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Osteoblast-derived vesicles induce a switch from
bone-formation to bone-resorption in vivo

Maki Uenaka1'8, Erika Yamashita 1'8, Junichi Kikuta 1'2'38, Akito Morimoto!, Tomoka Ao1'3, Hiroki Mizunou,

Masayuki Furuya', Tetsuo Hasegawa', Hiroyuki Tsukazaki', Takao Sudo"?, Keizo Nishikawa'?,

Daisuke Okuzaki® 4, Daisuke Motooka?, Nobuyoshi Kosaka®, Fuminori Sugihara6, Thomas Boettger 7

Thomas Braun® ’, Takahiro Ochiya® & Masaru Ishii® 23

Bone metabolism is regulated by the cooperative activity between bone-forming osteoblasts
and bone-resorbing osteoclasts. However, the mechanisms mediating the switch between the
osteoblastic and osteoclastic phases have not been fully elucidated. Here, we identify a
specific subset of mature osteoblast-derived extracellular vesicles that inhibit bone formation
and enhance osteoclastogenesis. Intravital imaging reveals that mature osteoblasts secrete
and capture extracellular vesicles, referred to as small osteoblast vesicles (SOVs). Co-culture
experiments demonstrate that SOVs suppress osteoblast differentiation and enhance the
expression of receptor activator of NF-kB ligand, thereby inducing osteoclast differentiation.
We also elucidate that the SOV-enriched microRNA miR-143 inhibits Runt-related tran-
scription factor 2, a master regulator of osteoblastogenesis, by targeting the mRNA
expression of its dimerization partner, core-binding factor p. In summary, we identify SOVs as
a mode of cell-to-cell communication, controlling the dynamic transition from bone-forming
to bone-resorbing phases in vivo.
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one remodeling occurs in different parts of the body

throughout life to maintain bone architecture balance and

systemic mineral homeostasis. During this “remodeling”
process, osteoclasts remove mineralized bones, whereas osteo-
blasts form new bones!—3. These resorption and formation phases
are linked and balanced with intermittent coupling phases.
Functional coupling between these two cell types is critical for the
maintenance of proper bone metabolism, and the mechanisms
controlling the transition from bone-resorbing to bone-forming
phases (i.e., reversal phase) have been investigated~¢. These
mechanisms are regulated by insulin-like growth factor I and
transforming growth factor-p released from the bone matrix
during bone resorption®, sphingosine-1-phosphate’, collagen
triple helix repeat containing 18, Semaphorin 4d°, ephrin B210,
and receptor activator of NF-kB ligand (RANKL)/RANK reverse
signaling!!. Notably, all of these factors contribute to the transi-
tion from bone-resorbing to bone-forming phases. Nevertheless,
the molecular and cellular mechanisms terminating osteoblastic
bone formation and promoting osteoclastic bone resorption (i.e.,
“reciprocal” reversal phase) remain elusive.

Intravital optical imaging using multiphoton microscopy can
help dissect in vivo cellular dynamics in various intact tissues and
organs!'2~14, To understand the spatiotemporal dynamics of bone
remodeling in vivo, we established an intravital imaging techni-
que to visualize the intact bone tissues of living mice!>~18. Using
this method, we explored the interplay between bone-destroying
osteoclasts and bone-forming osteoblasts and found that direct
cell-to-cell contact led to the inhibition of osteoclastic bone
resorption!®. However, the spatial resolution of intravital bone
imaging was insufficient to visualize structures smaller than cells.

In this study, we established an advanced high-resolution
microscopy system to visualize extracellular vesicles secreted and
captured by mature osteoblasts (mOBs) in vivo. We identified a
subset of mOB-derived vesicles limiting bone formation and sti-
mulating osteoclastogenesis, thus regulating the “reciprocal reversal
phase,” through a microRNA (miRNA)-mediated mechanism.

Results

Visualization of small osteoblast-derived vesicles. We have
previously generated reporter mice expressing enhanced cyan
fluorescent protein (ECFP) in mOBs driven by a 2.3 kb fragment of
rat type I collagen a promoter (Collal*2.3) (Col2.3-ECFP mice). In
this reporter line, ECFP is expressed in bone-forming mOBs but not
in immature osteoblasts!®. We performed intravital multiphoton
imaging using high spatial resolution to visualize bone tissues in
Col2.3-ECFP mice, and observed many ECFP-positive vesicles in the
vicinity of the cell bodies of mOBs (Fig. la—c). Tracking analyses
showed that the small osteoblast vesicles (SOVs) had a diameter of
<1 um and had a higher speed than large osteoblast vesicles (LOVs),
which were >1um in diameter (Fig. 1d). Moreover, time-lapse
imaging revealed that SOVs were released to the extracellular space
and were taken up by mOBs in vivo within ~20 min (Fig. le,
Supplementary Video 1). SOV release and uptake were also observed
in vitro in primary osteoblasts from Col2.3-ECFP mice (Fig. 1g-j;
Supplementary Videos 2, 3). The uptake of SOVs by mOBs was
confirmed by co-culture of mOBs and membrane-labeled SOVs
(Supplementary Fig. Sla-c; Supplementary Videos 4, 5). We also
found that SOVs expressed CD63, a marker of extracellular
vesicles?? (Supplementary Fig. S1d, e). These results suggest that
mOBs actively secrete and take up SOVs both in vivo and in vitro,
communicating via extracellular SOVs in a paracrine or autocrine
manner.

SOV of approximately 400 nm in diameter suppress osteoblast
differentiation. To characterize SOVs, we performed electron

microscopy and nanoparticle tracking analyses to evaluate the
morphology and size distribution of isolated SOVs from primary
osteoblasts (Fig. 2a—e). Electron microscopy showed that the dia-
meter of SOVs ranged from 100 nm to 1 um, and that the struc-
tures and electron densities of SOV varied (Fig. 2b). Nanoparticle
tracking analyses revealed two peaks associated with different SOV
sizes: one around 200 nm in diameter (hereafter called SOV-F1)
and one around 400 nm in diameter (hereafter called SOV-F2)
(Fig. 2¢). SOV-F1 were isolated by 0.22-um filtration (Fig. 2a); the
collected SOV-F1 had similar sizes and electron densities (Fig. 2d,
e). As the SOVs observed by intravital imaging ranged in size from
0.26 to 1 pum, they were likely SOV-F2.

Extracellular vesicles are composed of a lipid bilayer containing
transmembrane proteins, as well as enclosed cytosolic proteins
and RNAs (especially mRNAs and miRNAs). Extracellular
vesicles are thought to serve as a mode of communication among
neighboring or distant cells?!?2. Here, we investigated the role of
SOVs in the communication of neighboring osteoblasts. The
relative expression levels of genes related to osteoblast differ-
entiation in primary osteoblasts were analyzed 2 days after
treatment with phosphate-buffered saline (PBS), total SOVs
(F1+F2), or SOV-F1 (Fig. 2f). The expression levels of runt-
related transcription factor 2 (Runx2) and Osterix (also known as
Sp7), master transcription factors involved in osteoblast
differentiation?3-2%, as well as those of the osteoblastic matrix
proteins type 1 collagen (Collal) and osteocalcin (also known as
Bglap), were significantly lower in the SOV-treated group than in
the PBS control group (Fig. 2f). Total SOVs (F1 + F2) were more
potent than SOV-FI1 in suppressing the expression of osteoblast-
related genes, suggesting that large SOVs mediate this transcrip-
tional regulation. Consistently, in the osteoblastic cell line
MC3T3-El, the relative mRNA levels of Runx2 and Sp7 were
significantly lower in the total SOV-treated group than in the PBS
control group in a dose-dependent manner (Supplementary
Fig. S2a). SOV-FI1 treatment moderately affected the expression
of Runx2 but not the expression of Sp7 (Supplementary Fig. S2b).
To exclude the effects of proteins and RNAs outside the
extracellular vesicles, such as membrane fragments and anchor
proteins on the SOV membrane, we examined whether proteinase
K and/or RNase treatment modulated the effects of SOVs on
Runx2 and Sp7 expression. Inhibition by SOVs was unaffected by
RNase and proteinase K (Supplementary Fig. S2¢)?, indicating
that components in SOVs, but not protein and RNA contami-
nants outside SOVs, were responsible for the inhibition of Runx2
and Sp7 expression.

We performed alkaline phosphatase (ALP; Alpl) staining to assess
bone-forming activity in SOV-treated cells. ALP activity was
significantly suppressed in the total SOV-treated group but not in
the SOV-Fl-treated group (Fig. 2g, h). We also assessed collagen
production and mineralization by SOV-treated osteoblasts by Fast
Green/Sirius Red staining and Alizarin Red S staining, respectively.
Collagen production and mineralization by total SOV-treated
osteoblasts were inhibited, compared with PBS control and SOV-
Fl-treated osteoblasts (Supplementary Fig. S2d, e). Next, we analyzed
the effect of SOVs on cell death using 7-amino actinomycin D (7-
AAD) staining; however, we found no significant differences among
the groups (Fig. 2i). These results suggest that total SOVs (F1 + F2),
but not SOV-F1, suppress osteoblast differentiation without affecting
cell viability.

SOV-treated osteoblasts promote osteoclastogenesis. Osteoblast-
lineage cells produce RANKL, encoded by the Tnfsf11 (also known as
Rankl) gene, an essential factor for osteoclastogenesis?’?8, and
osteoprotegerin (Opg), a decoy receptor for RANKL2329, to regulate
osteoclast differentiation and function. Therefore, we investigated the
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roles of SOVs in the expression of Rankl and Opg. The expression
level of Rankl was significantly higher in the total SOV-treated group
than in the PBS control group. In addition, the expression level of
Opg was significantly lower in the total SOV-treated group than in
the PBS control group. However, SOV-F1 did not affect Rankl or Opg
expression (Fig. 3a). These results suggested an increased osteoclas-
togenic potential in total SOV-treated mOBs. Therefore, we assessed

osteoclast differentiation using bone marrow macrophages (BMM:s)
co-cultured with either total SOV-treated osteoblasts or PBS-treated
osteoblasts. When starting the co-culture, we washed out SOVs with
culture medium to prevent SOVs from directly affecting BMMs.
Tartrate-resistant acid phosphatase (TRAP)-positive mature osteo-
clasts (mOCs) were generated within 3 days of co-culture of BMMs
with  total ~SOV-treated  osteoblasts  without additional
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Fig. 1 Communication among osteoblasts via small osteoblast vesicles in vivo and in vitro. a Schematic representation of mouse skull bone (left) and an
intravital multiphoton, maximum-intensity projection image of skull bone tissues from Col2.3-ECFP mice (a representative image, at least three
independent experiments) (right). Cyan: mature osteoblasts (mOBs) and extracellular vesicles (EVs) from mOBs; blue: bone surface, second harmonic
generation. Scale bar: 20 pm. b Three-dimensional image of visual field shown in (a). Arrowhead indicates an EV. Scale bar: 20 pm. ¢ Magnified view of
region outlined in (a). Arrowheads indicate EVs. Scale bar: 10 pm. d Speed of mOB-derived EVs by tracking analysis of EVs shown in (¢) (n=51). SOVs:
small osteoblast vesicles with a diameter of <1um; LOVs: large osteoblast vesicles with a diameter of >1um. e Consecutive time-lapse images of SOVs
released by mOBs indicated by yellow lines in (€). Arrowheads and dotted lines indicate SOVs and their tracks, respectively. Scale bar: 5 um. f Consecutive
time-lapse images of SOVs taken up by mOBs indicated by dotted lines in (c). Arrowheads and dotted lines indicate SOVs and their tracks, respectively.
Scale bar: 5 um. g, h Representative images of primary osteoblasts of Col2.3-ECFP mice of at least three independent experiments. Cyan: mOBs and mOB-
derived EVs. Scale bar: 20 um. i Consecutive time-lapse images of released SOVs indicated by yellow lines in (g). Arrowheads and dotted lines indicate
SOVs and their tracks, respectively. Scale bar: 10 um. j Consecutive time-lapse images of internalized SOVs indicated by dotted lines in (h). Arrowheads
and dotted lines indicate SOVs and their tracks, respectively. Scale bar: 10 um.
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Fig. 2 SOV-F2 inhibits osteoblast differentiation. a Schematic representation of SOV isolation via differential centrifugation. F1: fraction 1; F2: fraction 2.
b Transmission electron micrograph of total SOVs (at least three independent fields from 1 mouse). Scale bar: Tum. € Nanoparticle tracking analysis of total
SOVs (at least three independent experiments). d Transmission electron micrograph of SOV-F1 after 0.22 um filtration (at least three independent fields
from 1 mouse). Scale bar: 500 nm. e Nanoparticle tracking analysis of SOV-F1 after 0.22 um filtration (at least three independent experiments). f Runx2,
Sp7, Collal, and Bglap mRNA levels in osteoblasts treated with PBS, total SOVs (F1+ F2), or SOV-F1 (Runx2, Sp7 and Bglap: n=5; Collal: n = 6 biological
replicates per group). g, h ALP activity in osteoblasts treated with PBS, total SOVs (F1+ F2), or SOV-F1 (n = 6 biological replicates per group).
Representative images (g) and quantitative analysis (h) Scale bar: 10 mm. i Percentages of 7-AAD-positive apoptotic cells among CD45-negative primary
osteoblasts at 6 days after treatment with PBS, total SOVs (F1+ F2), or SOV-F1 (n = 3 biological replicates per group). Data are means + SEMs. Statistical
significance was determined by one-way ANOVA with Dunnett's multiple comparison post hoc test (f, h, i).
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supplementation of recombinant RANKL. In contrast, no significant
mOC generation was observed when BMMs were co-cultured with
PBS-treated osteoblasts (Fig. 3b, ¢). To confirm the promotion of
osteoclastogenesis by SOV-treated osteoblasts, we evaluated the
expression levels of mOC marker genes: Cisk, Acp5, and Atp6v0d2.
The expression levels of all mOC marker genes were significantly

PBS SOV

higher in BMMs co-cultured with total SOV-treated osteoblasts than
in BMMs co-cultured with PBS-treated osteoblasts (Supplementary
Fig. S3a). Moreover, mOCs were exclusively induced on the nodules
created by total SOV-treated osteoblasts in this co-culture system
(Fig. 3b), indicating that SOVs serve as a local regulator of osteo-
clastogenesis by regulating osteoblasts. To exclude the direct effect of
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Fig. 3 SOV-F2-treated osteoblasts induce osteoclastogenesis. a Rank/ and Opg mRNA levels in primary osteoblasts after treatment with PBS, total SOVs
(F1+4F2), or SOV-F1 (n = 3 biological replicates per group). b Representative image of TRAP-stained osteoclasts among BMMs co-cultured with PBS-
treated osteoblasts (upper) or total SOV-treated osteoblasts (lower) (n = 8 independent experiments per group). Dotted lines at right represent nodules
created by osteoblasts. Scale bar: 100 um. ¢ Number of osteoclasts among BMMs co-cultured with PBS-treated osteoblasts or total SOV-treated
osteoblasts per well (n = 8 independent experiments per group). TRAP-positive multinucleated cells were counted as osteoclasts. d Representative in vivo
images of calvaria from Col2.3-ECFP/TRAP-tdTomato mice of at least three independent experiments. Cyan: mature osteoblasts (mOBs) or SOVs; Red:
mature osteoclasts (mOCs). Yellow circles show SOVs. mOCs were in the vicinity of mOBs secreting SOVs. Scale bar: 20 um. e Percentages of areas
where TRAP-positive cells overlapped with mOBs (n =5 biological replicates per group). SOV(—): fields without SOVs; SOV (+): fields with SOVs. f
Transplantation model of calvarial defects. Artificial bone defects on both sides of mouse calvaria were treated with hydrogels impregnated with PBS or
total SOVs. g Representative micro-CT image of calvarial defects at 8 weeks after treatment with PBS or total SOVs. Scale bar: 1000 um (n = 3 biological
replicates per group). h Remaining calvaria defect areas at 8 weeks after treatment with PBS or total SOVs. Each point is the average area of two defects in
each group (n =3 biological replicates per group). Data are means + SEMs. Statistical significance was determined by one-way ANOVA with Dunnett's
multiple comparison post hoc test in (a), two-tailed Welch's t-test in (¢), and two-tailed paired t-test in (e, h).

SOVs on BMMs, we cultured BMMs with SOV in the presence or
absence of macrophage colony-stimulating factor (M-CSF) without
osteoblasts. At 3 and 7 days after SOV treatment, we evaluated
osteoclast differentiation by TRAP staining. Both PBS-treated and
SOV-treated BMMs did not differentiate into mOCs within 3 or
7 days, irrespective of the presence of M-CSF (Supplementary
Fig. S3b). Therefore, we concluded that SOVs do not independently
affect osteoclastogenesis.

In the bone tissues of Col2.3-ECFP/TRAP-tdTomato mice, in
which mOBs and mOCs were labeled with ECFP and tdTomato,
respectively!®, intravital imaging revealed that TRAP-positive
mOCs were preferentially present in close vicinity of ECFP-
positive mOBs actively secreting SOVs (Fig. 3d). Quantitative
microscopic analysis showed that TRAP-positive mOCs coin-
cided with mOBs surrounded by SOVs (Fig. 3e). These results
suggest that SOV-treated osteoblasts stimulate osteoclast
differentiation.

Because SOVs inhibited osteoblast differentiation and SOV-
treated osteoblasts promoted osteoclastogenesis, we evaluated the
effects of SOVs on bone formation in vivo. We established
bilateral calvarial defects in wild-type (WT) mice. Bone defects
were exposed to hydrogels impregnated with PBS or total SOVs
for 8 weeks (Fig. 3f). The affected areas were significantly larger in
the SOV-treated group than in the PBS-treated group (Fig. 3g, h),
indicating that SOVs inhibited bone repair in vivo.

SOV-derived miR-143-3p suppress osteoblast differentiation
by targeting Cbfb mRNA. To identify the mechanism by which
SOVs suppress osteoblast differentiation, we analyzed miRNAs
commonly found in SOVs21:22 via next-generation sequencing.
We identified miR-21a-5p, miR-143-3p, and miR-148a-3p as
miRNAs enriched in SOVs (Fig. 4a). To determine the roles of
these miRNAs in osteoblast differentiation, we transfected
MC3T3-E1 cells with miRNA mimics and analyzed the expres-
sion levels of the osteoblastic genes Runx2 and Sp7. The miR-143-
3p mimics significantly suppressed the expression of Runx2 and
Sp7 (Fig. 4b); they also inhibited ALP activity (Fig. 4c). The effects
of miR-143-3p mimics on osteoblast differentiation were similar
to the effects of total SOVs. Furthermore, transfection of miR-
143-3p mimics significantly increased the expression of Rankl
and suppressed the expression of Opg in MC3T3-E1 cells, con-
sistent with the effects of SOV-treated osteoblasts on osteoclas-
togenesis (Supplementary Fig. S4a, b).

To determine the molecular mechanisms by which miR-143-3p
controls the expression levels of Runx2, Sp7, and Rankl, we
analyzed its potential targets using Target Scan 7.2 and miRbase
22.1. Among hundreds of predicted mRNA targets, we focused on
core-binding factor B (Cbfb), which may regulate the expression
levels of Runx2 and Sp7. Cbfb has been reported to form
heterodimers with Runx proteins, thereby enhancing their DNA-

binding capacity3?. Osteoblast-specific Cbfb conditional deletion
in Collal-cre mice has also been reported to downregulate Runx2
and Sp7, while inhibiting osteoblast differentiation31-33. Con-
sistent with previous findings, Cbfb silencing in MC3T3-E1 cells
significantly decreased the Runx2 and Sp7 mRNA levels (Fig. 4d).
To assess the ability of miR-143-3p to directly bind to Cbfb
mRNA, we generated luciferase reporter constructs containing
WT or mutant Cbfb mRNA binding sites (Fig. 4e). Each construct
was transfected into MC3T3-E1 cells in combination with miR-
143-3p mimics. The miR-143-3p mimics significantly inhibited
luciferase activity in MC3T3-E1 cells expressing the WT Cbfb
binding site, but they did not inhibit luciferase activity in cells
expressing the mutant binding site (Fig. 4f). Furthermore, the
expression level of Cbfb was significantly decreased in MC3T3-E1
cells transfected with miR-143-3p mimics (Fig. 4g). These
findings suggest that miR-143-3p binds directly to Cbfb mRNA.
miR-143-3p drives osteoblast differentiation by targeting histone
deacetylase 7 (Hdac7)34. Therefore, we performed a luciferase
assay to evaluate the ability of miR-143-3p to bind to Hdac7
mRNA. miR-143-3p mimics did not affect luciferase activity in
MC3T3-E1 cells expressing WT or mutant Hdac7 binding sites
(Supplementary Fig. S4c, d). Total SOVs (F1 + F2), but not SOV-
Fl1, significantly decreased the mRNA level of Cbfb in primary
osteoblasts (Fig. 4h). In contrast, neither total SOVs nor SOV-F1
affected Hdac7 expression (Supplementary Fig. S4e), indicating
that miR143 in SOVs does not affect the expression level of
Hdac7 in SOV-treated osteoblasts. Collectively, these findings
suggest that SOV-derived miR-143-3p suppresses osteoblast
differentiation by targeting Cbfb.

To confirm the transfer of miR-143-3p enclosed in SOVs to
recipient osteoblasts, we visualized miR-143-3p in SOVs. We
labeled endogenous miR-143-3p by transfecting Alexa555-
conjugated miR-143-3p inhibitor into EGFP-expressing
MC3T3-E1 cells and collected SOVs from the transfected cells.
These SOVs were administered to non-labeled MC3T3-E1 cells
and observed by confocal microscopy. Alexa555-labeled miR-
143-3p colocalized with EGFP-positive vesicles in non-labeled
MC3T3-E1 cells (Supplementary Fig. S4f). This finding suggests
that miR-143-3p is enclosed in SOVs and transferred into
recipient cells.

miR-143/145 conditional knockout increases bone mass and
promotes bone mineralization in mice. To further investigate
the role of miR-143-3p in bone metabolism in vivo, we generated
an osteoblast-specific miR-143/145 knockout (KO) mouse model
(miR-143/14504 ") by crossing miR-143/145 flox/flox mjce with
Osx1-Cre mice, in which Cre expression is regulated by the
Osterix promoter. Because miR-143 and miR-145 are on the same
gene locus, the miR-143 and -145 genes were floxed in these mice.
Osx-expressing cells during the perinatal period give rise to
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osteoblasts, stromal cells, adipocytes, and perivascular cells; in the
postnatal period, the expression of Osterix is restricted to
osteoblasts>>. In Osx1-Cre mice, Cre-mediated recombination
was under the control of doxycycline. Using this system, we
generated miR-143/1454,,~/~ mice expressing Cre exclusively at
the postnatal period when mated to floxed-transgenic strains.
Compared with control 9-week-old mice, miR-143/1450¢ "/~
mice expressed low levels of miR-143-3p in primary osteoblasts
(Supplementary Fig. S5a). The mRNA levels of Runx2, Sp7, and
Bglap in primary osteoblasts were significantly higher in miR-
143/14504 '/~ mice than in littermate control mice (Supple-
mentary Fig. S5b). Micro-computed tomography (CT) analyses

| (2022)13:1066 | https://doi.org/10.1038/s41467-022-28673-2 | www.nature.com/naturecommunications

revealed that, compared with control mice, miR-143/145¢,~
mice had an increased bone volume/tissue volume (BV/TV) and
bone mineral density (BMD) (Fig. 5a, b). Similarly, bone mor-
phometric analyses showed that the parameters of bone forma-
tion—including osteoid volume/bone volume (OV/BV), mineral
apposition rate (MAR), and bone formation rate/tissue volume
(BFR/TV)—were significantly increased in miR-143/14506¢~'~
mice, compared with littermate control mice (Fig. 5c, d).
Although the osteoblast surface/bone surface (Ob.S/BS) was
comparable between miR-143/1450 '/~ and control mice
(Supplementary Fig. S5c¢), the cuboidal Ob.S/Ob.S (ratio of Ob.S
of mOBs to Ob.S of total osteoblasts) was significantly higher in
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Fig. 4 SOV-derived miR-143-3p inhibits osteoblast differentiation by targeting Cbfb mRNA. a Next-generation sequencing-mediated miRNA profiling of
SOVs. Top-ranked expression values of miRNAs in SOVs from primary osteoblasts of 10 Col2.3-ECFP mice. b Runx2 and Sp7 mRNA levels in MC3T3-E1
cells transfected with scrambled, miR-21a-5p, miR-143-3p, or miR-148a-3p mimics (The Runx2 expression in miR-21a-5p and miR-143-3p groups: n = 3; the
Runx2 expression in a miR-148a-3p group and the Sp7 expression in a miR-21a-5p group: n = 4; the Sp7 expression in a miR-148a-3p group: n = 5; the Sp7
expression in a miR-143-3p group: n = 6 independent experiments, respectively). € Representative images of ALP activity in MC3T3-E1 cells transfected
with scrambled, miR-21a-5p, miR-143-3p, or miR-148a-3p mimics. Scale bar: 10 mm. d Cbfb, Runx2, and Sp7 mRNA levels in MC3T3-E1 cells transfected
with siRNA negative control or Cbfb siRNA. siNCN: siRNA negative control; siCbfb: Cbfb siRNA (n = 4 independent experiments). The exact p value of the
Cbfb expressioin: 2.34811-°. e Cbfb 3’ UTR constructs cloned into luciferase reporter vectors. WT 3’ UTR: wild-type sequence of the Cbfb 3’ UTR; miR-143-
3p: miR-143-3p sequence; Mut 3’ UTR: mutant sequence of the Cbfb 3" UTR. f Percentages of luciferase activity. Mut-miR143: mutated Cbfb construct with
miR-143-3p mimics; WT-miR143: WT Cbfb construct with miR-143-3p mimics (n = 4 independent experiments). g Cbfb mRNA levels in MC3T3-E1 cells
treated with scrambled control or miR-143-3p mimics. Control: scrambled controls; miR-143: miR-143-3p mimics (n = 3 independent experiments). h Cbfb
mRNA levels in primary osteoblasts treated with PBS, total SOVs (F1+ F2), or SOV-F1 (n = 6 biological replicates per group). Data are means + SEMs.
Statistical significance was determined by two-tailed paired t-test in (b, d, f, g) and by one-way ANOVA with Dunnett’'s multiple comparison post hoc test

in (h).

miR-143/1450,,~/~ mice than in control mice (Fig. 5d). There-
fore, osteoblast-specific miR-143/145 depletion increased bone
mass and promoted mineralization.

miR-143/145 conditional knockout decreases osteoclast activity
after parathyroid hormone administration in vivo. Because
deletion of miR143-3p in osteoblasts in vivo using miR-143/
14504/~ mice did not influence any parameters of osteoclast
formation or function (Supplementary Fig. S5c), we performed
bone morphometric analyses of miR-143/ 14505/~ mice under
the high bone-metabolic turnover condition. We intermittently
injected parathyroid hormone (PTH) into WT and miR-143/
14504/~ mice, then performed micro-CT analysis, bone mor-
phometric analysis, and measurement of the urine C-terminal
telopeptide-1 (CTX-1) level, which reflects osteoclast activity3°.
Micro-CT and bone morphometric analyses revealed that there
were no significant differences in BV/TV between PTH-treated
WT mice and PTH-treated miR-143/1450, '~ mice (Supple-
mentary Fig. S6a, ). The urine CTX-1 level (corrected for urine
creatinine) was significantly lower in miR-143/ 1450/~ mice
than in WT mice (Supplementary Fig. S6b). Consistent with those
findings, morphometric analyses revealed that eroded surface/
bone surface (ES/BS), osteoclast number/bone surface (N.Oc/BS),
and osteoclast surface/bone surface (Oc.S/BS) were significantly
lower in PTH-treated miR-143/14505,/~ mice than in PTH-
treated WT mice (Supplementary Fig. S6¢). Therefore, miR-143/
145 osteoblast-specific knockout mice showed significantly
decreased osteoclast activity and number compared with WT
mice, indicating that miR-143/145 in osteoblasts promotes
osteoclastogenesis in vivo under a high bone-metabolic turnover
condition (Supplementary Fig. S6b, c).

MiR-143/145-deleted SOVs reversed the inhibition by SOVs of
bone repair. To investigate the effects of miR-143 in SOVs on
osteoblast differentiation and osteoclastogenesis, we analyzed the
effects of SOVs from miR-143/1450, /'~ mice on Runx2, Sp7,
and Rankl expression levels in osteoblasts in vitro. The miR-143/
145-deleted SOVs significantly reversed the inhibition (by WT
SOVs) of Runx2 and Sp7 expression (Supplementary Fig. S7a). In
addition, miR-143/145-deleted SOVs significantly reversed the
enhancing effect of WT SOVs on Rankl expression in osteoblasts
(Supplementary Fig. S7b).

Next, to analyze the function of miR-143 in SOV on bone
formation in vivo, bilateral calvarial defects in WT mice were
exposed to gelatin hydrogels impregnated with total SOVs from
miR-143/145 KO or WT mice (Fig. 5e). At 2 weeks after the
procedure, the affected areas were significantly smaller in areas
treated with total SOVs from miR-143/145 KO mice, than in

areas treated with total SOVs from WT mice (Fig. 5f, g),
suggesting that miR-143 in SOVs impairs bone repair.

In summary, these results suggest that SOVs inhibit osteo-
blastic bone formation and stimulate osteoclast formation
through an miR-143-mediated mechanism, which promotes
reciprocal reserve phase switch (Fig. 6).

Discussion

Bone formation by osteoblasts is a long-lasting phase that may
last several months and is tightly regulated during bone
remodeling®’. Although the signaling and transcriptional reg-
ulation of osteoblast differentiation have been investigated38-3%,
the terminating factors of bone formation and initiating factors of
subsequent bone resorption remain elusive. Using an intravital
bone imaging approach, we identified intercellular communica-
tion among osteoblasts via SOVs and demonstrated negative
regulation of bone formation and positive regulation of bone
resorption by SOVs derived from mOBs.

Osteoblasts co-cultured with SOV inhibited osteoblastogenesis
and enhanced the osteoclastogenesis of BMMs. The effect of
SOVs on osteoclastogenesis was not a direct effect of SOVs on
BMNMs; it was caused by phenotypic changes, such as the upre-
gulation of Rankl in SOV-treated osteoblasts. Consistent with this
finding, mOCs were exclusively induced on nodules that had been
created by total SOV-treated osteoblasts in the co-culture system,
indicating that osteoblast-osteoblast communication via SOVs is
important for spatiotemporal regulation of osteoclastogenesis.
These observations suggest that communication among osteo-
blasts by means of SOVs induces a phase transition from bone
formation to bone resorption as a spatiotemporal bone remo-
deling regulation mechanism.

It is widely accepted that bone formation follows bone resorption?;
however, our findings suggest that osteoblast-osteoblast commu-
nication via SOVs can directly induce osteoclastogenesis, providing
further insights into bone homeostasis. The possibility of immediate
transition to bone resorption after the bone formation phase without
a resting phase remains controversial®. We believe that direct tran-
sition from bone formation to bone resorption may happen under
high turnover conditions and dysregulated remodeling conditions,
such as osteoporosis?®4! and bone repair. Future studies are needed
to confirm this hypothesis.

We identified Cbfb mRNA as a target of miR-143-3p in
osteoblasts. The bone phenotype of miR-143/1450, '/~ mice was
consistent with the phenotype of Cbfb conditional KO
(Cbﬂ?conaﬁ/ ~) mice33. Cbﬂ)couaf/ ~ mice in the postnatal period
exhibited reduced bone mass, MAR, and Runx2 expression.
Although the number of osteoblasts was unchanged, the number
of active osteoblasts decreased in Cbfb.opa; '~ mice33. Notably,
miR-143/1450,,~/~ mice exhibited a phenotype opposite to the
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Fig. 5 miR-143/145 conditional KO increases bone mass and promotes mineralization in mice. a Representative micro-CT images of the femurs of 9-week-
old control (n= 4 biological replicates) and osteoblast-specific miR-143/145 KO (miR-143/1450.,~/~) mice (n=5 biological replicates). Scale bars: 1000 um.
b Micro-CT-based assessment of metaphyseal regions of distal femurs of 9-week-old control (n =4 biological replicates) and miR-143/145q5, 7/~ (n=5
biological replicates) mice. BV: bone volume; TV: tissue volume; BMD: bone mineral density. ¢, d Bone morphometric analysis of metaphyseal regions of distal
femurs of 9-week-old control and miR-143/145¢,~/~ mice (n = 3 biological replicates per group). Calcein double signals in a representative femur section from
a control or miR-143/1450.,/~ mouse on cortical surfaces and magnified view (inset). Scale bars: 100 um (c). Bone formation parameters (d). OV: osteoid
volume; MAR: mineral apposition rate; BFR: bone formation rate; Ob.S: osteoblast surface. e Transplantation model of calvarial defects. Artificial bilateral defects
on mouse calvaria were treated with total SOVs from miR-143/145 KO or WT mice. f Representative micro-CT image of calvarial defects at 2 weeks after
treatment with SOVs from miR-143/145 KO or WT mice (n = 3 biological replicates per group). Scale bar: 2000 um. g Remaining defect areas. miR-143/145 KO:
mice treated with total SOVs from miR-143/145 KO mice; WT: mice treated with SOVs from WT mice (n =3 biological replicates per group). Data are
means + SEMs. Statistical significance was determined by two-tailed unpaired t-test in (b, d) or by two-tailed paired t-test in (g).

findings in Cbfbi1a; '~ mice (i.e., increased bone mass, MAR,
Runx2 mRNA expression, and ratio of mOBs to total osteoblast
area [cuboidal Ob.S/ODb.S]). MiR-143 was previously shown to
inhibit Sp7 mRNA expression in osteoblasts, as indicated by
luciferase assay results using human Sp7 mRNA sequences*>43.
However, according to two major databases, Target Scan 7.2 and
miRBase 22.1, murine S