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Highly conserved homeobox genes are closely related to bone formation
during embryogenesis, while their role in adult bone resorption remains
unclear. In this study, we found that the homeobox gene MSX2 actively par-
ticipates bone metabolism. Myeloid-specific Msx2 deficiency safeguards bone
mass under physiological and pathological conditions. Loss of Msx2 acts as a
“brake” in the fusion fate of osteoclasts, resulting in a larger population of pre-
osteoclasts. Pre-osteoclasts secrete platelet-derived growth factor-BB (PDGF-
BB), which promotes angiogenesis-mediated bone formation. Mechanistically,
MSX2 directly binds to the vital osteoclastogenic transcription factor PU.1 and
protects it from FBXW7-mediated ubiquitination degradation. Msx2 and Fbxw7
double knockout mitigated the protective effect of MSX2 deficiency on bone
mass. Finally, we identified a natural compound, morusinol, that specifically
destroys the combination of MSX2 and PU.1, promoting PU.1 degradation and
attenuating ovariectomy-induced bone loss. Overall, our results demonstrate
that targeting Msx2 is a promising anabolic therapy for osteoporosis.

Bone is the primary organ that provides support and protection. Dis-
turbed bone homeostasis impairs bone health, leading to osteoporosis
and fragility fracture'’. Bone homeostasis is generally believed to be
governed by osteoblast-mediated bone formation and osteoclast-
mediated bone resorption’. However, in recent years, these views have
broadened because multiple cell types, including endothelial cells,
neurons, immune cells, and adipocytes, exert various effects on bone
cells within the local environment®®. These findings enrich our
understanding of bone metabolism regulation and inspire us to
explore novel strategies for osteoporosis treatment.

Post-menopausal osteoporosis (PMOP) is the most common type
of osteoporosis. In the bone environment of PMOP, osteoclasts are
over-activated and mediate significantly enhanced bone resorption,
leading to severe bone loss’. Osteoclast is the only cell type in the body
capable of absorbing the bone matrix. Induced by macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear factor-kB
ligand (RANKL), bone marrow monocytes/macrophages (BMMs) could
proliferate, fuse, and eventually differentiate into multi-nuclear
osteoclasts®. Mechanistically, M-CSF and RANKL bind to their recep-
tors CSFIR and RANK, respectively, and stimulate downstream
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signaling pathways such as MAPKs and NF-kB, leading to the activation
of master transcription factors including PU.1 and NFATc], initiating
osteoclastogenesis’'’. Osteoclasts actively participate in bone meta-
bolism and perform endocrine and paracrine functions. Tartrate-
resistant acid phosphatase-positive (TRAP*) mono-nuclear pre-
osteoclasts secrete platelet-derived growth factor-BB (PDGF-BB),
which enhances H-type vessel (EMCN" CD31") formation and even-
tually stimulates osteogenesis". Therefore, restraining osteoclast
fusion and maintaining them in the preosteoclast stage could suppress
bone resorption while coupling angiogenesis and osteogenesis, exhi-
biting great potential for osteoporosis treatment.

Characterized by a particular 180 bp homeobox sequence,
homeobox genes encode a group of transcription factors containing
homeodomain®. The structure of these genes has been highly con-
served during evolution, and they generally play critical roles in
embryogenesis, cell proliferation, and differentiation™. Multiple
homeobox genes have been implicated in the regulation of bone mass
and osteogenesis'® ™. Nevertheless, the current understanding of the
role of homeobox genes in PMOP and osteoclastogenesis remains
superficial and scattered, and the hub homeobox genes that regulate
PMOP remain unclear. Here, we found that msh homeobox 2 (MSX2)
plays a central role in PMOP. MSX2 belongs to the Msx family, Anten-
napedia (ANTP) class of human homeobox genes, and has been
reported to be involved in bone development, including skull and
tooth formation?*?. Functional haploinsufficiency of MSX2 causes
parietal foramina (PFM), and whole-body Msx2 knockout mice exhibit
pleiotropic defects in bone mass and ectodermal organ formation**%,
Although Msx2 is generally considered an important regulator of
osteogenesis, Msx2 null mutant mice show an osteopetrosis pheno-
type in a RANK-dependent manner in skeleton?, suggesting that Msx2
might also participate in osteoclastogenesis, and its regulatory effect
in the bone environment could be complex. However, the direct role of
Msx2 in osteoclast remains unclear.

In this study, we showed that the loss of Msx2 in myeloid cells leads
to increased bone mass. Msx2 deficiency impairs osteoclast fusion and
exerts the role of “brake” in the progression of osteoclast cell fate, which
subsequently maintains osteoclasts at the pre-fusion stage. The aug-
mented numbers of pre-osteoclast secrete PDGF-BB, enhancing H-type
vessel formation and further coupling osteogenesis. Mechanistically,
MSX2 directly binds to PU.1 and protects it from FBXW7-mediated
ubiquitination and degradation. Msx2 and Fbxw7 double conditional
knockout mice exhibit recovery of bone resorption and osteoclasto-
genesis. Finally, we screened a natural compound library and found that
morusinol, a flavonoid isolated from Morus alba root bark, can bind to
MSX2 and release PU.1, promoting PU.1 degradation. The in vivo analysis
confirmed the therapeutic effects of morusinol in an ovariectomy
(OVX)-induced osteoporosis model. Our results suggest that MSX2 plays
a critical role in PMOP pathogenesis and bone metabolism, coupling
osteoclastogenesis with angiogenesis and osteogenesis, and may be a
potential target for the treatment of PMOP.

Results

Msx2 is upregulated in post-menopausal osteoporosis and
osteoclastogenesis

To identify important homeobox genes in PMOP and osteoclasto-
genesis, we crossed differentially expressed genes from GSE230665
(RNA-Seq datasets compares PMOP bones with postmenopausal
healthy bones, |logFC| > 0.8, p < 0.05)* and osteoporosis-related genes
from GeneCards database (score >1) with 298 homeobox genes and
found 11 potential target genes (Supplementary Fig. 1a). PPI network
analysis suggested that MSX2 and /RX3 are hub genes (Supplementary
Fig. 1b). According to previous studies, global Msx2 knockout impairs
osteoclast formation, whereas loss of /rx3 has no effect on
osteoclasts®®?’. Nevertheless, the direct role of Msx2 in osteoclasto-
genesis lacks solid evidence, and the underlying mechanism remains

unclear; therefore, we focused on Msx2 in this study. To confirm the
increased Msx2 expression level in PMOP, we constructed a mouse
OVX model and double-labeled MSX2 with the osteoclastic marker
Cathepsin K (CTSK) on bone sections from the distal femur. As shown
in Supplementary Fig. 1c, d, MSX2* CTSK" cell number was significantly
higher in the OVX group than in the sham group. These results
prompted us to explore the expression pattern Msx2 during osteo-
clastogenesis. Therefore, we stimulated BMMs with M-CSF and RANKL
in vitro and investigated the mRNA and protein levels of Msx2 during
osteoclast formation. The mRNA levels were upregulated on day 3 of
osteoclastogenesis and decreased on day 6 (Supplementary Fig. 1e).
The protein levels of Msx2 also peaked on day 3 and remained constant
on day 6 (Supplementary Fig. 1f, g). Together, these findings suggest
that Msx2 is upregulated in PMOP and osteoclastogenesis, and may be
a potential regulator of osteoclast formation.

Msx2 deficiency in myeloid cells increases bone mass by inhi-
biting pre-osteoclast fusion

To better understand the role of Msx2 in bone metabolism and
osteoclasts, we generated conditional Msx2 knockout mice by crossing
Msx2" mice with LysM-Cre mice (Msx2 cKO), in which Msx2 was defi-
cient in myeloid lineage cells. The bone mass of 3-month-old female
Msx2 cKO mice was higher than that of Msx2"" controls (Fig. 1a). Micro-
computed tomography (Micro-CT) analysis showed that bone volume
per tissue volume (BV/TV), trabecular bone number (Tb.N), and cor-
tical bone thickness (Ct.Th) increased, while trabecular bone separa-
tion (Tb.Sp) decreased in Msx2 cKO mice; trabecular bone thickness
(Tb.Th) remained unchanged (Fig. 1b). Similar to that in females, Msx2
deficiency resulted in elevated BV/TV, Tb.N, Ct.Th, and reduced Tb.Sp
in males (Supplementary Fig. 2). To precisely describe the changes in
bone resorption in Msx2 cKO mice, we analyzed bone sections of the
distal femurs. Although TRAP staining showed comparable numbers of
total TRAP-positive cells between Msx2 cKO mice and controls, the
number of multi-nuclear TRAP-positive cells was lower, and that of
mononuclear TRAP-positive cells was higher in the Msx2 cKO group
(Fig. 1c, d). Serum CTX-1 levels were also downregulated in Msx2 cKO
mice (Fig. 1e). As more pre-osteoclasts were detected in Msx2 cKO mice,
it was proposed that the fusion stage was impaired by Msx2 deficiency.
Therefore, we performed in vitro osteoclastogenesis assays by inducing
BMMs with M-CSF and RANKL. TRAP staining showed that there were
comparable numbers of TRAP* cells in Msx2 cKO and control groups
after 3-day stimulation, and these cells were mainly mononuclear.
However, cells from Msx2 cKO mice did not develop mature multi-
nuclear TRAP* osteoclasts on day 6, suggesting that the fusion stage of
osteoclastogenesis was impaired (Fig. 1f, g). Accordingly, this impair-
ment resulted in the suppression of resorption activity. As shown in
Fig. 1h—j, Msx2 deficient cells generated reduced resorption pit areas on
bone slices and produced fewer resorptive enzymes, such as CTSK. To
directly compare the fusion ability of cells from Msx2 cKO and control
mice, we performed a double fluorescence labeling assay in which fused
cells were defined as double-labeled with both Dil and Hoechst (N>1),
whereas unfused cells received only a single label (Fig. 1k). Expectedly,
Msx2 deficient cells showed more single labeled cells than control cells
when stimulated with RANKL (Fig. 11). To more accurately evaluate the
fusion efficiency of Msx2 cKO cells, we stained F-actin and nuclei using
phallodin and DAPI, respectively. We calculated normalized number of
fusion events as previously reported, equally considering fusions
between two mononucleated cells, one mononucleated cell and one
multinucleated cell, and two multinucleated cells. As shown in Fig. Im,
n, Msx2 cKO cells exhibited significantly reduced fusion events. More-
over, we examined genes related to osteoclast fusion and found Msx2
cKO cells expressed lower levels of Cd9, Cd44, Cd47, Dcstamp, and
Ocstamp, which was consistent with their impaired fusion ability
(Fig. 10). Taken together, these results indicate that Msx2 deficiency
improves bone mass by inhibiting pre-osteoclast fusion.
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Fig. 1| Myeloid Msx2 deficiency improves bone mass through inhibiting pre-

osteoclast fusion. a Representative 3D Micro-CT images of distal femurs from 3-

month-old female Msx2” and Msx2 cKO mice. b Trabecular and cortical bone para-
meters of Msx2" (n=8) and Msx2 cKO (n=8) mice. ¢ Representative TRAP staining
images of distal femurs from 3-month-old female Msx2"" and Msx2 cKO mice. Scale
bar, 100 pm. d Histomorphometric analysis of Oc.N/BS, Mu.Oc.N/BS, and Mo.Oc.N/
BS (n=5). Mu.Oc.N/BS, multinuclear osteoclast number per bone surface; Mo.Oc.N/
BS, mononuclear osteoclast number per bone surface. e Serum CTX-1 level (n=5).
f BMMs were induced by 50 ng/mL RANKL for 3 or 6 days, and representative TRAP
staining images were shown. Scale bar, 100 pm. g Quantification of N.TRAP* cells/

well and osteoclast number (nucleié 5) per well (Oc.N/well) (n=>5). h Representative

SEM images of bone slice resorption pits. Scale bar, 50 um. i Relative resorption pits
area (n=>5). j BMMs from Msx2" and Msx2 cKO mice were stimulated by 50 ng/mL
RANKL, CTSK protein level were detected during osteoclastogenesis. Representative
bands of 3 independent repeats were shown. k Schematic showing cell-cell fusion
assay. | Representative images of cell-cell fusion assay. Scale bar, 100 um. m Msx2™
and Msx2 cKO BMMs were stimulated by 50 ng/mL RANKL for 6 days, the cells were
stained with phalloidin and DAPI to recognize syncytium. Scale bar, 100 um.

n Quantification of normalized number of fusion events (n=5). o Relative mRNA
expression level of fusion-related genes of pre-osteoclasts from Msx2” and Msx2 cKO
mice (n = 6). Data are presented as mean + SD, and p-values were calculated by
unpaired, two-tail student’s t-test (with Welch’s correction when appropriate).

Msx2 deficiency in myeloid cells stimulates osteogenesis and
angiogenesis in vivo

The coupling between osteogenesis and H-type vessel formation has
been widely reported, and mononuclear pre-osteoclast could secrete
PDGF-BB and promote angiogenesis”. Here, Msx2 deficiency in

osteoclast progenitors also resulted in changes on the bone formation
side, with a higher osteocalcin (OCN) -positive cell number, enhanced
mineral apposition rate (MAR), and bone formation rate per bone
surface (BFR/BS) in Msx2 cKO mice (Fig. 2a-d). Angiography showed
that Msx2 cKO mice exhibited elevated vessel volume and vessel
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Fig. 2| Loss of Msx2 promotes bone formation and angiogenesis. a OCN staining
of distal femurs from Msx2”" and Msx2 cKO mice. Scale bar, 50 um. b Quantification
of osteocalcin® cell numbers per bone surface (N.OCN" cells/ BS) (n=>5).

¢ Representative images of calcein double labeling of trabecular bones from Msx2"*
and Msx2 cKO mice. Scale bar, 25 pm. d Quantification of mineral apposition rate
(MAR) and bone formation rate per bone surface (BFR/BS) (n = 5). e Representative
images of femora vessels. f Quantification of vessel volume and vessel surface
(n=5). g EMCN and CD31 immunofluorescence staining of distal femurs from

Msx2" and Msx2 cKO mice. Scale bar, 50 pm. h Quantification of CD31" EMCN"
vessel area in trabecular bones (CD31" EMCN".Ar) (n=>5). i Representative flow
cytometry plots of CD31" EMCN" endothelial cells in whole bone marrow cells.

j Percentage of CD31" EMCN" endothelial cells (n = 3). k Immunofluorescence
staining of PDGF-BB and TRAP in distal femurs from Msx2"" and Msx2 cKO mice.
Scale bar, 50 pm. I Quantification of PDGF-BB* TRAP* cell numbers per bone surface
(n=5). Data are presented as mean + SD, and p-values were calculated by unpaired,
two-tail student’s ¢-test.

surface in the bones (Fig. 2e, f). The number of H-type vessels (CD31"
EMCN") was also increased (Fig. 2g, h). Flow cytometry further sup-
ported our finding that more CD31" EMCN" endothelial cells were
detected in the bone marrow of Msx2 cKO mice (Fig. 2i, j). PDGF-BB*
TRAP* cells are considered to be the main population of pre-
osteoclasts that induce angiogenesis". Therefore, we performed
immunofluorescence staining and found more PDGF-BB* TRAP* cells in
Msx2 cKO mice (Fig. 2k, I). Collectively, the loss of Msx2 in myeloid cells
increases bone mass by impairing osteoclastogenesis and enhancing
angiogenesis and osteogenesis in vivo.

Msx2 deficiency promotes vessel formation of endothelial cells
in vitro

To further confirm the effect of Msx2 deficiency on vessel formation,
we first detected differences in PDGF-BB secretion between samples
derived from Msx2 cKO and control pre-osteoclasts. Msx2 cKO cells
exhibited higher Pdgfb expression levels and produced more PDGF-BB
in the medium (Supplementary Fig. 3a-c). Subsequently, we cultured
human umbilical vein endothelial cells (HUVECs) with conditioned
media derived from Msx2 cKO and control pre-osteoclasts (Supple-
mentary Fig. 3d). The wound-healing assay showed that HUVECs cul-
tured in Msx2 cKO medium exhibited elevated migration activity
(Supplementary Fig. 3e, f). The Matrigel tube formation assay also
indicated that Msx2 cKO conditioned medium enhanced HUVECs tube
formation (Supplementary Fig. 3g, h). The osteogenic ability of bone
marrow mesenchymal stem cells (BMSCs) was not affected by myeloid
Msx2 conditional knockout (Supplementary Fig. 3i). Moreover, no
significant changes in osteogenesis were observed when wild-type
BMSCs were treated with conditioned media from Msx2 cKO and
control pre-osteoclasts in vitro (Supplementary Fig. 3j). These results
suggest that myeloid Msx2 deficiency enhances vessel formation of

endothelial cells and that the observed promoting effect on osteo-
genesis in vivo is indirect.

MSX2 promotes pre-osteoclast fusion through stabilizing PU.1

Given the increased mRNA levels of fusion-related genes such as Cd9,
Cd44, Cd47, Dcstamp, and Ocstamp, we used the Signaling Pathways
Project data of Genecards database to identify their common tran-
scription factors (TFs). This analysis revealed 18 TFs (Supplementary
Fig. 4a). Notably, MSX2 is not among these 18, although it is a well-
known TF. Another important role of MSX2 is to serve as a
co-transcriptional regulator and to affect mRNA expression through
other TFs. Therefore, we analyzed the CHIP-Seq data of fusion-related
genes from Genecards, and PU.1 (Spil) showed a relatively higher fre-
quency and binding score in all five fusion-related genes, which means
PU.1is the most probable TF regulating fusion-related genes (Supple-
mentary Fig. 4b-f). Thus, MSX2 likely regulates the expression of
fusion-related genes via PU.1. Overexpressing of PU.1 indeed rescued
the formation of multinucleated osteoclasts and the expression of
fusion-related genes (Fig. 3a—c). To further explore the effect of MSX2
on PU.1, we investigated whether Msx2 knockout altered the expres-
sion of PU.L. After treating Msx2”" BMMs with Cre or Msx2 adeno-
viruses, the protein level of PU.1 was altered, whereas the mRNA level
of PU.1 remained unchanged (Fig. 3d-f). Moreover, knocking out Msx2
enhanced PU.1 degradation when treated with cycloheximide (CHX)
(Fig. 3g, h), whereas overexpression of MSX2 suppressed PU.1 degra-
dation (Supplementary Fig. 5a, b). To clarify the PU.1 degradation
pathway, we used the proteasome inhibitor MG132 or the lysosome
inhibitor chloroquine (CQ) to treat Msx2” and Msx2 cKO pre-osteo-
clasts, respectively. Protein degradation of PU.1 was prevented by
MG132 treatment, while CQ showed no rescue effect, suggesting that
MSX2 regulated PU.1 protein degradation mainly through the
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Fig. 3 | Msx2 promotes pre-osteoclasts fusion through stabilizing PU.1. a BMMs
were infected by GFP or PU.1 adenovirus and then stimulated by RANKL. Repre-
sentative images of TRAP staining were shown. Scale bar, 100 pm. b Quantification
of Oc.N/well in (a) (n =5). c BMMs were infected by GFP or PU.1 adenovirus and then
stimulated by RANKL for 3 days. Relative mRNA expressions of fusion related genes
were measured (n=5). d BMMs were infected by GFP, Cre, or MSX2 adenovirus and
then stimulated by RANKL, relative PU.1 mRNA expression was measured (n=5).
e BMMs were treated as stated in (d), and representative images of MSX2 and PU.1
protein bands were shown. f Quantification of MSX2 and PU.1 relative grey levels
(n=3). g BMMs from Msx2"" and Msx2 cKO mice were induced by RANKL for 3 days,
then cells were treated by cycloheximide (CHX) for indicated hours, the protein
levels of PU.1 and MSX2 were detected. h Quantification of PU.1 relative grey level.

i BMMs from Msx2”f and Msx2 cKO mice were induced by RANKL for 3 days, then
cells were treated by DMSO, MG132, or chloroquine (CQ) for 4 h, the protein levels
of PU.1 and MSX2 were detected. j Relative PU.1 protein level was measured (n = 3).
k BMMs from Msx2”" and Msx2 cKO mice were induced by RANKL for 3 days. Cells
were treated with MG132 for 4 h, and Co-IP was performed to examine the ubi-
quitination level of PU.L. 1 PU.1 and CTSK immunofluorescence staining of distal
femurs from Msx2”" and Msx2 cKO mice. Scale bar, 100 pm. m Quantification of
PU.I" CTSK" cell numbers per bone surface (PU.1* CTSK".N/ BS) (n=5). Data are
presented as mean + SD, and p-values were calculated by unpaired, two-tail stu-
dent’s t-test (f and m), one-way ANOVA with Tukey’s multiple comparisons (b-d)
and two-way ANOVA with Sidak’s multiple comparisons (h and j).

proteasome pathway (Fig. 3i, j). Subsequently, we performed ubiqui-
tination assays and found Msx2 cKO pre-osteoclasts exhibited
increased PU.1 ubiquitination (Fig. 3k). In contrast, overexpression of
MSX2 attenuated PU.1 ubiquitination, similar results were obtained in
the 293T cell line (Supplementary Fig. 5c, d). To further confirm the
reduced PU.1 level in osteoclast in vivo, we labeled PU.1 with osteo-
clastic marker, CTSK, in bone sections and found the number of PU.1"
CTSK" cells was significantly reduced in Msx2 cKO mice (Fig. 3I, m).
Because PU.1 is crucial for myeloid differentiation, we examined the
expression of F4/80, a marker of mature monocytes and macrophages,
in bone sections from Msx2 cKO mice. The expression level of F4/80
was comparable in Msx2" and Msx2 cKO mice, indicating that myeloid
Msx2 deficiency does not no influence on myeloid differentiation and
osteoclast precursor formation (Supplementary Fig. 5e, f). In summary,
MSX2 promotes the expression of osteoclast fusion-related genes by
preventing the proteasome-mediated degradation of PU.1 without
affecting macrophage and osteoclast precursor development.

MSX2 binds PU.1 and protects it from FBXW7-mediated
ubiquitination

To further explore how MSX2 protects PU.1, we hypothesized that
MSX2 directly binds to PU.1. Immunofluorescence labeling revealed
that MSX2 and PU.1 are both nuclear (Fig. 4a). The Co-IP assay further
confirmed the direct combination of MSX2 and PU.1in both BMMs and

HEK-293T cells (Fig. 4b, c¢). To investigate whether this combination
affected PU.1 degradation, we searched for the potential E3 ubiquitin
ligases related to PU.1 using UbiBrowser and found FBXW7%, FBXW?7 is
the only E3 ubiquitination ligase for PU.1 that has been confirmed by
literature in UbiBrowser database (Fig. 4d). Expectedly, exogenous
MSX2 significantly reduced the ubiquitination level of PU.1, which was
rescued by FBXW7 overexpression in HEK-293T cells (Fig. 4e). Intri-
guingly, the MSX2 binding region in PU.1 was also the critical motif
responsible for FBXW7 recognition. Specifically, we analyzed the
amino acid sequence of PU.1 and found three loci in accordance with
the FBXW7 phosphodegron motifs (S/TxxxS/T), which was consistent
with a previous study® (Fig. 4f). Molecular docking assays revealed
that MSX2 sheltered PU.1-Ser41 and Ser142, blocking their recognition
by FBXW?7 (Fig. 4g). We further mutated PU.1-Ser41 and PU.1-Ser142
(PU.I-MUT: PU.1-S41A, S142A) and found that FBXW7 could promote
PU.1 ubiquitination, however, this effect was canceled by PU.1 muta-
tion (Fig. 4h). Overall, MSX2 served as a protector by concealing PU.1-
Ser41 and Ser142, thereby preventing PU.1 from being ubiquitinated by
FBXW?7 (Fig. 4i).

Msx2 Fbxw7 double knockout blunts the bone phenotype of
Msx2 cKO mice

FBXW?7 has been reported to participate in osteoclastogenesis and
mice with osteoclast-specific Fbxw?7 ablation (Fbxw7" Ctsk-Cre) exhibit
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Fig. 4 | MSX2 binds PU.1 and protects it from FBXW7 mediated ubiquitination.
a BMMs were stimulated by RANKL for 3 days, and immunofluorescence staining of
MSX2 and PU.1in BMMs were captured. Scale bar, 20 um. b BMMs were stimulated
by RANKL for 3 days, and Co-IP was performed to show the interaction between
MSX2 and PU.1. ¢ HEK-293T cells were transfected by PU.1-FLAG and MSX2-HA, and
the interaction between MSX2 and PU.1 were examined. d Prediction of the E3
ubiquitination ligase of PU.1 using Ubibrowser. e HEK-293T cells were transfected

as indicated and then treated by MG132 for 6 h. The ubiquitination level of PU.1 was
detected by Co-IP. f The FBXW7 CPD consensus motif in mouse PU.1. g Molecular
docking of MSX2 and PU.1 complex. h HEK-293T cells were transfected as indicated
and then treated by MG132 for 6 h. The PU.1 ubiquitination levels were detected by
Co-IP. i Schematic of the protective effect of MSX2 on PU.1 ubiquitination degra-
dation. All experiments were repeated 3 times independently, and the repre-
sentative images were shown (a-c, e, and h).

osteoporotic phenotype®. Here, we found that myeloid Fbxw7 defi-
ciency (Fbxw7" LysM-Cre, Fbxw?7 cKO) also led to low bone mass, with
reduced BV/TV, Tb.Th, Tb.N, and elevated Tb.Sp (Supplementary
Fig. 6a, b). Loss of Fbxw7 promotes osteoclastogenesis both in vivo and
in vitro (Supplementary Fig. 6¢-f). Consistently, PU.1 protein level was
upregulated by Fbxw7 knockout (Supplementary Fig. 6g). To better
confirm the relationship between MSX2, PU.1, and FBXW?7 in vivo, we
bred Msx2" Fbxw7" IysM-Cre mice (dKO), in which both Msx2 and
Fbxw7 were knocked out in myeloid cells. As expected, PU.1 protein
levels were restored by the double knockout (Supplementary Fig. 7a).
The Co-IP assay revealed a lower ubiquitination level of PU.1 by double
knockout (Supplementary Fig. 7b). The in vitro osteoclastogenesis
assay showed recovery of multi-nuclear TRAP-positive cell numbers
(Supplementary Fig. 7c, d). The bone slice resorption assay indicated
that the double knockout rescued the bone resorptive pit area (Sup-
plementary Fig. 7e, f). Additionally, the normalized number of cell
fusion events was partially recovered by the double knockout (Sup-
plementary Fig. 7g, h). Subsequently, we analyzed the bone pheno-
types in vivo. The bone mass of dKO mice was lower than that of Msx2
cKO mice, and bone parameters were altered correspondingly
(Fig. 5a-c). Furthermore, bone section staining showed that the

number of multi-nuclear TRAP-positive cells was recovered in dKO
mice, whereas OCN-positive cells were decreased (Fig. 5d-g). The
number of H-type vessels also decreased (Fig. 5h, i). Furthermore,
while the number of PDGF-BB and TRAP double-positive cells was
increased in Msx2 cKO mice, the double knockout significantly
reduced this population (Fig. 5j, k). In conclusion, using an Msx2 Fbxw7
double knockout mouse model, we further confirmed that MSX2
protects PU.1 from FBXW7-mediated ubiquitination.

Targeting MSX2 by morusinol prevents bone loss in OVX mice

Given that Msx2 deficiency led to elevated bone mass, we hypothe-
sized that targeting MSX2 could be a potential therapy for osteo-
porosis. To test this hypothesis, we investigated the bone
phenotypes of Msx2" and Msx2 cKO mice after ovariectomy. As
shown in Supplementary Fig. 8a, b, OVX surgery led to a reduction of
BV/TV from 8.497 +1.412% to 2.508 +1.012% (approximately 70.5%
loss) in Msx2" mice, while the proportion of bone loss in Msx2 cKO
mice was 60.3% (from 14.54 +1.861% to 5.712 +1.224%). Moreover,
Msx2 cKO mice exhibited increased Tb.N, Ct.Th, and decreased Tb.Sp
after OVX (Supplementary Fig. 8b). Histological analysis revealed
that Msx2 deficiency resulted in fewer multi-nuclear osteoclasts, and
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of EMCN and CD31 immunofluorescence staining of distal femurs. Scale bar, 50 pm.
i CD31" EMCN".Ar was measured (n = 5). j Representative images of PDGF-BB and
TRAP immunofluorescence staining. Scale bar, 50 pm. k Quantification of PDGF-BB*
TRAP' cell numbers/ BS (n = 5). Data are presented as mean + SD, and p-values were
calculated using one-way ANOVA with Tukey’s multiple comparisons.

serum CTX-1 levels were also reduced (Supplementary Fig. 8c-e). On
the bone formation side, Msx2 cKO mice showed more OCN-positive
cells, higher MAR and BFR/BS (Supplementary Fig. 8f-i). Con-
sistently, angiogenesis was more active in Msx2 cKO mice, with more
EMCN" CD31" vessels (Supplementary Fig. 8j, k). These results con-
firmed that the bone protective effects of Msx2 deficiency also exist
in the OVX mouse model.

Natural compounds have shown advantages in terms of safety,
effectiveness, and convenience in disease treatment®; therefore, we
screened approximately 20,000 natural compounds using high-
throughput virtual screening (HTVS) to identify potential com-
pounds that could interrupt the MSX2-PU.1 combination. According to
the XP Gscore and molecular mechanics-generalized born surface area
(MM-GBSA) dG Bind, we identified 13 molecules that showed a rela-
tively high affinity for MSX2, of which four molecules could form direct
interactions with MSX2, including isosilybin, dehydrodiconiferyl
alcohol, lincomycin hydrochloride monohydrate, and morusinol
(Fig. 6a, b). After determining the concentrations used for in vitro
treatment, we incubated BMMs with these drugs under RANKL sti-
mulation (Fig. 6¢). TRAP staining revealed that morusinol exerted the
strongest suppressive effect on osteoclastogenesis (Fig. 6d, e). A bone
resorption assay confirmed the inhibitory effect of morusinol on

osteoclast function (Fig. 6f, g). The protein level of CTSK and PU.1 was
also reduced by morusinol (Fig. 6h, i). To evaluate whether morusinol
affects osteoclast fusion, we performed fusion assay in which the
morusinol group exhibited significant decreased number of Hoechst*
Dil" cells (Fig. 6j). Via F-actin staining, we found that morusinol reduced
the number of osteoclast fusion events (Fig. 6k, 1). Consistently,
osteoclast fusion-related gene expression was also suppressed by
morusinol (Fig. 6m). To determine whether these effects of morusinol
were exerted through MSX2 and PU.1, we performed molecular
docking between morusinol and MSX2, which showed that morusinol
forms hydrophobic interactions with Val*? and Leu'”®, a hydrogen bond
interaction with Ser'”®, and m-cation with Lys> (Fig. 6n). These amino
acid residues are important for the interaction between MSX2 and
PU.1; thus, morusinol may inhibit osteoclastogenesis by interrupting
the combination of MSX2 and PU.1 and promoting PU.1 degradation.
As expected, the Co-IP assay indicated that the MSX2-PU.1 complex
was reduced under morusinol treatment, while ubiquitinated PU.1 was
upregulated (Fig. 60, p). To further confirm whether morusinol works
through the MSX2-FBXW?7 axis, we employed morusinol in Fbxw7 cKO
cells and found that Fbxw7 deficiency could rescue morusinol-
mediated osteoclast inhibition (Supplementary Fig. 9a, b). Accord-
ingly, the expression of fusion-related genes and the protein level of
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PU.1 and CTSK were recovered (Supplementary Fig. 9c, d). Since nat-
ural products generally exhibits extensive polypharmacology, and
morusinol reportedly regulates beta3-integrin, tumor necrosis factor,
and interleukin 1 beta involved in osteoclastogenesis, we profiled
expression changes of these potential targets under morusinol
treatment®>°, As shown in Supplementary Fig. 9e, morusinol subtly
influenced the expression of representative pro-inflammatory

cytokines, including /l-1b, Tnf-a, and II-6, only slightly enhancing /l1-b.
Although morusinol significantly reduced beta3-integrin (Supple-
mentary Fig. 9f), it may also be a downstream effect of PU.1, which has
been reported to transactivate beta3-integrin in concert with NFATc1”.
Although we cannot completely exclude the polypharmacology of
murosinol, our results indeed proves that MSX2-FBXW?7 axis is
important for the actions of morusinol.
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Fig. 6 | Morusinol targets MSX2-PU.1 complex and inhibits osteoclast fusion.
a Strategy of high throughput virtual screening. b Information of the most likely
MSX2-targeting natural compounds. ¢ BMMs were incubated with indicted con-
centrations of drugs for 48 h, the cell viability was detected by CCK-8 assay and
normalized to control group (n =3). d BMMs were stimulated by RANKL accom-
panied with isosilybin (25 pM), DCHA (100 pM), lincomycin hydrochloride mono-
hydrate (6.25 uM), or morusinol (2.5 uM), respectively. Representative images of
TRAP staining were shown. Scale bar, 100 pm. e Quantification of Oc.N/well in (d)
(n=5). f Bone resorption assay of morusinol treatment. Scale bar, 50 pm.

g Quantification of relative resorption pits area (n=5). h Protein level of PU.1 and
CTSK under morusinol treatment. i Relative PU.1 and CTSK grey level in (h) (n =3).
j Cell-cell fusion under morusinol treatment. Scale bar, 100 pm. k BMMs were

stimulated by 50 ng/mL RANKL and 2.5 uM morusinol for 6 days, the cells were
stained with phalloidin and DAPI. Scale bar, 100 um. I Quantification of normalized
number of fusion events (n =5). m Relative mRNA expression of osteoclast fusion-
related genes (n=5). n Three-dimensional image of molecular docking between
morusinol and MSX2. I Protein level of PU.1 and CTSK under morusinol treatment.
0 BMMs were stimulated by RANKL with or without morusinol for 3 days, then cells
were treated by MG132 for 4 h. Co-IP assay was performed to detect the combi-
nation of MSX2 and PU.1. p BMMs were stimulated by RANKL with or without
morusinol for 3 days, then cells were treated by MG132 for 4 h, the ubiquitination
level of PU.1 was examined. Data are presented as mean + SD, and p-value were
calculated by unpaired, two-tail student’s ¢ test (g, i, I, and m) or one-way ANOVA
with Dunnett’s multiple comparisons (c and e).

The positive in vitro results prompted us to further investigate the
potential therapeutic effects of morusinol in an OVX mouse model. As
shown in Fig. 7a, mice were injected daily with 30 mg/kg morusinol for
6 weeks after sham surgery or ovariectomy. Micro-CT results con-
firmed the beneficial effects of morusinol on bone mass, manifested by
rescued BV/TV, Tb.Th, Ct.Th, and reduced Tb.Sp (Fig. 7b, c). Regarding
bone resorption, TRAP staining showed that OVX mice exhibited
increased multi-nuclear osteoclasts and reduced mono-nuclear
osteoclasts, whereas morusinol treatment reversed this trend
(Fig. 7d, e). Morusinol also reduced serum CTX-1 concentration in OVX
mice (Fig. 7f). Moreover, we double-labeled PU.1 and CTSK in OVX and
OVX +morusinol groups. The number of PU.I" CTSK" cells was sig-
nificantly reduced by morusinol in OVX models, indicating morusinol
promotes PU.1 degradation in osteoclasts in vivo (Fig. 7g, h). Similar to
that in Msx2 cKO mice, morusinol treatment did not affect macro-
phage development (Supplementary Fig. 10). In terms of bone for-
mation, morusinol treatment increased OCN-positive cells and
enhanced MAR and BFS/BS (Fig. 7i-1). Regarding angiogenesis, EMCN"
CD31" vessels were reduced in the OVX group, whereas morusinol
treatment rescued vessel formation (Fig. 7m, n). Overall, targeting
MSX2 with morusinol inhibits bone resorption, enhances bone and
vessel formation, and protects bone mass.

Discussion
In this study, we identified Msx2 as a critical homeobox gene that
modulates bone homeostasis. Msx2 expression is upregulated in PMOP
bones and during osteoclastogenesis. As shown in Fig. 8, knocking out
Msx2 increases bone mass by attenuating osteoclastogenesis and
enhancing angiogenesis-mediated bone formation. At the cellular
level, Msx2 deficiency inhibits cell fusion and results in a larger popu-
lation of pre-osteoclasts, leading to the enhanced secretion of PDGF-
BB. High levels of PDGF-BB promote H-type vessel formation and
subsequently stimulate osteogenesis. Molecularly, MSX2 prevents
PU.1, one of the master transcription factors involved in osteoclast
formation, from FBXW7-mediated ubiquitination and degradation.
MSX2 binding sheltered the key motif of PU.1 from FBXW?7 recogni-
tion. These findings prompted us to screen natural compounds tar-
geting MSX2 and identify morusinol, which directly disrupts the MSX2-
PU.1 complex and serves as an anabolic therapy for osteoporosis.
Homeobox genes are a large and diverse group of genes char-
acterized by possessing at least one 180 bp homeobox DNA sequence
that encodes a highly conserved 60 amino acid homeodomain®.
Homeodomain proteins are generally considered transcription factors
or co-transcription factors that play vital roles in diverse physiological
and pathological processes®. Approximately 15% of all transcription
factors within the animal genome are homeodomain proteins. Studies
have shown that homeodomain protein families, such as MSX,
DLX, and PBX, regulate cranium and limb development during
embryogenesis®*. Moreover, it has been reported that home-
odomain proteins play an active role in adult bone mass regulation*>*,
Nevertheless, most existing studies have focused on the impact of
homeodomain proteins on osteogenesis, with little understanding of

their roles in osteoclastogenesis. A few studies have revealed that
homeobox genes, such as Lhx2, DIx5, and Pax6, affect osteoclast
formation***¢; however, these minority studies are fragmented and
unsystematic. Here, we used the expression profiles of PMOP bones to
identify 11 osteoporosis-related homeobox genes. PPl network analysis
indicated MSX2 as a hub gene. Furthermore, in vitro and in vivo
experiments confirmed elevated Msx2 expression in osteoporotic
bones and osteoclastogenesis. Collectively, these results inspired us to
explore the potential role of MSX2 in osteoclast formation and bone
resorption.

Voluminous previous studies have reported that MSX2 is closely
associated with bone development. MSX2 mutations cause Boston-
type craniosynostosis, and haploinsufficiency of human MSX2 causes
deficient ossification around the parietal notch®. In mouse models,
whole-body Msx2 deficient mice are viable but with a variety of mal-
formations, including PFM, defective cerebellum, tooth, hair follicle,
and mammary gland development®. Msx2 deficient P30 mice exhibit
an osteopenia phenotype with predominant osteoblast defects. These
phenotypes are considered to be associated with the crucial role of
Msx2 in osteoblast differentiation. It has been reported that Msx2
promotes primary murine osteoblast differentiation and calcification
in concert with typical osteoblastic transcription factors, and ectopic
Msx2 rescues the impaired osteoblastogenesis induced by Runx2
deficiency*’*%. Mechanistically, Msx2 expression responds to BMP2/4,
and further activates canonical Wnt signaling in osteoblast
progenitors**~°. Notably, there are also studies suggesting the poten-
tially important role of Msx2 in osteoclastogenesis. In a Msx2”" trans-
genic mouse model, Msx2 null mutation leads to periodontal
osteopetrosis, with impaired osteoclast generation in alveolar bones?.
It has also been reported that Msx2 deficient adult mice show a slight
osteopetrosis phenotype in the skull, tibia, and mandible, which could
be reversed by RANK overexpression®’. Therefore, the role of Msx2 in
different types of bone cells is complex, and conditional Msx2 deficient
models are warranted. In this study, we found that PMOP bone samples
showed increased Msx2 expression in osteoclasts, indicating that Msx2
in osteoclasts also plays an important role in bone metabolism during
adulthood. We generated myeloid-specific Msx2 deficiency mice and
demonstrated that knocking out Msx2 in osteoclast progenitors
improves bone mass, with impaired osteoclastogenesis mainly mani-
festing as impaired osteoclast fusion rather than reduced osteoclast
numbers. Although our results confirmed the direct role of MSX2 in
osteoclasts and bone homeostasis, osteoblast-specific Msx2 knockout
and inducible gene knockout systems are still needed to characterize
the effect of MSX2 on bone mass more precisely.

In recent years, an increasing number of studies have demon-
strated that bones exhibit important endocrine and paracrine beha-
viors. Crosstalk between different cells in the bone environment
provides new insights into the regulation of bone metabolism and
general health. The most classic and well-known interaction between
bone cells is that osteoblast lineage cells could secrete RANKL and
induce osteoclastogenesis. In 2014, Xie et al. first reported that pre-
fusion osteoclasts release PDGF-BB, which promotes H-type vessel
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Fig. 7 | Targeting MSX2 by morusinol prevents bone loss in OVX mice.

a Schematic diagram for morusinol treatment in OVX mice, created by Biorender.
b The 3D Micro-CT images of distal femurs from mice in Sham, OVX, and OVX
+morusinol groups. ¢ Bone morphology parameters of distal femurs (n=10).

d Representative TRAP staining images from Sham, OVX, and OVX + morusinol
groups. Scale bar, 100 pum. e Quantification of Mu.Oc.N/BS and Mo.Oc.N/BS (n=5).
f Serum CTX-1 levels were detected by ELISA (n =5). g Inmunofluorescence stain-
ing of PU.1 and CTSK in distal femurs from OVX and OVX+morusinol groups. Scale
bar, 50 um. h Quantification of PU.1* CTSK" cell number/ BS (n=5). i Calcein

labeling images from OVX and OVX+morusinol groups. Scale bar, 25 pm.

j Quantification of MAR and BFR/BS (n =5). k Immunofluorescence staining of OCN
in distal femurs from OVX and OVX + morusinol groups. Scale bar, 50 pm. I N.OCN*
cells/BS was measured (n =5). m Representative images of immunofluorescence
staining of EMCN" CD31" vessels. Scale bar, 50 um. n Quantification of CD31"
EMCN" Ar (n=5). Data are presented as mean + SD, and p-values were calculated by
unpaired, two-tail student’s t-test (h, j, and I) and one-way ANOVA with Tukey’s
multiple comparisons (c, e, f, and n).

formation and subsequently stimulates osteogenesis. Since then,
molecules affecting osteoclast fusion and angiogenesis, such as
SIGLEC15, L-plastin, and TLR2, have been successively discovered™ ",
Antibodies targeting these molecules have also been developed®.
Moreover, a recent study also demonstrated that adipocytes in bone
marrow could couple angiogenesis through estrogen-related receptor
o, These studies emphasize the important role of angiogenesis in
mediating bone cell crosstalk and regulating bone mass. Here, we

demonstrate that Msx2 deficiency in myeloid cells reduces bone
resorption and increases bone mass. Additionally, we observed that
angiogenesis-mediated bone formation was enhanced as a secondary
effect of osteoclast-specific Msx2 knockout. These findings are attrib-
uted to the role of MSX2 in osteoclast fusion. Specifically, Msx2 defi-
ciency impairs osteoclast fusion and exerts the role of “brake” in the
progression of osteoclast cell fate, leading to increased pre-osteoclast
numbers and PDGF-BB secretion.
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Fig. 8 | Schematic diagram of targeting Msx2 as a brake in the fusion fate of
osteoclast and an anabolic therapy for osteoporosis. In wild-type myeloid cells,
MSX2 binds PU.1 and prevents PU.1 from FBXW7 mediated ubiquitination, which
safeguards fusion cell fate of osteoclast and results in bone resorption. Targeting
Msx2 promotes PU.1 degradation and acts as a “brake” in the progression of the
fusion fate of osteoclast, resulting in a larger population of pre-osteoclasts. Pre-

osteoclasts secrete PDGF-BB and enhance angiogenesis-mediated bone formation
(upper part of Fig. 8). Since voluminous prior studies have reported that MSX2 is
important in regulating Wnt signaling and bone formation in concert with osteo-

genic transcription factors, myeloid-specific targeting MSX2 is necessary to achieve
net anabolic effects (lower part of Fig. 8). The schematic diagram was designed by
Figdraw.

Osteoclast fusion is a well-organized process triggered by RANKL,
during which mono-nuclear pre-osteoclasts form multi-nuclear mature
osteoclasts. The fusion process involves proteins that mediate recog-
nition and initial association between fusing cells, fusogens that drive
the actual fusion events, and various accessory proteins®. Classic
fusion-related proteins in osteoclastogenesis include CD9, CD44,
CD47, OC-STAMP, and DC-STAMP, the most well-known fusogen®. In
recent years, novel fusion-related proteins such as SIGLEC15, L-plastin,
and TLR2 have been identified****. In this study, we showed that the
expression of classic fusion-related molecules in osteoclastogenesis is
downregulated in Msx2 cKO mice. However, PU.1, rather than MSX2,
was predicted to be the common transcription factor of fusion-related
genes. Considering PU.1 participates in the entire process of osteoclast
differentiation and promotes osteoclast commitment and maturity of
osteoclast®™*%, we proposed that the “brake” role of targeting MSX2
acts on PU.1-“clutch”. Indeed, we found that MSX2 could regulate PU.1
protein levels without affecting PU.1 mRNA levels. Mechanistically,
MSX2 could directly bind to PU.1 and prevent it from FBXW7-mediated
degradation. FBXW?7 is known to recognize a conserved S/TxxxS/T
motif>*°, and we found that the key phosphorylation loci of PU.1
(Ser41, Ser142) are sheltered by MSX2, leading to reduced ubiquitina-
tion and degradation of PU.1. Msx2 and Fbxw7 double knockout res-
cued PU.1, and subsequently osteoclast fusion, which was also

confirmed in vivo. These results demonstrate that MSX2 could prevent
PU.1 from FBXW7-mediated degradation through direct binding.
Nevertheless, although our results provide sufficient evidence for the
indirect role of MSX2 in fusion-related genes through PU.], it is still
difficult to rule out the direct transcriptional effect of MSX2 on
these genes.

Anti-resorptive drugs such as bisphosphonates and denosumab
are the first-line agents for osteoporosis treatment. However, these
drugs cause severe adverse events, poor compliance, and easy
recurrence®, which prompt us to identify and develop new drugs.
Recently, drugs such as teriparatide and romosozumab have been
developed and applied clinically, drawing more attention to anabolic
therapeutic strategies for osteoporosis treatment®. In this study, we
demonstrated that targeting MSX2 could be an anabolic strategy.
Knocking out Msx2 in osteoclast progenitors inhibited bone resorp-
tion, enhanced angiogenesis-mediated bone formation, and rescued
bone mass in an OVX-induced osteoporosis mouse model. In addition,
the expression pattern of Msx2 indicates that targeting MSX2 primarily
affects the osteoclast fusion stage, which evades the potential risk of
PU.1 deficiency in myeloid development. Natural products are critical
sources of drugs. Compared to synthetic compounds and biological
agents, natural products have greater molecular rigidity, which makes
them more valuable in tackling protein-protein interactions.
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Moreover, their use in traditional medicine provides helpful references
for efficiency and safety®. In this study, we found that morusinol can
target MSX2 and disrupt the interaction between MSX2 and PU.1.
Morusinol treatment attenuates multi-nuclear osteoclast formation
both in vitro and in vivo. Meanwhile, morusinol promoted vessel for-
mation and osteogenesis. Although we could not completely exclude
the polypharmacology of murosinol, our results indicated that mor-
usinol exhibits great potential for the treatment of osteoporosis.

In conclusion, this study demonstrates that Msx2 is a critical
homeobox gene regulating osteoclastogenesis and bone homeostasis.
Targeting MSX2 acts as a “brake” in the progression of osteoclast cell
fate by promoting PU.1 degradation, which subsequently enhances
angiogenesis-mediated bone formation. Morusinol targets MSX2 and
serves as an anabolic therapy for osteoporosis.

Methods

Mice

The LysM-Cre (#004781) mice and Msx2”" mice (#025441) were from
Jackson Laboratory (USA). Mice carrying Fbxw? conditional null alleles
(Fbxw7™”, NM-CK0O-200327) were from Shanghai Model Organisms
(Shanghai, China). Msx2” mice were crossed with LysM-Cre mice to
generate Msx2”, LysM-Cre* mice. Myeloid-specific Msx2 deletion was
obtained by breeding Msx2"*, LysM-Cre* mice with Msx2”" mice, and
Msx2™ littermates were used as control. Three-month-old female and
male mice samples were collected for further analysis. Myeloid-specific
Fbxw7 deletion was acquired by crossing Fbxw7" mice with LysM-Cre
mice through a similar strategy. Three-month-old female Fbxw7",
LysM-Cre* mice and their littermate controls were used for phenotype
assessment. To obtain Msx2, Fbxw7 dKO mice, Msx2”, [ ysM-Cre* mice
were firstly crossed with Fbxw7” mice to generate Msx2", Fbxw7",
LysM-Cre* mice, which were then crossed with Msx2”f mice to obtain
Msx2", Fbxw7", LysM-Cre* mice. The Msx2”, [ysM-Cre' mice and
Msx2", Fbxw7™", LysM-Cre" mice were generated by breeding Msx27,
Fbxw7", LysM-Cre* mice with Msx2”, Fbxw7"* mice, and the Msx2"f
littermates were used as control. Three-month-old female Msx2, Fbxw7
dKO mice were used for further evaluation. Female wild-type C57BL/6
mice were purchased from SLAC Laboratory Animal Company
(Shanghai, China). All animal procedures were ethically approved by
Sir Run Run Shaw Hospital Committee for Animal Resources, and were
conducted in compliance with the approved ethical guidelines. Mice
were housed under a 12 h dark/12 h light cycle, 22 °C ambient tem-
perature, and 50% humidity. All mice were routinely genotyped using
standard PCR protocols, and the primers used are listed in Supple-
mentary Table 1. All experimental animals in this study were anesthe-
tized by intraperitoneal injection of 1% sodium pentobarbital before
surgery or sacrifice to reduce the pain.

Ovariectomy (OVX)-induced osteoporosis mouse model
Eight-week-old female mice were anesthetized and subjected to a
sham operation or bilateral ovariectomy. All mice were given 1 week
for postoperative recovery. Msx2” and Msx2 cKO mice were eutha-
nized 6 weeks after recovery. Femur and blood samples were collected
for further analysis. For the morusinol treatment, 30 mice were ran-
domly categorized into three groups: Sham, OVX, and OVX+
murosinol, with 10 mice per group. Morusinol was dissolved in dime-
thyl sulfoxide and diluted in PBS (vehicle). Mice from the Sham and
OVX groups received vehicle injections daily, whereas mice in the
OVX + morusinol group received morusinol injections (30 mg/kg/day)
one week after the surgery. After a 6-week injection period, the mice
were sacrificed for further analysis.

Micro-CT

The femurs were scanned using a Skyscan 1275 instrument (Bruker).
The scanning parameters were set as follows: 50 kV, 200 mA, and 9 pm
voxel size. For the region of interest (ROI), we selected sections from

100 slices below the growth plate to 300 slices below the growth plate
for trabecular bones, and from 300 slices below the growth plate to
350 slices below the growth plate for cortical bones. Bone parameters,
including BV/TV, Tb.Th, Tb.N, Tb.Sp, and Ct.Th, were analyzed using
CTAn software (Bruker). The 3D reconstructed images were obtained
by stacking the 2D images from the ROI using the CTVox software
(Bruker).

Bone histology and immunofluorescence

The femurs were fixed with 4% paraformaldehyde for 48 h and then
decalcified for 2 weeks. The samples were then embedded in paraffin
and cut into 4-um-thick sections. TRAP staining was performed using a
commercial kit (Sigma-Aldrich). For the immunofluorescence staining,
we incubated bone sections with primary antibodies at 4 °C overnight.
The antibodies used for immunofluorescence analysis were OCN
(ab93876, Abcam), CTSK (sc-48353, Santa Cruz), MSX2 (DF4126, Affi-
nity), CD31 (ab182981, Abcam), EMCN (sc-65495, Santa Cruz), PDGF-BB
(ab23914, Abcam), and TRAP (ab191406, Abcam). The sections were
then incubated with fluorescence-conjugated secondary antibodies
for 2h at room temperature. The images were captured using a
fluorescence microscope, and we quantified the positively stained cells
in five randomly selected fields of the distal metaphysis of femurs
using Halo software.

Angiography

Bone blood vessel imaging was conducted using Micro-CT according
to previous reports®>**, Mice were anesthetized, the left ventricle was
exposed, and a needle was inserted. The vasculature was washed with
saline solution 3 times and then fixed with 4% paraformaldehyde. The
vessel dye (MV-120, Flow Tech) was then injected into the vasculature.
Subsequently, mice were incubated at 4 °C overnight to crosslink the
dye, and then femurs were collected and decalcified for 2 weeks. The
decalcified bones were subjected to micro-CT scanning, and the vessel
volume and vessel surface were measured.

Flow cytometry

Flow cytometry was performed as previously reported®. Briefly, fresh
femurs from Msx2” and Msx2 cKO mice were collected, and the mus-
cles, periosteum, and epiphysis were removed. The bone marrow was
flushed and collected, and the bones were crushed in cold PBS and
digested by collagenase together with the flushed bone marrow at
37 °C for 20 min to obtain the whole bone marrow cells. After filtration
and washing, the cells were then incubated with an APC-conjugated
CD31 antibody (17-0311-82, eBioscience), PE-conjugated EMCN mono-
clonal antibody (sc-65495, Santa Cruz), BV510 conjugated TER119
antibody (563995, BD Horizon), or FITC-conjugated CD45 antibody
(553079, BD Pharmingen). Fluorescence-activated cell sorting (FACS)
was performed, and CD31°CD45TER119 cells were sorted as bone
marrow endothelial cells.

Calcein double labeling

Calcein (#C7600) was purchased from Solarbio (Beijing, China). Cal-
cein double labeling experiments were conducted as previously
described®. Briefly, mice were intraperitoneally injected with calcein
(15 mg/kg) 10 and 3 days before euthanasia. Femurs were collected and
sectioned. Calcein labels were captured using a fluorescence micro-
scope, and the MAR was calculated according to a previously reported
standard®.

In vitro osteoclastogenesis

The femurs and tibias of 6-week-old mice were collected and used for
BMMs extraction. Bone marrow cells were flushed out and cultured in
complete a-MEM supplemented by 30 ng/mL M-CSF (416-ML, R&D) for
4 days. Non-adherent cells were removed, and BMMs were seeded into
96-well plates at a density of 8000 cells/well. For osteoclast
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stimulation, cells were induced with 30 ng/mL M-CSF and 50 ng/mL
RANKL (462-TEC, R&D) for 5-6 days until multi-nuclear osteoclasts
were generated.

Preparation of conditional medium

Conditioned medium derived from pre-osteoclast was prepared
according to previous reports'*>. Briefly, BMMs were stimulated with
30 ng/mL M-CSF and 50 ng/mL RANKL for 3 days to generate pre-
osteoclasts. The serum-containing pre-osteoclast-derived conditional
medium was collected 2 days after pre-osteoclast formation. To obtain
serum-free conditional medium, the cells were then cultured for 1
more day in a serum-free medium supplemented with M-CSF and
RANKL, and the medium was collected. All conditional media were
centrifuged (1000 x g, 10 min, 4 °C) and stored at —80 °C before use.
Serum-containing conditioned medium was used for the tube forma-
tion and osteogenesis assays, while serum-free conditioned medium
was used for the wound healing assay.

Bone slice resorption assay

The bone resorption assay was conducted as previously reported®.
Briefly, BMMs were seeded onto bovine bone slices at a density of
8000 per well and stimulated with 50 ng/mL RANKL. After mature
osteoclasts were generated, the cells were treated with RANKL for
5days. Then, bone slices were collected, and cells were gently removed
from the surface of the bone slices. Resorption pits were observed
using a scanning electron microscope.

Cell-cell fusion assay

The cell-cell fusion assay was performed as described previously®’.
Briefly, BMMs were incubated with 30 ng/mL M-CSF and 50 ng/mL
RANKL for 3 days. The cells were collected and categorized into two
equal duplicates. Each duplicate cells were labeled with either Hoechst
(40731ES, Yeason, 5 pg/mL, 37 °C, 5 min) or CM-Dil (40718ES, Yeason,
2.5 uM, 37 °C, 15 min). The labeled cells were washed 3 times with PBS,
and then equal cells with a single label (Hoechst or CM-Dil) were cul-
tured together under 30 ng/mL M-CSF and 100 ng/mL RANKL. Fluor-
escence images were captured 12 h later.

Fusion efficiency calculation

To precisely evaluate the fusion efficiency of osteoclasts, we calculated
the normalized number of fusion events according to a previous
report. Osteoclasts were fixed with 4% paraformaldehyde for 15 min
and then permeabilized by Triton-100 for 5 min. The F-actin of syncytia
was stained by phalloidin (CA1610, Solarbio) for 1h at room tem-
perature, and the nuclei were stained by DAPI (C0060, Solarbio). The
fluorescence images were captured using Nikon fluorescence micro-
scopy. The normalized number of fusion events was calculated as X(Ni-
1)/Niotar, in which Ni equals the number of nuclei in a syncytium, and
Niotal €quals the total number of nuclei in syncytia and unfused cells.
Ni-1 could precisely reflect the number of fusion events to form a
syncytium with Ni nuclei irrespective of whether the syncytium was
generated by fusion between two mono-nuclear cells, one mono-
nuclear cell and one multi-nuclear cell or two multi-nuclear cells; Neotal
was used to normalize the subtle discrepancy of cell density among
samples.

In vitro osteogenesis

BMSCs were isolated as previously reported®. For in vitro osteogen-
esis, BMSCs were incubated with a mixed medium: 50% osteogenic
medium (10% FBS, 50 pg/mL ascorbic acid, 5 mM pB-glycerophosphate,
and 100 mM dexamethasone in a-MEM) and 50% serum-containing
conditional medium from pre-osteoclast. ALP staining was performed
7 days after stimulation, and ARS staining was performed 21 days after
stimulation.

In vitro tube formation

In vitro tube formation assays were performed using Matrigel (356237;
BD Biosciences) and prepared according to the manufacturer’s
instructions. HUVECs (CL-0675, Procell) were incubated with a mixed
medium: 50% endothelial cell medium and 50% conditioned media
derived from Msx2” and Msx2 cKO pre-osteoclasts for 12h. The
Matrigel was polymerized in 24-well plates at 37 °C and the cells were
seeded on the gel at a density of 150,000 per well. After incubation at
37 °C for another 4 h, the tube formation pictures were captured using
a microscope.

Wound healing assay

HUVECs were seeded into a 6-well plate and cultured until they
reached confluence. Cells were wounded using a sterile pipette tip and
imaged under a microscope. The cells were then treated with serum-
free conditional media derived from Msx2” and Msx2 cKO pre-
osteoclasts. Twelve hours later, the wounds were captured again, and
the migration area was calculated according to a previous report®.

RNA extraction and real-time PCR

Total RNA was extracted with an Ultrapure RNA extraction kit pur-
chased from CWBio. RNA was reverse-transcribed using a reverse
transcription kit (Accurate Biotechnology). Real-time PCR was per-
formed using 2xSYBR Green Pro Taq HS Premix (Accurate Bio-
technology) according to the manufacturer’s instructions. The relative
gene expressions were calculated with the ~ACT method, and B-actin
was used as the internal control. The primers used in this study are
listed in Supplementary Table 2.

Plasmid transfection and adenovirus infection

The plasmids used in this study were commercially constructed using
the pcDNA3.1 vector by GeneChem, and all the tags were fused on the
C terminus. For plasmid transfection, HEK-293T cells (CL-0005, Pro-
cell) were transfected with 2 pg plasmid using lipofectamine 3000 and
P3000 for 24 h. The medium was then changed, and the cells were
cultured for another 48 h before the experiments.

Cre, MSX2, and PU.1 adenovirus were commercially constructed
using pAdM-FH-GFP vector by WZBiosciences. For adenovirus infec-
tion, BMMs were cultured and infected with adenovirus (MOI = 50) for
6 h, then the media were changed, and BMMs were cultured for
another 48 h before the experiments.

Immunoblots

The cells were lysed in RIPA lysis buffer containing protease inhibitors.
The extracted proteins were then subjected to immunoblot assays, as
previously reported®. The primary antibodies used in this study were
anti-NFATcl (sc-7294, Santa Cruz), anti-MSX2 (ab227720, Abcam), anti-
B-actin (66009-1-Ig, Proteintech), anti-CTSK (sc-48353, Santa Cruz),
anti-PU.1 (ab227835, Abcam), anti-FLAG (20543-1-AP, Proteintech),
anti-HA (51064-2-AP, Proteintech), anti-MYC (16286-1-AP, Proteintech),
anti-Ubiquitin (10201-2-AP, Proteintech), and anti-FBXW7 (28424-1-AP,
Proteintech). After overnight incubation with primary antibodies at
4 °C, corresponding HRP-conjugated secondary antibodies were used
for band detection.

Co-IP

The Co-IP assay was performed as previously reported®. Briefly, cell
lysates were immunoprecipitated with anti-PU.1 or anti-FLAG over-
night at 4 °C. The mixture was then incubated with protein A/G
agarose beads (36417ES; Yeason). Next, the immune complexes were
collected and subjected to immunoblotting. Primary antibodies from
different sources and specific secondary antibody (AS062, Abclo-
nal and abs20213, Absin) were used to avoid heavy/light chain
interference.
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Molecular docking and HTVS

The structures of MSX2 and PU.1 were constructed using Alphafold
and optimized using PROCHECK®°. Molecular docking was per-
formed using HDOCK, according to previous reports”-’% For HTVS, we
selected the interaction site of MSX2 as a docking pocket and per-
formed HTVS. Standard precision and extra precision (XP) analyses
were performed to identify the top hits. The MM-GBSA was calculated
to quantitatively determine the binding affinity between the small
molecules identified by XP and MSX2. The threshold values were set as
follows: XP GScore <7, MM-GBSA dG Bind < -30 kcal/mol.

Statistical analyses

All data are presented as means +SD. Differences were determined
using GraphPad Prism software (version 8.0). Unpaired two-tailed
student’s t-test was used for two-group comparisons. One-way and
two-way ANOVAs with post-hoc tests for comparisons of more than
two groups are shown in the figure legends. Differences were con-
sidered significant at p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Genes expression profiles of
PMOP in femur were previously published in GSE230665. All sup-
porting data are available for reproducibility purposes from the cor-
responding author upon request. Source data are provided with
this paper.
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