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CD133+ endothelial-like stem cells restore 
neovascularization and promote longevity in 
progeroid and naturally aged mice

Shimin Sun1,2,8, Yuan Meng3,8, Mingying Li1,8, Xiaolong Tang    1,4, Wenjing Hu2,5, 
Weiwei Wu5, Guo Li6, Qiuxiang Pang5, Wengong Wang7 & Baohua Liu    1 

The stem cell theory of aging dictates that a decline in the number and/or 
function of stem cells causes tissue degeneration and aging; however, it 
still lacks unequivocal experimental support. Here, using lineage tracing 
and single-cell transcriptomics, we identify a population of CD133+ bone 
marrow-derived endothelial-like cells (ELCs) as potential endothelial 
progenitor cells, which contribute to tubular structures in vitro and 
neovascularization in vivo. We demonstrate that supplementation with wild-
type and young ELCs respectively restores neovascularization and extends 
lifespan in progeric and naturally aged mice. Mechanistically, we identify 
a n u  p r  eg  u l  ation of farnesyl diphosphate synthase (FDPS) in aged CD133+ 
ELCs—a key enzyme in isoprenoid biosynthesis. Overexpression of FDPS 
compromises the neovascularization capacity of CD133+ ELCs, whereas 
FDPS inhibition by pamidronate enhances neovascularization, improves 
health measures and extends lifespan in aged mice. These findings highlight 
stem cell-based strategies for the treatment of progeria and age-related 
pathologies.

Tissue degeneration is a typical characteristic of aging1. A small popula-
tion of stem cells or progenitors that reside in specific tissues, called 
tissue stem cells (TSCs), are capable of self-renewal and differentiation 
into tissue-specific cells, thus maintaining tissue homeostasis2. The 
hematopoietic system is one representative of high-turnover tissues 
with a high demand on TSCs, that is, hematopoietic stem cells (HSCs); 
a single HSC can repopulate the whole blood system3,4. Mesenchymal 
stem cells (MSCs) and endothelial progenitor cells (EPCs) are two other 
prominent types of TSC in adult bone marrow (BM)5. While MSCs can be 
easily expanded in vitro and show great clinical application potential6,7, 
the nomenclature and origination of EPCs are still hotly debated8–10. 
Asahara et al. first determined the existence of human peripheral blood 

endothelial progenitor cells11, which promote vascular regeneration12. 
Upon endothelium injury, cytokines and growth factors, such as VEGF, 
SDF-1, G-CSF and estrogen, mobilize EPCs from the BM to the peripheral 
circulation, which then seed at the injury sites and mediate neovascu-
larization8,13. Typical EPC enrichment usually requires 1–4 weeks of 
in vitro culture. According to the culture time, two main types of EPC 
can be obtained: myeloid angiogenic cells (MACs) require a 4–7-day 
culture, while endothelial colony-forming cells (ECFCs) emerge after 
14–21 days of culture14. MACs are less proliferative and express high 
levels of CD14, MAC-1 and CD11c, which also mark monocyte/mac-
rophages, but express low levels of endothelial marker VE-cadherin 
(CDH5) and stem-cell markers CD133 and c-Kit15. Contrastingly, ECFCs 
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donor BMNC origin, and similarly 57.9 ± 3.8% of CD31+ cells in muscle 
tissues originated from donor BMNCs. Paralleled imaging of tdTomato 
live and anti-CD31 staining fluorescence signals in adjacent aorta tis-
sue sections revealed that a large proportion of CD31+ ECs was derived 
from ROSAmT/mG BMNCs (Fig. 1e). Conversely, donor-derived cells were 
barely detectable in the livers, lungs and kidneys (Supplementary  
Fig. 1). To exclude the possibility that the colocalized fluorescence 
signal was an artifact of image processing of two adjacent cells respec-
tively positive for tdTomato or CD31, we performed multiple-layer 
image acquisition and 3D construction. The colocalized tdTomato 
(indicated by anti-red fluorescence protein (RFP) staining) and anti-
CD31/CDH5 signals were observed at individual cell level of both heart 
and muscle tissues, but such colocalization was barely observed in 
the liver and kidney tissues (Extended Data Fig. 3 and Supplemen-
tary Videos 1–4). We also used flow cytometry to detect the donor-
derived ECs in the heart tissues of BMTed mice at single-cell resolution. 
Approximately 30% of ECs were labeled with tdTomato (Extended Data  
Fig. 4a,b), indicating their BMNC origin.

To affirm that BM-derived EPCs can differentiate into ECs in distant 
organs, we used another independent lineage-tracing mouse model: 
H11-mG/mR mice, which harbor a CAG–LoxP–ZsGFP–Stop–LoxP–
tdTomato cassette. BMNCs from H11-mG/mR mice were transplanted 
into C57BL/6 recipient mice irradiated with a lethal dose of X-rays. The 
recipient mice were allowed to recover for 4 weeks followed by unilat-
eral FAL. After 3 weeks, mice were killed for investigation (Extended 
Data Fig. 4c). We found that approximately 22% of ECs in the heart tis-
sues were labeled with green fluorescent protein (GFP) (Extended Data 
Fig. 4d,e). Anti-CD31 immunofluorescence staining in thoracic aorta 
sections revealed that a substantial number of ECs were differentiated 
from ZsGFP-labeled BMNCs (Extended Data Fig. 4f).

Next, we generated a recombinant adeno-associated virus sero-
type 1 (rAAV1) with a synthetic ICAM2 promoter which drives vascular 
endothelial-specific expression of Cre. The rAAV1–ICAM2–cre par-
ticles were injected into the ROSAmT/mG BMTed mice via tail vein with 
a dose of 1 × 1011 vector genomes/200 μl per mouse. After 4 weeks, 
mice were euthanized, and tissues were collected for FACS analysis 
(Supplementary Fig. 2a). If BMTed BMNCs can differentiate into ECs, 
tdTomato-labeled, GFP-labeled (under the action of Cre recombinase 
for long period of time) and both tdTomato- and GFP-labeled cells 
would be observed. The results showed that, of fluorescence-labeled 
cells in the heart tissues, about 21% expressed tdTomato only, labeling 
donor BMNCs, which had not differentiated into ECs, ~6% were positive 
for both tdTomato and GFP, representing the donor cells that were 
undergoing differentiation, and more than 70% cells were labeled with 
GFP only, indicating ECs differentiated from BMTed BMNCs (Supple-
mentary Fig. 2b). In contrast, the GFP signal was barely detectable in 
the other tissues (Supplementary Fig. 2c). GFP+ cells were also detected 
in the heart tissues using immunofluorescence microscopy (Supple-
mentary Fig. 2d)

Further, we crossed the H11-mG/mR mice with an inducible  
Cdh5–cre/ERT mouse line to generate mG/mR;Cdh5–cre mice, whereby 
the expression of Cre is driven by the promoter of endothelial-specific 
Cdh5 gene in the presence of tamoxifen. BMNCs were collected from 
mG/mR;Cdh5–cre mice and transplanted into C57BL/6N mice irradi-
ated with a lethal dose of X-rays. After 4 weeks’ recovery, recipient 

are highly proliferative and positive for CD34, CD105, CD146, CD31 and 
VE-cadherin10. Both MACs and ECFCs are present in humans, while only 
MACs are reported in mice. Though being extensively studied for more 
than two decades, the in vivo evidence of EPCs is still scarce.

Accumulating evidence suggests that a decline in the function 
and/or number of TSCs is responsible for the reduced regeneration 
capacity seen in aging and age-related diseases16–22. The function and/
or number of HSCs and MSCs, in particular, decline with aging23,24. In 
a mouse model resembling Hutchinson–Gilford progeria syndrome 
(HGPS), which is predominantly caused by LMNA mutations, there is a 
prominent and premature depletion of MSCs, HSCs, hair follicle stem 
cells and muscle stem cells25–28. An age-related decline in the number 
and function of EPCs is also evidenced, which could be the main rea-
son for the reduced vascular endothelium (VE)-repair capacity9,29,30. 
However, fundamental questions remain. It is still unclear whether TSC 
decline, depletion or malfunction is a cause, rather than a consequence, 
of aging, and whether replenishment with healthy and young TSCs 
could rejuvenate aged tissues/organs and promote longevity. Recently, 
we and others have shown that VE dysfunction causes systemic aging 
in mice31–33, raising the question of whether EPC decline, if any, causally 
accelerates aging.

In this Article, we aimed to clarify the origin and identity of poten-
tial EPCs and test the hypothesis that declines in EPCs drive aging. By 
lineage tracing with various genetic modifying strategies, single-cell 
transcriptomics and functional analyses, we revealed that CD133 labels 
potential EPCs in the BM, namely endothelial-like cells (ELCs). Both 
premature and physiological aging declined the function of CD133+ 
ELCs, and the replenishment with young and healthy ELCs rejuvenated 
aged blood vessels and promoted longevity in mice.

Results
BMNCs differentiate into ECs in distant organs
Given that endothelial and hematopoietic cells share the same origin, 
hemangioblasts34, we reasoned that EPCs might originate from the BM. 
To test this hypothesis, we employed a lineage-tracing strategy (Fig. 1a): 
The bone marrow mononuclear cells (BMNCs) from ROSAmT/mG mice, 
which harbor a tdTomato and enhanced green fluorescent protein 
(EGFP) expression cassette, were transplanted into C57BL/6 recipient 
mice irradiated with a lethal dose of X-rays (9 Gy). X-ray irradiation 
introduced substantial amount of DNA damage, as indicated by γH2AX 
fluorescence staining (Extended Data Fig. 1a). The recipient mice were 
allowed to recover for 4 weeks and then subjected to unilateral femoral 
artery ligation (FAL) to stimulate neovascularization. After 3 weeks, the 
mice were killed for further investigation. The degree of BM repopula-
tion was up to 80%, and that of the peripheral blood repopulation was 
close to 50% (Fig. 1b and Extended Data Fig. 2).

We examined whether the donor-derived BMNCs could differen-
tiate into ECs using immunofluorescent microscopic examination of 
anti-tdTomato and anti-CDH5 or anti-CD31 double staining. As shown, 
a substantial number of tdTomato+ cells were concomitantly positive 
for CDH5 or CD31 staining in heart and muscle tissues in bone-marrow-
transplanted (BMTed) mice (Fig. 1c,d). Of note, irradiation enhanced 
the turnover rate of endothelial cells in heart and muscle tissues 
(Extended Data Fig. 1b). More interestingly, approximately 43.7 ± 2.2% 
of CDH5+ cells in the heart were positive for tdTomato, indicating their 

Fig. 1 | BMNCs differentiate into ECs in distant organs. a, Schematic of lineage-
tracing strategy: recipient mice were irradiated with X-rays and transplanted 
with BMNCs from ROSAmT/mG mice; 4 weeks after bone marrow transplantation 
(BMT), the recipient mice were subjected to unilateral FAL. Three weeks after 
FAL, the mice were killed for investigation: analysis of tdTomato+ endothelial cells 
(ECs). b, BM reconstitution rate determined by FACS of BM and peripheral blood 
cells. c, Representative fluorescence images showing donor-derived CDH5+ and 
tdTomato+ (anti-RFP) ECs in heart tissues. Scale bar, 20 μm.  

d, Representative fluorescence images showing donor-derived CD31+ and 
tdTomato+ (anti-RFP) ECs in muscle tissues. Scale bar, 20 μm. e, Representative 
fluorescence images showing donor-derived CD31+ and tdTomato+ ECs in 
adjacent aorta tissue sections. Scale bar, 100 μm. Five mice were analyzed. Data 
represent the mean ± s.e.m. Pseudocolor scheme used in immunofluorescent 
images: white represents the nucleus stain (DAPI), and magenta represents red 
signal (tdTomato live signal or labeled with Alexa Fluor 594-conjugated anti-RFP 
antibodies).
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mice were subjected to unilateral FAL. Three weeks later, BMTed mice 
were intraperitoneally injected with tamoxifen (70 mg kg−1 per day) 
for 5 days. Seven days later, the mice were euthanized, and tissues 
were collected for flow cytometry analysis (Extended Data Fig. 5a). If 
the ZsGFP-labeled BMNCs can differentiate into ECs, under the action 
of Cre induced by tamoxifen, they would express tdTomato with or 
without GFP. Of all fluorescence-labeled cells in heart tissues, about 
56% of them carried tdTomato only, representing ECs differentiated 
from BMTed BMNCs, and 15% carried both GFP and tdTomato, which, 
most likely, were differentiating or had just differentiated into ECs 
(Extended Data Fig. 5b,c). In contrast, tdTomato-positive cells were 
hardly detectable in liver, kidney and muscle tissues. We also prepared 
frozen sections and examined the cells expressing tdTomato using 
immunofluorescence microscopy (Extended Data Fig. 5d).

In addition to direct differentiation, the fusion of local recipi-
ent ECs with donor cells, passive diffusion of fluorescence proteins 
to adjacent cells, and trans-differentiation of macrophages to ECs 
may cause the observed results. To exclude such possibilities, we first 
employed the Tie2–cre mouse line as recipients for BM reconstitution 
with ROSAmT/mG BMNCs (Supplementary Fig. 3a). If fusion had taken 
place, Cre recombinase originating from the recipient ECs would have 
worked with the ROSAmT/mG locus in the donor BMNCs and activated 
EGFP expression; if passive diffusion of tdTomato had occurred, it 
would be detected in Cre-positive ECs. While tdTomato+ ECs were fre-
quently observed in heart, muscle and aorta tissues, EGFP+ ECs were 
scarce (Supplementary Fig. 3b–d). Notably, tdTomato+ cells lacked Cre 
staining (Supplementary Fig. 3d). Lastly, we performed F4/80 staining 
to check whether the observed tdTomato+ ECs were macrophages. 
Though we observed F4/80 and tdTomato double-positive ECs, they 
were at a low frequency (Extended Data Fig. 6). Together, all these data 
suggest that potential EPCs reside in the BM and can differentiate into 
ECs in distant organs of the BMTed model to maintain endothelial 
homeostasis.

CD133 marks potential EPCs in mouse BM
Having shown the EC differentiation potential of BMNCs, we sought to 
further enrich the EPC subpopulation. We reasoned that EPCs should 
be more closely related to ECs in the BM. To test the hypothesis, we 
first employed the single-cell RNA sequencing data from two studies 
describing whole mouse BMNCs and BM niche CDH5+ cells, named 
ECs35,36. BMNCs were re-clustered according to marker-gene expres-
sion (Extended Data Fig. 7a and Supplementary Table 1). The two 
datasets were integrated after batch effects were removed. Interest-
ingly, a pseudo-time analysis of all cells revealed that BMNC clusters 
SC_1, SC_2 and SC_3, which were predicted to have stem cell/progeni-
tor properties, were closely related to ECs (Fig. 2a and Extended Data 
Fig. 7b). Further pseudo-time analyses revealed that SC_2 had more 

progenitor properties and was predicted to differentiate into SC_1 or 
SC_3 (Extended Data Fig. 7c), and SC_2 most likely represented EPCs 
that reside upstream of ECs (Fig. 2b).

We next examined the transcriptomes of the three clusters and 
other populations in the BM to identify putative molecular signature(s) 
for cluster SC_2. Interestingly, a group of cell-membrane-associated 
components marked the cluster SC_2, of which CD133 encoded by 
the Prom1 gene was the most prominent (Fig. 2c and Extended Data  
Fig. 7d). We referred to this putative marker set as CD133+ cell traits and 
compared its expression with reported EPC markers: CD45, CD14 and 
CD31 for MACs; CD105, CD14 and CD31 for ECFCs; VCAM1, ICAM1 and 
KDR for ECs; and CD34, collectively named CD34+ EPC traits. Along with 
the pseudo-timeline (Fig. 2b), the CD133+ cell traits were predominantly 
expressed in SC_2, sharply declined in SC_1, and almost disappeared 
in ECs (Fig. 2d). Of CD34+ EPC traits, CD14 expression was highest in 
SC_2, then SC_1, and lowest in ECs. All the others were highly expressed 
in ECs, with certain extent expression of CD34 and ICAM1 in SC_1 and 
barely any in SC_2. We reasoned that CD133 might label the early stages 
of putative EPCs, referred to as CD133+ ELCs.

We thus applied fluorescence-activated cell sorting (FACS) to 
enrich CD133+ BMNCs from three C57BL/6N mice. To experimentally 
validate the properties of the CD133+ ELCs, we did 10x Genomics single-
cell RNA sequencing, and after quality filtering, 10,869 cells were recov-
ered. By employing the k means clustering algorithm, the CD133+ ELCs 
were further clustered into four groups: CD133_1, CD133_2, CD133_3 and 
CD133_4 (Fig. 2e and Extended Data Fig. 7e,f). Interestingly, while Prom1 
was ubiquitously expressed in all four subclusters, Mpo gene encoding 
myeloperoxidase was mainly expressed in cluster CD133_1 and Mmp9 
was mainly expressed in cluster CD133_4 (Fig. 2e and Supplementary 
Fig. 4). In the pseudo-time axis, cluster CD133_1 was more strongly 
associated with ECs (Fig. 2f and Extended Data Fig. 7g).

We further investigated the functional properties of CD133+ ELCs. 
EPCs are known to take up low-density lipoproteins (LDLs) and Ulex 
europaeus agglutinin 1 (UEA-1)11. More than 95% of freshly FACS-isolated 
CD133+ ELCs were positive for Dil-acLDL and UEA-1 (Fig. 2g), indicat-
ing their endothelial potential. To study the potential of CD133+ ELCs 
in neovascularization, we conducted ex vivo Matrigel plug assay, and 
CD133+ ELC plugs showed tubular-like structures with CD31+Cdh5+ 
cells, which were not observed in CD133‒ BMNC plugs (Fig. 2h). We 
then enriched the CD133+ ELCs and CD133‒ BMNCs from ROSAmT/mG 
mice using magnet-activated cell sorting (MACS) and intravenously 
injected them into mice given FAL via the tail vein. Dynamic micro-
circulation imaging system analysis showed the blood flow recovery 
rate on day 14 was significantly enhanced from 50% to almost 85% after 
CD133+ ELC supplementation, but that was only 65% after CD133‒ BMNC 
treatment (Fig. 2i). Donor-derived tdTomato-expressing ECs were 
frequently observed at injury sites, and about 34.6 ± 1.4% CD31+ cells 

Fig. 2 | CD133-marked ELCs implicate angiogenic potential. a, Pseudo-time 
analysis of single-cell transcriptomics of whole mouse BMNCs and CDH5+ 
BM niche ECs. Numbers represent proximity on pseudo-timeline rather than 
chronological order. Note that ECs (cluster 2) are more closely related to cluster 
3, which is further divided into subclusters SC_1, SC_2 and SC_3. b, Pseudo-
timeline analysis shows evolutionary trends for clusters EC, SC_1, SC_2 and 
SC_3, of which clusters EC and SC_2 are more closely related. c, Most enriched 
pathways of genes with unique expression in cluster SC_2 relative to other 
clusters of BMNCs (Extended Data Fig. 7d). Note the enriched cell surface 
proteins. d, Heatmap analysis of genes revealed in c and genes used to identify 
EPCs in the literature, namely CD34+ EPC traits across SC_1, 2 and 3, and ECs. 
e, Uniform Manifold Approximation and Projection (UMAP) visualization of 
single-cell transcriptomes of CD133+ ELCs, whole mouse BMNCs and CDH5+ BM 
niche ECs. CD133+ ELCs were clustered into CD133_1‒4. Three mice were included 
for analyses. f, Pseudo-time analysis of EC subcluster EC_S and ELC subcluster 
CD133_1. g, CD133+ ELCs labeled with the Dil-conjugated acetylated low-density 
lipoproteins (Dil-acLDL) and UEA-1. Three mice were examined. Scale bar, 50 μm. 

h, Ex vivo Matrigel plug assay showing tubular-like structure with CD31+Cdh5+ 
cells, which was not observed in CD133‒ BMNC plugs. Scale bar, 20 μm. The arrow 
indicates a tubular-like structure. All images are representative for three animals 
in each group and two implants per mouse. i, Representative microcirculation 
images (left) and quantification of blood flow recovery (right) following hind 
limb ischemia in mice treated with CD133+ ELCs, CD133‒ BMNCs or without 
ELCs/BMNCs. n = 4 mice per group. D, experimental day. P value calculated by 
two-way ANOVA. j, Representative fluorescence images showing CDH5+ ECs 
and tdTomato+ (anti-RFP) donor-derived cells in muscle tissue. Four mice were 
examined. Scale bar, 20 μm. k, Blood flow recovery rate on day 14 after the hind 
limb ischemia in mice treated with CD133+, CD133+MPO+, CD133+MMP9+ BMNCs 
or PBS (n = 4, 4, 5 and 4, respectively). P value calculated by Tukey’s multiple 
comparisons one-sided one-way ANOVA test. Data represent the mean ± s.e.m. 
Pseudocolor scheme used in immunofluorescent images: white represents the 
nucleus stain (DAPI), and magenta represents red signal (tdTomato (RFP)/CD31 
labeled with Alexa Fluor 594-conjugated antibodies or Dil-acLDL).

http://www.nature.com/nataging


Nature Aging | Volume 3 | November 2023 | 1401–1414 1405

Article https://doi.org/10.1038/s43587-023-00512-z

a b

c

g

ed f

CD133_1

CD133_4

CD133_2

CD133_3

EC

EC_S

M

Bc
Tgd

DC

Mono
Basophil

UMAP_1

U
M

AP
_2

2

5

11

12
18

138
7

164

36

1 14

1517 9
10

UMAP_1

U
M

AP
_2

Sc_1

SC_2

SC_3 1

2

–7.5

–5.0

–2.5

0

2.5

–20 –10 0
Component 1

C
om

po
ne

nt
 2

Cluster Ec SC_1 SC_2 SC_3

10 20 30 40
Pseudotime

–5.0

–2.5

0

2.5

5.0

–30 –20 –10 0 10
Component 1

C
om

po
ne

nt
 2

Cluster EC_s CD133_1

0 10 20304050
Pseudotime

Itgb2l

Pglyrp1

Cd177

Itgam Clec5a

Siglece

Chil1

Chil3

Ncam1
Trem3

Orm1

Gca

Galns

CD133+

ELC
Traits

CD34+

EPC
Traits

EC SC_1
SC_2

SC_3

Cd45
Cd14
Cd34
Icam1

Cd105
Cd31

Tek
Cd146
Cdh5

Kdr
Vcam1
Itgam

Clec5a
Trem3

Siglece
Ncam1
Cd177
Itgb2l
Cd133

0
1
2

Expression

Dil-acLDL UEA-1

Merge DAPI

CDH5tdTomato (αRFP) Merge DAPI

34.6 ± 1.4%

j

h i Vehicle CD133– CD133+

+ – + – + –
Ischemia

0 3 6 9 12 15
0

1.2

1.0

0.8

0.6

0.4

0.2

Days

Is
ch

em
ia

/n
on

-is
ch

em
ia

 ra
tio

Vehicle, n = 4
CD133+ ELCs, n = 4
CD133– BMNCs, n = 4

k

0 0.2 0.4 0.6 0.8 1.0 1.2

CD133+MMP9+ ELCs

CD133+MPO+ ELCs

CD133+ ELCs

PBS

Ischemia/non-ischemia ratio

P 
 =

 0
.0

0
02

P 
= 

0.
54

74

CD31CDH5DAPI

CD133+

CD133–

P 
= 

0.
00

02

P 
= 

0.
01

3

P 
 =

 0
.0

0
10

P 
= 

0.
0

0
22

P 
= 

0.
0

12
1 P 

 =
 0

.6
40

4

–10

–10

0

10

0 10

–10 –5

–5

0

5

10

15

1050

Prom1

D1

D3

D7

D14

http://www.nature.com/nataging


Nature Aging | Volume 3 | November 2023 | 1401–1414 1406

Article https://doi.org/10.1038/s43587-023-00512-z

were positive for tdTomato (Fig. 2j). Of particular note, mice treated 
with CD133+ ELCs and CD133+MPO+ ELCs that represent cluster CD133_1 
showed comparable blood flow recovery rate on day 14 after FAL  
(Fig. 2k). The treatment with CD133+MMP9+ ELCs that represent 
CD133_4 barely restored the blood flow. Collectively, these data suggest 
that the CD133+ ELCs in the BM, mainly represented by a CD133+MPO+ 
subcluster, promote neovascularization.

CD133+ ELCs ameliorate features of premature aging in mice
Endothelial dysfunction accelerates aging and shortens the lifespan of 
a mouse model resembling HGPS: Lmnaf/f;TC mice33. We hypothesized 

that endothelial dysfunction is attributable to the defects in EPCs, 
and the replenishment of EPCs might extend the model’s lifespan. To 
test these hypotheses, we first analyzed the number of CD133+ ELCs in 
LmnaG609G/+ and wild-type (WT) control mice by FACS. The number of 
CD133+ ELCs was significantly increased in LmnaG609G/+ mice compared 
with that in control mice (Fig. 3a and Extended Data Fig. 8). Next, we 
enriched the CD133+ ELCs and studied their function in blood vessel 
regeneration in a FAL model. The neovascularization capacity of CD133+ 
ELCs from the global HGPS model, LmnaG609G/G609G mice33, was compro-
mised by roughly 30% compared with the controls (Fig. 3b), suggesting 
there was a functional decline in LmnaG609G/G609G CD133+ ELCs. We then 
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594-conjugated antibodies).
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explored if replenishing CD133+ ELCs could rescue neovascularization in 
Lmnaf/f;TC mice. Indeed, on-site injection of CD133+ ELCs isolated from 
ROSAmT/mG mice completely restored the defective neovascularization 
in Lmnaf/f;TC mice (Fig. 3c).

LmnaG609G/G609G mice start to develop features of aging at 2 months 
of age and die 4‒6 months after birth37. We next questioned whether 

young and healthy CD133+ ELCs can rejuvenate aged blood vessels and 
ameliorate premature aging in progeria mice. To test these hypotheses, 
we enriched CD133+ ELCs from 3-month-old and healthy ROSAmT/mG mice 
by MACS. Then, 1 × 106 CD133+ ELCs were injected into LmnaG609G/G609G 
mice via the tail vein, starting from 3 months of age (before the earliest 
death event) and every week for 1 month. Donor-derived tdTomato+ ECs 
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were detected in the heart and muscle by fluorescence microscopy but 
were not seen in the aorta (Fig. 3d). More importantly, the trabecular 
number was significantly increased and trabecular separation/spac-
ing was significantly decreased following the EPC replenishment in 

LmnaG609G/G609G mice (Fig. 3e,f). Premature body weight loss was also 
attenuated by EPC therapy (Fig. 3g). Most importantly, the median 
lifespan of progeria mice was extended by almost 20% (from 21 to 
25 weeks) (Fig. 3h). Together, these data suggest that CD133+ ELCs 

a

c

b

CD133_1

CD133_4

CD133_2

CD133_3

B-pro
NK

Mono Basophil

UMAP_1
U

M
AP

_2
UMAP_1

U
M

AP
_2

Old
Young

d e

f g h

Y ELCs, n = 4
Y ELCs + Pami, n = 4
O ELCs, n = 4
O ELCs + Pami, n = 4

0 3 6 9 12 15
0

1.2

1.0

0.8

0.6

0.4

0.2

P = 0.0004
P < 0.0001

P = 0.7697

Days

AAV–GFP, n = 4
AAV–FDPS, n = 6

0 3 6 9 12 15
0

1.2

1.0

0.8

0.6

0.4

0.2

Days

P = 0.0027

HMG-CoA

HMG-CoA reductase

Mevalonate

Geranyl pyrophosphate

FDPS

FPPSqualene

Cholesterol FTase

Protein
farnesylation

Protein
geranylgeranylation

GGTase I

GGPP Ubiquinone

Dolichol

Bisphosphonates

Statins

GGTIFTI

AGPP AGPP

Fd
ps

AAV–GFP
AAV–FDPS

Re
la

tiv
e 

m
RN

A 
le

ve
l

Is
ch

em
ia

/n
on

-is
ch

em
ia

ra
tio

Is
ch

em
ia

/n
on

-is
ch

em
ia

ra
tio

0
0.5
1.0
1.5
2.0

200
250
300
350
400

P = 0.0005

Scp2
Sri
Aldoa

G
ene expression

Gsr
Ndufv3
Fdps
Anxa1
Tspo
Ndufa1
Alas1
Mrpl33
Ndufa2
Atp5j2
Cox5b
Uqcrq
Gnb2l1
Atpif1
Rpl36al
Slc25a5
Cox8a
Rpl18a
Rpl41
Rplp0
Rpl4
Rps4x
Rpl3
Rps5
Rpl10
Rpl10a
Rplp2
Rps28
Fau
Rpsa
Rpl28
Rps21
Rpl38
Rps17
Rpl19
Rpl13a
Rps27a
Rpl32
Rps15a
Pdia3
Ndufb9
Mdh2
Mpc1
Uqcrb
Cox6a1
Cox6c
Cox7a2

CD133_1
YoungOld

–2
–1.5
–1
–0.5
0
0.5
1
1.5
2

0

10

20

30 Fdps

Old Young

0

2

4

6

8

Ex
pr

es
si

on
 le

ve
l Prom1

0

30

60

90

CD133_1

Tspo

0

100

200
Anxa1

CD133+, 3 months
CD133+, 27 months

CD133–, 3 months
CD133–, 27 months

Re
la

tiv
e 

m
RN

A 
le

ve
l

Fd
ps

Ts
po

Anxa
1

Pro
minin 1 P21

Ceac
am

1
Ki67

Ccnd1
0

1.0

2.0

3.0
4.0

8.0

12.0

P = 0.067

P < 0.001
P = 0.016 P = 0.009

P = 0.04

P = 0.002

P = 0.015

P = 0.001

P = 0.009

P = 0.001P = 0.195

P < 0.001

P < 0.001

–5

–5

0

5

10

0 5 10–5

–5

0

5

10

0 5 10

Fig. 5 | FDPS upregulation compromises ELC function. a, UMAP visualization 
of single-cell transcriptomes of CD133+ ELCs enriched from young (3-month-
old, n = 3) and old (18.5-month-old, n = 3) mice, showing cell attribution (left) 
and identification of cells (right). b, Differential expression of ribosome- and 
oxidative phosphorylation-related genes in cluster CD133_1 between young and 
old mice. Note that Fdps was one of the three most significantly changed genes. 
c, Violin plot showing transcriptomic levels of genes Prom1, Fdps, Tspo and 
Anxa1 in cluster CD133_1 from young and old mice. d, qPCR analysis of Prom1, 
Fdps, Tspo and Anxa1 transcript levels in CD133+ ELCs and CD133‒ BMNCs from 

young (n = 3) and old mice (n = 3). The levels of P21, Ceacam1, Ki67 and Ccnd1 
were included as control. P value calculated by one-sided Student’s t-test. e, 
FDPS-centered isoprenoid biosynthesis pathway. Note that PAM belongs to the 
bisphosphonates, which inhibit FDPS activity. f,g, Overexpression of Fdps via 
rAAVDJ in young CD133+ ELCs compromised their neovasculogenic capacity, 
as determined by FAL experiment (f, n = 3 mice per group; g, n = 4–6 mice per 
group). P value calculated by two-way ANOVA. h, Blood flow recovery following 
hind limb ischemia in mice treated with young or old ELCs and with or without 
PAM. P value calculated by two-way ANOVA. Data represent the mean ± s.e.m.

http://www.nature.com/nataging


Nature Aging | Volume 3 | November 2023 | 1401–1414 1409

Article https://doi.org/10.1038/s43587-023-00512-z

promote neovascularization and extend the lifespan of the premature 
aging murine model.

CD133+ ELCs rejuvenate aged blood vessels and promote 
longevity
Vascular aging/dysfunction is a hallmark of aging; however, its causal 
roles still lack experimental support. Interestingly, while the number 
of CD133+ ELCs was not much changed in the older mice (27 months 
old, O) compared with the young mice (3 months old, Y) (Fig. 4a), the 
neovascularization capacity of ELCs (O) was significantly jeopardized 

compared with that of ELCs (Y) (Fig. 4b). The number of CD31+ ECs was 
substantially decreased in the hearts and muscles of old compared 
with young mice (Fig. 4c). We then investigated whether replenishing 
CD133+ ELCs enhances neovascularization capacity. To that end, 1 × 106 
ELCs enriched from 3-month-old ROSAmT/mG mice were injected via the 
tail vein into 18-month-old mice every other week. Eight months after 
ELC replenishment, the capillary density (CD31+ ECs) of the gastroc-
nemius muscle had significantly increased, from 234.5 ± 9.9 mm−2 to 
393.3 ± 14.8 mm−2 (P < 0.05), the latter of which is comparable to that 
of young mice (3 months old, 409.9 ± 13.1 mm−2). Correspondingly, the 
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capillary density (CDH5+ ECs) in the heart also significantly increased 
after ELC treatment, from 2,051.5 ± 42.6 mm−2 to 2,532.9 ± 157.4 mm−2 
(P < 0.05), which is again similar to that of young mice (3 months old, 
2,570.3 ± 101.6 mm−2). Of particular interest, we consistently observed 
tdTomato+ cells in the heart and muscle tissues 8 months after the first 
injection of ELCs (Fig. 4d,e, Supplementary Fig. 5 and Supplementary 
Videos 5 and 6).

We next analyzed overall aging features in old ELC-treated mice. 
The bone volume (BV) to tissue volume (TV) ratio and the trabecular 
number progressively declined, whereas trabecular separation/spacing 
increased with aging (Fig. 4f). ELC therapy attenuated this exacerba-
tion of bone loss, even reaching significance for BV/TV (%). ELC therapy 
also increased the running endurance (Fig. 4g). Furthermore, there 
was no change in body weight until the later stages of aging, when the 
untreated mice started to die (Fig. 4h). Most importantly, the median 
lifespan was extended by up to 10% from 115 to 126 weeks after CD133+ 
ELC replenishment. Further, we tested the lifespan-extending effect of 
the subclusters CD133+MPO+ and CD133+MPO−MMP9− ELCs. Markedly, 
administration of CD133+MPO+ ELCs also extended the lifespan to a 
similar extent as the CD133+ ELCs did. In contrast, the replenishment 
of CD133+MPO−MMP9− subcluster only slightly increased the lifespan 
but did not reach significance (Fig. 4i). Together, the data suggest that 
CD133+ ELCs, particularly the CD133+MPO+ subcluster, can rejuvenate 
aged blood vessels and promote longevity in mice.

FDPS underlies ELC aging
To understand potential mechanisms that drive ELC aging and func-
tional decline, we obtained and compared the single-cell transcrip-
tomes of FACS-enriched CD133+ ELCs from young (3-month-old) and 
old (18.5-month-old) mice. We recovered 8,362 cells from young mice 
and 10,597 from old mice (Fig. 5a), of which approximately 454 genes 
were significantly upregulated, and 90 genes were significantly down-
regulated in ELCs isolated from old mice (Extended Data Fig. 9). Further 
functional enrichment analysis revealed two pathways that were signifi-
cantly enriched in old CD133+ ELCs: ribosome biogenesis and oxidative 
phosphorylation (Supplementary Fig. 6a,b). The top-200 upregulated 
genes in the two pathways were selected for protein–protein interac-
tion network analysis and gene expression comparison in the four 
clusters, CD133_1, CD133_2, Cd133_3 and CD133_4, between young and 
old mice. Very interestingly, three genes, Fdps, Anxa1 and Tspo, were 
significantly and consistently upregulated in all four clusters of old 
ELCs (Fig. 5b,c and Extended Data Fig. 10a,b), and this was validated by 
quantitative polymerase chain reaction (PCR) with reverse transcrip-
tion: Fdps, Anxa1 and Tspo were all highly expressed in CD133+ cells 
(Fig. 5d). While expression levels of Anxa1 and Tspo were significantly 
enhanced in both old CD133+ ELCs and CD133− BMNCs, the upregulated 
expression of Fdps in old mice seemed more specific to CD133+ ELCs. 
Thus, we focused on Fdps for further mechanistic investigation. Of 
note, the CD133+ ELCs were more proliferative than CD133− cells, as 
Ki67 level was much higher in CD133+ ELCs than CD133− BMNCs, while 
that of Ccnd1 was much higher in CD133− than CD133+ cells.

Fdps encodes farnesyl diphosphate synthase (FDPS), a key enzyme 
in isoprenoid biosynthesis that catalyzes the formation of farnesyl 
diphosphate38. Farnesyl diphosphate is a precursor for sterol, doli-
chol, carotenoid and ubiquinone and is also a substrate for protein 
farnesylation and geranylgeranylation (Fig. 5e). The diphosphonate 
derivative pamidronate (PAM) inhibits FDPS activity and is used clini-
cally for the treatment of osteoporosis39. To determine if elevated 
Fdps expression underlies the functional decline of ELCs in old mice, 
we generated a recombinant AAV serotype DJ (rAAVDJ) vector with 
an Fdps-expressing cassette driven by a ubiquitous CMV promoter. 
The overexpression of Fdps was observed in CD133+ ELCs (Fig. 5f). In 
the FAL model, Fdps overexpression significantly compromised the 
new-blood-vessel-forming ability of ELCs derived from young mice 
(Fig. 5g). In contrast, incubation with PAM significantly improved 

the new-blood-vessel-forming ability of ELCs of old mice, whereas 
the combined treatment with PAM and young ELCs showed a minimal 
additive effect (Fig. 5h). Thus, an increase in Fdps compromises ELC 
function during aging.

PAM treatment extends lifespan in mice
We next investigated in vivo effect of PAM treatment. To that end, we 
treated 22-month-old female mice with PAM (1 mg kg−1 body weight) 
or vehicle (phosphate-buffered saline, PBS) by intraperitoneal injec-
tion. Two months after treatment, we found that the number of CD133+ 
ELCs was significantly increased in the PAM-treated mice compared 
with control mice (Fig. 6a). The senescence marker genes p16 and 
Il-6 were both significantly downregulated in CD133+ ELCs isolated 
from the PAM-treated mice (Fig. 6b). We also investigated whether 
PAM treatment enhanced the function of CD133+ ELCs. To this end, we 
treated 18-month-old female mice with PAM (1 mg kg−1) every week for 
2 months. Then, CD133+ ELCs were isolated from both treated/control 
mice by FACS, and a total 1 × 106 of them were injected into FAL model 
via tail vein on day 1 and day 7 after surgery. Indeed, the blood flow 
recovery rate was significantly enhanced in mice injected with ELCs 
isolated from the PAM-treated mice compared with those from the 
control-treated mice (Fig. 6c).

We next explored whether inhibiting FDPS with long-term PAM 
treatment can rejuvenate aged tissues and promote longevity in 
mice. We divided a cohort of old female mice, aged around 90 weeks 
(~21 months), into two groups that were treated with PAM (1 mg kg−1) 
or vehicle (PBS) by intraperitoneal injection. The health status and 
lifespan of the groups were closely monitored. Six months after PAM 
treatment, the capillary density (CDH5+ ECs) in the heart tissues was sig-
nificantly increased, from 1,610.24 ± 131.32 mm−2 to 1,889.3 ± 135.6 mm−2 
(P < 0.05) (Fig. 6d). Moreover, mice treated with PAM showed a faster 
active-to-rest shift than those untreated during the dark-to-light tran-
sition (Fig. 6e). For mice that lived longer than median survival time 
(~115 weeks in vehicle; ~122 weeks in PAM-treated), the lifespan of PAM-
treated female mice was significantly extended from 118.5 ± 4.3 weeks 
to 128.4 ± 3.52 weeks (Fig. 6f, P = 0.0371). Likewise, we investigated the 
effect of PAM treatment in male mice. Interestingly, both median and 
maximum lifespan were significantly increased in male mice treated 
with PAM (Fig. 6g, P = 0.02). Significant lifespan extension was also 
noticed if the two sexes were combined (Fig. 6h, P = 0.0304). Thus, we 
concluded that PAM treatment can extend lifespan in mice.

Discussion
The stem-cell theory of aging dictates that a decline in stem-cell number 
and/or function leads to defective tissue regeneration and consequen-
tial organismal aging. The rapid depletion of adult stem cells resulting 
from replicative stress caused by somatic cell loss leads to premature 
aging40,41. HSCs and MSCs are two stem-cell populations found in the 
BM that have great clinical potential. We have previously shown that the 
number and function of MSCs and HSCs decline in the progeria mouse 
model, Zmpste24−/− mice42. Here we identified CD133+ ELCs as potential 
EPCs in the BM, and consistent with the decline in HSCs and MSCs, 
the number and function of CD133+ ELCs decreased in progeria mice. 
During physiological aging, while the number of CD133+ ELCs was not 
much changed, their function in neovascularization was substantially 
compromised in mice. Remarkably, CD133+ ELC rejuvenation improved 
the microvasculature, attenuated body weight loss and osteoporosis, 
and extended the lifespan of both progeria and physiologically aged 
mice. Our findings provide solid evidence to support the use of stem-
cell therapy for progeria and normal aging.

The nomenclature and origin of EPCs are controversial10. With the 
benefits of single-cell transcriptome techniques, studies have been able 
to define various cell populations in BMNCs and BM niche ECs35,36. By 
pseudo-time analyses, we found that CD133-marked BMNCs are closely 
related to ECs in the BM. Using genetically engineered ROSAmT/mG mouse 
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model, we demonstrated that CD133+ ELCs have EC-differentiation and 
neovascularization ability. We noticed that, in the pseudo-time axis, 
CD133+ ELCs (cluster SC_2) moderately expressed CD14 and VCAM1 but 
barely expressed CD34, CD105, CD146, CD31 and VE-cadherin, which 
mark ECs and ECFCs. ECs lost the expression of CD133, and cluster SC_1 
expressed moderate levels of CD14, CD34, and ICAM1 (Fig. 2d). Previ-
ously, Peichev et al. found that co-expression of CD133 and VEGFR2 
identifies circulating endothelial precursors43. We found that VEGFR2 
was highly expressed in CD133+ ELCs. In contrast to MACs and ECFC14, 
we failed to expand CD133+ ELCs in vitro. From the compiled evidence, 
we reasoned that CD133 probably marks an early stage during EPC 
evolution. CD133+ ELCs can be clustered into four groups according 
to the single-cell transcriptomics, of which CD133_1 was most closely 
related to the BM ECs, marked with high level of MPO, while CD133_4 
was extensively labeled with MMP9. Most importantly, cluster CD133_1 
labeled by CD133+ and MPO+ dictated the main function of CD133+ ELCs 
in neovascularization and lifespan extension. On the other side, we 
speculated that the cluster CD133_4, that is, CD133+MMP9+ BMNCs, is 
more closely related to MACs, which rather elicit paracrine effects dur-
ing angiogenesis. Consistent with our findings, Kanayasu-Toyoda et al. 
showed that CD133+MMP9+ cells in human peripheral blood promote 
angiogenesis in a paracrine manner44. In contrast, the clusters CD133_2 
and CD133_3, that is, CD133+MPO−MMP9− BMNCs, showed the least 
neovascularization and lifespan-extending capacity. Further in-depth 
studies are needed to understand the differential and precise roles of 
CD133+ subclusters in neovasculogenesis and aging.

We discovered that BM-derived CD133+ ELCs gave vascular-regen-
eration capacity in the hearts, muscles and blood vessels but not in the 
livers and kidneys. It is plausible that residential EPCs may also exist 
in specific tissues/organs, where they mediate the homeostasis of the 
VE. In the context of aging, ELC replenishment substantially elevates 
capillary density in the hearts and muscles. For the translational pur-
pose, it is important to validate the findings in human BM in future  
study.

Although the number of CD133+ ELCs increases during aging, 
their function declines. Via single-cell profiling, we showed the FDPS-
centered pathway that regulates sterol metabolism is essential for 
ELC function. FDPS regulates biosynthesis of isoprenoids, dolichols, 
ubiquinones and cholesterol and thus mediates protein farnesylation 
and/or geranylgeranylation38. Here we demonstrated that inhibition 
of FDPS by PAM enhances the regeneration capacity of CD133+ ELCs. 
Gene expression manipulation of Fdps via an rAAVDJ vector acceler-
ated ELC aging and dysfunction. Markedly, in vivo administration of 
PAM rescued ELC aging, improved their neovascularization ability, 
and promoted healthiness and lifespan. Interestingly, the HGPS causal 
factor Prelamin A is farnesylated, and the farnesyltransferase inhibitor 
can ameliorate premature aging by inhibiting Prelamin A farnesylation 
and abnormal localization45–47. A recent study showed that inhibi-
tion of FDPS by PAM rescued premature senescence48. Upstream, 
HMG-CoA reductase catalyzes mevalonate production and hence is 
required in the production of geranyl pyrophosphate49. Statins can 
inhibit HMG-CoA to mobilize EPCs from the BM to peripheral circula-
tion and enhance endothelial repair50. Our data highlight an essential 
role of the FDPS-mediated sterol metabolic pathway in the regulation 
of aging and longevity. The detailed mechanism that regulates FDPS 
expression during aging and how FDPS decline compromises the func-
tion of CD133+ cells merit further investigation.

Collectively, our findings revealed that, in the BM, CD133 marks 
ELCs, which have neovascularization potential. Healthy and young 
CD133+ ELCs could rejuvenate aged blood vessels, ameliorate aging 
features and promote longevity in both progeria and physiologically 
aged mice. At the molecular level, our data highlight a critical role of 
the FDPS-centered sterol metabolic pathway in regulating ELC aging/
dysfunction and longevity. Screening for chemicals that target the 
FDPS pathway might be applied to benefit health and longevity. Also 

implicated by our findings is the potential of using stem-cell-based 
therapeutic strategies for progeria and in anti-aging applications.

Methods
Animals
The LmnaG609G/G609G, Lmnaf/f;TC and Tie2–cre mice were as previously 
described37. ROSAmT/mG mice were provided by Dr Jian Chen (Suchow 
University, China). C57BL/6 mice, H11-mG/mR mice and Cdh5-cre/ERT 
mice were purchased from GemPharmatech. All mice were housed 
and handled in accordance with protocols approved by the Commit-
tee on the Use of Live Animals in Teaching and Research of Shenzhen 
University.

Hind limb ischemia
Hind limb ischemia was achieved by unilateral FAL as previously 
described51. Briefly, mice were anesthetized with 2% isoflurane inha-
lation with an isoflurane delivery system (EZVET). The neurovascular 
pedicle was visualized under a light microscope following a 1-cm inci-
sion in the skin of the left hind limb. Ligations were made in the left 
femoral artery proximal to the superficial epigastric artery branch 
and anterior to the saphenous artery. Then, the femoral artery and the 
attached branches between ligations were excised. The skin was closed 
using a 4–0 suture line, and erythromycin ointment was applied to 
prevent wound infection after surgery. Recovery of the blood flow was 
evaluated before and after surgery using a dynamic microcirculation 
imaging system (Teksqray). Relative blood flow recovery is expressed as 
the ratio of ischemia to non-ischemia. At least three mice were included 
in each experimental group.

RNA isolation and qPCR analysis
Cells were lysed with TRIzol reagent RNAiso Plus (Takara), and total 
messenger RNA was isolated according to the manufacturer’s instruc-
tions. Reverse transcription was performed with 5× Evo M-MLV RT 
Master Mix (Accurate Biology) to obtain complementary DNA. Gene 
expression levels were determined by quantitative PCR (qPCR) with 
the Hieff qPCR SYBR Green Master Mix (Yeasen) on a CFX Connected 
Real-Time PCR Detection System (Bio-Rad). All primer sequences are 
listed in Supplementary Table 2.

Immunofluorescence staining
Frozen sections (10 μm thickness) of mouse tissues were fixed in 4% 
paraformaldehyde for 15 min, permeabilized with 0.3% Triton X-100 
for 15 min, blocked with 5% bovine serum albumin for 30 min, and 
incubated with an appropriately diluted primary antibody at 4 °C 
overnight. After removing the primary antibody by washing thrice 
with PBS, tissue sections were incubated with Alexa Fluor-conjugated 
secondary antibody at room temperature for 1 h. After three washes 
with PBS, the sections were mounted with anti-fade mounting medium 
with 4′,6-diamidino-2-phenylindole (DAPI). Then images were captured 
under a DragonFly confocal imaging system (Andor) and analyzed 
with Imaris Viewer software (Bitplane). All antibodies are listed in 
Supplementary Table 3.

Echocardiography
Transthoracic echocardiography (IU22, Philips) was performed after 
inhalation of isoflurane gas by mice in the different groups. Heart rate, 
cardiac output, left ventricular posterior wall size, left ventricular end-
diastolic size, left ventricular end-systolic diameter, left ventricular 
ejection fraction and left ventricular fraction shorting were obtained 
by echocardiographic analysis. At least three mice were included in 
each experimental group.

Bone density determination
The thigh bones of mice were collected after euthanasia and fixed 
with 4% paraformaldehyde at 4 °C overnight. The relevant data were 
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collected using micro-computed tomography (micro-CT) scanning 
(Scanco Medical, μCT100). Micro-CT parameters used for evaluation 
were trabecular number (1/mm), trabecular separation/spacing (SP) 
(mm) and BV/TV (%). Each group included at least three mice.

Endurance running test
Fatigue resistance was monitored using a rotating-rod treadmill (YLS-
4C, Jinan Yiyan Scientific Research Company). Mice were placed on a 
rotating channel, and the rotation rate was gradually increased to 40 
rounds min−1. When the mice were exhausted and dropped from the 
rotating channel, the endurance period was recorded. At least three 
mice were included in each experimental group.

BM transplantation
BMNCs from ROSAmT/mG mice or H11-mG/mR mice at 3 months of age 
were collected and injected via the tail vein into 3-month-old C57BL/6 
recipient mice irradiated with a lethal dose of X-rays (9 Gy). In brief, 
the mice were killed, and the femora and tibiae were separated, cut 
open at the two ends, and placed in a 0.5-ml micro-centrifuge tube 
that had a hole drilled in the bottom. A 1.5-ml micro-centrifuge tube 
was used to nest the 0.5 ml tube, and the pair of tubes were centrifuged 
at 3,000g for 15 s. Red blood cells were removed by gradient density 
centrifugation (Histopaque-1083, Sigma) at 450g for 30 min. BMNCs 
were resuspended in pre-cooled PBS supplemented with 1% fetal bovine 
serum, and 1.5 × 107 of collected BMNCs were injected into irradiated 
recipient mice via the tail vein. After 4 weeks’ recovery, the recipient 
mice were further subjected to unilateral FAL. Three weeks after FAL, 
the mice were killed for investigation.

MACS and cell therapy
BMNCs were obtained as described above. After centrifugation at 450g 
at 4 °C for 5 min, the BMNCs were suspended in 80 μl MACS buffer and 
incubated with 20 μl anti-CD133 antibody (Miltenyi Biotec) for 15 min, 
followed by incubation with 20 μl of MACS anti-biotin-microBeads 
(Miltenyi Biotec) in 80 μl MACS buffer. CD133+ ELCs were then obtained 
by magnetic selection. For ELC therapy, 1 × 106 CD133+ ELCs collected 
from ROSAmT/mG mice were injected via the tail vein into aged mice 
every other week.

FACS
BMNCs were obtained as previously described. After centrifuging at 450g 
and 4 °C for 5 min, the cells were suspended in 600 μl MACS buffer and 
incubated with 5 μl APC-CD133 antibody (BioLegend) at 4 °C for 30 min. 
CD133+ EPCs were then sorted on a flow cytometer (BD Biosciences), and 
data were analyzed with FlowJo software (Becton Dickinson).

PAM treatment
PAM (Selleckchem) was dissolved in PBS and intraperitoneally injected 
into female mice at a dose of 3 mg kg−1 weekly, beginning at around 
90 weeks of age. The health status and lifespan of the mice were closely 
monitored. Eight weeks after treatment, heart function and running 
wheel activity were determined.

Ex vivo Matrigel plug assay
The angiogenic ability of CD133+ ELCs was determined with an ex vivo 
Matrigel plug assay. Briefly, 500 μl of growth factor-reduced Matrigel 
(Corning) together with 5 × 105 CD133+ ELCs or CD133‒ ELCs were 
injected subcutaneously into the middorsal region of 12-week-old 
male mice. After 2 weeks, the Matrigel plugs were surgically excised, 
then frozen sections were prepared, and an immunofluorescence assay 
was performed.

Single-cell library preparation, sequencing and mapping
CD133+ ELCs (approximately 8,000–10,000 cells) were enriched by 
FACS for single-cell sequencing. RNA was quantified by qubits and PCR 

with reverse transcription on the LightCycler 96 system (Roche Life Sci-
ence). The single-cell RNA was barcoded, reverse transcribed using the 
Chromium Single Cell 3′ Reagent Kit v2 (10x Genomics), fragmented, 
and amplified to generate cDNA. The Agilent high-sensitivity D5000 
and D1000 ScreenTape systems (Agilent) were used to detect the size of 
pre-amplified cDNA. The sequence libraries were built according to the 
manufacturer’s instructions, and single-cell libraries were sequenced 
in a single-index customized paired-end format on the HiSeq 1500 
system (Illumina). The data were compared in STAR. According to the 
reads mapped to the reference genome, we obtained the statistics of 
specific unique molecular identifier and the expression of each gene 
in each cell using Cell Ranger 2.1.0 (mean reads per cell 74,323–92,229, 
and median genes per cell range 1,947–2,342).

Data quality control and cell-type identification
We mapped each data matrix using the Seurat software package (v3.0.1) 
and performed data processing and visualization with custom scripts 
in R. Genes detected in fewer than three cells and cells expressing 
fewer than 200 genes were removed. Seurat FindVariableFeatures 
was applied to identify highly variable genes. After deleting for batch 
effects, the recombined dataset was filtered according to the following 
criteria to exclude inferior cells: unique molecular identifier count <5% 
or >95% or the proportion of mitochondrial genes >20%. Principal com-
ponent analysis was used to perform clustering through FindNeighbors 
and FindClusters functions. We used t-distributed random neighbor 
embedding to reduce the dimensionality and visualize the clustering 
results. The cell type results identified by the singleR package were 
used as a reference, and the marker genes of the cell cluster were used 
to identify the cell type.

Single-cell data analysis
Unsupervised pseudo-time analysis of single cells was performed on 
Monocle software, and the results were used as a reference for the 
differentiation process of BM cells. Seurat FindMarkers function and 
MAST package (v1.8.2) were used to calculate differentially expressed 
genes for each cell type with a false discovery rate-adjusted P value of 
<0.05. The protein–protein interaction network functional enrichment 
analysis was based on the STRING database (https://string-db.org/) and 
visualized by Cytoscape (V3.6.1). The gene set enrichment analysis was 
based on the enrichKEGG and enrichGO functions of the clusterProfiler 
package and the GSEA package.

Statistics and reproducibility
Statistical data were obtained with Excel (Microsoft 365 Family), and 
low-throughput statistical analysis was performed using GraphPad Prism 
(v9.2.0). Two-tailed Student’s t-test was used to determine the statistical 
significance between two groups of data. One-way analysis of variance 
(ANOVA) analysis was used to test the statistical significance between 
multiple groups of data. Two-way ANOVA analysis was used to test the 
statistical significance between multiple sets of data of time series. 
log-rank (Mantel–Cox) test was used for survival analyses. All data are 
presented as the mean ± standard deviation or mean ± standard error 
of the mean (s.e.m.) as indicated, and a P value of <0.05 was considered 
statistically significant. Data distribution was assumed to be normal, 
but this was not formally tested. For in vivo animal studies, a minimum 
of four samples were included, and animals were randomly assigned to 
different experimental groups. The in vitro assay involved a minimum of 
three samples, each repeated three times, and no animals or data points 
were excluded from the analyses for any reason. In this study, the experi-
menter was blinded to the grouping of all mouse experiments. Data 
distribution was assumed to be normal, but this was not formally tested.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability
Single-cell RNA sequencing raw fastq files and processed data were 
deposited and are freely available in the NCBI Gene Expression Omni-
bus (GSE233944). All other data are available from the corresponding 
author upon reasonable request. Publicly available data obtained and 
used in the study were: whole mouse BMNCs (GSE109774) and BM niche 
CDH5+ cells (GSE108892) from the Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo/).

References
1. Le Couteur, D. G. & Lakatta, E. G. A vascular theory of aging.  

J. Gerontol. A 65, 1025–1027 (2010).
2. Vas, V., Hajdu, M., Paloczi, K. & Uher, F. Alternative views of tissue 

stem cell plasticity. Haematologia 32, 175–190 (2002).
3. Barker, N., Bartfeld, S. & Clevers, H. Tissue-resident adult stem 

cell populations of rapidly self-renewing organs. Cell Stem Cell 7, 
656–670 (2010).

4. Yu, V. W. C. & Scadden, D. T. Hematopoietic stem cell and its bone 
marrow niche. Curr. Top. Dev. Biol. 118, 21–44 (2016).

5. Beauséjour, C. in Handbook of Experimental Pharmacology  
(ed. Michel, M. C.) 67–88 (Springer, 2007).

6. Das, M., Mayilsamy, K., Mohapatra, S. S. & Mohapatra, S. 
Mesenchymal stem cell therapy for the treatment of traumatic 
brain injury: progress and prospects. Rev. Neurosci. 30,  
839–855 (2019).

7. Regmi, S., Pathak, S., Kim, J. O., Yong, C. S. & Jeong, J.-H. 
Mesenchymal stem cell therapy for the treatment of inflammatory 
diseases: challenges, opportunities, and future perspectives.  
Eur. J. Cell Biol. 98, 151041 (2019).

8. Hill, J. M. et al. Circulating endothelial progenitor cells,  
vascular function, and cardiovascular risk. N. Engl. J. Med. 348, 
593–600 (2003).

9. Williamson, K., Stringer, S. E. & Alexander, M. Y. Endothelial 
progenitor cells enter the aging arena. Front. Physiol. 3,  
30 (2012).

10. Medina, R. J. et al. Endothelial progenitors: a consensus 
statement on nomenclature. Stem Cells Transl. Med. 6,  
1316–1320 (2017).

11. Asahara, T. et al. Isolation of putative progenitor endothelial cells 
for angiogenesis. Science 275, 964–967 (1997).

12. Ma, Y. et al. Endothelial progenitor cell transplantation alleviated 
ischemic brain injury via inhibiting C3/C3aR pathway in mice.  
J. Cereb. Blood Flow Metab. 40, 2374–2386 (2020).

13. Ghebre, Y. T. et al. Vascular aging: implications for cardiovascular 
disease and therapy. Transl. Med. https://doi.org/10.4172/2161-
1025.1000183 (2016).

14. Kou, F. et al. Endothelial progenitor cells as the target for 
cardiovascular disease prediction, personalized prevention, and 
treatments: progressing beyond the state-of-the-art. EPMA J. 11, 
629–643 (2020).

15. Rehman, J., Li, J., Orschell, C. M. & March, K. L. Peripheral blood 
‘endothelial progenitor cells’ are derived from monocyte/
macrophages and secrete angiogenic growth factors. Circulation 
107, 1164–1169 (2003).

16. Rando, T. A. Stem cells, ageing and the quest for immortality. 
Nature 441, 1080–1086 (2006).

17. Kamminga, L. M. & de Haan, G. Cellular memory and 
hematopoietic stem cell aging. Stem Cells 24, 1143–1149 (2006).

18. Rossi, D. J. et al. Deficiencies in DNA damage repair limit the 
function of haematopoietic stem cells with age. Nature 447, 
725–729 (2007).

19. Nijnik, A. et al. DNA repair is limiting for haematopoietic stem cells 
during ageing. Nature 447, 686–690 (2007).

20. Janzen, V. et al. Stem-cell ageing modified by the cyclin-dependent 
kinase inhibitor p16INK4a. Nature 443, 421–426 (2006).

21. Molofsky, A. V. et al. Increasing p16INK4a expression decreases 
forebrain progenitors and neurogenesis during ageing. Nature 
443, 448–452 (2006).

22. Rossi, D. J., Jamieson, C. H. M. & Weissman, I. L. Stems cells and 
the pathways to aging and cancer. Cell 132, 681–696 (2008).

23. Snoeck, H.-W. Aging of the hematopoietic system. Curr. Opin. 
Hematol. 20, 355–361 (2013).

24. Baker, N., Boyette, L. B. & Tuan, R. S. Characterization of bone 
marrow-derived mesenchymal stem cells in aging. Bone 70, 
37–47 (2015).

25. Scaffidi, P. & Misteli, T. Lamin A-dependent misregulation of adult 
stem cells associated with accelerated ageing. Nat. Cell Biol. 10, 
452–459 (2008).

26. Liu, G.-H. et al. Recapitulation of premature ageing with iPSCs 
from Hutchinson-Gilford progeria syndrome. Nature 472,  
221–225 (2011).

27. Espada, J. et al. Nuclear envelope defects cause stem cell 
dysfunction in premature-aging mice. J. Cell Biol. 181,  
27–35 (2008).

28. Song, M. et al. Muscle-derived stem/progenitor cell dysfunction 
in Zmpste24-deficient progeroid mice limits muscle regeneration. 
Stem Cell Res. Ther. 4, 33 (2013).

29. Dantas, A. P., Jimenez-Altayo, F. & Vila, E. Vascular aging: facts and 
factors. Front. Physiol. 3, 325 (2012).

30. Moriya, J. & Minamino, T. Angiogenesis, cancer, and vascular 
aging. Front. Cardiovasc. Med. 4, 65 (2017).

31. Hadi, H. A. R., Carr, C. S. & Al Suwaidi, J. Endothelial dysfunction: 
cardiovascular risk factors, therapy, and outcome. Vasc. Health 
Risk Manag. 1, 183–198 (2005).

32. Brandes, R. P., Fleming, I. & Busse, R. Endothelial aging. 
Cardiovasc. Res. 66, 286–294 (2005).

33. Osmanagic-Myers, S. et al. Endothelial progerin expression 
causes cardiovascular pathology through an impaired 
mechanoresponse. J. Clin. Invest. https://doi.org/10.1172/JCI121297 
(2018).

34. Chopra, H., Hung, M. K., Kwong, D. L., Zhang, C. F. & Pow, E. H. N. 
Insights into endothelial progenitor cells: origin, classification, 
potentials, and prospects. Stem Cells Int. 2018, 9847015  
(2018).

35. The Tabula Muris Consortium et al. Single-cell transcriptomics  
of 20 mouse organs creates a Tabula Muris. Nature 562,  
367–372 (2018).

36. Tikhonova, A. N. et al. The bone marrow microenvironment at 
single-cell resolution. Nature 569, 222–228 (2019).

37. Sun, S. et al. Vascular endothelium-targeted Sirt7 gene therapy 
rejuvenates blood vessels and extends life span in a Hutchinson–
Gilford progeria model. Sci. Adv. 6, eaay5556 (2020).

38. Zhao, Y., Wu, T.-Y., Zhao, M.-F. & Li, C.-J. The balance of protein 
farnesylation and geranylgeranylation during the progression  
of nonalcoholic fatty liver disease. J. Biol. Chem. 295,  
5152–5162 (2020).

39. Miller, R. G. et al. Comparison of intravenous pamidronate to 
standard therapy for osteoporosis: use in patients unable to take 
oral bisphosphonates. J. Clin. Rheumatol. 11, 2–7 (2005).

40. Ruzankina, Y., Asare, A. & Brown, E. J. Replicative stress, stem cells 
and aging. Mech Ageing Dev 129, 460–466 (2008).

41. Ruzankina, Y. et al. Deletion of the developmentally essential 
gene ATR in adult mice leads to age-related phenotypes and stem 
cell loss. Cell Stem Cell 1, 113–126 (2007).

42. Liu, B. et al. Resveratrol rescues SIRT1-dependent adult stem cell 
decline and alleviates progeroid features in laminopathy-based 
progeria. Cell Metab. 16, 738–750 (2012).

43. Peichev, M. et al. Expression of VEGFR-2 and AC133 by circulating 
human CD34+ cells identifies a population of functional 
endothelial precursors. Blood 95, 952–958 (2000).

http://www.nature.com/nataging
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE233944
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE109774
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE108892
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.4172/2161-1025.1000183
https://doi.org/10.4172/2161-1025.1000183
https://doi.org/10.1172/JCI121297


Nature Aging | Volume 3 | November 2023 | 1401–1414 1414

Article https://doi.org/10.1038/s43587-023-00512-z

44. Kanayasu-Toyoda, T. et al. Cell-surface MMP-9 protein is a novel 
functional marker to identify and separate proangiogenic cells 
from early endothelial progenitor cells derived from CD133+ cells. 
Stem Cells 34, 1251–1262 (2016).

45. Gordon, L. B. et al. Clinical trial of a farnesyltransferase inhibitor in 
children with Hutchinson–Gilford progeria syndrome. Proc. Natl 
Acad. Sci. USA 109, 16666–16671 (2012).

46. Gordon, L. B. et al. Impact of farnesylation inhibitors on survival 
in Hutchinson–Gilford progeria syndrome. Circulation 130, 
27–34 (2014).

47. Gordon, L. B. et al. Association of lonafarnib treatment vs no 
treatment with mortality rate in patients with Hutchinson–Gilford 
progeria syndrome. JAMA 319, 1687–1695 (2018).

48. Griveau, A. et al. Targeting the phospholipase A2 receptor 
ameliorates premature aging phenotypes. Aging Cell 17, e12835 
(2018).

49. Mohammadzadeh, N. et al. Statins: epidrugs with effects on 
endothelial health? Eur. J. Clin. Invest. 50, e13388 (2020).

50. Spyridopoulos, I. et al. Statins enhance migratory capacity  
by upregulation of the telomere repeat-binding factor TRF2  
in endothelial progenitor cells. Circulation 110, 3136–3142 
(2004).

51. Limbourg, A. et al. Evaluation of postnatal arteriogenesis and 
angiogenesis in a mouse model of hind-limb ischemia. Nat. 
Protoc. 4, 1737–1746 (2009).

Acknowledgements
This study was supported by the grants from the National Natural 
Science Foundation of China (grant nos. 82125012, 92249304, 
82061160495 and 91849208 to B.L., 82201717 to S.S., 81972602 
to X.T.), the National Key R&D Program of China (2021ZD0202400 
to B.L.), the Guangdong Basic and Applied Research Foundation 
(2021B1515120062 to B.L.), and the Shenzhen Municipal Commission 
of Science and Technology Innovation (JCYJ20220818100016035 and 
JCYJ20220818100009020 to B.L.). The funders had no role in study 
design, data collection and analysis, decision to publish or preparation 
of the manuscript. We thank J. Tamanini (Shenzhen University and 
ETediting) for editing the manuscript before submission.

Author contributions
Conceptualization and management of the project, B.L.; experimental 
data collection and analysis, S.S., M.L., Y.M., W.H., X.T. and G.L.; 

bioinformatics, Y.M.; resources, W. Wu, Q.P. and W. Wang; writing, 
review and editing, B.L., S.S. and Y.M.

Competing interests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s43587-023-00512-z.

Supplementary information The online version contains 
supplementary material available at https://doi.org/10.1038/s43587-
023-00512-z.

Correspondence and requests for materials should be addressed to 
Baohua Liu.

Peer review information Nature Aging thanks YouYang Zhao and the 
other, anonymous, reviewer(s) for their contribution to the peer review 
of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons license and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

http://www.nature.com/nataging
https://doi.org/10.1038/s43587-023-00512-z
https://doi.org/10.1038/s43587-023-00512-z
https://doi.org/10.1038/s43587-023-00512-z
https://doi.org/10.1038/s43587-023-00512-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Nature Aging

Article https://doi.org/10.1038/s43587-023-00512-z

Extended Data Fig. 1 | Irradiation induces DNA damage and endothelial 
cell turnover. (a) Representative fluorescence images with anti-γH2AX and 
anti-CDH5 co-staining in heart tissues isolated from mice after irradiation. 
Scale bar, 20 μm. 3 mice were analyzed. (b) Representative fluorescence images 

showing co-staining of anti-RFP (tdTomato) and anti-CDH5/CD31 in heart (upper) 
and muscle (lower) tissues isolated from mice BMTed with ROSAmT/mG BMNCs. 
Scale bar, 20 μm. Quantification data represent the means ± s.e.m. 5 mice were 
analyzed.
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Extended Data Fig. 2 | FACS gating strategy.
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Extended Data Fig. 3 | 3D visualization of co-immunofluorescence-stained ECs. (a-d) 3D visualization of CDH5/RFP (tdTomato) co-staining in heart (a), liver (c), and 
kidney (d), and CD31/RFP co-staining in muscle (b). Scale bar, 20 μm. 3 mice were analyzed.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Single cell profiling in heart and aorta tissues. (a) FACS 
gating strategy. (b) FACS analysis of tdTomato (Tom)+, CD31+, and tdTomato 
(Tom)+CD31+ cells in heart tissues from ROSAmT/mG BMTed mice. FITC, CD31+; 
ECD, tdTomato+. 5 mice were analyzed. (c) Schematic of lineage-tracing strategy: 
recipient mice were irradiated with a lethal dose of X-rays and transplanted 
with BMNCs from H11-mG/mR mice; 4 weeks after BMT, the recipient mice were 

subjected to unilateral FAL. Three weeks after FAL, the mice were sacrificed for 
investigation. (d) FACS gating strategy. (e) FACS analysis showing the proportion 
of donor-derived GFP+CD31+ ECs in heart tissue from H11-mG/mR BMNCs 
transplanted mice. FITC, GFP positive; PE, CD31 positive. (f) Representative 
fluorescence images showing donor-derived CD31+(red) GFP+ ECs in the aorta 
tissue sections.5 mice were analyzed.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | FACS and microscopy analysis of BMTed cells labeled 
by induced Cre expression. (a) Schematic of lineage-tracing strategy: recipient 
mice were irradiated with X-rays and transplanted with BMNCs from H11-mG/
mR;Cdh5-cre/ERT mice; 4 weeks after BMT, the recipient mice were subjected to 
unilateral FAL. Three weeks after FAL, the mice were intraperitoneally injected 
with Tamoxifen for five days. Seven days later, mice were euthanized, and 
multiple tissues were collected for flow cytometry analysis. (b) FACS gating 

strategy. (c) FACS analysis of fluorescence cells in heart, liver, kidney and muscle 
tissues from H11-mG/mR;Cdh5-cre/ERT BMTed mice treated with or without 
Tamoxifen. FITC, GFP positive; ECD, tdTomato positive. (d) Representative 
fluorescence images showing donor derived tdTomato+GFP+ cells in heart tissues 
from H11-mG/mR;Cdh5- cre/ERT BMTed mice treated with Tamoxifen. 5 mice 
were analyzed.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Donor-derived ECs seldomly originate from 
macrophages. (a) Representative fluorescence images showing co-staining of 
anti-RFP (tdTomato) and F4/80 (upper) and anti-CDH5 and F4/80 (lower) in heart 
tissue isolated from mice BMTed with rosa26-mT/mG BMNCs. The percent of 
F4/80+ cells in donor-derived RFP+ cells is shown (right). Scale bar, 20 μm.  
(b) Representative fluorescence images showing co-staining of anti-RFP 
(tdTomato) and F4/80 (upper) and anti-CD31 and F4/80 (lower) in muscle 

isolated from mice BMTed with ROSAmT/mG BMNCs. The percent of F4/80+ cells 
in donor-derived RFP+ cells is shown (right). Scale bar, 20 μm. (c) Representative 
fluorescence images showing co-staining with anti-CD31 and F4/80 in aortic 
arch from mice BMTed with ROSAmT/mG BMNCs. Note that F4/80+ cells were only 
detected in the aortic endothelium. Scale bar, 100 μm. Data represent the means 
± s.e.m. 4 mice were examined.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | CD133 marks a unique cell population in BMNCs. (a) 
Identification of whole-mouse BMNCs and expression of top-100 marker genes in 
different cell types (clusters). The marker genes are also listed in Supplementary 
Table 1. (b) Cell types (clusters) of whole-mouse BMNCs and CDH5+ BM niche ECs, 
related to Fig. 2a. (c) Pseudo-time analysis of subclusters SC_1, SC_2, and SC_3. 

(d) Heatmap showing top-50 marker genes for subcluster SC_2. (e) Heatmap 
showing top marker genes for clusters CD133_1‒4. (f) UMAP visualization of cell 
source: whole-mouse BMNCs, CDH5+ BM niche ECs, and CD133+ ELCs. (g) Pseudo-
temporal relationship between CDH5+ BM niche ECs and CD133+ ELCs (clusters 
CD133_1‒4).
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Extended Data Fig. 8 | FACS gating strategy.
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Extended Data Fig. 9 | Differential gene expression between young and old CD133 + ELCs. Volcano map showing differential gene expression between CD133+ 
ELCs isolated from young and old mice. FC, fold change of gene expression; p_val, p-value. Differential expression was analyzed by non-parametric Wilcoxon-rank sum 
test.
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Extended Data Fig. 10 | Differentially expressed genes between young and 
old CD133 + ELCs. (a) Differentially expressed genes in ribosome and oxidative 
phosphorylation pathways in clusters CD133_2–4 between young and old mice. 

Note that Fdps, Tspo, and Anxa1 expression showed the greatest differences. (b) 
Violin plot showing transcriptomic levels of genes Prom1, Fdps, Tspo, and Anxa1 
in four clusters CD133_1–4.
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