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ARTICLE INFO ABSTRACT
Keywords: Obesity-induced chronic inflammation exacerbates multiple types of tissue/organ deterioration and stem cell
Obesity-induced bone deterioration dysfunction; however, the effects on skeletal tissue and the underlying mechanisms are still unclear. Here, we
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show that obesity triggers changes in the microRNA profile of macrophage-secreted extracellular vesicles,
leading to a switch in skeletal stem/progenitor cell (SSPC) differentiation between osteoblasts and adipocytes
and bone deterioration. Bone marrow macrophage (BMM)-secreted extracellular vesicles (BMM-EVs) from obese
mice induced bone deterioration (decreased bone volume, bone microstructural deterioration, and increased
adipocyte numbers) when administered to lean mice. Conversely, BMM-EVs from lean mice rejuvenated bone
deterioration in obese recipients. We further screened the differentially expressed microRNAs in obese BMM-EVs
and found that among the candidates, miR-140 (with the function of promoting adipogenesis) and miR-378a
(with the function of enhancing osteogenesis) coordinately determine SSPC fate of osteogenic and adipogenic
differentiation by targeting the Ppara-Abcal axis. BMM miR-140 conditional knockout mice showed resistance to
obesity-induced bone deterioration, while miR-140 overexpression in SSPCs led to low bone mass and marrow
adiposity in lean mice. BMM miR-378a conditional depletion in mice led to obesity-like bone deterioration. More
importantly, we used an SSPC-specific targeting aptamer to precisely deliver miR-378a-3p-overloaded BMM-EVs
to SSPCs via an aptamer-engineered extracellular vesicle delivery system, and this approach rescued bone
deterioration in obese mice. Thus, our study reveals the critical role of BMMs in mediating obesity-induced bone
deterioration by transporting selective extracellular-vesicle microRNAs into SSPCs and controlling SSPC fate.

1. Introduction one in ten are classified as obese. Obesity, a complex pathophysiological
condition, induces multiple tissue and organ deterioration and obesity-
Currently, one-third of the population worldwide is overweight, and related metabolic syndrome and has an enormous socioeconomic
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burden [1-4]. In the past, obesity was believed to be a protective factor
for bone mineral density (BMD), but data from epidemiological studies
strongly suggest that obesity increases fracture risk despite a standard or
high BMD [5-7]. An animal study also showed that high-fat diet-induced
obesity promotes bone marrow adiposity and bone fragility [8]. Thus,
understanding how bone health and obesity are related is imperative for
public health.

Skeletal stem/progenitor cells (SSPCs) are the source of osteoblasts
(bone-forming cells) and adipocytes in bone marrow, and the switch of
SSPCs differentiation from osteoblasts to adipocytes induced by cues in
the local microenvironment leads to low bone mass and marrow fat
accumulation, a typical characteristic of obesity- and aging-related bone
phenotypes [8-11]. Li et al. demonstrated that high-fat diet-induced
obesity leads to SSPC senescence and differentiation switching [12].
Additionally, studies have reported that the epigenetic regulation of
Prrx1-positive SSPCs also affects lineage fate switching during
age-related bone deterioration [13,14]. Recently, Zou et al. reported
that in adult mice, marrow adipocytes negatively regulate bone growth,
and adipocyte ablation induces osteogenesis [15]. Adipocyte accumu-
lation in the bone marrow during obesity impairs stem cell-based he-
matopoietic and bone regeneration [16]. Thus, clarifying the regulation
of SSPC fate switching in obesity and preventing the switch of SSPCs
from osteoblasts to adipocytes would have multiple protective effects on
bone health.

Obesity-related diseases appear to be associated with chronic
inflammation. The vital component of obesity-induced chronic inflam-
mation is the accumulation of proinflammatory tissue macrophages.
Macrophages that accumulate in obese adipose tissue and bone marrow
secrete proinflammatory cytokines and extracellular-vesicle microRNAs
to regulate metabolic disease [17-19]. Extracellular vesicles play
important roles in intercellular and interorganismal communication.
The natural constituents of extracellular vesicles help them efficiently
deliver functional cargo with minimal immune clearance and minimal
adverse reactions [20]. Extracellular vesicles capsulate functional
microRNAs and prevent their degradation in the circulation, efficiently
transferring enriched microRNA signals to recipient cells and subse-
quently regulating body health, such as bone health [21-24]. The con-
tents of extracellular vesicles are altered in obese individuals, thereby
affecting the function of nearby or distant tissue [17,18,25]. Peruzzi
et al. reported that circulating extracellular vesicles in obese adolescents
impair SSPC osteogenesis and favor adipogenesis [26]. Zhang et al. re-
ported that miR-144-5p, an extracellular-vesicle microRNA released
from bone marrow macrophages in type 2 diabetes patients, impairs
bone fracture healing by targeting Smadl [27]. Given the vital roles of
macrophages and macrophage-secreted extracellular vesicles in
obesity-induced chronic inflammation and disease, we hypothesize that
bone marrow macrophage-derived extracellular vesicles (BMM-EVs)
may regulate SSPC differentiation switching and bone deterioration in
obesity and that BMM-EV-wrapped microRNAs are the major regulators
of the adipogenesis/osteogenesis of SSPCs. However, the role that
macrophage-derived extracellular vesicles play in bone deterioration
and SSPC differentiation, the functional cargos within extracellular
vesicles, and the underlying mechanism have yet to be defined.

Aptamers, also known as chemical antibodies, are oligonucleotides
with a 3D structure generated based on the systematic evolution of li-
gands by exponential enrichment (SELEX) [28]. Aptamers, recognized
as drug delivery vehicles, have been exploited to precisely guide drugs to
specific cell types to enhance the efficacy and safety of therapeutic
drugs. In 2004, the U.S. Food and Drug Administration (FDA) approved
the first therapeutic aptamer to treat neovascular age-related macular
degeneration [29]. Aptamer-guided drug delivery systems exhibit
invaluable treatment potential. A previous study identified an
SSPC-specific 40-base aptamer to precisely deliver antagomiR-188 into
mouse SSPCs, providing a new strategy for treating age-related bone loss
[14]. In addition to microRNAs, aptamer-guided tissue/cell-specific
delivery systems effectively deliver extracellular vesicle-wrapped drugs
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to bone [30-32]. Compared with traditional treatments, aptamer-guided
extracellular-vesicle drug delivery systems have low immunogenicity,
high permeability, and precision-targeting ability [33]. Recently, Luo
et al. reported that bone marrow stromal cell-derived extracellular
vesicles conjugated with modified SSPC-specific aptamers, which we
previously used, could target bone and promote bone regeneration [30].
However, the application of aptamer-guided extracellular-vesicle drug
delivery systems in the field of obesity-related diseases is still lacking.

Herein, we show for the first time that bone marrow macrophages
(BMMs) in obese mice secrete microRNA-containing extracellular vesi-
cles, which cause bone deterioration (decreased bone volume, bone
microstructural deterioration, and increased adipocyte numbers) in lean
mice. In contrast, the treatment of obese recipients with BMM-EVs from
lean mice yielded rejuvenating effects and a robust increase in bone
mass. We further found that miR-140 and miR-378a within obese BMM-
EVs coordinately regulate SSPC function by targeting the Ppara-Abcal
axis. To our knowledge, we are the first to generate BMM miR-140
conditional knockout mice and report on the resistance of these mice
to obesity-induced bone deterioration. Furthermore, we demonstrated
that mice with SSPC miR-140 conditional overexpression or BMM miR-
378a conditional depletion exhibit low bone mass and marrow
adiposity. Overexpressing miR-378a using an aptamer-engineered
extracellular-vesicle delivery system improved bone mass in obese
mice. Overall, our findings provide potential therapeutic targets, and the
approach exhibited temporal and spatial specificity, high stability, and a
lack of immunogenicity for obesity-induced bone deterioration, filling a
gap in the application of aptamer-engineered extracellular-vesicle de-
livery systems in the field of obesity-induced bone deterioration, even
for obesity-related diseases, and shedding light on improving bone
quality in clinically obese and overweight patients.

2. Materials and methods
2.1. Animals

All mice we used were in C57BL/6J background and were main-
tained in a standard, specific pathogen-free barrier of the Department of
Animals Laboratory, Central South University. Mice fed a normal chow
diet were designated as lean mice. Mice fed a high-fat diet (D12492, 60
% kcal fat, Wuhan BIOPIKE Bioscience Co. Ltd., Wuhan, China) for at
least 8 weeks and weighed at least 38 g were designated as obese. All the
experimental protocols were approved by the Animal Care and Use
Committees of the Laboratory Animal Research Center at Xiangya
Medical School of Central South University.

To generate BMMs miR-140 and miR-378a conditional knockout
mice, mice with LoxP-flanked miR-140 and miR-378a allele (miR-
140f10x/flox 1pice and miR-378af1%/f9% mice) were treated with an adeno-
associated virus carrying macrophage F4/80 promoter and Cre recom-
binase, respectively. The miR-378a1°%1%% mice (T007903, Gem-
pharmatech) and miR-140%°f1%% mice (T015270, Gempharmatech)
were constructed from Gempharmatech, Jiangsu, China.

Prrxl-cre and miR-140 TG1¥f°X were crossed to generate SSPCs
conditional over-expression of miR-140-5p transgenic mice. Prrx1-cre
mice were purchased from Jackson Laboratory, and the miR-140
TG1o¥/19X yere constructed from Gempharmatech, Jiangsu, China. The
CAG-LSL-Mir140-IRES-EGFP gene fragment, which includes a loxP-
flanked “stop” sequence (a transcriptional termination element) was
inserted into the Hippll site of mice using CRISPR/Cas9 technology.
The targeted allele was microinjected into the fertilized eggs of C57BL/
6J mice, and the fertilized eggs were then surgically transferred into
pseudo-pregnant C57BL/6 dams. FO generation mice were obtained, and
then FO positive mice were mated with C57BL/6J mice to obtain stable
inheritance F1.

For the genotyping of miR-3781°%f°% and miRr-140%°%/fox pcr
primers were synthesized by TSINGKE. miR-378 5'arm forward, 5'-
CACTTGCTGCCGTACTTTCACG-3, miR-378 5arm reverse, 5-
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CCAACTGACCTTGGGCAAGAACAT-3’; miR-378 3'arm forward, 5-
TACTCTTGCCGTTCATGTGCG-3, miR-378 3arm reverse, 5-
AAGATGGCTCCTACCAAAGGTAGC-3’; miR-140 forward, 5-CGTGGA-
CAACAGGCAGAG-3', miR-140 reverse, 5- ATGCCCACCAAGCACAGC-
3’. For the genotyping of miR-140 TG/ PCR primers were syn-

thesized by TSINGKE. miR-140 WT forward, 5-
AGTCTTTCCCTTGCCTCTGCT-3, and miR-140 WT reverse, 5-
GGGTCTTCCACCTTTCTTCAG-3’; miR-140 3arm forward, 5-
CCTCCTCTCCTGACTACTCCCAGTC-3, miR-140 3'arm reverse, 5-
TCACAGAAACCATATGGCGCTCC-3’; miR-140 5arm forward, 5-
TCAGCGTTCAGACTCCTCAGAATGT-3', miR-140 5'arm reverse, 5-

TCAATGGAAAGTCCCTATTGGCGT-3".

2.2. Cell culture

Primary bone marrow mesenchymal stem cells (BMSCs) were iso-
lated and cultured, as reported previously [34]. Briefly, bone marrow
cells were flushed out from tibiae and femurs of 4-week-old mice and
incubated with mouse Sca-1 (108108, Bio Legend), CD11b (101226, Bio
Legend), CD29 (102206, Bio Legend), and CD45 (103132, Bio Legend)
antibodies for 20 min at 4 °C. Then we performed fluorescence-activated
cell sorting (FACS) and cultured the sorted CD29" Sca-1"CD45 CD11b™
BMSCs with a-MEM (BI) supplemented with 10 % FBS (Gibco), 100
U/mL penicillin, 100 pg/mL streptomycin (Hyclone).

For primary mouse bone marrow macrophage isolation, we flushed
out and collected bone marrow cells from tibiae and femurs of mice in
a-MEM and cultured them with a-MEM supplemented with 10 % FBS,
100 U/mL penicillin, 100 pg/mL streptomycin. After attachment for 12
h, the supernatant was collected and centrifuged, then grown in «-MEM
supplemented with 10 % FBS, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, and 30 ng/ml M-CSF (Proteintech) for 3 days. All cultures were
maintained at 37 °C with 5 % CO; in a humidified atmosphere.

2.3. Extracellular vesicle isolation, characterization, uptake

Extracellular vesicles were collected as previously described [35].
After being cultured in the extracellular vesicle-free medium for 72 h,
the culture medium of BMMs was collected and centrifuged at 3000 g for
20 min to remove cells and cell debris; then the supernatant was filtered
with 0.22 pm filter (Millipore). Next, centrifuge at 100, 000 g for 6 h at
4 °C. The extracellular vesicles were pelleted at the bottom of the tube.

Transmission electron microscopy was used to observe morphology,
while NanoSight analysis was conducted to measure the size distribution
and particle concentration. Western blotting analysis was performed
using TsglO01l (ab125011, Abcam), CD9 (ab92726, Abcam), CD63
(ab217345, Abcam), and Calnexin (ab213243, Abcam) antibodies to
identify extracellular vesicles.

The suspended extracellular vesicles were incubated with 1 mL
Diluent C containing 4 pM PKH26 (sigma) for 5 min. Next, mix 1 ml 1 %
bovine serum albumin with the labeling reaction system and incubate
for 1 min to stop the labeling action. The extracellular vesicles were
washed three times with cold PBS using an Amicon ultrafilter and
resuspended in 200 pL PBS. These labeled extracellular vesicles were
added 20 pg per 10° recipient cells to culture with SSPCs for 12 h and
then labeled cytoskeleton using 50 mg/ml phalloidin to detect
extracellular-vesicle trafficking.

2.4. miRNA microarray assay

To identify the differently expressed microRNAs in the extracellular
vesicles released by BMMs from obese mice and lean mice, miRNA
microarray assays were performed with the help of Obio Technology
(Shanghai) Corp., Ltd.
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2.5. microRNA transfection and Ppara lentiviruses infection

miR-378a mimic and miR-140 mimic was designed and produced by
RiboBio Company. For transfection of miR-378a and miR-140 mimics,
primary SSPCs and BMMs were seeded in 12-well plates and 100 mm cell
culture dish, respectively, then transfected with these mimics for 4-6 h
using lipofectamine 2000 (Invitrogen).

Ppara overexpression lentiviruses were designed and produced by
HANBIO, Shanghai, China. For the overexpression of Ppara, SSPCs were
seeded in 12-well plates and infected with Ppara overexpression lenti-
viruses according to the manufacturer’s instructions.

2.6. microRNA-enriched macrophage extracellular vesicle isolation

Primary BMMs were seeded in a 100 mm cell culture dish and
transfected with miR-378a mimic and miR-140 mimic for 4-6 h,
respectively. miR-378a mimic and miR-140 mimic transfected BMMs
were washed three times with PBS. Then, cultured in the extracellular
vesicle-free medium for 72 h, the culture medium of miR-378a mimic
and miR-140 mimic transfected BMMs were collected for further
extracellular vesicle isolation.

2.7. Intramedullary injection of adeno-associated virus

Adeno-associated virus (AAV) is a modified natural single-stranded
DNA virus, recognized as the most promising gene transfer vector.
HBAAV2/2-F4/80-cre-ZsGreen (AAV-F4/80-cre-ZsGreen) was designed
and produced by HANBIO, Shanghai, China. F4/80-cre overloaded
adeno-associated virus and its control virus were packed in titers of
1.3-1.4%10"12 vg/ml. Mice were anesthetized with isoflurane, the skin
was disinfected with 75 % alcohol, hair around the knee joint was
shaved, and the knees were exposed sterile. Mice were randomly divided
into two groups. Each mouse femur was injected with 30 pL. AAV-F4/80-
Cre-ZsGreen or control (AAC-NC-ZsGreen) using an insulin needle.

PAAV-CMV-EGFP-3xFLAG-miR-378a-3p-WPRE (AAV-miR-378a-3p-
EGFP) was designed and produced by OBIO, Shanghai, China. Twenty-
five microliter AAV-miR-378a-3p-EGFP (3.2 x 10'2 vg/ml) was injec-
ted into the femurs using an insulin needle. The method of intra-
medullary injection was as described above.

2.8. Osteogenic and adipogenic differentiation

SSPCs were cultured in a-MEM supplemented with 10 % FBS, 100 U/
mL penicillin, 100 pg/mL streptomycin, 0.1 mM dexamethasone
(D1756, sigma), 10 Mm b-glycerol phosphate (G9422, sigma) and 50
mM ascorbate-2-phosphate (A4544, sigma) for 6-21 days for osteogenic
differentiation, while adipogenic differentiation was cultured in adipo-
genic medium (cyagen) for 6-14 days. The culture medium was changed
every three days.

2.9. qRT-PCR analysis

Total RNA from tissues or cultured cells was isolated using the TRIzol
reagent, 1 pg total RNA was used to conduct mRNA reverse transcription
using the PrimeScript RT reagent Kit (Takara), and 2 pg total RNA to
perform microRNA reverse transcription using All-in-One™ miRNA
Frist-Strand cDNA Synthesis Kit (GeneCopoeia).

qPCR primer for microRNA (miR-378a-3p, miR-140-5p, and U6)
were purchased from GeneCopoeia. qPCR primer for mRNA (f-actin,
Pparg, Fabp4, Runx2, Alp, Sp7, Bgl, Ppara) were designed and synthesized
by TSINGKE. The primer sequences were listed in Supplemental
Table S1. Amplification reactions were performed in 20 pl reaction
volume using All-in-One™ miRNA gRT-PCR Detection Kit (GeneCo-
poeia) and SYBR Green PCR Master Mix (Bio-rad), respectively. U6 was
used as a housekeeping gene for miR-378a-3p and miR-140-5p, and
B-actin was used for other genes. The cross thresholds (CT) were
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normalized to the housekeeping gene, and relative quantification was
calculated using AACT.

2.10. Western blotting

Western blotting was performed as previously described. Primary
antibodies for Ppara (ab126285, Abcam) and Abcal (ab66217, Abcam)
were purchased from Abcam. Primary antibody was incubated at 4 °C
overnight, and then bound with appropriate secondary antibodies. Blots
were visualized using SuperSignal West Pico PLUS Chemiluminescent
Substrate.

2.11. Alizarin red S and oil red O assay

Cells were fixed with 4 % neutral paraformaldehyde for 30 min, then
washed with PBS thrice. Alizarin red S (Cyagen) and oil red O (Cyagen)
staining were conducted according to the manufacturer’s introductions.

2.12. Alkaline phosphatase staining

Cells were fixed with 4 % neutral paraformaldehyde for 30 min, then
washed with PBS three times. Alkaline Phosphatase (Alp) staining
(Solarbio) was performed according to the manufacturer’s
introductions.

2.13. Micro-CT analyses

We dissected the femurs of mice and fixed them with 4 % neutral
paraformaldehyde overnight. The high-resolution pCT was performed to
measure bone microstructure. The pCT analyses were performed using
high-resolution pCT with a voltage of 65 kV, a current of 153 pA, and a
resolution of 15 pm per pixel. The image reconstruction software
(NRecon, version 1.6; Bioz) and data analysis software (CTAn v1.9) were
used to analyze the parameters of the distal femoral metaphyseal
trabecular bone.

2.14. Immunohistochemistry staining

The mice femora were carefully dissected and fixed overnight using 4
% neutral paraformaldehyde. After washing three times with cold PBS,
the fixed femurs were decalcified in 10 % EDTA solution for 21 days, and
the solution was changed every day. Next, Paraffin embedding after
alcohol gradient dehydration. The slides were processed for H&E, Trap
staining, and osteocalcin staining. The parameters obtained for the bone
formation was osteoblast number per bone perimeter. The parameters
obtained for bone marrow fat fraction were adipocyte number per bone
marrow surface and proportion of adipocyte area. The parameters
measured for bone resorption was osteoclast number per bone
perimeter.

2.15. Dual-luciferase reporter gene assay

We constructed the wide type and mutant plasmid of Ppara 3'UTR for
the predicted binding site of miR-378a at Hanbio Biotechnology Co.,
Shanghai, China. Next, we transformed the plasmid with Escherichia
coli, then coated Luria-Bertani (LB) broth with a bacterial solution to
amplify WT-Ppara-3'UTR and MUT-Ppara-3'UTR. Using Lipofectamine
2000 transfect WT-Ppara-3'UTR, MUT-Ppara-3'UTR, respectively, and
miR-NC mimic or miR-378a mimic for further dual-luciferase reporter
gene assay.
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2.16. Aptamers conjugation and biodistribution imaging in vivo

We performed aptamer conjugation as previously described [30].
The 5 end of SSPC aptamer (5-ACGACGGTGATATGTCAAGG
TCGTATGCACGAGTCAGAGG-3") was engineered with an aldehyde
group. Aldehyde-modified SSPC aptamer was designed and constructed
by Sangon Biotech, Shanghai, China. 200 nM SSPC aptamer diluent and
1 pg/pl BMM-EVs incubate under constant rotation overnight at 4 °C.
The SSPC aptamer conjugated BMM-EVs were washed three times with
cold PBS using an Amicon ultrafilter.

One mM near-infrared fluorescent dye DIR (40757ES25, Yeasen)
incubated with BMM-EVs and aptamer-conjugated BMM-EVs (BMM-
EVs-apt) for 30 min at 4 °C, then washed three times with cold PBS using
an Amicon ultrafilter to remove unconjugated DIR. 12 h after tail
intravenous injection, the mice were anesthetized and sacrificed.

Fluorescence tomography in vivo imaging system was used to capture
biodistribution images.

2.17. Statistics

The data were analyzed and mapped using GraphPad Prism 7.0
software.

The student t-test was used for the comparison of two groups and the
data was normally distributed, and the approximate t-test (Welch’s test)
was used when the variances of two normally distributed samples were
not homogeneous, one-way ANOVA was used for the comparison of
three or multiple groups, otherwise, the nonparametric test was used.
All experiments were repeated at least three times to guarantee repro-
ducibility of findings, and representative experiments were shown. The
experimental data were represented by mean + SD, in which P < 0.05
indicated the data were statistically different.

3. Results

3.1. Bone marrow macrophage-derived extracellular vesicles from obese
mice induce bone deterioration in lean mice

Five-week-old C57BL/6J male mice were fed a high-fat diet (HFD,
60 kcal% energy as fat) or a chow diet for 8 weeks to generate obese and
lean mice, respectively. As expected, compared with lean mice, obese
mice showed bone deterioration and the propensity of SSPCs to differ-
entiate toward adipocytes (Supplementary Fig. 1). Next, we assessed
whether BMMs from obese mice regulate bone deterioration and SSPC
function by secreting extracellular vesicles. We isolated BMMs from
obese mice (Supplementary Fig. 2, A) and collected BMM-derived
extracellular vesicles (BMM-EVs) by ultracentrifugation. Electron mi-
croscopy revealed that the BMM-EVs exhibited a “cup shape” (Fig. 1, A),
ranging from 90 to 140 nm according to NanoSight analysis (Supple-
mentary Fig. 2, A). Moreover, Western blot analysis revealed that CD9,
CD63, and Tsgl101 were enriched in BMM-EVs compared with parental
cells and that the endoplasmic reticulum-specific integral protein cal-
nexin was barely detected in BMM-EVs (Fig. 1, A). These data indicate
that BMM-EVs were successfully isolated. Then, using lean mice as re-
cipients, we injected BMM-EVs from lean mice (lean BMM-EVs) and
BMMs-EVs from obese mice (obese BMM-EVs) (100 pg twice a week)
into recipient mice via the tail vein for two months to investigate
whether obese BMM-EVs contribute to obesity-related bone deteriora-
tion (Fig. 1, B). First, we found that body weight was comparable be-
tween the two groups (Supplementary Fig. 2, B). Moreover, micro-CT
analysis revealed that compared with those in the lean BMM-EV-
treated group, the trabecular bone mass in the obese BMM-EV-treated
group was lower (Fig. 1, C-G and Supplementary Fig. 2, C and D).
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Fig. 1. Bone marrow macrophage-derived extracellular vesicles from obese mice induce bone deterioration in lean mice.

(A) Representative picture of BMIM-EVs (left), scale bar: 100 nm; representative western blotting images of CD9, Tsg101, CD63, and Calnexin in cell lysis of bone
marrow macrophage and BMM-EVs (right). (B) Schematic diagram of lean mice with lean/obese BMM-EVs intervention. (C) Representative pCT images of lean mice
with lean/obese BMM-EVs intervention. n = 5 per group. (D-G) Quantitative pCT analysis of BV/TV, Tb. N, Tb. Th, and Tb. Sp from lean mice with lean/obese BMM-
EV intervention. n = 5 per group. (H) Representative images of osteocalcin immunohistochemical staining (H, top). Red arrows mark osteoblasts. Scale bar: 50 pm;
representative images of H&E staining (H, middle), and Trap staining (H, bottom) in distal femora. Scale bar: 100 pm. (I-K) Quantification of the number of
osteocalcin-positive osteoblasts (I) and number and area of adipocytes (J-K). (L) Quantification of osteoclast number in distal femora from lean mice with lean/obese
BMM-EV intervention. (M) BMM-EVs were taken up by SSPCs. Red fluorescence represents PKH26 marked extracellular vesicles; green fluorescence represents
phalloidin labeled cytoskeleton, and blue fluorescence indicates nuclei. Scale bar: 2.5 pm. (N) Representative images of Alizarin red staining of lean BMM-EV and
obese BMM-EV-treated SSPCs (N, top); representative images of oil red O staining of lean BMM-EV and obese BMM-EV-treated SSPCs (N, bottom). n = 3 per group.
Scale bar: 100 pm. (O-P) qRT-PCR analysis of the relative expression levels of osteogenic genes (O) and adipogenic genes (P) in lean BMM-EV and obese BMM-EV-
treated SSPCs cultured in osteogenesis and/or adipogenesis induction medium. Data is shown as mean + SD. *P < 0.05, **P < 0.01, ns, no significant. (Welch’s test is
used in Fig. 1G, and student t-test is used in others).
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Immunohistochemical staining analysis revealed that compared with
lean BMM-EV-treated control mice, obese BMM-EV-treated mice had
fewer osteocalcin-positive osteoblasts on the trabecular bone surface
and a greater number of adipocytes in the bone marrow (Fig. 1, H-K).
There was no significant difference in the number of osteoclasts on the
bone surface between obese BMM-EV-treated mice and lean BMM-EV-
treated control mice (Fig. 1, H and L). Additionally, because BMM-EVs
are secreted by macrophages (vital immune cells), we investigated
whether lean and obese BMM-EVs trigger different degrees of inflam-
matory reactions in recipient mice. Enzyme Linked Immunosorbent
Assay (ELISA) revealed that the levels of the proinflammatory factors IL-
6 and IL-1a did not significantly differ between the serum of lean and
obese BMM-EV-treated mice (Supplementary Fig. 2, E-F).

A
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Next, we tested the hypothesis that obese BMM-EVs regulate SSPC
fate switching between osteoblasts and adipocytes in vitro. The uptake of
PKH26-labeled BMM-EVs by SSPCs was characterized by the appearance
of red fluorescent PKH26 dye in SSPCs (Fig. 1, M). Compared with the
administration of lean BMM-EVs, the administration of obese BMM-EVs
inhibited SSPC osteogenic differentiation and mineralization, as evi-
denced by the decreased expression of osteogenic-related genes (Alp,
Runx2, Bgl, and Sp7) and fewer calcium nodules, as measured by Alizarin
red staining (Fig. 1, O and N). Compared with those in the control group,
SSPCs treated with obese BMM-EVs showed enhanced adipogenic dif-
ferentiation, as indicated by the increased expression of adipogenic-
related genes (Fabp4 and Ppar-g) and increased lipid droplet density,
as measured by qPCR analysis and oil red O staining, respectively (Fig. 1,
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Fig. 2. Lean BMM-EVs ameliorate bone deterioration and marrow fat accumulation in obese mice.

5-week-old C57BL/6J male mice were fed with a high-fat diet for 2 months, then treated these obese recipient mice with lean BMM-EVs for 2 months (100 pg, twice a
week) and collected distal femora for further study. (A) Schematic diagram of obese mice with PBS and lean BMM-EV intervention. (B-F) Representative pCT images
(B) and quantitative pCT analysis of trabecular bone (C-F) from obese mice with PBS and/or lean BMM-EV intervention. n = 5 per group. (G) Representative images
of osteocalcin immunohistochemical staining (G, top). Red arrows mark osteoblasts. Scale bar: 50 pm; representative images of H&E staining (G, middle) and Trap
staining (G, bottom) in distal femora. Scale bar: 100 pm. (H-K) Quantification of the number of osteoblasts (H); number and area of adipocytes (I-J) and number of
Trap-positive osteoclasts (K). Data is shown as mean + SD. *P < 0.05, **P < 0.01, ns, no significant. (Student t-test).
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P and N). Together, these data indicate that obese BMM-EVs promote
bone deterioration, suppress osteogenesis, and promote the adipo-
genesis of SSPCs.

3.2. Lean BMM-EVs ameliorate bone deterioration and marrow fat
accumulation in obese mice

Given the negative impacts of obese BMM-EVs on bone homeostasis,
we next evaluated whether lean BMM-EVs could mitigate bone deteri-
oration in obese mice (Fig. 2, A). Two months of treatment of obese
recipient mice with lean BMM-EVs (100 pg, twice a week) led to
increased trabecular bone mass (Fig. 2, B-F), with no significant differ-
ence in cortical bone thickness or body weight (Supplementary Fig. 2, G
and H). Immunohistochemicalstaining analysis revealed that obese
recipient mice administered lean BMM-EVs had a greater number of
osteoblasts on the trabecular bone surface (Fig. 2, G and H) and less
adipocyte accumulation in the bone marrow compared to those in the
control group (Fig. 2, G and I-J). Treatment with lean BMM-EVs did not
affect the number of osteoclasts on the trabecular bone surface (Fig. 2, G
and K). Taken together, these results suggest that BMM-EVs produced in
the lean state protect against obesity-induced bone deterioration and
marrow fat accumulation.

3.3. BMM-EV microRNA-378a-3p and microRNA-140-5p may
coordinately regulate SSPC lineage fate

To assess obesity-induced changes in the microRNA profile of BMM-
EVs, we performed a miRNA array analysis of obese and lean BMM-EVs.
A total of 1888 differentially expressed microRNAs were identified in
obese BMM-EVs versus lean BMM-EVs. We comprehensively evaluated
basal expression, significant differences, fold changes, sequence con-
servation, and novelty and selected six microRNAs—three upregulated
microRNAs (microRNA-1839-5p, microRNA-221-5p, and microRNA-
140-5p) and three downregulated microRNAs (microRNA-378a-3p,
microRNA-378c, and microRNA-378d)—for further study (Fig. 3, A).
The effects of these six microRNAs on SSPC osteogenic and adipogenic
differentiation were investigated in vitro. QPCR analysis revealed that
among the three upregulated microRNAs, microRNA-140-5p (hereafter,
miR-140) inhibited the expression of osteogenesis-related genes (Alp
and Sp7) and promoted the expression of adipogenesis-related genes
(Fabp4) (Fig. 3, B and Supplementary Fig. 3, A-C). Among the three
downregulated microRNAs, microRNA-378a-3p (hereafter, miR-378a)
promoted the expression of osteogenesis-related genes (Alp and Sp7)
and suppressed the expression of adipogenesis-related genes (Fabp4 and
Ppar-g) (Fig. 3, C and Supplementary Fig. 3, D-F). Combined with the
increased miR-140 and decreased miR-378 levels in obese BMM-EVs
(Fig. 3, A and Supplementary Fig. 3, G and H), we speculate that
BMM-EV miR-378a and miR-140 may coordinately regulate SSPC line-
age fate in obese mice. Thus, we selected miR-140 and miR-378a for
subsequent analyses. Alizarin red and oil red O staining analysis
revealed that miR-140 suppressed SSPC osteogenic differentiation and
mineralization and promoted lipid droplet formation, and miR-378a
enhanced osteogenesis and inhibited adipogenesis (Fig. 3, D and E).
Furthermore, to determine whether miR-140 or miR-378a encapsulated
in BMM-EVs could regulate the SSPC lineage fate of osteogenic and
adipogenic commitment, we transfected miR-140 or miR-378a into
macrophages and collected miR-140- and miR-378a-enriched macro-
phage-derived extracellular vesicles. We found that SSPCs treated with
miR-140-enriched BMM-EVs exhibited enhanced adipogenesis but
impaired osteogenic potential (Fig. 3, F and G) and that miR-378a-
enriched BMM-EVs promoted SSPC osteogenic differentiation and
inhibited adipogenic differentiation (Fig. 3, H and I). These results
suggest that miR-378a promotes SPPC differentiation into osteoblasts
rather than into adipocytes, miR-140 predisposes SSPCs to differentiate
into adipocytes, and decreased miR-378a and increased miR-140 levels
in BMM-EVs may coordinately regulate SSPC osteogenic and adipogenic
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differentiation.

3.4. Conditional miR-140 knockout in BMMs mitigate bone deterioration
in obese mice

Given that the level of miR-140 was greater in obese BMM-EVs and
promoted SSPC adipogenesis in vitro, we wondered whether the deple-
tion of miR-140 in BMMs could reverse bone deterioration and marrow
fat accumulation in obese mice. To generate a mouse model with con-
ditional depletion of miR-140 in BMMs, we constructed miR-140f1°%/flox
mice and fed 5-week-old miR-140%°/f% mice a high-fat diet for 2
months. Then, these obese miR-140%1° mice received intra-bone
marrow injections of an adeno-associated virus containing the F4/80
promoter followed by the Cre and ZsGreen sequences (AAV-F4/80-Cre-
ZsGreen and fed with a high-fat diet for 2 months to generate an obese
mouse model with conditional miR-140 depletion in BMMs (miR-
140BMMsA) (Fig. 4, A). miR-1407%M% mice treated with AAV-NC-
ZsGreen were used as controls (miR-140BMMs+/1) The co-staining of
ZsGreen fluorescence and F4/80-positive red fluorescence in femur
sections indicated successful AAV transfection in BMMs (Supplementary
Fig. 4, A). Next, we analyzed the bone phenotype of miR-140P"MA mice.
Micro-CT analysis revealed greater trabecular bone volume and
trabecular bone number and less trabecular bone separation in the fe-
murs of miR-140"M52 mice compared with those in the femurs of miR-
140BMMs+/+ mice (Fig. 4, B-C and Supplementary Fig. 4, B-F). In addi-
tion, miR-140BMMs2 mice had a greater number of osteoblasts on the
trabecular bone surface and a lower number and area of adipocytes in
the bone marrow (Fig. 4, D-F and Supplementary Fig. 4, G). These data
indicate that BMM-derived miR-140 may have negative effects on bone
and that the depletion of miR-140 in BMMs may mitigate bone deteri-
oration and marrow fat accumulation in obese mice.

3.5. Mice with SSPC miR-140 conditional overexpression exhibit
decreased bone mass and bone marrow fat accumulation

The above data indicate that BMM-derived miR-140 may regulate
SSPC osteoblastic and adipogenic differentiation. To further test the
direct effect of miR-140 on SSPCs, we generated SSPCs miR-140-
overexpressing mice (miR-140%7CCF) by crossing miR-140 TGHo¥/flox
mice with Prrx1-cre mice (Fig. 4, G). We collected femurs from miR-
1405PCOE and miR-140 TG/M1°% mice for micro-CT analysis and bone
section staining. Compared with miR-140 TG1f1°% mjce, miR-
140%5PCCF mice exhibited lower trabecular bone volume, trabecular
bone number, and cortical bone thickness (Fig. 4, H-I, Supplementary
Fig. 4, H-L). In addition, immunohistochemical staining revealed greater
bone marrow fat accumulation in miR-1405P€©E mijce than in control
mice (Fig. 4, J-N). These results suggest that the conditional over-
expression of miR-140 induces a switch in SSPC differentiation toward
adipocytes, which leads to decreased bone mass and marrow fat accu-
mulation in lean mice.

3.6. Lean mice with BMMs conditional miR-378a depletion exhibit low
bone mass and marrow fat accumulation

After verifying the effects of BMM-derived miR-140 on obesity-
induced bone deterioration, we investigated the effect of another
selected microRNA, miR-378a, which promotes osteogenesis in vitro, on
bone in vivo. Using the same strategy, we constructed miR-378aflox/flox
mice, which then received intramedullary injections of AAV-F4/80-Cre-
ZsGreen to generate a mouse model with conditional depletion of miR-
378a in BMMs (miR-378a"MMs4) (Fig. 5, A and Supplementary Fig. 5,
A). miR-378a11%% mice treated with AAV-NC-ZsGreen were used as
controls (miR-378a®MMs+/+) We conducted micro-CT analysis to eval-
uate the bone microstructure and observed less trabecular bone mass
and greater trabecular bone separation in the femurs of miR-
378a"MMs2mice than in the femurs of miR-378a"M5+/+ mice (Fig. 5, B-
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Fig. 3. BMM-EV miR-378a-3p and miR-140-5p may coordinately regulate SSPC lineage fate.

(A) miRNA microarray analyzes the differently expressed microRNAs in lean BMM-EVs and obese BMM-EVs. The red rectangle circles three up-regulated microRNAs
in obese BMM-EVs, and the blue rectangle circles three down-regulated microRNAs. The arrows mark the microRNAs chosen for further functional verification. n = 3
per group. (B) qRT-PCR analysis of the relative expression levels of osteogenic genes (Alp, Sp7) and adipogenic genes (Ppar-g, Fabp4) of the SSPCs transfected with
three up-regulated microRNAs (miR-140-5p, miR-221-5p, and miR-1839-5p) and their negative controls, which culture in osteogenic and adipogenic medium for 6
days, respectively. NC, negative control. n = 3 per group. (C) qRT-PCR analysis of the relative expression levels of osteogenic genes (Alp, Sp7) and adipogenic genes
(Ppar-g, Fabp4) of the SSPCs transfected with three downregulated microRNAs (miR-378a-3p, miR-378c, and miR-378d) and their negative controls for 6 days,
respectively. n = 3 per group. (D) Representative images of Alizarin red staining (D, top) and oil red O staining (D, bottom) of the SSPCs transfected with miR-140
and negative controls. Scale bar: 100 pm. (E) Representative images of Alizarin red staining (E, top) and oil red O staining (E, bottom) of the SSPCs transfected with
miR-378a and negative controls. Scale bar: 100 pm. (F-I) BMM-EVs overloaded with miR-140 and miR-378a regulate SSPC lineage fate between osteoblasts and
adipocytes. QqRT-PCR analysis of the relative expression levels of osteogenic genes (F and H) and adipogenic genes (G and I) in miRNA-140 enriched macrophage-
derived extracellular vesicle and miR-378a enriched macrophage-derived extracellular vesicle-treated SSPCs. n = 3 per group. Data is shown as mean + SD. *P <
0.05, **P < 0.01, ns, no significant. (Welch’s test is used in the Fabp4 expression of Fig. 3B, Ppar-g and Fabp4 expression of Fig. 3C, and Alp, Sp7 expression in Fig. 3H,
non-parametric test is used in Sp7 expression of Fig. 3C and student t-test is used in others).
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Fig. 4. Conditional miR-140 knockout and conditional miR-140 over-expression regulate bone deterioration and SSPC cell fate in vivo.

(A-F) Adeno-associated-virus-F4/80-cre-ZsGreen (AAV-F4/80-Cre-ZsGreen) and adeno-associated-virus-NC-ZsGreen (AAV-NC-ZsGreen) were injected into intra bone
marrow of obese miRNA-140%°%/f1% Jittermate to generate BMM conditional miRNA-140 knockout mice and negative controls. Two months after injection, femur
specimens were collected. n = 5 per group. (A) Timeline diagram of obese BMM conditional miRNA-140 knockout mice generation. (B-C) Representative pCT images
(B) and quantitative pCT analysis (C) of trabecular bone. (D) Representative images of osteocalcin staining (D, top). Red arrows mark osteoblasts. Scale bar: 50 pm;
representative images of H&E staining (D, bottom). Scale bar: 100 pm; (E-F) Quantification of the number of osteoblasts (E) and number of adipocytes (F). (G-N)
Cross miRNA-140TG™/f°% mjce with Prrxl-cre mice to generate SSPC conditional miR-140 over-expression mice (miRNA-1405%PC°F), (G) Diagram of miR-
140TG¥1°% mjce construct and miRNA-140%P¢F mice generation. An exogenous donor sequence containing terminators and miR-140 was inserted into chro-
mosome 11 in wild-type mice. Loxp sites are depicted by yellow arrows, miR-140%P€©E represents Prrx1-cre; miR-140TG"** mice. (H-I) Representative uCT images
(H) and quantitative pCT analysis of trabecular bone (I) from miRNA-1405¢°F and miRNA-140 TG1*/1°X mice. n = 4 per group. (J-K) Representative images of
osteocalcin staining (J) and quantification of number of osteoblasts (K). n = 4 per group. Red arrows mark osteoblasts. Scale bar: 50 ym. (L-N) Representative images
of H&E staining (L) and number and area of adipocytes (M-N). Scale bar: 100 pm. Data is shown as mean =+ SD. *P < 0.05, **P < 0.05, ns, no significant. (Student
t-test).

G). Immunohistochemical staining revealed fewer osteocalcin-positive
osteoblasts on the bone surface and more adipocytes in the bone
marrow of miR-3782" 52 mice than in the bone marrow of control
mice (Fig. 5, H-K). These results indicate that BMM-derived miR-378a
promotes osteoblastic bone formation and inhibits marrow fat accu-
mulation and that the depletion of miR-378a in BMMs leads to low bone

mass and marrow fat accumulation, similar to obesity-induced bone
deterioration.

3.7. miR-378a overexpression increases bone mass in obese mice
The above data prompted us to test the therapeutic effect of miR-
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Fig. 5. Conditional miR-378a knockout and miR-378a over-expression modulate bone mass and marrow fat accumulation.

(A-K) AAV-F4/80-Cre-ZsGreen and AAV-NG-ZsGreen were injected into the bone cavity of miRNA-378af°/1°% Jittermate to generate BMM conditional miRNA-378a
knockout mice (miRNA-378a”"™*2) and their controls. 2 months after injection, the mice are sacrificed. n = 6 per group. (A) Timeline diagram of BMM conditional
miR-378a knockout mice generation. (B-G) Representative pCT images (B) and quantitative pCT analysis of trabecular (C-F) and cortical bone (G) from lean miR-
378a"MMSA and miRNA-378a"MM5+/+ mice. (H) Representative images of osteocalcin staining (H, top). Red arrows mark osteoblasts. Scale bar: 50 pm; representative
images of H&E staining (H, bottom). Scale bar: 100 pm. (I-K) Quantification of number of osteoblasts (I) and number and area of adipocytes (J-K). (L-V) Adeno-
associated-virus-miR-378a-EGFP (AAV-miR-378a-EGFP) and adeno-associated-virus-NC-GFP (AAV-NC-EGFP) were injected into the bone cavity in obese mice
with the same age and gender. 2 months after injection, the mice are sacrificed. (L) Timeline diagram of miR-378a-overexpressing mice generation. (M) Repre-
sentative pCT images of AAV-miR-378a-EGFP and AAV-NC-EGFP treated mice. n = 6 per group. (N-Q) Quantitative uCT analysis of trabecular bone. (R) Quantitative
pCT analysis of cortical bone. (S) Representative images of osteocalcin staining (S, top). Red arrows mark osteoblasts. Scale bar: 50 pm; representative images of H&E
staining (S, bottom). Scale bar: 100 pm. (T-V) Quantification of the number of osteoblasts (T) and number and area of adipocytes (U-V) in distal femora. Data is
shown as mean =+ SD. *P < 0.05, **P < 0.01, ****P < 0.0001, ns, no significant. (Non-parametric test is used in Fig. 5 I and Fig. 5 T, Welch’s test is used in Fig. 5V,
student t-test is used in others).

517



C. He et al.

378a on obesity-induced bone deterioration in vivo. We constructed an
adeno-associated virus, pAAV-CMV-EGFP-3xFLAG-miR-378a-3p-WPRE
(AAV-miR-378a-3p-EGFP), to overexpress miR-378a in bone tissue
through the intramedullary injection of AAV-miR-378a-3p-EGFP (25 pl,
3.2%¥10"12 vg/ml) in obese mice (Fig. 5, L). Eight weeks after injection,
we collected the femurs and analyzed the bone phenotype. The
appearance of green fluorescence in femur sections and the increased
level of miR-378a in femur tissue indicated that AAV-miR-378a-3p-
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EGFP was successfully transfected into the femur (Supplementary
Fig. 5, B and C). Furthermore, mice treated with AAV-miR-378a-3p-
EGFP showed significantly greater trabecular bone volume and trabec-
ular bone number than vehicle-treated mice (Fig. 5, M-R). Moreover,
the administration of AAV-miR-378a-3p-EGFP increased the number of
osteoblasts on the trabecular bone surface and decreased the number
and area of lipid droplets in the bone marrow of obese mice (Fig. 5, S-V).
These results indicated that miR-378a treatment alleviated bone
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Fig. 6. miR-378a and miR-140 synergistically regulated SSPC lineage fate via targeting the Ppara-Abcal axis.

(A) Venn diagram of the miR-378a target gene. (B-C) Representative western blotting images of Bmp4, p38, Gata 4, Ppara, and Gapdh (B); quantification of Ppara
expression (C) in SSPCs transfected with the mimic of miR-378a and its negative controls for 3 days. n = 3 per group. (D-E) Representative western blotting images of
Ppara (D) and quantification of Ppara expression (E) in SSPCs transfected with the inhibitor of miR-378a and its negative controls for 3 days. n = 3 per group. (F)
Schematic of miR-378a putative target sites in mouse Ppara 3-UTR. CDS, coding sequence. (G) SSPCs were transfected with luciferase reporter carrying WT or MUT
3-UTR of the Ppara gene (WT-Ppara-Fluc and/or Mut-Ppara-Fluc) and co-transfected with miR-NC and/or miR-378a, respectively. Fluorescence intensity was
determined at 48 h after transfection; the asterisk means WT-Ppara-3-UTR co-transfected with miR-NC vs. WT-Ppara-3-UTR co-transfected with miR-378a (H-I)
SSPCs were transfected with lenti-Ppara to induce osteogenesis and/or adipogenesis for 6 days. QRT-PCR analysis of the relative expression levels of osteogenic genes
(H), n = 6 per group, and adipogenic genes (I), n = 3 per group. (J) Representative images of Alizarin red staining (J, top) and oil red O staining (J, bottom). Scale
bar: 100 pm, n = 3 per group. (K) Schematic of protein interaction diagram of Ppara, Abcal, and Pgc-1a. (L) Representative western blotting images of Abcal and
Pgc-1 in SSPCs transfected with miR-140 and its negative controls. n = 3 per group. Data is shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no
significant. (Non-parametric test is used in Alp expression of Fig. 6H, Welch’s test is used in Sp7 expression of Fig. 6H, and student t-test is used in others).
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deterioration in obese mice.

3.8. miR-378a and miR-140 synergistically regulate SSPC lineage fate by
targeting the Ppara-Abcal axis

Based on the above data, we hypothesized that miR-378a and miR-
140 synergistically influence SSPC lineage fate. We used several target
prediction tools, including TargetScan, miRanda, miRDB, and miRWalk,
to predict target genes of miR-378a based on the complementary base
pairing principle. Sixty-nine overlapping target genes of miR-378a were
predicted by all four-target prediction tools (Fig. 6, A). We selected
several genes associated with osteogenesis and adipogenesis, including
Ppara, Gata4, p38, and Bmp4, for further verification. SSPCs transfected
with a miR-378a mimic showed reduced protein levels of Ppara but no
changes in the protein levels of GATA4, p38, or BMP4 (Fig. 6, B and C).
In addition, the protein level of Ppara was significantly greater in SSPCs
transfected with the miR-378a inhibitor than in those transfected with
the control (Fig. 6, D and E). In contrast, the mRNA expression level of
Ppara was unaffected, indicating that miR-378a post-transcriptionally
regulates Ppara (Supplementary Fig. 6, A and B). According to the base
complementary pairing principle, miR-378a may target bases 4629-
4635 of the Ppara 3-UTR (Fig. 6, F). We constructed a Ppara plasmid
containing the predicted binding site (WT-Ppara-Fluc) of miR-378a and
a mutant Ppara plasmid containing a mutation in the predicted binding
site (Mut-Ppara-Fluc). Luciferase reporter assay results indicated that
miR-378a inhibited the luciferase activity of the WT-Ppara-Fluc reporter
genes and that Mut-Ppara-Fluc eliminated the repressive effect of miR-
378a, confirming the direct binding of miR-378a to the 3-UTR of
Ppara (Fig. 6, G). Furthermore, the use of Ppara-overexpressing lenti-
viruses (Lenti-Ppara) to overexpress Ppara in SSPCs resulted in the in-
hibition of SSPC osteoblastic differentiation and promoted adipogenic
differentiation (Fig. 6, H-J and Supplementary Fig. 6, C-D). These results
suggest that miR-378a may regulate the SSPC lineage fate of osteoblasts
and adipocytes by targeting Ppara.

Given the synergistic regulatory effect of miR-378a and miR-140 on
SSPC lineage fate, we tested whether miR-140 could directly target
Ppara. The transfection of miR-140 did not affect the protein level of
Ppara (Supplementary Fig. 6, E); therefore, we assumed that miR-140
may regulate target gene/genes that can interact with Ppara. We used
TargetScan and the protein-protein interaction (PPI) network database
STRING to analyze miR-140-targeted genes involved in Ppara signaling
pathways. Among the candidates, Ppargc-1a (Pgc-1a) and Abcal, which
have been reported to be involved in regulating osteogenesis and adi-
pogenesis, were further studied (Supplementary Fig. 6, F and Fig. 6, K).
The transfection of miR-140 reduced the protein level of Abcal, but not
that of Pgc-la, in SSPCs compared to the control (Fig. 6, L). Abcal is
reportedly a positive regulator of osteogenesis [36] and a downstream
molecule of the Ppara signaling pathway and is negatively regulated by
Ppara [37]. Together, our data indicate that miR-140 may inhibit
osteogenesis by targeting the Ppara signaling pathway downstream
molecule Abcal. These results suggested that miR-378a and miR-140
may synergistically regulate SSPC lineage fate by directly targeting the
Ppara-Abcal axis. To further test whether miR-378a and miR-140 syn-
ergistically influence SSPC lineage fate, we co-transfected a miR-378a
mimic and miR-140 inhibitor into SSPCs and subjected the resulting
SSPCs to osteogenic induction. qRT-PCR analysis exhibits higher Alp
expression in SSPCs treated with microRNA-378a-3p mimics plus
microRNA-140-5p inhibitors than those treated with
microRNA-378a-3p mimics or microRNA-140-5p inhibitors alone, but
the expression of Runx2 is no significant difference between SSPCs
treated with microRNA-378a-3p mimics plus microRNA-140-5p in-
hibitors and those treated with microRNA-378a-3p mimics or
microRNA-140-5p inhibitors alone. Also, the expression of Bgl and Sp7
is no significant difference between SSPCs treated with
microRNA-378a-3p mimics plus microRNA-140-5p inhibitors and those
treated with microRNA-378a-3p mimics alone (Supplementary Fig. 6,
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G). In addition, alkaline phosphatase (Alp) staining also suggested that
the co-transfection of microRNA-378a-3p mimics and microRNA-140-5p
inhibitors didn’t predominantly amplify the osteogenic effect than those
transfected microRNA-378a-3p mimics alone (Supplementary Fig. 6, H),
this can be explained by that microRNA-378a-3p and microRNA-140-5p
regulate SSPC differentiation through the same pathway. Together,
these data indicated that miR-378a and miR-140 synergistically regulate
SSPC lineage fate by targeting the Ppara-Abcal axis.

3.9. SSPC aptamer-conjugated miR-378a-overloaded extracellular
vesicles alleviate bone loss in obese mice

The finding that overexpressing miR-378a via the intramedullary
injection of AAV-miR-378a-3p-EGFP mitigated marrow fat accumula-
tion in obese mice prompted us to explore a better clinical translational
strategy for treating obesity-induced bone deterioration. Extracellular
vesicle-drug delivery systems have attracted much attention recently
due to their low immunogenicity and high stability. We tested whether
miR-378a-overloaded BMM-EVs conjugated with an SSPC-targeted de-
livery system could rescue bone loss in obese mice. First, we used an
aptamer that showed high affinity for SSPCs in a previous study [14,30]
and tested the efficiency of aptamer-conjugated BMM-EVs (BMM-E-
V-Apt) in targeting SSPCs by injecting DIR-stained BMM-EV-Apt via the
tail vein. We observed more DIR signals in the femurs of the
BMM-EV-Apt-treated group than in the femurs of the BMM-EV-treated
control group, suggesting that BMM-Exo-Apt efficiently targeted bone
in vivo (Fig. 7, A and B). Then, we constructed an SSPC
aptamer-conjugated miR-378a-overloaded-BMM-EV compound
(miR-378a-EV-Apt) to precisely target SSPCs in vivo. We injected
miR-378a-EV-Apt into obese mice (100 pg, twice a week for two months)
(Fig. 7, C). Micro-CT analysis revealed higher trabecular bone volume
and trabecular bone number and less trabecular bone separation in
obese mice treated with miR-378a-EV-Apt than in obese mice treated
with controls (NC-EV-Apt) (Fig. 7, D-I). In addition, the number of os-
teoblasts on the bone surface was greater and the number of adipocytes
in the bone marrow was lower in miR-378a-EV-Apt-treated obese mice
than in control mice (Fig. 7, J-M). These results suggest that over-
expressing miR-378a via an extracellular-vesicle delivery system may be
a precise treatment for obesity-induced bone deterioration and marrow
fat accumulation and may improve bone quality in clinically obese and
overweight patients.

4. Discussion

In this study, we showed that bone marrow macrophages in obese
mice secrete microRNA-containing extracellular vesicles (BMM-EVs),
which caused bone deterioration in lean mice. In contrast, BMM-EVs
derived from lean mice ameliorated bone loss in obese recipients.
miR-140 (an upregulated microRNA that promotes adipogenesis) and
miR-378a (a downregulated microRNA that promotes osteogenesis) in
obese BMM-EVs synergistically regulated SSPC function via the Ppara-
Abcal axis. BMM miR-140 conditional knockout mice showed resistance
to obesity-induced bone deterioration. SSPC miR-140 conditional
overexpression mice and BMM miR-378a conditional knockout exhibi-
ted low bone mass and marrow fat accumulation. Furthermore, SSPC-
targeted miR-378a-EV-Apt increased the trabecular bone volume and
trabecular bone number and decreased marrow fat accumulation in
obese mice.

Obesity-induced chronic inflammation is a hallmark of multiple
metabolic diseases, such as diabetes mellitus, cardiovascular disease
(CVD), nonalcoholic steatohepatitis (NASH), and even cancer [18,
38-40]. In addition, chronic low-grade inflammation is a typical char-
acteristic of aging. Previously, Li et al. reported that aging-related
chronic inflammation may mediate skeletal aging through senescent
bone marrow macrophages [9]. In this study, we found that extracellular
vesicles act as important mediators of bone marrow macrophages in
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Fig. 7. SSPC-aptamer conjugated miR-378a-overloaded-EVs alleviated bone loss in obese mice.

(A) Schematic of SSPC-aptamer conjugated BMM-EVs generation. (B) Representative fluorescence molecular tomography (FMT) images of near-infrared fluorescence
signals in lower limbs isolated from mice administered with DIR dye alone, DIR-stained BMM-EV, and DIR-stained aptamer-conjugated BMM-EVs (BMM-EV-apt). (C)
Schematic of SSPC-aptamer conjugated miR-378a-BMM-EV generation. (D-I) Representative pCT images (D) and quantitative pCT analysis of trabecular (E-H) and
cortical bone (I) from obese mice with NC-EV-Apt and/or miR-378a-EV-Apt intervention. (J) Representative images of osteocalcin staining (J, top). Red arrows mark
osteoblasts. Scale bar: 50 pm; representative images of H&E staining (J, bottom). Scale bar: 100 pm (K-M) Quantification of number of osteoblasts (K) and number
and area of adipocytes (L-M). Data is shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns, no significant. (Non-parametric test is used in Fig. 7 I, and
student t-test is used in others).
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obese mice and promote bone deterioration and marrow fat accumula-
tion. The bone phenotype of HFD-induced obese mice is similar to that of
naturally aging mice in previous studies, i.e., skeletal exhibits bone loss
and marrow fat accumulation [9,13,41,42]. Extracellular vesicles are
widely studied, carrying and protecting numerous cargoes against
degradation in circulation. Furthermore, extracellular vesicles have
tremendous therapeutic potential as drug payloads with low immuno-
genicity, minimal clearance, low toxicity, and good tolerability. Given
that macrophages and macrophage-derived extracellular vesicles are
involved in diverse metabolic and aging-related diseases, targeting or
modifying BMM-EVs may constitute a novel treatment strategy not only
for obesity-induced bone deterioration but also for CVD, NASH, cancer,
tumorigenesis, metabolic disorders, and age-related diseases.

Although the effects of obesity on bone mass are complex and
controversial in clinical studies due to various factors, such as me-
chanical loading, obesity type, adipose tissue location, sex, age, and
skeleton type, the osteoporotic bone phenotype is quite consistent in
long-term high-fat diet-induced obese animal models [43-46]. In addi-
tion, data from epidemiological studies strongly suggest that obesity
increases fracture risk despite a standard or high BMD, indicating the
negative effect of obesity on bone health and quality. In this study, we
selected the HFD model based on Shu, L. et al., who observed bone loss
after 6 weeks of HFD feeding in young male mice (5 weeks old) and
alterations in the bone marrow environment [43]. We fed 5-week-old
male C57BL/6J mice a high-fat diet (a high-fat diet containing 60 %
Kcal energy) for 8-16 weeks and observed low bone mass and marrow
adiposity, which is consistent with the findings of Shu, L. et al. [43].

Extracellular vesicles provide stable cargo transportation, including
proteins, mRNAs, and miRNAs transportation. miRNAs are the most
numerous cargo molecules in extracellular vesicles. In our study, we
found more than 1888 differentially expressed microRNAs between
obese and lean BMM-EVs. Among these differentially expressed micro-
RNAs, we screened three upregulated and three downregulated micro-
RNAs and eventually selected miR-140 and miR-378a for study. Our
data from in vitro and in vivo studies showed that a higher level of miR-
140 and a lower level of miR-378a in obese BMM-EVs account for
obesity-triggered bone deterioration and SSPC differentiation toward
adipocytes. In addition, we found that the target genes of miR-378a and
miR-140, Ppara and Abcal, belong to the same pathway. Thus, we
speculate that miR-378a and miR-140 coordinately regulate bone ho-
meostasis via the Ppara-Abcal axis. Interestingly, the miRNA subtypes
we identified in BMM-EVs did not align with those identified in adipose
tissue. Data from Ying’s study showed that miR-155 is enriched in obese
adipose tissue macrophage-derived extracellular vesicles (ATM-EVs)
and has robust effects on insulin sensitivity [18]; however, we did not
observe a significant difference in miR-155 between obese and lean
BMM-EVs, which implies that macrophages from different tissues
secrete distinguished microRNA-containing extracellular vesicles.

miR-378a is a microRNA that plays diverse roles in pathological
processes, including hepatic inflammation, bile acid metabolism, car-
diac hypertrophy, and skeletal muscle metabolism [47-50]. miR-140 is
reportedly involved in various diseases, such as osteoarthritis, renal
fibrosis, and multiple neoplasia [51,52]. Both miR-378a and miR-140
have been reported to regulate cell proliferation, the cell cycle, and
apoptosis; in addition, they also play essential roles in regulating cell
differentiation. Several previous studies have reported the effects of
miR-378a on osteogenesis. Specifically, You et al. reported that the
overexpression of miR-378 ameliorates high glucose-induced suppres-
sion of osteogenic differentiation by activating the PI3K/Akt signaling
pathway [53]. Kang et al. reported that miR-378a-enriched extracellular
vesicles from M2 macrophages could promote bone repair/regeneration
[54]. However, Feng et al. reported that global miR-378 transgenic mice
show reduced cancellous bone mass and delayed fracture healing
compared to wild-type control mice [55], which is inconsistent with our
result. We speculate that the explanation for the contrary results is that,
miR-378a has strong effects not only on bone but also on other tissues
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and cells; the global overexpression of miR-378a in mice may disrupt
homeostasis and consequently impair osteogenesis and bone formation.
In addition, miR-140 has been reported to inhibit osteogenesis [56];
however, the role of miR-140 in obesity-related bone deterioration and
SSPC dysfunction remains unknown. Herein, in our study, we generated
transgenic mouse models with conditional knockout of miR-140 in
BMMs and conditional overexpression of miR-140 in SSPCs and reported
the bone phenotype of these mice for the first time. In addition, to our
knowledge, this is the first report of the bone phenotype of transgenic
mice with BMMs conditional knockout of miR-378a.

To translate our findings into clinical practice, we used an aptamer,
which is an effective drug delivery vehicle, to enhance the efficacy and
safety of therapeutic drugs for specific cell types. Previously, Li et al.
conjugated antagomiR-188 with an SSPC-specific aptamer and suc-
cessfully rescued age-related bone loss by precisely targeting SSPCs
[14]. Aptamer-conjugated extracellular vesicle drug delivery systems
exhibit unlimited therapeutic potential for bone disease. Herein, we
found that treating obese recipients with a modified SSPC-specific
aptamer, which delivered miR-378a-overloaded BMM-EVs, had rejuve-
nating effects and a robust improvement in bone mass. Based on the
positive therapeutic effect of miR-378a-EV-Apt on bone loss in obese
mice, targeting miR-378a in SSPCs may offer a novel treatment strategy
not only for obesity-induced bone deterioration but also for SSPC-based
diseases such as osteoporosis and bone fracture.

5. Limitations

One limitation of this study is that we screened 1888 differentially
expressed microRNAs between obese macrophage extracellular vesicles
and lean macrophage extracellular vesicles and found that miR-140 and
miR-378a coordinately regulated SSPC function; however, we did not
test whether other microRNAs may also mediate the effects of BMM-EVs
on bone. Another limitation is that we only measured the effects of
BMM-EVs on bone in mice. We realize that there is a large gap between
humans and rodents in terms of the physiological and pathological
functions of BMMs and BMM-EVs. The direct effects of BMMs and BMM-
EVs isolated from human patients with obesity on bone should be tested
in future studies. Despite these limitations, our study revealed that
obesity triggers changes in BMM-secreted microRNA-containing extra-
cellular vesicles, disrupts SSPC function, and exacerbates bone deterio-
ration; these findings reveal that BMM-EVs and aptamer-conjugated
BMM-EVs show great therapeutic potential because of their low
immunogenicity, minimal clearance, and cell-targeting ability in pre-
venting not only obesity-related bone deterioration but also shed light
on treating age-related osteoporosis and other chronic inflammation-
induced diseases.
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