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Abstract

Objective: Osteoporosis and osteoarthritis are metabolic skeletal disorders. This study aimed
to identify specific networks of competitive endogenous RNA (ceRNA) in osteoporosis that
differ from those in osteoarthritis.

Methods: The dataset GSE74209 was downloaded from the Gene Expression Omnibus, and
differentially expressed microRNAs (DEmiRNAs) in osteoporotic samples and osteoarthritic sam-
ples were identified. After predicting target genes and linked long noncoding (Inc)RNAs, ceRNA
networks of DEmiRNAs were constructed. The nodes that overlapped between ceRNA networks
and the Comparative Toxicogenomics Database were selected as key candidates.

Results: Fifteen DEmiRNAs (including 2 downregulated and 13 upregulated miRNAs) were
identified in osteoporotic samples versus osteoarthritic samples; these targeted 161 genes and
linked to 60 IncRNAs. The ceRNA network consisted of 6 DEmiRNAs, 63 target genes, and 53
IncRNAs. After searching the Comparative Toxicogenomics Database and mining the literature, 2
IncRNAs (MALAT | and NEATI), 2 DEmiRNAs (hsa-miR-32-3p, downregulated; and hsa-miR-22-3p,
upregulated) and 6 genes (SPI, PTEN, ESRI, ERBB3, CSFIR, and CDK®6) that relate to cell death,
growth, and differentiation were identified as key candidates separating osteoporosis from
osteoarthritis.

Conclusions: Two miRNA—ceRNA networks (including NEAT[/MALAT I-hsa-miR-32-3p-SP1/
FZD6 and NEAT|/MALAT |-hsa-miR-22-3p-PTEN/ESRI/ERBB3/CSFIR/CDK6) might have crucial
and specific roles in osteoporosis.
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Introduction

Osteoporosis and osteoarthritis are meta-
bolic skeletal disorders that are highly prev-
alent in the older population worldwide.'
Osteoporosis is more prevalent in postmen-
opausal women."? Osteoporosis and osteo-
arthritis are characterized by compromised
bone strength and low bone mass.> The
prevalence of osteoporosis and the risk of
fracture increase with age in women.* The
risk of fracture is 10% in women at 50 years
old, increasing to >20% in women at
80 years old.*> However, the prevalence
of fracture risk is relatively stable in men,
with a risk lower than 10%.%*>

Much evidence shows that osteoporosis
is correlated with a variety of factors,
including age, body mass index, alcohol
abuse, smoking, drugs, and increased
levels of metabolic and inflammatory
markers, such as alkaline phosphatase and
adiponectin, among others.” '* In particu-
lar, obesity, metabolic syndrome, and
inflammation are interconnected in the
pathogenetic mechanisms underlying osteo-
porosis.* ®!% The levels of inflammatory
cytokines, including tumor necrosis factor-
alpha (TNF-«) and interleukin (IL)-6, are
elevated in patients with osteoporosis as
well as osteoarthritis.'® '* Elevated inflam-
matory status is the cardinal symptom of
osteoarthritis."'

TNF-0  stimulates proinflammatory
factors that promote osteoclastogenesis.
The causality of TNF-o on osteoclastogen-
esis is related to the osteoprotegerin/
RANK-ligand/receptor activator of nuclear

factor-kB (OPG/RANKL/RANK) system,
which mediates bone resorption.'*!'> OPG
binds to RANKLSs to block the RANKL/
RANK complex and inhibits the activation
of downstream nuclear factor-«B (NF-kB)
and mitogen-activated protein  kinase
(MAPK) signaling that contribute to osteo-
clastogenesis and bone resorption.'* !¢
Giner et al.'” reported that patients with
osteoporosis had higher levels of OPG
protein compared with patients with
osteoarthritis. They also found that 1,25-
dihydroxyvitamin D therapy resulted in
higher RANKL expression and RANKL:
OPG expression ratio in osteoporotic
patients than in osteoarthritic patients.
These studies suggest a difference in osteo-

clastogenesis between osteoporosis and
osteoarthritis.
Several studies have shown that

RANKL-dependent osteoclastogenesis is
unnecessary for TNF-o-induced osteoclast
differentiation and bone destruction.'® 2"
Additionally, numerous studies have
shown the involvement of noncoding
RNAs, including long noncoding (Inc)
RNAs and microRNAs (miRNAs), and sig-
naling (like Wnt/f-catenin pathway) in
osteoclastogenesis via either RANKL-
dependent or RANKL-independent pro-
cesses.”’' 2 The Wnt/B-catenin pathway
is involved in the pathogenesis of both
osteoporosis and osteoarthritis.>’” ?° The
mechanism underlying the pathogenesis of
osteoporosis is still unclear, although the
identification of genetic factors is helping
to elucidate the mechanisms and pathways.
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Additionally, systematic differences
between osteoporosis and osteoarthritis
have not been clearly delineated.

To further clarify the differences in oste-
oporosis and osteoarthritis, we performed a
bioinformatics analysis and identified
miRNAs that were differentially expressed
in osteoporosis compared with osteoarthri-
tis. The target genes, IncRNAs, and com-
petitive endogenous RNAs (ceRNAs) of
the miRNAs were screened out step by
step. On the basis of these bioinformatics
analyses, we discuss the different mecha-
nisms involved in the pathogenesis of oste-
oporosis and osteoarthritis.

Materials and methods

Microarray data

Homo  sapiens  osteoporosis  dataset
GSE74209 (GPL20999, miRCURY LNA
microRNA Array, 7th generation, hsa,
miRBase 20) was downloaded from the
National ~ Center  of  Biotechnology
Information Gene Expression Omnibus
(GEO; https://www.ncbi.nlm.nih.gov/geo/).
GSE74209 is composed of 12 samples of
fresh femoral neck trabecular bone. These
samples were isolated from postmenopausal
women who underwent hip replacement due
to osteoporotic fracture (n=6) and osteoar-
thritis (n=6).* De-Ugarte et al.*® obtained
ethical approval for obtaining fresh bone
samples in their institutions and written
informed consent from each participant.
Because we used only publicly available
datasets in the current study, ethical approval
and further informed consent were deemed
unnecessary.

Anadlysis of differentially expressed miRNAs

The normalized data file (xIsx format,
LOcally Weighted Scatterplot Smoothing
global regression algorithm) was down-
loaded. The differentially expressed

miRNAs (DEmiRNAs) between osteopo-
rotic samples and contrast (osteoarthritis)
samples were identified using GEO2R in
the Limma package (version 3.34.0;
https://bioconductor.org/packages/release/
bioc/html/limma.html). The DEmiRNAs
were screened with the criteria of false dis-
covery rate (FDR) <0.05 and |logy(FC)|
>2, where FC is fold change. A heatmap
of expression profiles of DEmiRNAs was
created using pheatmap (https://cran.r-proj
ect.org/package = pheatmap).’’

Target prediction of DEmiRNAs

Target genes for the DEmiRNAs between
osteoporotic and contrast samples were pre-
dicted using three programs: miRDB (http://
mirdb.org), TargetScan Human (http://www.
targetscan.org), and miRTarBase (http://mir
tarbase.mbc.nctu.edu.tw). Overlapping target
genes that were simultaneously monitored in
the three databases were retained and used
for further analysis. The miRNA-target reg-
ulatory network was constructed and visual-
ized using Cytoscape (version 3.2.0; http://
www.cytoscape.org/). >

Enrichment analysis for targets

Functional enrichment analysis for the
predicted target genes of DEmiRNAs was
performed using an R package -cluster
Profiler (https://github.com/Guangch
uangYu/clusterProfiler).” Gene Ontology
(GO) biological process (BP) and the Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathways associated with target
mRNAs were annotated. Significantly
enriched items were screened using the crite-
rion of adjusted p-value <0.05.

Prediction of miRNA—IncRNA pairs and
construction of ceRNA network
To investigate the IncRNAs that may func-

tion in osteoporosis, IncRNAs related to
the identified DEmiRNAs were screened
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using the DIANA Tools webserver
(mirPath version 3; http://snf-515788.vm.
okeanos.grnet.gr/).>* Accordingly, a
ceRNA network of the DEmiRNAs in oste-
oporosis was constructed using Cytoscape.

Selection of key candidates related to
osteoporosis
Before determining the key candidates

in osteoporosis, osteoporosis-associated
genes, miRNAs, and KEGG pathways

were identified in the Comparative
Toxicogenomics Database (CTD, 2019
update; http://ctd.mdibl.org/) using the

search keyword “osteoporosis.” The over-
lapping items between those identified
above and in CTD were regarded as key
candidates. GeneCLiP2.0 (http://ci.smu.
edu.cn/) was further used to mine the liter-
ature for evidence on key candidates in
osteoporosis.

Results

Summary of DEmiRNAs

On the basis of the criteria of FDR <0.05
and [log,FC| >2, 15 DEmiRNAs were
identified between osteoporotic and osteo-
arthritic samples of fresh femoral neck
trabecular bone. The expression profiles
of these DEmiRNAs are presented in
Figure 1. Two DEmiRNAs, hsa-miR-491-
3p and hsa-miR-32-3p, were downregulated
in osteoporotic samples compared with
osteoarthritic samples, whereas the other
13 DEmiRNAs, ebv-miR-BART6-3p, hsa-
miR-22-3p, hsa-miR-486-5p, hsa-miR-3202,
hsa-miR-4317, hsa-miR-675-5p, hsa-miR-
4306, hsa-miR-99a-5p, hsa-miR-642a-3p,
hsa-miR-4687-3p, hsa-miR-4534, hsa-miR-
3158-5p, and hsa-miR-4449 were upregu-
lated in osteoporotic samples compared
with osteoarthritic samples (Figure 1).
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Figure |. Heatmap illustrating expression profiles
of differentially expressed microRNAs (miRNAs) in
osteoarthritis and osteoporosis. Red and blue
colors indicate high and low expression of miRNA,
respectively.

miRNA—target network of target genes

A total of 161 target genes of 11
DEmiRNAs were identified from miRDB,
TargetScanHuman, and miRTarBase. The
count of target genes for each DEmiRNA
ranged from 1 to 46. The resulting miRNA—
target network consisted of 11 miRNAs,
161 genes, and 163 interactions (Figure 2).
Of the miRNAs, hsa-miR-22-3p, hsa-miR-
3202, hsa-miR-32-3p, and hsa-miR-4534
miRNAs regulated the greatest number of
genes, with 32, 46, 14, and 30 target genes,
respectively.

Enrichment analysis of target genes

To determine the biological functions of
the miRNAs, we performed functional
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Figure 2. The microRNA (miRNA)—target regulatory network. Triangles and circles represent miRNA and

target genes, respectively.

enrichment analysis of their target genes.
Enrichment analysis indicated that func-
tional BP such as “locomotor rhythm”
(GO: 0045475), “myoblast differentiation”
(GO: 0045445), “muscle cell proliferation”
(GO: 0033002), and “myeloid leukocyte dif-
ferentiation” (GO: 0002573) involved target
genes including cyclin-dependent kinase 6
(CDK®6), mechanistic target of rapamycin
kinase (mTOR), serpin family E member 1
(SERPINEI), nicotinamide phosphoribo-
syltransferase (NAMPT), phosphatase and
tensin homolog (PTEN), recombination
signal binding protein for immunoglobulin
kappa J (RBPJ), peroxisome proliferator-
activated  receptor-y  coactivator  la
(PPARGCIA), erb-b2 receptor tyrosine
kinase 3 (ERBB3), and regulator of G pro-
tein signaling 2 (RGS2; Table 1).

The KEGG pathways “PI3K-Akt signal-
ing pathway” (hsa04151), “EGFR tyrosine
kinase inhibitor resistance” (hsa01521),
“Hippo signaling pathway” (hsa04390),
and “Rapl signaling pathway” (hsa04015)
enriched target genes such as colony-
stimulating factor 1 receptor (CSFIR),
ERBB3, CDK6, PTEN, and DNA damage
inducible transcript 4 (DDIT4), nTOR, and
frizzled class receptor 6 (FZD6; Table 1).

Construction of ceRNA network

Before we constructed the ceRNA network,
the IncRNAs related to the 11 DEmiRNAs
in the miRNA—target network were screened
using DIANA Tools. Sixty IncRNAs that reg-
ulated six DEmiRNAs were screened. The
ceRNA network, which consisted of 6
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Figure 3. Competing endogenous RNA (ceRNA) network in osteoporosis. Diamonds, triangles, and circles
indicate long noncoding (Inc)RNA, microRNA (miRNA), and target genes, respectively. The key candidates

are shown in a larger font.

DEmiRNAs, 63 target genes, and 53
IncRNAs, was constructed accordingly
(Figure 3). LncRNAs, including nuclear para-
speckle assembly transcript 1 (NEATI),
metastasis-associated lung adenocarcinoma
transcript 1 (MALATI), cancer susceptibility
candidate 7 (CASC7), RP11-53019.3, and
CTB-89H12.4, regulated more than 2
miRNAs, including hsa-miR-22-3p, hsa-miR-
675-5p, hsa-miR-32-3p, and hsa-miR-491-3p.
In addition, Asa-miR-22-3p and hsa-miR-32-
3p were regulated by 33 and 17 IncRNAs,
respectively. The count of target genes of
hsa-miR-22-3p, hsa-miR-32-3p, hsa-miR-486-
5p, and hsa-miR-491-3p was 30, 14, 8, and 5,
respectively.

Selection of key candidates related to
osteoporosis

The genes and pathways associated with
“osteoporosis” and “osteoporosis, post-
menopausal” were downloaded from
CTD. Seven IncRNAs (4C006548.28,
MALATI, XIST, NEATI, RP11-53019.3,
KCNQIOTI, and OIP5-ASI), 4 miRNAs
(hsa-miR-22,  hsa-miR-32, hsa-miR-491,
and hsa-miR-675), and 63 target genes

(including CSFIR, SP1, ERBB3, CDK®6,
PTEN, SERPINEI, and FZDG6; Table 2)
overlapped in CTD. Finally, 13 genes that
enriched significant pathways (adjusted
p<0.05) were selected as key genes.
However, none of the target genes were
enriched in the KEGG pathways retrieved
from CTD (Table 3). IL6 and IL-6 receptor
(IL6R) were hub genes related to osteopo-
rosis in CTD, whereas ESRI, SP1, CSFIR,
ERBB3, CDK6, and PTEN were hub genes
identified in our study. The Wnt signaling
factor Wntl and FZD6 were enriched in
breast cancer (Table 3).

Finally, we submitted the 13 genes, 4
miRNAs, and 7 IncRNAs to GeneCLiP2.0
and obtained a heatmap of “gene cluster
with literature profiles” using criteria of
hit >8, enrichment score >5.0, and
p<le—04 (Figure 4). We observed that
SP1, PTEN, ESRI, ERBB3, CSFIR, and
CDK6 were associated with cell growth,
cell death, signaling transducer, estrogen
receptor, histone deacetylase inhibitor, and
several types of human cancers, such as
breast cancer and squamous cell carcinoma
(Figure 4). DEmiRNAs hsa-miR-22 and
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Table 2. Key candidates in osteoporosis that overlapped in the Comparative

Toxicogenomics Database.

IncRNA/miRNA Gene Gene Gene
AC006548.28 KCTDI10 DDIT4 YWHAE
MALAT | LIN7C DOCK3 YWHAZ
XIST NPEPPS EDC3 BRWD3
NEAT| RPL37 EFR3B RUNXI
RPI1-53019.3 SERBPI ERBB3 FAM217B
KCNQIOTI TET2 ESRI HNRNPA3
OIP5-AS| TPD52L2 FRAT2 INTSé
hsa-miR-22 UBE2B FZDé LRRCI
hsa-miR-32 ZNF280B H3F3B LYN
hsa-miR-49 | PPARGCIA RGS2 MAX
hsa-miR-675 ARHGAP5 RORA MBNLI
ARPC5 SERPINE| NAMPT
BTGI SGMS| NETI
CADM| SHANK3 NR3CI
CCDCl4 SPI OLFM4
CCSAP SRGN PDIKIL
CDKé TIAM | PEGIO0
CHD9 TMEMé67 PPPIRI5B
CSFIR TNFRSFI10D PTEN
CREBL2 RAB5B RCC2
CYB5R4 RBP UBE2B

IncRNA, long noncoding RNA; miRNA, microRNA.

Table 3. Key Kyoto Encyclopedia of Genes and Genomes pathways and related genes retrieved from

the CTD.
Adjusted
ID Description Gene symbol p-value Gene in CTD
hsa04151*  PI3K-Akt signaling CDKé, ERBB3, YWHAE, 0014 COLIAI, COLIA2,
pathway YWHAZ, DDIT4, PTEN, IL6, IL6R
CSFIR
hsa05202*  Transcriptional misregula- RUNXI, RXRB, H3F3B, 0.022 IL6
tion in cancer SPI, MAX, CSFIR
hsa05224*  Breast cancer CDKé, FRAT2, ESRI, SPI, 0.022 LRP5, TNFSFI I,
FZDé6, PTEN WNTI
hsaOl521%* EGFR tyrosine kinase ERBB3, PTEN 0.033 IL6, IL6R
inhibitor resistance
CTD, Comparative Toxicogenomics Database.
*Adjusted p < 0.05.
hsa-miR-32 were associated with cell cancers. These results indicated that the

growth, differentiation, or apoptosis, and
the IncRNA NEATI and MALATI were
related to cell death/growth and human

ceRNA axes NEATI/MALATI-hsa-miR-
32-3p-SP1/FZD6 and NEATI/MALATI-
hsa-miR-22-3p-PTEN/ESRI/ERBB3/CSFI
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Figure 4. Functional clustering of key candidates using literature mining. Green and black indicate that the
corresponding gene-term association was positively and negatively reported, respectively. Criteria were hit

>8, enrichment score >5.0 and p < le—04.

R/CDK6 might have important roles in
osteoporosis.

Discussion

Our study identified several genes (e.g.,
PTEN, ESRI, ERBB3, RUNXI, FZDG6,

CSFIR, and CDK6), miRNAs (e.g., hsa-
miR-22-3p, hsa-miR-675-5p, and hsa-miR-
32-3p), and IncRNAs (e.g., NEATI and
MALATI) that may have crucial roles in
the pathogenesis of osteoporosis. Two
ceRNA networks, NEATI/MALATI-hsa-
miR-32-3p-SP1/FZD6 and NEATI/MALA
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T1-hsa-miR-22-3p-PTEN/ESRI/ERBB3/C
SFIR/CDK®6, were identified. The potential
of  these networks and factors
in osteoporosis support its complex patho-
genic mechanism and uncover important
clinical-translational implications. These
identified biomarkers could, in fact, yield
new potential therapeutic targets for
osteoporosis.

Inflammation is a contributing factor to
the development of postmenopausal osteo-
porosis.*>*¢ Elevated circulating levels of
IL-1p, TNF-o, and IL-6 are positively asso-
ciated with bone destruction, bone loss, and
excessive bone resorption.'%!%:16:3337 The
canonical Wnt/f-catenin pathway is an
osteoblastic pathway.>*?® SP/ is a tran-
scription factor that promotes osteoporo-
sis.?**%3 Li et al®** reported that SPI
inhibited the activation of Wnt/f-catenin
signaling by stimulating the expression of
miR-545-3p/LRP5. A polymorphism in the
SP1-binding site in the collagen T «l gene
(COLIA) is associated with osteoporosis.*®
Moreover, the assembly of SP1 and RARB
on the promoter of bone morphogenetic
protein 2 (BMP2) inactivates the BMP2
gene.”

In the present study, we found that SP/
was a target of hsa-miR-32-3p, whereas Wnt
receptor FZD6 was a target of hsa-miR-22-
3p. Expression of hsa-miR-22-3p and hsa-
miR-32-3p was upregulated in fresh femoral
neck trabecular bone samples obtained
from patients with osteoporosis and osteo-
arthritis, respectively. Thus, we propose
probable upregulation of FZD6, downregu-
lation of SPI, and higher expression of
hsa-miR-32-3p-SP1/FZD6-mediated Wnt/
p-catenin signaling in osteoporosis com-
pared with osteoarthritis. This finding is
interesting because Wnt/f-catenin signaling
is upregulated in both osteoporosis and
osteoarthritis and is even considered a
target for their treatment.’*2%2%4041 Tp
osteoblasts, the Wnt/f-catenin osteoblastic
pathway is inactivated by IL-6,* which can

also inhibit the RANKL/RANK signaling
pathway.*® That osteoporotic patients had
higher levels of OPG protein than osteoar-
thritic patients might indicate lower expres-
sion of RANKL/RANK signaling pathway
in osteoporosis.'” The upregulation of OPG
in osteoporotic patients compared with
osteoarthritic patients in our study may
provide a sign that the levels of inflamma-
tory cytokines (i.e., TNF-o and IL-6) are
lower in osteoporotic patients than in oste-
oarthritic patients.

The IncRNA NEATI and MALATI are
often considered to be tumor-related
IncRNAs,* but evidence also correlates
these IncRNA with osteogenic differentia-
tion.**  Several studies show that
NEATI and MALATI promote osteoblast
differentiation by sponging miRNAs such
as miR-214 and miR-204.4¢% In contrast,
Li et al.* showed that silencing MALATI
in lipopolysaccharide-treated chondrocytes
promoted IL-6 expression and apoptosis
by sponging and inactivating miR-146a.
Our results revealed that downregulated
hsa-miR-32-3p and upregulated hsa-miR-
22-3p were simultaneously regulated by
NEATI and MALATI. The correlation of
NEATI- and MALATI-mediated networks
should be validated wusing further
experiments.

Another cluster of genes that associate
with PI3K/Akt signaling pathway, breast
cancer, and epidermal growth factor recep-
tor (EGFR) tyrosine kinase inhibitor
resistance were targets of the upregulated
hsa-miR-22-3p, including PTEN, ESRI,
ERBB3, CSFIR, and CDK6. PTEN and
ERBB3 have been reported to be linked to
pathogenesis, development, and drug resis-
tance in several types of human cancer,
including colorectal cancer, breast cancer,
and lung cancer,”>* but not osteoclasto-
genesis. PI3K/PTEN signaling is essential
for embryonic development, angiogenesis,
and tumorigenesis. PTEN can be regulated
by multiple miRNAs, including miR-185
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and miR-132.°""% miR-132 regulates osteo-
genic differentiation by targeting Sirtuin1,>
and miR-185 inhibits osteogenic differenti-
ation by downregulating Wnt/f-catenin sig-
naling.>* ESRI is associated with the
concentration of high-density lipoproteins
and total fat tissue content.”> CSFI/R inhi-
bition suppresses osteoclast formation and
prevents lipopolysaccharide-induced osteo-
porosis.’® CDKG6 expression was positively
correlated with chondrocyte proliferation in
osteoarthritic rabbits.”” We showed here
that PTEN, ESRI, ERBB3, CSFIR, and
CDK6 were regulated by NEATI/
MALATI by sponging and inhibiting Asa-
miR-22-3p. These might show a novel and
potential mechanism of osteoporosis that is
related to the pathology of osteoarthritis.

The PI3K/Akt/mTOR pathway plays a
crucial role in cellular growth, proliferation,
angiogenesis, tumor immunity, and bone
metabolism.**> Tts inhibition activates
osteoclast proliferation and increases bone
mass.”® 17-Allylamino-17-demethoxygelda-
namycin (17-AAG) is a geldanamycin
derivative and inhibitor of heat shock pro-
tein 90 (Hsp90).>” 17-AAG-induced inhibi-
tion of Hsp90 can enhance bone formation
and rescue glucocorticoid-induced bone
loss.®® 17-AAG also induces the inhibition
of Akt, mTOR, and glycogen synthase
kinase-3f (GSK-3f), and promotes the
apoptosis of osteosarcoma cell lines.>¢!
GSK-3f is a negative regulator of the
canonical Wnt/f-catenin signaling.®®> These
results might show that 17-AAG is a poten-
tial therapeutic target for osteoporosis, and
Wnt/fp-catenin and PI3K/Akt signaling
might be common therapeutic targets in
the management of both osteoporosis and
osteosarcoma.

Conclusion

This bioinformatics analysis identified dif-
ferent mechanisms underlying osteoporosis
and osteoarthritis. The key targets of

DEmiRNAs between osteoporotic and
osteoarthritic samples were osteogenic dif-
ferentiation or osteoclastogenesis through
pathways including PI3K/Akt and Wnt/
p-catenin. Wnt/f-catenin signaling may be
upregulated in osteoporosis compared with
osteoarthritis. Two ceRNA networks,
NEATI/MALATI-hsa-miR-32-3p-SP1/FZ
D6 and NEATI/MALATI-hsa-miR-22-3p-
PTEN/ESRI/ERBB3/CSFIR/CDK6, may
have specific and potential roles in
osteoporosis.
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