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Bone Marrow Late Mesenchymal
Progenitors Regulate Bone Remodeling,
Hematopoiesis, and Vasculature via Mtorcl

Signaling

Introduction

Bone marrow mesenchymal progenitors
play vital roles in bone development,
turnover, and repair. In recent years, advanced
approaches, such as single cell sequencing,
lineage tracing, flow cytometry, and
transplantation, have revealed a great level
of heterogeneity of these cells and divided
them into multiple subsets with no general
consensus in the field. Currently, the action
of most subsets in bone remains elusive. Our
previous single cell RNA-sequencing (scRNA-
seq) of bone marrow mesenchymal lineage
cells identified a late mesenchymal progenitor
(LMP) population with specific aSMA (Acta2)
expression. Here, we utilized aSMA-CreER
to elucidate their function in adult bone
metabolism.

Methods

Animals

All animal work was approved by the
Institutional Animal Care and Use Committee
at the University of Pennsylvania. aSMA-CreER
Rosa-tdTomato (oSMAER/Td, WT) and aSMA-
CreER Tsclflox/flox Rosa-tdTomato (Tscl
iCKO) mice were generated. Female mice at
2 months of age received tamoxifen (Tam)
injections (75 mg/kg/day) for 3 days, and
euthanized on days 10, 42, and 90 for tissue
harvest. MicroCT- Femurs were scanned by
microCT 45 (Scanco Medical AG) at 7.4 pm
isotropic voxel size for trabecular and cortical
bone analysis.

Histology

Bones were processed for frozen sections
using a cryofilm approach and stained by anti-
Pdgfrb, anti-Scal, anti-Osterix, anti-Cd45, anti-
Emcn and anti-P-4E-BP antibodies followed
by secondary antibody staining. Fluorescent
TRAP staining was performed. To measure
dynamic histomorphometry, mice received
calcein (10 mg/kg) and xylenol orange (90
mg/kg) at 9 and 2 days before euthanization.
Bones were processed for cyofilm-based

frozen sections. Sections were scanned by
Axioscan and areas within the secondary
spongiosa were quantified by OsteoMeasure
Software.

CFU-F

Bone marrow cells flushed from mouse long
bones were seeded at 3 million/T25 flask in
growth medium (o-MEM supplemented with
15% FBS, 0.1% p-mercaptoethanol, 20 mM
glutamine, 100 IU/ml penicillin, and 100 pg/
ml streptomycin) for 7 days before counting
CFU-F number under the fluorescence
inverted microscope (Leica) using bright field.

Statistics

Data are expressed as means * standard
error of the mean and analyzed by t-tests or
one-way ANOVA.

Results

ScRNA-seq of bone marrow mesenchymal
lineage cells from young and adult mice
revealed 7 subpopulations, including LMP
that highly expresses Acta2 (Figure 1A).
To examine this population in vivo, we
constructed aSMAER/Td mice and subjected
them to Tam injections at 2 months of age.
One week later, Td+ cells appeared in the
bone marrow throughout long bones and
vertebrae (Figure 1B, C). They included
Pdgfrb+mesenchymal cells and Scal+
periarteriolar cells, with the former being
the majority (Figure 1D). CFU-F assay of
bone marrow from these mice yielded only
Td- colonies (data not shown). Three months
later, Td+ cells were greatly diminished
(Figure 1B, O), confirming that aSMA+ cells
do not have self-renewal ability. Moreover,
bone forming cells were predominantly Td-
(Figure 1E). mTORC1 signaling is a critical
regulator of bone formation. To study LMP
function in vivo, we depleted tuberous
sclerosis complex 1 (Tscl), the major upstream
inhibitory regulator of mTORC1, in aSMA-+
cells (Tsc1 iCKO mice with Td) starting from
2 months of age to overactivate mTORC1
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signaling. In iCKO mice, femoral trabecular bone mass was
drastically increased by 1.6- and 2.6-fold at 1 and 6 weeks,
respectively, after Tam injections (Figure 2A, B). This was
due to increases in osteoblast number and activity, and a
reduction in osteoclast number (Figure 2C). Their cortical
bone was greatly thickened because of reduced endosteal
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Figure 1. «SMA labels late mesenchymal progenitors (LMP) in bone
marrow. (A) Dotplot of ActaZ and Pdgfrb expression in mouse bone
marrow mesenchymal subpopulations. EMP: early MP; IMP: intermediate
MP; LCP: lineage committed progenitor; MALP: marrow adipogenic lineage
progenitor; OB: osteoblast; Ocy: osteocyte. (B) Fluorescent images of
femoral and vertebral bone marrow from a SMAER/Td mice at days 10,
42, and 90 post Tam injections. (C) Td+ cells in femoral bone marrow
were counted. BMA: bone marrow area. (D) Pdgfra and Scal staining
of femoral bone marrow at day 10. (E) Osterix staining of femoral bone
marrow at day 10 and day 90.

perimeter (Figure 2C). Cortical bone porosity was not
altered, indicating that newly formed bone is normal.
Compared to W7, iCKO mice displayed 53.7% more Td+
cells (n=5/group) with higher mTOR activity (p-4E-BP,
Figure 3A). Interestingly, the majority of osteoblasts were
negative for Td signal (Figure 3A), suggesting that aSMA+
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: Figure 2. Tsc1 deficiency in « SMA+ cells rapidly promote
bone formation. (A) 3D microCT reconstruction of femoral
trabecular and cortical bone from WT and iCKO mice at day
10 and day 42 after Tam injection. (B) Trabecular bone

volume fraction at day 42 was measured. (C) Quantification
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of osteoblast surface (0B.S), osteoclast surface (0c.S), and
bone formation rate (BFR/BS) at day 42. BS: bone surface.
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0 (%) Figure 3. aSMA+ cells stimulate hematopoiesis and

i T angiogenesis possibly by up-regulating VEGFa. Fluorescent

i ' images of femoral bone marrow with p-4E-BP, Osterix (A),
- Cd45, Emen (B), and VEGFa (C) staining. Quantification is
- shown at the right. *p<<0.05; **: p<<0.01; ***: p<<0.001 vs
o WT, n=5-6/group.
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cells regulate bone formation through a non-autonomous
manner. Additionally, we observed drastic increases in
the densities of marrow Cd45+ hematopoietic cells and
vasculature (Figure 3B). However, this did not lead to
increased bone marrow cellularity (17.7+1.5X10° cells in
iCKO vs 25.8+1.9X10° cells in WT) due to a 42% decrease
in bone marrow cavity in iCKO mice (n=5/group).
Immunostaining revealed an increase of Vegfa, a growth
factor critical for both hematopoiesis and angiogenesis,
in Td+ cells, but not in osteoblasts and other cells
(Figure 3C), suggesting that mTOR activiation stimulates
Vegfa expression in LMPs.

Discussion
Our work demonstrates that a subpopulation of bone
marrow mesenchymal progenitors labeled by aSMA

regulates bone turnover and marrow environment in a cell
non-autonomous fashion. Previous studies showed that
aSMA+ cells are early growth-related and injury-related
transiently amplifying progenitors. Here, we found that
they also exist in normal adult bone marrow as LMPs
but do not directly become osteoblasts and osteocytes.
Instead, they secrete factors, such as VEGFa, to regulate
their surroundings. Overactivation of mTORC1 signaling
by Tscl deletion increases Vegfa expression in LMPs and
promotes bone formation, blood cell production, and
angiogenesis.

Significance

Targeting aSMA+ bone marrow mesenchymal cells will
shed light on developing new therapeutics for bone and
blood disorders.
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