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Abstract 

Background:  Fibrous dysplasia (FD) is a bone marrow stromal cell (BMSC) disease caused by activating mutations of 
guanine nucleotide-binding protein alpha-stimulating activity polypeptide (GNAS) and is characterized by increased 
proliferative activity and disrupted osteogenesis of BMSCs. However, the molecular mechanisms regulating the patho-
physiologic features of BMSCs in FD remain unknown. This study aimed to identify and verify the roles of the CREB1-
miR-181a-5p regulatory loop in FD pathophysiology.

Methods:  MicroRNA (miRNA) sequencing analysis was used to identify the possible miRNAs implicated in FD. The 
proliferation, apoptosis, and osteogenic differentiation of BMSCs, as well as the osteoclast-induced phenotype, were 
measured and compared after exogenous miR-181a-5p transfection into FD BMSCs or miR-181a-5p inhibitor transfec-
tion into normal BMSCs. Chromatin immunoprecipitation and luciferase reporter assays were performed to verify the 
interactions between CREB1 and miR-181a-5p and their effects on the FD pathological phenotype.

Results:  Compared to normal BMSCs, FD BMSCs showed decreased miR-181a-5p levels and exhibited increased 
proliferative activity, decreased apoptotic capacity, and impaired osteogenesis. FD BMSCs also showed a stronger 
osteoclast activation effect. miR-181a-5p overexpression reversed the pathophysiologic features of FD BMSCs, 
whereas miR-181a-5p suppression induced an FD-like phenotype in normal BMSCs. Mechanistically, miR-181a-5p was 
the downstream target of CREB1, and CREB1 was posttranscriptionally regulated by miR-181a-5p.

Conclusions:  Our study identifies that the interaction loop between CREB1 and miR-181a-5p plays a crucial role in 
regulating the pathophysiologic features of FD BMSCs. MiR-181a-5p may be a potential therapeutic target for the 
treatment of FD.
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Background
Fibrous dysplasia (FD) is a nonhereditary bone disease 
caused by GNAS gene mutation in bone marrow stromal 
cells (BMSCs); in FD, normal bone tissue is replaced by 

overproliferated fibrous tissue and immature trabecular 
bone (Boyce and Collins 2020). FD progresses slowly, and 
FD in the craniomaxillofacial region can result in several 
clinical features, such as local bone swelling, deformity, 
and dental occlusion dysfunction (Akintoye et al. 2013). 
Because of the unclear pathogenesis of FD, osteoclastic 
suppressor-related drugs and surgical intervention are 
still the main forms of treatment (Feller et al. 2009).
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Overaccumulation of cyclic adenosine monophosphate 
(cAMP) in FD due to guanine nucleotide-binding protein 
alpha-stimulating activity polypeptide (GNAS) muta-
tion is the key cause of FD pathogenesis (Zhang et  al. 
2012a; Riminucci et al. 2010). Excessive cAMP resulting 
from Gαs signaling activates cAMP-response element-
binding protein (CREB) via cAMP-dependent protein 
kinase (PKA) (Mayr and Montminy 2001; Sands and 
Palmer 2008). Some studies have shown that aberrant 
gene expression is involved in the abnormal phenotype 
of FD BMSCs through binding of cAMP with the cAMP-
response element (CRE) in the promoter region of these 
genes and subsequent activation or inhibition (Boyce and 
Collins 2020; Fan et al. 2012; Khan et al. 2018).

MicroRNAs (miRNAs) are a class of small noncoding 
RNAs derived from precursors with a hairpin-like struc-
ture, and significant insight has been gained regarding 
their potential importance in numerous biological and 
pathological processes, such as cell proliferation, apop-
tosis and differentiation (Huang et al. 2011; Miska 2005; 
Frohlich 2019; Long et al. 2020). MicroRNAs are encoded 
in the genome and transcribed by RNA polymerase II 
(Pol II) (Ha and Kim 2014). Additionally, transcription 
factors could also bind to miRNA promoter regions to 
either activate or repress their transcription (Zhang et al. 
2015). Most miRNAs regulate target gene expression by 
binding its 3′-untranslated region (3′UTR) in a sequence-
complimentary manner to repress messenger RNA 
(mRNA) translation or facilitate mRNA degradation 
(Waki et al. 2016; Luan et al. 2017). Increasing evidence 
indicates that miRNAs participate in multiple biological 
processes in many diseases, and modulation of miRNAs 
has been used for the therapy of different disorders.

The miR-181 family, comprising miR-181a, miR-181b, 
miR-181c, and miR-181d, which are highly conserved 
sequences (Braicu et  al. 2019). A growing number of 
studies show that miR-181a is involved in cell differ-
entiation (Pop-Bica et  al. 2018; Bhushan et  al. 2013), 
autophagy (Rippo et  al. 2014), apoptosis (Ouyang et  al. 
2012) and proliferation (Braicu et  al. 2019). Moreover, 
miR-181a is reported to regulate the production of intra-
cellular cAMP by decreasing AC9 expression (Zhuang 
et  al. 2014) and to downregulate CREB1 expression by 
targeting its mRNA 3′ UTR in neurons (Liu et al. 2013).

In the present study, we aimed to explore the miR-
181a-5p expression level in FD BMSCs and reveal that 
low expression of miR-181a-5p leads to increased pro-
liferative ability, decreased apoptotic capacity, and 
impaired osteogenesis of FD BMSCs and increases the 
osteoclast differentiation potential. Furthermore, our 
study demonstrates that the CREB1-miR-181a-5p loop is 
critically involved in the pathologic mechanism underly-
ing craniofacial FD. These results suggest that therapeutic 

intervention targeting the CREB1-miR-181a-5p loop 
might be beneficial for offering novel insight into the 
clinical treatment of FD.

Methods
Primary cell culture
All experiments were performed under a protocol 
approved by the Ethics and Research Committee of Nan-
jing Medical University; fresh FD tissues were immedi-
ately obtained from bone lesions after surgical removal. 
As a control, normal jaws were harvested from the max-
illa alveoli as previously described (Xiao et  al. 2019). 
Informed consent was obtained before volunteers were 
enrolled in this study. Primary BMSCs were cultured in 
25 cm2 flasks with standard medium consisting of Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco, Grand 
Island, NY, USA), 100 U/ml penicillin and 100  μg/ml 
streptomycin, and 10% fetal bovine serum (FBS) (Scien-
Cell, Carlsbad, CA, USA) at 37 °C maintained in 5% CO2. 
The medium was changed every 3  days until 80–90% 
confluence was achieved. BMSCs from FD lesions and 
normal jaws were used at passages 3–5 throughout the 
experiments.

miRNA sequencing analysis
Total RNA from BMSCs and FD BMSCs was extracted 
using TRIzol reagent (Takara, Dalian, China) and used 
for miRNA sequencing analysis (Aksomics, China).

KEGG analysis of target genes
Potential target genes of miR-181a-5p were predicted 
using the TargetScan, miRWalk, miRPathDB and MiRDB 
databases, with the Micro-T threshold set at 0.8 and the 
P-value threshold set at 0.05. The common target genes 
subsequently underwent Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database analysis to identify the 
enriched pathways that might be involved.

miRNA mimics/inhibitor transfection and RNA interference
Cells were cultured in 12-well plates for transfection at 
a concentration of 8 × 104 cells per well. MiR-181a-5p 
mimics, inhibitor and control (miR NC) were purchased 
from GenePharma (Shanghai, China) and transfected 
into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA). A final concentration of 20  nmol/l miRNA 
was used for miRNA transfection. Small interfering RNA 
(siRNA) targeting CREB1 and scramble siRNA were pur-
chased from GenePharma (Shanghai, China). The CREB1 
siRNA sequence, 5′-GCC​ACA​GAU​UGC​CAC​AUU​ATT-
3′, 5′-UAA​UGU​GGCA AUC​UGU​GGCTT-3′, followed 
our previous study (Xiao et  al. 2019), and the scramble 
siRNA sequence was 5′-UUC​UCC​GAA​CGU​GUC​ACG​
UTT-3′, 5′-ACG​UGA​CAC​GUU​CGG​AGA​ATT-3′.
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cAMP extraction and measurement
For measurement of intracellular levels of cAMP, the 
cells were incubated for 1 h in serum-free medium con-
taining 1  mM 3-isobutyl-1-methylxanthine (Sigma, St. 
Louis, MO, USA). cAMP was extracted by 0.1  M HCl 
for 20 min, and the lysate was centrifuged at 1000×g for 
10 min at 4 °C. The supernatant was collected for meas-
urement of cAMP levels using a Cyclic AMP ELISA Kit 
(Cayman, Ann Arbor, MI, USA) according to the manu-
facturer’s instructions. The results were expressed as 
picomoles/milligram protein (pmol/mg protein).

Osteoblast differentiation and alizarin red staining
Cells were cultured in complete medium supplemented 
with 50 μM ascorbic acid (Sigma, St. Louis, MO, USA), 
10  mM β-glycerophosphate (Sigma), and 10–7  M dexa-
methasone (Sigma). The medium was changed every 
3 days. The mineralization potential was assessed via aliz-
arin red staining when cells were cultured in osteogenic 
medium for 14  days. For alizarin red staining, the cells 
were fixed in anhydrous alcohol for 30 min and washed 
with double-distilled H2O. Subsequently, the cells were 
stained with 2% Alizarin Red S (pH 4.2) (Sigma) for 
10  min. To quantify nodule mineralization, calcified 
nodules were eluted with 10% cetylpyridinium chloride 
(CPC) (Sigma), and the absorbance at 562 nm was com-
pared to calcium standards.

Osteoclast differentiation
Conditioned medium was collected from cell cultures. 
The medium was collected after the cells reached con-
fluence for 24  h, briefly centrifuged and then stored at 
-80 °C. Bone marrow mononuclear cells (BMMCs) were 
obtained as described previously (Zhu et al. 2019; Wije-
koon et al. 2018). BMMCs were seeded in 48-well plates 
(Corning, New York, USA) at a density of 105 cells/
well and cultured in α-MEM (Gibco) containing 20  ng/
ml recombinant human M-CSF (R&D Systems, USA) 
and 10% FBS for 3 days. After 3 days, nonadherent cells 
were removed by washing, and adherent cells were fur-
ther cultured in 80% α-MEM supplemented with 20 ng/
ml M-CSF, 50  ng/ml recombinant human RANKL 
(R&D Systems), 10% FBS and 20% conditioned medium 
obtained from cell culture supernatants for 10 days. The 
culture media were changed every three days (Hong et al. 
2014).

Western blot
Western blot was performed as previously described 
(Xu et  al. 2016). Briefly, cells were lysed, and the lysate 
was separated on 10% SDS-PAGE gels and subsequently 
transferred to PVDF membranes (Millipore, Billerica, 

MA, USA). The membranes were blocked in 5% fat-free 
milk for 2  h and subsequently incubated with different 
primary antibodies (1:1000 dilution) at 4  °C overnight. 
Detailed information regarding the primary antibodies 
is listed in Additional file 1: Table S1. After washing, the 
membranes were incubated with secondary antibodies 
(1:5000 dilution). The proteins were detected by Image-
Quant LAS 4000 (GE, USA). The expression levels were 
normalized to those of GAPDH. Quantitative analysis of 
the western blot was carried out using ImageJ software.

RNA extraction and quantitative real‑time PCR
Total RNA from cells was extracted using TRIzol reagent 
(Takara) according to the manufacturer’s instructions. 
Quantitative real-time PCR analyses were performed in 
triplicate using SYBR Green PCR Master Mix (Vazyme, 
Nanjing, Jiangsu, China), and reactions were detected 
using an Applied Biosystems 7900HT Fast Real-time 
PCR system (Applied Biosystems, Gaithersburg, CA, 
USA). The primer sequences used for quantitative real-
time PCR are listed in Additional file  2: Table  S2. The 
expression levels of mRNA were normalized to GAPDH. 
The primer of miR-181a-5p, miR-145-3p, miR-98-3p, 
miR-92b-5p and U6 were purchase from GeneCopoeia 
(Guangzhou, China) and All-in-One™ miRNA RT-qPCR 
Detection kit (GeneCopoeia) was used to analyze miR-
NAs expression, with U6 small nucleolar RNA as an 
internal control.

Tartrate‑resistant acid phosphate (TRAP) staining
Cells were subjected to TRAP staining using a kit (Sigma) 
following the manufacturer’s instructions. Cells contain-
ing more than 3 TRAP-positive nuclei were considered 
multinuclear osteoclasts and were counted by three inde-
pendent assessors.

F‑actin ring formation assay
Multinuclear osteoclasts were fixed with 4% formalde-
hyde for 30  min and permeabilized with 0.2% Triton 
X-100 for 5  min. The cells were then blocked with 1% 
goat serum and 3% BSA and incubated with 2 U/ml rho-
damine phalloidin (Beyotime, Shanghai, China) (1:1000 
dilution) at room temperature for 30  min. Cell nuclei 
were stained with 1  μg/ml DAPI (Beyotime) for 1  min. 
Cells were visualized using a fluorescence microscope.

Bromodeoxyuridine assay and immunofluorescence
Cells were seeded in 24-well at a density of 104 cells per 
well and cultured until density reached 50%. Then cells 
were incubated for 24 h with 0.03 mg/ml bromodeoxyu-
ridine (BrdU) (Sigma) and fixed with 4% paraformalde-
hyde for 30  min. Fixed cells were incubated for 30  min 
in 2 M HCl, 15 min in 0.1 M boric acid, 15 min in 0.5% 
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Triton X-100, blocked for 1 h with normal goat serum at 
37 °C, and incubated with an anti-BrdU antibody (1:300 
dilution, Proteintech, USA) at 4  °C overnight according 
to the manufacturer’s instructions. The cells were then 
incubated for 40 min with a secondary antibody labeled 
with Cy3 (1:50 dilution, ABclonal, China) and stained 
with DAPI. The percentage of BrdU-positive cells in six 
randomly selected fields was determined using a micro-
scope. The immunofluorescence staining assay was per-
formed as we described previously (Liu et al. 2019).

Chromatin immunoprecipitation (ChIP) analysis
ChIP analysis was carried out using EZ-ChIP (Millipore) 
according to the manufacturer’s protocol. Briefly, FD 
BMSCs were cross-linked with fresh formaldehyde at a 
final concentration of 1% at room temperature. Glycine 
was used to terminate the process. Then, the cells were 
lysed in SDS buffer and sonicated to shear the DNA at 
4  °C. Lysates diluted with ChIP dilution buffer were 
immunoprecipitated with an anti-CREB1 antibody, and 
a negative rabbit IgG antibody (Proteintech) was used 
as an internal control. Reverse-crosslinked DNA was 
transferred and purified and quantified by quantitative 
real-time PCR analysis. The primer sequences used for 
quantitative real-time PCR are listed in Additional file 3: 
Table S3.

Dual luciferase reporter assay
The putative binding region of miR-181a-5p in the 
CREB1 3’UTR was amplified by PCR from genomic DNA 
and cloned downstream of the firefly luciferase gene (FL) 
in the pGL3-basic luciferase reporter vector (Geneco-
poeia, Guangzhou, Guangdong, China). For the lucif-
erase reporter assay, 293T cells were cotransfected with 
individual pGL3-miR reporter vectors (wild type or site 
mutated plasmid) and miR-181a-5p mimics or scramble 
control (miR NC) using Lipofectamine 2000 for 48 h. Cell 
lysates were collected and assayed with a Dual Luciferase 
Assay kit (Promega, Madison, WI, USA) following the 
manufacturer’s instructions. The pRL Renilla luciferase 
(RL) reporter was used as an internal control. The results 
are displayed as the ratio of FL/RL activity.

Statistical analysis
All data examined are presented as the mean ± S.E.M. 
values. All experiments were repeated independently 
at least three times. The statistical significance of dif-
ferences between groups was calculated using Student’s 
t-test. P < 0.05 was considered significant.

Results
Identification of downregulated miR‑181a‑5p in FD BMSCs
Aiming to screen the possible miRNAs implicated in 
FD, we measured the expression of miRNAs by miRNA 
sequencing and found that miR-181a-5p was expressed 
at significantly lower levels in FD BMSCs than in normal 
BMSCs (fold > 10, P < 0.05) (Fig. 1a), whereas miR-145-3p 
and miR-98-3p were downregulated 9.1 folds and 9 folds 
in FD BMSCs, respectively. Quantitative real-time PCR 
further verified this result (Fig. 1b). Based on our previ-
ous study, we treated normal BMSCs with 2  mM dibu-
tyryl cAMP (cAMP) (Selleck, Shanghai, China) or 1 mM 
3-isobutyl-1-methylxanthine (IBMX) (Sigma), a broad-
spectrum phosphodiesterase inhibitor, to increase intra-
cellular cAMP expression to imitate the pathological 
process of FD BMSCs, and downregulated expression of 
miR-181a-5p was detected (Fig.  1c–e). Moreover, miR-
145a-3p expression was also downregulated with cAMP 
or IBMX treatment, while miR-98-3p and miR-92b-5p 
were increased (Fig.  1d, e). To study the effect of miR-
181a-5p on miR-145-3p, miR-98-3p and miR-92b-5p, FD 
BMSCs and BMSCs were transfected with miR-181a-5p 
mimics and inhibitor, respectively. Quantitative real-time 
PCR results showed that miR-145-3p had no change with 
miR-181a-5p mimics or inhibitor treatment, whereas 
miR-98-3p expression showed a positive correlation with 
miR-181a-5p abundance, and miR-92b-5p indicated an 
opposite result (Fig. 1f, g). To explore the possible func-
tion of miR-181a-5p in FD, we predicted potential tar-
get genes of miR-181a-5p by TargetScan, miRWalk, 
miRPathDB and MiRDB and found that 459 genes were 
shared in the above four databases (Fig.  1h). Further-
more, we performed KEGG analysis of the 459 target 
genes, and the results showed that miR-181a-5p might be 
involved in several pathways, including the cAMP sign-
aling pathway, apoptosis and osteoclast differentiation 

Fig. 1  MiR-181a-5p is expressed at low levels in FD BMSCs. a MicroRNA sequencing analysis showed the differentially expressed miRNAs between 
FD BMSCs and BMSCs. b Quantitative real-time PCR analysis was used to detect miR-181a-5p, miR-145-3p, miR-98-3p and miR-92b-5p expression 
between FD BMSCs and BMSCs. c cAMP levels in BMSCs treated with cAMP or IBMX were analyzed by ELISA. MiR-181a-5p, miR-145-3p, miR-98-3p 
and miR-92b-5p expression in BMSCs treated with cAMP (d) or IBMX (e) was analyzed by quantitative real-time PCR. f Quantitative real-time PCR 
analysis was used to detect miR-145-3p, miR-98-3p and miR-92b-5p expression in FD BMSCs transfected with miR-181a-5p mimics. g Quantitative 
real-time PCR analysis was used to detect miR-145-3p, miR-98-3p and miR-92b-5p expression in BMSCs transfected with miR-181a-5p inhibitor. h 
Venn diagram showing the number of miR-181a-5p target genes predicted by performing miRDB, miRPathDB, miRWalk, and TargetScan algorithms. 
i KEGG analysis of the target genes of miR-181a-5p. The data are presented as the mean ± S.E.M. values (n ≥ 3). #P > 0.05; *P < 0.05; ***P < 0.001

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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(Fig.  1i). These results indicate that miR-181a-5p is 
expressed at low levels in FD BMSCs and may participate 
in the pathophysiologic process of FD.

Low miR‑181a‑5p expression suppresses the apoptosis 
and promotes the proliferation of FD BMSCs
Based on our previous study, FD BMSCs exhibited 
stronger proliferation ability and weaker apoptotic capac-
ity than BMSCs (Xiao et  al. 2019). We compared the 
expression of Bcl-2, a target gene of miR-181a, between 
FD BMSCs and BMSCs, and upregulated expression 
of Bcl-2 and downregulated expression of Bax were 
detected (Fig.  2a). Moreover, the Bcl-2/Bax ratio was 
increased in FD BMSCs (Fig.  2a). To verify the role of 
miR-181a-5p in the apoptosis of FD BMSCs, cells were 
transfected with miR NC and miR-181a-5p mimics. Bcl-2 
downregulation and Bax upregulation, with a decreased 
Bcl-2/Bax ratio, were observed in FD BMSCs transfected 
with miR-181a-5p mimics, which further confirmed 
apoptotic cell death (Fig.  2b). Immunofluorescence 
analysis also displayed the inhibited expression of Bcl-2 
with miR-181a-5p overexpression (Fig.  2c). Moreover, 

we transfected BMSCs with a miR-181a-5p inhibitor to 
imitate FD BMSCs, and Bcl-2 expression and the Bcl-2/
Bax ratio were increased (Fig. 2d, e). In addition, dimin-
ished BrdU incorporation was detected in FD BMSCs 
transfected with miR-181a-5p mimics, and the opposite 
results were observed in BMSCs treated with the miR-
181a-5p inhibitor (Fig.  2f, g). These results suggest that 
downregulated miR-181a-5p suppresses apoptosis and 
promotes proliferation in FD BMSCs.

Low expression of miR‑181a‑5p promotes osteogenic 
differentiation of BMSCs in FD
As our previous research reported, FD BMSCs exhibit 
weaker osteogenic capability than normal BMSCs (Xiao 
et  al. 2019). In this study, the same result was shown 
(Fig. 3a–c). To confirm whether miR-181a-5p plays a role 
in osteogenesis, we transfected miR-181a-5p mimics into 
FD BMSCs and induced osteogenesis. FD BMSCs treated 
with miR-181a-5p mimics showed increased expression 
of osteogenic markers and increased calcium deposi-
tion formation (Fig.  3d, e), while opposite trends were 
noted after miR-181a-5p was inhibited in normal BMSCs 

Fig. 2  Low miR-181a-5p expression suppresses the apoptosis and induces the proliferation of FD BMSCs. a Protein expression of Bcl-2 and Bax in 
BMSCs and FD BMSCs was detected by western blot. b Western blot analysis of Bcl-2 and Bax in FD BMSCs transfected with miR-181a-5p mimics. 
c Immunofluorescence analysis of Bcl-2 expression in FD BMSCs transfected with miR-181a-5p mimics. d Western blot analysis of Bcl-2 and Bax in 
BMSCs transfected with the miR-181a-5p inhibitor. e Immunofluorescence analysis of Bcl-2 expression in BMSCs transfected with the miR-181a-5p 
inhibitor. Representative BrdU incorporation in FD BMSCs transfected with miR-181a-5p mimics (f) and BMSCs transfected with the miR-181a-5p 
inhibitor (g). Scale bar, 100 μm. The data are presented as the mean ± S.E.M. values (n = 3). #P > 0.05; *P < 0.05; **P < 0.01
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(Fig.  3f, g). These results suggest that low miR-181a-5p 
expression impedes ossification of BMSCs in FD.

Low miR‑181a‑5p expression in FD BMSCs boosts 
osteoclast differentiation
Fibrous actin (F-Actin) rings are the characteristic 
cytoskeletal structures of osteoclasts and are essen-
tial for osteoclasts involving bone resorption (Jin 
et  al. 2019). We compared the induced osteoclast dif-
ferentiation between FD BMSCs and normal BMSCs, 
and the results exhibited more TRAP-positive multi-
nucleated cells and more F-Actin ring formation in 
the FD BMSC supernatant group (Fig.  4a, b). Moreo-
ver, increased osteoclast differentiation markers were 

detected in the FD BMSC supernatant group (Fig.  4c, 
d). To identify the role of miR-181a-5p in osteoclast 
differentiation and formation, the supernatant of FD 
BMSCs transfected with miR-181a-5p mimics was col-
lected and used to culture osteoclasts with RANKL and 
M-CSF. Decreased numbers of TRAP-positive multi-
nucleated cells and fewer F-Actin rings were detected 
under miR-181a-5p mimic treatment (Fig.  4e, f ), and 
the expression of osteoclast differentiation markers was 
also inhibited (Fig.  4g, h). Furthermore, miR-181a-5p 
inhibitor-treated BMSCs led to the opposite results 
(Fig.  4i–l). These results indicate that downregulated 
miR-181a-5p in FD BMSCs promotes osteoclast dif-
ferentiation and formation, in turn boosting osteoclast 
activity.

Fig. 3  Low miR-181a-5p expression promotes osteogenic properties in FD BMSCs. a Quantitative real-time PCR analysis of osteogenesis-related 
marker mRNA expression in BMSCs and FD BMSCs after osteogenic induction for 7 days. b Western blot analysis of osteogenesis-related marker 
protein expression in BMSCs and FD BMSCs cultured with osteogenesis induction medium for 7 days. c Alizarin red staining and CPC assay showed 
calcium deposition in BMSCs and FD BMSCs after 14 days of osteogenic induction. Quantitative real-time PCR (d) and western blot (e) analysis of 
osteogenesis-related gene and protein expression in FD BMSCs transfected with miR-181a-5p mimics. Quantitative real-time PCR (f) and western 
blot (g) analysis of osteogenesis-related gene and protein expression in BMSCs transfected with the miR-181a-5p inhibitor. The data are presented 
as the mean ± S.E.M. values (n = 3). #P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001
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CREB1 interacts with miR‑181a‑5p by a feedback loop in FD 
BMSCs
Based on the above observations, low expression of 
miR-181a-5p was detected in FD BMSCs, and exog-
enous cAMP suppressed miR-181a-5p expression in 
normal BMSCs. To confirm whether cAMP affected 
miR-181a-5p expression via CREB1, we used CREB1-
targeting siRNA to transfect FD BMSCs (Fig. 5a). After 

CREB1-targeting RNAi, miR-181a-5p expression signif-
icantly increased (Fig. 5b). To further explore the regu-
latory roles of CREB1 on miR-181a-5p, we screened 
the miR-181a promoter region and found that CREB1 
might bind to three putative binding sites (CREs) in 
the region from − 1399 to − 578 bp. ChIP assay with a 
specific anti-CREB1 construct and three primers cov-
ering the miR-181a promoter region were performed. 

Fig. 4  Low miR-181a-5p expression promotes FD BMSC-induced osteoclast differentiation and formation. a BMSC- and FD BMSC-induced 
osteoclast differentiation was analyzed by TRAP staining. b Representative image of the F-Actin ring structure in osteoclasts. Osteoclast 
differentiation-related gene expression was detected by quantitative real-time PCR (c) and western blot (d). e Effect of miR-181a-5p mimics on 
FD BMSC-induced osteoclast differentiation was analyzed by TRAP staining. f Representative image of the F-Actin ring structure in osteoclasts 
under miR-181a-5p mimics treatment. Osteoclast differentiation-related gene expression was detected by quantitative real-time PCR (g) and 
western blot (h) in osteoclasts induced by FD BMSCs transfected with miR-181a-5p mimics. i Effect of the miR-181a-5p inhibitor on BMSC-induced 
osteoclast differentiation was analyzed by TRAP staining. j Representative image of the F-Actin ring structure in osteoclasts under miR-181a-5p 
mimics treatment. Osteoclast differentiation-related gene expression was detected by quantitative real-time PCR (k) and western blot analysis (l) in 
osteoclasts induced by BMSCs transfected with miR-181a-5p inhibitor. Scale bar, 100 μm. The data are presented as the mean ± S.E.M. values (n = 3). 
#P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001
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Significant enrichment of CREB1 was observed at 
all three putative binding sites in the miR-181a pro-
moter region (Fig.  5c). Furthermore, we transfected 
miR-181a-5p mimics into FD BMSCs and found that 
the CREB1 mRNA level had no change, whereas the 
p-CREB1 protein level was decreased after CREB1 
reduction (Fig.  5d, e). Immunofluorescence analysis 
also displayed the downregulation of p-CREB1 with 
miR-181a-5p overexpression (Fig. 5f ). To further verify 
the regulatory function of miR-181a-5p on CREB1, we 
constructed CREB1 luciferase reporter plasmids encod-
ing the predicted 3’UTR of CREB1 mRNA in wild-type 
(WT) or site-mutated (Mut) forms. The reporter was 
cotransfected with miR NC or miR-181a-5p mimics 
into 293T cells. The results from the luciferase reporter 
assay indicated that the luciferase activity significantly 
decreased in cells with the reporter comparable to 
that of miR NC (Fig.  5g). Collectively, these findings 
indicate that CREB1 inhibits miR-181a transcription 
by directly binding to its promoter region, while miR-
181a-5p binds to CREB1 through a posttranscriptional 
repression mechanism and further verify that CREB1 
interacts with miR-181a-5p by a feedback loop in FD 
BMSCs.

Discussion
Fibrous dysplasia (FD) is a slow-progressing BMSC-
related disease with the main pathological feature being 
the replacement of normal bone tissue by immature 
fibrous trabeculae (Michienzi et  al. 2007; Robey et  al. 
2007). FD in cranial maxillofacial bones usually has no 
obvious symptoms in the incipient stage. With progres-
sion of the disease, local swelling deformity, occlusal 
disorder, pathological fracture, local pain and other 
symptoms often present clinically. Mutations in GNAS 
are the critical cause of FD. We recently reported that 
compared to normal BMSCs, FD BMSCs demonstrate 
weaker apoptotic and osteogenic differentiation abili-
ties and a stronger proliferation ability (Florenzano et al. 
2019). In addition, FD BMSCs exhibit high osteoclastic 
activity in mouse models (Zhao et al. 2018; Castro et al. 
2019). However, the detailed mechanism underlying 
these clinical features remains unclear.

miRNAs are endogenous noncoding small RNA mol-
ecules that are cut from miRNA precursors (pre-miR-
NAs). Mature miRNAs can form complexes with RISC 
and then bind to target mRNA sites through base pairing 
to regulate target gene expression (Treiber et al. 2019). In 
mammals, miRNAs are not completely complementary 

Fig. 5  CREB1 interacts with miR-181a-5p through a feedback loop in FD BMSCs. After si-CREB1 treatment for 48 h, CREB1 (a) and miR-181a-5p 
(b) in FD BMSCs were detected by quantitative real-time PCR. c Three primers were designed to cover the miR-181a promoter region and were 
used to identify CREB1 binding sites in the ChIP assay. All three putative CREB1 binding sites in the miR-181a promoter region were identified. d 
CREB1 mRNA expression was detected by real-time PCR in FD BMSCs transfected with miR-181a-5p mimics. e Protein expression of CREB1 and 
p-CREB1 was detected by western blot. f Immunofluorescence analysis of p-CREB1 expression in FD BMSCs transfected with miR-181a-5p mimics. 
g Effect of miR-181a-5p on a dual-luciferase reporter plasmid bearing wild-type (WT)/mutated (Mut) CREB1 binding sites was analyzed. Cells were 
cotransfected with either WT-CREB1 or Mut-CREB1 and miR-181a-5p mimics or miR NC. Firefly and Renilla luciferase activities were measured in cell 
lysates. Scale bar, 100 μm. The data are presented as the mean ± S.E.M. values (n = 3). *P < 0.05; **P < 0.01; #P > 0.05
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to the mRNA 3’UTR of target genes to inhibit their pro-
tein expression at the translation level (Gebert and Mac-
Rae 2019). Existing studies have shown that miRNAs are 
involved in a series of biological processes, such as cell 
proliferation and differentiation. A recent report identi-
fied a number of circulating miRNAs that are potential 
negative regulators of gene expression in bone cell pro-
genitors and were associated with FD (Legrand et  al. 
2020). In this study, we performed miRNA sequenc-
ing analysis of normal BMSCs and FD BMSCs, and the 
results showed that miR-181a-5p, miR-145-3p, miR-
98-3p and miR-92b-5p were significantly differentially 
expressed miRNAs. Down-regulated expression of miR-
181a-5p and miR-145-3p and up-regulated expression of 
miR-92b-5p with cAMP or IBMX treatment suggested 
the possible relationship between either miR-181a-5p, 
miR-145-3p or miR-92b-5p and FD, while up-regulated 
of miR-98-3p might cause by other regulatory mecha-
nism. Since miR-181a-5p was found that associating 
with apoptosis, osteogenic differentiation and osteoclast 
differentiation, we selected miR-181a-5p, which was the 
most significant downregulated miRNA in FD BMSCs 
(fold > 10, P < 0.05), and further explored its function in 
FD (Bhushan et al. 2013; Ouyang et al. 2012; Wang et al. 
2014).

miR-181a belongs to a very conserved miRNA family. 
Previous studies have shown that miR-181 family mem-
bers can complement multiple target miRNAs and par-
ticipate in the regulation of pathophysiological processes 
of various diseases (Braicu et al. 2019; Seoudi et al. 2012) 
(See Footnote 1). Recent studies have found that miR-
181a can induce apoptosis in senescent cells by inhibiting 
the protein expression of the target gene B-cell leukemia 
2 (Bcl-2) (Rippo et  al. 2014). In addition to this activity 
in senescent cells, miR-181a also promotes apoptosis 
in other cells by regulating Bcl-2 (Zhu et al. 2012; Chen 
et al. 2010). A large number of studies have shown that 
mitochondrial pathways play a crucial role in apopto-
sis, among which Bcl-2 and BCL2-associated X (Bax), 
a member of the Bcl-2 family, are important regulatory 
genes that play an opposite role in the process of apop-
tosis (Adams and Cory 2007; Garner et  al. 2019; Cheng 
et al. 1997). A decrease in the Bcl-2/Bax ratio was asso-
ciated with apoptotic cell death with activation of cas-
pase-3 and cleavage of PARP (Karna et  al. 2009). An 
increased Bcl2/Bax ratio contributes to enhanced sur-
vival and proliferation (Zhang et  al. 2012b). In the cur-
rent study, Bcl-2 overexpression was detected in FD 
BMSCs, while Bax was downregulated. Studies have con-
firmed that the formation of the Bcl-2/Bax heterodimer 
can inhibit the occurrence of apoptosis by inhibiting the 
activation of downstream caspase-3 (Cheng et al. 1997). 
Considering the lower expression levels of activated 

caspase-3 and PARP proteins in FD BMSCs reported in 
our previous study (Xiao et al. 2019), we infer that high 
expression of Bcl-2 and a high Bcl-2/Bax ratio may be the 
key reason for the inhibition of FD BMSC apoptosis and 
further indicate that downregulated miR-181a-5p con-
tributes to Bcl-2 upregulation in FD BMSCs.

The occurrence of FD is related to the broken balance 
of osteogenic and osteoclastic activities. Our previous 
results showed that the osteogenic differentiation and 
mineralization capacity of FD BMSCs were weaker than 
those of normal BMSCs (Xiao et al. 2019). Furthermore, 
we found that the number of osteoclasts induced by the 
FD BMSC supernatant increased and that the expression 
of osteoclast-related genes was enhanced, suggesting that 
pathological fracture in FD patients might be related to 
enhanced activity of osteoclasts. In terms of bone metab-
olism, miR-181a can regulate BMP-induced osteogenic 
differentiation of MC3T3 cells by inhibiting the TGF-
beta pathway (Bhushan et al. 2013), and miR-181a has an 
inhibitory effect on osteoclast survival (Wang et al. 2014). 
Interestingly, miR-181a promoted osteoclast apoptosis by 
regulating FasL protein expression (Shao et al. 2015). Our 
study showed that FD BMSCs treated with exogenous 
miR-181a-5p exhibited enhanced osteogenic differen-
tiation and mineralization abilities and weaker osteoclast 
activity. These data imply that a sufficient miR-181a level 
is an important factor in maintaining bone homeostasis.

The regulatory effect of cAMP on cells is realized by 
activating the downstream PKA-CREB pathway. Phos-
phorylated CREB forms a homodimer that binds to 
a class of cAMP response element (CRE) in the gene 
transcriptional regulatory region to regulate gene tran-
scription. Some miRNAs may have independent tran-
scriptional regulatory units and in the same cluster are 
generally co-transcribed (Ha and Kim 2014; Stavast and 
Erkeland 2019), and transcription factors could positively 
or negatively regulate miRNA expression (Ha and Kim 
2014). Recent studies have demonstrated that CREB1 
can act with miRNAs in regulatory networks by feed-
back loops (Wang et  al. 2016). In this study, we uncov-
ered that miR-181a-5p was regulated by CREB1. To gain 
further insight into the mechanism, we analyzed the pro-
moter region of miR-181a and identified three putative 
binding sites of CREB1. Our data first verified that miR-
181a-5p is the downstream effector of CREB1. However, 
the detailed mechanism remains largely unexplored and 
needs to be further investigated.

The regulation of target genes by miRNAs mainly 
occurs at the posttranscriptional level. In animals, most 
miRNAs regulate the expression of target genes mainly 
by complementing the target gene mRNA 3’UTR to sup-
press gene translation (Gebert and MacRae 2019). MiR-
181a regulates CREB1 expression by targeting its mRNA 
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3’UTR in neurons (Liu et  al. 2013). In our study, we 
found that miR-181a-5p inhibited the protein but not the 
mRNA expression of CREB1 in FD BMSCs and further 
ruled out that miR-181a-5p regulated CREB1 expres-
sion by binding to its 3’UTR. These results suggest that 
miR-181a-5p has a negative regulatory effect on CREB1 
expression by translation suppression. The presence of 
the CREB1-miR-181a-5p loop, in which CREB1 inter-
acts with miR-181a-5p by negative feedback regulation, 
is critically involved in the abnormal properties of FD 
BMSCs.

In summary, our studies, taken together with these 
results, demonstrate for the first time that the CREB1-
miR-181a-5p loop is associated with the disordered prop-
erties of FD BMSCs (Fig.  6). Furthermore, intervention 
with miR-181a-5p reversed the FD phenotype to some 
extent. Importantly, this study provides useful insights 
into the molecular pathogenesis of FD and the evaluation 
of potential therapeutic strategies for FD in vitro.

Conclusions
The current study demonstrates that the CREB1-miR-
181a-5p loop participates in the pathological pheno-
type of FD BMSCs. In this context, our results suggest 
that targeted modulation of miR-181a-5p in FD BMSCs 
might be a potential therapeutic strategy for FD in vitro. 

Continued investigation of this loop may be promis-
ing for providing a possible therapeutic strategy for FD 
patients.
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