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Abstract

The functional deficiencies of bone marrow-derived mesenchymal stem cells (MSCs) may contribute to the aging process
and age-related diseases, such as osteoporosis. Although it has been reported that microRNAs (miRNAs) played an
important role in mechanisms of gene regulation of aging, and their expression profiles in MSCs osteogenic differentiation
were established in recent years, but it is still elusive for the dynamic patterns of miRNAs in aging process. Importantly, the
miRNAs in aged bone tissue had not been yet reported so far. Here, we combined high through-put sequencing with
computational techniques to detect miRNAs dynamics in MSCs and bone tissue of age-related osteoporosis. Among the
detected miRNAs, 59 identified miRNAs in MSCs and 159 in bone showed significantly differential expressions. And more
importantly, there existed 8 up-regulated and 30 down-regulated miRNAs in both MSCs and bone during the aging process,
with the majority having a trend of down-regulation. Furthermore, after target prediction and KEGG pathway analysis, we
found that their targeted genes were significantly enriched in pathways in cancer, which are complex genetic networks,
comprise of a number of age-related pathways. These results strongly suggest that these analyzed miRNAs may be
negatively involved in age-related osteoporosis, given that most of them showed a decreased expression, which could lay a
good foundation for further functional analysis of these miRNAs in age-related osteoporosis.
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Introduction Furthermore, epigenetically, microRNAs (miRNA) could
influence many basic cellular and pathological processes by
regulating gene expression post-transcriptionally through binding
to complementary sequences in the 3’ untranslated region (3
the bone loss and susceptibility to fragility fractures [2,3]. UTR) of target mRNAs [16]. And recent studies showed that
Theoretically, as an attractive therapeutic candidates for several miRNAs participated in regulation of aging and a variety of
diseases and degenerative applications, mesenchymal stem cells age-associated pathways [17]. For example, Inukai et al. [18]
(MSCs) have also been evaluated as a vital factor in the screened miRNA expression by using brains from mice of
development of osteoporosis, since it keeps the ability of self- different ages and found that there was a global downward
renewal and differentiation into multiple cell types, including trend of miRNA expression during aging. Additionally, Mori
osteocytes, chondrocytes, and adipocytes [4,5,6,7,8]. Indeed, et al. [19] observed an attenuated miRNA processing in adipose
recently, it has been reported that the functional deficiencies of tissues during aging in mice, worm, and human, suggesting that
MSCs could lead to the declining of bone integrity and function in it could be a conserved feature of aging. Hence, as for
the elderly [9,10]. Moreover, other studies showed that MSCs osteoporosis, being an age-related disease, it may be closely
were involved in continuous maintenance and repair of bone linked to miRNA expressions. However, to date, only limited
during aging [9,11,12]. Environmentally, the neighboring aged types of tissues or organs have been analyzed in the mouse and

tissues should also be taken into account, for they could exert human [15]. Yet little is known about the miRNA expression in
potential impact on MSCs, further causing the decrease in the bone of mouse at different ages.

regenerative potential of bone [13,14,15].

Aging increases the risk to develop several diseases, such as
osteoporosis, which is regarded as highly age-related [1], featuring
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Figure 1. The scatter diagrams of miRNAs expressions between two samples. (A) 2m-MSCs versus 8m-MSCs. (B) 8m-MSCs versus 25m-
MSCs. (€) 2m-MSCs versus 25m-MSCs. (D) 2m-bone versus 8m-bone. (E) 8m-bone versus 25m-bone. (F) 2m-bone versus 25m-bone.

doi:10.1371/journal.pone.0071895.g001

Here, in this study, to acquire a better understanding of
potential contributions of miRNAs to age-related osteoporosis, we
used high through-put deep sequencing to perform a comprehen-
sive survey of miRINA expressions in MSCs and bone tissue based
on a mouse model of osteoporosis. This study could provide
reliable evidence for further uncovering the development mech-
anisms of osteoporosis in human during aging.

Results

Construction of a Small RNA Library [20] by Deep
Sequencing

MSCs. In order to detect the miRNAs dynamics in age-
related osteoporosis, a small RNA library of MSCs samples in
three groups were obtained by deep sequencing. Overall,
14,565,370 clean reads were detected in young group (2 m),
13,834,317 clean reads were detected in adult group (8 m), and
13,001,553 clean reads were detected in old group (25 m). After
alignment to the mouse genome (mm?9), the results indicated that
11,843,150 (81.31%) reads in young MSCs, 11,194,206 (80.92%)
reads in adult MSCs and 10,666,211(82.04%) reads in old MSCs
were matched to mm9. The small RNAs were classified into
different categories according to their biogenesis and annotation.
Among the total reads, the ratio of noncoding RNA, including
rRNA, tRNA, snRNA and snoRNA accounted for 1.99%, 1.3%
and 1.03% in young, adult and old group, respectively (Table S1).
The remaining small RNAs were retained for further analysis.

Bone tissue. Total RNA of the bone tissue samples of femurs
and tibiae from three groups were extracted, subsequently, we
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used high through-put sequencing to identify miRNA profiles in
bone. 14,979,697 clean reads, 14,597,780 and 10,899,301 clean
reads were detected in young, adult and old group, respectively.
But unlike the MSCs, there had a much lower genome-matched
rate in three bone groups. The ratio was 54.75% (8,201,928),
68.63% (10,017,983) and 64.00% (6,975,893) in young, adult and
old bone, respectively. At the same time, the rates of rRNA, tRNA,
snRNA and snoRNA were increased in bone; they were 32.8%,
28.8% and 18.9% in young, adult and old group, respectively
(Table S1).

MiRNAs Profiles in Age-related Osteoporosis

To investigate miRNA expressions in age-related osteoporosis,
genome-aligned reads correspond to known miRNAs were
compared with miRBase database (miRBasel8) to obtain the
miRNA count. The total 1157 miRNAs were detected; however,
only 587, 578, and 574 miRNAs were expressed in 2 m-MSCis,
8 m-MSCs and 25 m-MSCs, respectively (Table S2). For bone
tissue samples, there were 676, 657 and 603 miRNAs expressions
in 2 m-bone, 8 m-bone and 25 m-bone, respectively (Table S3).

Differential Expressions of Known miRNA

To analyze the variance of miRNAs that is differentially
regulated during bone aging process of mice, we compared the
known miRNA expressions between two samples to find out the
differentially expressed miRNA. The expression of miRNA in two
samples was shown by plotting Log2-ratio figure and scatter plot.
For MSCs, the expression levels of miRINAs were shown in Table
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Figure 2. Expression changes of known miRNAs in age-related osteoporosis. Change more than 2.0-fold and P-value<<0.05 (A) Distribution
of individual miRNA expression changes in 2m and 25m MSCs. (B) Distribution of individual miRNA expression changes in 2m and 25m bone.

doi:10.1371/journal.pone.0071895.9002

S4 and Figure 1A-C. For bone, the expression levels of miRINAs
were shown in Table S5 and Figure 1D-F. To generate a
convinced list of miRNAs variation in age-related osteoporosis, we
filtered these data step by step. Firstly, selecting two-fold altered
expression between the 2 m and 25 m samples, and ensuring P-
value <0.05. The expression data were in Table S6. In MSCs,
there were 59 miRNAs differently expressed, the miRNA
expression changes were shown in Figure 2A. Comparing the
numbers between down-regulated and up-regulated miRNAs (30
versus 29), we found that it reached a new homeostasis for the
whole miRNA pattern in aged MSCs. In other words, there
existed the transition of steady state of miRNA dynamics in
different aged MSCs. However, from Figure 2B, we could find the
changes of miRNA expressions in 2 m and 25 m bone, in 159
changed miRNAs, majority of them were down-regulated in old
bone (114 versus 45). Interestingly, some miRNAs changes trends
were opposite in MSCs and bone (red cells in Table S6). So,
secondly, considering the miRNA expressions showed a consistent
changing trend either decreasingly or increasingly among the three
samples of MSCs and bone. Finally, screening the common
miRNAs existed in the MSCs and bone, and ensuring the P- value
<0.05 (Table S7). The results showed that there were 8 up-
regulated and 30 down-regulated known miRNAs during bone
aging (Table 1). Biological functions of corresponding miRNAs are
involved in aging and osteoblastic differentiation was shown in
Table 2.

In order to validate the sequencing data, we selected several
miRNAs from Table 2 for additional gRT-PCR validation, which
the minimum normalized read count of miRNAs was 5 in young,
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adult and old groups, including miR-210 [29], miR-22 [31,32],
miR-31 [36,37], and miR-10b [16](Figure 3). Except for miR-10b,
other miRNAs showed similar expression trends in qPCR and
deep sequencing data. This result suggests that high through-put
sequencing is an effective method for identifying mature miRNAs,
and shows our prospect on the further research on the function of
single miRINA.

Computational Target Prediction of Changed miRNAs
and Pathway Analysis

To identify the potential targets of changed miRNAs, we
computationally identified mRNA targets of miRNAs using the
software Mireap (software developed by BGI). To annotate the
target genes corresponding to certain biological function during
bone aging, we used GO (Gene Ontology) enrichment analysis
to reveal the functions significantly related with predicted target
gene candidates of changed miRNAs. The significantly enriched
GO terms of biological process in genes repressed by changed
miRNAs were shown in Table 3 and Table 4. To further
understand the biological functions of changed miRNAs, KEGG
pathway analysis was carried out among the predicted target
genes of miRNAs. The KEGG analysis could reveal the main
pathways which the target gene candidates are involved in. For
up-regulated miRNAs, we found that cell cycle pathway
(ko04110, P-value =0.01621647), pathways in cancer (ko05200,
P-value =0.01038872) and calcium signaling pathway (ko04020,
P-value =0.006787428) were significantly targeted KEGG path-
ways (Figure SIA-C). These pathways were correlated with cell
proliferation, osteogenic differentiation, and aging. And for
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Table 1. Summary of changed miRNAs during bone aging.

MiRNA Profiles in Age-Related Osteoporosis

Up-regulated

Down-regulated

Fold change (Log2(25 m/2 m))

miR-name miR-name Fold change (Log2(25 m/2 m))
MSCs Bone MSCs Bone
miR-139-3p 1.1579667 1.0798472 let-7a-1-3p —1.02878455 —0.67874004
miR-10b-5p 1.74235836 0.84854431 let-7¢-2-3p —1.02878455 —0.67874004
miR-1247-5p 2.57399688 0.85901003 miR-127-3p —0.91365577 —2.24987567
miR-132-5p 0.78728182 1.91830046 miR-134-5p —1.02048572 —4.75144550
miR-149-3p 2.50260213 1.09727177 miR-146a-5p —0.96969902 —1.72036975
miR-1a-3p 1.21671956 2.71380958 miR-15a-5p —0.81083050 —1.43912320
miR-223-5p 1.28061314 5.02582691 miR-16-5p —0.67808853 —1.45915352
miR-532-5p 0.39765677 193682115 miR-1839-3p —1.59247963 —1.11367240
miR-210-3p —0.34719066 —2.67051364
miR-22-3p —0.79861099 —1.48985084
miR-296-5p —0.50289888 —4.97584406
miR-298-5p —0.81414239 —2.64591680
miR-299-5p —1.37663478 —1.44810876
miR-31-5p —2.24764502 —0.66253663
miR-329-3p —2.42113547 —2.62866237
miR-339-3p —1.22850916 —1.06476259
miR-362-3p —0.46633041 —1.06669287
miR-378-5p —2.08390060 —1.80715166
miR-379-5p —1.26910522 —1.29609393
miR-382-3p —0.85660487 —2.20018664
miR-382-5p —1.41623538 —1.56871689
miR-411-5p —0.62727114 —2.62300693
miR-433-3p —0.65270266 —2.39918972
miR-434-3p —2.30943868 —1.92394154
miR-467d-5p —2.05850600 —2.20428267
miR-485-5p —1.05517307 —2.00064999
miR-500-3p —0.74720487 —1.45241652
miR-574-3p —0.79065800 —1.64790520
miR-652-3p —0.79357974 —1.29635004
miR-674-3p —0.49943749 —1.38044376

doi:10.1371/journal.pone.0071895.t001

down-regulated miRNAs, pathways in cancer (ko05200, P-
value =0.01555212) was significantly targeted KEGG pathway
(Figure S1D).

KEGG Pathways Analysis of Target Genes of miR-31

Due to the fact that each miRINA has hundreds of target
genes, which function through multiple pathways, in either a
positive or negative manner, it is rather difficult to perform a
general evaluation of the effects of all the down-regulated
miRNAs on aging and osteogenic differentiation in our study.
Hence, here only miR-31 was chosen as representative, for it
has been shown to be associated with aging and osteogenic
differentiation in some other studies. After KEGG analysis, its
target genes were indeed enriched in the p53 and Wnt signaling
pathways, which are important parts of ko05200 (Figure 4,
Table S8). Notably, based on the literature, p53 signaling
pathway is associated with aging and Wnt pathway is associated
with cell differentiation.
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Materials and Methods

Animals

Male C57BL/6] mice (Experimental Animal Center of Fourth
Military Medical University, China), 2 months-old (young group),
8 months-old (adult group) and 25 months-old (old group,
osteoporosis) were used, each group had three samples.

Ethics Statement

All animal experiments were performed under an animal study
protocol approved by the ethics committee of Fourth Military
Medical University.

Cell Culture and Bone Collect

Femurs and tibiae were isolated from nine mice. The bone
marrow was flushed out with «-MEM (Gibco, New York, NY,
USA) containing 20% FBS (GIBCO, New York, NY, USA) and

seeded in 90-mm dishes, cultures were refeeded every 3~4 days,
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maintained about 15 days, then cells were passaged. The femurs
and tibiae without bone marrow were stored in liquid nitrogen.

RNA Preparation

Total cellular RNA was extracted from the second passage
MSCs using Trizol Reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions. And the total RNA
of femurs and tibiae was extracted as described by the office of
shared research facilities in the University of Chicago (http://fgf.
uchicago.edu/protocols_microarray.php), with slight modifica-
tions. In brief, guanidine buffer (containing 7.5 uLLB-ME per
mL) was replaced by Trizol reagent, and phenol/chloroform/
isoamyl alcohol was replaced by chloroform/isoamyl alcohol.

High Through-put Deep Sequencing

High through-put deep sequencing was carried out using
Hiseq2000 Sequencer (Illumina); the sequencing procedure was
described by Chen et al. [38,39]. Then the small RNA digitali-
zation analysis based on the the image files generated by the
sequencer were processed. The 50 nt sequence tags from HiSeq
sequencing go through the data cleaning first, which included
getting rid of the low quality tags and several kinds of
contaminants from the 50 nt tags. Clean reads that correspond
to known miRNAs were compared with a miRBase database
(release 18.0) and the total copy number of each sample was
normalized to 1,000,000. The data was processed using software
developed by BGI. The high through-put sequencing data for this
study have been submitted to the NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/Traces/sra) under accession num-

ber SRA072825 and SRA074415.
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Table 2. Biological functions of corresponding miRNAs are involved in aging and osteoblastic differentiation.
miRNAs targets biological functions Species
miR-10b-5p unknown Important regulatory factor in osteoblastic differentiation [21] Mouse
miR-149-3p Akt1 E2F1 Induced apoptosis [22] human
miR-1a-3p unknown Upregulation in Zmpste24—/— mice modulating the levels of key components mouse
of the somatroph axis and DNA damage response pathways [23]
miR-223-5p unknown Increased in aged bone marrow derived dendritic cells [24] human
miR-127-3p Bcl6 Setd8 Suppressed cell growth [25] rat
miR-146a-5p IRAKT TRAF6 Increased in aged bone marrow derived dendritic cells and compromised human
BMDC function such as cytokine production during aging [24]
NOX4 Important factor in regulating endothelial cell senescence [26]
miR-15a-5p unknown Down-regulated in lonizing radiation (IR) -induced senescence [27] human
miR-16-5p APP Reduced amyloid protein precursor (APP) leads to a high risk of AD [28] SAMP8 mouse
miR-210-3p AcvR1b Positive regulator of osteoblastic differentiation by inhibiting the ST2 stromal cells
TGF-beta/activin signaling pathway through inhibition of AcvR1b. [29]
unknown Induced double-strand DNA breaks and reactive oxygen species
accumulation in transfected cells [30]
miR-22-3p SIRT1 CDK6 SP1 Induced growth suppression and acquisition of a senescent human
phenotype in human normal and cancer cells [31]
HDAC6 Promoted osteogenic differentiation and inhibits adipogenic differentiation human
of human adipose tissue-derived mesenchymal stem cells [32]
miR-31-5p RhoBTB1 Repression of miR-31 inhibited colon cancer cell proliferation and HT29 cells
colony formation in soft agarose [33]
unknown Is associated with marked change in the expression of specific mouse
miRNA during aging in skeletal muscle [34]
miR-378-5p NephronectinGaINT-7 Inhibited osteoblast differentiation [35] MC3T3-E1
miR-382-5p unknown Downregulated in skeletal muscle of old mice [34] mouse
doi:10.1371/journal.pone.0071895.t002

Known MiRNA Expression Analysis

Considering the diversity of miRNA expression changes with
age, we studied samples (MSCs and bone) from 2, 8 and 25
months-old mice to generate a convinced list of miRNAs variation
in age-related osteoporosis. Primarily, we compared the known
miRNA expressions between two samples, including 2 m versus
8 m, 8 m versus 25 m and 2 m versus 25 m. Then, the data were
screened step by step. MiRINA expressions between the 2 m and
25 m samples were analyzed in detail, the miRNA with two-fold
changed expressions (P-value<<0.05) were selected. After that, we
analyzed the data of 8 m samples, selected the miRNAs with
consistent changing trend during aging process for further study.
At last, we confirmed the convinced list of miRNAs variation by
screening the common miRNAs existed in the MSCs and bone.

MiRNA Target Prediction and Functional Analysis

Targets for known miRNAs were predicted using software
Mireap (software developed by BGI). GO enrichment analysis of
target gene candidates was carried out according to the GO terms
in the database (http://www.geneontology.org/). KEGG pathway
analysis is also used for the target gene candidates. Genes with
FDR<0.05 were considered as significantly enriched in target
gene candidates.

Quantitative RT-PCR Assay

For real time PCR validation, miRNA cDNA was obtained
according to specification of the One step PrimeScript miRNA
cDNA synthesis kit (TaKaRa, Japan), Equal amounts of cDNA
were used in duplicate and amplified with SYBR Premix Ex Taq
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Figure 3. miRNA expression validated by qRT-PCR in MSCs and bone. gPCR results were normalized to U6 snRNA expression levels. Values
showed that these miRNAs were significantly different between 2m and 25m samples.

doi:10.1371/journal.pone.0071895.9g003

II (TaKaRa, Japan). Mature DNA sense sequences (miRBase
http://microrna. sanger. ac. uk/) of tested miRNAs were used as
forward PCR primers. U6 snRNA was used as internal standard.
All real time PCR reactions were performed on Bio-Rad CFX
Manager. MiRNA fold changes between different groups were
calculated by the 2785 method. All assays were done with three
wells per condition in three independent experiments.

Statistics

Differences were statistically evaluated by Student’s t-test.
Unless otherwise stated, P-value<<0.05 was considered to be
statistically significant.

Table 3. Functional annotation clusters of enriched GO
biological processes predicted to be suppressed by up-
regulated miRNAs in age-related osteoporosis.

Discussion

Global expression profiling of miRNAs in various aged tissues
or organs of different species have been performed. However, few
data on miRNAs pattern are available so far in terms of age-
related osteoporosis. In present results, we provided miRNAs
dynamics in MSCs and bone tissue of age-related osteoporosis and
further performed target prediction and KEGG pathway analysis,
which strongly suggested that multiple miRNAs may be involved
in this complex process.

As multipotent adult stem cells, MSCs are capable of
differentiating into osteoblast cells, however, many studies
proved that this ability declined with age [10,12,40,41]. On
the molecular level, an increasing number of miRNAs have
been identified to regulate osteogenic differentiation of MSCs
[8,42,43,44]. Therefore, miRNAs are crucial in the bone aging

Table 4. Functional annotation clusters of enriched GO
biological processes predicted to be suppressed by down-

GO term biological processes 5?\;;75:“ regulated miRNAs in age-related osteoporosis.

GO0:0006810 transport 6.64e-06

G0:0045595 establishment of localization 1.44e-05 Corrected
G0:0051234 regulation of metabolic process 0.00243 GO term biological processes P-Value
GO: 0048583 regulation of response to stimulus 0.00415 G0:0006810 transport 0.00036
G0:0023051 regulation of signaling 0.00695 G0:0051179 localization 0.02165
GO0:0030154 cell differentiation 0.01235 GO0:0045595 establishment of localization 0.02944

doi:10.1371/journal.pone.0071895.t003
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process. However, aside from Wagner et al. [5] revealed an up-
regulation of mir-371, mir-369-5p, mir-29c, mir-499 and let-7f
upon in human MSCs replicative senescence, there was no
reports for miRNA expression profiling of MSCs in aging
process. In our results, compared with the young group, 30
down-regulated and 29 up-regulated miRNAs were identified in
the old MSCs group. The overall level of changes was no
significant difference. Due to the fact that one cell type failed to
represent the overall miRNA alteration in one organism [15],
so, next we compared the miRNAs expression changes between
the young and old bone tissues. Among which in total 114
miRNAs and 45 miRNAs showed significant decreasing and
increasing expressions, respectively. Notably, the majority of
miRNAs were down-regulated (fold change =2) in bone,
meaning that aged tissue environment might play important
roles in bone aging process. After carefully screening step by
step, 8 up-regulated and 30 down-regulated miRNAs in both
MSCs and bone were confirmed. That is to say, during aging
process, the bone exhibits predominant miRNA down-regula-
tion, which was in agreement with other miRNA studies on
aging tissues and organisms [16,45]. However, compared with
other studies, some known SA-mi-RNAs [46], like miR-34a
[47,48], miR-499 [5,49], miR-605 [50], miR-17 [16,51] and so
on, there was no significant difference in our study. One
possibility was the difference of tissue specific, or because of in
our study only common miRNAs in MSCs and bone were
considered.

Possibly, the descend trend could be associated with Dicer, since
recently study has provided evidence that the Dicer was declined
with age [17], this might explain the decreases of multiple
miRNAs in aging process. Additionally, other groups demonstrat-
ed that Dicer deficiency in osteoblast dominantly suppressed the
bone formation [52,53], and further showed that Dicer generated
miRNAs are essential for the bone formation. Therefore, it is
speculated that the down-regulated miRNAs may play protective
roles in the bone aging.

Large numbers of studies have reported that miRNAs regulate
osteoblast differentiation and bone formation [42,54]. So, the next
interesting point for us is how these changed miRNAs functioned
in the bone aging process. When referring to literature, the
mechanism of miRNAs worked by inhibiting gene expression,
including positive and negative transcriptional factor and cytokine
regulators, which are target genes of miRNAs [55], and regulate
bone phenotype through certain biological processes [54]. We
firstly used GO enrichment analysis to reveal the biological
processes related with predicted target gene candidates of changed

PLOS ONE | www.plosone.org
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miRNAs. Results showed that the GO term transport
(GO:0006810) significantly was enriched in the predicted target
genes of both up-regulated and down-regulated miRNAs. Espe-
cially for the up-regulated miRNA related target genes, they
enriched in GO terms regulation of response to stimulus (GO:
0048583) and cell differentiation (GO: 0030154). This result
suggests us the up-regulated miRNAs might suppress some genes
associated with the ability to respond on external stimulus. For
example, the response of the cells to higher ROS (reactive oxygen
species) levels, the MSCs from old mice might reduce ROS
defense for the low expression level of related genes, further
resulting in bone aging [13]. On the other hand, osteogenic
differentiation of MSCs decline with age is clear, so, the
differentiation-related gene was inhibited by the up-regulated
miRNAs might be one of the reasons that caused age-related
osteoporosis. For example, miR-214, which displayed up-regula-
tion, could target ATF4, a positive transcription factor regulated
osteoblast function, to inhibit bone formation [56].

Some studies reported that miRNA can affect pathways
involved in aging, including p53 pathway, IGF pathway, mTOR
pathway and sirtuins [15]. In our study, we analyzed the KEGG
pathways of target genes that were related with significant
alterations in miRNA expressions. Cell cycle pathway, calcium
signaling pathway and pathways in cancer were significantly
targeted KEGG pathways of up-regulated miRNAs, thereinto,
pathways in cancer were affect by down-regulated miRNAs as
well. These results suggest that the up-regulated miRNAs inhibited
their target genes, which might mediate cell cycle control and
regulate calcium ion homeostasis, which were important factors
influencing the MSCs aging and mineralisation. Moreover, cancer
is an age-related disease as well, so the miRNA regulates the
pathways in cancer was reasonable in our study. However,
according to the Figure S1, almost all of genes in cancer pathways
(ko05200) were targeted by up- and down-regulated miRNAs,
especially for most down-regulated miRINAs, it was hard for us to
make appropriate judgments on which pathways play more
important roles during bone aging process. So, in this study, we
selected one of validated miRNAs to study its enriched pathways
of likely targets, and analyzed the genes with known roles in aging
or osteogenesis.

MiR-31, which was down-regulated in our study, and some
published studies reported the function of miR-31 in aging, radio-
resistance, cancer and cell differentiation. For example, Lynam-
Lennon et al [57] found that miR-31 directly targeted 13 genes
involved in DNA repair to decrease cellular defense against DNA
damage. Goff etal [58] reported that miR-31 might be an
inhibitor of the osteocyte differentiation pathway. Another study
also showed that miR-31 was under-expressed in osteo-differen-
tiated MSCs [43]. Rokah et al [59] found that miR-31 regulated
cell cycle related genes, like cyclinD1. In our result, miR-31 was
down-regulated during bone aging process, after KEGG enrich-
ment analysis, we found that several negative regulator of Wnt
signal pathway, such as DKKI, GSK-3B and CCNDI were
targeted by miR-31. It has been recognized that Wnt signaling
plays an important role in the regulation of bone formation [60]
and aging [61]. Moreover, we also found cyclinD1 was a target
gene of miR-31, which was a crosstalk of Wnt pathway and p53
pathway. It is noteworthy that p53 is well known as an age-related
protein [62], and has ability to decrease bone mass [63]. As stated
above, miR-31 might play an important role in regulating the age-
related osteoporosis through its target genes, which were
regulators in Wnt and/or p53 signal pathways.

In conclusion, age-related osteoporosis is a complex process, so,
it was impossible to specify individual miRNA or signal pathway
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has decisive influence on bone aging. It was important to know
how the networks of miRNAs and signal pathways operate
temporally; the research on the networks and roles of miRNAs
and/or their targeting genes in age-related osteoporosis was our
further object.

Supporting Information

Figure S1 Genes and KEGG pathways that are predict-
ed to be targeted by changed miRNAs. (A) Genes and cell
cycle pathway targeted by up-regulated miRNAs. (B) Genes and
pathways in cancer targeted by up-regulated miRNAs. (C) Genes
and calcium signaling pathway targeted by up-regulated miRNAs.
(D) Genes and pathways in cancer targeted by down-regulated
miRNAs. Genes in red boxes indicate that are targeted by at least
one miRNA.

(TIF)

Table S1 The categories of MSCs and bone small RNAs
in mice at different ages.

(XLSX)

Table S2 All known miRNAs expressed in MSCs from
mice at different ages.

(XLSX)

Table S3 All known miRNAs expressed in bone from
mice at different ages.
(XLSX)

Table $4 Comparison of known miRNAs expression
levels in MSCs between two samples determined by
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