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Abstract

Bone morphogenetic protein (BMP) signaling is well known in bone homeostasis. How-

ever, the physiological effects of BMP signaling on mandibles are largely unknown, as the

mandible has distinct functions and characteristics from other bones. In this study, we

investigated the roles of BMP signaling in bone homeostasis of the mandibles by deleting

BMP type I receptor Acvr1 in osteoblast lineage cells with Osterix‐Cre. We found

mandibular bone loss in conditional knockout mice at the ages of postnatal day 21 and 42

in an age‐dependent manner. The decreased bone mass was related to compromised

osteoblast differentiation together with enhanced osteoclastogenesis, which was sec-

ondary to the changes in osteoblasts in vivo. In vitro study revealed that deletion of Acvr1

in the mandibular bone marrow stromal cells (BMSCs) significantly compromised

osteoblast differentiation. When wild type bone marrow macrophages were cocultured

with BMSCs lacking Acvr1 both directly and indirectly, both proliferation and differ-

entiation of osteoclasts were induced as evidenced by an increase of multinucleated cells,

compared with cocultured with control BMSCs. Furthermore, we demonstrated that the

increased osteoclastogenesis in vitro was at least partially due to the secretion of soluble

receptor activator of nuclear factor‐κB ligand (sRANKL), which is probably the reason for

the mandibular bone loss in vivo. Overall, our results proposed that ACVR1 played

essential roles in maintaining mandibular bone homeostasis through osteoblast

differentiation and osteoblast‐osteoclast communication via sRANKL.

K E YWORD S

ACVR1, BMP signaling, osteoblast differentiation, osteoclast differentiation, sRANKL

1 | INTRODUCTION

The mandible is a bone with irregular shape and structure involved in

respiration, pronunciation, and mastication. Inflammation, injury,

bone diseases, and tumors related to jawbones are common in the

clinic and often lead to bone loss. The same as other bones, mand-

ibles also require bone remodeling to maintain bone homeostasis,

which relies on a dynamic balance between bone formation and
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resorption. However, differently, it is well recognized that the jaw-

bone is the only bone that is in contact with the external micro-

environment (i.e., oral cavity), and it is remodeled much more actively

than the other bones (Huja et al., 2006). Moreover, a plethora of

notable differences have been described between the mandible and

long bone, including development, compositions, and biological

characteristics (Aghaloo et al., 2010; Huja et al., 2006; Omi & Mis-

hina, 2020). For example, the mandible originates from the cranial

neural crest, while other axial and appendicular bones arise from the

mesoderm (Chai et al., 2000). The mandible is also distinct in its

compositions compared with long bones, that is, the mandible has an

abundance of immature collagen crosslinks, with a lower extent of

lysine hydroxylation, which indicates that the mandibular collagen is

more ready to undergo degradation and turnover (Matsuura et al.,

2014). The cells responsible for bone remodeling show different

characteristics in the mandibles from other bones. Mandibular

BMSCs showed increases in alkaline phosphatase (ALP) activity, mi-

neralization, osteogenic gene expressions, and induced bone forma-

tion in vitro and in vivo, compared with BMSCs from iliac and long

bones (Aghaloo et al., 2010; Akintoye et al., 2006). Mandibular

BMSCs respond differently to chemical drugs (Stefanik et al., 2008),

stresses (Pravitharangul et al., 2018, 2019), as well as hormones

(H. Liu et al., 2009; Vinel et al., 2018), compared with the same types

of cells from other bones. As a result, mandibular bone is much less

affected by osteoporosis than long bones (C. Lee et al., 2019).

Therefore, the mandible is quite a signature structure. Most research

on bone remodeling is focusing on long bones, while only a few were

tested on mandibles (Y. P. Liu et al., 2010; Matsuura et al., 2014). As

the mandible is so different from other bones, previous studies and

conclusions on long bones may not be appropriately applicable to

mandibles (Su et al., 2019). Therefore, it is necessary to explore

whether some bone homeostasis related genes also play an im-

portant role in mandibular homeostasis.

Bone remodeling is regulated by a series of cytokines and growth

factors, including bone morphogenetic proteins (BMPs). BMPs are

members of the transforming growth factor‐β superfamily, and

can induce the formation of bone and cartilage when implanted at

ectopic sites (Urist, 1965). BMP signaling is transduced through

serine/threonine kinase receptors known as BMP type I and type II

receptors. Type I receptors are phosphorylated by type II receptors

upon binding to BMP ligands, and then phosphorylate the cyto-

plasmic signaling molecules to initiate SMAD and non‐SMAD

signaling cascades (Sanchez‐Duffhues et al., 2015).

ACVR1 is one of the BMP type I receptors. The recurrent mu-

tation of ACVR1 (c.617 G > A, p.R206H), leading to the ligand‐
independent ACVR1 activation (Groppe et al., 2007), has been de-

tected in most cases of fibrodysplasia ossificans progressiva (FOP).

FOP is a rare genetic disorder, characterized by skeletal malforma-

tions and progressive heterotopic ossification (Huning & Gillessen‐
Kaesbach, 2014). However, the function of ACVR1 signaling on

mandibular bone remodeling is largely unknown. A previous pub-

lication revealed that inactivation of Acvr1 in the neural crest re-

sulted in craniofacial defects, including a hypotrophic mandible

(Dudas et al., 2004). However, the detailed changes in bone

remodeling in the mandible were not clear.

In this study, to comprehensively understand the roles of ACVR1

in mandibular bone remodeling, we ablated Acvr1 in an osteoblast‐
specific manner using Osterix‐Cre. We identified that ACVR1 plays

essential roles in maintaining mandibular bone homeostasis and

mediating osteoblast‐osteoclast communication, and the functions

exhibit anatomical site‐specificity.

2 | MATERIALS AND METHODS

2.1 | Mice

The generation of Acvr1 fx/fx; R26R/R26R mice, Acvr1 +/− mice and

Osterix (Osx)‐Cre (+)/(−) mice has been reported (Kaartinen & Nagy,

2001; Mishina et al., 1999; Rodda & McMahon, 2006; Soriano, 1999).

Acvr1 +/−; Osx‐Cre (+)/(−) were bred with Acvr1 fx/fx; R26R/R26R to

generate the control (Cont.) (Acvr1 fx/+; Osx‐Cre (+)/(−); R26R/+) and

the conditional knockout (cKO) (Acvr1 fx/−; Osx‐Cre (+)/(−); R26R/+)

mice (Orvis et al., 2008). Homozygous mice for Acvr1 flox and R26R

were bred with ubiquitin (Ubi)‐CreER™ (+)/(−) transgenic mice to generate

the Ubi‐control (Ubi‐Cont.) (Acvr1 fx/+; Ubi‐CreER™ (+)/(−); R26R/+) and

the mutant (Ubi‐Mut) (Acvr1 fx/−; Ubi‐CreER™ (+)/(−); R26R/+) mice

(Shi et al., 2016). All experimental procedures were approved by the

Institutional Animal Care and Use Committee at Jilin University.

2.2 | Microcomputed tomography (micro‐CT)
analyses

The mandibles from postnatal day 21 (PN21) and PN42 mice were

scanned by micro‐CT (μCT 50; Scanco Medical AG). Briefly, the area

of interest (AOI) was defined as the bone regions within the furcation

area of the mandibular first molar. The mandibles were analyzed with

a threshold of 180mg HA/ccm. Bone parameters were analyzed

using the manufacturer's software (Supplementary Information).

2.3 | Histology, histomorphometry, and
immunohistochemistry (IHC) staining

Mandibles from PN21 and PN42 mice were fixed, decalcified, and

embedded in paraffin. The coronal sections were chosen (Supple-

mentary Information and Figure S1). Hematoxylin and eosin (H&E)

and tartrate‐resistant acid phosphatase (TRAP) staining were per-

formed. Histomorphometry was performed using ImageJ (1.51j)

(Supplementary Information).

For IHC staining, a standard protocol was used with rabbit an-

tibodies against mouse osteoprotegerin (OPG; 1:200; Abcam) and

receptor activator of nuclear factor‐κB ligand (RANKL; 1:100; Bos-

ter). Measurements of integrated optical density (IOD) were per-

formed using Image‐Pro Plus software (4.5.0.29).

HU ET AL. | 4581



2.4 | RNA extraction and quantitative reverse‐
transcription polymerase chain reaction (RT‐qPCR)

After the mandibles were harvested, soft tissues, bone marrow, and

the teeth were removed. TRIzol reagent was used to extract RNA.

The primers were shown in Table 1. Quantitative RT‐PCR was

performed as described (X. Zhang et al., 2019).

2.5 | Culture of mandibular BMSCs, and detection
of cell viability and differentiation

Mandibular BMSCs were isolated from PN42 mice as reported

(D. J. Lee et al., 2019). To disrupt Acvr1 in culture, Ubi‐CreER™ activity

was induced by administering 100 ng/ml of (Z)‐4‐hydroxytamoxifen

(TM) for 6 days (Kamiya, Ye, Kobayashi, Lucas, et al., 2008). To eval-

uate the Cre activity, β‐gal staining was performed.

For cell viability assay, a cell counting kit‐8 (CCK‐8) was used.

For osteogenic differentiation, cells were induced with an osteogenic

differentiation medium. After 7 and 14 days, ALP staining was

performed. The positive area of ALP staining was measured using

ImageJ. After 21 days, alizarin red (AR) staining was performed, and

then 10% w/v cetylpyridinium chloride was used to dissolve bound

AR and optical density was measured at 562 nm.

2.6 | Bone marrow cells isolation and coculture
systems

Bone marrow cells were flushed from bone marrows of femora and

tibiae from PN42 mice (Shi et al., 2016). The cells were cultured for

24 h before nonadherent cells were harvested. The cells were then

treated with 20 ng/ml M‐CSF (Peprotech) for 3 days to become

M‐CSF dependent macrophages (MDMs).

To evaluate the effects of osteoblasts lacking Acvr1 on

osteoclastogenesis, we set up both direct and indirect coculture

systems (Supplementary Information). At the end of the culture,

the cells were fixed and stained with TRAP. Osteoclasts were

defined as TRAP‐positive multinucleated (≥3 nuclei) cells. The

number of osteoclasts per well (N. Oc/well), as well as the number

of osteoclasts with different numbers of nuclei, were counted, and

the areas per osteoclast (Ar. Oc) were measured using Image‐Pro
Plus software.

To further determine the role of sRANKL on osteoclastogen-

esis in vitro, the conditioned medium from BMSCs culture (Schulze

et al., 2018) were treated with rabbit anti‐RANKL antibody

(500 pg/ml) to neutralize sRANKL in the conditioned medium.

Rabbit immunoglobulin G (IgG) was used as a negative control.

MDMs were cultured with the treated conditioned medium for

11 days, and then the aforementioned TRAP staining and quanti-

tative analyses were performed.

2.7 | Western blot analysis

Protein samples were harvested, and the resulting lysates were

run on 10% PAGE Gel (Tris‐Gly) and transferred to poly-

vinylidene fluoride membranes. The membranes were incubated

with the antibodies at 4°C overnight. The antibodies used were as

follows: rabbit anti‐RANKL (1:1000; Boster), rabbit anti‐OPG

(1:1000; Abcam), and mouse anti‐glyceraldehyde 3‐phosphate
dehydrogenase (GAPDH) (1:5000; Proteintech). Then, the mem-

branes were incubated with horseradish peroxidase‐conjugated
goat anti‐rabbit or goat anti‐mouse (Proteintech) secondary

antibodies for 1 h at room temperature and exposed to HPR

substrate ECL (Proteintech). The intensities of the bands were

quantified using ImageJ.

TABLE 1 Sequences of primers

Gene name Sequences (5′→ 3′)

Gapdh F: GGTTGTCTCCTGCGACTTCA

R: TGGTCCAGGGTTTCTTACTCC

Runx2 F: GCACAAACATGGCCAGATTCA

R: AAGCCATGGTGCCCGTTAG

Osterix F: AAGTTATGATGACGGGTCAGGTACA

R: AGAAATCTACGAGCAAGGTCTCCAC

Alpl F: CTCAACACCAATGTAGCCAAGAATG

R: GGCAGCGGTTACTGTGGAGA

Bsp F: AAGCACAGACTTTTGAGTTAGC

R: ACTTCTGCTTCTTCGTTCTCAT

Col1α1 F: CTGGCGGTTCAGGTCCAAT

R: TTCCAGGCAATCCACGAGC

Opn F: TACGACCATGAGATTGGCAGTGA

R: TATAGGATCTGGGTGCAGGCTGTAA

Ocn F: GCAGGAGGGCAATAAGGT

R: CGTAGATGCGTTTGTAGGC

Ctsk F: CACCCAGTGGGAGCTATGGAA

R: GCCTCCAGGTTATGGGCAGA

Tracp F: CAAGAACTTGCGACCATTGTTA

R: ATCCATAGTGAAACCGCAAGTA

Mmp9 F: GCCCTGGAACTCACACGACA

R: TTGGAAACTCACACGCCAGAAG

Rankl F: GCAGCATCGCTCTGTTCCTGTA

R: CCTGCAGGAGTCAGGTAGTGTGTC

Opg F: TCTTCAGGTTTGCTGTTCCTACC

R: TCTCTACACTCTCGGCATTCACTT
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2.8 | Enzyme‐linked immunosorbent assay (ELISA)

Whole blood was collected from PN42 mice, and clotted for 1 h at

room temperature followed by centrifugation at 6000 rpm for 30min

to obtain serum. The supernatant of BMSCs culture was collected

after treated with 10 nM 1,25(OH)2D3 for 5 days. The concentrations

of RANKL were measured using a mouse RANKL ELISA kit (R&D

Systems).

2.9 | Statistical analysis

Data were shown as the means ± standard deviations of tripli-

cates, with all experiments repeated three times. For compar-

isons between two groups, unpaired Student's two‐tailed
t‐tests were used. For comparisons among three groups, data

differences were assessed using one‐way analysis of variance and

Tukey's Honestly Significant Difference. Values of p < .05 were

considered significant.

3 | RESULTS

3.1 | Acvr1 deletion using Osx‐Cre leads to
decreased mandibular bone mass

To investigate the role of ACVR1 in mandibular bone remodeling, we

generated Acvr1 cKO mice with inducible (Tet‐off) Osx‐Cre, which

has recombinase activity in osteoprogenitor cells from embryonic

stages on regular chow. The body weights of cKO mice were smaller

at PN21 and PN42, compared with the Cont. mice at the corre-

sponding time points (Figure S2).

To quantitatively assess the changes in mandibular bone mass,

the mandibles were scanned by micro‐CT. In PN21 male mice, a 9%

decrease in tissue mineral density (TMD) was found in cKO, com-

pared with the controls (Figure 1a,b). In PN21 female mice, we found

decreases in TMD, bone mineral density (BMD), and trabecular

thickness (Tb. Th), compared with the female controls (Figure S3a,b).

Consistent with the changes at PN21, these differences became

more significant at PN42. In cKO male mice (Figure 1c,d), we found

F IGURE 1 Micro‐computed tomography (CT) images of mandibles from (a) PN21 and (c) PN42 males. Bone parameters measured by

micro‐CT at (b) PN21 and (d) PN42. n = 4–7. *p < .05; **p < .01; ***p < .001. Bar = 2mm. cKO, conditional knockout
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decreases in the bone volume fraction (BV/TV), TMD, BMD, and Tb.

Th, and increase in trabecular separation (Tb. Sp), compared with the

male controls. In female mice, the same changes were also found,

except for an increased tendency of trabecular number (Tb. N)

(p = .063) and Tb. Sp (p = .098) (Figure S3c,d).

These results demonstrated that ACVR1 positively regulated

mandibular bone mass and mineralization in an age‐dependent manner.

3.2 | Disruption of Acvr1 in osteoblasts results in
a reduction of osteoblastic bone formation activity
together with an increase of osteoclastic bone
resorption activity in the mandible

Next, to evaluate how osteoblasts and osteoclasts participated in the

bone homeostasis of the mandibles in Acvr1 cKO mice, we performed

static histomorphometry. In PN21 cKO male mice, we identified

decreases in osteoblast number per bone surface (N. Ob/BS) and

osteoblast surface per bone surface (Ob. S/BS), compared with the

controls (Figure 2b). Similar changes were also found in female mice

at PN21 (Figure S4b–d).

In PN42 male cKO mice, we found decreases in bone area per

tissue area (BA/TA) (Figure 2d) and height of lingual plate (Figure

S5a), demonstrating a decreased bone mass, which was consistent

with the micro‐CT data (Figure 1c,d). Besides this, we also found

decreases in N. Ob/BS and Ob. S/BS (Figure 2d). However, the os-

teoclast number per bone surface (N. Oc/BS) and osteoclast surface

per bone surface (Oc. S/BS) were increased; and the eroded surface

per bone surface (ES/BS) exhibited an increased tendency (Figure 2d,

p = .100). Similar changes were also found in female mice at PN42

(Figure S5b–d).

Collectively, the mandibular bone loss in Acvr1 cKO mice was

caused by a reduction of osteoblastic bone formation activity and an

increase of osteoclastic bone resorption activity.

F IGURE 2 H&E and TRAP staining at (a) PN21 and (c) PN42 males. Histomorphometrical analyses of the mandibles at (b) PN21 and (d)
PN42. n = 4–5. *p < .05; **p < .01. Bar = 500 μm. cKO, conditional knockout; H&E, hematoxylin and eosin; TRAP, tartrate‐resistant acid
phosphatase
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3.3 | Deficiency of Acvr1 in osteoblasts leads to
compromised osteoblast differentiation and
secondary enhanced osteoclast differentiation
through osteoblast‐osteoclast communication

To further determine the reason why Acvr1 cKO mice showed an

osteopenic phenotype, we investigated the molecular changes for

the differentiation of osteoblasts and osteoclasts. Quantitative

RT‐PCR results showed that in cKO mandibles, the expressions of

osteoblast differentiation markers Runx2, Col1a1, Alpl, Bsp, Opn,

and Ocn were decreased (Figure 3a). The expression of Osx had a

decreased tendency (Figure 3a, p = .052). The expression of os-

teoclast differentiation marker Ctsk was higher than the control

group (Figure 3b). The expressions of Tracp and Mmp9 showed

an increased tendency in cKO mice (Figure 3b, p = .081 and

p = .131, respectively).

To determine the differentiation of Acvr1‐deficient osteoblasts
in vitro, we cultured mandibular BMSCs from PN42 Ubi‐Cont. and
Ubi‐Mut mice. After being cultured with TM for 6 days, LacZ po-

sitive cells could be seen, confirming the induction of Cre activity

(Figure S6b). After 7 and 14 days of osteogenic induction, the

areas of ALP positive staining were significantly lower in BMSCs

lacking Acvr1, compared with the control cells (Figure 4a,b). AR

staining showed that the mineralization in mutant BMSCs was

significantly less (Figure 4a,b). To exclude the influence of cell

number on the changes of ALP and AR staining, CCK‐8 assay

showed that there was no difference in cell viability between

Ubi‐Cont. and Ubi‐Mut BMSCs (Figure S6c). These results

F IGURE 3 Quantitative RT‐PCR analyses of gene expressions for (a) osteoblast and (b) osteoclast markers in mandibles. n = 5–6. *p < .05;
**p < .01; ***p < .001. cKO, conditional knockout; RT‐PCR, reverse‐transcription polymerase chain reaction
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clearly manifested that deletion of Acvr1 compromised osteoblast

differentiation but not proliferation.

To get further insights into how osteoclastogenesis was

affected by Acvr1‐deficent osteoblasts, we set up a coculture

system. After 11 days of direct coculture, the number of osteo-

clasts had a tendency to increase (p = .069), and the area of

osteoclasts was increased in the Ubi‐Mut group, compared with

Ubi‐Cont. group (Figure 4c,d). However for indirect coculture,

when we compared osteoclastogenesis in the Ubi‐Mut group

with that in the Ubi‐Cont. group, there were higher osteoclast

numbers with much bigger size and more nuclei (Figures 4c

and 4e). The results suggested that secreted molecules from

osteoblasts probably played a more important role than direct

contact between osteoblast‐osteoclast in terms of osteoclast

formation.

Overall, our results indicated that deletion of Acvr1 in osteo-

blast lineage cells led to compromised osteoblast differentiation,

which then significantly induced osteoclastogenesis through

osteoblast‐osteoclast communication, mainly mediated by se-

creted molecules.

F IGURE 4 (a,b) ALP and AR staining and quantification. Bar = 1mm. (c–e) TRAP staining and quantification. Bar = 500 μm. n = 4. *p < .05;

**p < .01; ***p < .001. ALP, alkaline phosphatase; AR, alizarin red
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3.4 | Increased osteoclastogenesis is mediated by
increased secretion of soluble RANKL from
osteoblast lineage cells

As osteoclastogenesis in cKO mice was enhanced, we hypothesized

that there were changes in RANKL and/or OPG, which play critical

roles in osteoclastogenesis. Quantitative RT‐PCR showed an in-

creased tendency of Rankl expression (p = .058) and a decrease of

Opg expression, leading to an increased ratio of Rankl/Opg

(Figure 5a). IHC staining showed that RANKL was positive in the

cytoplasm of osteoblast lineage cells in both Cont. and cKO mice

(Figure 5b). Compared with the control group, the intensity of

RANKL signals in the cKO group were stronger in osteoblast lineage

cells (Figure 5b, red arrows, and 5c). OPG was also distributed in the

cytoplasm of osteoblast lineage cells, however, there was no differ-

ence in the intensity between the two groups (Figure 5b, red arrows,

and 5c). As a result, there was an increase in the ratio of RANKL/OPG

(Figure 5c). However, the protein levels of RANKL and OPG within

the mandible tissues detected by western blot showed no difference

between the two groups (Figure 5d).

Next, to determine the levels of RANKL and OPG in vitro, we

collected messenger RNA (mRNA) and protein samples from cultured

Ubi‐Cont. and Ubi‐Mut BMSCs. Quantitative RT‐PCR showed an in-

crease of Rankl expression and no difference in Opg expression in the

Ubi‐Mut group, resulting in an increased tendency of Rankl/Opg ratio

(p = .135) (Figure 5g). Western blot only showed an increased ten-

dency of OPG in the Ubi‐Mut group (p = .086), while no difference in

the protein levels of RANKL and RANKL/OPG ratio (Figure 5h).

Moreover, it is worth noting that there were more diffused and

stronger positive signals of RANKL in the bone matrix and bone

marrow in the cKO group, compared with the control group

(Figure 5b). These RANKL‐positive signals implied the secreted form

of RANKL (also known as soluble RANKL, sRANKL). As sRANKL also

contributes to osteoclast differentiation, survival, and bone resorp-

tion activity, we examined the level of sRANKL in the serum of PN42

mice by ELISA. Consistent with IHC staining, an increased sRANKL

was detected in the cKO mouse serum compared with the Cont.

group (Figure 4e). Meanwhile, the level of sRANKL in the culture

supernatant was significantly increased (Figure 5f), supporting the

coculture results of enhanced osteoclastogenesis (Figure 4c–e).

To further dissect the underlying mechanism of osteoblast‐
osteoclast communication, an anti‐RANKL antibody was added into the

conditioned medium to block the sRANKL. Consistent with the indirect

coculture system using transwell (Figures 4c and 4e), the indirect

coculture using conditioned medium with antibody control also showed

increased number of osteoclasts, which were much bigger and with

more nuclei in the Ubi‐Mut group, compared with the Ubi‐Cont. group
(Figure 5i,j). The addition of anti‐RANKL antibody in the Ubi‐Cont. group
did not alter osteoclast formation (Figure 5i,j), suggesting that sRANKL

played a modest role in osteoclastogenesis compared with mRANKL.

Although relatively modest, the differences between the Ubi‐Cont. and
Ubi‐Mut groups were eliminated by treating the conditioned medium

with anti‐RANKL antibody (Figure 5i,j).

Taken together, these results suggested that osteoprogenitor

cells lacking Acvr1 secreted more sRANKL, which was responsible for

the enhanced osteoclastogenesis.

4 | DISCUSSION

In this study, we demonstrated that ablation of Acvr1 in Osx‐
expressing cells led to mandibular bone loss at PN21 and PN42. The

osteopenic phenotype in cKO mice was due to the compromised

osteoblast differentiation and enhanced osteoclast differentiation,

which was probably mediated by increased secretion of sRANKL

from osteoblast lineage cells. Moreover, in vitro study demonstrated

that deletion of Acvr1 in BMSCs led to compromised osteoblast

differentiation and increased osteoclastogenesis via secretion of

sRANKL. We proposed a working model (Figure 6) to emphasize that

ACVR1 played an essential role in the differentiation of osteoblasts,

and mediates osteoblast‐osteoclast communication through sRANKL.

Our findings suggested that ACVR1 played a significant role in

maintaining mandibular bone homeostasis.

Our current finding that ACVR1 positively regulated mandibular

bone mass is supported by our previous study, demonstrating that

ACVR1 is responsible for alveolar bone mass in the periodontium (X.

Zhang et al., 2018). Moreover, our results also highlighted that

ACVR1 played different roles in terms of bone mass among bones in

different anatomical sites. In calvaria, ribs, and long bones, deletion of

Acvr1 exhibited a higher bone mass (Kamiya et al., 2011; Shi et al.,

2018). The different bone phenotypes between mandibles in our

current study and other bones in the publications may be due to the

distinct anatomical sites, or different Cre recombinases (i.e., 3.2‐kb
Col1‐CreER and Osx‐Cre), or different time points upon observations

(i.e., E18.5, PN21, PN42, and 3 months old). Another possible ex-

planation is that Acvr1 is differentially expressed among different

bones. In addition, the mandible is different from other bones in

terms of embryonic origins, bone development, collagen composi-

tions (Matsuura et al., 2014), cell autonomous characteristics

(Akintoye et al., 2006; Azari et al., 2011), as well as mechanical

loading (de Jong et al., 2010; Ehrlich & Lanyon, 2002). The site‐
specificity of ACVR1 are supported by studies on another BMP re-

ceptor, BMPR1A, which also exhibits differential bone phenotypes

depending on anatomical locations (H. Zhang et al., 2020).

Our results and other studies showed that BMP signaling

mediated by BMP receptor in osteoblast lineage cells promoted os-

teoblast differentiation (Kamiya et al., 2010; Kamiya et al., 2011;

Kamiya, Ye, Kobayashi, Lucas, et al., 2008; Kamiya, Ye, Kobayashi,

Mochida, et al., 2008; Lim et al., 2016; Mishina et al., 2004; Shi et al.,

2018; X. Zhang et al., 2018). Although the osteoclasts in these mouse

models are wild type, osteoclastogenesis is reduced by the loss of

BMP signaling in osteoblast lineage cells (Kamiya et al., 2010;

Kamiya, Ye, Kobayashi, Lucas, et al., 2008; Kamiya, Ye, Kobayashi,

Mochida, et al., 2008). However, in our cKO mandibles, we acci-

dentally detected increased osteoclast activity in vivo (Figure 2) and

enhanced osteoclastogenesis in vitro (Figure 4c–e). These results
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F IGURE 5 Levels of RANKL and OPG in vivo detected by (a) RT‐qPCR, (b,c) IHC staining (Bar = 500 and 100 μm for low and high
magnifications, respectively), and (d) western blot. Levels of sRANKL detected by ELISA in the (e) serum and (f) cell culture supernatants. Levels

of RANKL and OPG in vitro detected by (g) RT‐qPCR and (h) western blot. (i,j) TRAP staining and quantification. Bar = 500 μm. n = 4–6. *p < .05;
**p < .01. cKO, conditional knockout; ELISA, enzyme‐linked immunosorbent assay; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase;
IHC, immunohistochemistry; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor‐κB ligand; RT‐qPCR, quantitative
reverse‐transcription polymerase chain reaction; TRAP, tartrate‐resistant acid phosphatase
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again highlighted the anatomical site specificity, revealing that the

mandible lacking BMP signaling was distinct from other bones in

terms of bone remodeling and osteoblast‐osteoclast communications.

RANKL and OPG are well‐known molecules expressed by os-

teoblast lineage cells, and the RANKL/OPG ratio determines osteo-

clast differentiation, survival, maturation, and function. Here, we

detected increased osteoclasts in mandibles (Figures 2 and 4c–e),

which was associated with an increased ratio of RANKL/OPG

(Figure 5a–c). RANKL has three isoforms: two type II membrane

proteins (mRANKL), and an sRANKL (Ikeda et al., 2001). Different

from mRANKL which acts through cell‐cell contact, sRANKL is

cleaved from the cell membrane by proteinases in the extracellular

environment (O'Brien, 2010). Although, both mRANKL and sRANKL

contribute to osteoclastogenesis, mRANKL is more potent than

sRANKL in stimulating osteoclast formation, fusion, and survival

(Lean et al., 2000; Nakashima et al., 2000). It is reported that the

mRANKL is sufficient for osteoclastogenesis during skeletal devel-

opment, while sRANKL does contribute to osteoclast formation and

bone remodeling in adult mice (Xiong et al., 2018). In our current

results, the level of RANKL detected by RT‐qPCR and IHC were

increased (Figures 5a–c and 5g), indicating the upregulation of

RANKL. However, the protein level of RANKL by western blot

showed no difference (Figures 5d and 5h), which may be due to the

processes of sample harvest (in vivo, mandibular bone marrows were

removed; in vitro, supernatants were removed). Thus, we proposed

that the elevated level of RANKL was likely caused by the upregu-

lation of sRANKL but not mRANKL, which was confirmed by the

ELISA analyses. However, we still could not exclude the possibility of

the roles of RNA methylation participating in this process, as the

methylation of RNA is a widespread regulatory mechanism, which

can effectively regulate the translation of mRNA (Zaccara et al.,

2019). To evaluate whether RNA methylation plays a role in our

scenario is one of our future studies. Although sRANKL is not so

potent in osteoclastogenesis, our experiments using anti‐RANKL

antibody demonstrated that sRANKL does contribute to osteoblast‐
osteoclast communication in the mandible in the scenario of

osteoblast‐specific abruption of Acvr1.

As bone remodeling in vivo requires complex processes of

osteoblast‐osteoclast communications, various coculture systems

were established in vitro to imitate cell‐cell communications. Here, in

our study, both direct and indirect coculture systems were used to

determine the secondary changes of osteoclastogenesis. Our results

demonstrated that osteoclastogenesis was significantly altered by

secreted molecules, compared with direct contact (Figure 4c–e).

However, we could not exclude the roles of direct contact between

osteoblasts and osteoclasts, as the percentage of osteoclast with

more nuclei increased in the indirect coculture, while it did not

change in the direct coculture (Figure 4c–e). Moreover, when

the anti‐RANKL antibody was used to neutralize the sRANKL in the

conditioned medium, it only abolished the differences between the

Ubi‐Cont. and Ubi‐Mut groups, without significantly altering osteo-

clastogenesis if compared with Ubi‐Mut groups treated with IgG

control (Figure 5i,j). Thus, sRANKL partially, and was not the only

mediator, participated in osteoblast‐osteoclast communication in the

scenario of Acvr1 cKO cells.

In summary, our study identified the roles of BMP signaling

mediated by ACVR1 in mandibular bone remodeling and osteoblast‐
osteoclast communications. We demonstrated that ACVR1 promoted

osteoblast differentiation and inhibited osteoclastogenesis through

downregulation of sRANKL. However, further studies are still needed

as we do not know how ACVR1 regulates the production of sRANKL;

and how ACVR1 participates in bone remodeling under the micro-

environments of mechanical loading and inflammation. This study

provides novel insights into the regulation of mandibular bone

remodeling and regeneration.
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osteoclastogenesis via RANKL/OPG through both cell‐cell contact by
membrane‐bound RANKL (mRANKL) as well as paracrine pathway by
secreted form of soluble RANKL (sRANKL). (b) When ACVR1 is
ablated specifically in osteoblast lineage cells, the differentiation of

osteoblasts was compromised, and osteoclastogenesis was enhanced,
which was mediated by the increased secretion of sRANKL from
osteoblast lineage cells
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