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Leptin Receptor+ (LepR+) stromal cells in adult bone marrow are a critical source of growth 

factors, including Stem Cell Factor (SCF), for the maintenance of hematopoietic stem cells 

(HSCs) and early restricted progenitors1–6. LepR+ cells are heterogeneous, including skeletal stem 

cells, osteogenic, and adipogenic progenitors7–12, though few markers have been available to 

distinguish these subsets or to compare their functions. Here we show expression of an osteogenic 

growth factor, Osteolectin13,14, distinguishes peri-arteriolar LepR+ cells poised to undergo 

osteogenesis from peri-sinusoidal LepR+ cells poised to undergo adipogenesis (but retaining 

osteogenic potential). Peri-arteriolar LepR+Osteolectin+ cells are rapidly dividing, short-lived, 

osteogenic progenitors that increase in number after fracture and are depleted during aging. 

Deletion of Scf from adult Osteolectin+ cells did not affect the maintenance of HSCs or most 

restricted progenitors but depleted common lymphoid progenitors (CLPs), impairing 

lymphopoiesis, bacterial clearance, and survival after acute bacterial infection. Peri-arteriolar 

Osteolectin+ cell maintenance required mechanical stimulation. Voluntary running increased, 

while hindlimb unloading decreased, the frequencies of peri-arteriolar Osteolectin+ cells and 

CLPs. Deletion of the mechanosensitive ion channel, Piezo1, from Osteolectin+ cells depleted 

Osteolectin+ cells and CLPs. A peri-arteriolar niche for osteogenesis and lymphopoiesis in bone 

marrow is maintained by mechanical stimulation and depleted during aging.

One Sentence Summary:

A peri-arteriolar niche in the bone marrow for osteogenesis and lymphopoiesis is maintained by 

mechanical stimulation and is depleted during aging.

HSCs and restricted progenitors are maintained in specialized microenvironments, or niches, 

in hematopoietic tissues in which stromal cells synthesize the factors they require15. LepR+ 

cells and endothelial cells are the major sources of factors for HSC maintenance in adult 

mouse bone marrow, including SCF1,3,6, C-X-C motif chemokine 12 (CXCL12)2,16, and 

pleiotrophin5. LepR+ cells are also a critical source of SCF and IL-7 for early restricted 

progenitors, including CLPs4,6. The bone marrow environment changes with age17, 

contributing to the depletion of lymphoid18 and osteogenic19 progenitors. However, beyond 

changes in the abundance of certain kinds of blood vessels17,19, little is known about how 

the environment changes or what causes the depletion of lymphoid and osteogenic 

progenitors during aging.

HSCs20–22 and erythroid progenitors6 localize adjacent to peri-sinusoidal LepR+ cells 

throughout the bone marrow. Single cell RNA sequencing studies showed that peri-

sinusoidal LepR+ cells appear poised to undergo adipogenic differentiation while peri-

arteriolar LepR+ cells appear poised to undergo osteogenic differentiation9–12. A subset of 

early lymphoid progenitors resides in an endosteal niche and is maintained by factors from 

osteoblasts2,16,23,24. Other lymphoid progenitors reside in perivascular niches created partly 

by LepR+ cells4,6, though their precise locations remain uncertain.

Osteolectin marks peri-arteriolar LepR+ cells

To test if Osteolectin expression resolves functionally distinct subsets of LepR+ cells, we 

generated Osteolectin-mTomato (OlnmT) knock-in mice (Extended Data Fig. 1a–c). Flow 
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cytometric analysis of enzymatically dissociated bone marrow cells showed that 

0.025±0.007% of cells were Oln-mTomato+ (Fig. 1a). Osteolectin transcripts were abundant 

in Oln-mTomato+ cells but not detected in Oln-mTomato− cells (Extended Data Fig. 1d).

Almost all Oln-mTomato+ cells in the bone marrow were LepR+ stromal cells (Fig. 1b), 

accounting for 16±1.9% of LepR+ cells (Fig. 1c; Extended Data Fig. 1e). Supplementary 

Table 1 shows the markers used to identify each cell population. Osteolectin transcripts were 

abundant in Oln-mTomato+LepR+ cells but not detected in Oln-mTomato−LepR+ cells 

(Extended Data Fig. 1f). We did not detect Oln-mTomato in bone marrow endothelial cells 

(Extended Data Fig. 1g).

Deep confocal imaging21 of cleared femurs from adult OlnmT mice showed that Oln-

mTomato staining was consistent with anti-Osteolectin antibody staining13. In the epiphysis/

metaphysis, Oln-mTomato was expressed by most hypertrophic chondrocytes and 

osteoblasts in trabecular bone (Fig. 1d and Extended Data Fig. 1h). In the diaphysis, Oln-

mTomato was expressed by most osteoblasts and osteocytes in cortical bone (Fig. 1e and 

Extended Data Fig. 1i) as well as in the periosteum (Extended Data Fig. 1i).

Within the bone marrow, Oln-mTomato+ cells were exclusively or nearly exclusively peri-

arteriolar. Peri-arteriolar LepR+ cells were positive for Oln-mTomato while peri-sinusoidal 

LepR+ cells were negative for Oln-mTomato (Fig. 1f and 1g). Consistent with this, Oln-

mTomato+ cells were associated with Sca-1+ arterioles but not Endomucinhigh sinusoids19,25 

(Fig. 1h). These Oln-mTomato+ arterioles were mainly in the diaphysis, in the central 

marrow and near the endosteum (Extended Data Fig. 2a). In the metaphysis, most arterioles 

were not surrounded by Oln-mTomato+ cells (Extended Data Fig. 2b).

We compared the gene expression profiles of CD45−Ter119−CD31−Scf-GFP+Oln-mTomato
+ peri-arteriolar stromal cells and CD45−Ter119−CD31−Scf-GFP+Oln-mTomato− peri-

sinusoidal stromal cells (both cell populations are uniformly LepR+). Consistent with single 

cell RNAseq studies9–12, peri-arteriolar Oln-mTomato+ cells were enriched for the 

expression of osteogenic genes while peri-sinusoidal Oln-mTomato− cells were enriched for 

adipogenic genes (Extended Data Fig. 2c–d). Both cell populations expressed similar levels 

of niche (e.g. Scf and Cxcl12) and mesenchymal genes (e.g. Lepr and Pdgfrb; 

Supplementary Table 2).

Osteolectin+ cells are short-lived osteogenic progenitors

To investigate the function of Osteolectin+ cells, we inserted iCreER into the Osteolectin 
locus to generate OsteolectiniCreER (OlniCreER) mice (Extended Data Fig. 2e–g). Consistent 

with the Oln-Tomato expression pattern, the OlniCreER allele recombined in peri-arteriolar, 

but not peri-sinusoidal, stromal cells (Extended Data Fig. 2h) as well as in hypertrophic 

chondrocytes (Extended Data Fig. 2i), osteoblasts (Extended Data Fig. 2i), and osteocytes 

(Extended Data Fig. 2j). We found that 91±3.0% and 12±3.3% of colony-forming units-

fibroblast (CFU-F) formed by Leprcre/+; Rosa26loxp-tdTomato/+ cells and OlniCreER/+; 

Rosa26loxp-tdTomato/+ cells, respectively, were Tomato+ (Fig. 2a). Furthermore, 11±2.4% of 

Oln-Tomato−LepR+ stromal cells but only 5.2±1.3% of Oln-mTomato+LepR+ cells formed 
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CFU-F (Fig. 2b). These data suggest skeletal stem cells were enriched among Osteolectin 

negative LepR+ cells.

When stimulated to differentiate, CFU-F formed by Oln-Tomato+LepR+ stromal cells gave 

rise to significantly more osteoblasts and significantly fewer adipocytes than CFU-F formed 

by Oln-Tomato−LepR+ cells (Fig. 2c and 2d). When we assessed spontaneous 

differentiation, the colonies formed by Oln-Tomato+LepR+ cells contained only osteoblasts 

while colonies formed by Oln-Tomato−LepR+ cells contained osteoblasts and adipocytes 

(Fig. 2e). Oln-Tomato+LepR+ peri-arteriolar cells were thus enriched for osteogenic 

progenitors while Oln-Tomato−LepR+ peri-sinusoidal cells were enriched for multipotent 

cells. Oln-mTomato+LepR+ cells were also more mitotically active (Fig. 2f).

In two month-old OlnmT/iCreER; Rosa26loxp-EGFP/+ mice, 96±1.8% of Oln-mTomato+ cells 

were EGFP+ 3 days after tamoxifen treatment, indicating high recombination efficiency in 

peri-arteriolar stromal cells (Fig. 2g). We did not detect EGFP in Oln-mTomato− cells. Two 

months later, only 1.9±2.2% of Oln-mTomato+ cells were EGFP+ (Fig. 2g). Three days after 

tamoxifen treatment of OlniCreER; Rosa26loxp-tdTomato/+ mice, 35±5.4% of LepR+ cells were 

Tomato+ (Fig. 2h). These cells were present around arterioles throughout the diaphysis 

(Extended Data Fig. 2h). However, two months later, only 2.2±3.5% of LepR+ cells were 

Tomato+ (Fig. 2h). Peri-arteriolar Osteolectin+ cells are, thus, rapidly dividing and short-

lived progenitors.

Osteolectin+ cells are fated to form bone, not fat

We performed lineage tracing in two month-old OlniCreER/+; Rosa26loxptd-Tomato/+; 

Col1a1*2.3-EGFP mice26. Although Osteolectin is expressed by osteoblasts (Fig. 1d and 1e; 

Extended Data Fig. 2i), only around 20% of Col1a1*2.3-EGFP+ bone-lining cells were 

Tomato+ in these mice 3 days after tamoxifen treatment, indicating low recombination 

efficiency in osteoblasts (Fig. 2i). One month after tamoxifen treatment almost all 

Col1a1*2.3-EGFP+ bone-lining cells were Tomato+, then the percentage continuously 

declined (Fig. 2i). Given that endosteal osteoblasts have little proliferative potential27 and 

are constantly regenerated from progenitors in the bone marrow28, this suggests that many 

new osteoblasts arise from peri-arteriolar Osteolectin+ cells, particularly in the diaphysis.

We fate-mapped differentiated osteoblasts by treating 2-month-old Col1a1-creER; 
Rosa26loxp-tdTomato/+; Col1a1*2.3-EGFP+ mice with tamoxifen. Col1a1-creER does not 

recombine in LepR+ stromal cells1. Tomato was expressed by 92±3.2% of Col1a1*2.3-

EGFP+ osteoblasts 3 days after tamoxifen treatment but by only 24±7.4% of Col1a1*2.3-

EGFP+ osteoblasts 1 month later (Extended Data Fig. 2k). Endosteal osteoblasts are, 

therefore, short-lived and constantly regenerated from undifferentiated progenitors.

We sublethally irradiated OlniCreER/+; Rosa26loxp-tdTomato/+ mice 3 days after tamoxifen 

treatment and examined the bone marrow 14 days later. We observed large numbers of 

adipocytes but none were Tomato+ (Extended Data Fig. 3a).

We also compared the ability of LepR+Osteolectin+ and LepR+Osteolectin− cells to form 

bony ossicles in vivo29. Thirty three of 80 denatured collagen sponges seeded with the 
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progeny of cultured LepR+Osteolectin− cells formed ossicles after transplantation into NSG 

mice, 21 containing hematopoietic marrow and adipocytes (Fig. 2j; Extended Data Fig. 3b). 

In contrast, 36 out of 80 sponges seeded with the progeny of cultured LepR+Osteolectin+ 

cells formed ossicles but none contained hematopoietic marrow or adipocytes (Fig. 2j; 

Extended Data Fig. 3b). LepR+Osteolectin+ cells are osteogenic progenitors with little 

skeletal stem cell or adipogenic activity.

We performed femur fractures 3 days after tamoxifen in 2-month-old OlniCreER/+; 

Rosa26loxp-tdTomato/+; Col1a1*2.3-EGFP+ mice. Two weeks later, we observed a substantial 

increase in the number of LepR+ cells and the percentage of LepR+ cells that were Oln-
Tomato+ in the bone marrow (Fig. 2k and 2l). Within the callus at the fracture site, Oln-
Tomato+ cells accounted for 82±10% of Col1a1*2.3-EGFP+ osteoblasts. Osteolectin+ cells, 

thus, expand in number after fracture and form most of the osteoblasts that contribute to 

bone regeneration.

A peri-arteriolar niche for lymphoid progenitors

LepR+Osteolectin+ peri-arteriolar stromal cells and LepR+Osteolectin− peri-sinusoidal 

stromal cells were uniformly positive for Scf-GFP, with similar levels of expression (Fig. 

3a–b). Scf deletion from Osteolectin+ cells in adult OlniCreER/+; Scffl/fl mice did not 

significantly affect bone marrow or spleen cellularity (Fig. 3c), blood cell counts (Extended 

Data Fig. 3c–e), or the frequencies of differentiated B, T, myeloid, megakaryocyte, or 

erythroid lineage cells in the bone marrow or spleen (Extended Data Fig. 3f–j). Consistent 

with the localization of HSCs to sinusoidal blood vessels20–22, Scf deletion in peri-arteriolar 

Osteolectin+ cells did not significantly affect HSC or MPP frequency in the bone marrow 

(Fig. 3d) or spleen (Extended Data. Fig. 3k) or the reconstituting capacity of bone marrow 

cells in irradiated mice (Extended Data Fig. 3l). Scf deletion from Osteolectin+ cells also did 

not significantly affect the frequencies of granulocyte-macrophage progenitors (GMPs), 

megakaryocyte-erythroid progenitors (MEPs), or common myeloid progenitors (CMPs) but 

did significantly reduce the frequency of CLPs in the bone marrow (Fig. 3d). The flow 

cytometry gates used to sort each stem/progenitor cell population are shown in Extended 

Data Fig. 4.

This suggested Osteolectin+ cells might create a peri-arteriolar niche for CLPs. Although 

OlniCreER also recombined in a minority of osteoblasts (Fig. 2i), osteoblasts do not express 

Scf1,9–12 and deletion of Scf from osteoblasts does not affect CLP frequency1. Consistent 

with these studies, we did not detect Scf-GFP expression by Osteolectin+ osteoblasts, 

osteocytes, or hypertrophic chondrocytes (Extended Data Fig. 3m–n and Extended Data Fig. 

5a–d). We were unable to find non-peri-arteriolar Osteolectin+ cells in the bone marrow that 

express Scf.

Consistent with a peri-arteriolar niche for lymphoid progenitors, 35% of IL7Rα+Lineage− 

cells (which are mainly CLPs2, Extended Data Fig. 4e) were within 5 μm of peri-arteriolar 

Osteolectin+ cells (Fig. 3e and 3f; 18-fold more likely than other hematopoietic cells). 

Consistent with the existence of an endosteal niche for CLPs2,16,23,24, another 28% of 

IL7Rα+Lineage− cells were within 5 μm of the endosteal surface (Fig. 3f; 7-fold more likely 
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than other hematopoietic cells). Deletion of Scf from Osteolectin+ cells significantly reduced 

the frequency of peri-arteriolar, but not endosteal, IL7Rα+Lineage− cells (Fig. 3g). A subset 

of early lymphoid progenitors thus resides adjacent to arterioles and depends upon SCF from 

Osteolectin+ cells.

To more fully assess the role of this niche in lymphopoiesis, we treated OlniCreER/+; Scffl/fl 

mice and littermate controls with tamoxifen for 2 months, beginning at 2 months of age. We 

did not observe any effect on the frequencies of HSCs, MPPs, GMPs, MEPs, or CMPs in the 

bone marrow (Extended Data Figure 5e); however, OlniCreER/+; Scffl/fl mice did exhibit a 

broad depletion of lymphoid progenitors including CLPs, Pre-proB cells, and PreB cells in 

the bone marrow (Fig. 3h) as well as early thymic progenitors (ETPs) and double negative 

(DN1 and DN2) thymocytes (Fig. 3i and 3j). Nonetheless, the numbers of differentiated B 

and T cells were normal in OlniCreER/+; Scffl/fl mice under steady-state conditions (Extended 

Data Fig. 5f and 5g).

Fracture did not significantly affect the frequencies of HSCs and MPPs but did increase the 

frequencies of Oln-mTomato+ cells and CLPs in the bone marrow (Extended Data Fig. 5h 

and 5i). Moreover, IL7Rα+Lineage− cells were significantly more likely to be associated 

with Osteolectin+ arterioles in fractured as compared to control bones (Extended Data Fig. 

5j). Conditional deletion of Scf from Osteolectin+ cells blocked the increase in CLPs after 

fracture without affecting the frequency of Oln-mTomato+ cells (Extended Data Fig. 5h and 

5i).

To test if increasing bone mass is sufficient to promote the expansion of Osteolectin+ cells or 

CLPs in the bone marrow we administered Parathyroid Hormone (PTH) to mice daily for a 

month. PTH treatment significantly increased bone volume (Extended Data Fig. 6a and 6b) 

but decreased the frequencies of Osteolectin+ stromal cells and CLPs in the bone marrow 

(Extended Data Fig. 6c and 6d). Increased bone volume was, therefore, not sufficient to 

increase Osteolectin+ cells and CLPs.

Aging depletes peri-arteriolar Osteolectin+ cells

The frequency of Oln-mTomato+ cells in the bone marrow diaphysis declined significantly 

during aging (Extended Data Fig. 6e) even though the overall frequency of LepR+ cells did 

not change (Extended Data Fig. 6f). In 2-month-old mice, nearly all arterioles in the 

diaphysis were surrounded by Osteolectin+ cells (Fig. 1h and 3a). In 18-month-old mice, 

about half of peri-arteriolar regions in the diaphysis lacked Osteolectin+ cells, in the central 

marrow and near the endosteum (Extended Data Fig. 6g). CLPs were also depleted during 

aging (Extended Data Fig. 6h). In contrast, HSC and MPP frequency increased during 

aging18,30 and GMPs, CMPs, and MEPs did not significantly change (Extended Data Fig. 

6i–m). The percentage of IL7Rα+Lineage− cells associated with arterioles declined during 

aging (Extended Data Fig. 6n), particularly around arterioles that lacked Osteolectin+ cells 

(Extended Data Fig. 6o and 6p). This suggests that the age-related decline in lymphoid 

progenitors may be caused partly by the loss of Osteolectin+ cells.
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Peri-arteriolar niches promote the response to infection

We tested if the peri-arteriolar niche was necessary for lymphopoiesis after acute infection 

with a bacterium whose clearance depends upon T and B cells31,32. Three days after 

tamoxifen treatment, OlniCreER/+; Scffl/fl mice and littermate controls were administered 

Listeria monocytogenes by oral gavage. In the absence of Listeria, B and T cell counts were 

similar in OlniCreER/+; Scffl/fl mice and littermate controls (Extended Data Fig. 7a and 7b). 

After Listeria infection, B and T cell counts significantly increased in the spleens of control, 

but not OlniCreER/+; Scffl/fl, mice and bacterial CFUs were significantly increased in the 

spleens of OlniCreER/+; Scffl/fl mice as compared to controls (Extended Data Fig. 7a–c). 

Osteolectin+ peri-arteriolar niches thus appeared to be required to augment lymphopoiesis 

and to clear bacteria after acute infection.

We also administered Listeria intraperitoneally. Relative to controls, OlniCreER/+; Scffl/fl 

mice had fewer CLPs (Fig. 3k) and Pre-proB cells in the bone marrow (Extended Data Fig. 

7d), as well as ETPs and DN1 cells in the thymus (Extended Data Fig. 7e) at 5 and 10 days 

after infection. We also observed reduced numbers of B, T, and NK1.1+CD3− natural killer 

(NK) cells (Extended Data Fig. 7f–i and 7l–m), impaired Listeria clearance (Extended Data 

Fig. 7j and 7n), and reduced survival (Fig. 3l). We observed no change in IFN-γ levels in T 

cells from OlniCreER/+; Scffl/fl as compared to control mice (Extended Data Fig. 7k) 

suggesting normal T cell activation. The peri-arteriolar niche is thus required for the 

maintenance of normal numbers of lymphoid progenitors and lymphocytes during the 

response to acute bacterial infection.

Mechanical stimulation maintains peri-arteriolar niches

To test if exercise could restore peri-arteriolar niches in aging bone marrow, running wheels 

were placed in the cages of 18-month-old OlnmT/+ mice for 4 weeks. Voluntary running 

increased bone mineral density (Extended Data Fig. 8a) and cortical bone thickness (Fig. 

4a), as well as the frequencies of Oln-mTomato+ cells (Fig. 4b) and CLPs (Fig. 4c) relative 

to non-running control mice. Voluntary running did not significantly affect the frequencies 

of HSCs, MPPs, GMPs, MEPs, or CMPs (Fig. 4c). Voluntary running increased CLP 

frequency in load-bearing long bones (Fig. 4c) but not in the calvarium of the same mice 

(Extended Data Fig. 8b). Voluntary running thus appeared to promote the expansion of peri-

arteriolar niches in load-bearing bones.

To test if mechanical loading is required for Osteolectin+ cell maintenance, we suspended 

the hindlimbs of 2-month-old OlnmT/+ mice for two weeks to reduce mechanical loading on 

the hindlimbs while they walked on their forelimbs33 (Extended Data Fig. 8c). In the 

forelimbs, we observed no significant effects on bone mineral density, cortical bone 

thickness, or the frequencies of Oln-mTomato+ cells, CLPs, HSCs, MPPs, GMPs, MEPs, or 

CMPs in the bone marrow (Extended Data Fig. 8d–g). In contrast, the femurs of suspended 

mice exhibited significantly reduced bone mineral density (Extended Data Fig. 8h), cortical 

bone thickness, Oln-mTomato+ cell frequency, and CLP frequency relative to control mice 

(Fig. 4d–f). The depletion of Osteolectin+ cells after unloading may have been caused by 

reduced proliferation as we observed reduced BrdU incorporation (Fig. 4g). We did not 
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detect any effect of hindlimb suspension on the frequencies of HSCs, MPPs, GMPs, MEPs, 

or CMPs (Fig. 4f). Hindlimb unloading thus reduced the frequencies of Oln-mTomato+ cells 

and CLPs, suggesting that mechanical loading is required for the maintenance of peri-

arteriolar niches.

Osteolectin+ cells expressed the stretch-induced ion channel Piezo134,35 by gene expression 

profiling and western blot (Fig. 4k). Mechanical loading promotes bone formation and 

increases skeletal bone mass36, partly by promoting Piezo1 signaling in mesenchymal 

progenitors during development37 and in osteoblasts during adulthood34,35,38. To test if 

mechanical stimulation elicits Piezo-like channel activity in Osteolectin+ cells, we sorted 

LepR+Osteolectin+ cells into culture and performed patch clamp recordings with negative 

applied pressures37,39 (Fig. 4h and Extended Data Fig. 8i). We observed Piezo-like channel 

properties in Osteolectin+ cells that recapitulated previously reported Piezo1 single channel 

conductance and pressure-dependent activity37. The channels were sensitized by Yoda1, a 

pharmacological agonist of Piezo140. The calculated P1/2 (pressure at which half of the 

channels are open) was −35 mm Hg with Yoda1 and −45 mmHg without Yoda1 (Fig. 4i). 

Pressure-dependent and Yoda1-dependent channel activity were not observed in Osteolectin
+ cells from OlnmT/iCreER; Piezo1fl/fl mice (Extended Data Fig. 8j and 8k). A Yoda1-induced 

calcium influx was observed in Osteolectin+ cells from control, but not OlnmT/iCreER; 

Piezo1fl/fl mice (Fig. 4j).

Piezo1 deletion from Osteolectin+ cells at 2 months of age significantly reduced Piezo1 
transcript and protein levels in Osteolectin+ cells (Extended Data Fig. 8l; Fig. 4k) as well as 

bone mineral density (Extended Data Fig. 8m), cortical bone thickness (Fig. 4l), Oln-

mTomato+ cell frequency (Fig. 4m), and CLP frequency (Fig. 4n). The depletion of 

Osteolectin+ cells after Piezo1 deletion may have been caused by reduced proliferation as 

we observed reduced BrdU incorporation (Extended Data Fig. 8n). The percentage of CLPs 

associated with arterioles also significantly declined after Piezo1 deletion (Extended Data 

Fig. 8o). We did not detect any effect of Piezo1 deletion on the frequencies of HSCs, MPPs, 

GMPs, MEPs, or CMPs (Fig. 4n). The phosphorylation of calcium/calmodulin‐dependent 

protein kinase II (CaMKII), a downstream mediator of Piezo signaling, was reduced in 

Piezo1 deficient as compared to control Osteolectin+ cells (Fig. 4k). Piezo1 thus acts within 

Osteolectin+ cells to maintain a peri-arteriolar niche for osteogenic and lymphoid 

progenitors.

We conditionally deleted Piezo1 in osteoblasts using Col1a1-creER and in all LepR+ cells 

using Leprcre. Col1a1-creER; Piezo1fl/fl; OlnmT/+ mice had reduced bone mass as compared 

to sex-matched littermate controls (Extended Data Fig. 8p and 8q), consistent with Piezo1 

function in osteoblasts34,35,38. However, there were no differences between Col1a1-creER; 

Piezo1fl/fl; OlnmT/+ and control mice in the frequencies of Osteolectin+LepR+ bone marrow 

cells (Extended Data Fig. 8r) or hematopoietic stem/progenitor cells (Extended Data Fig. 

8s). Therefore, the maintenance of peri-arteriolar Osteolectin+ cells and CLPs does not 

require mechanical stimulation of osteoblasts.

We also examined Leprcre/+; Piezo1fl/fl; OlnmT/+ mice, in which Piezo1 was deleted from 

both peri-arteriolar LepR+Osteolectin+ cells and peri-sinusoidal LepR+Osteolectin− cells. 
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The bone mass and CLP depletion phenotypes were not more severe in Leprcre/+; Piezo1fl/fl; 

OlnmT/+ mice (Extended Data Fig. 8t–w) as compared to OlnmT/iCreER; Piezo1fl/fl mice (Fig. 

4l–n). Moreover, Piezo1 deletion from all LepR+ cells had no effect on the frequencies of 

HSCs, MPPs, GMPs, MEPs, or CMPs (Extended Data Fig. 8w). This suggests that 

mechanical stimulation is not required for the maintenance of peri-sinusoidal niches. 

Mechanical forces may selectively regulate the maintenance of peri-arteriolar niches.

Finally, we tested if mechanosensation in Osteolectin+ cells promoted the response to acute 

infection. Three days after tamoxifen treatment, OlnmT/iCreER; Piezo1fl/fl mice and littermate 

controls were administered oral Listeria. Absent Listeria, B and T cell counts were similar in 

the spleens of OlnmT/iCreER; Piezo1fl/fl mice and controls (Extended Data Fig. 8x and 8y). 

After Listeria infection, B and T cells were significantly reduced and bacterial CFUs were 

significantly increased in the spleens of OlnmT/iCreER; Piezo1fl/fl as compared to control 

mice (Extended Data Fig. 8x–z). Loss of Piezo1 from Osteolectin+ cells, thus, impaired 

lymphopoiesis and bacterial clearance after acute infection.

Arteriolar endothelial cells may also regulate the maintenance of lymphoid progenitors in 

peri-arteriolar niches as deletion of Notch ligand from arteriolar endothelial cells impairs 

lymphopoiesis9. Arterioles may be particularly effective at transmitting movement-induced 

mechanical stimuli from the bone into the marrow because they are thicker and stiffer walled 

than sinusoids41 and often enter the bone marrow by passing through cortical bone42,43.

METHODS

Mice

All mouse experiments complied with all relevant ethical regulations and were performed 

according to protocols approved by the Institutional Animal Care and Use Committees at 

UT Southwestern Medical Center (protocol 2017–101896) and Texas A&M Health Science 

Center (2018–0217-CD). All mice were maintained on a C57BL/Ka background, including 

Leprcre (ref44), Rosa26-CAG-loxp-stop-loxp-tdTomato (Ai14)45, Rosa26-CAG-loxp-stop-

loxp-EGFP (Ai47)46, Col1a1*2.3-EGFP26, Piezo1flox (ref47), Scfflox and ScfGFP (ref1) mice. 

To generate OlnmT and OlniCreER mice, CleanCap Cas9 mRNA (TriLink) and sgRNAs 

(transcribed using MEGAshortscript Kit (Ambion) and purified using the MEGAclear Kit 

(Ambion)), and recombineering plasmids were microinjected into C57BL/Ka zygotes. 

Chimeric mice were genotyped by restriction fragment length polymorphism analysis and 

insertion of the mTomato sequence48 into the correct locus was confirmed by Southern 

blotting and sequencing of the targeted allele. Founders were mated with C57BL/Ka mice to 

obtain germline transmission then backcrossed with wild-type C57BL/Ka mice for at least 

three generations before analysis. To induce Cre recombinase activity, unless otherwise 

indicated, OlniCreER/+ mice received a daily intraperitoneal injection of 1mg of tamoxifen 

dissolved in corn oil for 5 days. All mice were housed in specific pathogen-free animal care 

facilities under a 12h:12h light/dark cycle with a temperature of 65–75°F and humidity of 

40–60%.
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Genotyping Primers

Primers for genotyping OlnmT mice were 5’-TCT GGG AGA CCA CAG AGA CTC AAGG, 

5’- AAA GAC AGA AGG CAC AAC TAG AGGC, 5’-CAA TTC CGT GGT GTT GTC 

GGG GAA ATC ATC, and 5’-CAC TGT GAA AAG ACA GAA GGC ACA ACT AGAG. 

Primers for genotyping OlniCreER mice were 5’-TCA AGA GTT TAA CCC ACT GAA CTT 

CAT AGA, 5’-CTC GTT AGA GCA GTA GTG TGT TAG TGAA, 5’-TGG GTA GAC 

CCA AGG CGG GA, and 5’-GGA GGG CAG GCA GGT TTT GGT.

Flow cytometry

Bone marrow hematopoietic cells were isolated by flushing the long bones with Ca2+- and 

Mg2+-free HBSS (HBSS-free) with 2% heat-inactivated bovine serum. Spleen cells were 

obtained by crushing the spleen between two glass slides. The cells were dissociated into a 

single cell suspension by gently passing them through a 25-gauge needle and then filtering 

through 70-μm nylon mesh. HSCs were isolated using anti-CD150 (TC15–12F12.2), anti-

CD48 (HM48–1), anti-Sca1(E13–161.7), and anti-c-kit (2B8) along with the following 

antibodies against lineage markers: anti-Ter119, anti-B220 (6B2), anti-Gr1 (8C5), anti-CD2 

(RM2–5), anti-CD3 (17A2), anti-CD5 (53–7.3) and anti-CD8 (53–6.7). Hematopoietic 

progenitors were isolated with the lineage markers anti-Ter119, anti-B220, anti-Gr1, anti-

CD2, anti-CD3, anti-CD5, and anti-CD8 as well as additional antibodies against CD34 

(RAM34), CD135 (FLT3) (A2F10), CD16/32 (FcγR) (clone 93), CD127 (IL7Ra) (A7R34), 

CD43 (1B11), CD24 (M1/69), IgM (II/41), CD44 (IM7), and CD25 (PC61.5). DAPI was 

used to exclude dead cells. The markers used to identify each cell population in this study 

are summarized in Supplementary Table 1. All antibodies were used at 1:200 dilution unless 

otherwise specified.

For flow cytometric analysis of stromal cells, bone marrow was flushed using HBSS-free 

with 2% bovine serum. Then whole bone marrow was digested with type I collagenase (3 

mg/ml), dispase (4 mg/ml) and DNase I (1 U/ml) at 37°C for 30 min as described 

previously14. Samples were then stained with antibodies and analyzed by flow cytometry. 

Goat-anti-LepR-biotin (AF497), anti-CD45 (30F-11), anti-CD31 (clone 390) and anti-

TER119 antibodies were used to isolate LepR+ cells. For analysis of bone marrow 

endothelial cells, mice were intravenously injected with 10 μg per mouse of eFluor660-

conjugated anti-VE-cadherin antibody (BV13, eBiosciences). Ten minutes later, the long 

bones were removed and bone marrow was flushed, digested and stained as above. Samples 

were analyzed using FACSAria or FACSCanto II flow cytometers and FACSDiva 8.0 (BD) 

or FlowJo v10.6.1 (Tree Star) software.

Immunostaining of bone sections

Freshly dissected mouse femurs were fixed in 4% paraformaldehyde overnight. Bones were 

decalcified in phosphate-buffered saline (PBS) with 10% EDTA and 30% sucrose for 5 days. 

Bones were sectioned in 12μm slices using the CryoJane tape-transfer system (Leica). 

Sections were blocked in PBS with 5% normal donkey serum (Jackson Immuno) for 1 hour 

and then stained overnight with chicken-anti-GFP (Aves), rabbit-anti-tomato (Takara), and 

goat-anti-LepR-biotin (R&D Systems). Donkey anti-chicken Alexa Fluor 488 (Jackson 

Immuno), donkey anti-goat Alexa Fluor 488 (Jackson Immuno), donkey anti-goat Alexa 
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Fluor 555 (Invitrogen) and donkey anti-rabbit Alexa Fluor 647 (Jackson Immuno) were used 

as secondary antibodies. Slides were mounted with Prolong Gold anti-fade medium 

(Invitrogen). To identify CLPs, mice were intravenously injected with 2μg Alexa Fluor 647 

anti-IL7Rα (A7R34, Biolegend). After 5 minutes, the mice were killed and long bones were 

dissected, fixed, sectioned and stained with antibodies against Lineage markers (anti-CD2, 

CD3, CD5, CD8, TER119, GR1 and B220). Images were acquired with a Zeiss LSM780 or 

a Leica SP8 confocal microscope. Confocal images were processed and analyzed using 

Zeiss Zen-2 or Leica LAS X.

Deep imaging of half bones

Femurs were longitudinally cut in half, then stained, and deep imaged as described 

previously21. The staining solution contained 10% DMSO, 0.5% IgePal630 (Sigma), and 5% 

donkey serum (Jackson Immuno) in PBS. Half bones were stained for 3 days at room 

temperature with primary antibodies. Then specimens were washed 3 times in PBS at room 

temperature for one day and put into staining solution containing secondary antibodies for 3 

days followed by a one-day wash. Antibodies used for whole mount staining included 

chicken anti-GFP (Aves Labs, 1:200), anti-tdTomato (Takara, 1:200), Alexa Fluor 647-

AffiniPure F(ab′)2 Fragment Donkey Anti-Chicken IgY (1:250), Alexa Fluor 488-

AffiniPure F(ab′)2 Fragment Donkey Anti-Rabbit IgG (1:250), Alexa Fluor 488-AffiniPure 

F(ab′)2 Fragment Donkey Anti-Rabbit IgG (all from Jackson ImmunoResearch, 1:250), and 

555--conjugated donkey anti-goat antibody (Invitrogen, 1:250). Images were acquired using 

a Leica SP8 confocal microscope. Images were rendered in 3D and analyzed using Bitplane 

Imaris v7.7.1.

CFU-F and in vitro differentiation assay

Freshly dissociated bone marrow cells were plated at clonal density in 6-well plates pre-

coated with 100 ng/ml of fibronectin (Sigma) overnight. The cells were cultured in DMEM-

low glucose (Gibco) plus 20% fetal bovine serum (Sigma), 10mM ROCK inhibitor Y-27632 

(Selleck), and 1% penicillin/streptomycin (Invitrogen) at 37°C in gas-tight chambers 

(Billups-Rothenberg) flushed with 1% O2 and 6% CO2 (balance Nitrogen) to maintain 

physiological oxygen levels that promoted survival and proliferation49. To count CFU-F 

colonies, the cultures were stained with 0.1% Toluidine blue in 4% formalin eight days after 

plating. Osteogenic, adipogenic, and chondrogenic differentiation were assessed using 

StemPro Differentiation kits (Gibco).

Quantitative reverse transcription PCR

For quantitative reverse transcription PCR (qPCR), cells were flow cytometrically sorted 

from enzymatically dissociated bone marrow into Trizol (Invitrogen). RNA was extracted 

and reverse transcribed into cDNA using SuperScript III (Invitrogen) and random primers. 

qPCR was performed using a Roche LightCycler 480. The primers used for qPCR analysis 

included mouse Osteolectin: 5’-AGG TCC TGG GAG GGA GTG-3’ and 5’-GGG CCT 

CCT GGA GAT TCT T-3’; Actb: 5’-GCT CTT TTC CAG CCT TCC TT-3’ and 5’-CTT 

CTG CAT CCT GTC AGC AA-3’.
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Long-term competitive reconstitution assays

Recipient mice were irradiated using an XRAD 320 X-ray irradiator (Precision X-Ray Inc.) 

with two doses of 540 rad at least 4 hours apart. C57BL/Ka (CD45.1/CD45.2 heterozygous) 

mice were used as recipients. 500,000 unfractionated bone marrow cells from donor 

(CD45.2) and competitor (CD45.1) mice were mixed and injected intravenously through the 

retro-orbital venous sinus. Recipient mice were bled from 4 to 16 weeks after transplantation 

to examine the levels of donor-derived myeloid, B, and T cells in their blood. Red blood 

cells were then lysed with ammonium chloride potassium buffer before antibody staining. 

The antibodies used to analyze donor chimerism in the blood were anti-CD45.1 (A20), anti-

CD45.2 (104), anti-Gr1 (8C5), anti-Mac1 (M1/70), anti-B220 (6B2) and anti-CD3 

(KT31.1).

Bone fracture and ossicle formation

As described13, a stainless steel wire was inserted into the intramedullary canal of the femur 

through the knee after anesthesia, and the femur was fractured mid-diaphysis by 3-point 

bending. Buprenorphine was injected every 12 hours up to 72 hours after the surgery. Mice 

were analyzed 2 weeks after the surgery, using the contralateral femur as an internal control.

As described previously13,29, 2×106 cultured mouse primary CFU-F cells were seeded into 

collagen sponges (Gelfoam), incubated at 37°C for 90 min, and then transplanted 

subcutaneously into NOD–SCID IL2Rγ−/− (NSG) mice. The ossicles formed by these cells 

were analyzed eight weeks after transplantation by cryosectioning, Hematoxylin and Eosin 

staining.

MicroCT analysis

Femurs from sex-matched littermates were fixed in 4% PFA overnight at 4°C, then the bones 

were washed four times with 70% ethanol and stored in 70% ethanol until scanned using a 

Scanco Medical μCT 35. Femurs were scanned at an isotropic voxel size of 3.5μm, with 

peak tube voltage of 55 kV and current of 0.145 mA (μCT 35; Scanco). A three-dimensional 

Gaussian filter (s = 0.8) with a limited, finite filter support of one was used to suppress 

noise. A threshold of 263–1000 was used to segment mineralized bone from air and soft 

tissues. Cortical bone parameters were measured by analyzing 100 slices in mid-diaphysis 

femurs.

RNA-seq analysis

Cells were sorted into RLT buffer (Qiagen RNAeasy Plus Micro kit) and RNA was purified 

according to the manufacturer’s instructions. RNA quality was validated using a Pico 

Bioanalyzer. Libraries were generated using SMARTer Stranded Total RNA-Seq kit – Pico 

Input Mammalian (Clonetech). Library fragment size was measured using D1000 Screen 

Tape (Agilent) and RNA was quantified using the Qubit RNA assay kit (Life Technologies). 

Libraries were sequenced using an Illumina NextSeq 500. The quality of RNA-seq raw reads 

was checked using FastQC 0.11.5. Raw reads were trimmed using Cutadapt 2.3 and mapped 

to the Ensembl GRCm38 mouse genome using TopHat 2.1.1 with Bowtie2 2.2.3. Mapped 

reads were quality-filtered using SAMtools 1.9.0 and quantified using HTSeq 0.9.1. 

Differential expression was assessed using DESeq2 1.24.0 with R 3.6.1. Gene set 
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enrichment analysis of the filtered, DESeq2-normalized counts was performed using GSEA 

4.0.3 with the osteogenesis gene list PAMM-026Z and the adipogenesis gene list 

PAMM-049Z from Qiagen’s RT2 Profiler PCR Array.

Voluntary running and hindlimb unloading

Mice were individually housed in standard polycarbonate mouse cages (Fisher Scientific) 

containing a 4.75″ diameter stainless steel running wheel for 4 weeks. To mechanically 

unload mouse hindlimbs, 8-week-old mice were outfitted with tail harnesses and suspended 

from an overhead pulley system in customized cages, as described previously33 (see 

schematic in Extended Data Fig. 8c). The mice ambulated within the cage using their 

forelimbs, which remained in contact with the cage floor, but their hindlimbs were 

suspended in the air and consequently could not generate ground reaction forces. Control 

mice were housed individually with tail harnesses attached to the overhead pulley system as 

well, but with both forelimbs and hindlimbs in contact with the cage floor. Food and water 

were provided on the cage floor. Mice were suspended continuously for 2 weeks, then 

analyzed.

Listeria infection

Listeria monocytogenes strain 10403S was freshly inoculated onto a brain-heart infusion 

(BHI) agar plate. A single colony was chosen and expanded in BHI broth at 37°C with 

shaking at 200 rpm. For infection, bacteria were sub-cultured and grown to log phase 

(OD600 = 0.6–1) on the day of infection, washed, and resuspended in PBS. Mice were 

administered 2×109 CFU of Listeria by oral gavage, or 2×106 CFU of Listeria 
intraperitoneally. To quantitate bacterial CFUs, spleens were harvested from infected mice 

and homogenized using FastPrep-24 5G (MP Biomedicals) in PBS containing 0.1% Triton 

X-100, followed by serial dilutions using PBS and plating onto BHI agar plates. Colonies 

were counted after 24 hours of growth at 37°C. The intracellular IFN-γ level in T cells was 

measured as described50. Splenocytes were stimulated with 50 ng/ml phorbol 12-myristate 

13-acetate and 1 μM ionomycin in the presence of 1 μg/mL brefeldin A for 4.5 hours, 

followed by staining with antibody against CD3. The cells were fixed with 2% 

paraformaldehyde, permeabilized with 0.1% saponin, and stained for IFN-γ, then IFN-γ 
levels were analyzed by flow cytometry in CD3+ cells. The mice were processed and data 

were collected in a manner blinded to sample identity.

Electrophysiology

Oln-mTomato+ cells were isolated by flow cytometry and cultured for 2 days in 6-well 

plates pre-coated with 100 ng/ml of fibronectin (Sigma), with DMEM-low glucose (Gibco) 

plus 20% fetal bovine serum (Sigma F2442), 10mM ROCK inhibitor (Y-27632, Selleck), 

and 1% penicillin/streptomycin (Invitrogen) at 37°C in a low oxygen environment (to 

promote cell survival) within gas-tight chambers (Billups-Rothenberg) flushed with 1% O2 

and 6% CO2 (balance Nitrogen). After that, the cells were transferred to a regular 37°C 

incubator with 5% CO2, cultured for 3 additional days, detached with TrypLE Express 

(Thermo Scientific) and replated on glass coverslides (Carolina Biological Supply) at 50–

70% confluency for 16 hours before electrophysiological recordings. Single channel current 

recordings of endogenous Piezo1 were performed using an Axopatch 200B amplifier and 
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Digidata 1550B digitizer (Molecular Devices). Currents were acquired with pClamp 10.7 

software at a sampling frequency of 10 kHz. Recording patch pipettes of borosilicate glass 

were pulled and fire-polished to a tip resistance of 4–6 MΩ. The external bath solution 

contained 140 mM KCl, 10 mM HEPES, 1 mM MgCl2, 10 mM glucose, pH 7.3 (pH 

adjusted with KOH). The pipette solution contained: 130 mM NaCl, 5 mM KCl, 10 mM 

HEPES, 10mM tetraethylammonium chloride (TEA-Cl), 1m M CaCl2, 1 mM MgCl2, pH 

7.3 (pH adjusted with NaOH). The bath electrode was grounded, while the pipette electrode 

was active, such that at positive applied potential, cations moved from pipette to bath, and 

vice versa. Mechanical stimulation was applied via recording pipette using a high-speed 

pressure clamp system (ALA Scientific Instruments). Single channel events are shown as 

upward deflections at +60 mV representing inward currents. The single channel data was 

analyzed using Clampfit 10.7. All point current histograms (ranging from 5–10 seconds 

recorded stretch) were constructed in Clampfit. The single channel current values were 

extracted after fitting the Gaussian function to the data. Data are presented as Mean ± S.D. 

Each data point is at least an average of 5 to 10 individual recordings. Open probability was 

calculated exclusively from the records, where at least 10 seconds of data were recorded 

both before and after pressure application.

Statistical methods

In each type of experiment, multiple independent experiments were performed using 

different mice on different days. Mice were allocated to experiments randomly and samples 

were processed in an arbitrary order, but formal randomization techniques were not used. 

Prior to analyzing the statistical significance of differences among treatments, we tested 

whether the data were normally distributed and whether variance was similar among 

treatments. To test for normal distribution, we performed the Shapiro–Wilk test when 

3≤n<20 or the D’Agostino Omnibus test when n≥20. To test if variability significantly 

differed among treatments, we performed F-tests (for experiments with two treatments) or 

Levene’s median tests (for more than two treatments). When the data significantly deviated 

from normality or variability significantly differed among treatments, we log2-transformed 

the data and tested again for normality and variability. If the transformed data no longer 

significantly deviated from normality and equal variability, we performed parametric tests on 

the transformed data. If transformed data still significantly deviated from normality or equal 

variability, we performed non-parametric tests on the non-transformed data.

All the statistical tests we used were two-sided, where applicable. To assess the statistical 

significance of a difference between two treatments, we used paired t-tests (when mice were 

littermates and a parametric test was appropriate), Wilcoxon signed rank tests (when mice 

were littermates and a non-parametric test was appropriate), t-tests (when mice were not 

littermates and a parametric test was appropriate), or Mann-Whitney tests (when mice were 

not littermates and a non-parametric test was appropriate). Multiple t-tests (parametric or 

non-parametric) were followed by Holm-Sidak’s multiple comparisons adjustment. To 

assess the statistical significance of differences between more than two treatments, we used 

repeated measures one-way or two-way ANOVAs (when mice were littermates and/or cells 

were from same mice, and a parametric test was appropriate) followed by Tukey’s, 

Dunnet’s, or Sidak’s multiple comparisons adjustment. To assess the significance of 
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frequency differences within contingency tables that involved multiple experiments we used 

Cochran–Mantel–Haenszel tests. To assess the significance of survival differences we used 

the Mantel-Cox log-rank test.

All statistical analyses were performed with Graphpad Prism 8.3 or R 3.5.1 with the fBasics 

package. All data represent mean ± standard deviation. Samples sizes were not pre-

determined based on statistical power calculations but were based on our experience with 

these assays.

Extended Data
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Extended Data Figure 1. OlnmT reporter mice showed that Osteolectin is expressed by 
osteoblasts, osteocytes, and chondrocytes in addition to peri-arteriolar LepR+ stromal cells.
(a-c) The mouse Osteolectin gene was modified to insert an mTomato-WPRE-pA cassette 

between the 5’ untranslated region and exon 3 to generate the targeting vector. These sites 

were selected to avoid disrupting conserved intronic sequences. Open boxes indicate 

untranslated regions and black boxes indicate translated regions of Osteolectin. The targeted 

founder mouse (F0) was identified by southern blotting (b) using 5’ and WPRE probes 

(black bars). (c) PCR genotyping of genomic DNA confirmed germline transmission of the 

OlnmT allele. Mice were backcrossed at least three times onto a C57BL/Ka background 

before analysis. (d) Osteolectin transcript levels by qRT-PCR in Oln-Tomato+ and Oln-

Tomato− bone marrow cells (3 mice analyzed in 3 independent experiments). (e) Flow 

cytometry gates to distinguish Oln-mTomato+LepR+ from Oln-mTomato−LepR+ stromal 

cells in enzymatically dissociated bone marrow. (f) Osteolectin transcript levels by qRT-PCR 

in Oln-Tomato+LepR+ and Oln-Tomato−LepR+ bone marrow cells (4 mice analyzed in 4 

independent experiments). (g) We did not detect Oln-Tomato in VE-cadherin-expressing 

bone marrow endothelial cells (4 mice per genotype analyzed in 4 independent 

experiments). (h and i) Femur epiphysis (h) and diaphysis (i) from OlnmT/+; Col1a1*2.3-

EGFP mice (images are representative of 3 independent experiments from 8–10-week-old 

mice). In panel h, the arrowhead points to Oln-Tomato+Col1a1*2.3-EGFP+ osteoblasts in 

trabecular bone and the arrow points to Oln-Tomato+Col1a1*2.3-EGFP− hypertrophic 

chondrocytes in the growth plate (scale bar = 100μm). Panel i shows Oln-Tomato
+Col1a1*2.3-EGFP+ osteoblasts at the endosteum (arrow), Oln-Tomato+ osteocytes 

(arrowhead), and Oln-Tomato+ periosteal cells (asterisk) (scale bars = 40μm). All data 

represent mean ± SD.
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Extended Data Figure 2. Bone marrow Oln-mTomato+ cells localized mainly around arterioles in 
the diaphysis.
(a) A low magnification view of the femur diaphysis showed Oln-Tomato+ stromal cells 

associated with arterioles enriched in the center of the marrow. In this image, arteriolar and 

sinusoidal blood vessels were distinguished based on size, morphology, and continuity of the 

basal lamina, visualized using anti-laminin antibody staining as previously described21 

(images are representative of 3 independent experiments; scale bar = 200μm). (b) OlnmT/+ 

femur bone marrow showing that, in contrast to the diaphysis (Fig. 1h), most Sca-1+ 

arterioles were not surrounded by Oln-Tomato+ stromal cells in the metaphysis. The Oln-

Tomato+ cells in this panel were osteoblasts and osteocytes associated with trabecular bone 

(scale bar = 500μm). (c, d) Gene set enrichment analysis showing significant enrichment of 

genes associated with osteogenesis in CD45−Ter119−CD31−Scf-GFP+Oln-mTomato+ 
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stromal cells and adipogenesis in CD45−Ter119−CD31−Scf-GFP+Oln-mTomato− stromal 

cells (FDR, false discovery rate; NES, normalized enrichment score; 4 mice analyzed in 4 

independent experiments). (e-f) The mouse Osteolectin gene was modified by inserting an 

iCreER-WPRE-pA cassette between the 5’ untranslated region and exon 3 to generate the 

targeting vector. These sites were selected to avoid disrupting conserved intronic sequences. 

Open boxes indicate untranslated regions and black boxes indicate translated regions of 

Osteolectin. The targeted founder mouse (F0) was identified by Southern blotting (f) using 

5’ and WPRE probes (black bars). (g) PCR genotyping of genomic DNA confirmed 

germline transmission of the OlniCreER allele. Mice were backcrossed at least three times 

onto a C57BL/Ka background before analysis. (h) Deep imaging of OlniCreER/+; 

Rosa26loxp-tdTomato/+ femur bone marrow 3 days after tamoxifen administration at 2 months 

of age, showing that Oln-Tomato+ cells were exclusively peri-arteriolar in the diaphysis 

(images are representative of 3 independent experiments; scale bar = 200μm). (i and j) Deep 

imaging of the femur epiphysis (i) and diaphysis (j) one month after tamoxifen 

administration at 2 months of age (images are representative of 3 independent experiments). 

Panel i shows Oln-Tomato+ hypertrophic chondrocytes in the growth plate (arrow) and Oln-

Tomato+Col1a1*2.3-EGFP+ osteoblasts in trabecular bone (arrowhead; scale bar = 60mm). 

Panel j shows Oln-Tomato+Col1a1*2.3-EGFP+ osteoblasts at the endosteum (arrow), an 

Oln-Tomato+ osteocyte (arrowhead), and Oln-Tomato+ periosteal cells (asterisk; scale bars = 

30μm). (k) Col1a1-CreER; Rosa26loxp-tdTomato/+; Col1a1*2.3-EGFP mice were treated with 

tamoxifen at 2 months of age and the percentage of Col1a1*2.3-EGFP+ osteoblasts that 

were Tomato+ was assessed 3 days to 1 month later (3 mice per time point analyzed in 3 

independent experiments). All data represent mean ± SD.

Shen et al. Page 18

Nature. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data Figure 3. Osteolectin+ cells create a niche for CLPs but not other hematopoietic 
stem/progenitor cells.
(a) 2-month-old OlniCreER/+; Rosa26loxp-tdTomato/+ mice were sublethally irradiated 3 days 

after tamoxifen administration. Two weeks later, none of the adipocytes in the bone marrow 

were Tomato+ (image representative of 3 independent experiments; scale bar = 60μm). (b) 

Representative H&E stained sections from ossicles formed by Oln-Tomato+ (left) or Oln-

Tomato− (right) stromal cells sorted from OlnmT/+ mice showing bone (arrowheads), 

hematopoietic cells (arrow), and adipocytes (asterisk; images are representative of 5 

independent experiments; scale bar = 100μm). (c-e) OlniCreER/+; Scffl/fl and Scffl/fl littermate 

controls were treated with tamoxifen at 2-months of age. One month later, blood from 

OlniCreER/+; Scffl/fl mice showed normal white blood cell (c), red blood cell (d) and platelet 

(e) counts (6 mice per genotype analyzed in 3 independent experiments). (f-k) OlniCreER/+; 

Shen et al. Page 19

Nature. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scffl/fl mice and littermate controls exhibited no significant differences in the frequencies of 

B220+ B cells (f), CD3+ T cells (g), Gr-1+Mac-1+ myeloid cells (h), CD41+ megakaryocyte 

lineage cells (i), CD71+/Ter119+ erythroid lineage cells (j), HSCs or MPPs in the spleen (k; 

6 mice per genotype analyzed in 3 independent experiments). (l) Bone marrow cells from 

OlniCreER/+; Scffl/fl mice and littermate controls gave similar levels of donor cell 

reconstitution upon competitive transplantation into irradiated mice (5 donor mice per 

genotype analyzed in 3 independent experiments). The differences between OlniCreER/+; 

Scffl/fl and Scffl/fl mice were not statistically significant in c-l. (m) OlnmT/+; ScfGFP/+ femur 

bone marrow showing Oln-Tomato+ osteoblasts at the endosteum were negative for Scf-GFP, 

while peri-arteriolar Oln-Tomato+ stromal cells were positive for Scf-GFP (representative of 

3 independent experiments; scale bar = 80μm). (n) OlnmT/+; Col1a1*2.3-EGFP femur bone 

marrow showing Col1a1*2.3-EGFP+ osteoblasts at the endosteum were Oln-Tomato+ 

(representative of 3 independent experiments; scale bar = 100μm). All data represent mean ± 

SD. Statistical significance was assessed using matched samples two-way ANOVAs 

followed by Sidak’s (c-e, and k-l) or Tukey’s (f-j) multiple comparisons tests.
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Extended Data Figure 4. Flow cytometry gating strategy for the isolation of hematopoietic stem 
and progenitor cell populations.
(a-d) Representative flow cytometry gates used to identify the hematopoietic stem and 

progenitor cell populations in the bone marrow (a, b), and T lineage progenitors in the 

thymus (c, d). The markers used to identify each of the cell populations characterized in this 

study are listed in Supplementary Table 1. (e) Representative flow cytometry gates showing 

that more than 50% of IL7Rα+Lineage− cells were Lin−Sca1lowc-kitlowIL7Ra+Flt3+ CLPs 

and most of the non-CLP IL7Rα+Lineage− (Flt3−) cells were CD19+, likely to be other early 

B lineage progenitors (4 mice analyzed in 3 independent experiments). All data represent 

mean ± SD.
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Extended Data Figure 5. Oln-mTomato+ osteoblasts and osteocytes in the metaphysis do not 
express Scf-GFP and Oln-mTomato+ cells in the diaphysis expand during fracture healing.
The differences among treatments in cell frequencies were also evident in absolute numbers. 

(a-c) Epiphysis (a) and metaphysis (b, c) of OlnmT/+; ScfGFP/+ femur bone marrow showing 

that hypertrophic chondrocytes (arrowhead in a; scale bars = 30μm) as well as osteoblasts 

and osteocytes associated with trabecular bone (arrowhead in c) were negative for Scf-GFP 

(images are representative of 3 independent experiments; scale bars = 400μm (b) and 100μm 

(c)). Most of the Oln-Tomato staining in the metaphysis reflects Col1a1*2.3-GFP+ 

osteoblasts and osteocytes associated with trabecular bone, as shown in Fig. 1d and 

Extended Data Fig. 2b. The boxed area in panel b is magnified in panel c. (d) Image of the 

metaphysis of ScfGFP/+ femur bone marrow showing limited non-specific staining by anti-
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tdTomato antibody (scale bar = 100mm). (e-g) OlniCreER/+; Scffl/fl and Scffl/fl littermate 

control mice were fed tamoxifen chow from 2–4 months of age. They exhibited no 

significant differences in the frequencies of HSCs, MPPs, GMPs, MEPs, or CMPs in the 

bone marrow (e), or B220+ B cells (f), or CD3+ T cells (g) in the bone marrow or spleen. 

The differences between OlniCreER/+; Scffl/fl and Scffl/fl mice were not statistically 

significant in e-g (5 mice per genotype analyzed in 3 independent experiments). (h, i) Three 

days after tamoxifen, femurs were fractured in 2-month-old OlnmT/iCreER; Scffl/fl mice and 

OlnmT/+; Scffl/fl littermate controls then the bone marrow was analyzed two weeks later. 

HSC and MPP frequencies did not significantly change during fracture healing. In contrast, 

CLP frequencies significantly increased in OlnmT/+; Scffl/fl control but not in OlnmT/iCreER; 

Scffl/fl mice (h). The frequency of Osteolectin+ cells significantly increased in both 

OlnmT/iCreER; Scffl/fl mice and OlnmT/+; Scffl/fl controls (I; 5 mice per genotype analyzed in 

3 independent experiments). (j) Localization of IL7Rα+Lineage− lymphoid progenitors in 

the marrow of the fractured as compared to control (CON) femur (4 mice per treatment 

analyzed in 4 independent experiments). All data represent mean ± SD. Statistical 

significance was assessed using matched samples two-way ANOVAs followed by Sidak’s 

(e-i) or Tukey’s multiple comparisons tests (h), or Cochran-Mantel-Haenszel test (j).
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Extended Data Figure 6. CLPs and peri-arteriolar Osteolectin+ cells are depleted during aging 
but most other hematopoietic stem and progenitor cell populations are not.
The differences among treatments in cell frequencies were also evident in absolute numbers. 

(a-d) OlnmT/+ mice received daily subcutaneous injections with PBS or 40 μg/kg human 

PTH for 28 days. PTH treated mice exhibited significantly thicker cortical bone (a, b) and 

significant reductions in the frequencies of Osteolectin+ cells (c) and CLPs (d; 8 mice per 

treatment analyzed in 4 independent experiments). Micro CT images (b, scale bar = 800μm) 

of cortical bone are representative of 8 independent experiments. (e, f) The frequency of 

LepR+ cells (e) and the percentage of LepR+ cells that were Oln-mTomato+ (f) in OlnmT/+ 

bone marrow at 2 to 18 months of age (8 mice per time point analyzed in 4 independent 

experiments). (g) Femur bone marrow from an 18-month-old OlnmT/+ mouse showing an 

arteriole surrounded by Oln-mTomato+ cells (arrowhead) and an arteriole lacking Oln-
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mTomato+ cells (arrow) in the diaphysis (image is representative of 4 independent 

experiments; scale bar = 100μm). (h) The frequency of CLPs in OlnmT/+ mice at 2 to 18 

months of age. (i-m) During aging, the frequencies of HSCs (i) and MPPs (j) in the bone 

marrow increased while the frequencies of GMPs (k), CMPs (l), and MEPs (m) did not 

significantly change (8 mice per time point analyzed in 4 independent experiments). (n) 

Localization of IL7Rα+Lineage− cells in the bone marrow of 2- and 18-month old mice (7 

mice per time point analyzed in 3 independent experiments). (o) Aging significantly 

depleted Osteolectin+ cells associated with arterioles in both endosteal and non-endosteal 

regions of diaphysis bone marrow (8 mice per time point analyzed in 4 independent 

experiments). (p) Number of IL7Rα+Lineage− cells per 100 μm of Osteolectin+ or 

Osteolectin− arteriole at 2 and 18 months of age (7 mice per time point analyzed in 3 

independent experiments). All data represent mean ± SD. Statistical significance was 

assessed using paired t-tests (a, c, d, o, p), one-way ANOVA followed by Dunnett’s multiple 

comparisons test (e), matched samples two-way ANOVAs followed by Dunnett’s multiple 

comparisons tests (f, h-m), Cochran-Mantel-Haenszel test (n), or Mann–Whitney tests 

followed by Holm-Sidak’s multiple comparisons adjustments (o).
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Extended Data Figure 7. OlniCreER/+; Scffl/fl mice exhibited reduced lymphopoiesis and 
impaired bacterial clearance after Listeria infection.
The same differences that were evident among treatments in the frequencies of cell 

populations were also evident in absolute numbers. (a-c) OlniCreER/+; Scffl/fl mice and 

littermate controls were treated with tamoxifen at 2 months of age and then 3 days later were 

administered Listeria orally. Relative to Scffl/fl littermate controls, OlniCreER/+; Scffl/fl mice 

had decreased B (a) and T (b) cell counts in the spleen 5 days after Listeria infection and 

increased bacterial CFUs in the spleen 10 days after infection (c; 11–16 mice per genotype 

analyzed in 3 independent experiments). (d-k) OlniCreER/+; Scffl/fl and Scffl/fl littermate 

controls were fed tamoxifen from 2 to 4-months of age then 3 days later were administered 

Listeria intraperitoneally. Relative to Scffl/fl littermate controls, OlniCreER/+; Scffl/fl mice 

exhibited reduced frequencies of Pre-proB cells, but not ProB or PreB cells, in the bone 
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marrow (d) as well as ETPs and DN1 cells in the thymus (e) at 5 and/or 10 days after 

infection. OlniCreER/+; Scffl/fl mice also exhibited reduced numbers of NK cells in the spleen 

(f) as well as B cells (g), T cells (h), and NK cells (i) in mesenteric lymph nodes (mLN) at 5 

and 10 days after infection. (j) OlniCreER/+; Scffl/fl mice exhibited increased bacterial CFUs 

in mLN at 5 and 10 days after infection. (k) The percentage of CD3+ T cells that were IFN-

γ+ did not significantly differ between the spleens of OlniCreER/+; Scffl/fl mice and littermate 

controls (18–27 mice per genotype analyzed in 3 independent experiments). (l-n) Compared 

to Scffl/fl controls, OlniCreER/+; Scffl/fl mice had decreased spleen B (l) and T (m) cell 

counts, and increased spleen bacterial CFUs (n) at 5 and 10 days after infection with Listeria 
(21–27 mice per genotype analyzed in 3 independent experiments). All data represent mean 

± SD. Statistical significance was assessed using matched samples two-way ANOVAs 

followed by Sidak’s multiple comparisons tests (a, b, d-n) or Wilcoxon matched-pairs test 

(c).
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Extended Data Figure 8. Mechanical stimulation is required for the maintenance of peri-
arteriolar, but not peri-sinusoidal, niches for lymphoid progenitors in the bone marrow.
(a) The effect of voluntary running for 4 weeks on femoral cortical bone mineral density (6 

mice per treatment analyzed in 3 independent experiments). (b) Voluntary running for 4 

weeks did not significantly affect the frequencies of HSCs, MPPs, GMPs, MEPs, CMPs, or 

CLPs in calvarium bone marrow (5 mice per treatment analyzed in 3 independent 

experiments). (c-h) Hindlimb unloading (c) for 2 weeks did not significantly affect forelimb 

cortical bone mineral density (d), cortical thickness (e), the percentage of LepR+ cells that 

were Oln-mTomato+ (f), or the frequencies of HSCs, MPPs, GMPs, MEPs, CMPs, or CLPs 

in humerus bone marrow (g). (h) Hindlimb unloading for 2 weeks did significantly reduce 

hindlimb (femur) cortical bone mineral density (5 mice per treatment analyzed in 3 
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independent experiments). (i) All point current amplitude histograms of the electrical 

recordings in Fig. 4h. The single channel conductance was 15 ± 1 pS from the Gaussian fits 

to the amplitude histograms. The y-axis shows the number of events. (j, k) Single channel 

current recordings and corresponding all point current histograms of Piezo1 deficient Oln-

mTomato+ cells isolated from OlnmT/iCreER; Piezo1fl/fl mice. The data were collected at −60 

mm Hg applied pressure and at the holding potential of +60 mV, without (j) or with (k) 40 

μM Yoda1 in the pipette. (l) Piezo1 transcript levels by qRT-PCR in Oln-Tomato+ cells from 

OlnmT/iCreER; Piezo1fl/fl and OlnmT/+; Piezo1fl/fl control mice (6 mice per genotype analyzed 

in 3 independent experiments). (m and n) The effect of Piezo1 deletion in Osteolectin+ cells 

on femoral cortical bone mineral density (m) and the percentage of Osteolectin+ cells that 

incorporated a 48 hour pulse of BrdU (n; 6 mice per genotype analyzed in 3 independent 

experiments). (o) Location of IL7Rα+Lineage− cells in the bone marrow of OlnmT/iCreER; 

Piezo1fl/fl and OlnmT/+; Piezo1fl/fl control mice (6 mice per genotype analyzed in 3 

independent experiments). (p-s) We treated Col1a1-creER; Piezo1fl/fl; OlnmT/+ mice and 

littermate controls with tamoxifen at 2 months of age and analyzed them 1 month later. 

Piezo1 deletion in osteoblasts significantly reduced femur bone mineral density (p) and 

cortical thickness (q) but not the frequencies of Osteolectin+ cells (r) or HSCs, MPPs, 

GMPs, MEPs, or CLPs in the bone marrow (s; 5–6 mice per genotype analyzed in 3 

independent experiments). (t-w) We analyzed the femurs of Leprcre/+; Piezo1fl/fl; OlnmT/+ 

mice and littermate controls at 4 months of age and found that Piezo1 deletion in LepR+ 

cells did not significantly reduce bone mineral density (t) but did reduce cortical thickness 

(u). Piezo1 deletion in LepR+ cells also significantly reduced the frequencies of Osteolectin+ 

cells (v) and CLPs (w) without affecting the frequencies of HSCs, MPPs, GMPs, MEPs, or 

CMPs (w) in the bone marrow (5 mice per genotype analyzed in 3 independent 

experiments). (x-z) Compared to Scffl/fl littermate controls, OlniCreER/+; Piezo1fl/fl mice had 

decreased B (x) and T (y) cell counts in the spleen 5 days after oral Listeria infection and 

increased bacterial CFUs in the spleen 10 days after infection (z; 11–16 mice per genotype 

analyzed in 3 independent experiments). All data represent mean ± SD. Statistical 

significance was assessed using paired t-tests (a, l, m, n, p-r, t-v, z), matched samples two-

way ANOVAs followed by Sidak’s (b, d-f, h, s, w-y) or Holm-Sidak’s multiple comparisons 

adjustment (g), or Cochran-Mantel-Haenszel test (o).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Osteolectin is expressed by peri-arteriolar LepR+ cells.
Images are representative of 3–5 experiments with 8–10-week-old mice. (a-c) Flow 

cytometric analysis of enzymatically dissociated bone marrow from OlnmT/+ mice (4 mice 

per genotype in 4 independent experiments). (b) Most Oln-Tomato+ cells were LepR+. (c) 

Only a small minority of LepR+ cells were Oln-Tomato+. (d and e) Representative femur 

sections showing the epiphysis (d) and diaphysis (e) from 2–4-month-old OlnmT/+; 

Col1a1*2.3-EGFP mice. Panel d shows Oln-Tomato+ hypertrophic chondrocytes (arrow) 

and Oln-Tomato+Col1a1*2.3-EGFP+ osteoblasts in trabecular bone (arrowhead; scale bar = 

30μm). Panel e shows Oln-Tomato+Col1a1*2.3-EGFP+ osteoblasts in the endosteum (arrow) 

and Oln-Tomato+ osteocytes (arrowhead; scale bars = 25μm). (f and g) Deep imaging of 

OlnmT/+ femur bone marrow. The boxed area in panel f is magnified in panel g. Panel f 

Shen et al. Page 33

Nature. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shows peri-arteriolar Oln-Tomato+ cells (arrowhead) as well as Oln-Tomato+ cells on the 

endosteal surface (arrow; scale bar = 100μm). Panel g shows Oln-Tomato+LepR+ peri-

arteriolar stromal cells (arrowhead) and Oln-Tomato−LepR+ peri-sinusoidal stromal cells 

(arrow; scale bar = 40μm). (h) Oln-Tomato+ cells around Sca-1+ arterioles (arrow) but not 

Endomucinhigh sinusoids (scale bar = 200μm). All data represent mean ± SD.
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Figure 2. Osteolectin+ cells are short-lived osteogenic progenitors.
(a) Percentage of CFU-F colonies that were Tomato+ when formed by bone marrow cells 

from 2 month-old Leprcre/+; Rosa26loxp-tdTomato/+ or OlniCreER/+; Rosa26loxp-tdTomato/+ mice, 

3 days after tamoxifen administration (4 independent experiments). (b) Percentage of LepR
+, LepR+Oln-mTomato+, and LepR+Oln-mTomato− bone marrow stromal cells that formed 

CFU-F colonies. (c and d) Osteogenic (c) and adipogenic (d) differentiation of adherent 

cells cultured from LepR+Oln-mTomato+ or LepR+Oln-mTomato− stromal cells (6 

independent experiments in b-d). (e) The average numbers of perilipin+ adipocytes or 

alkaline phosphatase+ (ALP+) osteogenic cells that spontaneously differentiated per CFU-F 

colony after 1 week of culture (4 independent experiments). (f) Percentage of LepR+, LepR
+Oln-mTomato+ and LepR+Oln-mTomato− bone marrow stromal cells that incorporated a 

24-hour pulse of BrdU in vivo (4 independent experiments). (g) OlniCreER/mT; 

Rosa26loxp-EGFP/+ mice were treated with tamoxifen at 2 months of age and the percentage 

of Oln-Tomato+ cells that were EGFP+ was assessed (3 independent experiments). (h and i) 
OlniCreER/+; Rosa26loxp-tdTomato/+; Col1a1*2.3-EGFP mice were treated with tamoxifen at 2 
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months of age and the percentages of LepR+ stromal cells (h) and Col1a1*2.3-EGFP+ 

osteoblasts (i) that were Tomato+ was assessed (5 independent experiments). (j) Bone, 

adipocytes, and hematopoiesis in ossicles formed by CFU-F cultured from LepR+Oln-

mTomato+ or LepR+Oln-mTomato− stromal cells (80 ossicles per cell population derived 

from 20 mice in 5 independent experiments). (k-l) Femurs were fractured 3 days after 

tamoxifen administration to OlniCreER/+; Rosa26loxp-tdTomato/+; Col1a1*2.3-EGFP mice. 

Two weeks later the number of LepR+ cells per femur (k) and the percentage of LepR+ cells 

that were Tomato+ (l) were assessed (5 independent experiments). All data represent mean ± 

SD. Statistical significance was assessed using an unpaired t-test (a), paired t-tests (c, k, l), 
matched samples one-way ANOVAs followed by Tukey’s multiple comparisons tests (b, f), 
Wilcoxon test (d), Wilcoxon test followed by Holm-Sidak’s multiple comparisons 

adjustment (e), or Cochran-Mantel-Haenszel test (j).
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Figure 3. Osteolectin+ peri-arteriolar stromal cells maintain early lymphoid progenitors by 
synthesizing SCF.
Images are representative of 3 independent experiments. The same differences that were 

evident among the frequencies of cell populations were also evident in absolute numbers. (a, 

b) In femur bone marrow from 2-month-old ScfGFP/+; OlnmT/+ mice, Scf-GFP was 

expressed by both Oln-mTomato+ peri-arteriolar cells (arrowhead in a) and Oln-mTomato− 

peri-sinusoidal cells (arrow in a; scale bar = 20μm). (c-d) OlniCreER/+; Scffl/fl and Scffl/fl 

littermate control mice were treated with tamoxifen at 2-months of age then bone marrow 

and spleen cellularity (c), and hematopoietic stem and progenitor cell frequencies in the 

bone marrow (d) were analyzed one month later (3 independent experiments). (e, f) 
Localization of IL7Rα+Lineage− lymphoid progenitors (arrows) adjacent to peri-arteriolar 
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Osteolectin+ cells (scale bar = 15μm; 9 mice in 3 independent experiments). (g) Localization 

of IL7Rα+Lineage− cells in the bone marrow of OlniCreER/+; Scffl/fl and Scffl/fl littermate 

control mice (6 mice per genotype in 3 independent experiments). (h-j) OlniCreER/+; Scffl/fl 

mice and littermate controls were fed tamoxifen from 2–4 months of age and the bone 

marrow (h) and thymus (i, j) were analyzed (3 independent experiments). (k and l) 
Compared to Scffl/fl controls, OlniCreER/+; Scffl/fl mice had decreased CLP frequency in the 

bone marrow (k) and worse survival (l) after Listeria infection (17–27 mice per genotype in 

3 independent experiments). All data represent mean ± SD. Statistical significance was 

assessed using matched samples two-way ANOVAs followed by Sidak’s multiple 

comparisons tests (c, d, h-k), Cochran-Mantel-Haenszel tests (f, g), or Mantel-Cox test (l).
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Figure 4. Mechanical stimulation is required for the maintenance of peri-arteriolar niches for 
lymphoid progenitors in the bone marrow.
The same differences that were evident among the frequencies of cell populations were also 

evident in absolute numbers. (a-c) The effect of voluntary running for 4 weeks on femoral 

cortical thickness (a), the percentage of LepR+ cells that were Oln-mTomato+ (b), and the 

frequencies of hematopoietic stem and progenitor cells in the bone marrow (c; 6–10 mice 

per treatment in 3–5 independent experiments). (d-g) The effect of hindlimb unloading for 2 

weeks on femur cortical thickness (d), the percentage of LepR+ cells that were Oln-

mTomato+ (e), the frequencies of stem and progenitors cells in the bone marrow (f), and the 

percentage of Osteolectin+ cells that incorporated a 48 hour pulse of BrdU (g; 5 mice per 

treatment in 3 independent experiments). (h) Single channel current recordings in Oln-

Shen et al. Page 39

Nature. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mTomato+ cells at the indicated applied pressures. O and C denote the open and closed 

states of the channels. (i) Normalized open probability–pressure relationship from Oln-

mTomato+ cells recorded with (blue) or without (white) 40 μM Yoda1 in the patch pipette (6 

mice in 6 independent experiments). (j) Yoda1 mediated Ca++ response in Oln-mTomato+ 

cells isolated from OlnmT/iCreER; Piezo1fl/fl or OlnmT/+; Piezo1fl/fl littermate control mice (5 

mice per genotype in 3 independent experiments). (k) Western blot of Osteolectin+ cells 

from OlnmT/iCreER; Piezo1fl/fl or OlnmT/+; Piezo1fl/fl mice (representative of three 

independent experiments). (l-n) The effect of Piezo1 deletion in Osteolectin+ cells on 

cortical thickness (l), the percentage of LepR+ cells that were Oln-mTomato+ (m), and the 

frequencies of stem and progenitor cells in bone marrow (n; 6 mice per genotype in 3 

independent experiments). All data represent mean ± SD. Statistical significance was 

assessed using paired t-tests (a, b, g, l, m) and matched samples two-way ANOVAs followed 

by Sidak’s (c-e, j, n) or Holm-Sidak’s (f) multiple comparisons adjustments.
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