloid, B and T cells at 5 months 
after secondary BMT. n = 10 mice per group. Data are mean ± s.e.m. For box 
plots, the box spans from the 25th to 75th percentiles and the centre line is 
plotted at the median. Whiskers represent the minimum to maximum range. 
Significance was assessed using a two-tailed unpaired Student’s t-test.
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | Characterization of HSCs and their niches in the host 
femurs and the grafts after six femur transplantation. a, HSC distribution  
in the mouse BM, as assessed by flow cytometry. The number in parentheses 
indicates the number of bones examined per mouse. n = 10 mice. b, Schematic 
of transplanted sites of femurs in the experiment shown in Fig. 2a. The  
diagram was created using BioRender. Takeishi, S. (2025) https://BioRender.
com/9d3nv16. c, d, The number of BM cells (c) and ECs (d) in the grafts by  
their transplanted site. n = 16 grafts per transplanted site. e, EC numbers per 
host femur and graft. 7 femurs from 7 sham-operated mice, 8 host femurs and 
48 grafts from 8 bone transplantation hosts. f, MSC numbers in the grafts by 
their transplanted site. n = 16 grafts per transplanted site. g, CXCL12 and SCF 

levels in BMEF of the grafts by their transplanted site. n = 16 grafts per 
transplanted site. h, HSC numbers in the grafts by their transplanted site.  
n = 16 grafts per transplanted site. i, MFI of cKIT and CD150 in HSCs from the 
grafts by their transplanted site. n = 16 grafts per transplanted site. j, MFI of 
cKIT and CD150 in HSCs from the host femurs and the grafts. 7 femurs from 7 
sham-operated mice, 8 host femurs and 48 grafts from 8 bone transplantation 
hosts. k, Diagram showing the results of six WT femur transplantation into WT 
mice. Data are mean ± s.e.m. For box plots, the box spans from the 25th to 75th 
percentiles and the centre line is plotted at the median. Whiskers represent  
the minimum to maximum range. Significance was assessed using one-way 
ANOVA.
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Extended Data Fig. 7 | MPP numbers in the entire body do not alter after 
transplantation of six WT femurs. a, The number of the indicated MPP subsets 
per host femur and graft in the experiment shown in Fig. 2a. 7 femurs from  
7 sham-operated mice, 8 host femurs and 48 grafts from 8 bone transplantation 

hosts. b, c, The number of the indicated MPP subsets in the entire body of hosts 
(excluding grafts) (b), and the sum of MPPs in the hosts and the grafts (c).  
n = 7, 8 mice, respectively. Data are mean ± s.e.m. Significance was assessed 
using a two-tailed unpaired Student’s t-test (b, c) or one-way ANOVA (a).



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Total HSC numbers in the body remain unchanged 
when the size of the intact niche is increased, even in mice with impaired 
HSC retention in endogenous BM niches. a, Left: representative flow 
cytometry plots of TdTomato+ cells in CD51–CD140α– cells and CD51+CD140α+ 
MSCs within CD45–TER-119–CD31– fraction of Cdh2-CreER; iTdTomato mice. 
Right: quantification of overlap of CD51–CD140α–, CD51+CD140α+ and 
TdTomato+ cells in the CD45–TER-119–CD31– fraction of Cdh2-CreER; iTdTomato 
mice. n = 4 mice. b, Left: representative flow cytometry plots of TdTomato+ 
cells in Nestin-GFP– cells and Nestin-GFP+ MSCs within CD45–TER-119–CD31– 
fraction of Cdh2-CreER; iTdTomato; Nestin-GFP mice. Right: Quantification of 
overlap of Nestin-GFP–, Nestin-GFP+ and TdTomato+ cells in the CD45–TER-119–

CD31– fraction of Cdh2-CreER; iTdTomato; Nestin-GFP mice. n = 4 mice.  

c-e, HSC numbers in the femurs (c), blood (d) and spleens (e) of Cxcl12fl/fl  
and Cdh2-CreER; Cxcl12fl/fl mice. n = 7, 9 mice, respectively. f, Schematic of  
the transplantation of six WT femurs into Cdh2-CreER; Cxcl12fl/fl mice and 
analyses. The diagram was created using BioRender. Takeishi, S. (2025)  
https://BioRender.com/9d3nv16. g, HSC numbers per host femur and graft  
of the indicated genotypes. 8 femurs from 8 sham-operated mice, 8 host 
femurs and 48 grafts from 8 bone transplantation hosts in both Cxcl12fl/fl and 
Cdh2-CreER; Cxcl12fl/fl groups. h-j, HSC numbers in the spleens (h), in the  
entire body of hosts (excluding grafts) (i) and the sum of HSCs in the hosts  
and the grafts ( j) of the indicated genotypes. n = 8 mice per group. Data are 
mean ± s.e.m. Significance was assessed using a two-tailed unpaired Student’s 
t-test (c-e) or one-way ANOVA (g-j).

https://BioRender.com/9d3nv16
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Extended Data Fig. 9 | HSC numbers are restricted at both systemic and 
local levels. a, b, The number of ECs (a) and MSCs (b) in the non-targeted bone 
(pelvis) after localized irradiation in the experiment shown in Fig. 3a. n = 6 mice 
per group. c, Quantification of mRNA levels of the indicated HSC niche factors 
in MSCs from the non-targeted bone (pelvis) after localized irradiation. n = 6 
mice per group. d, CXCL12 and SCF levels in BMEF of the non-targeted bone 
(pelvis) measured by ELISA after localized irradiation. n = 6 mice per group.  
e, HSC numbers in the indicated bones and the spleens after localized irradiation. 
The number in parentheses indicates the number of bones examined per 

mouse. n = 6 mice per group. f, Schematic of parabiosis experimental  
design. The diagram was created using BioRender. Takeishi, S. (2025) https://
BioRender.com/9d3nv16. g, Percent partner-chimerism in parabionts.  
n.a.: not available due to expression of the same CD45 isoform. n = 8 mice per 
group. h, i, HSC numbers per femur (h) and spleen (i) from mice of the indicated 
genotypes. 8 mice and 8 partners from 8 parabionts per group. j, HSC numbers 
in the entire bodies per parabiont of the indicated genotypes. n = 8 parabionts 
per group. Data are mean ± s.e.m. Significance was assessed using a two-tailed 
unpaired Student’s t-test (a-e) or one-way ANOVA (h-j).

https://BioRender.com/9d3nv16
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Extended Data Fig. 10 | HSC numbers are not upregulated when they are 
reduced in specific settings. a, HSC numbers per femur of Kitlfl/fl and Cdh2-
CreER; Kitlfl/fl mice. n = 8 mice per group. b, HSPC numbers in the blood of  
Kitlfl/fl and Cdh2-CreER; Kitlfl/fl mice. n = 8 mice per group. c, HSC numbers  
in the spleens of Kitlfl/fl and Cdh2-CreER; Kitlfl/fl mice. n = 8 mice per group. 
d, Experimental strategy to determine HSC numbers in the femurs and the 
spleens shortly after G-CSF administration. The diagram was created using 
BioRender. Takeishi, S. (2025) https://BioRender.com/9d3nv16. e, f, HSC numbers 
per femur (e) and spleen (f) at 7 days after vehicle or G-CSF administration in the 
experiment shown in d. n = 6 mice per group. g-i, The number of BM cells (g), 

ECs (h) and MSCs (i) per femur of the indicated cohorts at 2 months after 
vehicle or G-CSF administration in the experiment shown in Fig. 4e. n = 6 mice 
per group. j, Quantification of Kitl mRNA levels in MSCs from the indicated 
cohorts at 2 months after vehicle or G-CSF administration. n = 6 mice per 
group. k, SCF levels in BMEF of the femurs from the indicated cohorts measured 
by ELISA at 2 months after vehicle or G-CSF administration. n = 6 mice per group. 
l, Quantification of mRNA levels of niche factors in MSCs from the indicated 
cohorts at 2 months after vehicle or G-CSF administration. n = 6 mice per 
group. Data are mean ± s.e.m. Significance was assessed using a two-tailed 
unpaired Student’s t-test (a-c, e, f) or one-way ANOVA (g-l).

https://BioRender.com/9d3nv16
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