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Abstract

Background: Dysregulated osteoclast activity due to altered osteoclast differentiation causes multiple bone dis-
eases. Osteoclasts are multinucleated giant cells derived from hematopoietic stem cells and play a major role in bone
absorption. However, the mechanisms underlying the tight regulation of osteoclast differentiation in multiple patho-
physiological status remain unknown.

Results: We showed that Bhlhe40 upregulation is tightly associated with osteoclast differentiation and osteoporosis.
Functionally, Bhlhe40 promoted osteoclast differentiation in vitro, and Bhlhe40 deficiency led to increased bone mass
and decreased osteoclast differentiation in vivo. Moreover, Bhlhe40 deficient mice resisted estrogen deficiency and
aging-induced osteoporosis. Mechanism study showed that the increase in bone mass due to Bhlhe40 deficiency
was a cell intrinsic defect in osteoclast differentiation in these mice. BHLHE40 upregulated the gene expression of Fos
and Nfatc1 by directly binding to their promoter regions. Notably, inhibition of Fos/Nfatc1 abrogated the enhanced
osteoclast differentiation induced by BHLHE40 overexpression.

Conclusions: Our research reveals a novel Bhlhe40/c-Fos/Nfatc1 axis involved in regulating osteoclastogenesis and
shows that osteoporosis caused by estrogen deficiency and aging can be rescued by regulating Bhlhe40 in mice. This

may help in the development of a new strategy for the treatment of osteoporosis.
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Background

Bone homeostasis is dynamically maintained by bal-
ancing bone formation and bone resorption, which are
mainly mediated by osteoblasts and osteoclasts (OCs),
respectively. Unbalanced osteoblastogenesis and osteo-
clastogenesis cause multiple bone diseases. For instance,
defective osteoclasts cause osteosclerosis and bone mar-
row failure [1-4]. Overactivated osteoclasts lead to bone
loss and osteoporosis [5], and abnormal bone resorption
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is mostly caused by osteoclasts [6]. Regulating osteoclast
activity is known to be a good method for the clinical
treatment of abnormal bone resorption diseases. Indeed,
various osteoclast drugs reduce abnormal bone resorp-
tion [7, 8]. However, these drugs also cause side effects
including cardiovascular events and breast cancer risk
[9]. In addition, these drugs usually fail to cure malignant
osteoporosis and osteosclerosis [10, 11]. Although bone
marrow transplantation is considered to be an effective
method to treat malignant osteoporosis and osteoscle-
rosis [12, 13], it is not available for most patients. There
is an urgent need to study osteoclast differentiation to
develop new strategies and identify potential targets.
OCs are multinucleated giant cells derived from
hematopoietic stem cells (HSCs) and play a major role in
bone absorption. Osteoclast differentiation is determined
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by macrophage colony stimulating factor (M-CSF) and
receptor activator of NF-kB ligand (RANKL). The bind-
ing of RANKL and RANK recruits tumor necrosis fac-
tor receptor—associated factor 6 (TRAF6) and activates
mitogen-activated protein kinase (MAPK) and NF-«B.
MAPK ultimately stimulates the expression of nuclear
factor of activated T cells (NFATc) [14] and activator
protein-1 (AP-1) [15], which are two master transcrip-
tion factors in osteoclast differentiation. Factors includ-
ing inflammation, tumors, and estrogen deficiency may
affect RANKL/RANK signaling and the expression of
these transcription factors, leading to excessive activation
of osteoclasts.

Bhlhe40 (basic helix-loop-helix family member e40),
also known as Stral3, Sharp2 and Decl, is a helix-loop-
helix (BHLH) transcription factor [16, 17]. Bhlhe40 is
expressed in a variety of human cells [18], including
osteoblasts, endothelial cells, monocytes and a selected
population of resident macrophages [19]. It regulates
target genes by binding to E-boxes or Spl sites in their
promoter regions [16, 17]. Bhlhe40 deficiency inhibits
inflammation in periodontitis, obesity and hypertension
[20-22]. Bhlhe40 also regulates the polarization of mac-
rophages by inhibiting p53-induced macrophage inhibi-
tory cytokine-1 (Micl) expression [23, 24]. In addition,
Bhlhe40 is an important immunomodulatory factor. Lit-
tle is known about its role in osteoclast differentiation
and bone absorption.

In this study, we found that Bhlhe40 was upregulated
during osteoclastogenesis and was associated with osteo-
porosis. Bhlhe40~'~ mice exhibited increased bone mass
and resistance to bone loss induced by estrogen defi-
ciency. Bhlhe40 promoted osteoclastogenesis by upreg-
ulating Fos/Nfatcl in vitro and in vivo. Our research
reveals a novel Bhlhe40/Fos/Nfatcl axis involved in oste-
oclastogenesis and may provide a theoretical basis and
potential targets for the development of novel strategies
for bone resorption diseases.

Results

Bhlhe40 upregulation correlated with OC differentiation
and osteoporosis in mice

To investigate the potential role of Bhlhe40 in OC dif-
ferentiation, we analyzed the GSE54779 dataset from the
GEO database and found that the mRNA level of Bhlhe40
was significantly upregulated in RANKL-treated mouse
bone marrow macrophages (BMMs) during osteoclas-
togenesis (Fig. 1A, B). We further verified the upregu-
lation of Bhlhe40 mRNA in mouse BMMs undergoing
osteoclast differentiation in the presence of M-CSF and
RANKL (Fig. 1C and Additional file 1: Figure S1). Upreg-
ulation of BHLHE40 protein in BMMs and RAW?264.7
cells was also observed by immunofluorescence during
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osteoclastogenesis (Fig. 1D—@G). Moreover, we labeled
BMMs or OCs with CD11b or CTSK and found Bhlhe40
upregulation in BMMs and OCs from ovariectomized
(OVX)-induced osteoporosis mice compared to those
from sham-operated control mice (Fig. 1H-K). In addi-
tion, upregulation of Bhlhe40 was also observed in
elderly osteoporotic mice (Eld) (Additional file 2: Figure
S2 A-D). These results suggested that BHLHE40 upregu-
lation was tightly associated with OC differentiation and
osteoporosis.

Bhlhe40 promoted OC differentiation in vitro

To investigate the potential role of Bhlhe40 in osteoclas-
togenesis, we downregulated Bhlhe40 by siRNA (Fig. 2A).
Bhlhe40 downregulation impaired the formation of
osteoclasts (Fig. 2B—D) and the expression of OC-spe-
cific genes (Fig. 2E). In contrast, Bhlhe40 overexpression
induced the opposite phenotypes (Fig. 2F-]). In addition,
Bhilhe40 downregulation or upregulation did not seem to
affect the viability of BMMs (Additional file 3: Figure S3).
These results suggested that Bhlhe40 may play a positive
role in osteoclastogenesis.

Bhlhe40 deficiency impaired bone resorption in vivo

To further investigate the role of Bhlhe40 in osteoclast
formation in vivo, we took advantage of Bhlhe40 knock-
out (Bhlhe40~'~) mice. Bhlhe40 deletion was verified by
PCR (Additional file 4: Figure S4). Femurs from 4-week-
old Wt and Bhlhe40~'~ mice were separated to measure
mechanical characteristics and bone mass. The mechani-
cal strength of femurs from Bhlhe40™'~ mice was higher
than that of femurs from Wt mice: they were able to
endure more force before breaking than Wt mice (Fig. 3A,
B). Quantitative microtomography (micro-CT) analysis
showed that Bhlhe40~'~ mice exhibited lower values for
trabecular spacing (Tb. Sp) as well as higher values for
bone volume/tissue volume (BV/TV), number of trabec-
ulae (Tb. N), trabecular thickness (Tb. Th), bone density
(BMD) and cortical bone thickness (Ct. Th) than their Wt
littermates (Fig. 3C, D). Consistently, H&E staining dem-
onstrated an increased number of trabeculae and corti-
cal thickness in Bhlhe40™'~ mice compared with Wt mice
(Fig. 3E). TRAP staining showed that Bhlhe40~'~ mice
had fewer osteoclasts (yellow arrow) on the bone surface
than their Wt littermates (Fig. 3F). Furthermore, lower
expression of RANK was observed in Bhlhe40™'~ mice
than in their W% littermates (Fig. 3G). In addition, BMMs
isolated from 4-week-old Bhlhe40~'~ mice displayed less
osteoclast differentiation, as evidenced by the reduced
expression of OC specific genes (Fig. 3H) and decreased
TRAP and phalloidin staining (Fig. 31-K). We also iso-
lated BMSCs from Wt and Bhlhe40~'~ mice and com-
pared osteoblast differentiation. Although ALP activity
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Fig. 1 Bhlhe40 upregulation correlates with OC differentiation and osteoporosis in mice. A Heatmap of mRNA in bone marrow macrophages
(BMMs) and osteoclasts (OCs) from dataset GSE54779 on GEO. B Statistical of Bhlhe40 expression between BMMs and OCs in Heatmap (n=3).

C RNA expression of Bhlhe40 in BMMs during osteoclast differentiation (n =3). D Immunofluorescence of BHLHE40 in BMMs during osteoclast
differentiation (Scale bar, 50 um). E Immunofluorescence of BHLHE40 in RAW264.7 during osteoclast differentiation (Scale bar, 50 um). F
Quantitative analysis (0D: n=3; 6D: n=4; Others: n =5) of BHLHE40 in BMMs during osteoclast differentiation in D. G Quantitative analysis (6D:
n=4; Others: n=5) of BHLHE40 in RAW264.7 during osteoclast differentiation in E. H, I Immunofluorescence and quantitative analysis (n = 3) of
BHLHEA40 (green) in BMMs between Sham and Osteoporosis mice. BMMs were stained with CD11b (red). Nucleus was stained with DAPI (blue)
(Scale bar, 150 um). J, K Immunofluorescence and quantitative analysis (n = 3) of BHLHE40 (green) in OCs between Sham and Osteoporosis mice.
OCs were stained with CTSK (red). Nucleus was stained with DAPI (blue) (Scale bar, 150 um). All data are mean & SD; * P <0.05, ** P <0.01, ***

P <0.001. by unpaired (B, C, F, G), paired (I, K) Student’s t test and one-way ANOVA followed by Tukey's post hoc test
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appeared to be reduced in BMSCs from Bhlhe40~'~ mice,
no significant difference in Alizarin Red S staining (ARS)
or Von Kossa staining was observed between Wt and
Bhlhe40~~ mice (Additional file 5: Figure S5A). Less
collagen was observed in the trabeculae of 4-week-old
Bhlhe40™~ mice than in those of Wt mice (Masson stain-
ing), whereas no significant difference in mineralization
was observed (Goldner staining) (Additional file 5: Figure
S5B, C). Notably, more ossification occurred in 3-day-old
Bhlhe40™~ mice than in their Wt littermates (Additional
file 5: Figure S5D). Moreover, no significant difference in
the number of mature osteoblasts expressing osteocal-
cin (OCN) was observed in Bhlhe40~'~ mice compared
with their Wt littermates (Additional file 5: Figure S5E,
F). These results suggested that Bhlhe40 deficiency led
to increased bone mass in vivo mainly due to impaired
osteoclastogenesis rather than osteoblastogenesis.

Osteosclerosis in Bhlhe40~'~ mice was dominated

by osteoclasts instead of the microenvironment.

To verify that the increase in bone mass due to BHLHE40
deficiency was an intrinsic cell defect rather than other
environmental factors, bone marrow transplantation was
performed. Since adult osteoclasts are mainly derived from
HSCs [6], this allows us to specifically study the effect of
gene knockout in osteoclasts on bone mass, and exclud-
ing the influence of other components in the bone marrow.
Bone marrow cells from Wt and Bhihe40~'~ mice were
engrafted into Wt and Bhihe40™'~ recipient mice, respec-
tively (Fig. 4A). Chimerism was verified by PCR (Addi-
tional file 6: Figure S6). We noticed that the phenotype of
chimeric mice depended on the donor cells. For instance,
the WT-to-WT group showed comparable values for bone
mass, number of trabeculae, and number of osteoclasts
compared to those of the WT-to-KO group. Consistently,
the KO-to-WT group and KO-to-KO group exhibited
comparable values for bone mass, number of trabeculae,
and number of osteoclasts. Notably, chimeric mice receiv-
ing KO donor cells (the KO-to-WT and KO-to-KO groups)
showed increased bone mass and number of trabeculae
and a decreased number of osteoclasts compared with
those of chimeric mice receiving Wt donor cells (Fig. 4B—
E). Considering that the majority of osteoclasts are derived
from hematopoietic cells, these observations demonstrated
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that the increase in bone mass in Bhilhe40~'~ mice was due
to intrinsic defects in osteoclast differentiation.

Bhlhe40 directly regulated c-Fos and Nfatc1

during osteoclast differentiation

To dissect the mechanism by which Bhlhe40 promotes
osteoclast differentiation, we performed RNA-Seq. Heat-
map and volcano analyses identified 1157 differentially
expressed genes (DEGs) between Wit and Bhilhed0™'~
mice, of which 541 genes were upregulated and 616 genes
were downregulated (Fig. 5A, B). KEGG analysis of DEGs
revealed a significant enrichment of genes related to
cytokine-cytokine receptor interactions, endocrine resist-
ance, osteoclast differentiation and the NF-kB signaling
pathway (Fig. 5C, D). The enrichment of genes related to
osteoclasts in vivo was further analyzed by GOChord. The
enriched genes were assigned to the following categories:

“osteoclast differentiation; “NF-kB signaling pathway’,

“rheumatoid arthritis’, “Hippo signaling pathway’, “endo-
crine resistance’; and “hematopoietic cell lineage” (Fig. 5E).
These observations suggest that Bhlhe40 may regulate the
expression of osteoclast differentiation genes. We per-
formed Venn diagram analysis by using the BHLHE40
target genes predicted by the Gene Transcription Regula-
tion Database (list 1), the DEGs from our RNA-seq (list 2),
key genes involved in osteoclast differentiation (list 3) and
osteoclast differentiation-regulated DEGs from GEO data-
bases (list 4) and 8 genes were identified as common genes
including Nfatcl (Fig. 5F). The expression changes in Wt
and Bhlhe40~'~ mice were verified for seven genes (Clec2g
could not be detected by qPCR due to its low abundance
in cells) (Fig. 5G). However, only 4 genes were further con-
firmed in Bhlhe40 overexpressing cells, and no significant
changes in Src and Ocstamp expression were observed
(Fig. 5H). Although Fos was not identified as a DEG in
RNA-Seq, we verified its downregulation in Bhlhed0~'~
mice and its upregulation in Bhlhe40 overexpressing cells
(Fig. 5G, H). Taken together, these results suggested that
Bhlhe40 may promote osteoclastogenesis by upregulating
the master regulators Fos and Nfatcl.

Bhlhe40 directly targeted c-Fos and Nfatc1

To further investigate the regulatory role of Bhlhe40 in
Nfatcl and Fos expression, we first confirmed the cor-
relation between BHLHE40 and NFATCI expression

(See figure on next page.)

Fig. 2 Bhlhe40 promotes OC differentiation in vitro. A RNA expression of Bhlhe40 in control (Si-NC) and Bhlhe40 knockdown (Si-Bhlhe40) BMMs
(n=3). B, C Quantification (n=3) and TRAP staining in Si-NC and Si-Bhlhe40 (Scale bar, 50 um). D Phalloidin staining in Si-NC and Si-Bhlhe40 (Scale
bar, 50 um). E RNA expression of OC-specific genes in Si- NC and Si-Bhlhe40 (n = 3). F RNA expression of Bhlhe40 in control (Control) and Bhlhe40
overexpressing (Bhlhe40) BMMs (n=3). G, H Quantification (n=3) and TRAP staining in Control and Bhlhe40 (Scale bar, 50 um). I Phalloidin staining
in Control and Bhlhe40 overexpression (Scale bar, 50 um). J RNA expression of OC-specific genes in Control and Bhlhe40 overexpression groups
(n=3). All data are mean £ SD; * P <0.05, ** P <0.01, *** P <0.001. by unpaired Student’s t test
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(GSE51496) or FOS (GSE7158) in the GEO database
(Fig. 6A, B). Immunofluorescence showed that Bhlhe40~'~
mice (4 weeks old) expressed less NFATc1 and c-Fos in
both BMMs (CD11b+) and OCs (CTSK+) than their Wz
littermates (Fig. 6C—F). Downregulation of NFATc1 and
c-Fos in Bhlhe40~’~ mice was also detected by immu-
nohistochemistry (Fig. 6G-J). Consistently, mice receiv-
ing Wt donor cells had higher expression of NFATc1 and
c-Fos than mice receiving Bhlhe40~'~ donor cells (Fig. 6K,
L). These observations suggested that Bhlhe40 regulated
Nfatcl and Fos during osteoclast differentiation. To explore
whether BHLHE40 directly regulates Fos and Nfatcl, 3
putative Bhlhe40-binding sites were identified in the Nfatcl
gene promoter region, and 2 sites in the Fos gene promoter
region were identified (Fig. 6M, N) by JASPAR (http://jas-
par.genereg.net). ChIP analysis in BMMs demonstrated
that the amount of DNA in these putative binding sites
was significantly increased by the BHLHE40 antibody
compared to the preimmune control antibody (Fig. 6M,
N). These findings demonstrated that BHLHE40 directly
bound to the promoter regions of the NfatcI and Fos genes
and regulated their expression.

c-Fos/Nfatc1 was required for Bhlhe40 function

during osteoclast differentiation

To verify the role of Nfatcl and Fos in Bhlhe40-mediated
osteoclastogenesis, Nfatcl and Fos were knocked down by
siRNA (Additional file 7: Figure S7) in BHLHE40 overex-
pressing cells. Nfatcl knockdown or Fos knockdown abro-
gated the enhanced osteoclastogenesis induced by Bhlhe40
overexpression, as evidenced by a decrease in TRAP + cells
and osteoclast-specific gene expression (Fig. 7A—F). Con-
sistently, an NFATc1 inhibitor (NFAT Inhibitor) or a c-Fos
inhibitor (T-5224) also generated similar results (Fig. 7G—
L). These results suggested that Nfatcl and Fos were
required for Bhlhe40 function in osteoclast differentiation.

BHLHEA40 deficiency alleviated OVX and aging-induced
osteoporosis in vivo

To examine whether BHLHE40 played a role in osteopo-
rosis, an OVX-induced osteoporosis mouse model was
established. Micro-CT results showed that OVX W¢ mice
exhibited significant bone mass loss and decreased values
for BV/TYV, bone surface area/tissue volume (BS/TV), and
Tb. N compared with those of the Sham Wt group (Fig. 84,
B). In sharp contrast, OVX did not cause significant
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bone mass loss or significant changes in these values in
Bhihe40~'~ mice (Fig. 8A, B). Similarly, H&E staining
showed that OVX did not significantly change bone
mass or Tb. N in Bhlhe40~'~ mice but did so in Wt mice
(Fig. 8C). There were more TRAP-positive cells (yellow
arrow) in OVX Wi mice than in Sham Wit mice whereas
no significant changes were observed between OVX and
Sham Bhlhe40~~ mice (Fig. 8D). Moreover, micro-CT
results indicated that the senile Wt mice showed signifi-
cant bone loss and decreased BV/TV, BS/TV and Tb. N
values compared with those of the adult Wt group (bone
mass decreased by approximately 75%), whereas Bhlhe40
deficiency partially rescued bone loss in senile mice (bone
mass decreased by approximately 40%) (Fig. 8E, F). Fur-
thermore, the values of indicators of osteoporosis (trabecu-
lar bone model factor (Tb. Pf) and structural model index
(SMI)) increased in senile Wt mice, while aging did not
cause similar changes in Bhilhe40™ mice (Fig. 8F). These
findings suggested that BHLHE40 may play an important
role in osteoporosis, especially OVX-induced osteoporosis.

Discussion

Osteoclasts are critical for bone resorption and abnormal
activation of osteoclasts causes a variety of bone diseases
including osteoporosis. OC differentiation is controlled
by the combined action of multiple transcription factors
[25]. Bhlhe40 is a helix-loop-helix transcription factor
that plays a key role in various biological processes and is
expressed in a variety of human tissues and cells, includ-
ing resident macrophages [18, 19]. However, the role of
Bhlhe40 in osteoclastogenesis and its therapeutic effect
on abnormal bone resorption-related diseases are still
unclear. Here, we demonstrated that Bhlhe40 upregu-
lation was associated with abnormal bone resorption
diseases and that Bhlhe40 deficiency inhibited osteoclas-
togenesis in vitro and in vivo. In addition, bone marrow
transplantation showed that osteoclasts were the culprit
of osteosclerosis caused by Bhlhe40 deficiency. Through
RNA-seq and chromatin immunoprecipitation, we iden-
tified a new Bhlhe40/Fos/Nfatcl axis through which
Bhlhe40 affects osteoclastogenesis. Finally, we established
a mouse model of estrogen-deficient and senile osteopo-
rosis and found a significant improvement in abnormal
bone resorption in Bhlhe40-deficient mice, suggesting

(See figure on next page.)

Fig. 4 Osteosclerosis in Bhlhe40~~ mice is dominated by osteoclasts instead of microenvironment. A Diagram of bone marrow transplantation. B
Quantification of bone parameters by Micro CT from each group of mice for bone marrow transplantation (WT to WT: n=5, WT to KO: n=6, KO to
WT: n=5, KO to KO: n=7). BV/TV; Bone surface area bone volume ratio (BS/TV); Structural model index (SMI); Tb. N; Tb. Th; Trabecular bone model
factor (Tb. Pf). € Micro CT and 3D reconstruction models of the femoral trabecula from each group of mice for bone marrow transplantation (Scale
bar, 1 mm). D, E H&E and TRAP staining of femurs from each group of mice for bone marrow transplantation. The yellow arrowhead points to OCs
(Scale bar, 100 um). All data are mean £ SD; * P <0.05, ** P <0.01, *** P <0.001. by one-way ANOVA followed by Tukey’s post hoc test
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that Bhlhe40 is an effective target for the treatment of
osteoporosis.

Although limited studies have shown that Bhlhe40
may promote PI3BKCA/Akt/GSK3pB-regulated osteoblas-
togenesis [26], the effect of Bhlhe40 on osteoclasts has
not been proven, and maintaining bone mass balance is
a complex process that requires the participation of oste-
oblasts and osteoclasts. In contrast, the lack of Bhlhe40
reduces cement loss caused by Porphyromonas gingivalis
in a periodontitis model [20]. These studies seem to be
contradictory and prompted us to further explore how
Bhlhe40 regulates bone mass in abnormal bone resorp-
tion diseases. To this end, we isolated bone marrow mes-
enchymal cells from 4-week-old Wt and Bhlhe40~'~ mice
for verification. Interestingly, Bhlhe40 knockout affected
the number of ALP + cells but did not affect mineraliza-
tion, as evidenced by comparable ARS staining at 21 days
and Von Kossa staining at 28 days (Additional file 5: Fig-
ure S5A). Masson and Goldner staining of the femurs in
Wt and Bhlhe40~'~ mice may support this possibility:
Collagen reduction was observed whereas mineralization
showed no significant change in Bhlhe40~~ mice. OCN
is characteristic of mature osteoblasts and is considered
an indicator of mineralization [27]. We failed to find a
significant difference in the number of OCN+-cells by
immunohistochemistry. These observations exclude the
possibility that the increased bone mass in Bhlhed0™'~
mice is due to increased osteoblastogenesis. Indeed, bone
marrow transplantation demonstrated that the pheno-
type of Wt or Bhlhe40~'~ recipient mice depended on
the donor cells (Fig. 4). Many studies have shown that
osteoclasts develop through the fusion of monocyte pre-
cursors derived from HSCs in the presence of M-CSF and
RANKL [28, 29]. In contrast, it is difficult for osteoblasts
or bone cells to colonize the bone marrow through bone
marrow transplantation [30]. If the bone mass changes in
Bhlhe40~'~ mice are dominated by osteoblasts or other
bone cells, the phenotype of the recipient mice should
depend on themselves rather than the donors. Therefore,
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our experiment proved that the bone mass changes in
Bhlhe40~'~ mice are dominated by osteoclasts. Taken
together, our observations indicate that the changes in
bone mass caused by Bhlhe40 deficiency are most likely
dominated by osteoclasts rather than osteoblasts.

Our RNA-seq and subsequent experiments have
shown that Bhlhe40 affects osteoclastogenesis by regulat-
ing the transcription of Nfatcl and Fos. The Fos/Nfatcl
pathway plays a crucial role in the formation of osteo-
clasts. NFATcl promotes the expression of a variety
of osteoclast-specific genes [31]. c-Fos is an important
part of transcriptional AP-1. BMMs lacking c-Fos can-
not differentiate into osteoclasts, and mice lacking c-Fos
develop osteosclerosis, indicating the key role of c-Fos
in osteoclastogenesis [32, 33]. Indeed, downregulation
and inhibition of Fos or Nfatcl significantly reversed the
increase in osteoclastogenesis in Bhlhe40 overexpressing
BMMs, which indicates that Bhlhe40-mediated regula-
tion of osteoclastogenesis depends on Fos/Nfatcl. Our
ChIP-PCR confirmed the direct binding of BHLHE40
to the promoter regions of the Nfatcl and Fos genes. In
addition, many studies have demonstrated that Bhlhe40
promotes inflammation [20, 34, 35], which causes bone
loss by promoting osteoclast differentiation [36, 37]. Our
RNA-Seq also revealed NF-«B signaling and rheumatoid
arthritis, which are tightly associated with inflammation.
We do not exclude the possibility that Bhlhe40 promotes
osteoclast differentiation by enhancing inflammation.

Many osteolytic diseases are caused by the excessive
activation of OCs. As mentioned earlier, abnormal bone
resorption is mainly inhibited clinically by regulating the
function of OCs. However, most drugs have off-target
effects and potential side effects [38, 39]. In addition,
these drugs usually cannot cure malignant osteoporosis
and osteopetrosis [10, 11]. Studies have shown that some
refractory osteoporosis in humans and mice can be par-
tially treated by bone marrow transplantation [40, 41],
but this approach is not available to most patients and
causes substantial pain. Here, our research showed that

(See figure on next page.)

Fig. 6 Bhlhe40 deficiency leads to a decrease in c-Fos/Nfatc1 and directly targets Fos and Nfatcl. A The correlation expression of Bhlhe40 and
Nfatc1 (GSE51495 dataset) (n=30). B The correlation expression of Bhlhe40 and Fos (GSE7158 dataset) (n=26). C, D Immunofluorescence and

quantitative (n=15) of NFATc1 (green) in BMMs or OCs between Wt and Bhlhe40™~ mice. BMMs were stained with CD11b (red). OCs were stained
with CTSK (red). Nucleus was stained with DAPI (blue) (Scale bar, 150 um). E, F Immunofluorescence and quantitative (n=5) of c-Fos (green) in
BMMs or OCs between Wt and Bhlhe40™'~ mice. BMMs were stained with CD11b (red). OCs were stained with CTSK (red). Nucleus was stained with
DAPI (blue) (Scale bar, 150 pm). G, H Immunohistochemistry of NFATc1 and quantitative analysis (n=5) in femurs from Wt and Bhlhe40™~ mice
(Scale bar, 50 um). I, J Immunohistochemistry of c-Fos and quantitative analysis (n=>5) in femurs from Wt and Bhlhe40~'~ mice (Scale bar, 50 um). K
Immunohistochemistry of NFATc1 in femurs from each group of mice for bone marrow transplantation (Scale bar, 50 um). L Immunohistochemistry
of c-Fos in femurs from each group of mice for bone marrow transplantation (Scale bar, 50 um). M Anti-BHLHE40 ChiP assay for the Nfatc1 promoter
in BMMs. Predicted anti-BHLHE40 binding sites are indicated. Immunoprecipitated DNA was amplified by gPCR (n = 3). Normal rabbit IgG was used
as a negative control. Results are presented as ChIP/Input. N Anti-BHLHE40 ChiP assay for the Fos promoter. Predicted Anti-BHLHE40 binding sites
are indicated. Immunoprecipitated DNA was amplified by gPCR (n=3). Normal rabbit IgG was used as a negative control. Results are presented

as ChIP/Input. All data are mean £ SD; ns P>0.05, * P <0.05, ** P<0.01, *** P<0.001. by unpaired Student’s t test, two-tailed and one-way ANOVA
followed by Tukey’s post hoc test
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Bhihe40 deficiency can prevent excessive bone resorp-
tion. The bone mass and trabecular bone number of ova-
riectomized Bhlhe40~'~ mice were similar to those of the
Sham group, while the bone mass and trabecular bone
number of ovariectomized W mice were significantly
decreased. On the other hand, because aging is a process

involving an overall decline in body functions, Bhlhe40
deficiency cannot completely reverse the effects of aging,
but it still demonstrated significant therapeutic effects
in senile models. In addition, senile Bhlhe40™'~ mice
showed similar bone mass as adult Wt mice, which dem-
onstrated the possibility of using Bhlhe40 as a treatment
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target for aging-induced osteoporosis. These results
indicate that diseases related to abnormal bone resorp-
tion can be cured by downregulating Bhlhe40. In addi-
tion, Tcirgl, considered to be the main case of malignant
infantile osteopetrosis (MIOP) [42], was observed to be
downregulated in Bhlhe40~~ mice by RNA-Seq. This
result reveals the possibility of using Bhlhe40 as a poten-
tial therapeutic target for osteopetrosis. Since the lack of
Bhlhe40 also partially affects osteogenesis, the inhibition
of Bhlhe40 may have broad application prospects in OVX
and inflammation-related osteolysis, which are believed
to be dominated by osteoclasts. In senile osteoporosis,
which is caused by multiple factors [43], the inhibition of
Bhlhe40 should be combined with other treatments.

Conclusion

In summary, our research demonstrated that Bhlhe40
may regulate OC differentiation through Fos/Nfatcl
signaling. Bone mass and trabecular bone are important
determinants of bone strength in humans. Loss of bone
mass in osteoporosis can affect bone strength and may
cause fractures. Our research showed that osteoporo-
sis caused by estrogen deficiency and aging can be res-
cued by regulating Bhlhe40. Therefore, Bhlhe40 may be a
promising target for the treatment of osteoporosis.

Methods
Cell culture and osteoclast differentiation
The mouse macrophage cell line RAW264.7 (ATCC,
Cat# TIB-71"") and human kidney epithelial cell line
293T (ATCC, Cat# CRL-3216"") were cultured in DMEM
(HyClone, Cat# SH30243.01B) supplemented with 10%
fetal bovine serum (FBS) at 37 °C in a 5% CO, atmos-
phere. All cell lines were routinely screened for myco-
plasma contamination using a Mycoplasma Stain Assay
Kit (Beyotime, Cat# C0296).

Bone marrow macrophages (BMMs) were isolated from
4-week-old male C57BL/6] mice as previously described
[44, 45]. In short, the femur was separated under aseptic
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conditions, and the bone marrow cavity was flushed with
a-MEM (HyClone, Cat# SH30265.01B) containing 10%
FBS and 1% penicillin—streptomycin. The cell suspension
was cultured in complete a-MEM at 37 °C in a 5% CO,
atmosphere overnight to filter off adherent mesenchy-
mal stem cells. The supernatant was transferred to a new
cell culture flask, M-CSF was added to a final concentra-
tion of 50 ng/ml, and the cells were cultured for another
3 days to allow BMMs to adhere and proliferate.

For OC differentiation, cells were cultured in complete
a-MEM containing 30 ng/ml M-CSF (R&D Systems,
Cat# 416-ML-010) and 50 ng/ml RANKL (R&D Systems,
Cat# 462-TEC-010) for 6 days. The medium was changed
every other day. Multinucleated osteoclasts were fixed in
4% paraformaldehyde at room temperature for 20 min,
soaked in PBS containing 0.5% Triton-X for 30 min, and
stained with tartrate-resistant acid phosphatase (TRAP)
solution (Servicebio, Cat# G1050) at 37 °C for 50 min.
Osteoclast differentiation was also confirmed by immu-
nofluorescence staining with DAPI (Servicebio, Cat#
G1012) and phalloidin (Servicebio, Cat# G1041). Fluores-
cent images were acquired using an inverted microscope
system (Olympus, IX73, Japan). Cells with 3 or more
nuclei were counted. Statistics are based on the number
of OCs in 8 fields. For drug experiments, 10 uM NFAT
Inhibitor (MCE, Cat# HY-P1026) was used to inhibit
NFATc1, and 10 uM T-5224 (MCE, Cat# HY-12270) was
used to inhibit c-Fos.

Isolation, culture and differentiation of bone mesenchymal
stem cells (BMSCs)

Primary BMSCs were collected from 4-week-old Wt
and Bhlhe40-/- male mice as previously described [46].
In brief, the mechanically separated femoral and tibial
diaphysis were digested with a-MEM containing 1 mg/
ml collagenase II (Gibco, Cat# 17101015) and 2 mg/ml
100 mg dispase II (Millipore Sigma, Cat# D4693) for 2 h.
Cells were cultured in complete a-MEM at 37 °C in a 5%

(See figure on next page.)

Fig. 7 c-Fos/Nfatc! is required for Bhlhe40 function in osteoclast differentiation. A, B TRAP staining and quantification (n = 3) to detect osteoclast
differentiation of BMMs in Control, Bhlhe40 overexpression, Control treated with Si-Nfatc1, and Bhlhe40 overexpression treated with Si-NfatcT

groups (Scale bar, 50 um). C OC-specific gene expression of BMMs in Control, Bhlhe40 overexpression, Control treated with Si-Nfatc1, and Bhlhe40
overexpression treated with Si-Nfatc1 groups (n=3). D, E TRAP staining and quantification (n = 3) to detect osteoclast differentiation of BMMs in
Control, Bhlhe40 overexpression, Control treated with Si-Fos, and Bhlhe40 overexpression treated with Si-Fos groups (Scale bar, 50 um). F OC-specific
gene expression of BMMs in Control, Bhlhe40 overexpression, Control treated with Si-Fos, and Bhlhe40 overexpression treated with Si-Fos groups
(n=3). G, H TRAP staining and quantification (n=3) to detect osteoclast differentiation of BMMs in Control, Bhlhe40 overexpression, Control treated
with NFAT Inhibitor, and Bhlhe40 overexpression treated with NFAT Inhibitor groups (Scale bar, 50 um). I OC-specific gene expression of BMMs in
Control, Bhlhe40 overexpression, Control treated with NFAT Inhibitor, and Bhlhe40 overexpression treated with NFAT Inhibitor groups (n=3). NFAT
Inhibitor reduced the expression of NFATc1. J, K TRAP staining and quantification (n = 3) to detect osteoclast differentiation of BMMs in Control,
Bhlhe40 overexpression, Control treated with T-5224, and Bhlhe40 overexpression treated with T-5224 groups (Scale bar, 50 um). L OC-specific genes
expression of BMMs in Control, Bhlhe40 overexpression, Control treated with T-5224, and Bhlhe40 overexpression treated with T-5224 groups (n = 3).
T-5224 reduced the expression of c-Fos. All data are mean £ SD; * P <0.05, ** P<0.01, *** P <0.001. by one-way ANOVA followed by Tukey’s post hoc
test
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CO2 atmosphere. The 3rd to 5th generation BMSCs were
used in this study.

For osteoblast differentiation, cells were cul-
tured in a-MEM containing 10% FBS, 10 nM dexa-
methasone (Sigma-Aldrich, Cat # D2915), 10 mM

B-glycerophosphate (Sigma-Aldrich, Cat #G6251) and
50 pM L- Ascorbic acid (Sigma-Aldrich, Cat# A4403).
ALP (Beyotime, Cat# C3206), Alizarin Red S(ARS)
(Sigma-Aldrich, Cat# A5533; 1% solution in water; pH
4.2) and Von Kossa staining (Servicebio, Cat# GP1054)
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Fig. 8 BHLHEA40 deficiency alleviates bone loss due to estrogen deficiency in vivo. A Representative Micro CT images of femurs from Wt (Sham) Wt
(OVX), Bhlhe40~'~ (Sham) and Bhlhe40~/~ (OVX) mice (Scale bars, T mm). B Quantification of cortical bone parameters by Micro CT from Wt (Sham)
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were performed at 7 days, 21 days and 28 days, respec-
tively. Microscopy images were obtained using a
10 x phase-contrast objective on an Olympus IX73
microscope.

The proliferation and apoptosis assay

MTT was used to detect the proliferation of BMMs after
knockdown or overexpression of BHLHE40. Inoculate
treated BMMs (1 x 10° cells/ml) in a 96-well plate. Theer
days later, 100ul of complete a-MEM containing 10%
MTT buffer (Procell, Cat# PB180519) was added to each
well and incubated at 37 °C for 4 h. After removing the
supernatant, 100 pl of dimethyl sulfoxide (DMSO) was
added to the wells, and a multifunctional microplate
reader (PE Enspire) was used to detect the absorbance at
a wavelength of 492 nm.

For the apoptosis assay, BMMs with knockdown or
overexpressed of BHLHE40 and their controls were gen-
tly dissociated with trypsin without EDTA, and apopto-
sis was detected with an Annexin V-FITC/PI apoptosis
kit (MultiSciences, Cat# 70-AP101-100) according to the
manufacturer’s instructions. CytoFlex S flow cytometer
and Cytexpert analysis software (Beckman Coulter) were
used for analysis.

Mice and bone marrow transplantation
Bhlhe40~~(BHLHE40 KO) mice were a gift from the
Collaborative Innovation Center of Model Animal
Wuhan University. Targeting of the Bhlhe40 locus was
performed by standard techniques. The BssHII-BssHII
genomic fragment of Bhlhe40 as previously described
[47], which contains the promoter and coding region
including the ATG in exon 1, was replaced with a Neo
cassette. The resulting chimeric mice were backcrossed
to C57BL/6 mice more than six to eight times.

For elderly animal models, 1-month-old or 12-month-
old male mice (C57BL/6) were sacrificed, and the femurs
were isolated and fixed with 4% paraformaldehyde for
subsequent experiments.

To establish an osteoporosis mouse model [48], 6-week-
old female mice (C57BL/6) were anesthetized with 1-4%
isoflurane. A 0.5 cm single midline dorsal incision was
made in the lower back through the skin. The connec-
tive tissue under the skin was gently freed, the ovary was
positioned under the thin muscle layer, and a small inci-
sion was made on each side to enter the abdominal cavity
of the skin. Expose fallopian tubes and ovaries. The ova-
ries were identified and placed back into the abdominal
cavity (Sham). Ligation was performed around the fallo-
pian tube and small sterile scissors were used to gently
cut off the fallopian tube to remove the ovaries. The rest
of the fallopian tube was placed back into the abdominal
cavity (OVX) and sutured layer by layer.
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Since adult osteoclasts are mainly derived from HSCs
[6], this allows us to specifically study the effect of gene
knockout in osteoclasts on bone mass. Bone marrow
transplantation was performed as previously described
[49] and grouped as shown in Fig. 4A. In brief, 6-week-
old male recipient mice (Wt and Bhlhe40~'~) were
lethally irradiated (8 Gy). After 4 h, the donor mice
(4-week-old Wt and Bhihe40~'~) were sacrificed and
the femurs were separated. The bone marrow was col-
lected from the femur by washing 3 times with PBS sup-
plemented with 1% FBS and filtering the cells through
a 200 mesh screen. The cells were washed in PBS and
resuspended at a concentration of 107 cells/ml. Then,
10° donor cells (100 pul) were injected into the tail vein of
each mouse in the recipient group, and the animals were
kept for 7 weeks. Peripheral blood was collected (50 pl)
to extract DNA for chimerism identification by PCR. The
primer sequences used in the assay are listed in Addi-
tional file 8: Table S1. No statistical method was used to
predetermine the sample size of animal studies. No mice
were excluded from analyses except those with unsuc-
cessful transplantation.

Knockdown and overexpression

To knock down Bhlhe40, Nfatcl and Fos, a riboFECT CP
Transfection Kit (RiboBio, Cat # R10035.7) was used for
siRNA transfection for 24 h. The gene sequences used for
the target siRNA are listed in Additional file 8: Table S1.
The Bhlhe40 overexpression plasmid was purchased from
Shanghai Genechem. Lentivirus packaging and infection
were performed as previously described [50]. The plas-
mids pSPAX2, pMD2.G and overexpression plasmids
were cotransfected into 293 T cells to package lentivirus.
The supernatant was collected at 48 and 72 h and lentivi-
ruses were concentrated (Millipore, Ultracel-100 regen-
erated cellulose membrane, 15 mL sample volume, Cat#
UFC9100). Lentiviral infection (MOI=100) of BMMs
was performed in the presence of 10 pg/ml polybrene
for 24 h. Cells were selected with 2 pug/ml puromycin for
72 h. The knockdown efficiency or overexpression level
of Bhlhe40 was verified by qPCR. The knockdown effi-
ciency levels of Nfatcl and Fos were verified by qPCR.

Chromatin immunoprecipitation (ChIP)

The samples were prepared as described previously [51].
BMMs were cultured in 30 ng/ml M-CSF for 3 days and
fixed in 1% formaldehyde for 10 min at room tempera-
ture. Cells were neutralized with glycine and collected
to make cell lysates. Cells were resuspended in sonica-
tion buffer at 4 °C for 10 min, and then each sample was
sonicated 6 times with 40% AMP for 15 s. After cen-
trifugation at 8000 g for 30 s at 4 °C, chromatin was col-
lected from the supernatant, and 50 pl aliquots of the
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sample were used to extract the input DNA. After incu-
bating with 1 pl of 1 mg/ml RNase A (Sigma-Aldrich,
Cat# R6513) and 2 pl of proteinase K (20 mg/ml) at
65 °C overnight, the input DNA was purified using a
TIANGEN Common DNA Product Purification Kit
(TTANGEN, Cat# DP204). The chromatin samples were
incubated with 1 mg/ml BSA and 40 pl prebalanced pro-
tein A/G magnetic beads (MCE, Cat# HY-K0202) for
2 h at 4 °C. After the beads were removed, 1 ug of anti-
BHLHE40 antibody was added, incubated overnight and
then precipitated with protein A/G magnetic beads. The
beads were washed, and DNA was eluted and purified
with a TIANGEN Common DNA Product Purification
Kit after RNase A treatment. The immunoprecipitated
DNA fragments were collected for qPCR amplification.
Normal rabbit IgG was used as a negative control. DNA
samples were analysed by real-time PCR, and IgG was
used for standardization. The nucleotide sequence of the
oligonucleotide used in the assay is shown in Additional
file 8: Table S1. The antibodies used were summarized in
Additional file 9: Table S2.

RNA extraction and quantitative PCR

TRIzol (Thermo Fisher, Cat# 15596026) was used to
extract total RNA from BMMs. The reverse transcriptase
kit (Vazyme, Cat# R223) was used to reverse transcribe
an aliquot of 200 ng total RNA into cDNA. SYBR green
mixture (Vazyme, Cat# Q311) and Monad Real-Time
PCR instrument (Monad q225) were used for quantita-
tive PCR. The primers used for specific transcripts are
listed in Additional file 8: Table S1. The mRNA level was
normalized to that of GAPDH.

Micro-CT analysis

All mice were euthanized with CO,, and the femurs were
separated and evaluated by the SkyScan 1176 high-res-
olution micro-CT imaging system (Bruker, Germany).
According to the manufacturer’s instructions [49], each
femur was scanned separately at 55 kV and 200 pA using
a 0.25-mm aluminium filter to obtain an isometric reso-
lution of 7-um. NRecon (Bruker, Germany) was used to
reconstruct the image and CTAn (Bruker, Germany)
was used for quantitative analysis. The volume of inter-
est (VOI) contains most of the metaphysis and part of the
diaphysis. CT Vol software was used (Bruker Micro-CT,
Germany) to adjust the 3D model. Trabecular or cortical
bone parameters in an area from 0.2 mm to 2.3 mm or
4.0 mm to 5.4 mm below the growth plate of the femur
were measured.

Mechanical testing
The soft tissue was removed from the femur to ensure
consistency between the conditions used in the
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mechanical test. All 8 samples were mechanically tested
in the vertical direction. Polymethyl methacrylate rigid
base (PMMA, Aladdin, Cat# 9011-14-7) was used to fix
both sides of the femur and contact the metal base [52].
The dynamic fatigue testing machine (BOSE ElectroForce
3220 225N) was brought in contact with the PMMA
bases on both sides until nominal compression (<10 N)
was observed. Then, the mouse femur was compressed
at a speed of 1 mm/s until the applied load dropped sig-
nificantly (loss of 50% or more). The mechanical test was
carried out at room temperature. All test data were col-
lected at 20 Hz.

Skeletal preparation and staining

As mentioned earlier [53], mice were sacrificed by CO2
and skin and muscles were removed. After fixation in
95% ethanol overnight, remaining samples were trans-
ferred to acetone for 48 h. Cartilages were then stained in
0.3% Alcian Blue (Sigma-Aldrich, Cat# A5268) overnight
at room temperature. The samples were incubated over-
night in 95% ethanol to decolorize and incubated with
1% KOH solution at room temperature for 1 h to remove
residual tissue. The KOH solution was removed and
incubated with 0.1% ARS solution (Sigma-Aldrich, Cat#
A5533) overnight at 4 °C for bone staining. Specimens
were incubated in 1% KOH until the excess ARS and tis-
sues were completely cleared, and then stored in glycerol
for pictures by Nikon camera.

Immunohistochemistry and histological analysis

For paraffin sections, femurs were fixed in 4% paraform-
aldehyde for 48 h, decalcified in 10% EDTA for 28 days,
and then embedded in paraffin after procedural dehydra-
tion. The tissue was sliced (8 pm) with a Leica RM2235
microtome, deparaffinized, and stained with TRAP (Ser-
vicebio, Cat# G1050), Masson (Servicebio, Cat# GP1032),
Goldner (Servicebio, Cat# GP1053) and haematoxylin—
eosin (H&E).

For frozen sections, femurs were fixed in 4% paraform-
aldehyde for 6 h and decalcified as previously described
[54]. After the samples were washed, they were soaked
in PBS containing 30% sucrose at 4 °C for 1-2 days, and
embedded in a gel-filled disposable histological plastic
mold. We used a Leica CM3050S cryostat to slice the
samples (20 um) at — 25 °C.

For immunohistochemistry, sections were deparaffi-
nized and treated with citrate buffer solution (pH 6.0) 3
times at 95 °C, and treated with 3% H,O, for 20 min at
room temperature. Samples were then blocked with 5%
bovine serum albumin (BSA) at room temperature for
1 h, and incubated with the primary antibody overnight
at 4 °C. After the samples were washed, the Polink-2
Plus polymer HRP detection system (ZSGB-BIO, Cat#
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PV6001) was used for the secondary antibody incubation
of the samples, and DAB (ZSGB-BIO, Cat# ZLI-9017)
was used for color development. Hematoxylin was used
for nuclear staining. After dehydration and fixation, the
slices were scanned by the Aperio VERSA 8 (Leica, Ger-
many) scanner.

Immunofluorescence staining

BMMs and RAW264.7 cells cultured in complete a-MEM
containing 30 ng/ml M-CSF and 50 ng/ml RANKL for
0, 2, 4, or 6 days were fixed with 4% paraformaldehyde
for 20 min and permeabilized with PBS containing 0.5%
Triton-X for 30 min. For anti-BHLHE40 immunofluo-
rescence staining, cells were blocked with PBS contain-
ing 5% BSA after fixation and permeabilization, and
cells were incubated with BHLHE40 primary antibodies
overnight at 4 °C. Then, the cells were incubated with
secondary antibodies for 1 h. The images were taken by
confocal microscopy (Leica SP8, Germany) and analysed
with Leica Application Suite X (LAS X).

For immunofluorescence, before staining with antibod-
ies, the sections were allowed to equilibrate for 30 min
at room temperature and rehydrated with PBS at room
temperature 3 times for 5 min. After the samples were
permeabilized or blocked with PBS containing 0.2% Tri-
ton-X 100 or 5% BSA for 1 h, the sections were incubated
with the primary antibody overnight at 4 °C. After wash-
ing with PBS 3 times for 5 min, sections were incubated
with fluorescently labeled secondary antibodies for 1 h.
Images were captured with a confocal microscope (Leica
SP8) and analysed with LAS X. Sections were also stained
with integrin alpha-M (CD11b) (BMMs marker), CTSK
(OCs marker) and DAPI (nuclear).

The primary and secondary antibodies used are listed
in Additional file 9: Table S2.

Transcriptomic analysis

BMMs were isolated from Wt and Bhlhe40~'~ mice, cul-
tured with 50 ng/ml M-CSF for 3 days, and harvested
in a GenCatch TM Total RNA Extraction Kit (Epoch
Life Sciences, Cat# 1660050) 48 h after OC differen-
tiation. Two micrograms of RNA was used for cDNA
library preparation and sequencing following the manu-
facturer’s instructions (HiSeq 2500, Illumina). HISAT2
[55] was used to map sequencing reads to the mouse
genome and SAMtools [56] was used to aggregate tag
counts at the gene level allowing only one read per posi-
tion per length. DESeq2 [57] was used to determine the
differentially expressed genes. ClusterProfiler [58] was
used to perform gene set enrichment analysis, including
GO and KEGG analyses. GOplot [59] was used for the
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visualization of GO analysis. The RNA-seq data in this
study are available in SRA, and the BioProject accession
number is PRINA763091 (http://www.ncbi.nlm.nih.gov/
bioproject/763091).

Bioinformatics analysis

To explore the potential correlation between Bhlhe40
and OC differentiation, GSE54779 (GPL6246 Affymetrix
mouse gene 1.0 ST array) dataset from the Gene Expres-
sion Omnibus (GEO) repository at the National Centre
of Biotechnology Information website (https://www.ncbi.
nlm.nih.gov/geo/) was analysed. This dataset contains
three BMM samples treated with RANKL and M-CSF
and three BMM samples treated with M-CSF alone. All
raw expression data were standardized by R and the Bio-
conductor  (http://www.bioconductor.org) Affymetrix
package. The Linear Array Microarray Analysis (Limma)
software package was used to identify the differentially
expressed genes (DEGs) in BMM samples treated with
M-CSF and RANKL compared with samples stimulated
with M-CSF alone. Values of p<0.05 and |log2FC|>0.5
were considered thresholds for identifying DEGs.

In order to determine the correlation of Bhlhe40 and
Fos or Nfatcl, GSE7158 or GSE51495 from the GEO
repository at the National Center for Biotechnology
Information  website  (https://www.ncbi.nlm.nih.gov/
geo/) was used for analysis (GPL570 Affymetrix Human
Genome U133 Plus 2.0 Array or GPL6104 Illumina
humanRef-8 v2.0). GraphPad Prism 7.0 was used to ana-
lyse the correlation between Bhlhe40 and Fos or Nfatcl
expression in each sample.

The BHLHE40 target genes were predicted through the
Gene Transcription Regulation Database (GTRD (http://
gtrd.biouml.org/)). The binding sites of BHLHE40 were
predicted through the JASPAR database (http://jaspar.
genereg.net/).

Statistical analysis

Data were expressed as the mean £ SD. The results were
considered statistically significant if the P value was less
than 0.05. The random number method was used for ran-
dom assignment. Researchers blinded to group assign-
ment during the experiment. Individual data points were
shown, and the number of samples or images analysed
was indicated in the figure and/or legend. The data were
analysed using the appropriate Students t test when
comparing two groups or one-way analysis of variance
when comparing more than 2 groups. The data points
correspond to independent experiments. The variances
between the compared groups were similar. All statistical
tests were performed using Prism 7.0 software.
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Additional file 1: Figure S1. OC-specific gene expression of BMMs during
osteoclast differentiation (n=3). All data are mean=SD; * P<0.05, **P<0.01,
***p<0.001. by one-way ANOVA followed by Tukey’s post hoc test.
Additional file 2: Figure S2. The expression of BHLHE40 in elderly mice
(A, B) Representative images of the Immunofluorescence analysis of
BHLHE40 (green) and quantitative analysis (n=3) of the bone marrow
macrophages (BMMs) between Control (2 months) and Eld (12 months)
mice. BMMs was stained with CD11b (red). Nucleus was stained with DAPI
(blue) (Scale bar, 150 pm). (C, D) Representative images of the immuno-
fluorescence analysis of BHLHE40 (green) and quantitative analysis (n=3)
of the osteoclasts (OCs) between Control (2 months) and Eld (12 months)
mice. OCs was stained with CTSK (red). Nucleus was stained with DAPI
(blue) (Scale bar, 150 um). All data are mean=4SD; ns P > 0.05, * P < 0.05, *
*P < 0.01. by paired Student’s t test.

Additional file 3: Figure S3. The effect of Bhlhe40 on the proliferation
and apoptosis of BMMs (A) MTT in Si-NC, Si-Bhlhe40, control and Bhlhe40
overexpression BMMs (n=6). (B) Representative flow cytometry plots of
cell apoptosis distribution and the percentage of cells in each phase for
BMMs with Si-NC, Si-Bhlhe40, control and Bhlhe40 overexpression. All data
are mean=+SD; ns P > 0.05. by unpaired Student’s t test.

Additional file 4: Figure S4. Representative figures of mice genotype
identification.

Additional file 5: Figure S5. Osteogenic-specific staining between Wt
and Bhlhe40-/- at 4-weeks-old (A) Alkaline phosphatase (ALP), Alizarin
Red S (ARS), and Von Kossa staining to detect osteoblast differentiation of
bone marrow mesenchymal cells (BMSCs) from Wt and Bhlhe40-/- mice
(Scale bar, 100 um). (B, C) Masson and Goldner staining of femurs from
Wt and Bhlhe40-/- mice (4 weeks) (Scale bar, 200 um). (D) ARS/Alcian Blue
staining of skeleton in Wt and Bhlhe40-/- mice on the third day (P3) after
birth (Scale bar, 5 mm). (E, F) Immunohistochemistry of OCN and quantita-
tive analysis (n=3) in femur sections from Wt and Bhlhe40-/- mice (Scale
bar,200 pum). All data are mean=SD; ns P > 0.05. by unpaired Student’s t
test.

Additional file 6: Figure S6. |dentification of bone marrow
transplantation.

Additional file 7: Figure S7. The efficiency detection of Nfatc1 and Fos
knock-down (A) RNA expression of Nfatc1 in BMMs between Si-NC and
Si- Nfatc1 (n=3). (B) RNA expression of Fos in BMMs between Si-NC and
Si-Fos (n=3). All data are mean=5SD; * P<0.05, **P<0.01. by unpaired
Student’s t test.

Additional file 8: Table S1. Primer sequence
Additional file 9: Table S2. Antibody source

Page 18 of 20

Acknowledgements

We sincerely acknowledge the Collaborative Innovation Center of Model
Animal for their model animals. We sincerely acknowledge members in the
Huang laboratory for their technical assistance and helpful advice. The authors
also would like to thank M.S. Weiliang Liu M.D. Feifei Yan and M.D. Huan Geng
for helpful advice.

Author contributions

Conceptualization, YFZ, YLX and LC; methodology, YFZ and MY; software, YFZ;
validation, YFZ, MY, SZ and YW; formal analysis, YFZ and MY; investigation,
YFZ, ZC and MY; resources, ZQY and XL; data curation, YFZ and MY; writ-
ing—original draft preparation, YFZ; writing—review and editing, YFZ, YLX
and ZH; visualization, YFZ; supervision, LC; project administration, ZH; funding
acquisition, LC The authors YFZ and MY contributed equally. All authors have
read and agreed to the published version of the manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(No.81870162) and the Fundamental Research Funds for the Central Universi-
ties (No. 2042020kf0138).

Availability of data and materials

The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

The datasets in this study are available in the following databases:

RNA-Seq data: Sequence Read Archive (SRA) PRINA763091 (http://www.ncbi.
nlm.nih.gov/bioproject/763091).

Declarations

Ethical approval and consent to participate

All animal experiment procedures were in accordance with protocols
approved by Institutional Animal Care and Use Committee of Wuhan Univer-
sity (protocol# WP2020-08,089).

Consent for publication
Not applicable.

Competing interests
The authors have declared that no competing interest exists.

Author details

Department of Spine Surgery and Musculoskeletal Tumor, Department
of Orthopedics, Zhongnan Hospital of Wuhan University, Wuhan 430071,
People’s Republic of China. ?College of Life Sciences, Wuhan University,
Wuhan 430072, China.

Received: 16 January 2022 Accepted: 11 May 2022
Published online: 26 May 2022

References

1. Dougall WC, Glaccum M, Charrier K, Rohrbach K, Brasel K, De Smedt T,
et al. RANK is essential for osteoclast and lymph node development.
Genes Dev. 1999;13(18):2412-24.

2. Yoshida H, Hayashi S, Kunisada T, Ogawa M, Nishikawa S, Okamura H, et al.
The murine mutation osteopetrosis is in the coding region of the mac-
rophage colony stimulating factor gene. Nature. 1990;345(6274):442-4.

3. Dai XM, Ryan GR, Hapel AJ, Dominguez MG, Russell RG, Kapp S, et al. Tar-
geted disruption of the mouse colony-stimulating factor 1 receptor gene
results in osteopetrosis, mononuclear phagocyte deficiency, increased
primitive progenitor cell frequencies, and reproductive defects. Blood.
2002;99(1):111-20.

4. Tondravi MM, McKercher SR, Anderson K, Erdmann JM, Quiroz M, Maki R,
et al. Osteopetrosis in mice lacking haematopoietic transcription factor
PU.1. Nature. 1997,386(6620):81-4.


https://doi.org/10.1186/s13578-022-00813-7
https://doi.org/10.1186/s13578-022-00813-7
http://www.ncbi.nlm.nih.gov/bioproject/763091
http://www.ncbi.nlm.nih.gov/bioproject/763091

Zhang et al. Cell & Bioscience

20.

21.

22.

23.

24.

25.

26.

(2022) 12:70

Lau RY, Guo X. A review on current osteoporosis research: with special
focus on disuse bone loss. J Osteoporos. 2011;2011: 293808.
Jacome-Galarza CE, Percin Gl, Muller JT, Mass E, Lazarov T, Eitler J, et al.
Developmental origin, functional maintenance and genetic rescue of
osteoclasts. Nature. 2019;568(7753):541-5.

Zhang L, Pang Y, Shi Y, Xu M, Xu X, Zhang J, et al. Indirect comparison of
teriparatide, denosumab, and oral bisphosphonates for the prevention
of vertebral and nonvertebral fractures in postmenopausal women with
osteoporosis. Menopause (New York, NY). 2015;22(9):1021-5.
Matsumoto M, Kogawa M, Wada S, Takayanagi H, Tsujimoto M, Katayama
S, et al. Essential role of p38 mitogen-activated protein kinase in cathep-
sin K gene expression during osteoclastogenesis through association of
NFATc1 and PU.1. J Biol Chem. 2004,279(44):45969-79.

Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C, Ste-
fanick ML, et al. Risks and benefits of estrogen plus progestin in healthy
postmenopausal women: principal results From the Women'’s Health
Initiative randomized controlled trial. JAMA. 2002;288(3):321-33.
Vomero A, Tapie A, Arroyo C, Raggio V, Peluffo G, Dufort G. Malignant
Infantile osteopetrosis. Revista chilena de pediatria. 2019;90(4):443-7.

. Martinez C, Polgreen LE, DeFor TE, Kivisto T, Petryk A, Tolar J, et al. Charac-

terization and management of hypercalcemia following transplantation
for osteopetrosis. Bone Marrow Transplant. 2010;45(5):939-44.

Coccia PF, Krivit W, Cervenka J, Clawson C, Kersey JH, Kim TH, et al. Suc-
cessful bone-marrow transplantation for infantile malignant osteopetro-
sis. N Engl J Med. 1980;302(13):701-8.

Frattini A, Blair HC, Sacco MG, Cerisoli F, Faggioli F, Cato EM, et al.

Rescue of ATPa3-deficient murine malignant osteopetrosis by hemat-
opoietic stem cell transplantation in utero. Proc Natl Acad Sci USA.
2005;102(41):14629-34.

Walsh MC, Kim N, Kadono Y, Rho J, Lee SY, Lorenzo J, et al. Osteoimmunol-
ogy: interplay between the immune system and bone metabolism. Annu
Rev Immunol. 2006;24:33-63.

. Asagiri M, Takayanagi H. The molecular understanding of osteoclast dif-

ferentiation. Bone. 2007;40(2):251-64.

Sato F, Bhawal UK, Yoshimura T, Muragaki Y. DEC1 and DEC2 cross-

talk between circadian rhythm and tumor progression. J Cancer.
2016;7(2):153-9.

Honma S, Kawamoto T, Takagi Y, Fujimoto K, Sato F, Noshiro M, et al. Dec1
and Dec2 are regulators of the mammalian molecular clock. Nature.
2002;419(6909):841-4.

Turley H, Wykoff CC, Troup S, Watson PH, Gatter KC, Harris AL. The
hypoxia-regulated transcription factor DECT (Stra13, SHARP-2) and its
expression in human tissues and tumours. J Pathol. 2004;203(3):808-13.
Lin CC, Bradstreet TR, Schwarzkopf EA, Jarjour NN, Chou C, Archam-
bault AS, et al. IL-1-induced Bhlhe40 identifies pathogenic T helper

cells in a model of autoimmune neuroinflammation. J Exp Med.
2016,213(2):251-71.

Zhang F, Suzuki M, Kim IS, Kobayashi R, Hamada N, Sato F, et al. Transcrip-
tion factor DECT1 is required for maximal experimentally induced peri-
odontal inflammation. J Periodontal Res. 2018;53(5):883-93.

Noshiro M, Kawamoto T, Nakashima A, Ozaki N, Ueno T, Saeki M, et al.
Deficiency of the basic helix-loop-helix transcription factor DEC1 pre-
vents obesity induced by a high-fat diet in mice. Genes Cells Devot Mol
Cell Mech. 2018;23(8):658-69.

Nakashima A, Kawamoto T, Noshiro M, Ueno T, Doi S, Honda K, et al. Decl
and CLOCK regulate Na(+4)/K(+4)-ATPase 31 subunit expression and blood
pressure. Hypertension (Dallas, Tex: 1979). 2018;72(3):746-54.

Li X, Le HT, Sato F, Kang TH, Makishima M, Zhong L, et al. Dec1 deficiency
protects the heart from fibrosis, inflammation, and myocardial cell apop-
tosis in a mouse model of cardiac hypertrophy. Biochem Biophys Res
Commun. 2020;532(4):513-9.

QianY, JungYS, Chen X. Differentiated embryo-chondrocyte expressed
gene 1 regulates p53-dependent cell survival versus cell death

through macrophage inhibitory cytokine-1. Proc Natl Acad Sci USA.
2012;109(28):11300-5.

Michalski MN, McCauley LK. Macrophages and skeletal health. Pharmacol
Ther. 2017;174:43-54.

He S, Guan Y, WuY, Zhu L, Yan B, Honda H, et al. DEC1 deficiency results in
accelerated osteopenia through enhanced DKK1 activity and attenuated
PI3KCA/Akt/GSK3 signaling. Metab Clin Exp. 2021;118:154730.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 19 of 20

Romberg RW, Werness PG, Riggs BL, Mann KG. Inhibition of hydroxyapa-
tite crystal growth by bone-specific and other calcium-binding proteins.
Biochemistry. 1986;25(5):1176-80.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al. Osteo-
protegerin ligand is a cytokine that regulates osteoclast differentiation
and activation. Cell. 1998;93(2):165-76.

Shalhoub V, Elliott G, Chiu L, Manoukian R, Kelley M, Hawkins N, et al.
Characterization of osteoclast precursors in human blood. Br J Haematol.
2000;111(2):501-12.

Takabatake K, Tsujigiwa H, Song Y, Matsuda H, Kawai H, Fujii M, et al.

The role of bone marrow-derived cells during ectopic bone formation
of mouse femoral muscle in GFP mouse bone marrow transplantation
model. Int J Med Sci. 2018;15(8):748-57.

Crotti TN, Flannery M, Walsh NC, Fleming JD, Goldring SR, McHugh KP.
NFATc1 regulation of the human beta3 integrin promoter in osteoclast
differentiation. Gene. 2006;372:92-102.

Matsuo K, Owens JM, Tonko M, Elliott C, Chambers TJ, Wagner EF. Fos|1

is a transcriptional target of c-Fos during osteoclast differentiation. Nat
Genet. 2000,24(2):184-7.

Grigoriadis AE, Wang ZQ, Cecchini MG, Hofstetter W, Felix R, Fleisch

HA, et al. c-Fos: a key regulator of osteoclast-macrophage line-

age determination and bone remodeling. Science (New York, NY).
1994,266(5184):443-8.

XuW, Zhang K, Zhang Y, Ma S, Jin D. Downregulation of DECT by RNA
interference attenuates ischemia/reperfusion-induced myocardial inflam-
mation by inhibiting the TLR4/NF-kB signaling pathway. Exp Ther Med.
2020;20(1):343-50.

Oka S, Li X, Zhang F, Tewari N, Kim IS, Chen C, et al. Loss of Dec1 prevents
autophagy in inflamed periodontal ligament fibroblast. Mol Biol Rep.
2021,48(2):1423-31.

Yokota K. Inflammation and osteoclasts. Nihon Rinsho Men'eki Gakkai
kaishi Jpn J Clin Immunol. 2017;40(5):367-76.

Tateiwa D, Yoshikawa H, Kaito T. Cartilage and bone destruction in
arthritis: pathogenesis and treatment strategy: a literature review. Cells.
2019;8(8):818.

Leder BZ, Tsai JN, Uihlein AV, Wallace PM, Lee H, Neer RM, et al. Deno-
sumab and teriparatide transitions in postmenopausal osteoporosis (the
DATA-Switch study): extension of a randomised controlled trial. Lancet
(London, England). 2015;386(9999):1147-55.

Cosman F, Crittenden DB, Adachi JD, Binkley N, Czerwinski E, Ferrari S,

et al. Romosozumab treatment in postmenopausal women with osteo-
porosis. N Engl J Med. 2016;375(16):1532-43.

Sorell M, Kapoor N, Kirkpatrick D, Rosen JF, Chaganti RS, Lopez C,

et al. Marrow transplantation for juvenile osteopetrosis. Am J Med.
1981,70(6):1280-7.

Orchard PJ, Fasth AL, Le Rademacher J, He W, Boelens JJ, Horwitz EM, et al.
Hematopoietic stem cell transplantation for infantile osteopetrosis. Blood.
2015;126(2):270-6.

Steward CG. Hematopoietic stem cell transplantation for osteopetrosis.
Pediatr Clin North Am. 2010;57(1):171-80.

Qadir A, Liang S, Wu Z, Chen Z, Hu L, Qian A. Senile osteoporosis: the
involvement of differentiation and senescence of bone marrow stromal
cells. Int J Mol Sci. 2020;21(1):349.

Tevlin R, McArdle A, Chan CK, Pluvinage J, Walmsley GG, Wearda T, et al.
Osteoclast derivation from mouse bone marrow. J Vis Exp JoVE. 2014;93:
e52056.

ZhangY, Zhang S, Wang Y, Yang Z, Chen Z, Wen N, et al. ULK1 suppresses
osteoclast differentiation and bone resorption via Inhibiting Syk-JNK
through DOK3. Oxid Med Cell Longev. 2021;2021:2896674.

Zhu H, Guo ZK, Jiang XX, Li H, Wang XY, Yao HY, et al. A protocol for isola-
tion and culture of mesenchymal stem cells from mouse compact bone.
Nat Protoc. 2010;5(3):550-60.

Sun H, Lu B, Li RQ, Flavell RA, Taneja R. Defective T cell activation

and autoimmune disorder in Stra13-deficient mice. Nat Immunol.
2001;2(11):1040-7.

Souza VR, Mendes E, Casaro M, Antiorio A, Oliveira FA, Ferreira CM.
Description of ovariectomy protocol in mice. Methods Mol Biol (Clifton,
NJ).2019;1916:303-9.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ, Mller
R. Guidelines for assessment of bone microstructure in rodents using
micro-computed tomography. J Bone Miner Res. 2010;25(7):1468-86.



Zhang et al. Cell & Bioscience

50.

51

52.

53.

54.

55.

56.

57.
58.

59.

(2022) 12:70

Wei B, Feng N, Zhou F, Lu C, Su J, Hua L. Construction and identification
of recombinant lentiviral vector containing HIV-1 Tat gene and its expres-
sion in 293T cells. J Biomed Res. 2010;24(1):58-63.

Ma Z, Li L, Livingston MJ, Zhang D, Mi Q, Zhang M, et al. p53/micro-
RNA-214/ULK1 axis impairs renal tubular autophagy in diabetic kidney
disease. J Clin Investig. 2020;130(9):5011-26.

Keyak JH, Rossi SA, Jones KA, Les CM, Skinner HB. Prediction of fracture
location in the proximal femur using finite element models. Med Eng
Phys. 2001;23(9):657-64.

Rigueur D, Lyons KM. Whole-mount skeletal staining. Methods Mol Biol
(Clifton, NJ). 2014;1130:113-21.

Kusumbe AP, Ramasamy SK, Starsichova A, Adams RH. Sample prepara-
tion for high-resolution 3D confocal imaging of mouse skeletal tissue. Nat
Protoc. 2015;10(12):1904-14.

Kim D, Paggi JM, Park C, Bennett C, Salzberg SL. Graph-based genome
alignment and genotyping with HISAT2 and HISAT-genotype. Nat Bio-
technol. 2019;37(8):907-15.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
sequence alignment/map format and SAMtools. Bioinformatics (Oxford,
England). 2009;25(16):2078-9.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
Yu G, Wang LG, Han'Y, He QY. clusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS. 2012;16(5):284-7.
Walter W, Sénchez-Cabo F, Ricote M. GOplot: an R package for visually
combining expression data with functional analysis. Bioinformatics
(Oxford, England). 2015;31(17):2912-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	BHLHE40 promotes osteoclastogenesis and abnormal bone resorption via c-FosNFATc1
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Bhlhe40 upregulation correlated with OC differentiation and osteoporosis in mice
	Bhlhe40 promoted OC differentiation in vitro
	Bhlhe40 deficiency impaired bone resorption in vivo
	Osteosclerosis in Bhlhe40−− mice was dominated by osteoclasts instead of the microenvironment.
	Bhlhe40 directly regulated c-Fos and Nfatc1 during osteoclast differentiation
	Bhlhe40 directly targeted c-Fos and Nfatc1
	c-FosNfatc1 was required for Bhlhe40 function during osteoclast differentiation
	BHLHE40 deficiency alleviated OVX and aging-induced osteoporosis in vivo

	Discussion
	Conclusion
	Methods
	Cell culture and osteoclast differentiation
	Isolation, culture and differentiation of bone mesenchymal stem cells (BMSCs)
	The proliferation and apoptosis assay
	Mice and bone marrow transplantation
	Knockdown and overexpression
	Chromatin immunoprecipitation (ChIP)
	RNA extraction and quantitative PCR
	Micro-CT analysis
	Mechanical testing
	Skeletal preparation and staining
	Immunohistochemistry and histological analysis
	Immunofluorescence staining
	Transcriptomic analysis
	Bioinformatics analysis
	Statistical analysis

	Acknowledgements
	References




