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Abstract
Background/Aims: In postmenopausal women, a decrease in bone mineral density (BMD) at
the hip and spine is associated with an increased risk of tooth loss, possibly caused by the loss
of the alveolar bone. The present study explored the effect of the ovariectomy (OVX) of mice
on the miRNA expression profile of their bones. Methods: Micro-CT and histological analysis
were performed on mice following OVX or sham-operation using the right mandibles. The left
mandibles were used for microarray and quantitative RT-PCR to explore the change in their
miRNA expression profile. The differentially expressed miRNAs (DEmiRs) of the OVX and sham-
operated mice were analyzed by constructing the miRNA-mRNA-function complex network.
We then also analyzed the different roles of the regulation of miRNAs in the mandible and
femur by combining public data from GEO. Results: OVX could lead to a significant decrease
in the BMD in the mandible. A total of 53 DEmiRs including, 18 up-regulated and 35 down-
regulated miRNAs, were identified. The analysis of the miRNA-mRNA-pathway complex
network suggested that miR-17-5p and miRNA-297a-5p were potential biomarkers in the
development of mandibles of OVX mice. A comparison of the analysis data on the mandible
and femur showed that the transforming growth factor-f signaling pathway was specifically
regulated in the mandible, whereas the Wnt signaling pathway was specifically regulated in
the femur. Moreover, miR-17-5p and miR-133a-3p showed different expression tendencies
in the mandible and in the femur after OVX. Conclusion: This study provides an integrated
function analysis of miRNA in mandibles after OVX and of miR-17-5p and miR-133a-3p as
potential biomarkers. Moreover, the mechanism in mandibles may not be comparable with
that in femurs with estrogen deficiency.

© 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Estrogen has a key role in maintaining healthy bones. Estrogen deficiency, which has
a significantly negative effect on bone cell functions, such as osteocytes, osteoclasts, and
osteoblasts, may result in bone disease-postmenopausal osteoporosis [1]. Postmenopausal
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osteoporosis is characterized by the severe loss of bone mass in the vertebrae and long
bones. Furthermore, the structure of the mandible and alveolar bone are also affected by
estrogen deficiency. Some studies have reported a positive correlation between osteoporosis
and mandible conditions, such as tooth loss [2, 3], low bone mineral density (BMD) in the
mandible [4-6], and periodontal status [7, 8]. Moreover, according to the steadily declining
trend of BMD of long bones and mandible induced by estrogen deficiency, systemic
osteoporosis can be predicted with BMD in the mandible [9].

The reliability of ovariectomized (OVX) animals as mandibular osteoporotic models has
been demonstrated [10-13]. Previous studies reported that OVX might have no significant
effect on the mandible [14, 15]. In fact, the mandible differs from the long bone both
morphologically and functionally. Thus, the response of the mandible to OVX is not the same
as that of thelong bone. The mandibular alveolar bone has also been found to be less sensitive
to OVX than long bones [16, 17]. Furthermore, the BMD and bone volume/total volume of
the mandible decreases less significantly than the long bone in response to OVX; however,
the specific mechanism of this phenomenon remains unclear. A recent study suggested that
the mechanical loading of the alveolar process during mastication might protect the alveolar
bone from the bone loss observed in other skeletal sites [16]. The irregular shape of the
mandible and increased masticatory of the incisor and molar of OVX mice, which have been
reported to eat approximately 10% more than the sham controls in alveolar bone [18], may
possibly be important factors that contribute to these negative results. Furthermore, the
mandible develops from the neuroectoderm, whereas the bone of the axial and appendicular
skeleton arises from the mesoderm. This embryological difference may also be the cause for
the difference in the sensitivity of the two skeletal sites to estrogen deficiency [16].

Accumulated evidence suggests that microRNAs (miRNAs) have an important role in
regulating bone mass. In recent years, the role of miRNAs in the progress of osteoporosis
has gained interest. Numerous studies demonstrated that the dysregulation of miRNAs
is associated with osteoporosis. MiR-2861 was found to affect osteoblast differentiation,
contributing to osteoporosis in the femur via its effects on osteoblasts [19]. Transgenic mice
overexpressing miR-34c exhibit low bone mass in both long bones and vertebrae, which
are involved in the regulation of osteoblastogenesis by targeting multiple components of
the Notch signaling pathway [20]. In addition, miR-21 is significantly down-regulated [21],
whereas miR-3077-5p and miR-705 are significantly enhanced [22] in the mesenchymal
stem cell derived from estrogen deficiency-induced osteoporosis. Most recently, Wang et al.
found that miR-214 level is elevated in bone specimens from aged patients with fractures.
Furthermore, miR-214 has a crucial role in suppressing bone formation by directly
targeting the activating transcription factor 4 (ATF4) [23]. MiR-210 has been reported to
ameliorate the estrogen deficiency-caused postmenopausal osteoporosis by promoting
VEGF expression and osteoblast differentiation [24, 25]. More importantly, investigations
on miRNAs expression profiles in femurs using ovariectomized mice model have shown that
eight miRNAs (i.e, miR-127,-133a,-133a*-133b,-136,-206,-378,-378*) are up-regulated
after OVX, whereas one miRNA (i.e., miR-204) is down-regulated [26]. All these studies have
confirmed the fundamental function of miRNAs in osteoporosis in long bones. However,
studies on the role of miRNA in mandibular osteoporosis remain limited and unclear. Only
recently, a study on the mechanism of the anti-osteopenic effect of Rhizoma Dioscoreae in
alveolar bone suggested that miRNA regulation is involved in mandibular [27]. Considering
the difference between the mandible and long bones, we believe that the miRNA regulation
in mandibular osteoporosis possibly differs from that in long bones.

This study investigates the changes in the miRNA expression profiling of the mandible
in OVX-induced osteoporosis mouse model using microarray analysis. We also analyze the
specific miRNA-mRNA-function complex network and signaling pathways in the regulation
of osteoporosis in the mandible by comparing the differentially expressed miRNAs (DEmiRs)
and their validated target gene data from the mandible and femur.
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Materials and Methods

Animals

Female C57BL/6 mouse aged 8 weeks (mean weight of 19 g) were purchased from Slaccas Laboratory
Animal Corporation (Shanghai, China). The mice had access to food and water ad libitum. The mice were
anesthetized with an intraperitoneal injection of chloral hydrate (10%, 4 ml/kg body weight). Bilateral OVX
(n =8) or sham operation (Sham-op, n = 8) was performed following the standard method [12]. All the mice
were kept in cages under standard laboratory conditions and fed standard chow during the course of the
experiments. After 12 weeks, all the mice were weighed and prepared for the following experiments.

Preparation of Specimen

A total of 12 weeks after surgery, the animals were anesthetized with an intraperitoneal injection of
chloral hydrate (10%, 4 ml/kg body weight). The right mandible and femur were dissected, filled with 4%
paraformaldehyde for two days at room temperature, and then stored in 0.5% paraformaldehyde at 4°C for
the measurements of BMD and microstructure by micro-computerized tomography (micro-CT). After the
measurement of micro-CT, the right mandibles were used for histological analysis. In the case of the left
mandibles, we initially extracted the molars and most of the incisor, and then dissected the whole mandible
for microarray and real-time quantitative RT-PCR assays.

Micro-CT and Histological Analysis

The right mandibles and femurs of the mice (n = 3), without sample preparation or decalcification,
were scanned with a high-resolution micro-CT (SkyScan1076, Bruker micro-CT, USA). The specimens
were analyzed with the software SkyScan CTVOX 2.1. Image acquisition of the femur was performed at
energy of 40 kV and intensity of 250 pA with a voxel size of 18 um. Image acquisition of the mandible
was performed with a voxel size of 8.8 pm. Once the micro-CT analysis was completed, the samples were
ready for histological analysis. After decalcification, the samples of the mandible and femur were gradient-
dehydrated and embedded in paraffin. Serial sections of 4 pm were cut and then stained with H&E in
accordance with the manufacturer’s protocol.

RNA extraction and array analysis

The mandible was prepared from sham-operated mice and OVX mice. The left mandible from the
sham-operated group and OVX group were harvested using TRIzol (Sigma-Aldrich) to extract the total RNA.
The total RNA was quantified with NanoDrop ND-2100 (Thermo Scientific), and RNA integrity was assessed
using Agilent 2100 (Agilent Technologies). Sample labeling, microarray hybridization, and washing were
performed based on the manufacturer’s standard protocols. Briefly, the total RNA was tailed with Poly A
and then labeled with Biotin. Afterward, the labeled RNAs were hybridized on the microarray. After washing
and staining the slides, the arrays were scanned with Affymetrix Scanner 3000 (Affymetrix). The software
Affymetrix GeneChip Command Console (version4.0, Affymetrix) was used to analyze the array images to
obtain raw data and then conduct RMA normalization. Next, Genespring software (version 12.5; Agilent
Technologies) was used to conduct the subsequent data analysis.

MiRNA expression analysis and miRNA targets

We used the fold change method to select the DEmiRs from the OVX and sham-operated control
mice, and the miRNAs with |log 2(fold change)|>1.0 were considered to be the DEmiRs. In this study, three
databases (i.e., TarBase [28], miRTarBase [29], and miRecords [30]) were used to screen the experiment-
confirmed significant target genes of DEmiRs. After integrating the data from the three databases, we
utilized the Cytoscape 2.8.3 software to generate the miRNA-mRNA regulation network. Through the plugin
“Network Analysis” of Cytoscape, we further extracted the network topological characteristics of DEmiRs
in the regulation network. The topological characteristics included degree, average shortest path length,
closeness centrality, betweenness centrality, and topological coefficient. According to these topological
characteristics, we further explored the vital miRNAs in the OVX mice.

MiRNA-mRNA-function complex network

To obtain a better understanding of the biological function of the miRNAs dysregulated in OVX, we
applied the online tool of Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 to
analyze the biological functions of the miRNA target genes. DAVID bioinformatics resources consist of an
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integrated biological knowledgebase and provide a comprehensive set of functional annotation tools for
investigators to understand the biological meaning from large gene lists [31]. Here, we analyzed the roles of
miRNA from three aspects of gene ontology [32], namely, biological process, molecular function, and cellular
component (i.e., the p value and FDR cut-offs were 0.05). Moreover, based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG), we explored the significant pathways in which DEmiRs are involved (i.e., the
p-value cut-off is 0.05). By integrating the miRNA-mRNA regulation network with pathway-enriched target
pairs, we further constructed the miRNA-mRNA-pathway complex network. According to the complex
network, we directly exhibited the relationships among miRNA, mRNA, and pathways and derived the
potential risk of miRNAs.

Statistical Analysis

All the values were expressed as mean * standard deviation. All analyses were conducted using SPSS
20.0 (SPSS Inc., Chicago, IL, USA). The difference between the evaluated parameters in the groups was tested
using two independent-samples t tests. P < 0.05 was considered to be statistically significant.

Results

Establishment of estrogen deficiency-induced osteoporosis mice model

The mice were weighted 12 weeks after surgery, and the mean weight of the OVX group
was significantly heavier than that of the sham-operated group (Fig. 1A). Micro-CT images
and histological sections were used to visualize the establishment of the osteoporotic model
(Fig. 1). Compared with those of the sham-operated mice, the 3D images of the femur in
the OVX group showed a significant decrease in the subchondral trabecular bone volume,
thickness, and density (Fig. 1B). The 2D images showed the same results as the 3D images
(Fig. 1C). The H&E staining of the distal femur in the two groups also showed a significant
decrease in subchondral trabecular bone volume in the OVX group compared with the
sham-operated group (Fig. 1D). Analysis of the micro-CT data of the femur demonstrated
a significant decrease in BMD, bone volume over total volume (BV/TV), and trabecular
number, and an increase in bone surface over bone volume compared with data of the sham-
operated group (Table 1), which is consistent with the histological results.

In this study, the mandible of the OVX mice was compared with that of the sham-operated
mice. The results from the 3D images of the OVX mice showed a significant decrease in the
alveolar bone compared with those from the sham-operated mice (Fig. 2A). The results of
the 2D images confirmed osteoporosis in the mandible of the OVX animals from the coronal,
sagittal, and transaxial slice (Fig. 2B). The OVX mice showed an obvious decrease in the
alveolar bone of the first molar compared with the sham-operated mice, especially the
alveolar bone offurcation (Fig. 2B). Moreover, the H&E staining of the alveolar bone of the
first molar from OVX group showed a significant decrease in furcation and a relatively scant
marrow space compared with that of the sham-operated group, which is consistent with the
results of the micro-CT (Fig. 2C). The alveolar bone and basal bone of the mandible were
also analyzed. The micro-CT data of the mandible of OVX mice demonstrated a significant
decrease in BMD and BV/TV (Fig. 2D).

MiRNA expression analysis

The miRNA expression profiles of the OVX and sham-operated groups were determined
using miRNA microarray analysis. The expressed miRNA data were normalized through
median normalization. To identify DEmiRs, the restriction criteria |log2 (fold change)|
>1.0 was applied. The results showed 53 DEmiRs, including 18 up-regulated miRNAs and
35 down-regulated miRNAs in OVX mice compared with sham-operated mice (Fig. 3 and
Table 3).

Functional analysis
To better understand the biological role of these DEmiRs in the mandible of mice after
OVX, three databases were used to screen the confirmed significant target genes of miRNAs
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Fig. 1. Establishment of the
mouse osteoporotic model. (A)
The mean body-weight of the OVX
group and sham-operated group.
(B) 3D images of the femur head
in the bone of the sham-operated
and OVX groups. (C) 2D images of
the femur head in the bone of the
sham-operated and OVX groups.
(D) Representative H&E staining B
for the femurs of the sham-opera-
ted and OVX groups (magnificati-
on 40x). **p < 0.01.

using Cytoscape 2.8.3 software as described
in the Materials and Method section. The
screen results showed that 719 validated
miRNA-target pairs were obtained, including
666 genes (Table 4) and 15 DEmiRs (Table
2), which indicated that these genes were
the experimental validated targets of these
15 DEmiRs. By contrast, the rest of the 53
known DEmiRs in the mandible of OVX mice
were not found in any of these databases.
Function enrichment analysis was further
conducted on these 666 genes with the
online tool of DAVID (Fig. 4a-c). The results

Table 1. Results from micro-CT analysis data of the
femur between the OVX and Sham-operation group.
Bone Volume over Total Volume (BV/TV), Bone
Surface /Bone Volume (BS/BV), trabecular number
(Tb.N). * p < 0.05

Sham ovVX
BMD (g/cc) 0.33+0.13 0.25+0.11*
BV/TV (%) 21.17+1.34 8.24%2.01*
BS/BV (1/mm) 41.14+0.78 47.23+0.53*
Th.N (1/mm) 2.07+0.08 0.78+0.19*

indicated that these 666 target genes of the miRNAs regulated many biological processes
in the mandible of mice, including blood vessel development, vasculature development,
regulation of transcription, regulation of macromolecule biosynthetic process, osteoblast
differentiation, and muscle organ development (Fig. 4a). These target genes were associated
with the cellular components of the axon, intracellular organelle, nucleus, actomyosin, and

actin cytoskeleton (Fig. 4b). Moreover, these

target genes of the DEmiRs also had a role in

transition metal ion binding, protein kinase binding, protein kinase activity, calcium ion

binding, and microtubule binding (Fig. 4c).
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Fig. 2. OVX induced
the mandibular os- A
teoporosis. (A) 3D
reconstruction of the
mandible. Arrows
show the loss of the
alveolar bone in the
sham-opreated mice
vs OVX mice. (B) 2D
images of microcom-
puted  tomography.
Sagittal slice (“sa”), | B
coronal slice (“co”),
and axial slice (“ax”
in the alveolar bone
compartment. (9]
H&E staining of the
alveolar bone of the
first molar. (D) 3D | C
reconstruction of the
region of interest of
the alveolar bone and
basal bone compart-
ments. Results from
the micro-CT of BMD
and BV/TV in the
alveolar and basal
bone compartments.
*p<0.05**p<001. |p

BMD{g/cc)

e
b

To compare the development of osteoporosis in the mandible with that in the femur in
OVX mice, we extracted the data of the DEmiRs from the research conducted by An et al. [26].
A total of 8 miRNAs were up-regulated (i.e., miR-127, -133a-5p, -133a-3p,-133b,-136, -206,
-378, -378-3p), whereas one miRNA (i.e,, miR-204) was down-regulated. Using the same
strategy, these eight DEmiRs were integrated with the three databases for screening. The re-
sults indicated that 27 validated miRNA-target pairs were acquired, including 22 genes and
5 DEmiRs (see Table 5), which suggested that these 22 genes were the validated targets of
the 5 DEmiRs. Function enrichment analysis demonstrated that these 22 target genes of DE-
miRs in the femur of OVX mice had important roles in many biological processes, such as the
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generation of neurons, cell
morphogenesis, and skeletal
muscle organ development
(Fig. 4d).

The miRNA-mRNA-pa-

thway complex network

To better understand
the biological function of
DEmiRs in OVX mice, we
applied the online tool of
DAVID to analyze the inter-
action of DEmiRs with the
biological functions of their
target genes. A total of 719
experimentally  validated
miRNA-target pairs were
used, including 666 genes
and 15 DEmiRs (Fig. 5a).
The topological characteri-
stics of the network of DE-
miRs and their target genes
were calculated (Table 2).
In this network, higher-de-
gree nodes were more pi-
votal than the lower-degree
nodes for robustness of the
network, and the higher-de-
gree nodes influenced more
biological functions. Thus,
the nodes with the highest
degree were selected as the
potential risk biomarkers. In
this study, mmu-miR-17-5p
was found to have the hig-
hest degree, and mmu-miR-
297a-5p the second highest.

In addition, the
significant pathways in
which the target genes of
DEmiRs were involved in
the mandible were further
explored based on the
KEGG database. Finally, the
enriched pathways were
integrated into the miRNA-
mRNA network, and the
miRNA-mRNA-pathway
complex network  was
finally constructed (Fig. 5a).
The final miRNA-mRNA-
pathway complex network
clearly demonstrated that
mmu-miR-17-5p and mmu-
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Fig. 3. Heatmap
of the DEmiRs
in the OVX and
sham-operated
groups. Results
of the miRNA
expression
profile analy-
sis showed 53
different  ex-
pressed miR-
NAs (DEmiRs),
including 18
up-regulated
miRNAs  and
35 down-regu-
lated miRNAs
in OVX mice
compared with
sham-operated
mice. The co-
lors from green
to red repre-
sent the higher
to lower ex-
pression levels
of miRNAs.

mmu-let-7£-5p
mmu-miR-1195
mmu-miR-125a-5p
mmu-muR-125b-5p
mmu-miR-140-3p
mmu-miR-15b-5p
mmu-miR-17-5p
mmu-miR-1949
mmu-miR-1971
mmu-miR-199%a-3p
mmu-muR-199b-3p
mmu-miR-203-3p
mmu-miR-205-5p
mmu-miR-27a-3p
mmu-miR-342-3p
mmu-nmiR.-483-5p
mmu-nuR-7001-5p
mmu-miR-7044-5p
mmu-miR-133a-3p
mmu-miR-133b-3p
mmu-nuR-1892
mmu-nuR-1895
mmu-miR-1a-3p
mmu-nuR-297a-5p
mmu-miR-3102-5p. 2-5p
mmu-muR-3107-5p
mmu-muR-328-5p
mmu-muR-3473e
mmu-miR-378b
mmu-miR-378¢
mmu-miR-378d
mmu-miR-466m-5p
mmu-miR-483-5p
mmu-miR-486-5p
mmu-muR-5107-5p
mmu-miR-5130
mmu-miR-6368
mmu-muR-6413
mmu-muR-669m-5p
mmu-miR-6769b-5p
mmu-nuR-6981-5p
mmu-miR-§984-5p
mmu-muR-7005-5p
mmu-miR-7007-5p
mmu-muR-7016-5p
mmu-nuR-7040-5p
mmu-miR-7056-5p
mmu-miR-7082-5p
mmu-miR-7222-3p
mmu-niR-7665-5p
mmu-mR.-8100
mmu-muR-8101
mmu-niR-8119

Table 2. The topological characteristics of DEmiRs in miRNA-mRNA

interaction network

miRNA Degree  Average Shortest Betweenness Closeness Topological
Path Length Centrality Centrality  Coefficient
mmu-miR-17-5p 377 1.87386 0.848769 0533658 0.022812
mmu-miR-297a-5p 252 2.454407 0.546643 0.40743 0.150794
mmu-miR-1a-3p 28 3.651976 0.099399 0273824 0.107143
mmu-miR-125b-5p 25 3.709726 0.077498 0.269562 0.06
mmu-miR-133a-3p 13 5.588146 0.021214 0.17895 0.461538
mmu-miR-199a-3p 4 1.875 0.642857 0533333 0.25
mmu-miR-27a-3p 4 1.875 0.642857 0533333 0.25
mmu-miR-125a-5p 3 5.094529 0.003042 0.175607  0.666667
mmu-miR-486-5p 3 3.746201 0.004162 0.266937 0333333
mmu-miR-133b-3p 2 1 1 1 0
mmu-miR-203-3p 2 1 1 1 0
mmu-miR-15b-5p 1 1 0 1 0
mmu-miR-199b-3p 1 1 0 1 1]
mmu-miR-205-5p 1 3.852584 0.00304 0259566 0.5
mmu-miR-483-5p 1 1 0 1 0
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Table 3. Fifty-three differentially expressed miRNAs comparing the OVX with sham-operation control mice

miRNA_name Log FC ([OVX] vs Alignments Sequence
[Normal])

mmu-miR-7044-5p 2986956 chr6:118085197-118085215 (+) GUGUGGUGGUGGUGGCGGC
mmu-miR-1949 2.050919 chr18:35554612-35554635 (+) CUAUACCAGGAUGUCAGCAUAGUU
mmu-miR-203-3p 1.885073 chrl2:112130927-112130948 (+) GUGAAAUGUUUAGGACCACUAG
mmu-miR-1195 1.856476 chrl7:70860558-70860580 (-) UGAGUUCGAGGCCAGCCUGCUCA
mmu-miR-140-3p 1.800233 chr8:107551288-107551308 (+) UACCACAGGGUAGAACCACGG
mmu-miR-125b-5p 1.792335 chrl6:77646279-77646300 (+) UCCCUGAGACCCUAACUUGUGA

//chr9:41581940-41581961(+)
mmu-miR-15h-5p 1.585078 chr3:69009775-69009796 (+) UAGCAGCACAUCAUGGUUUACA
mmu-miR-17-5p 1.466469 chr14:115043684-115043706 (+) CAAAGUGCUUACAGUGCAGGUAG
mmu-miR-27a-3p 1.36949 chr8:84208727-84208747 (+) UUCACAGUGGCUAAGUUCCGC
mmu-miR-342-3p 1.249035 chrl2:108658680-108658702 (+) UCUCACACAGAAAUCGCACCCGU
mmu-let-7f-5p 1.184503 chr13:48537889-48537910 () UGAGGUAGUAGAUUGUAUAGUU

// chrX:151912353-151912374 (+)
mmu-miR-199a-3p 1.183639 chrl:162217883-162217904 (+) ACAGUAGUCUGCACAUUGGUUA

// ¢hr9:21496498-21496519 (-)
mmu-miR-199b-3p 1.183639 chr2:32318524-32318545 (+) ACAGUAGUCUGCACAUUGGUUA
mmu-miR-7001-5p 1.128903 chr2:93421980-93422002 (-) AGGCAGGGUGUGAGCGUGAGCAU
mmu-miR-1971 1.054252 chr14:78191451-78191468 (-) GUAAAGGCUGGGCUGAGA
mmu-miR-125a-5p 1.031875 chr17:17830817-17830840 (+) UCCCUGAGACCCUUUAACCUGUGA
mmu-miR-205-5p 1.024269 chrl:193507503-193507524 (-) UCCUUCAUUCCACCGGAGUCUG
mmu-miR-488-5p 1.021523 chr1:158505651-158505671 (+) CCCAGAUAAUAGCACUCUCAA
mmu-miR-7665-5p -1.02529 chr2:120017517-120017539 (+) AAGGGAAGGCAGGAGAAAGGCUG
mmu-miR-297a-5p -1.06808 chr2:10472264-10472285 (+) AUGUAUGUGUGCAUGUGCAUGU

/fchr2:10515830-10515851 (+)

//chr2:10517077-10517098 (+)

// ¢hr7:10958477-10958498 (-)
mmu-miR-6413 -1.08031 chr10:20297593-20297613 (-) UGGCUCAGAAGAGCAGGUAGU
mmu-miR-5130 -1.09011 chrl4:102982608-102982631 (-) CUGGAGCGCGCGGGCGAGGCAGGE
mmu-miR-7016-5p -1.09676 chr4:129684546-129684566 (-) CAGGGAGGGGAGCGAGAGUAG
mmu-miR-6368 -1.12334 chr13:28710796-28710816 (-) CUGGGAAGCAGUGGAGGGGAG
mmu-miR-6769b-5p -1.12438 chr8:71631083-71631102 (-) CCUGGUGGGUGGGGAAGAGC
mmu-miR-3102-5p.2-5p -1.14533 chr7:100882367-100882387 (-) GGUGGUGCAGGCAGGAGAGCC
mmu-miR-378d -1.14804 chrl0:126710355-126710376 (-) ACUGGCCUUGGAGUCAGAAGGU
mmu-miR-483-5p -1.14804 chr7:142654968-142654989 (-) AAGACGGGAGAAGAGAAGGGAG
mmu-miR-7082-5p -1.231 chr9:21075563-21075583 (-) UACGGGCAGGAGGAGGGGAGG
mmu-miR-328-5p -1.28719 chr8:105308419-105308440 (-) GGGGGGCAGGAGGGGCUCAGGG
mmu-miR-669m-5p -1.35694 chr2:10512814-10512836 (+) UGUGUGCAUGUGCAUGUGUGUAU

// chr2:10513457-10513479 (+)
mmu-miR-466m-5p -1.35694 chr2:10466677-10466699 (+) UGUGUGCAUGUGCAUGUGUGUAU
mmu-miR-133a-3p -1.39556 chr18:10782913-10782934 (-) UUUGGUCCCCUUCAACCAGCUG

// chr2:180398437-180398458 (+)
mmu-miR-1892 -1.42337 chrl2:54645943-54645964 (-) AUUUGGGGACGGGAGGGAGGAU
mmu-miR-7056-5p -1.43437 chr7:47083203-47083224 (-) UGUGGAGGAGGACAGAGAGGUU
mmu-miR-8100 -1.43584 chrl1:46102300-46102322 (+) AGGAGGAAAGGGAGCAAGCAGGU
mmu-miR-378b -1.45216 chr11:88352839-88352858 (+) CUGGACUUGGAGUCAGAAGA
mmu-miR-133b-3p -1.47233 chrl:20682834-20682855 (+) UUUGGUCCCCUUCAACCAGCUA
mmu-miR-7222-3p -1.58296 chr2:92594654-92594676 (+) UCCAGGACAGUGGGCAGGAGCAG
mmu-miR-7007-5p -1.58835 chr3:20222332-20222354 (-) UCAGAAGAGGCAGUGGAGGAGAU
mmu-miR-5107-5p -1.66668 chr18:60812086-60812106 (+) UGGGCAGAGGAGGCAGGGACA
mmu-miR-378c -1.71938 chrl4:46954905-46954925 (-] ACUGGACUUGGAGUCAGAAGC
mmu-miR-8119 -1.94067 chr4:129557756-129557775 (-) GAGGAGAGGGAGCUAGGGUC
mmu-miR-6981-5p -2.08335 chr18:37974592-37974617 (-) GUGAGGAGAAGGAAGAGGCUGAAGGC
mmu-miR-8101 -2.15189 chrll:102230103-102230124 (-) GGCGAGCGGAGCCGGAGGAGCC
mmu-miR-1a-3p -2.24766 chrl8:10785485-10785506 (-] UGGAAUGUAAAGAAGUAUGUAU

// chr2:180389096-180389117 (+)
mmu-miR-6984-5p -2.28393 chr19:3288925-3288948 (+) ACUGAAAGGCAAUGAAGGAGGAGC
mmu-miR-7040-5p -2.28965 chr6:83049716-83049737 (+) CAUACGGAGGGAGAUGGAGGCG
mmu-miR-3473e -2.33734 chr5:31667296-31667316 (-) GGGCUGGAGAGAUGGCUCGUA
mmu-miR-486-5p -2.34895 chr8:23142587-23142608 (+) UCCUGUACUGAGCUGCCCCGAG
mmu-miR-3107-5p -2.34895 chr8:23142627-23142648 (-) UCCUGUACUGAGCUGCCCCGAG
mmu-miR-1895 -2.46713 chr3:134240515-134240536 (-) CCCCCGAGGAGGACGAGGAGGA
mmu-miR-7005-5p -3.17313 chr2:180179797-180179818 (-) CCUGGGGAUGGGAGGACCAGCA

miR-297a-5p significantly influenced the biological pathways and were considered to be
potential biomarkers in the development of the mandible of OVX mice.

Moreover, the miRNA-mRNA-pathway complex network of the 5 DEmiRs and their 22
target genes in the femurs of OVX mice was also constructed with the same previous strategy
(i.e., Fig. 5b, data extracted from An et al. [26]). As demonstrated by the complex network,
mmu-miR-133a-5p and mmu-miR-133a-3p significantly influenced the biological pathways
and were considered to be potential biomarkers in the development of femur of OVX mice.

Asshowninthe Fig. 53, the DEmiRs and their validated target genes were mainly involved
in the T-cell receptor-signaling pathway, VEGF signaling pathway, Wnt signaling pathway,
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Table 4. The 719 validated miRNA-target pairs, including 666 genes and 15 DEmiRs in mandible

miRNA Target gene miRNA Target gene miRNA Ta
mmu-miR-125a-5p Chx7 mmu-miR-17-5p Cacna2dl mmu-miR-297a-5p Chd7?
mr R-125a-5p Trim71 m iR-17-5p Capn2 Akap9
m R-125a-5p 4632428N05Rik m iR-17-5p Cavl miR-297a-5p Atp8h2
mir R-125b-5p Igf2 mmu-miR-17-5p Chx2 mmu-miR-297a-5p Zfp108
mmu-miR-125b-5p 4632428N05Rik mmu-miR-17-5p Cde7 mmu-miR-297a-5p Slelad
mmu-miR-125b-5p Bmf mmu-miR-17-5p Cdh2 mmu-miR-297a-5p Pedhl7
R-125b-5p And3b mmu=-miR=17-5p Chi1 mmu-miR-297a-5p 4931406P16Rik
R-125b-5p Abth1 mmu-miR-17-5p Cold4a2 mmu-miR-297a-5p Gltp
mmu-miR-125b-5p Rhebl1 mmu-miR-17-5p Cops2 mmu-miR-297a-5p Cyb561d2
mmu-miR-125b-5p Suv39hl mmu-miR-17-5p Cpe mmu-miR-297a-5p Zscan22
R-125b-5p Ajuba mmu-miR-17-5p Dpysl2 mmu-miR-297a-5p Vps39
R-125b-5p Lin28a mmu-miR-17-5p Dio2 mmu-miR-297a-5p Futd
R-125b-5p Map2k? mmu-miR-17-5p Dl mmu-miR-297a-5p Fadl
R-125b-5p Entpd4 mmu-miR-17-5p Dnmt3a mmu-miR-297a-5p Galnt3
mmu-miR-125b-5p Rable mmu-miR-17-5p Eefzk mmu-miR-297a-5p Ostm1
mmu-miR-125b-5p Snail mmu-miR-17-5p En2 mmu-miR-297a-5p Foxjl
mmu-miR-125b-5p KIf13 mmu-miR-17-5p Epha7 mmu-miR-297a-5p Zipe97
R-125b-5p Trim71 Epsl5 miR-297. PdeSa
R-125b-5p Arid3a Erbb4 niR-297. Fam110b
R-125b-5p Ddx19b mimu-miR-17-5p Celf2 mmu-miR-297a-5p Rsbnll
mmu-miR-125b-5p Torza mmu-miR-17-5p Ezhl mmu-miR-297a-5p Slc29a4
mmu-miR-125b-5p Dus1l munu-miR-17-5p F3 mmu-miR-297a-5p Tmem255a
mumu-miR-125b-5p Ppt2 mmu-miR-17-5p Fnl mmu-miR-297a-5p Srgap3
R-125b-5p Chils mmu-miR-17-5p Gabral mmu-miR-297a-5p Zfpb52
R-125b-5p Smo mmu-miR-17-5p Gabrb3 mmu-miR-297a-5p Robo2
miR-125b-5p Apln mmu-miR-17-5p B4galntl mmu-miR-297a-5p Macfl
mmu-miR-125b-5p Tnf mmu-miR-17-5p Gas7 mmu-miR-297a-5p Adam10
R-125b-5p Zfp385a Gngd mmu=miR-297a-5p Adam12
R-133a-3p Rhoa Gpméh mimu-miR-297a-5p Add1
Nfatcd mmu-miR-17-5p Grb10 mmu=-miR-2973-5p Ank3
Polal mmu-miR-17-5p Tripl2 mmu-miR-297a-5p Xiap
Hdac4 mmu-miR-17-5p Hsd17b10 mmu-miR-297a-5p Nrzf2
Nelfa Smim20 mmu-miR-297a-5p Arf2
Runx2 Ajuba mmu-miR-297a-5p Atrn
Igflr mmu-miR-17-5p Kif2la mmu-miR-297a-5p Cab39
mmu-miR-133a-3p Uep2 mmu-miR-17-5p KifSa mmu-miR-297a-5p Capnl
mmu-miR-133a-3p Spryl mmu-miR-17-5p Kif5¢ mmu-miR-297a-5p Cavl
mmu-miR-133a-3p Cde42 mmu-miR-17-5p Kif9 mmu-miR-297a-5p Cav2
mmu-miR-133a-3p Cend2 mmu-miR-17-5p Kras mmu-miR-297a-5p Cet2
a-: Casp9 mimu-miR-17-5p Lrrn3 mmu-miR-297a-5p Cdhl1
Srf mmu-miR-17-5p Mépr mmu-miR-297a-5p caz
R-133b-3p Pitx3 mmu-miR-17-5p Mcll mmu-miR-297a-5p Clk1
mmu-miR-133b-3p Pthp2 mmu-miR-17-5p Mcm?7 mmu-miR-297a-5p Cplx2
R-15b-5p Arl2 mmu-miR-17-5p Mrcl mmu-miR-297a-5p Nean
App iR-17-5p Mapla mmu-miR-297a-5p Celfl
Cpeb4 mmu-miR-17-5p Map2 mmu-miR-297a-5p Dhx9
Adcyaplrl mmu-miR-17-5p Map4 mmu-miR-297a-5p Dio2
Anp32a mmu-miR-17-5p Myol0 mmu-miR-297a-5p Elk3
Ap3dl m iR-17-5p Naph mmu-miR-297a-5p Epb4.111
Aplp2 m iR=17-5p Neam1 mumu-miR-297a-5p Celf2
Sle36al mmu-miR-17-5p Neurod1 mmu-miR-297a-5p Fgfll
Nsg2 mmu-miR-17-5p Nf1 mmu-miR-297a-5p Ctaf
Oprll mmu-miR-17-5p Nfe2lz mmu-miR-297a-5p Fmnl
Pappa mmu-miR-17-5p Mfia mmu-miR-297a-5p Otucd4
Nptxl iR-17-5p Hdac8 mmu-miR-297a-5p Paqrs
Tmod2 -17-5p Draxin mmu-miR-297a-5p Goraspl
Zfhx3 mmu-miR-17-5p Tmem230 mmu-miR-297a-5p Neto2
mumu-miR-17-5p Arf2 mmu-miR-17-5p Rasgefla mmu-miR-297a-5p Mettls
nmumu-miR-17-5p Spast mumu-miR-17-5p Pfn2 mmu-miR-297a-5p Idnk
nmumu-miR-17-5p Abcal mmu-miR-17-5p Plxna2 mmu-miR-297a-5p Kihl24
Macfl iR-17-5p Ppp3rl mmu-miR-297a-5p Sle24a2
Acvrlb iR-17-5p Cythl mmu-miR-297a-5p Fam101h
Adam10 mmu-miR-17-5p Pten mmu-miR-297a-5p Klhdc10
Adam17 mmu-miR-17-5p Ptpnil mmu-miR-297a-5p Wshbl
Adam19 mmu-miR-17-5p Ptprg mmu-miR-297a-5p Uck2
Cdc42se2 mmu-miR-17-5p Ptprj mmu-miR-297a-5p Elovl4
Fam117b mmu-miR-17-5p Rab12 mmu-miR-297a-5p Kenk1
mmu-miR-17-5p Sle17a7 mmu-miR-17-5p Rab33b mmu-miR-297a-5p Kiflb
R-17-5p Ceser2 mmu-miR-17-5p Ranbp2 mmu-miR-297a-5p Lmnb1
R-17-5p Debld2 m iR-17-5p Rasall mimu-miR-297a-5p Lss
R-17-5p 1700052N19Rik m iR=17-5p Rb1 mmu-miR-2973-5p Mnt
R-17-5p Ppplr2l mmu-miR-17-5p Rbl2 mmu-miR-297a-5p Mxil
mmu-miR-17-5p Otud4 mmu-miR-17-5p Rdx mmu-miR-297a-5p NeoaZ
mmu-miR-17-5p Dnm1l mmu-miR-17-5p Revil mmu-miR-297a-5p Nptx1
R-17-5p Msll mmu-miR-17-5p Ralgds mmu-miR-297a-5p Oxtr
R-17-5p Fsjd2 mmu-miR-17-5p Rora mmu-miR-297a-5p Phx3
mmu-miR-17-5p Zdhhel6 mmu-miR-17-5p Ryr2 mmu-miR-297a-5p Pde6d
mmu-miR-17-5p Ankrd9 mmu-miR-17-5p Senla mmu-miR-297a-5p Pik3rl
mmu-miR-17-5p Cyld mmu-miR-17-5p Sen8a mmu-miR-297a-5p Pik3r3
mumu-miR-17-5p ZfpB4 mmu-miR-17-5p Sep2 mmu-miR-297a-5p Pjal
i Sp Cds1 mmu-miR-17-5p Cxell2 mmu-miR-297a-5p Prkch
R-17-5p Pefll mmu-miR-17-5p Semadc mmu-miR-297a-5p Plaa
R-17-5p Dher24 m 1iR-17-5p Seppl mmu-miR-297a-5p Ptprr
5p Etnkl mmu-miR-17-5p Shh mmu-miR-297a-5p Pura
Sp _ Pikar4 _ mmu-miR-17-5p Ski _ mmu-miR-297a-5p Ok
continued

MAPK signaling pathway, pathogenic Escherichia coli infection, and adherens junction. A
comparison of the different regulation pathways of DEmiRs in the mandible and femur of
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miRNA

Target gene miRNA Target gene miRNA Target gene
mmu-miR-17-5p Pankl mmu-miR-17-5p Skil mmu-miR-297a-5p Rad21
mmu-miR-17-5p Rab30 mmu-miR-17-5p Sox8 Rasgrpl
mmu-miR-17-5p Sle24az mmu-miR-17-5p sall3 Relx
mmu-miR-17-5p Sle10a7 mmu-miR-17-5p Serpinb9 Robol
mmu-miR-17-5p Klhiz mmu-miR-17-5p Stat3 5100k
mmu-miR-17-5p Crebrf mmu-miR-17-5p Sytl Sedl
nunu-miR-17-5p Wdrg2 nunu-miR-17-5p Ubtf Sed2
mmu-miR-17-5p Hegl mmu-miR-17-5p Tex2 ScnBa
mmu-miR-17-5p Limch1 mmu-miR-17-5p Tgfa Ski
mmu-miR-17-5p Polq mmu-miR-17-5p 1fr88 mmu-mi Sle3lal
mmu-miR-17-5p 6030458C11Rik mmu-miR-17-5p KIf10 mmu=-miR-297a-5p Snap25
mmu-miR-17-5p Yipfo mmu-miR-17-5p Tnks Son
mmu-miR-17-5p 2810055G20Rik mmu-miR-17-5p Ugeg Sosl
mmu-miR-17-5p Msantd4 mmu-miR-17-5p Wisl Serpinil
mmu-miR-17-5p Map7dz2 mmu-miR-17-5p Imat3 Slk
mmu-miR-17-5p Acap2 mmu-miR-17-5p Xpe Syngr3
mmu-miR-17-5p Stxbp5s mmu-mik-17-5p Yyl Tefa
mmu-miR-17-5p Igsf3 mmu-miR-17-5p Rnf103 Tgfbrl
mumu-miR-17-5p Trim2 mmu-miR-17-5p Zip62 Klhde8a
mmu-miR-17-5p Puml mmu-miR-17-5p Zic2 Tgolnl
mmu-miR-17-5p Gpré3 mmu-miR-17-5p Akt3 Ugt8a
mmu-miR-17-5p Ankrd17 mmu-miR-17-5p Gtfzh2 Ulk1
mmu-miR-17-5p Entpd7 mmu-miR-17-5p Mgll Vidir
mmu-miR-17-5p Pabpe5 mmu-miR-17-5p Tenm4 Zmat3
mmu-miR-17-5p Aff4 mmu-miR-17-5p Xrnl Rnf103
mmu-miR-17-5p Nipa2 mmu-miR-17-5p Zeb2 Zhxl
mmu-miR-17-5p Brwdl mmu-miR-17-5p Map3k5s Tenm2
nunu-miR-17-5p Tafrsf21 mumu-miR-17-5p Map4hk2 Pdel0a
mmu-miR-17-5p Phipp1 mmu-miR-17-5p Mapk14 Zfp260
mmu-mik-17-5p Infxl mmu-miR-17-5p Nbea mmu-miR-297a-5p Trp53bpl
mmu-miR-17-5p Qserl mmu-miR-17-5p B3galt2 mmu-miR-297a-5p Teeb3
mmu-miR-17-5p Camtal mmu=miR-17-5p Aifm1 -297a-5p D4Wsu53e
mmu-miR-17-5p Tmemb4 mmu-miR-17-5p Stegalnach -297a-5p Cene
mmu-miR-17-5p Mapre3 mmu-miR-17-5p Sh3d19 Dlg3
nunu=miR-17-5p NtSde3 mumu=miR-17-5p Teeb3 Vamp4
mmu-miR-17-5p Aldh6al mmu-miR-17-5p Amot Rabepl
mmu-miR-17-5p Foxpl mmu-miR-17-5p D4Wsu53e Elovl2
mmu-miR-17-5p Cede88a mmu-miR-17-5p Mga Azinl
mmu-miR-17-5p Ankhd1 mmu-mil-17-5p Rabgapll Fmn2
mmu-miR-17-5p Sobp mmu-miR-17-5p Igfbp7 Frasl
nunu-miR-17-5p Tspan® mmu-miR-17-5p Ppap2b Wnk1
mmu-miR-17-5p Caldl mmu-miR-17-5p Fam134c 3 Itfgl
mmu-miR-17-5p Atxn3 mmu-miR-17-5p Pyr mmu-miR-297a-5p Sulfz
mmu-miR-17-5p Sen2al mmu-miR-17-5p Reepl mmu-miR-297a-5p Rsfl
mmu-miR-17-5p Derl2 mmu-miR-17-5p Brmsl1l mmu-miR-297a-5p Psd3
mmu-miR-17-5p Bmpzk mmu-miR-17-5p Tmx4 Bagaltc
mmu-miR-17-5p Elovle mmu-miR-17-5p Gramdla Chpl
mmu-miR-17-5p Zip704 mmu-miR-17-5p Cdled Cbin3
mmu-miR-17-5p Fehsd2 mmu-miR-17-5p Insm1 Foxo3
mmu-miR-17-5p Fam120c mmu-miR-17-5p Celsr2 Gmebl
mmu-miR-17-5p Wdr37 mmu-miR-17-5p Rean3 Ttyhl
mmu-miR-17-5p A330021E22Rik mmu-miR-17-5p Socsh Svia
mmu-miR-17-5p Mlxip mmu-miR-17-5p Extl3 Sc4mol
mmu-miR-17-5p Rsre2 mmu-miR-17-5p Plagl2 Lyrm9
mmu-miR-17-5p Cpeb3 mmu-miR-17-5p Slelad Haus2
mmu-miR-17-5p Tfe3 mmu-miR-17-5p Srcinl mmu-miR-297a-5p Fbrm1
mmu-miR-17-5p Theldl2 mmu-miR-17-5p Mychp mmu-miR-297a-5p Ssbp2
mumu-miR-17-5p Nuded3 mmu-miR-17-5p Serinel -297a-5p Dinajb4
mmu-miR-17-5p Leorl mmu-miR-17-5p Sh3bgrl mmu-miR-297a-5p Coded7
mmu-miR-17-5p Sle3563 mmu-miR-17-5p Sezol mmu-miR-297a-5p Tmem19
mmu-miR-17-5p Lpp mmu-miR-17-5p Cendl mmu-miR-297a-5p Theld19
mmu-miR-17-5p D15Ertde2le mmu-miR-17-5p Extl2 -297a-5p Cap2
mmu=miR-17-5p Arap2 mmu=miR-17-5p Smoc2 -297a-5p Clte
mmu-miR-17-5p Rassf4 mmu-miR-17-5p Itm2¢ -297a-5p Cedel27
mmu-miR-17-5p Nudtls mmu-miR-17-5p Dip2a -297a-5p Ssr3
mmu-miR-17-5p Tnrcob mmu-miR-17-5p Dpysl5 iR-297a-5p Pdcl
mmu-miR-17-5p Kpnb1 mmu-miR-17-5p Rogdi Cpeb4
mmu-miR-17-5p Appl2 mmu-miR-17-5p Camkinl Manscl
mumu=miR-17-5p 9-Mar  mmu-miR-17-5p Pgrinc2 1600012H06Rk
nunu=miR-17-5p Papolg mmu-miR-17-5p Rnf220 Ppap2b
mmu-miR-17-5p Taokl mmu-miR-17-5p Kdelr2 mimu-mi Spirel
mmu-miR-17-5p Hidl mmu-miR-17-5p Pbrm1 mmu-mi Leprotil
mmu-miR-17-5p Ubxn2a mmu-miR-17-5p Polr3k mmu-mi Micu2
mmu-miR-17-5p Mylip mmu-miR-17-5p Ttel4 mm- 2810407CO2Rik
mmu-miR-17-5p Rasal mmu-miR-17-5p Tomm34 mmu-miR-z Nup3s
mmu=miR-17-5p Feho2 mmu-miR-17-5p Zfand4 ¥ Sernd
mmu-miR-17-5p 6-Mar  mmu-miR-17-5p Rbl2 / p130 Stambp
mmu-miR-17-5p Fam49b mmu-miR-17-5p Luc713 Tspan2
mmu-miR-17-5p Pim3 mmu-miR-17-5p Pppéc Spagd
mmu-miR-17-5p Gxyltl mmu-miR-17-5p 1600012H06Rik P2ryl12
mmu-miR-17-5p Ankrd29 mmu-mik-17-5p Eml1 Ing3
mmu-miR-17-5p Eph4.115 mmu-miR-17-5p Ubr3 Ankrd12
mmu-miR-17-5p KIhizo mmu-miR-17-5p Sdeeag3 Lgrd
mmu-miR-17-5p Fam134a mmu-miR-17-5p Lmbrdl Skiv2l2
mumu-miR-17-5p _Dgkd _mmu-miR-17-5p T _ Kenki0

continued

the OVX model shows that the transforming growth factor-f (TGF-f8) signaling pathway was
only regulated by the DEmiRs in the mandible but not in the femur (Fig. 6a), whereas the
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miRNA

Target gene

miRNA

Target gene

mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miRk-17-5p
mmu-miRk-17-5p
mmu-mik-17-5p
mmu=-miR-17-5p
mmu-miR-17-5p
mmu=miR-17-5p
mmu-miR-17-5p
mmu=mil-17-5p
mmu-miR-17-5p
mmu=miR-17-5p
mimnu-miR-17-5p
mmu-mil=17-5p
mumu-miRk-17-5p
mmu-miR-17-5p
mimu-miR-17-5p
mmu=miR-17-5p
mimu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-mil-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-mil-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu-miR-17-5p
mmu=mil-17-5p
mmu-miR-17-5p
mmu=miR-17-5p
mmu-mik-17-5p
mmu=miR-17-5p
mmu-miR-17-5p
mmu=miR-17-5p
mmu-miR-17-5p
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validated the DEmiRs in the mandible and femur in OVX (Fig. 7a, b).

Overall, these results suggest that miR-297a-5p, -17-5p, -133a-3p and 133-5p may have
important roles in bone mass loss in the context of estrogen-deficiency states. The different
expression tendencies of miR-17-5p and miR-133a-3p showed different functions between
the miRNA in the mandible and in the femur.
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Discussion Table 5. The 27 validated miRNA-target pairs, inclu-
ding 22 genes and 5 DEmiRs in femur
Estrogen  deficienc can  cause =
osteoporogis in differentybone structures. et - Target gene
Numerous studies have demonstrated the U-miR-127 Rtll/Pegll
. mmu-miR-133a Runx?2
association between skeletal BMD and bone mmu-miR-133a Cdca?
loss in the mandible [9, 33]. Some clinical mMmu-miR-133a Whsc?2
studies have reported t.hat the alveolar bong mmu-miR-133a RhoA
shows more resorption (in - osteoporotic )y miR-133a SRF
versus non-osteoporotic edentulous mmu-miR-133a-3p Hdac4
patients [34, 35]. However, clinical analyses mmu-miR-133a-3p Cdc42
of the human jaw have not yet conclusively mmu-miR-133a-3p Casp9
demonstrated that estrogen deficiency yymu-miR-133a-3p Rhoa
can cause bone loss in human jaw bones mmu-miR-133a-3p  Srf
[36, 37]. These inconsistent results may mmu-miR-133a-3p Igflr
be due to the heterogeneity among these mmu-miR-133a-3p Runx2
studies; for example, the investigators use mmu-miR-133a-3p Ccnd2
different techniques to measure skeletal mmu-miR-133a-3p Nfatc4
and mandibular BMD and are interested mmu-miR-133a-3p Ucp2
in different anatomical sites. In addition, mmu-miR-133a-3p Spryl
jawbones display very different anatomical mmu-miR-133a-3p Polal
characteristics from other bones of the mmu-miR-133a-3p Nelfa
skeleton. The presence of teeth leads to mmu-miR-136 Rtll/Pegll
the difference that is distinguished as the mmu-miR-206 Polal
“basal bone” and the tooth-bearing “alveolar mmu-miR-206 B-ind1
process.” Individual variation arising from mmu-miR-206 Gjal
the number of tooth loss and the severity mMmu-miR-206 Fstll
of the periodontitis may also make it more ~Mmu-miR-206 Utrn
complicated to analyze the mandible in MMmMu-miR-206 Cx43
mmu-miR-206 Mmd

postmenopausal women. Animal models

are needed to investigate the changes induced by estrogen deficiency in the mandible. In
our animal model, we found that the trabecular bone of the distal femur and alveolar bone
are significantly decreased three months after OVX. However, the BV/TV of the mandible
decreases less than that of the distal femur in the OVX group. The tooth is not extracted from
the mandible; hence, the mechanical loading of the alveolar bone during mastication may
alleviate bone loss induced by estrogen deficiency. Our animal models consist of dentulous
patients suffering from estrogen deficiency. More studies are needed to explore the combined
effect of tooth loss and estrogen deficiency on mandibular bone loss in the future.

Aside from the anatomical/physiological peculiarities of the mandible, its metabolism
response may also differ from that of the skeletal bone. MiRNA may have its own roles in
regulating metabolism response induced by estrogen deficiency. In this study, we screened
DEmiRs and identified the key miRNAs involved in the regulation of mandibular osteoporosis.
The estrogen deficiency mice model was successfully established using mice that underwent
OVX. BMD was decreased in both the femur and mandible of mice after OVX. The result of
miRNA array analysis showed 53 DEmiRs in the mandible of the OVX and sham-operated
mice. Through miRNA-mRNA regulation network analysis, we identified that 15 out of the
53 DEmiRs may have a pivotal role in the network, given that these DEmiRs are significantly
involved in the regulation of 33 biological pathways, such as the MAPK signaling pathway,
pathways in cancer, axon guidance, glioma, and TGF-f signaling pathway.

Among the 15 DEmiRs, 6 miRNA (i.e., miR-297a-5p, -483-5p, -133a-3p, -133b-3p,
-1a-3p, and -486-5p) were identified to be down-regulated in the mandible of OVX mice,
and 9 miRNA (i.e., miR-203p-3p, -125b-5p, -15b-5p, -17-5p, -27a-3p, -199a-3p, -199b-3p,
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Fig. 4. Function enrichment analysis of the validated target genes of the DEmiRs in the mandible and femur.
Function enrichment analysis of the 666 validated target genes of the 15 DEmiRs. Three aspects of gene on-
tology were analyzed: (a) biological process, (b) cellular component, (c) molecular function, and (d) functi-
on enrichment analysis of the validated target genes of miRNA in the femur of OVX mice (i.e., data extracted
from An et al. [26]) The 22 target genes of the 5 DEmiRs were used for function enrichment analysis. This
figure shows the results of mixed gene ontology analysis of the function analysis.

-125a-5p, and -205-5p) were up-regulated compared with the sham-operated mice. These
results were validated by quantitative real-time PCR (Fig. 7). Some have been reported to
be involved in bone metabolism. For example, miR-1 significantly induces chondrocyte
proliferation and differentiation via the direct targeting of histone deacetylase 4 (HDAC4)
[38]. MiR-27a-3p is down-regulated in murine bone marrow stromal cells, in which Satb2
is overexpressed to induce osteogenic differentiation [39]. The suppression of miR-203
improves the survival of rat bone marrow mesenchymal stem cells by enhancing PI3K-
induced cellular activation [40]. Given the fact that BMD is significantly decreased by OVX in
our study, the results significantly increase the expression of miR-27a-3p and miR-203-3p
and decrease miR-1a-3p, which influences proliferation, and the differentiation of the bone
cells are consistent with previous studies. In addition, miR-125b-5p, which has been reported
to inhibit the osteoblastic differentiation [41] and osteogenic differentiation of human bone
marrow mesenchymal stem cells [42], displays upregulation in osteoporotic patients [43].
miR-125a-5p, which is from the same family as miR-125b-5p, also has a negative role in the
osteogenic differentiation of bone marrow stromal cells [44] and adipose-derived stem cells
[45]. In our study, the expression of miR-125b-5p and miR-125a-5p are both up-regulated
in the mandible of OVX mice compared with sham-operated mice. The negative role of
miR-125b-5p and miR-125a-5p in osteogenic differentiation may significantly affect the
osteogenic differentiation of bone marrow stromal cells in the mandible of OVX mice [46],
which inhibits bone formation [47].
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Fig. 5. miRNA-mRNA-pathway complex network in the mandible and femur of OVX mice. (a) The miR-
NA-mRNA interaction network, which consists of DEmiRs and their experimentally validated miRNA-target
genes. The significant pathways are connected to this network based on the KEGG database. (b) The miR-
NA-mRNA-pathway complex network in the femurs of OVX mice (i.e., data extracted from An et al. [26]). The
miRNA-mRNA-pathway complex network, which consists of five DEmiRs and their experimentally validated
miRNA-target genes.
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Fig. 6. Speci-
fical pathways
in  mandible
and femur.
When the dif-
ferent regula-
tion pathways
of DEmiRs in
the mandib-
le and femur
were compa-
red after OVX,
the different
ways of regu-
lation  were
obtained: (a)
the TGF-f si-
gnaling  pa-
thway in the
mandible  of
OVX mice and
(b) the Wnt
signaling pa-
thway in the
femur of OVX
mice.

An et al. showed that the expression of miR-133b-3p and miR-133a-3p are significantly
up-regulated in the femur of OVX mice [26] and are significantly down-regulated in the
mandible of OVX mice in our study. The study conducted by Li et al. also showed that the
expression of miR-133a-3p is down-regulated during bone morphogenetic protein 2
(BMP2)-induced osteogenesis in C2C12 mesenchymal cells [48]. However, some studies
have reported that the mandibular alveolar bone is less sensitive to OVX than the long
bone [16, 17]. The down-regulated miR-133a-3p in the mandible of OVX mice may have
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Fig. 7. Results of the quantitative real-time PCR validated the DEmiRs in the mandible and femur in OVX. (a)
The real-time-PCR results of DEmiRs in the mandible. (b) The realtime-PCR results of DEmiRs in the femur
*p<0.05**p<0.01,**p<0.001.

a protective effect on the bone loss of the mandible. This may be one of the reasons why
bone loss in the mandible is milder than that in the long bones of OVX animals. Moreover,
several other DEmiRs are not found in the femur in our study. The mandible is a special
tissue developed from the neuroectoderm and constantly undergoes mechanical stress, such
as occlusal pressure. Essentially, osteoporosis is hypothesized as a risk factor for tooth loss
in postmenopausal women [49, 50], and vice versa. Previous reports indicated that tooth
loss early in life impairs the dynamic homeostasis of bone formation and bone resorption by
activating a stress hormone, corticosterone, leading to reduced bone strength in mice with
age [51, 52]. The toothless mice show a decrease in the trabecular bone volume fraction
of the vertebra and femur with age. Thus, long-term tooth loss may have accumulative
negative effect on bone health, accelerating bone loss [52]. By contrast, a higher number
of remaining teeth is found to be associated with higher BMD in postmenopausal women
[53]. Furthermore, some dental tissue-related signalings, such as the transcription factors
Msx1, Twist, and Snail, which are the downstream targets of FGF and BMP signaling relevant
to tooth development and bone remodeling, may also contribute to the difference between
the mandible and femur [54, 55]. The local environment and metabolic mechanism of the
alveolar bone markedly differs from those of other bones [48]. The mandible and femur are
morphologically and functionally different from each other, as well as the miRNAs and its
mechanism involved in the regulation of bone remolding.

In addition, we analyzed the miRNA-mRNA-pathway complex network in the mandible
and femur of OVX mice using the online tool DAVID. Function comparison analysis showed
that the different expressed miRNAs regulated the following pathways both in the mandible
and femur after OVX: focal adhesion, VEGF signaling pathway, adherens junction, T-cell
receptor signaling pathway, pathways in cancer, axon guidance, and MAPK signaling pathway:.

Interestingly, we found that the TGF-f3 signaling pathway and WNT signaling pathway
are significant and specifical pathways involved in the regulation of mandible and femur,
respectively. Specifically, the DEmiRs of the mandible uniquely regulate the mTOR signaling
pathway, ErbB signaling pathway, Fc gamma R-mediated phagocytosis, TGF-f signaling
pathway, Jak-STAT signaling pathway, and chronic and acute myeloid leukemia. In these
pathways, the TGF-f signaling pathway is critical to cell lineage determination during
endochondral ossification as a positive regulator for chondrocytes [56]and a negative
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regulator for osteoblasts [57-59]. In the mandible of OVX mice, five miRNAs (i.e., miR-17-
5p, miR-133a-3p, miR-125b-5p, miR-199a-3p, and miR-297a-5p) are significantly involved
in regulating the TGF-B signaling pathway. TGF-B, a secreted factor, has a key role in
proliferation and differentiation during skeletogenesis. In the TGF-f signaling pathway, miR-
297a-5p targets Tgfbrl (i.e., the transforming growth factor 8 receptor1), which is a critical
regulator of tissue repair. A disrupted TGF-f1 signaling pathway is associated with delayed
periodontal repair and further induces the bisphosphonate-associated osteonecrosis of the
mandible [60]. BMP2, a multifunctional growth factor that belongs to the TGF-[3 superfamily,
is involved in the regulation of the proliferation, differentiation, migration, and apoptosis
of various cell types [61]. Moreover, BMP2 is well known to have an essential role in bone
formation, including tooth development, especially in regulating osteoblastic differentiation,
which has a key role in bone remodeling. BMP2 can also help bone regeneration and repair
and prevent apoptosis [62]. Recent research has demonstrated that BMP2 can promote
mesenchymal cell conversion to osteoblasts [63]. BMP2 and BMP4 appear to accelerate
alveolar bone development [64]. Many preclinical and clinical studies support utilizing
BMP2 in therapeutic interventions, such as bone defects and osteoporosis [65]. BMP2 is the
target of miR-17-5p [66]. In our study, miR-17-5p is up-regulated in the mandible after OVX,
and it further inhibits the TGF-f3 signaling pathway in the mandible of OVX mice. miR-17-5p
regulates the bone morphogenetic protein signaling pathway by repressing the expression
of the bone morphogenetic protein type Il receptor [67]. Moreover, the upregulation of miR-
17-5p suppresses osteogenesis and increases adipogenesis [67, 68]. Therefore, we suggest
that the TGF-f signaling pathway is significantly correlated with the development of the
mandible.

Compared with those in the mandible, the DEmiRs in the femur after OVX are specifically
involved in the Wnt signaling pathway. The Wnt signaling pathway has a key role in the
regulation of long bone growth and turnover [69] and development of osteoporosis [70].
In the femur of the OVX mice, miR-133a-3p and miR-133a-5p are significantly associated
with the regulation of the Wnt signaling pathway. Both miR-133a-5p and miR-133a-
3p are significantly up-regulated in the femur of OVX mice compared with those in the
sham-operated group. Moreover, the upregulation of miR-133a is validated in the plasma
of osteoporosis and osteopenia patients versus the normal group [71, 72]. Thus, the Wnt
signaling pathway is specifically regulated by the miR-133a-3p and -133a-5p in the femur.

The TGF-f signaling and Wnt signaling pathways have a close relationship, both of which
have an important role in regulating embryonic development, fibrotic disease, and tumor
progression. Studies have found several typical cross points between these two signaling
systems, such as Smad, Axin, Dvl, and B-catenin. Our study found that RHOA affects both the
TGF-B signaling pathway and Wnt signaling pathway. MiR-133a-3p is down-regulated in the
mandible of OVX mice, and it promotes the RHOA and further activates the TGF-f3 signaling
pathway. In the femur of OVX mice, the miR-133a-3p is up-regulated and further inhibits the
Wnt signaling pathway. The different expression tendencies of miR-133a-3p likely induce
the tissue-specificity between the mandible and femur.

The results of the miRNA-mRNA interaction anaylsis suggest that miR-17-5p and miR-
297a-5p are the hubs of the miRNA-mRNA network. In addition, they significantly influence
the biological pathways. miR-17-5p is up-regulated in our study, whereas miR-297a-5p is
down-regulated. According to the previous study, the miR-297a-5p-targeted Tgfbr1l gene
and miR-17-5p-targetd BMP4 gene are involved in bone metabolism. Thus, we propose that
miR-17-5p and miR-297a-5p be considered potential biomarkers in the development of the
mandible of OVX mice.

Conclusion

In summary, our study provides new insights into the role of miRNA in the regulation
of osteoporosis of the mandible and femur. We obtain different ways of regulating estrogen
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deficiency-induced osteoporosis in the mandible and femur by comparing miRNA
expression data from these different bone sites. miR-17-5p and miR-133a-3p are identified
as potential important biomarkers in the development of the mandible and femur. Their
different expression tendencies indicate their special function in different tissues, and more
experiments are needed to confirm the different functions of the mandible and femur after
OVX.
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