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Abstract
Age-induced decline in osteogenic potential of bone marrow mesenchymal stem cells 
(BMSCs) potentiates osteoporosis and increases the risk for bone fractures. Despite 
epidemiology studies reporting concurrent development of vascular and bone dis-
eases in the elderly, the underlying mechanisms for the vascular-bone cross-talk in 
aging are largely unknown. In this study, we show that accelerated endothelial aging 
deteriorates bone tissue through paracrine repression of Wnt-driven-axis in BMSCs. 
Here, we utilize physiologically aged mice in conjunction with our transgenic en-
dothelial progeria mouse model (Hutchinson-Gilford progeria syndrome; HGPS) that 
displays hallmarks of an aged bone marrow vascular niche. We find bone defects asso-
ciated with diminished BMSC osteogenic differentiation that implicate the existence 
of angiocrine factors with long-term inhibitory effects. microRNA-transcriptomics of 
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1  |  INTRODUC TION

Aging is a gradual process that leads to a progressive decline in tissue 
function associated with the development of age-related diseases. 
The skeleton is especially affected in the elderly population associ-
ated with osteoporosis development, increased bone fracture risk, 
mobility loss, and thus impaired quality of life (Doolittle et al., 2021). 
Bone is a highly vascularized tissue, composed of a broad vascular 
network of large vessels and small capillaries (Kusumbe et al., 2014). 
Changes in the vasculature in atherosclerosis have been linked with 
osteoporosis in epidemiology studies (Mo et al., 2022), however, the 
molecular mechanisms underlying vascular-dependent osteoporotic 
changes during aging are mostly unexplored. In this regard, angioc-
rine factors may play an important role enabling a tight interaction 
between endothelial cells (ECs) of the bone marrow (BM) and bone 
tissue (Zhu et al., 2020). The regulatory role of such angiocrine fac-
tors, coupling angiogenesis with osteogenesis, has been reported 
in hematopoiesis but their mode of action and paracrine effects on 
bone marrow mesenchymal stem cells (BMSCs) are mostly unknown 
(Biswas et al., 2023; Kusumbe et al., 2014).

During aging certain stem cell subpopulations exhibit a decline 
in regenerative potential due to reduced self-renewal and differen-
tiation capacity ultimately leading to tissue deterioration (Brunet 
et al., 2022). Most of the work so far focused on functional changes 
in hematopoietic stem cells (HSCs) showing that HSCs undergo 
clonal expansion associated with the production of fewer lym-
phoid progenitors causing myeloid skewing (Brunet et  al.,  2022; 
Ho et al., 2019). As for BMSCs, aging was primarily associated with 
reduced number and osteogenic differentiation capacity and a bias 
toward adipogenic lineage promoting osteoporosis development 
(Wang et al., 2022).

Stem cells are maintained and regulated in specialized micro-
environments, so-called niches that secrete extrinsic factors to 
maintain stem cell homeostasis (Brunet et al., 2022). In recent years 
the bone marrow “vascular niche” has gained interest in the con-
text of HSCs with an emerging role for bone lineage cells as well 
(Chen et  al.,  2020; He et  al., 2014). BM vascular niche comprises 
heterogenous bone vasculature such as bone vessels lining endos-
teal surfaces, sinusoidal vasculature in the bone marrow cavity, and 
presumably type H vessels for bone lineage cells. Aging is associated 

with changes in secreted extrinsic factor patterns from the niche 
cells and altered cell–cell communication with stem cells (Brunet 
et al., 2022). However, how aging alters signals of the BM vascular 
niche released into the microenvironment and the impact of these 
messages on BMSCs studied in in vivo context is largely missing.

To study the effects of an aged-vascular niche on BMSCs and 
bone structure we utilized our previously generated endothe-
lial progeria mouse model (Prog-Tg) that displays hallmarks of pre-
mature aging in the endothelial tissue (Manakanatas et  al., 2022; 
Osmanagic-Myers et al., 2019). Prog-Tg mice express selectively in 
the endothelial tissue, progerin, which is a mutated form of the lamin 
A protein (c.1824 C>T, pG608G) known to cause a devastating pre-
mature aging disease Hutchinson-Gilford progeria syndrome (HGPS) 
(Eriksson et  al., 2003). HGPS patients and mouse models develop 
typical premature aged features and age-related disorders such as 
atherosclerosis, cardiovascular disease, and osteoporosis associated 
with low bone mass, increased fracture risk, and osteolysis of the 
ribs (Hamczyk et al., 2018; Merideth et al., 2008; Osmanagic-Myers 
et al., 2019). On the cellular level, progerin-expressing cells display 
typical aging hallmarks (Lopez-Otin et  al., 2023) such as epigene-
tic changes, reduction in telomere length, increased DNA damage, 
and genomic instability associated with the development of sta-
ble cell cycle arrest named cellular senescence (Cenni et al., 2020; 
Manakanatas et al., 2022; Mojiri et al., 2021; Primmer et al., 2022). 
Accordingly, we and others could demonstrate that progerin ex-
pression in ECs of Prog-Tg mice results in the accumulation of se-
nescent ECs in tissues with similar findings in human ECs derived 
from induced pluripotent stem cells of HGPS children (Manakanatas 
et al., 2022; Mojiri et al., 2021). This is accompanied by the devel-
opment of senescence-associated secretory phenotype (SASP) in-
cluding a release of senescence-associated microRNAs (SA-miR) into 
the circulation with potentially systemic tissue-damaging effects 
(Manakanatas et al., 2022).

Here, we show for the first time that Prog-Tg mice display char-
acteristics of pathologically aged BM vascular niche with long-term 
deteriorating effects on the osteogenic differentiation capacity of 
BMSCs. A significant increase in inflammation and senescence of 
the BM microenvironment is demonstrated in line with bone loss, 
and cortical thinning. Mechanistically, our data highlight cell non-
autonomous repressive effects of endothelial-derived circulatory 

HGPS patient plasma combined with aged-vascular niche analyses in progeria mice re-
veal abundant secretion of Wnt-repressive microRNA-31-5p. Moreover, we show that 
inhibition of microRNA-31-5p as well as selective Wnt-activator CHIR99021 boosts 
the osteogenic potential of BMSCs through de-repression and activation of the Wnt-
signaling, respectively. Our results demonstrate that the vascular niche significantly 
contributes to osteogenesis defects in aging and pave the ground for microRNA-
based therapies of bone loss in elderly.
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SA-miR-31 on Wnt-mediated Lef1 signaling hindering BMSC differ-
entiation to osteogenic lineage.

2  |  RESULTS

2.1  |  Endothelial progeria mice exhibit altered bone 
microstructure

To determine if age-related changes of the vascular endothelium 
affect bone tissue, we utilized our progeria mouse model (Prog-Tg) 
displaying hallmarks of selective premature aging in the endothe-
lial tissue (Manakanatas et al., 2022; Osmanagic-Myers et al., 2019). 
Prog-Tg mice were generated by crossing transgenic mice carry-
ing tet-op driven expression of mutated human lamin A minigene 
(1824C>T; p.G608G) (Sagelius et al., 2008) with endothelial transac-
tivator mice (Cdh5-tTA) (Sun et al., 2005). As controls for Prog-Tg ani-
mals their corresponding single-transgenic littermate animals were 
used that were referred as wild-type (Wt) in the text (Figure  S1). 
LA-Tg mice were utilized as additional controls that showed trans-
genic expression of only wild-type human lamin A minigene in en-
dothelial tissue together with their corresponding single-transgenic 
littermate controls referred to as LM_LA-Tg (Figure S1; Osmanagic-
Myers et  al.,  2019). Micro-computed tomography (μCT) of tibiae 
from Prog-Tg mice revealed a significant reduction in average cor-
tical bone thickness (Ct.Th) of ~14% and ~11% compared to LA-Tg 
and Wt controls, respectively (Figure 1a and Table 1). This is consist-
ent with the extent of mean Ct.Th decline observed in physiologi-
cally aged mice (0.17 mm at 22 weeks to 0.15 mm at 104 weeks) and 
ubiquitous prematurely aged HGPS mice as well as elderly patients 
(Cabral et al., 2023; Ferguson et al., 2003; Whitmarsh et al., 2019). 
Accordingly, bone volume fraction (BV/TV) is significantly reduced 
if compared to all three control groups indicating a profound effect 
of endothelial aging on bone (Figure 1a and Table 1). No reduction 
in BV/TV with even an increase in Ct.Th in LA-Tg animals confirmed 
the specific effects of progerin (Figure 1a and Table 1). Furthermore, 
since previous findings have shown reduced body weights for 
Prog-Tg animals (Osmanagic-Myers et  al., 2019), we measured the 
length of tibiae using μCT which have revealed similar lengths of 
tibiae in all four assessed groups (Table  1). Trabecular parameters 
were not altered in tibiae and fourth vertebral body of the lumbar 
spine indicating that selective endothelial aging does not lead to 
changes in the trabecular bone microstructure (Table S1). Since LA-
Tg control animals displayed no bone phenotype, we included them 
subsequently only in key experiments as additional controls in com-
parison to their respective LM_LA-Tg littermates. Altogether, Prog-Tg 
phenotype resembles cortical bone thinning observed in aged mice 
as well as elderly.

Consistent with μCT data, nanoCT measurements for in-depth 
analysis of bone nano-architecture, confirmed a clear reduction of 
~11% in average cortical thickness of Prog-Tg animals (Figure  1b). 
Generally, we noticed a slight variation in cortical thickness val-
ues between μCT and nanoCT measurements that may have been 

caused by minor variation in the scanned tibia regions and differ-
ent resolution of the techniques. To test if bone loss was more 
pronounced at particular regions, as previously described for ubiqui-
tously aged mice (Ferguson et al., 2003), we measured average Ct.Th 
at bone regions that were defined based on the angle relative to the 
center of the medullary. Using a 60° split-angle to define posterior, 
lateral, and medial bone regions, we found almost ~19% decline in 
Ct.Th at medial regions confirming preferential bone loss at these 
sites (Figure  1b, Table  2). Importantly, both methods confirmed 
reduced Ct.Th in Prog-Tg animals strengthening the validity of our 
findings. Furthermore, hematoxylin and eosin (HE) staining of whole 
bone sections revealed significantly reduced numbers of osteocyte 
lacunae in cortices of Prog-Tg mice with increased proportions of 
empty osteocyte lacunae indicating alterations in the cortical bone 
microstructure (Figure 1c). Thereby, we found no gross changes in 
the BM adiposity that would point to altered BMSC adipogenesis 
as an underlying cause for such changes (Figure S2a). Importantly, 
analysis of reconstructed 3D nanoCT images revealed significantly 
reduced mean vascular volume fraction (VV/TV) and reduced mean 
length of blood vessels suggesting that alterations of the vasculature 
cause bone defects in Prog-Tg animals (Figure 1d).

To address if changes in the bone microstructure may be sec-
ondary due to reduction in vascularization, we histologically as-
sessed tibiae of young animals (age = 10–14 days) for changes in 
the bone microvessel density and bone phenotype. We found no 
changes in the density of endomucin (Emcn) stained bone microves-
sels within metaphysis, cortical regions of diaphysis, and BM while 
a significantly increased proportion of empty but not total osteo-
cyte lacunae still indicated bone defects in young Prog-Tg animals 
(Figure 1e,f). Empty osteocyte lacunae appeared not to be the con-
sequence of increased osteocyte apoptosis since TUNEL staining on 
whole bone sections in young as well as adult animals was negative 
(Figure S2b). Significantly reduced levels of bone formation and re-
modeling marker procollagen type 1 N-terminal propeptide, PINP1 
(Weigl et  al., 2021) rather points toward reduced bone formation 
and remodeling as a likely cause for empty osteocyte lacunae and 
bone defects in young Prog-Tg animals (Figure  1g). Altogether, we 
concluded that changes in the bone microstructure are not entirely 
caused by vascular rarefication but rather pointed toward paracrine 
factors of the vascular niche mediating the effects on the bone.

2.2  |  Specific progerin expression causes 
senescence of the bone vasculature

Our previous findings have demonstrated specific progerin expression 
in endothelial but not in non-endothelial cell populations of the lung 
and cardiovascular tissues in Prog-Tg mice leading to the accumula-
tion of senescent cells (Manakanatas et al., 2022; Osmanagic-Myers 
et  al.,  2019). To examine the endothelial specificity of progerin ex-
pression in the bone, we used anti-human lamin A antibody (hLMNA) 
that specifically recognizes only human lamin A minigene (Figure S1) 
but not endogenous mouse lamin A (Osmanagic-Myers et  al., 2019; 
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Sagelius et al., 2008). hLMNA stained nuclei were found specifically 
aligned within the Emcn-stained microvasculature lining the perios-
teum and endosteum of the diaphysis as well as within the BM and 
metaphysis of Prog-Tg mice while, as expected, completely absent in 
the vasculature of Wt mice, confirming endothelial-specific expression 
in the bone (Figure  2a and Figure  S2c). Importantly, hLMNA stain-
ing was completely absent from Sp7+ (osterix) stained cells indicat-
ing no leaky progerin expression in the osteoprogenitors (Figure 2b). 
Sp7+ cells, however, were found aligning in the vicinity of hLMNA+ 

nuclei as well as Emcn+ bone microvessels implying, similar to previ-
ous findings (Kusumbe et al., 2014), cross-talk between these osteo-
progenitors and the vasculature (Figure 2b). Since lamin A transgene 
is coupled to eGFP (Figure S1), we additionally analyzed GFP expres-
sion in freshly isolated BM using flow cytometry (Figure 2c). GFP+ cells 
were exclusively found in BM of Prog-Tg but not Wt animals confirm-
ing specific expression of hLMNA transgene (Figure 2d). To determine 
the specificity of GFP expression, we analyzed GFP+ cell populations 
for the expression of known endothelial CD31+Cdh5+, mesenchymal 
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CD45−PDGFRa+Sca-1+, and hematopoietic Lin−Sca-1+c-Kit+ stem 
cell lineage markers using flow cytometry. Almost all GFP+ cells were 
found positive for endothelial markers (~59% CD31, ~39% Cdh5), no 
signals were detected for MSC markers, whereas a tiny proportion 
of around ~5% were found positive for HSC markers (Figure 2d). We 

reasoned that some signals might have been due to unspecific auto-
fluorescence since flow cytometric analysis of the HSC population in 
young and adult animals revealed less than ~0.5% to be positive for 
Cdh5 (Figure S2d). Thus, we concluded that Cdh5-driven expression 
of endothelial lineage marker is negligible in HSCs and is specific to 
EC populations of the BM confirming the EC-specificity of Cdh5-tTA 
driven mutated lamin A transgene (progerin) in Prog-Tg mice.

We next examined the proportions of senescent endothelial cells 
in the bone marrow (bmECs) of Prog-Tg mice in comparison to their 
Wt counterparts using an improved in  vivo senescence-associated 
beta-galactosidase (SA-β-gal) activity assay which utilizes the far-red 
9H-(1,3-dichloro-9,9-dimethylacridin-2-one-7-yl) ß-D galactoside 
(DDAOG) probe) (see Section  4). We first tested the specificity of 
DDAOG in vitro in ECs derived from Wt and Prog-Tg mice using doxoru-
bicin (dox)-induced senescent Wt-ECs as positive controls. Significantly 
increased DDAOG staining in Prog-Tg and dox-ECs in conjunction with 
elevated gene expression levels of senescence markers p16Ink4a and 
p21Cip1 (Figure  S2e,f) confirmed the specificity of DDAOG and se-
nescence of lung Prog-Tg ECs (Manakanatas et al., 2022). Importantly, 
flow cytometry of freshly isolated BM suspensions pre-incubated with 

F I G U R E  1 Cortical bone thinning in Prog-Tg mice. (a) Quantification of average cortical thickness (Ct.Th) in mm, and bone volume (BV) 
to total volume (TV) ratio using micro-computed tomography of tibiae in Prog-Tg (n ≥ 8), LA-Tg (n = 5) and corresponding single-transgenic 
littermates, Wt and LM_LA-Tg, respectively (age = 35–40 weeks). One-way ANOVA with post hoc Tukey's multiple comparisons test. (b) 
Representative cross-sections of nanoCT images of tibiae with quantification of average Ct.Th in Wt and Prog-Tg animals (n = 6; age = 30–
35 weeks). (c) Quantification of total osteocyte lacunae as mean number per region of interest (ROI) including empty osteocyte lacunae 
(arrows) shown as proportion of total in [%] on HE-stained cortical tibiae sections of Wt and Prog-Tg (age = 30–35 weeks). Each data point 
represents mean values from one animal (n = 4–6). BM, bone marrow; cb, cortical bone. Scale bars, 1 mm and 100 μm. (d) Representative 
reconstructed 3D nanoCT images of tibiae regions marked within blue cube showing on the left panels reduced vascularization (arrows) and 
the right cortical thinning in Prog-Tg compared to Wt animals (age = 30–35 weeks). Mean vascular volume fraction (VV/TV) and the mean 
length of blood vessels are shown below. Scale bar, 100 μm. (e) Representative images of endomucin (Emcn) stained vasculature in tibia 
sections from young Wt and Prog-Tg animals (age ≤ 14 days, n = 9, with 3 biological replicates in 3 serial sections per animal). Mean endomucin 
positive area [%] is shown for metaphysis (MP), cortical bone (cb), and bone marrow (BM). (f) Total and empty osteocyte lacunae (see (c)) in 
cortical tibiae regions from young animals (age ≤ 14 days, n = 4–6). Scale bars, 1 mm and 100 μm. (g) Procollagen type I N-terminal propeptide 
(PINP; ng/mL) protein levels in plasma from young animals analyzed by ELISA (age ≤ 14 days, n = 3). Unpaired two-tailed Student's t-test. 
(*p < 0.05, **p < 0.01, ns, not significant).

TA B L E  1 Cortical bone parameters assessed by μCT measurements in tibia.

Tibia

Wt Prog-Tg
p-Value Wt vs. 
Prog-Tg LM_LA-Tg LA-Tg

p-Value LM_LA-Tg 
vs. LA-Tg

p-Value 
Prog-Tg 
vs. LA-Tg

TV [mm3] 0.53 ± 0.05 0.49 ± 0.07 ns 0.69 ± 0.06 0.66 ± 0.09 ns ns

BV [mm3] 0.48 ± 0.05 0.43 ± 0.07 ns 0.61 ± 0.03 0.59 ± 0.08 ns ns

BV/TV 0.89 ± 0.01 0.87 ± 0.02* 0.019* 0.89 ± 0.01 0.89 ± 0.01 ns 0.0033**

Ct.Th [μm] 186 ± 13 168 ± 14* 0.023* 189 ± 7 195 ± 20* 0.024* 0.001***

BMD [mgHA/ccm] 977 ± 21 957 ± 20 ns 968 ± 20 963 ± 22 ns ns

Length [cm] 1.64 ± 0.13 1.54 ± 0.18 ns 1.57 ± 0.15 1.53 ± 0.15 ns ns

Note: Prog-Tg, LA-Tg, and corresponding Wt littermates (LM) analyzed using μCt (age = 35–40 weeks; n = 8 Prog-Tg, n = 9 Wt littermates (Wt), n = 5 LA-Tg, 
and n = 5 for corresponding Wt littermate (LM_LA-Tg)). Data presented as mean ± SD. Statistical analysis by one-way ANOVA followed by multiple 
comparisons post hoc Tukey test (*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant).
Abbreviations: BMD, bone mineral density; BV, bone volume; BV/TV, cortical bone volume fraction; Ct.Th, average cortical thickness; TV, total 
volume.

TA B L E  2 Cortical thickness in different regions of the tibia 
assessed by nanoCT measurements.

Tibia

Wt Prog-Tg

p-Value 
Wt vs. 
Prog-Tg

Lateral 0.1533 ± 0.0100 0.1345 ± 0.0092 0.0069**

Medial 0.1838 ± 0.0178 0.1549 ± 0.0139 0.0106*

Posterior 0.1835 ± 0.0240 0.1803 ± 0.0158 ns

Note: Prog-Tg and corresponding Wt littermates analyzed using nanoCT 
(age = 30–35 weeks; n = 6 Prog-Tg, n = 6 Wt littermates (Wt)). Data 
presented as mean ± SD. Statistical analysis by unpaired two-tailed 
Student's t-test (*p < 0.05, **p < 0.01, ns, not significant).
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F I G U R E  2 Specificity of progerin expression to vasculature in the bone of Prog-Tg animals. (a) Representative immunofluorescence 
images of anti-human lamin A staining (hLMNA) (arrowheads) with endomucin (Emcn)-stained bone microvessels and (b) anti-human lamin 
A staining (hLMNA) (arrows) with anti-SP7 stained osteoprogenitors (arrowheads). Lower panel, SP7 (arrowheads) co-stained with Emcn 
(arrows). Scale bars, 200 μm, 50 μm, 20 μm (young age ≤ 14 days). BM, bone marrow; cb, cortical bone; es, endosteum; MP, metaphysis; ps, 
periosteum. (c) Scheme depicting the workflow for the preparation of bone and BM extracts. (d) Representative flow cytometry scatter-
plots showing ZombieNIR−GFP+ cell population in the BM of Prog-Tg but not Wt animals. Quantification of GFP+ cells in young Wt and 
Prog-Tg animals (n = 5). (e, f) In vivo labeling of senescent BM cell populations using DDAOG far-red probe followed by flow cytometry 
analysis. Quantification of (e) total CD45−Ter-119−CDH5+ and senescent CD45−Ter-119−CDH5+DDAOG+ (as proportion of total CD45−Ter-
119−CDH5+) and (f) total CD45−Ter-119−CD31+ ECs and senescent CD45−Ter-119−CD31+DDAOG+ (as proportion of CD45−Ter-119−CD31+) 
in young animals (age ≤ 14 days, n = 5). (g) Gene expression levels of senescence markers in bone marrow-derived endothelial cells (bmECs) 
(age ≤ 14, n = 6–9). Unpaired two-tailed Student's t-test (*p < 0.05, ns, not significant).
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DDAOG, revealed significantly increased proportions (~10%) of senes-
cent CDH5-positive ECs (CD45−Ter-119−CDH5+) with an increase up 
to ~50% in total CD31-positive EC populations (CD45−Ter-119−CD31+) 
whereas their respective total EC numbers remained unchanged 
(Figure 2e,f). Consistent with these findings, in ECs, isolated from the 
whole bone marrow (bmECs; Figure 2c), significantly increased gene 
expression levels of senescence markers (p16Ink4a, p21Cip1) were de-
tected (Figure 2g). Altogether, these findings indicate that progerin ex-
pression is specifically confined to the vasculature leading to elevated 
endothelial senescence in the bone tissue.

2.3  |  Reduced osteogenesis in Prog-Tg animals

To analyze if bone defects are rooted in changes in osteogenesis-
related genes, we performed gene expression analysis in long bone ex-
tracts separated from the whole BM of adult Prog-Tg mice (Figure 2c). 
In bone extracts but not BM, we found a significantly reduced gene 
expression of a key transcription factor required for osteoblast differ-
entiation, Sp7 (osterix), and a tendency to lower levels of the transcrip-
tional regulator, runt-related transcription factor 2 (Runx2) (Figure 3a 
and Figure S3a). This was accompanied by a significant reduction in 
downstream targets of Sp7 required for bone matrix formation, col-
lagen type1a1 (Col1a1), and alkaline phosphatase (Alpl) in bone but not 
BM (Figure 3a and Figure S3a). Finally, a significant reduction in osteo-
cyte markers, dentin-matrix protein 1 (Dmp1), and matrix extracellular 
phosphoglycoprotein (Mepe) altogether implicated severely compro-
mised differentiation to osteogenic lineage in Prog-Tg mice (Figure 3a). 
Consistent with these observations, we found significantly reduced 
numbers of Sp7+ osteoprogenitors in trabecular (metaphysis) sections 
and regions lining the cortical regions of the diaphysis (Figure 3b).

On the contrary, unaltered levels of bone resorption regulat-
ing osteoclast-specific factors, cathepsin K (Ctsk), nuclear factor 
of activated T cells (Nfatc1), receptor of NF-κB ligand (Rankl) and 
osteoclastogenesis inhibitory factor osteoprotegerin (Opg) as well 
as tartrate-resistant acid phosphatase (TRAP) staining of osteo-
clast fractions indicated no changes in osteoclasts (Figure  S3b,c). 
Consistent with these findings, ex  vivo osteoclastogenesis using 
HSC populations derived from Prog-Tg and Wt mice revealed no sig-
nificant changes in the number and size of differentiated osteoclast 
populations indicating unaffected osteoclast differentiation capac-
ity of HSCs in Prog-Tg mice (Figure S3d). Altogether, these findings 
supported the above notion that osteogenesis defects in Prog-Tg an-
imals were primarily rooted in impaired bone formation rather than 
bone resorption.

2.4  |  Long-term reduction in differentiation 
capacity of Prog-Tg-derived BMSCs caused by 
Wnt-axis repression

To test if the osteogenesis defects were rooted in impaired os-
teogenic differentiation of bone marrow stem cells (BMSCs), we 

conducted ex vivo differentiation of BMSCs toward osteoblast line-
ages. For this, we isolated BMSCs from the BM of young Wt and 
Prog-Tg mice including adult Wt animals to test osteogenic differ-
entiation in physiological aging (Figure 4a). Phenotypic enrichment 
for BMSC populations was verified by flow cytometry and by im-
munofluorescence microscopy using a common BMSC marker, leptin 
receptor (Lepr) (Matsuzaki et al., 2014) (Figure S4a,b). Indeed, sig-
nificantly lower osteogenic differentiation capacity of BMSCs de-
rived from young Prog-Tg animals was detected using Alizarin Red S 
(ARS)-staining of mineralized matrix deposits formed after 14-day 
differentiation (Figure 4b and Figure S4c). The decline in the osteo-
genic potential of BMSCs from young Prog-Tg mice was in the range 
of that observed in adult Wt animals implicating a substantial con-
tribution of the aged vasculature on young BMSCs comparable to 
that observed in adult animals (Figure 4b). Consistent with paracrine 
vascular effects, no progerin expression (hLMNA) was detected in 
BMSCs derived from Prog-Tg animals in contrast to evident staining 
in ECs (Figure S4b). This key finding, we additionally repeated for 
BMSCs derived from LA-Tg and corresponding littermate LM_LA-Tg 
control animals. We did not detect significant differences in the dif-
ferentiation capacity of BMSCs derived from LA-Tg control animals 
and those from respective LM_LA-Tg littermates corroborating the 
progerin-specific endothelial aging effect on osteoblast differen-
tiation of BMSCs (Figure S4d). Moreover, differentiated osteogenic 
lineages from Prog-Tg mice showed lower gene expression levels 
of bone formation marker alkaline phosphatase (Alpl) with no sig-
nificant change in the levels of BMSC marker Lepr gene corrobo-
rating the above findings of lower osteogenic potential of BMSCs 
but no changes in their total pool (Figure 4c). This phenotype was 
not caused by changes in the clonogenicity of BMSCs, since no dif-
ferences in the ability to generate colonies of fibroblast-like cells 
using colony-forming units-fibroblast assay (CFU-F) were detected 
in BMSCs derived from Prog-Tg, also not LA-Tg mice, compared to 
respective Wt and LM_LA-Tg littermates (Figure S4e). Finally, it ap-
peared not to be a consequence of increased apoptosis or necro-
sis of differentiated osteogenic populations, since no changes were 
detected in annexin V-complementary NanoBIT luciferase assay 
with profluorescent DNA dye (Figure S4f). Thus, we concluded that 
BMSC differentiation defects are not caused by a diminished BMSC 
pool nor by increased apoptosis in Prog-Tg animals but rather cor-
roborate the above findings of persistent “memory” effects of the 
aged-vascular endothelial niche on the osteogenic differentiation 
potential.

Impaired osteogenesis during HGPS aging but also physiologi-
cal aging is mostly associated with a decline in Wnt-signaling axis 
(Choi et al., 2018; Hernandez et al., 2010; Hofmann et al., 2014). 
Thus, to examine if Wnt-repression is the cause of impaired osteo-
genesis in BMSCs derived from Prog-Tg mice, we assessed gene 
expression levels of two key components of the Wnt-signaling 
pathway, frizzled class receptor 3 (Fzd3) and lymphoid enhancer 
factor 1 (Lef1). Indeed, a significant downregulation of both Fzd3 
and Lef1 pointed toward general repression of Wnt-signaling in 
BMSCs from Prog-Tg mice (Figure 4d). To validate these key findings, 
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we included additional gene expression analyses in BMSCs from 
control LA-Tg animals. We found no significant differences in 
gene expression levels of Fzd3 and Lef1 in BMSCs isolated from 
LA-Tg animals compared to their LM_LA-Tg littermates excluding 
the possibility that transgenic endothelial expression of wild-type 
lamin A per se exerts an effect on the Wnt-signaling axis in BMSCs 
(Figure  S4g). Moreover, using immunofluorescence microscopy, 
we detected significantly lower Lef1 signals in the nuclei as well as 
in the total area of BMSCs derived from Prog-Tg animals consistent 
with reduced gene expression level of Lef1 (Figure 4e). Activation 
of canonical-Wnt signaling is associated with the inhibition of 
the activity of glycogen synthase 3β (GSK3β) and consequently 

increased β-catenin translocation to the nucleus (Choi et al., 2018; 
Galli et al., 2012). We detected significantly lower inhibitory phos-
phorylation of GSK3β (pSer9) in bone extracts from Prog-Tg com-
pared to Wt mice indicating enhanced GSK3β activity and thus, 
reduced Wnt-signaling activity in vivo (Figure 4f). Therefore, we 
next performed high-throughput image analysis to assess changes 
in β-catenin nuclear localization. Significantly lower nuclear lo-
calization signals of β-catenin in BMSCs derived from Prog-Tg 
compared to Wt animals corroborated diminished Wnt-activity 
(Figure 4g; untreated). Consistent with elevated GSK-3β activity in 
Prog-Tg mice, treatment with a potent Wnt-activator selectively in-
hibiting GSK-3β kinase, CHIR99021 (CHIR), increased the nuclear 

F I G U R E  3 Reduced osteogenesis in Prog-Tg animals. (a) Gene expression analysis of osteogenic markers in bone extracts from adult 
animals (age = 30–35 weeks, n = 3–4). Unpaired two-tailed Student's t-test (*p < 0.05, **p < 0.01). (b) Representative immunofluorescence 
images of Sp7+ osteoprogenitors and DNA-stain Hoechst in tibia sections from adult Wt and Prog-Tg animals. Negative controls show 
identical Prog-Tg bone sections incubated with the secondary antibody and Hoechst. gp, growth plate; MP, metaphysis; BM, bone marrow; 
cb, cortical bone. Right panels, high power images of representative metaphysis and diaphysis regions used for quantification of Sp7+ cells. 
Each dot represents a number of SP7 positive cells per region of interest (ROI) (age = 30–35 weeks, n = 21–25 from 3 animals per genotype 
for each 3 different serial sections per animal analyzed). Scale bars, 500 μm and 100 μm. Data presented as median with boxes encompassing 
25th to 75th percentile, and whiskers, minimum to maximum values. Mann Whitney U test (*p < 0.05, **p < 0.01).
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β-catenin localization in Prog-Tg as well as Wt-derived BMSCs 
abolishing their differences observed prior treatment (Figure 4g; 
CHIR). Consistent with this observation continuous administration 
of CHIR during osteogenic differentiation boosted the osteogenic 
potential of Prog-Tg-derived BMSCs implying that their low osteo-
genic differentiation potential is rooted in Wnt-signaling repres-
sion (Figure 4h).

2.5  |  Aged-vascular niche deteriorates bone 
marrow microenvironment and BMSCs

Aged niches exert negative extrinsic effects on surrounding stem 
cells (Brunet et al., 2022), however, the specific paracrine effects of 
an aged-vascular niche on BMSCs and its microenvironment in “in 

F I G U R E  4 Diminished osteogenic differentiation and repression of Wnt signaling in BMSCs derived from the aged-vascular niche. (a) 
Schematic illustration depicting the workflow for BMSC isolation from the BM niche of Wt, Prog-Tg, and adult animals with subsequent 
osteogenic differentiation. (b) Representative images of Alizarin Red S (ARS) stained deposited mineralized matrix with the corresponding 
quantification (age ≤ 14 days, n = 10 Wt, n = 12 Prog-Tg animals; age ~ 5–22 months, n = 13 adult Wt animals). Kruskal-Wallis test with post 
hoc Dunn's multiple comparison test (*p < 0.05, ****p < 0.0001). (c) Gene expression analysis for Alpl and Lepr after 14 days of osteoblast 
differentiation (n = 3–4). (d) Gene expression levels of Fzd3 and Lef1 in BMSCs isolated from Wt and Prog-Tg animals (age ≤ 14 days, n = 6 
for Fzd3 and n = 8 for Lef1). (e) Immunofluorescence images of BMSCs derived from Wt and Prog-Tg animals stained with Lef1-antibody 
and Hoechst. Quantification of total and nuclear Lef1 signal intensities. Each dot represents a cell (n = 275 cells for Wt, n = 220 cells for 
Prog-Tg). Scale bar, 50 μm. (f) Quantitative immunoblot analysis of phospho-GSK3β in long bone extracts from Wt and Prog-Tg animals. 
Representative Western blots detecting anti-phospho-GSK3β (Ser9) and anti-tubulin as loading control, run in parallel with the same 
samples on a separate gel (age ~ 20 weeks, n = 4). (g) Representative image of β-catenin using transmission light microscopy combined with 
immunofluorescence staining of β-catenin and Hoechst in BMSCs derived from Wt and Prog-Tg animals either untreated or treated with 
the Wnt-activator CHIR99021 for 24 h. High-throughput quantitation of nuclear β-catenin shown as average mean fluorescence intensity 
values (age ~ 20 weeks, n = 9 with 3 biological replicates in 3 technical replicates). Scale bar, 20 μm. (h) Representative images of ARS-stained 
deposited mineralized matrix with the corresponding quantification of BMSCs derived from Wt and Prog-Tg animals after 14-day osteogenic 
differentiation in the absence (DMSO, untreated (Untr.)) or presence of CHIR99021 (CHIR) (n = 7). (b, e, g, h) Data presented as median with 
boxes encompassing 25th to 75th percentile, and whiskers, minimum to maximum values. (e, g, h) Mann Whitney U test (*p < 0.05). (c, d, f) 
Unpaired two-tailed Student's t-test (*p < 0.05, ns, not significant).
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vivo” setting are hitherto unknown. To discern paracrine changes in-
troduced by the aged-vascular niche in the BM and bone, we assessed 
gene expression levels of senescence and SASP markers in the BM 
separated from bmECs and in bone extracts (Figure 2c). Significant up-
regulation of senescence markers p16Ink4a and Trp53 (but not p21Cip1) 
including also inflammatory SASP markers (Il1a, Il6) was detected in 
the BM microenvironment of adult Prog-Tg animals compared to Wt 
littermates (Figure 5a and Figure S5a). Paracrine senescence appeared 
not to affect bone per se since no change in senescence markers was 
detected in BM-depleted bone extracts (Figure S5b). These findings 
hinted profound paracrine effects on BM microenvironment through 
the senescent vascular endothelial niche.

Repression of Wnt-signaling has recently emerged as a 
key contributing factor to senescence development in BMSCs 
(Lehmann et  al.,  2022). To determine if BMSC populations are 

affected by elevated cellular senescence of the BM we performed 
in  vivo DDAOG staining of SA-β-Gal activity in BM from adult 
mice followed by flow cytometric immunophenotypic analysis 
of CD45−Sca-1+PDGFR+ BMSCs. Indeed, we found significantly 
increased proportions of senescent DDAOG+BMSCs in adult 
Prog-Tg mice compared to those derived from their Wt littermates 
(Figure 5b). No change in their total numbers was observed either 
by using flow cytometry or Lepr staining of BMSC in whole bone 
sections confirming our earlier results of unchanged BMSC pool 
in Prog-Tg mice (Figure 5b and Figure S5c). However, BMSCs de-
rived from young Prog-Tg mice did not show elevated senescence 
(Figure  S5d), which is consistent with unchanged clonogenicity 
(see Figure S4e). Altogether, we reasoned that BMSC senescence 
manifests at later age stages in Prog-Tg mice in contrast to early 
occurring repressive Wnt-signals perturbing osteogenesis.

F I G U R E  5 SASP factors of the aged-vascular niche impair osteogenic differentiation of BMSCs. (a) Gene expression levels of depicted 
genes in extracts from EC-depleted bone marrow (BM) (age = 30–35 weeks, n = 4–6). (b) Quantification of CD45−Sca-1+PDGFRα+ BMSCs 
and senescent CD45−Sca-1+PDGFRα+DDAOG+ BMSCs (as proportion of total CD45−Sca-1+PDGFRα+ BMSCs) in the BM of adult Wt 
and Prog-Tg animals analyzed by DDAOG far-red probe followed by flow cytometry analysis (age = 30–35 weeks, n = 4). (c) Scheme for 
osteogenic differentiation of young Wt BMSCs (age ≤ 14 days) in the presence of conditioned media (CM) collected from young Wt and 
Prog-Tg EC cultures. (d) Characterization of ECs derived from Wt and Prog-Tg animals from which CM was collected (age ≤ 14 days, n = 5–6). (e) 
Representative images and quantification of ARS-stained matrix deposits after differentiation of young BMSCs in the presence of CM from 
Wt and Prog-Tg ECs isolated from lung (Lung ECs CM) or BM (bmECs CM) (n = 3–4). Unpaired two-tailed Student's t-test (*p < 0.05, ns, not 
significant).
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To directly assess these paracrine repressive effects, we 
tested the impact of Prog-Tg EC-derived conditioned media (CM) 
on the osteogenic potential of Wt-derived BMSCs (Figure  5c). 
Conditioned media were collected from primary ECs isolated 
from lung tissues of Prog-Tg and Wt animals. The latter were sub-
sequently tested for gene expression levels of senescence and 
SASP markers as well as EC purity using immunofluorescence mi-
croscopy analysis of endothelial-specific cell–cell junction marker, 
PECAM-1 (CD31). Consistent with our earlier shown results (see 
Figure S2e,f), Prog-Tg ECs, used for collection of CM, showed in-
creased gene expression levels of senescence and SASP mark-
ers, p16In4a, p21Cip1 and Il6 (Figure 5d) and similar to Wt-ECs high 
level of EC purity (Figure S5e; left). Next, we assessed endothelial 
paracrine effects on BMSCs isolated from young Wt animals by 
testing their osteogenic capacity in the presence of corresponding 
EC-derived CM. Indeed, young Wt-derived BMSCs showed dimin-
ished osteogenic differentiation in the presence of CM derived 
from senescent Prog-Tg ECs as demonstrated by significantly re-
duced ARS-stained mineralized matrix deposits (Figure  5e, Lung 
ECs CM). This was accompanied by trends towards elevated SASP 
markers Il6, Il1a, and Trp53 (Figure S5f). We next repeated these 
findings using bmECs that needed to be cultured in mild hypoxia 
(~10% O2) in order to obtain sufficient yields for CM collection. 
Similar to lung-derived ECs, CMs of bmECs had a significant in-
hibitory effect on the osteogenic potential of Wt-derived BMSCs 
confirming systemic paracrine repressive signals of the aged vas-
culature on the bone (Figure 5e, bmECs CM; Figure S5e).

2.6  |  Paracrine miR-31-mediated Wnt-axis 
repression inhibits BMSC osteogenesis

We next set out to find relevant endothelial factors that may 
exert long-term persistent repression of Wnt-signaling. Emerging 
data points to the role of microRNAs (miRs) in controlling gene 
expression, with circulatory miRs such as endothelial-derived 
SA-miRs we previously identified, having the capacity to be up-
taken by surrounding cells and act in a paracrine repressive fash-
ion (Grillari et al., 2021; Manakanatas et al., 2022). To screen for 
potential Wnt-repressive miR candidates physiologically relevant 
for HGPS patients and the aging population, we first performed 
miR-profiling in the plasma of HGPS patients and correspond-
ing unaffected controls (kindly provided by Progeria Research 
Foundation). We narrowed down endothelium-derived miR can-
didates from HGPS patient plasma by subsequent comparison 
with previously identified differentially expressed miRs in re-
spective plasma and EC samples from Prog-Tg mice (Manakanatas 
et  al.,  2022). Forty-seven differentially expressed miRs were 
found in human HGPS patient plasma among which miR-31-5p 
was found concomitantly elevated in plasma and ECs from Prog-Tg 
mice as well (Figures 6a and Figure S6a,b). This together with pre-
vious reports on the biomarker role of miR-31-5p in age-related 
bone disease (Heilmeier et al., 2022; Weigl et al., 2021) implicated 

potential endothelial-specific paracrine function on bone physi-
ologically relevant to HGPS patients and potentially elderly as 
well. Upregulation of miR-31-5p could additionally be validated 
by qPCR analysis performed in plasma from HGPS patients and 
unaffected controls confirming the significance of this finding 
(Figure 6a, right). Moreover, we found significant upregulation of 
miR-31-5p in bone marrow ECs (bmECs) as well as BMSCs derived 
from BM of aged mice (~22 months) corroborating high importance 
of this miR in physiological aging as well (Figure 6b).

Furthermore, in Prog-Tg mice significant elevation of miR-31-5p 
in the BM microenvironment, BMSC populations, and extracellular 
vesicles enriched from EC-conditioned media with high trends in 
bmECs implicated predominantly active secretion of this miR and 
paracrine function (Figure 6c). Importantly, in BMSCs and plasma 
from LA-Tg control animals, miR-31-5p expression levels remained 
unchanged confirming progerin-specific effect (Figure S6c and for 
plasma [Manakanatas et al., 2022]).

Notably, we found miR-31-5p to have the capacity of Wnt-
signaling repression since several Wnt-signaling components 
are either strongly predicted and/or experimentally confirmed 
mRNA targets according to TargetScanMouse, version 8.0 (Lewis 
et al., 2005). Among Wnt-component targets, Fzd3 was found at 
the top mRNA target list with four 3′UTR binding sites for miR-
31-5p strongly suggesting its role in mediating Fzd3 repression in 
BMSCs from Prog-Tg mice (Figure S6d). To test if miR-31-5p has 
the potential to exert paracrine effects on osteogenic differentia-
tion of BMSCs, we tested the effects of a selective antimiR-31-5p 
inhibitor (ant-31; Figure S6e). Indeed, antimiR-31-5p boosted os-
teogenic differentiation potential of BMSCs derived from adult 
but not young Wt animals highlighting miR-31-5p repressive ef-
fects on osteogenesis in physiological aging as well (Figure 6d and 
Figure S6f,g). Consistent with this, similar effects were observed 
in BMSCs derived from young Prog-Tg animals (Figure  6e and 
Figure S6g). We noticed some variations between treatments in 
BMSCs from different mouse litters of Prog-Tg mice (marked by 
the same color in Figure 6e). This may be explained by a known 
increase in variability associated with senescent cells and their 
paracrine effects in aging (Wiley et  al.,  2017). Importantly, we 
found significantly elevated gene expression levels of osteogenic 
marker Alpl paralleled by de-repression of Wnt-targets, Fzd3, and 
Lef1, corroborating osteogenesis repressive function of miR-31-5p 
with inhibitory effects on Wnt-signaling (Figure 6f). In summary, 
our findings indicate that miR-31-5p significantly contributes to 
the vascular-mediated osteogenic decline of BMSCs in aging op-
erating through paracrine repression of Wnt-signaling (Figure 6g).

3  |  DISCUSSION

Aging has been shown to have deteriorating effects on the BM 
niche affecting hematopoiesis and stem cell fate decision (Biswas 
et al., 2023; Brunet et al., 2022). Hitherto, these effects were de-
scribed in the context of cumulative aging of BM stem cell niches 
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describing mainly effects on HSCs (Biswas et  al.,  2023; Brunet 
et  al.,  2022; Ho et  al., 2019). To specifically study the effects of 
the aged-vascular niche we used an endothelial HGPS aging mouse 
model (Prog-Tg) (Manakanatas et  al.,  2022; Osmanagic-Myers 
et  al.,  2019) with elevated cellular senescence in the bone vas-
culature as demonstrated in this study. Here, we show that aged 
vasculature induces phenotypical age-related changes associated 
with cortical thinning and low bone volume fraction in line with 

the development of cellular senescence and SASP in the BM niche 
resembling some features of osteoporosis (Doolittle et al., 2021). 
Mechanistically, we demonstrate that this phenotype is caused 
by long-lasting inhibitory signals of the aged vasculature on os-
teogenic differentiation of BMSCs acting through repression of 
Wnt-signaling.

A hallmark of aging including HGPS premature aging-related 
changes in bone structure is the loss of bone mass and thinning of 
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the cortex (Cabral et  al.,  2023; Ferguson et  al., 2003; Whitmarsh 
et  al.,  2019). Similar bone loss and cortical thinning outcomes ob-
served in our endothelial progeria aging mouse model highlight the 
physiological significance of our findings in aging per se demonstrat-
ing for the first time a clear role of endothelial aging in bone homeo-
stasis. Previous reports have shown vascular network rarefication in 
aging (Grunewald et al., 2021). Although we found reduced vascular 
networks in adult Prog-Tg animals, no changes were observed in the 
vasculature of young animals with still evident osteogenesis defects, 
excluding the possibility that the latter were caused by capillary rar-
efication. However, since angiogenesis is coupled with osteogenesis 
(Kusumbe et al., 2014) we cannot rule out that with aging, osteogene-
sis defects contribute to reduced vascularization in adult animals and 
vice versa. Nevertheless, osteogenesis defects detected at a very 
early age corroborate our findings of inhibitory vascular endothelial 
paracrine signals as their primary cause. The regulation of bone ho-
meostasis involves a fine-tuned action of gene networks requiring 
activation of early and late transcription factors that in turn lead to 
increased gene expression of extracellular matrix components (Galli 
et al., 2012). In adult Prog-Tg animals significantly reduced gene ex-
pression of early transcription factors Runx2 and Sp7 concomitant 
with diminished levels of downstream targets, Alpl and Col1a1, point 
towards an osteogenesis defect already very early during differen-
tiation. In line with these findings, the Sp7+ osteoprogenitor pool in 
Prog-Tg animals is significantly reduced. Thus, it is conceivable that 
osteocytes developing from these osteoprogenitors are also found 
in lower numbers as demonstrated by diminished gene expression 
levels of osteocyte-specific genes and significantly increased empty 
osteocyte lacunae detected already in young animals. These findings 
implicate that the aged-vascular niche contributes at the very early 
stage to empty osteocyte lacunae characteristic for age-related 
bone loss (Hemmatian et  al.,  2017). Similar osteogenesis defects 
were shown by Schmidt et  al. (Schmidt et  al., 2012) using tissue-
specific progerin expression in Sp7+ osteoprogenitors highlighting 
intrinsic osteogenesis defects. In our study, clear absence of lamin 
A transgene expression in Sp7+ osteoprogenitors and BMSCs from 
Prog-Tg animals in contrast to strong signals in ECs rules out the pos-
sibility of leaky progerin expression consistent with our previous 
findings (Osmanagic-Myers et al., 2019). Thus, these data in addition 
to the in vitro findings using conditioned media, clearly point toward 
osteogenesis defects rooted in EC-derived paracrine effects.

Cortex thinning may be caused by impaired bone formation but 
also by increased bone resorption and osteoclastogenesis (Doolittle 
et  al.,  2021). Since we observe no changes in osteoclastogenesis, 
numbers of TRAP+ osteoclasts in tissues, and gene expression lev-
els of osteoclast-related markers, we do not consider that there are 
significant effects on bone resorption and conclude that paracrine 
effects of the aged-endothelium have a predominant role in bone 
formation. The decline of osteogenic capacity in BMSCs in aging is 
associated with increased skewing toward an adipogenic lineage that 
contributes to age and menopause-associated BM adiposity (Wang 
et al., 2022). Histological analysis of BM sections from Prog-Tg ani-
mals showed no signs of increased adiposity indicating that reduced 
osteogenic differentiation of BMSCs is not compensated by in-
creased adipogenesis highlighting endothelial-specific aging effects. 
Furthermore, flow cytometry analysis of BMSC subpopulations 
derived from Prog-Tg in conjunction with analysis of Lepr+ BMSCs 
show no quantitative changes in BMSCs that would indicate stem 
cell depletion, a phenomenon frequently observed in aging (Brunet 
et al., 2022).

Our model supports vascular effects acting predominantly on 
the cortical bone which is also consistent with previous findings 
showing that VEGF “rejuvenated” vasculature rescues cortical thin-
ning in aging (Grunewald et al., 2021). We speculate that such in-
creased sensitivity of cortical regions to vascular changes may be 
associated with regional heterogeneity of vascular networks and/or 
changes in oxygen tension (Kusumbe et al., 2014). We do not con-
sider the lack of evident trabecular changes a discrepancy since we 
show selective paracrine effects of aged vasculature on “healthy” or 
“not intrinsically aged” bone in vivo that may not necessarily coin-
cide with all bone intrinsic age-related changes.

Stable cell cycle arrest termed cellular senescence is an im-
portant hallmark of aging shown to significantly contribute to age-
related pathologies (Lopez-Otin et al., 2023; Zhang et al., 2022). 
One key negative aspect of the presence of senescent cells is 
considered to be their altered communication with the micro-
environment through the secretion of pro-inflammatory cyto-
kines, pro-fibrotic factors, growth factors, and miRs, also termed 
senescence-associated secretory phenotype (SASP) that exerts 
damaging effects on surrounding tissues (Acosta et  al.,  2013). 
Here, we demonstrate increased levels of senescence mark-
ers in ECs derived from the BM of Prog-Tg mice which is, to our 

F I G U R E  6 Inhibition of miR-31-5p boosts osteogenesis of BMSCs from the aged-vascular niche through de-repression of Wnt-axis. (a) 
Volcano plot depicting differential expression analysis of miRs in plasma from HGPS patients (n = 3) and age- and gender-matched controls 
(n = 3) using depicted thresholds with Benjamini-Hochberg adjusted p-values. Gene expression levels of miR-31-5p in plasma from HGPS 
patients and unaffected controls (n = 4). (b) miR-31-5p gene expression levels in bmECs and enriched BMSCs derived from Wt animals (young 
~3 months and aged ~22 months, n = 5–7) and (c) EC-depleted BM (BM), BMSCs, extracellular vesicles derived from EC-conditioned media 
(EC CM) and bmECs derived from Wt and Prog-Tg animals (age ≤ 14 days (black color), age = 30–35 weeks (red color), n = 4–7). (d, e) Osteogenic 
differentiation of scramble (scr) and antimiR31-5p (ant-31) treated (d) adult BMSCs and (e) Prog-Tg derived BMSCs with quantification of 
ARS-stained deposits (age ~ 5–22 months for adult, age ≤ 14 days for Prog-Tg; n = 5–6). (f) Gene expression analysis of Fzd3, Lef1, and Alpl 
shown as fold change to corresponding scramble control (age ≤ 14 days, n = 4–6). (b, c) Unpaired two-tailed Student's t-test (*p < 0.05, ns, 
not significant). (d) Paired Student's t-test (antimiR-31-5p treated vs. scramble, *p < 0.05). (e, f) Wilcoxon Signed Rank test (antimiR-31-5p 
treated vs. scramble, *p < 0.05). (g) Proposed model depicting miR-31-mediated paracrine Wnt-repressive signals derived from aged-vascular 
niche hinder osteogenic differentiation capacity of BMSCs. Inhibition of miR-31-5p (antimiR-31) boosts osteogenesis in BMSCs through de-
repression of Fzd3/Lef1-levels. Senescent and paracrine senescent ECs marked in grey and darker red colors.
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knowledge, the first report demonstrating in  vivo development 
of selective senescence of the BM vascular niche during aging. 
Concomitantly, high levels of senescence markers p16Ink4a, Trp53 
with prominent upregulation of inflammatory SASP factors Il1a, Il6, 
and Tnfa detected in the residual BM further strengthen our find-
ings of deteriorating paracrine effects of the aged-endothelium in 
the BM. However, it must be noted, that systemic effects cannot 
be excluded since premature aging in the whole-body vasculature 
was introduced in Prog-Tg mice.

Mechanistically, we show that the aged-vascular niche induces 
repression of Wnt-signaling in BMSCs demonstrated by corre-
sponding changes in the major components of this signaling axis, 
Fzd3, GSK3β, β-catenin, and Lef1 (Figure 6g). Canonical-Wnt sig-
naling is initiated by the binding of secreted Wnt-glycoproteins 
to transmembrane Fzd receptors. This in turn leads to the acti-
vation of intracellular signaling cascades associated with the in-
hibition of GSK3β and stabilized beta-catenin complexes entering 
the nucleus and activating transcription factors TCF/Lef1 (Galli 
et al., 2012). Wnt-input signals are a prerequisite for the process 
of osteoblastogenesis at various stages of differentiation with re-
ports showing direct binding of TCF/Lef1 to promoter regions of 
early osteogenesis genes (Gaur et al., 2005). Wnt-signaling path-
way that has emerged as a key component of longevity pluripo-
tency signaling networks is known to decline during physiological 
and HGPS aging, however, the causes of this repression are not 
fully clear (Choi et  al.,  2018; Hofmann et  al., 2014; Meshorer & 
Gruenbaum,  2008). Here, we show by combining microRNA-
transcriptomics of plasma samples derived from HGPS patients 
with extensive analysis in endothelial progeria mice that the aged-
vascular niche acts through abundant Wnt-repressive signals 
mediated by secretory miR-31-5p. Importantly, the finding of ele-
vated miR-31-5p levels in HGPS patients highlights the physiolog-
ical importance of this paracrine mediator. miR-31-5p was found 
elevated not just in the circulation but also dramatically in the 
BM microenvironment including BMSCs per se corroborating our 
model of systemic Wnt-repression. Furthermore, we find elevated 
levels of miR-31-5p in bmECs and BMSCs from physiologically 
aged mice as well as antimiR-31 boosting effects on the osteo-
genesis of BMSCs from adult Wt mice. The latter together with 
previous reports of miR-31-5p mediated osteogenesis inhibitory 
effects associated with osteoporosis in the elderly indicate that 
similar mechanisms operate in physiological aging as well (Weigl 
et al., 2021; Weilner et al., 2016; Xu et al., 2018).

Our findings demonstrate for the first time that elevated miR-
31-signals originate mainly from the aged-vascular niche acting in a 
paracrine long-lasting Wnt-repressive fashion on osteoprogenitors 
within the BM microenvironment.

In this regard, there is a growing body of evidence support-
ing the ability of miRs to exert long-lasting non-autonomous 
effects (reviewed in Grillari et  al.,  2021). This can be exempli-
fied by the recently shown deteriorating effects of miRs se-
creted from the aged bone matrix that upon uptake by vascular 
smooth muscle cells cause the so-called “calcification paradox” 

(Wang et al., 2022). The miR-31 long-term mode of action is most 
likely mediated through direct effects not just on the primary 
Wnt-receptor Fzd3 but also on Lef1, a key transcription factor 
that directly activates early osteogenesis through Runx2 (Gaur 
et al., 2005). Mechanistically, we clearly show that de-repression 
of Wnt-signaling, either through antmiR or direct Wnt-activator 
CHIR, boosts the osteogenesis in BMSCs underpinning the key 
role of miR-31-mediated Wnt-regulatory axis during bone forma-
tion (Figure 6g). In conclusion, we show for the first time in vivo 
that the aged BM vascular niche through paracrine repressive sig-
nals on the Wnt-axis contributes to a functional decline of BMSCs 
leading to reduced osteogenesis and bone loss in aging. Our find-
ings pave ground for microRNA-based treatments of bone loss in 
HGPS patients as well as elderly.

4  |  E XPERIMENTAL PROCEDURES

Experimental procedures are described in detail in Appendix S1 ac-
companying this article.
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