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Bone marrow (BM) HSC niches are composed of multiple hae-
matopoietic and non-haematopoietic cells interacting in a 
complex three-dimensional architecture to support HSC func-

tion1–12. On ageing, HSC activity decreases, resulting in impaired 
tissue homeostasis, reduced engraftment following transplantation 
and increased susceptibility to diseases and leukaemia13–18. Changes 
in the HSC niche on ageing might also affect stem cell activity19.

Here, to functionally characterize the interaction between BM 
niches and HSCs on ageing, we employed SCL-tTAxH2B-green 
flourescent protein (GFP) double heterozygous mice to identify 
aged HSCs that can retain the pulsed histone H2B-green fluores-
cent protein (H2B-GFP) label in  vivo after at least 18 months of 
doxycycline (Dox) treatment (Fig. 1a; aged label-retaining HSCs, 
aLR-HSCs). LR-HSCs have been shown to act as a reserve stem 
cell population that resisted chemotherapeutic challenge20–25. We 
demonstrate that in aged mice LR-HSCs reside predominantly in 
sinusoidal niches and are functionally superior to non-LR HSCs. 
We show that on ageing, HSCs are located more distantly to mul-
tiple types of BM niche cells, but not from sinusoids or perisinu-
soidal Nestin(Nes)-GFPlow cells. Sinusoidal niches and Nes-GFPlow 
cells remain uniquely preserved in shape, morphology and number 
on ageing. We show that jagged canonical notch ligand 2 (Jag2) is 
expressed at sinusoids and perisinusoidal Nes-GFPlow cells in prox-
imity to aLR-HSCs, and that blocking of endothelial Jag2 promotes 
HSC proliferation. Finally, we demonstrate that myeloablative  

chemotherapy disrupts the function of aged sinusoidal niches long-
term, which is linked to the lack of recovery of endothelial Jag2 at 
sinusoids after chemotherapy, and results in haematopoietic failure 
and decreased survival of aged mice.

Overall, our data characterize the divergence in niche preserva-
tion of HSC function during ageing and unveil that perisinusoi-
dal niches are uniquely protected, supporting the observation of 
aLR-HSCs located in their proximity. These findings underlie that 
physiological alterations of the BM niche on ageing impact haema-
topoiesis and survival, particularly in the context of specific thera-
peutic or chemotherapeutic interventions.

Results
aLR-HSCs are located in proximity to sinusoids. At 20 months  
of age, after 18 months of continuous Dox chase, 0.0057 ± 0.0013% 
of BM cells were LR-HSCs (gated as Lin–Kit+Sca-1+Flk2−CD34− 
CD48−CD150+H2B-GFP+) (Extended Data Fig. 1a–d). It should be 
noted that the ageing-associated expansion of LR-HSCs was relatively 
modest (∼3-fold), compared with an ∼11.8-fold expansion of aged 
GFP− non-LR-HSCs (anLR-HSCs) (Extended Data Fig. 1e). Based on 
single aLR-HSC transplantation assays into Rag2−/−γc−/−KitW/Wv recip-
ient mice26, more than 80% of these cells were functional long-term 
HSCs (Extended Data Fig. 1f–h). Both aLR-HSCs and anLR-HSCs 
were reconstituted in hosts up to secondary transplants. The popula-
tion of aLR-HSCs demonstrated a more than eightfold engraftment 
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in blood and a tendency to increased reconstitution of the stem and 
progenitor pools as well as of all blood lineages when compared with 
anLR-HSC in both primary and secondary recipients (Extended 
Data Fig. 2a–e). The single lineages did not show significant differ-
ences between samples, despite the significant higher overall engraft-
ment in aLR-HSC recipients. The aLR-HSCs were predominantly 
composed of young-like polar HSCs, whereas the anLR-HSCs were 
largely apolar (Extended Data Fig. 2f–i)19,27–29. Therefore, function 
and phenotypes associated with ageing characterize primarily nLR-
HSCs in aged mice.

Next, we hypothesized that LR-HSCs in the aged BM might 
be located at selected niches, here defined as three-dimensional 
spatial areas of the BM tissue, characterized by presence of 
HSCs and selected cell types situated in proximity to each other  
(Fig. 1b). Young HSCs are found as individual stem cells30 in prox-
imity to periarteriolar and perisinusoidal cells1–5, reside frequently 
at the endosteal area of the BM cavity1,6,7 and often associate with 
megakaryocytes (MKs)8–10. Although young LR and CD150+ LR 
cells were found homogenously throughout the BM and also at the 
endosteal area, in agreement with previous reports21, aLR-HSCs 
were always observed as individual stem cells mostly located close 
(8.1 ± 1.2 µm) to the vasculature, >50 µm from the endosteum  
(Fig. 1c,f,g and Extended Data Fig. 3a,b). In contrast, anLR-HSCs 
were found more frequently in clusters30,31 and were located sig-
nificantly further from the vasculature (at 18.5 ± 1.2 µm and 
21.7 ± 1.0 µm, for single and clustered anLR-HSCs, respectively; 
see Fig. 1d–g). The aLR-HSCs were found almost exclusively (83%) 
located in proximity to sinusoids, whereas only 19% and 10% of sin-
gle and clustered anLR-HSCs, respectively, were found at sinusoids 
(Fig. 1h–j, Supplementary Video 1 and Extended Data Fig. 3c–f for 
the histological distinction between sinusoidal and arteriolar ves-
sels). The aLR-HSCs and anLR-HSCs were not located in proximity 
to either the endosteum or MKs (Fig. 1k–m). Therefore, aLR-HSCs 
are individual stem cells found selectively and specifically in prox-
imity to perisinusoidal niches.

Aged HSCs are located distant to most niche cells but close to  
perivascular Nes-GFPlow cells and sinusoids. Intrigued by our 
findings on aLR-HSCs, we performed a more comprehensive char-
acterization to see if the distance of HSCs from niche cells changes 
with ageing. In the BM endosteal region of young mice, HSC fre-
quency was more than twofold higher compared with aged mice, 
and HSCs were significantly more distant from the endosteum 
(Fig. 2a–d, Extended Data Fig. 4a and Supplementary Table 1). 
Aged HSC frequencies were comparable between histology and 
flourescence-activated cell sorting (FACS) analyses (Supplementary 
Table 2). As previously reported8,10, 26 ± 2% of HSCs in the young 
BM were in proximity to MKs, while in the aged setting, only 
10.3 ± 2.1% of HSCs were located near to MKs (Extended Data  

Fig. 4b–e). In aged mice, the frequency of HSCs in proximity to 
Nes-GFPhigh cells was also significantly reduced, while the frequency 
of HSCs adjacent to Nes-GFPlow cells was unaltered. Therefore, the 
mean distance of HSCs to the nearest Nes-GFPhigh cell was increased 
in aged BM, whereas the mean distance to the nearest Nes-GFPlow 
cell was unchanged (Fig. 2e and Extended Data Fig. 4f–k). Most 
Nes-GFPlow cells were Leptin receptor+ (LepR+), and the distance 
of HSCs to perisinusoidal LepR+ cells in young and aged BM was 
similar (Extended Data Fig. 5a–d). Still, we have to consider that 
the antibody staining is not labelling the long processes of LepR+ 
cells; therefore these data may underestimate the distance of HSCs 
to LepR+ cells, particularly to LepR+ cell processes, as reported else-
where3. Furthermore, HSCs were located equally distant to the vas-
culature in young and aged BM, while HSCs in aged mice were more 
distant from arterioles but not from sinusoids (Fig. 2f,g, Extended 
Data Fig. 5e–g and Supplementary Videos 2–5). The frequency and 
localisation of Ki67+ HSCs in young and aged BM was comparable 
(Extended Data Fig. 5h–i and Supplementary Table 3). Thus, HSCs 
in aged BM lose proximity to multiple niche cells but not to sinu-
soids and perisinusoidal Nes-GFPlow cells.

Next, we investigated the extent to which ageing alters the num-
ber and the architecture of the different niche cells. In both central 
and endosteal BM preparations7,12, Nes-GFPhigh cells were signifi-
cantly decreased on ageing, while the frequency of Nes-GFPlow cells 
remained similar (Fig. 3a–d and Extended Data Fig. 5j). The num-
ber of MKs was increased (Fig. 3e,f and Extended Data Fig. 6a,b). 
The frequency of endothelial cells (ECs) in the endosteal area was 
significantly decreased, although the overall vasculature volume 
and the endothelial area occupancy was not altered (Fig. 3g–j 
and Extended Data Fig. 6c–d). Interestingly, the aged epiphyseal/
metaphyseal BM vasculature, which mainly comprises arteries and 
arterioles32, presented with a decreased length and diameter and 
a disorganized orientation of the vessels in aged BM (Fig. 3k–n). 
The aged BM diaphyseal area, which is located in the central bone 
and harbours the vast majority of the sinusoidal vessels32,33, was not 
altered in diameter, length or orientation of vessels (Fig. 2k,o,q). 
Therefore, sinusoidal/Nes-GFPlow cells in aged animals, which har-
bour LR-HSCs (Fig. 1h), are selectively not altered with respect to 
architecture and number on ageing.

HSC proximity to selected niche cells is not random and endothe-
lial Jag2 maintains aged LR-HSCs at sinusoids. We performed in 
silico modelling to investigate the relationship between changes in 
niche structure and the decreased HSC proximity on ageing. First, 
we simulated the distribution of 10,000 HSCs randomly placed 
within the BM cavity, and calculated the distance between these 
randomly placed cells and the different niche structures (indicated 
as ‘expected’ or ‘in silico’ samples) (Fig. 4a). The position of the 
HSCs was randomly simulated on the basis of each specific niche 

Fig. 1 | Aged lR-HSCs are located in proximity to sinusoids. a, SCL-tTAxH2B-GFP mice were treated with Dox for 18 months starting at 8 weeks of age. 
The H2B-GFP label signal is diluted by division and over time; only dormant, rarely dividing cells retain the label. b, HSCs were considered in proximity to 
a niche cell when the distance from the centroid of a HSC to the edge of a niche cell body was less than 10 µm. The HSC radius was found to be 5 µm and 
the smallest non-erythroblast BM cell radius was >5 µm. c–e, Representative confocal whole-mount images of old SCL-tTAxH2B-GFP BM areas showing a 
single GFP+CD150+CD41−CD48−Lin− LR-HSC (c), a single GFP−CD150+CD41−CD48−Lin− nLR-HSC (d) and clustered nLR-HSCs (e) (arrowheads).  
LR-HSCs that were observed to maintain H2B-GFP+ nuclei are shown in green; FABP4+ vasculature is shown in magenta. HSCs that are CD150+ are shown 
in red, and those negative for the other haematopoietic markers (CD41, CD48 and lineage) are in grey. f, The percentages of single and clustered nLR-
HSCs and LR-HSCs. g, The mean distances of single LR-HSCs and single and clustered nLR-HSCs to the nearest vasculature. h, The percentages of single 
LR-HSCs, single and clustered nLR-HSCs in proximity (<10 µm) to sinusoids (83.33%, 19.08% and 9.46%, respectively), arterioles/arteries (5.56%, 9.21% 
and 0.00%, respectively) and MKs (27.78%, 19.33% and 5.33%, respectively). i, Three-dimensional reconstructed images of old SCL-tTAxH2B-GFP BM 
showing a LR-HSC (arrowhead) in proximity to sinusoidal vasculature. j, The percentages of different HSC types that are adjacent to sinusoids (<10 µm, 
29%, 57% and 14%, respectively). k, The mean distances of single LR-HSCs and single and clustered nLR-HSCs to the nearest endosteum. l, The mean 
distances of single LR-HSCs and single and clustered nLR-HSCs to the nearest MK. m, LR-HSC (arrowhead) in proximity to a MK. Experiments in c–e, i and 
m were repeated independently 7 times with similar results. Data in f–h and j–l was obtained from n = 245 total HSCs from 6 mice, from 51 longitudinal 
humeral and femoral cross-section areas, and from 7 biological repeats. Data represent the mean ± s.e.m. In g, k and l the statistical significance was 
assessed by a two-tailed Mann–Whitney-test. Scale bars, 20 µm. See also Extended Data Figs. 1–2, Supplementary Video 1 and Source Data Fig. 1.
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structure (see Supplementary Fig. 1 and Methods for additional 
experimental details). Second, we compared the simulated random 
distributions (expected) with our three-dimensional histological 

data. Based on this analysis, we could conclude that the localisation 
of HSCs is not random in both young and aged BM with respect to 
all the selected niche cells (Fig. 4b and Extended Data Fig. 6e–g).
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Next, we compared differences between young and aged samples. 
First, we analysed the changes in distances between the samples gen-
erated computationally (in silico). Therefore, we compared the in 
silico young and aged samples side by side for each niche structure 
to calculate the expected difference. In a similar way, we examined 
the histological measurements from young and aged samples side 
by side for each niche structure, to quantify the ‘observed’ difference 
(Fig. 4c). Finally, we correlated the in silico expected results (young 
versus aged) with the histological observed results (young versus 
aged) (Fig. 4d). The data ultimately revealed that the increase in 
the in silico predicted distance of HSCs from Nes-GFPhigh cells, and 
from the endosteum, agrees with the histological data, suggesting 
that the change in HSC distance might be linked to the systematic 
changes in structure and/or distribution of these niche cells, which 
was expected based on the sole structural change of these niche cells 
with ageing (Fig. 4c,d and Extended Data Fig. 6h). Both the in silico 
model and the histological data indicated that the distance from 
Nes-GFPlow cells was not altered (Fig. 4d and Extended Data Fig. 6i).  
With regards to MKs, the model did not predict changes with age-
ing, indicating that the observed increased distance is not driven 
by changes in MK distribution (Fig. 4d and Extended Data Fig. 6j).

To further validate the relevance of the HSC position with 
respect to niche cells, we assessed whether we could predict whether 
a HSC is young or aged, based on the relative distance to various 
niche cells. To this end, we performed a keras/tensorFlow multi-
layer deep learning analysis based on the seven different distance 
measurements of HSCs from vasculature, endosteum, NesGFPlow, 
NesGFPhigh, MKs andLepR+, as well as the distance between indi-
vidual HSCs. Alhough each histological measurement was collected 
from hundreds of cells, not all measurements were done simultane-
ously for a given cell. To address this in a robust and multivariate 
manner, we subsampled data from each measurement and merged 
them into a matrix for every training step of the model (see Methods 
for further details). The model was then sequentially trained for 50 
rounds (iterations), with each iteration (50 epochs) taking new sam-
pling data of the training set. Validation was done on a subset of data 
not seen by the model. We observed close to 70% prediction accu-
racy in the first iteration, which linearly increased to 82.5% after 
50 rounds of iteration (Fig. 4e,f). To assess the model improvement 
efficiency with every round of subsampling, we binned the results 
into 10 groups (each with five iterations). A correlation analysis 
between the median accuracy of the bins and their ordered/ranked 
version (smallest to largest) was statistically highly significant, indi-
cating that the model significantly and linearly improved over the 
iterations considered (Fig. 4e). When we assessed the confusion 
table (degree of match between empirical and predicted HSCs), we 
saw that the model was predicting equally well whether a HSC was 
young or aged, and the rate of misclassification in the validation set 
was comparable (14.8% of mis-classified young HSCs and 18.8% of 
misclassified aged HSCs; Fig. 4f). In the final step, we looked at the 

overall relevance of each niche cell type in the prediction analysis. 
All parameters were positively correlated, and there was no signifi-
cant difference between their correlation coefficients (Fig. 4g), indi-
cating that none of the niche cells are individually important, but 
rather that they need to be considered simultaneously (Fig. 4g and 
Supplementary Fig. 2). Therefore, according to our deep learning 
approach, the proximity of selected niche cells to HSCs can be used 
to predict whether a given stem cell is young or old.

To further support proximity to specific cell types as a critical 
aspect in characterizing whether young and aged niches are func-
tionally different, we performed competitive young and aged HSC 
transplants into non-irradiated young and aged Rag2–/–γc–/–KitW/Wv  
recipient mice (Fig. 4h). The histological and PB data showed that 
in young recipients, young and aged HSCs localise with signifi-
cantly different frequency in proximity to the arterioles or endos-
teum compared with sinusoids, whereas in aged recipients, both 
young and aged HSCs localise with the same frequency at sinusoids  
(Fig. 4i–k and Extended Data Fig. 7a–f). Despite the intrinsic differ-
ence, both young and aged HSCs function as stem cells (Extended 
Data Fig. 7g–h). Therefore, the data substantiate the in silico model, 
showing that HSC proximity to selected niche cells is not random, 
and, at least in young mice, young and aged HSCs are found in dif-
ferent functional niches. In addition, the data indicate that in aged 
mice the endosteal/arteriolar niche is functionally disadvantaged 
compared with the sinusoidal niche.

Next, we performed single-cell RNA sequencing (scRNA-seq) 
on aLR-HSCs, which locate almost exclusively at sinusoids (Fig. 1h 
and Extended Data Fig. 7i). Similar to our functional data, when 
analysed together with scRNA-seq dataset from young HSCs23, 
LR-HSCs from aged mice were transcriptionally younger than 
nLR-HSCs (Fig. 5a). In general, scRNA-seq precludes the identifi-
cation of low abundancy transcripts, as, for example, non-canon-
ical Wnt5a mRNA, which we reported previously to be increased 
in aged HSCs, and here was not detectable in both aLR-HSCs and 
anLR-HSCs27. Nevertheless, a total of 1,058 genes were significantly 
up regulated in aLR-HSCs compared with anLR-HSCs, includ-
ing Cxcr434,35, Dek36, Gpr5637,38 and Ctnnb1/β-catenin (Fig. 5b and 
Extended Data Fig. 7j–o and Supplementary Table 4). Consistently, 
gene ontology (GO) analyses revealed an enrichment for canoni-
cal Wnt and cell polarity establishment27, which are associated with 
young HSCs28,30, despite the fact that we were not able to detect 
deregulation of Wnt5a in anLR-HSCs (Fig. 5c). We also observed 
increased expression of Rbpj and Hes1, critically linked to canonical 
Notch signalling39–41 (Fig. 5d). Notch signalling in HSCs is engaged 
by Jag/Dll ligands on juxtaposed cells and requires cell proximity42.  
Supporting that active Notch signalling might be critical for 
LR-HSCs proximity at sinusoidal niches, we observed high levels of 
Jag2 at sinusoids and Nes-GFPlow cells in young, but especially aged, 
BM, as well as at sinusoids that were in proximity to aLR cells (Fig. 5e  
and Supplementary Video 6). Jag2 levels were markedly reduced 

Fig. 2 | Aged HSCs are located more distant to most niche cells, but not to Nes-GFPlow cells and sinusoids. a,b, Representative three-dimensional confocal 
whole-mount images of longitudinally shaved C57BL/6 wild-type (WT) young (a) and old (b) femurs, showing CD150+ HSCs in red and CD41−CD48−Lin− 
HSCs in white, both in the endosteal area. Vasculature was stained intravenously with anti-PECAM1 and anti-VE-Cadherin (CD31 and CD144, shown in 
blue) antibodies. Dashed lines denote the endosteum and yellow arrows show HSCs. c, The percentage of HSCs in the young and old femoral endosteal 
area (<50 µm), n = 6 mice per group. d, The mean distance of HSCs to the young and old femoral endosteum (n = 232 young HSCs from 56 areas and 
n = 494 aged HSCs from 30 areas, pooled from 6 mice per group). e, The percentage of young and aged HSCs in direct contact with Nes-GFPlow cells 
(<10 µm) (94 young HSCs and 135 aged HSCs from 7 areas, n = 3 mice per group). f, Three-dimensional confocal whole-mount images of young and 
old femoral WT BM. Arrowheads show arterioles, arrows HSCs. The percentage of young and aged HSCs adjacent to arterioles (<10 µm) is also given. 
g, Three-dimensional confocal whole-mount images of young and old femoral WT BM showing the spatial relationship of HSCs (arrows) and sinusoids, 
shown in blue. The percentage of young and old HSCs adjacent to sinusoids (<10 µm) is also shown. (f,g, 194 young HSCs from 39 areas and 397 aged 
HSCs from 17 areas, n = 3 mice per group). Data represent the mean ± s.e.m. The experiments in a and b were performed independently 7 times with 
similar results. In d the statistical significance was assessed using a two-tailed Mann–Whitney-test; in c, e, f, g statistical significance was calculated using 
two-tailed unpaired t-tests. Scale bars, 50 μm (a,b); 20 µm (f,g). See also Extended Data Figs. 3–5, Supplementary Table 1–2, Supplementary  
Video 2–5 and Source Data Fig. 2.
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in aged Nes-GFPhigh/arteriolar cells in aged mice (Fig. 5f). Flow  
cytometry analyses revealed that the frequency of Jag2+Nes-GFPlow 
and Jag2+ECs was preserved in aged mice, while there was a more 

than two-fold decrease in the frequency of Jag2+Nes-GFPhigh cells. 
The maintenance of Jag2 expression in sinusoids on ageing was spe-
cific to Jag2. For example, Jag1 was found to be significantly reduced 
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Fig. 3 | Nes-GFPlow cells and sinusoids are uniquely preserved on ageing. a,b, Pie charts depicting percentages of endosteal and central BM 
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young and old WT BM (n = 4 young and n = 3 old mice per group). f, Quantification of CD41+ MKs in z-stacked whole-mount images acquired from young 
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in aged sinusoids and endothelium (Fig. 5g–i and Extended Data 
Fig. 8a–b). Dll1 and Dll4 were barely detectable and not changed 
with ageing (Fig. 5g–i). To determine the role of endothelial Jag2 for 
HSC function, we first performed in vitro co-culture experiments. 
Blocking endothelial-derived Jag2 markedly increased the number 
and thus proliferation of HSCs (Extended Data Fig. 8c–f). Second, 
we injected the Jag2-blocking antibody directly into aged mice  
(Fig. 5j). In BM, the Jag2-blocking antibody showed a very specific 
staining pattern similar to the Jag2 distribution detected by histol-
ogy and flow cytometry analysis, binding mainly aged endothelial 
sinusoids (Extended Data Fig. 8g). Consistently with the in  vitro 
data, blocking Jag2 in vivo induced increased proliferation of aged 
HSCs and clustering at sinusoids in the diaphyseal central BM  
(Fig. 5k–n and Extended Data Fig. 8h). Overall, in this region, the 
frequency of sinusoidal Ki67+ HSCs doubled (Fig. 5m and Extended 
Data Fig. 8i–j) and the effect was almost exclusively localised at sinu-
soids (Extended Data Fig. 8i–k), resulting in a significant increase in 
the frequency of clustered HSCs in proximity to sinusoidal niches 
(Extended Data Fig. 8k), which are normally extremely rare in con-
trol condition. In summary, our data show that Jag2 is expressed 
at sinusoids and by Nes-GFPlow cells in aged BM in proximity to 
aLR-HSCs, and that endothelial Jag2 suppresses HSC proliferation 
and clustering.

5-fluorouracil treatment specifically disrupts sinusoidal niches 
and impairs haematopoiesis and survival of aged mice. To func-
tionally investigate the sinusoidal niche in aged animals, we per-
formed treatments with 5-fluorouracil (5-FU), which, in young 
mice, results in damage to sinusoidal niches as well as myelosup-
pression43–45. The aged sinusoidal niche was also considerably com-
promised by 5-FU, with markedly reduced cellularity and increased 
diameter of the sinusoidal vessels (Extended Data Fig. 9a and  
Fig. 6a–d). However, the arterioles and the endosteal niche were 
largely unaffected by 5-FU, particularly so in the case of aged mice 
(Fig. 6d–f). The sinusoidal disruption correlated with a reduction 
in Nes-GFPlow cells in the aged mice only, whereas Nes-GFPhigh cells 
remained unaltered after 5-FU treatment (Fig. 6g,h). The percent-
age of cycling HSCs after 5-FU treatment remained very low in aged 
mice, and we did not observe clusters of proliferative multipotent 
progenitors (MPPs). In contrast, 61.5% of HSCs in young 5-FU 
treated mice were actively cycling (Ki-67+), and we detected numer-
ous clusters of proliferating MPPs. Of note, HSCs from aged mice 
transplanted into a young niche showed an increase in the frequency 
of Ki-67+ HSCs after 5-FU, supporting a critical and dominant role 
of the young niche for the activation of HSCs after myelosuppression 
(Fig. 7a,b and Extended Data Fig. 9b–c). Although haematopoiesis  
recovered within 30 d of 5-FU treatment, after four to five months, 
aged 5-FU-treated mice showed a significant decrease in white blood 

cells associated with a reduction in long-term survival post-treat-
ment, suggesting that the HSC compartment may be compromised 
(Fig. 7c,d and Extended Data Fig. 9d). To exclude the possibility that 
5-FU might directly damage the HSCs, we performed transplanta-
tions of young and aged recipient mice preconditioned by 5-FU.  
We detected very low or absent engraftment in 5-FU precondi-
tioned young and aged mice, whereas irradiated recipients (11 Gy) 
were efficiently engrafted. These data indicate that endogenous 
HSCs in 5-FU preconditioned recipients were not directly affected 
by the chemotherapy (Fig. 7e and Extended Data Fig. 9e–f). Of 
note, sinusoids remained significantly enlarged in aged mice up to 
30 d after 5-FU treatment (Extended Data Fig. 9g–h). scRNA-seq of 
sorted young and aged ECs showed largely overlapping transcrip-
tome profiles with few differentially expressed genes, mainly indi-
cating a lack of proliferating ECs within the aged samples (Extended 
Data Fig. 9i–k and Supplementary Table 5). Jag2 expression did not 
recover in the aged sinusoidal niche after 5-FU and HSCs local-
ised significantly farther from sinusoids, while their proximity to 
arterioles increased (Fig. 7f–h). Considering that we detected no 
change in the frequency and proliferation rate of HSCs in the aged 
BM after 5-FU (Fig. 7b and Extended Data Fig. 9l–m), we conclude 
that HSCs probably relocated to the arteriolar niche. Since young 
mice fully recover after 5-FU treatment (Fig. 7d) and 5-FU did not 
directly affect HSCs in both young and aged mice (Fig. 7e), our data 
strongly support that the Jag2+ sinusoidal niche is critical for main-
taining functional HSCs in aged animals.

Discussion
Collectively, our data imply that aLR-HSCs, when compared with 
anLR-HSCs, present with the highest regenerative potential; a less 
pronounced expansion compared with young cells; an absence of 
clustering; high cytosol and epigenetic polarity; canonical Wnt sig-
naling and an overall ‘younger’ transcriptome profile. In addition, 
we showed here that aLR-HSCs are exclusively found at sinusoidal 
niches that are essential for maintaining haematopoiesis in aged 
mice. HSCs adjacent to sinusoids are proximal to a different kind 
of perisinusoidal cells, and our data cannot help determine whether 
a specific perisinusoidal cell type is required to maintain stem cell 
function on ageing. Still, transplantation assays, histological data 
and in silico modelling all convey that the sinusoidal/Nes-GFPlow 
niche is uniquely phenotypically and functionally preserved on age-
ing, while in general, most of the other niches and the proximity of 
HSCs to niche cells are significantly altered on ageing (Extended 
Data Fig. 10a). According to our deep learning approach, the prox-
imity of selected niche cells to HSCs can be successfully used to pre-
dict if a given stem cell is young or old.

In light of a supportive contribution of the niche to the intrin-
sic function of HSCs46, our data strongly imply that the sinusoidal/

Fig. 5 | Jag2 maintains aged lR-HSCs at sinusoids. a, Diffusion map of normalized gene expression data of old LR- and nLR-HSCs, young LR-HSCs 
and young HSCs (young data was reanalysed from ref. 23). b, Heatmap showing the relative expression levels of differentially expressed genes. c, Gene 
ontology analysis of genes that are upregulated in aged LR-HSCs (detected using ToppGene). d, Rbpj and Hes1 are upregulated in aged LR-HSCs. Values 
relate to single cells and refer to DESeq-normalized and baseline logged (FPKM). Data are plotted as average population expression ± s.d. (n = 28 nLR-
HSCs, n = 37 LR-HSCs). e, Jag2 expression (red) at sinusoidal vessels (blue) and perisinusoidal Nes-GFPlow cells (green). f, Jag2 expression (red) at 
arterioles (blue, CD31/CD144) and periarteriolar Nes-GFPhigh cells (green). g, Flow cytometry percentages of Nes-GFPhigh cells, expressing Dll1 (n = 4 
young, n = 3 old), Jag1 (n = 3 young, n = 3 old) and Jag2 (n = 4 young, n = 3 old). h, Flow cytometry percentages of Nes-GFPlow cells expressing Dll1 (n = 2 
young, n = 2 old), Jag1 (n = 5 young, n = 3 old) and Jag2 (n = 5 young, n = 3 old). i, Flow cytometry percentages of endothelial cells expressing Dll1 (n = 2 
young, n = 2 old), Jag1 (n = 5 young, n = 3 old) and Jag2 (n = 5 young, n = 3 old). j, Old mice were injected twice, 24 h apart with 15 mg kg–1 of either Jag2 
blocking antibody or isotype control antibody. k–n, HSCs in distal-diaphyseal-femoral central BM from old mice treated with Jag2 blocking antibody and 
isotype control (CD150+ in red and exclusion markers CD48−, CD41−, Lin− in white) (k); percentage of clustered HSCs (1,265 and 109 HSCs from n = 4 
and n = 3 areas; 3 old mice per group) (l), percentage of clustered Ki-67+ HSCs (966 and 109 HSCs per group from n = 3 areas per group; 2/3 mice per 
group) (m), and percentage of clustered HSCs adjacent to sinusoids (1,113 and 109 HSCs from n = 4 and n = 3 areas, 3 mice per group) (n) from the same 
samples. Experiments in e, f and k were repeated independently three times with similar results. In g–i and l–n data represent the mean ± s.e.m and 
statistical significance was assessed using two-tailed unpaired t-tests. *P= <0.05. Scale bars, 20 μm (e, f); 100 µm (k). See also Extended Data Fig. 7, 8 and 
Supplementary Video 6 and Source Data Fig. 5.
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Nes-GFPlow niche in aged mice, via Jag2 signalling, preserves a more 
pristine function of HSCs located close to it. The deficiency in 
endothelial Jag2 recovery after 5-FU treatment (Fig. 7f,g) may be a 
critical aspect defeating haematopoietic stem cell functional preser-
vation in old mice. These data are surprising when considering pre-
vious findings that ruled out a significant effect of cell-autonomous 
canonical Notch signaling on HSC maintenance in vivo47. However, 
haematopoietic stress, as observed after 5-FU treatment and ageing,  
was not directly investigated. Our data are consistent indeed with 
a more recent report highlighting specifically the importance of 

endothelial Jag2 after myelosuppression48. Collectively, these find-
ings add to our understanding of how a specific BM niche can 
impact HSC fate in the elderly in general, and particularly in the 
context of specific chemotherapeutic interventions.
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Fig. 6 | 5-Fu treatment specifically disrupts sinusoidal niches. a, Z-stacked whole-mount images showing vasculature (red), nucleated cells 
(4′,6-diamidino-2-phenylindole, DAPI) and erythroid cells (green) in long bones from young and old mice 4 d after 5-FU administration, as well as 
untreated controls. Endosteal BM (eBM) and central BM (cBM) at <50 µm and ≥50 µm from the endosteum (dashed line), respectively, are also shown. 
b,c, Quantification of BV diameter (b) and total nucleated cell (NC) numbers per volume (c) in stacked images in central BM (≥50 µm from endosteal) 
from post-4-day-5-FUtreated and non-treated young and old mice (b, means of 135, 81, 151 and 85 BVs from n = 3 areas; c, n = 3 areas, two mice per 
group). d, Images showing arterioles (yellow arrowheads) and sinusoids (blue arrowheads) in BM from 5-FU treated and non-treated young and old 
mice; CD31/CD144 are shown in red. e,f, Quantification of BV diameter (e) and total nucleated cell (NC) numbers per volume (f) in z-stacked images in 
endosteal BM (<50 µm from endosteal) from post-4-day-5-FU-treated (4d) and non-treated young and old mice (e, means of 46, 35, 48 and 36 BVs from 
n = 3 areas; f, n = 3 areas, two mice per group). g, Representative flow density plot of old control and 5-FU treated Nes-GFP cells. h, Percentage of absolute 
number of Nes-GFPlow and Nes-GFPhigh cells in BM of 5-FU-treated young (n = 3 mice) and old mice (n = 4 mice) to control. The experiments in a, d and g 
were repeated independently three times with similar results. Data represent the mean ± s.e.m. In b, c, e, f and h the statistical significance was assessed 
using two-tailed unpaired t-tests. *P = <0.05, **P = <0.01, ***P = <0.001, n.s., not significant; scale bars, 100 μm (a); 20 μm (d). See also Extended Data 
Fig. 9 and Source Data Fig. 6.
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Methods
Mice. SCL-tTAxH2B-GFP double heterozygous mouse bones were obtained 
from the Milsom’s laboratory (Deutsches Krebsforschungszentrum, Division 
of Experimental Hematology,). Technical details of the mouse Dox treatments 
were previously described22. The Nes-GFP transgenic mouse line was obtained 
from the Méndez-Ferrer’s laboratory (Wellcome Trust-Medical Research Council 
Cambridge Stem Cell Institute and Department of Hematology, University of 
Cambridge). C57BL/6 mice (8–16 weeks old) were obtained from Janvier. Aged 
C57BL/6 mice (20–26 months old) were obtained from the internal divisional 
stock (derived from mice obtained from both The Jackson Laboratory and Janvier), 
as well as from NIA/Charles River. Rag2-/-γc-/-KitW/Wv mice were obtained from 
the internal divisional stock (derived from mice obtained from Hans-Reimer 
Rodewald (Deutsches Krebsforschungszentrum, Division of Cellular Immunology, 
Heidelberg)26). Rag2-/-γc-/-KitW/Wv recipient mice are devoid of B and T cells per 
definition26,49. Young and aged AcRFP and AcYFP mice were obtained from the 
internal divisional stock (derived from mice obtained from H. J. Fehling, Institute 
of Immunology, Ulm University). Briefly, Pan-YFP mice carrying constitutively 
active ROSA26-tdYFP alleles (indicated in the manuscript as AcYFP mice) were 
obtained from H. J. Fehling (Institute of Immunology, Ulm University), and were 
previously generated by intercrossing C57BL/6-Gt(ROSA)26Sortm1Hjf/Ieg mice50 
with animals from a germline Cre-deleter strain51. Offspring in which the ROSA26-
driven fluorescent tdYFP reporter had been activated irreversibly as the result 
of loxP/Cre-mediated recombination in the germline were backcrossed for >10 
generations onto C57BL/6, thereby eliminating the Cre recombinase transgene. 
AcYFP mice were used as homozygotes. Young AcCFP mice were obtained  
from the internal divisional stock (derived from mice obtained from  
Y. Zheng, Cincinnati Children Hospital Medical Centre). All mice were housed in 
the animal barrier facility under pathogen-free conditions at the University of Ulm. 
Throughout the manuscript, young mice are between 10 and 16 weeks old and 
aged mice are at least 80 weeks old. To induce myeloablation by 5-FU, mice were 
intraperitoneally administered one dose of 5-FU (150 mg kg–1). Young mice were 
treated with 5-FU at 10 weeks of age; old mice were treated with 5-FU at 76 weeks 
of age. Mice for this study were randomly selected and survival was followed up to 
270 d after 5-FU administration. To assess the statistical significance of differences 
in survival, we performed log rank Mantel Cox test. All statistical tests were 
performed using GraphPad with Prism (version 7.0), following its Statistics Guide. 
Animals were not selected on the basis of gender.

Ethical compliance for mouse experiments. All mouse experiments were 
performed in compliance with the ethical regulations according to the German 
Law for Welfare of Laboratory Animals and were approved by the Institutional 
Review Board of the Ulm University, as well as by the state government of Baden‐
Württemberg, Regierungspraesidium Tuebingen.

Flow cytometry and cell sorting. Peripheral blood (PB) and BM cell 
immunostaining was performed according to standard procedures and samples 
were analysed on a LSRII flow cytometer (BD Biosciences). Monoclonal antibodies 
to Ly5.2 (clone 104, eBioscience) and Ly5.1 (clone A20, eBioscience) were used 
to distinguish recipient from donor cells. For PB and BM lineage analysis, the 
antibodies used were all from eBioscience: anti-CD3ε (clone 145-2C11), anti-B220 
(clone RA3-6B2), anti-Mac-1 (clone M1/70) and anti-Gr-1 (clone RC57BL/6-
8C5). Lineage FACS analysis data are plotted as the percentage of B220+, CD3+ 
and Myeloid (Gr-1+, Mac-1+ and Gr-1+ Mac-1+) cells among donor-derived 
cells in case of a transplantation experiment or among total white blood cells. 
Information on the gating strategy used can be found in Extended Data Fig. 10e. 
As for early haematopoiesis analysis, mononuclear cells were isolated by low-
density centrifugation (Histopaque 1083, Sigma) and stained with a cocktail of 
biotinylated lineage antibodies. Biotinylated antibodies used for lineage staining 
were all rat anti-mouse antibodies: anti-CD11b (clone M1/70), anti-B220 (clone 
RA3-6B2), anti-CD5 (clone 53–7.3) anti-Gr-1 (clone RB6-8C5), anti-Ter119 and 
anti-CD8a (clone 53–6.7) (eBioscience). After lineage depletion by magnetic 
separation (Dynalbeads, Invitrogen), cells were stained with anti-Sca-1 (clone D7) 
(eBioscience), anti-c-kit (clone 2B8) (eBioscience), anti-CD34 (clone RAM34) 
(eBioscience), anti-CD127 (clone A7R34) (eBioscience), anti-Flk-2 (clone A2F10) 
(eBioscience), anti CD48 (clone HM48-1, BioLegend), anti-CD150 (clone TC15-
12F12.2, BioLegend) and Streptavidin (eBioscience). Early haematopoiesis FACS 
analysis data were plotted as the percentage of long-term haematopoietic stem cells 
(HSCs, gated as LSK CD34-/low Flk2−CD48− CD150+), short-term haematopoietic 
stem cells (ST-HSCs, gated as LSK CD34+ Flk2-) and lymphoid-primed 
multipotent progenitors (LMPPs, gated as LSK CD34+ Flk2+)43 distribution among 
donor-derived LSKs (Lin- c-kit+ Sca-1+ cells). To isolate HSCs, lineage depletion 
was performed to enrich for lineage negative cells. Lineage negative cells were then 
stained as mentioned before and sorted using a BD FACS Aria III (BD Bioscience).

To investigating Notch ligand expression on BM stromal cells, endothelial cells 
and Nes-GFP+ cells were gated according to Extended Data Fig. 10b,d. Additional 
antibody staining was performed with anti-Jag1 APC (clone HMJ1-29, BioLegend), 
anti-Jag2 eFluor660 (clone HMJ2-1, Invitrogen), anti-Dll1 APC (HMD1-3, 
BioLegend) and the percentage of positive cells was gated against isotype control 
(APC Armenian Hamster IgG, BioLegend; eFluor660 Armenian Hamster IgG, 

ebioscience) stained matching samples. Detailed information about all antibodies 
used in this study and their validation is provided in Supplementary Table 6.

Whole-mount immunofluorescence staining. After optional intravenous. 
injection of APC-anti-CD31 (clone MEC13.3, BioLegend) and Alexa Fluor 
647-anti-CD144 (clone BV13, BioLegend) antibodies, bones were harvested after 
post-mortem heart perfusion with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) and were post-fixed in 4% PFA/PBS-solution for 24 h at 4 °C. 
Subsequently, bones were embedded without bisecting in an optimum cutting 
temperature compound (Tissue-Tek) and were snap frozen in liquid nitrogen 
and stored at −80 °C. Bones were shaved along the longitudinal axis on a cryostat 
until the BM cavity was exposed. The bones were purified from melting the 
optimum cutting temperature compound. Specimens were fixed again in 4% PFA/
PBS at room temperature for 30 min. Tissues were blocked and permeabilized 
with buffer containing 20% donkey serum and 0.5% Triton X-100, incubated 
with a fluorescently labelled antibody PE-anti-CD150 or Alexa Fluor 488-anti-
CD150 (both clone TC15-12F12.2, BioLegend) and Biotin-labelled primary 
antibodies anti-CD41 (clone MWReg30), anti-CD48 (clone HM48-1), anti-CD11b 
(clone M1/70), anti-B220 (clone RA3-6B2), anti-CD5 (clone 53–7.3) anti-Gr-1 
(clone RB6-8C5), anti-Ter-119 and anti-CD8a (Clone 53–6.7) (eBioscience) 
for 1–3 days at 4 °C and stained with Streptavidin-eFluor 450 (eBioscience), 
Streptavidin-FITC (eBioscience) or Streptavidin-APC (eBioscience) for 2 h at 
room temperature. For BM staining, shaved bones were incubated with FITC-
anti-Ki-67 (clone SolA15, ebioscience), armenian-hamster-PE-anti-mouse DLL4 
(clone HMD4-1, BioLegend), armenian-hamster-PE-anti-mouse DLL1 (clone 
HMD1-5, ebioscience) or primary antibodies goat-anti-FABP4 (R&D Systems), 
biotinylated anti-CD41 (clone MWReg30, ebioscience), rabbit-anti-Jag2 (clone 
EPR3646, Abcam) or rabbit-anti-Jag1 (polyclonal, Abcam) for 1–2 days at 4 °C, 
and stained with secondary antibodies Streptavidin-eFluor 450 (eBioscience) 
or fluorescently labelled donkey-anti-goat, donkey-anti-rabbit and donkey 
anti-armenian hamster antibodies (Jackson ImmunoResearch) for 2 h at room 
temperature. If necessary, the nuclei were counterstained with 4′,6-diamidino-2-
phenylindole. The fluorescently labelled bone tissues were placed cut-face-down 
onto a 4-well microslide and were covered in antifade or PBS to prevent tissue 
desiccation. The preparations were examined under Zeiss LSM 710 or Leica TCS 
SP8 confocal microscopes and analysed with the image analysis software Volocity 
(v6.2, Perkin Elmer). The nearest distances from HSCs to multiple niche cell types 
were measured. The term arteriole includes arterial and arteriolar cell. Two-photon 
imaging was performed on cryo-shaved long bones using an upright  
Zeiss 7MP microscope. Two-photon excitation at 800 nm was achieved with a Mai 
Tai DeepSee Ti:Sa laser (Spectra-Physics) and fluorescence was detected using the 
BP 500–550 filter to detect green signal (GFP). For second-harmonic-generation 
microscopy, a BP485 filter was used to detect the blue signal. To visualize the 
microvasculature, we injected in vivo labelled PECAM-1 (CD31) and VE-Cadherin 
(CD144) antibodies or used FABP4 in situ9. LepR+ cells were stained with anti-
mouse Leptin R antibody (R&D Systems AF497). As for the proximity of HSCs to 
LepR+ cells, we took into consideration only the distance between HSCs and the 
nearest perivascular LepR+. When it was not possible to match the nearest LepR+ 
process to an associated perivascular LepR+ cell, we took the nearest perivascular 
LepR+ cell body. For the Jag2 in vivo blocking histological analysis, the images with 
the highest HSC numbers in the distal-diaphyseal-femoral central BM were taken 
into consideration. Detailed information about all antibodies used in this study and 
their validation is provided in Supplementary Table 6.

Immunofluorescence staining. Freshly sorted HSCs were seeded on fibronectin-
coated glass coverslips. After culturing cells were fixed with BD Cytofix Fixation 
Buffer (BD Biosciences) and then washed with PBS, permeabilized with 0.2% 
Triton X-100 (Sigma) in PBS for 20 min, and blocked with 10% Donkey Serum 
(Sigma) for 30 min. Primary and secondary antibody incubations were performed 
for 1 h at room temperature. Coverslips were mounted with ProLong Gold Antifade 
Reagent with or without 4′,6-diamidino-2-phenylindole (Invitrogen, Molecular 
Probes). The secondary antibodies for immunoflorescence staining were the anti-
rat DyLight488-conjugated antibody, the anti-rat DyLight647-conjugated antibody 
and the anti-rabbit DyLight549-conjugated antibody (Jackson ImmunoResearch). 
Samples were imaged with an AxioObserver Z1 microscope (Zeiss) equipped 
with a 63X PH objective. Images were analysed with Zen software. Alternatively, 
samples were analysed with an LSM710 confocal microscope (Zeiss) equipped 
with a 63X objective. Primary raw data were imported into the Volocity Software 
package (Version 6.2, Perkin Elmer) for further processing and conversion into 
three-dimensional images. On average, a total of 20 dividing HSCs were singularly 
analysed per sample. The primary antibodies were anti-alpha tubulin antibody 
(Abcam, rat monoclonal ab6160) anti-Cdc42 and anti-H4K16ac obtained from 
Millipore and Abcam (we tested two different antibodies for each target; results 
were consistent. All four antibodies were rabbit polyclonal; anti-Cdc42 from 
Millipore was previously validated27,28). Detailed information about all antibodies 
used in this study and their validation is provided in Supplementary Table 6.

Endosteal and central BM cell population isolation. To isolate central BM cells 
and endosteal BM cells close to the endosteum, femora and tibiae were taken 

NATuRe Cell BioloGy | www.nature.com/naturecellbiology

http://www.nature.com/naturecellbiology


Articles NaturE CEll BiOlOgy

from young and aged mice. The bones were cleaned and the associated muscle 
tissues removed. After the bone marrow was flushed out and lysed using RBC 
buffer (BioLegend), the central BM cells were obtained. The flushed bones were 
mortared and incubated in 1.5 mg ml–1 collagenase IV/PBS (Worthington) for 1.5 h 
at 37 °C. This endosteal BM cell fraction was filtered through a 70-µm cell strainer 
and counted. Central and endosteal BM cell fractions were stained with CD45.2 
Monoclonal Antibody (104) PerCP-Cyanine5.5 conjugated (eBioscience), CD31-
APC (BioLegend) and CD41-biotinylated + SA-FITC (eBioscience). Informating 
on the gating strategy is available inthe Extended Data Fig. 10b-d.

BM endothelial cell culture and HSC endothelial cell co-culture. BM endothelial 
were prepared from young BL6.SJL mice according to methods derived from  
ref. 52. Briefly, after red blood cell lysis, BM cells were seeded on Fibronectin-coated 
(Takara, 1 µg µl–1) 24-well plates in endothelial Medium: DMEM-HAM’s F-12 
(Sigma, D6421), 20% FBS, 1% P/S, 20 mM HEPES, 10 µg ml–1 Heparin, 50 µg ml–1 
Endothelial Mitogen (Alfa Aeser #J65416), 5 µM SB431542 (R&D, #1614) and 
cultured at 37 °C, 5% CO2, 3% O2, with medium change every other day. After 6 
days of culture, 75–90% of the cells were CD31+ endothelial cells according to 
FACSanalysis and cell morphology. For co-culture experiments, 2,000–3,000 sorted 
YFP and HSCs (prepared as discussed before from AcYFP mice) were seeded 
on top of 6-day cultured BM endothelial cells, and the endothelial medium was 
supplemented with SCF, G-CSF, TPO 100 ng ml–1 each along with 10 µg ml–1 Jag2 
blocking antibody (Bio X Cell BE012553) or Isotype control antibody (eBioscience 
14–4888–85). HSCs cultured without endothelial cells in the same medium with 
Jag2 blocking antibody or isotype served as control. After 44–46 h of co-culture, 
cells were harvested and the number of HSCs was assessed by FACS.

Preparation of binary vector maps. The in silico simulation was performed based 
on binary structure maps generated from processed histological data. For this, 
we prepared whole-mount, long bone marrow sections of young and aged Bl6 
mice. We stained for different niche cell populations using immunofluorescent 
labelling (see the Whole-mount immunofluorescence staining section) and 
recorded confocal images. The z-stack images (z-level depth of 50 µm) were 
converted to two-dimensional extended-focus representations using the imaging 
software Volocity. Based on structure-specific immunofluorescent signals and 
morphologies, the images were then cleaned from secondary structures and cells, 
resulting in binary vector maps containing only the respective niche structure 
and a structure-free domain (see Supplementary Fig. 1). For each niche structure, 
at least three young and three aged maps were analysed, each covering an area 
of at least 330 µm × 770 µm with a resolution of at least 3 pixels µm–1. The maps 
were obtained from two animals per niche structure and age group. A detailed 
site-to-step example of how binary structure maps where used for the simulation 
process is depicted in Fig. 4a: Confocal z-stack images of young and aged femoral 
bone marrow showing the niche structure of interested (here Nes-GFPhigh cells); 
the relevant structure (here NesGFPhigh cells) is selected; Signal thresholding 
(automatically calculated based on signal SD) and size selection filters were used 
to identify cellular objects and prepare binary structure maps. Blocked regions (for 
example by endosteum; black) were subtracted from the empty domain (white). 
The euclidean distance d of 10,000 randomly positioned entities (HSCs) within 
the empty domain was calculated from the edges of the niche cells (red); The 
distance transformation visualizes distances in all potential positions; The recorded 
distances of at least three different young and three different aged maps were added 
up and sampled again for 10,000 positions to obtain a representative probability 
density distribution (scale bar, 200 µm).

In silico simulation. We generated distance distributions, representing the 
expected distance of HSCs towards the endosteum, NesGFPhigh cells, NesGFPlow 
cells and MKs in the young and aged setting, under the presumption of random 
localisation and choice of position. For each map we randomly selected 10,000 
positions in the structure-free domain and recorded the Euclidean distance towards 
the borders of the respective niche structure. To eliminate boundary artifacts, 
sampled positions within 25 µm of the map edges were removed and resampled. 
One representative random distribution was drawn per niche structure and age 
group by resampling the random distributions calculated for each map of said 
structure and group for a total of 10,000 data points. Those representative random 
distributions were then used to assess the randomness of localisation of HSCs by 
comparing the observed in situ distances to the expected random in silico distances. 
In a second step, we compared the changes in random distance between young and 
aged within the in silicosystem. In this way, we were able to assess the systematic 
effect of structural changes of each isolated niche component that occurs with 
ageing, and predict changes in distance toward HSCs. The statistical significance 
of the null hypothesis that both compared distributions are derived from the same 
statistical population was analysed using two-sample Kolmogorov–Smirnov test. 
The significance levels were set to 0.05 for the comparison of observed versus 
observed, 1 × 10–3 for observed versus expected and 1 × 10–8 for expected versus 
expected. The effect size D indicates the supremum absolute (vertical) distance 
between the compared CDFs and is provided for each comparison.

Keras/TensorFlow multilayer deep learning. We employed a keras/TensorFlow 
binary classification model to predict young and aged HSC distances based on 

seven different distance measurements within the niche. We had an initial layer of 
16 units, three hidden layers (16 units) and a final output layer of 1 unit (binary 
output). A glorot uniform initializer was used for kernel initialization, while 
hyperbolic tangent activation was employed for kernel activation. A stochastic 
gradient descent optimizer was used for model optimization along with a binary 
crossentropy loss measurement. The sequential model was trained by sampling 
data from each parameter (61 cases of young and 88 cases of aged for each 
iteration composed of 50 epochs), and was trained for a total of 50 iterations. 
A total of 80 cases (33 young and 47 aged HSCs) were put aside as a validation 
set (Fig. 4e). A bootstrap analysis of the validation set (500 iterations) was later 
used for the parameter relevance correlation analysis (Fig. 4g). There was no 
significant difference between the parameters’ correlation coefficients (n = 500 
correlation coefficients based on 500 iterations; each iteration round is performed 
by subsampling the training set (n = 149 cases) and conducting a correlation/
association test to help distinguish which features are relevant for  
age classification).

Single cell RNA preparation of LR-HSCs and nLR-HSCs. Single LR-HSCs  
were sorted based on GFP expression (positive and negative). Cells were  
cultured overnight without growth factors at 3% O2 and washed twice with PBS 
before processing.

Single cells were processed using the SMART-Seq v4 Ultra Low Input RNA 
Kit for Sequencing (Clontech Laboratories) according to the manufacturer’s 
instructions. Amplified cDNA was purified with Agencourt AMPure XP 
beads (Beckman Coulter) before library preparation with a NextEra XT DNA 
Library Preparation kit (Illumina) according to the manufacturer’s instructions. 
Library DNA was purified with AMPure XP beads and quantified using Agilent 
Bioanalyser for manual library normalization. Pooled libraries were subjected to 
next generation sequencing in Hi-Seq 2500, for pair end 75 bp sequencing.

Single-cell RNA preparation from CD31+ endothelial cells. Young and aged BM 
CD45-CD31+ endothelial cells were sorted from prepared endosteal tissue into 
IMDM (Lonza) and 10% FCS buffer (Sigma). Cells were frozen in IMDM with 20% 
FCS and 10% DMSO (Sigma). Endothelial cells were then thawed, washed once 
in warm PBS, and subjected immediately to encapsulation in oil droplets using 
the chromium system (10x Genomics). cDNA synthesis and library preparation 
were carried out according to the manufacturer’s instructions for 3′ end counting. 
Polymerase chain reaction cycles for both cDNA synthesis and amplification were 
adjusted for each sample individually to the number of cells loaded and the cDNA 
yield respectively. Samples were pooled and sequenced on a HiSeq3000 sequencer 
(Illumina). Five libraries were prepared with three biological replicates.

RNA sequencing analysis of LR-HSCs and nLR-HSCs. Following removal of 
barcodes and primers, raw reads were aligned to the mm10 mouse genome with 
annotations provided by UCSC using a proprietary Burrow–Wheeler Transform 
alignment (COBWeb). Aligned reads were used to compute reads per kilobase 
per million reads using an EM-algorithm for 38,186 transcripts. Data were 
normalized using the DESeq algorithm and baselined to the median of all samples. 
A moderated t-test was used to identify significantly differentially regulated 
genes between LR-HSCs and nLR-HSCs, with significance set at P = < 0.05 and 
FC > 3. Ontological analysis was performed in ToppGene (toppgene.cchmc.org), 
which gathers data from over 30 ontological repositories. Figures were generated 
using ToppCluster (toppcluster.cchmc.org) and Cytomap. All data processing and 
analyses were performed in Strand Next Generation Sequencing. Sequencing data 
are available under GEO accession number GSE129726.

RNA-sequencing cross-analysis of aged LR-HSCs and nLR-HSCs versus 
young LR-HSCs and HSCs. Raw alignment data of young LR-HSCs and HSCs 
reported by Cabezas-Wallscheid et al.23 was obtained via the accession number 
ArrayExpress: E-MTAB-4547. Alignment and low-level processing of the data was 
performed in parallel with our dataset of aged LR-HSCs and nLR-HSCs according 
to methods outlined in ref. 23. Cell filtering on both datasets was performed with 
reduced stringency (>25,000 reads and >500 detected genes per library). Diffusion 
map representations of log-transformed, size-factor normalized expression data 
were generated using the R package destiny54. Sequencing data are available under 
the gene expression omnibus accession number GSE129726.

RNA sequencing analysis of CD31+ endothelial cells. Unique molecular identifier 
(UMI) counts were generated using the Cell Ranger pipeline (10x Genomics) with 
default settings and the provided mm10–1.2.0 reference dataset. The cells were 
filtered based on total number of UMIs (>1,000), total number of detected genes 
(>1,000, at least one read) and the percentage of mitochondrial reads (<10%) 
using the scater toolkit55 (R package). Low-expressed genes were subsequently 
filtered out (at least 3 reads in 20 different samples). A set of 1,651 out of 3,384 
cells passed all criteria, consisting of 1,218 young and 433 aged cells covering 2,517 
genes. Highly variable genes were identified by using a log-linear fit to capture the 
relationship between mean and squared coefficient of variation of log-transformed, 
size-factor normalized data56, resulting in 1,570 genes. DE analysis was performed 
on HVGs using DESeq257, resulting in 48 genes upregulated with ageing and 11 
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genes downregulated with ageing. The analysis was performed on raw counts and 
the likelihood ratio test with the experimental batches as covariables was used. 
Dispersions were estimated using a local fit and size factors were estimated using 
the ‘poscounts’ setting. Cell cycle states were scored based on a random forest 
trained on cell cycle marker genes using Cyclone58 (implementation in R package 
scran59). Diffusion map representations were generated using the R package 
destiny54. Sequencing data are available under gene expression omnibus accession 
number GSE129726.

Stem cell transplants. For HSC transplantations in Extended Data Fig. 2a–e, 
aged (20 months old and 18 months old under Dox chase) SCL-tTAxH2B-GFP 
double heterozygous mice (Ly5.1+) were used as donors, and Rag2-/-γc-/-KitW/Wv mice 
(Ly5.2+) were used as recipients. From the same donor mouse 10 LR-HSCs and 10 
nLR-HSCs were sorted into separated Terasaki wells. Cells were checked under 
the microscope before injection into the retro-orbital vein of recipient mice. From 
each donor mouse, we transplanted 3–4 recipents receiving 10 LR-HSCs each and 
3–4 recipeints receiving 10 nLR-HSCs. A total of 4 different donor mice were used 
for this assay. PB chimerism was determined by FACS analysis at week 4, 12, 16 
and 20 post-transplant. The transplantation experiment was performed 3 times 
with an initial cohort of 12–14 recipient mice per group each transplant. After 20 
weeks from the primary transplant, total BM from recipient mice was harvested 
and reinjected into a new cohort of Rag2-/-γc-/-KitW/Wv recipient mice. PB chimerism 
was followed as for primary transplanted mice up to 20 weeks after secondary 
transplantation. Immunocompromised mice are highly stressed by repetitive 
bleedings and some of the mice died and were not included in the final analysis. 
Only mice that survived till end of secondary transplants were included in the 
statistical analysis.

For the single HSC transplantations in Extended Data Fig. 1f–h, aged  
(20 months old and 18 months old under Dox chase) SCL-tTAxH2B-GFP double 
heterozygous mice (Ly5.1+) were used as donors and Rag2-/-γc-/-KitW/Wv mice 
(Ly5.2+) were used as recipients. Single HSCs were sorted into Terasaki wells.  
Cells were checked under the microscope before injection into the retro-orbital 
vein of recipient mice. A total of 7 recipient mice were used for this assay.  
PB chimerism was determined by FACS analysis at weeks 4, 8 and 12,  
post-transplant.

For the HSC transplantations in Fig. 4h, aged (>20 months old) acYFP and 
young (10 weeks old) acCFP mice were used as donors. 500 HSCs from acYFP 
and acCFP mice were sorted together in 96 multiwell (1,000 HSCs each well). 
Cells were checked under the microscope before injection into the retro-orbital 
vein of recipient mice. A total of 5 aged (>56 weeks old) and 9 young (6 weeks 
old) Rag2-/-γc-/-KitW/Wv mice were used as recipients. Young and aged recipient 
mice were transplanted alongside with the same preparation of 500 CFP+and 500 
YFP+HSCs. PB chimerism was determined by FACS analysis at week 6, 12 and 16, 
post-transplant.

For the HSC transplantations in Extended Data Fig. 9c, aged (>20 months old) 
acYFP mice were used as donors. 500 HSCs from acYFP mice were sorted in 96 
multiwell plates. Cells were checked under the microscope before injection into the 
retro-orbital vein of recipient mice. A total of 5 young (6 weeks old) Rag2-/-γc-/- 

KitW/Wv mice were used as recipients. Six weeks post-transplant, young recipient 
mice were injected with 5-FU (150 mg kg–1) and were sacrificed 4 days after for 
histological analysis.

For the HSC transplantations in Extended Data Fig. 9e, aged (>20 months 
old) acYFP and young (10 weeks old) acYFP mice were used as donors. 500 HSCs 
from acYFP young and aged mice were sorted in 96 multiwell plates (500 HSCs 
in each well). Cells were checked under the microscope before injection into the 
retro-orbital vein of recipient mice. A total of 5 aged (>56 weeks old) and 9 young 
(6 weeks old) Rag2-/-γc-/-KitW/Wv mice were used as recipients. Young (12 weeks 
old) and aged (80 weeks old) recipient C57Bl6 mice were transplanted after either 
11 Gy irradiation, 4-day 5-FU injection or no pre-conditioning. Young HSCs were 
transplanted into young recipients and aged HSCs were transplanted into aged 
recipients. PB chimerism was determined by FACS analysis at week 3, 6, 9 and 12 
post-transplant.

Statistical analysis. All data are plotted as mean ± standard error (s.e.m.). A paired 
Student’s t‐test was used to determine the significance of the difference between 
means of two groups. Either one‐way ANOVA or two‐way ANOVA were used 
to compare means among three or more independent groups. The variance was 
similar between groups that were statistically compared. Distance analysis data 
were analysed using a Mann–Whitney U test when a non-Gaussian distribution 
was observed (tested by Shapiro-Wilk and D’Agostino-Pearson omnibus test). A 
Bonferroni post‐test to compare all pairs of data set was used when overall P value 
was <0.05. All statistical analyses were determined with Prism version 7.0. In each 
figure legend, the number (n) of biological repeats included in the final statistical 
analysis is indicated. Mice for experiments were randomly chosen from our  
in‐house colonies or suppliers.

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

Data availability
RNA-seq data that support the findings of this study have been deposited in the 
gene expression omnibus under accession code GSE129726. Previously published 
sequencing data that were re-analysed here are available under ArrayExpress 
E-MTAB-454723. All other data supporting the findings of this study are available 
from the corresponding author on reasonable request.
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Extended Data Fig. 1 | see next page for caption.
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Extended Data Fig. 1 | Aged lR-HSC pool expand less than aged nlR-HSCs and are functional long-term stem cells. a, Representative FACS dot plots of 
the gating strategy for LR-HSCs (Lin−c-Kit+ Sca-1+ Flk2−CD34−CD48−CD150+ H2B-GFP+) of young and aged not DOX treated H2B-GFP, and young and 
aged DOX treated SCL-tTAxH2B-GFP lineage-depleted BM cells and schematic representation of the experimental setups. b, Frequency of different HSPC 
subpopulations, LR-HSCs and nLR-HSCs among BM cells in young and old SCL-tTAxH2B-GFP mice after 2 and 18-months of DOX chase, respectively.  
c, Percentages of young and old LR-HSCs in BM cells in DOX treated SCL-tTAxH2B-GFP mice. d, Similar frequency of old LSK CD34−Flk2−HSCs and old 
LSK CD34−Flk2−CD48−CD150+ HSCs among BM cells. e, Fold expansion of different HSPC subpopulations, LR-HSCs and nLR-HSCs with ageing.  
f, Experimental setup of single aged LR-HSC transplantation in Rag2-/-γc-/-KitW/Wv recipient mouse and gating strategy. g, Pie chart showing percentage 
of functional long-term HSCs among single transplanted aged LR-HSCs. h, Blood chimerism kinetics of overall engrafted donor-derived cells and of each 
donor-derived lineage (B cells, T cells and myeloid cells) with single donor old LR-HSCs. The experiments in a were repeated four independent times 
with similar results. Data in b-d represent mean ± s.e.m. In b-e, n = 4 young and 5 aged mice. In g, h n = 7 recipient mice. The statistical significance was 
assessed by two-tailed unpaired t-tests. * p < 0.05. See also Statistical Source Data Extended Data Fig. 1.
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Extended Data Fig. 2 | Aged lR-HSCs show higher regenerative capacity and are polar. a, Scheme of the transplantation. b, Representative blood 
chimerism kinetics of overall engrafted donor-derived cells and of each donor-derived lineage (B cells, T cells and myeloid cells) during primary and 
secondary transplants of one recipient mouse transplanted with donor aLR-HSCs and one with donor anLR-HSCs. c, Frequency of old nLR-HSCs and old 
LR-HSCs donor contribution to total white blood cells (WBCs) in PB of Rag2-/-γc-/-KitW/Wv recipient mice (n = 8 mice for nLR-HSCs, n = 9 mice for LR-HSCs). 
d, Frequency of aged LR- and nLR‐HSCs in BM among donor-derived LSK cells in Rag2-/-γc-/-KitW/Wv recipient mice. (n = 5 mice per group) e, Percentage of 
B cells (B220+) and T cells (Cd3+) in PB. Rag2-/-γc-/-KitW/Wv recipient mice are devoid of B and T cells per definition26,49] and all B220+ and Cd3+ cells among 
total WBC where donor-derived. Myeloid cells (Gr1+, Mac1+ and Gr1+Mac1+) are gated from total WBC and plotted as percentage of donor derived myeloid 
cells among total myeloid cells. Cartoon schemes on top of each graph depicts the gating strategy (n = 8 mice for nLR-HSCs, n = 9 mice for LR-HSCs).  
f, Representative single-cell IF images showing tubulin (green) and Cdc42 (red), in old LR-HSCs and old nLR-HSCs. Nuclei, DAPI (blue). g, Representative 
3D reconstructed single-cell IF confocal images showing H4K16ac (magenta) in old LR-HSCs (polar) and old nLR-HSCs (apolar). Nuclei, DAPI (blue).  
h, i, Percentage of polar cells (h) in old LR-HSCs and nLR-HSCs (n = 3 mice for Cdc42, n = 4 for H4K16ac, n = 7 for Tubulin) and in (i) young LR-HSCs and 
nLR-HSCs (n = 3 mice for Cdc42, AcH4K16; n = 5 mice for Tubulin). Data in h, i represent mean ± s.e.m, in c-e data represent the 25th-75th percentiles, 
minimum, maximum, median (bar) and mean (cross). The statistical significance was assessed by two-tailed unpaired t-tests for all data beside in e by 
two-way ANOVA-test. In e p 0.0397 is related to overall lymphoid cells (B220+ and Cd3+ data together) between aLR-HSC and anLR-HSC samples. As for 
myeloid cells p = 0.09. The statistical details for c-e are available in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 | young lR-HSCs are located in central and endosteal BM. a, Representative stacked whole-mount images of young SCL-tTAxH2B-
GFP femoral BM showing LR cells (green) and vasculature (blue). b, 3D reconstruction of confocal whole-mount images of young SCL-tTAxH2B-GFP 
femoral BM showing a CD150+ H2B-GFP+ LR cell in proximity to arterial vasculature (arrowheads) in the endosteal area. c, d, Distinction of sinusoids 
and arterioles in (c) FABP4 (red) in situ stained and (d) CD31/CD144 (red) i.v. stained BM: arterioles (yellow arrowheads) have small diameter with 
continuous staining (continuous basal lamina) and have parallel orientation to the long axis of the bone, sinusoids (blue arrowheads) present relatively 
larger diameter with spotted staining (fenestrated basal lamina) and are mostly transverse to the long axis. (c) Nuclei, DAPI (blue). e, f, Colocalization 
of (e) sinusoids and (f) arterioles/arteries in FABP4 (green) in situ stained and CD31/CD144 (red) i.v. stained BM. Experiments in a-c, e, f were repeated 
three independent times with similar results and in d at least 9 independent times with similar results. Scale bars are 100 μm (a); 20 μm (b-f).
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Extended Data Fig. 4 | HSC proximity to selected niche cell types is altered upon ageing. a, Distance between young and old HSCs to the nearest 
endosteum (192 young HSCs from 36 areas and 432 old HSCs from 17 areas, n = 3 mice per group), b, Confocal images of young and old whole-mount WT 
femoral BM showing HSCs (arrows) and MKs. c, Percentage of young and old HSCs in direct proximity to MKs ( < 10 µm; 177 young HSCs from 34 areas 
and 163 old HSCs from 10 areas, n = 3 mice per group). d, Mean distance of young and old HSCs to the nearest MK (n = 177 young HSCs from 34 areas 
and n = 163 old HSCs from 10 areas, 3 mice per group). e, Distance between young and old HSCs to the nearest MK (177 young HSCs from 34 areas and 
163 old HSCs from 10 areas, n = 3 mice per group). f, Confocal whole-mount images of young and old sternal Nes-GFP mice BM. Arrows (yellow) show 
HSCs. Nuclei, DAPI (blue). g, Percentage of young and old HSCs in direct contact to Nes-GFPhigh cells ( < 1 µm; 137 young HSCs from 9 areas and 275 old 
HSCs from 12, n = 3 mice per group. h, Mean distance of young and old HSCs to the nearest Nes-GFPhigh cell (n = 137 young HSCs from 9 areas and n = 275 
old HSCs from 12 areas, 3 mice per group). i, Mean distance of young and old HSCs to the nearest Nes-GFPlow cell (n = 94 young HSCs from 7 areas and 
n = 135 old HSCs from 7 areas, 3 mice per group). j, k, Distance between young and old HSCs to the nearest (j) Nes-GFPhigh cell (137 young HSCs from 9 
areas and 275 old HSCs from 12 areas. n = 3 mice per group) and (k) Nes-GFPlow cell, (94 young HSCs from 7 areas and 135 old HSCs from 7 areas. n = 3 
mice per group). The experiments in b, f were repeated three independent times with similar results. Data represent mean ± s.e.m. In d, h, i the statistical 
significance was assessed by two-tailed Mann-Whitney-test, in a, e, j, k the statistical significance was assessed by two-way-ANOVA-test and in c, g by 
two-tailed unpaired t-tests. Scale bars, 20 µm (b); 40 μm (f). See also Source Data Extended Data Fig. 4.

NATuRe Cell BioloGy | www.nature.com/naturecellbiology

http://www.nature.com/naturecellbiology


ArticlesNaturE CEll BiOlOgy

Extended Data Fig. 5 | HSC proximity to lepR+ cells and HSC Ki67 + frequency are not altered upon ageing.  a, Whole-mount confocal images  
revealing the overlap of perivascular LepR+ cells (red) and Nes-GFPlow cells (green) surrounding sinusoidal vessels (blue) in central BM of Nes-GFP mice. 
b, Percentage of young and old HSCs adjacent to perivascular LepR+ cells ( < 10 µm; 96 young HSCs from 12 areas and 147 old HSCs from 12 areas, n = 3 
femurs and two mice per group). c, Mean distance of young and old HSCs to the nearest perivascular LepR+ cells ( < 10 µm; n = 96 young HSCs from 12 
areas and n = 147 old HSCs from 12 areas, 3 femurs and two mice per group). d, Percentages of young and old HSCs to the nearest perivascular LepR+ cell. 
(96 young HSCs from 12 areas and 147 old HSCs from 12 areas, n = 3 femurs and two mice per group). e, Percentage of young and old HSCs in proximity 
to BM vasculature ( < 10 µm; 193 young HSCs and 397 old HSCs, n = 3 mice per group). f, Mean distance of young and old HSCs to the nearest vasculature 
(n = 193 young HSCs and n = 397 old HSCs, 3 mice per group). g, Percentages of young and old HSCs to the nearest vasculature (193 young HSCs and 397 
old HSCs, n = 3 mice per group). h, Confocal images of WT old femoral BM. Arrow (yellow) shows Ki-67+ (green) HSC. i, Percentage of Ki-67+ and Ki-67− 
HSCs (CD150+ CD41− CD48− Lin−) present in femoral whole-mount images in BM of WT young and old mice (n = 43 young and n = 140 old HSCs, 3 mice 
per group). j, 2-photon microscopy images showing Nes-GFP+ cells (green) at the endosteum of young and aged Nes-GFP mouse BM. Bone (collagen, 
white) depiction was generated with second-harmonic generation microscopy (1 unit = 13.53 µm). Experiments in a were repeated two in h, j three 
independent times with similar results. Data represent mean ± s.e.m. In c, f the statistical significance was assessed by two-tailed Mann-Whitney-test,  
in d, g the statistical significance was assessed by two-way-ANOVA-test and in b, e by two-tailed unpaired t-tests. Scale bars, 20 µm (a, h). See also 
Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | HSC proximity to selected niche cell types is not random. a, Representative stacked whole-mount images of WT femoral BM 
showing CD41+ (yellow) MKs and vasculature (red). b, Confocal whole-mount image of WT femoral BM showing perisinusoidal CD41+ (yellow) MKs 
around sinusoids (red). c, Representative 3D reconstruction for volume occupancy measurements of CD31+ CD144+ ECs in femoral whole-mount images. 
d, Epiphyseal/metaphyseal and diaphyseal CD31+ CD144+ ECs volume occupancy in young and old long bone BM (upper graph: n = 3 areas per group, from 
3 mice per group; lower graph: young n = 9 and old n = 13 areas, from 3 mice per group). The experiments in a-c were repeated two independent times 
with similar results. In d data represent mean ± s.e.m and the statistical significance was assessed by two-tailed unpaired t-tests. Scale bars, 100 μm (a); 
20 μm (b). e-g, Observed (histology) and expected (in silico) distances of HSCs from endosteum (e), Nes-GFPlow cells (f) or MKs (g) in young and aged 
mice. Statistical differences indicate a non-random distribution of HSCs. h-j, Comparison of the distances of HSCs from endosteum (h), Nes-GFPlow cells 
(i) or MKs (j) in young and aged mice according histology (observed young vs observed aged) and in silico (expected young vs expected aged) dataset. 
For e-j two-sample Kolmogorov–Smirnov test was used to analyse significance. Alpha levels were selected to control for sample sizes. Observed distance 
from Nes-GFPlow cells: aged: n = 135 measurements from two maps; young: n = 94 measurements from two maps. Observed distance from endosteum: 
aged: n = 432 measurements from 3 maps; young: n = 192 measurements from 3 maps. Observed distance from MKs: aged: n = 163 measurements from 3 
maps; young: n = 123 measurements from two maps. Expected distance from Nes-GFPlow cells, endosteum and MKs: aged: n = 10,000 measurements from 
3/3/4 maps; young: n = 10,000 measurements from 3/3/5 maps. For further details about the simulation procedure and statistical analysis see Materials 
& Methods. See also Supplementary Figure 1 and Source Data Extended Data Fig. 6.
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Extended Data Fig. 7 | see next page for caption.
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Extended Data Fig. 7 | in young mice, transplanted HSCs lodge in at least two different functional niches, while in the aged the endosteal/arteriolar 
niche is functionally impaired. a, Confocal images of whole-mount femurs from aged recipient mice transplanted with CFP+ young and YFP+ aged HSCs. 
Arrows (white) show donor-derived CFP+ young and YFP+ aged HSCs. b, Percentage of CFP+ young and YFP+ old HSCs in young and old recipients in 
proximity to arterioles, sinusoids and megakaryocytes ( < 10 µm) and in the endosteal area ( < 50 µm; n = 3 young recipient mice with, 210 CFP+ young and 
30 YFP+ old HSCs from 31 areas and n = 3 old recipient mice with 80 CFP+ young and 27 YFP+ old HSCs from 30 areas). c, d, Percentage of CFP+ young and 
YFP+ old HSCs in the endosteal/arteriolar and sinusoidal/megakaryocytic niche in young (c) and old (d) recipients. e, f, Distribution of CFP+ young and 
YFP+ old HSCs to the endosteum of young (e) and old (f) recipients. g, h, Percentage of engraftment, T cells, B cells and myeloid cells from CFP+ young 
and YFP+ aged donor HSCs in PB of young recipient (g) (young HSCs: n = 8 mice; aged HSCs: n = 9 mice) and old recipient mice (h) (young HSCs: n = 4 
mice; aged HSCs: n = 5 mice). i, Single cell RNAseq experimental layout. j-o, Histone variants (j) H2afz, (k) H3f3a and HSC regulators (l) Cxcr4, (m) Dek, 
(n) Gpr56 and (o) Ctnnb1 are upregulated in LR-HSCs. Values related to single cells and referred to DESeq-normalized and baselined log(FPKM). Data are 
plotted as average population expression ±SD (n = 28 nLR-HSCs, n = 37 LR-HSCs). Experiments in a were repeated three independent times with similar 
results. In b, g, h data represent mean ± s.e.m and the statistical significance was assessed by two-tailed unpaired t-tests. * p < 0.05. Scale bars, 10 μm (a). 
See also Source Data Extended Data Fig. 7.
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Extended Data Fig. 8 | see next page for caption.
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Extended Data Fig. 8 | endothelial Jag2 maintains aged lR-HSCs at sinusoids. a, Endothelial and Nes-GFPlow cells expressing Jag2 in BM of young and  
old Nes-GFP mice (n = 5 young, n = 3 old mice). b, Jag1 (red) in sinusoidal vessels (blue) and Nes-GFPlow cells (green) in BM from young and old  
Nes-GFP mice. DAPI (white). c, Overview of the in vitro co-culture experiments. d, Images showing co-culture of YFP+ HSCs (green) and endothelial cells. 
e, Number of YFP+ HSCs after treatment with Jag2 blocking and isotype control antibody. YFP+ HSCs samples were either assayed in co-culture with 
freshly prepared ECs or alone (n = 6/6/3/2). f, Representative FACS dot plots of the gating strategy for YFP+ HSCs in vitro co-culture experiments with 
ECs and Jag2 blocking antibody. g, BM image of a mouse treated with Jag2 blocking antibody or isotype control. Samples were stained with the same 
secondary antibody (red). Vessels are stained with CD31/CD144 (blue). h, Percentage of Ki-67+ and Ki-67− HSCs in distal-diaphyseal-femoral central 
BM areas of Jag2 blocking antibody and isotype control antibody treated mice (n = 966 and n = 109 HSCs per group from 3 areas per group; 2/3 mice/
group). i, Representative 3D reconstruction of Ki-67+ (red dots) and Ki-67− (yellow dots) HSCs at sinusoids in distal-diaphyseal-femoral central BM of 
Jag2 blocking antibody treated mice. j-k, Percentage of Ki-67+ HSCs in proximity to sinusoids (j) and of clustered HSCs (k) in BM of mice treated with 
Jag2 blocking antibody and isotype control (j, 472 and 28 HSCs from n = 3 areas per group, 2/3 mice/group; k, 653 and 28 HSCs from n = 4 and n = 3 
areas, 3 mice/group). Experiments in b, d, g, i were repeated three, in f 6 independent times with similar results. Data represent mean ± s.e.m. In a, j, k the 
statistical significance was assessed by two-tailed unpaired t-tests in e by one-way-ANOVA-test. **** p < 0.0001. Scale bars, 20 μm (b, di), 10 μm (dii), 
50 µm (g, i). See also Source Data Extended Data Fig. 8.
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Extended Data Fig. 9 | see next page for caption.
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Extended Data Fig. 9 | impairment of the sinusoidal niche after 5-Fu administration. a, Experimental layout. b, Young 5-FU treated mice show Ki-67+ 
(green) CD150+ (red) CD41 CD48 Lin+ (white) clusters of MPPs. c, Experimental layout. d, Red blood cell count (RBC), myeloid (Gr1+, Mac1+), B cell 
(B220+) and T cell (Cd3+) frequencies in PB of 5-FU treated young and old mice (Young + 5FU: n = 7 mice for each panel; Aged + 5FU: n = 8 mice for each 
panel). e, Experimental layout of transplantations of 5-FU preconditioned, lethally irradiated (11 Gy) and control young and aged recipient mice with young 
or old YFP+ donor HSCs. f, Percentage of engraftment from YFP+ HSCs in PB of young and aged control and 5-FU preconditioned recipients (n = 4/6/4/6 
mice). g, BV diameter per volume in stacked images in central BM (≥ 50 µm from endost) from 5-FU treated (30d) and non-treated young and old mice 
(135/162/151/142 BVs from n = 3 areas, two mice per group). h, Z-stacked images showing vasculature (CD31/CD144) in bones from young and old  
mice 30 days after 5-FU administration and non-treated controls. i, t-SNE representation of gene expression data of 1218 young and 338 aged CD31+ ECs. 
j, Heatmap of differentially expressed genes. 59 of 1570 genes were deemed significant using DESeq2 (FDR adjusted p-value < 0.1). Color mapping  
shows log-transformed, size-factor normalized and batch corrected expression. Rows were hierarchically clustered using complete linkage.  
k, Diffusion map representation of cell cycle states of young and aged CD31+ ECs. Cell cycle partitioning was performed based on gene expression data. 
l, Percentage of Ki-67+ and Ki-67− HSCs in BM images of WT young and old mice 30 days after 5-FU administration (n = 80 young HSCs and n = 156 old 
HSCs, 3 mice per group). m, Frequency of HSCs and LSKs among BM cells in control and 30-day-5-FU treated young and aged mice (n = 10/6/9/6 mice 
for HSCs, n = 4/6/4/6 mice for LSKs). Experiments in b, h were repeated three independent times with similar results. In d the statistical significance was 
assessed by two-way-ANOVA-test. In f, g, m data represent mean ± s.e.m and statistical significance was assessed by two-tailed unpaired t-tests.  
* p < 0.05, ** p < 0.01, *** p < 0.001. Scale bars, 50 μm (b); 100 μm (h). The statistical details for d are available in Source Data Extended Data Fig. 9.  
See also Supplementary Table 5.
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Extended Data Fig. 10 | see next page for caption.
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Extended Data Fig. 10 | Summary cartoon scheme and gating strategies. a, Cartoon scheme depicting alterations of the aged niches. Aged HSCs 
compared to young are located more distant to the endosteum, to megakaryocytes, to arterioles and to periarteriolar Nes-GFPhigh cells but not to Nes-
GFPlow cells and sinusoids. With aging megakaryocytes are increased in number. Endosteal endothelial cells and endosteal/periarteriolar Nes-GFPhigh cells 
are dramatically reduced. The anatomy and morphology of arteries and arterioles in the aged BM is massively changed. The morphology, anatomy and 
numbers of central BM vessels, which are comprised mainly of sinusoids, and perisinusoidal Nes-GFPlow cells are preserved upon aging. LR-HSCs, which 
represent in aged mice the population of aged HSCs with the highest regenerative potential, cell polarity and active Notch signalling, were exclusively 
found as individual stem cells at sinusoidal niches, whereas aged nLR-HSCs are more distant to sinusoids and to other described BM niche cells and show 
clustering phenotype. Importantly, Jag2 plays a functional role in the maintenance of proximity and quiescence of HSCs at sinusoids. b, Representative 
gating strategy for Nes-GFP high and low BM cells; c, Gating strategy for megakaryocytes; d, Gating strategy for endothelial cells; e, Gating strategy for  
PB cells. Representative gating strategy example of B220, CD3, Mac-1 and Gr-1 staining profile of white blood cells from an aged C57Bl6 mouse (more than 
100-week-old).
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Sample size In order to choose sample size, we used GraphPad StatMate Software Version 2.0b, estimating a standard deviation between 2 and 8 
(depending on the experiment).

Data exclusions Some of the recipient mice in the transplant experiments were excluded from the final analysis because they failed to meet criteria for 
engraftment (i.e. contribution to at least 0.1% of total white blood cells in peripheral blood after 20weeks from transplant). Criteria for 
exclusions were pre-established.

Replication Experiments were replicated using always the same machines, instruments and softwares for data collection and analysis. quality and 
robustness of instruments were regularly checked before each experiment. Technical support in sample preparations was also always the 
same throughout the experiments in the studies. All samples and mice were handled following the same protocols.

Randomization Samples allocation was random and mice for experiments were randomly chosen.

Blinding The investigator was not blinded to the mouse group allocation nor when assessing the outcome of experiments (Rag2-/-gammac-/-KitW/Wv 
mice and aged mice require particular care and follow up).
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Antibodies
Antibodies used Information about all antibodies used in this study and their validation has been provided in Supplementary Table 6.

Validation Information about all antibodies used in this study and their validation has been provided in Supplementary Table 6.

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

Laboratory animals All C57/Bl6 mice were females and derived from in-house colonies or from commercial suppliers. Nestin-GFP mice were on a 
C57/BL6 background and were derived by in-house colonies. Rag2-/-gc-/-KitW/Wv mice were derived from in-house colonies. 
Young C57Bl6 were 10-16 week old. 
Old C57BL6 mice were 80-110 week old. 
Young Rag2-/-gc-/-KitW/Wv recipient mice were 5-10 week old. 
Old Rag2-/-gc-/-KitW/Wv recipient mice were 56-64 week old.

Wild animals The study didn't involve wild animals

Field-collected samples The study didn't involve samples collected from the field.
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Ethics oversight All mouse experiments were performed in compliance with the German Law for Welfare 289 of Laboratory Animals and were 
approved by the Institutional Review Board of the University of Ulm as well as by the Regierungspraesidium Tuebingen (state 
government of Baden-Württemberg) 
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A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation All bone marrow and peripheral blood samples were prepared freshly the same day of the experiment. In the case of peripheral 
blood samples, after blood collection samples were briefly stored on ice and stained within 1 hour from collection. Flow 
cytometry analyses were always performed within the following 3-4 hours. The samples were accurately stored on ice in the dark 
till flow cytometric analysis. As for bone marrow samples, bone marrow was flushed from long bones after the mouse sacrifice 
and cells were immediately processed for staining. Samples were always stored on ice throughout the procedure. As for 
histology, bones were also processed immediately after the mouse sacrificed. After fixation, bones were stored at -80°C till the 
staining. Microscopy analysis was performed immediately after the staining and all images were collected within 24-48 hours 
from the final staining.

Instrument BD FACS Aria III and LSRII (BD Bioscience)

Software BD FACSDiva 8.0.1

Cell population abundance Cells were not post-sorted. Mostly, cell abundance was microscopically checked: if the sorted cell number was below 100 cells, 
cells were microscopically counted to verify exact number; if sorted cell number was above 100 cells, samples were 
microscopically checked for relative equal amount.

Gating strategy Gating strategy are shown in Extended Data Figures 1 and 8.

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