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Abstract

Non-coding RNA (ncRNA) is a type of non-protein-coding RNA molecule transcribed from the genome which
performs broad regulation of a variety of biological functions in human cells. The Wnt signaling pathway is highly
conserved in multicellular organisms, playing an important role in their growth and development. Increasing
evidence suggests that ncRNA can regulate cell biological function, enhance bone metabolism, and maintain normal
bone homeostasis by interacting with the Wnt pathway. Studies have also demonstrated that the association of
ncRNA with the Wnt pathway may be a potential biomarker for the diagnosis, evaluation of prognosis, and treatment
of osteoporosis. The interaction of ncRNA with Wnt also performs an important regulatory role in the occurrence

and development of osteoporosis. Targeted therapy of the ncRNA/Wnt axis may ultimately be the preferred choice
for the treatment of osteoporosis in the future. The current article reviews the mechanism of the ncRNA/Wnt axis in
osteoporosis and reveals the relationship between ncRNA and Wnt, thereby exploring novel molecular targets for the
treatment of osteoporosis and providing theoretical scientific guidance for its clinical treatment.
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Introduction

Osteoporosis (OP) is a systemic bone metabolic
disease, characterized by a weakening of bone strength,
destruction of the bone microstructure, and increased
bone fragility, representing a common cause of fracture
[1]. Age and estrogen deficiency are the principal causes
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of the induction of OP [2, 3]. Other systemic diseases,
such as diabetes [4], systemic lupus erythematosus [5],
chronic kidney disease [6], etc., can also induce OP. As
the global population has aged, the incidence of OP has
increased incessantly. According to recent statistics, more
than 75 million people around the world suffer from
osteoporosis [7]. Because of the complex pathogenesis
of the disease, no effective treatment currently exists.
With the development of epigenetic research [8], many
researchers have discovered that manipulation of the
ncRNA/Wnt axis can enhance bone.

metabolism and regulate bone homeostasis, allowing
a novel research direction for the treatment of
osteoporosis.

Non-coding RNA (ncRNA) is a form of non-protein-
coding RNA molecule that is transcribed from the
genome, providing regulation for various biological
functions in human cells. The principal molecules of
ncRNA include microRNA (miRNA), long chain non
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coding RNA (LncRNA), and circular RNA (CircRNA).
These ncRNA molecules mainly participate in cell
proliferation, cell differentiation, and cell death [9].
Previous studies indicate that miRNA assists in
maintaining the dynamic balance of bone homeostasis,
LncRNA can promote bone development, while CircRNA
can affect the proliferation of bone marrow mesenchymal
stem cells and their differentiation into osteoblasts [10—
12]. In addition, a number of studies have demonstrated
that ncRNA also affects the occurrence and development
of osteoporosis by targeting the key signal molecules in
the Wnt signaling pathway [13].

As a classical signaling pathway, Wnt signaling has
been found to regulate multiple biological processes such
as cell proliferation, migration, invasion, and apoptosis
[14]. The P-catenin expression of the Wnt signaling
pathway regulates the occurrence and development
of osteoporosis [15]. A number of researchers have
discovered that Wnt inhibits the differentiation of bone
marrow mesenchymal stem cells into adipocytes, while
Wnt promotes the differentiation of bone marrow
mesenchymal stem cells into osteoblasts, thus it
promotes bone formation and increases bone mass.
Activation of the Wnt pathway transforms osteogenesis
[16], fully proving that the Wnt signaling pathway has an
important regulatory role in osteoporosis.

Therefore, the occurrence and development of
osteoporosis are controlled by the interaction between
ncRNA and key target molecules in the Wnt signaling
pathway, possibly suggesting a new method for
diagnosing and treating osteoporosis. The present
manuscript reviews the molecular mechanism and
function of non-coding RNA associated with the Wnt
pathway related to the occurrence and progression
of osteoporosis, and seeks to reveal novel molecular
targets for the treatment of osteoporosis, so as to provide
scientific theoretical guidance for its clinical treatment.

Overview of non-coding RNA

Non-coding RNA (ncRNA) refers to RNA molecules
transcribed from the genome which do not code for
protein, including miRNA, LncRNA, and CircRNA
[17]. NcRNA is widely involved in development and
differentiation, reproduction, apoptosis, and cellular
reprogramming in biological organisms, and its
expression has been found to be closely associated with
human disease states [18, 19].

miRNA

MiRNA is a class of non-coding single-stranded RNA
molecules encoded by endogenous genes with a length
of approximately [19-24] nucleotides [20]. They par-
ticipate in the regulation of post-transcriptional gene
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expression in animals and plants and have a close asso-
ciation with multiple biological processes [21]. Many
researchers have found that each miRNA molecule can
have multiple target genes, while multiple miRNAs can
also regulate the same target gene, and so the regulatory
mechanism of each molecule or gene has a complex
network relationship [22, 23]. The process of biosynthe-
sis of miRNA is as follows (Fig. 1): The miRNA gene is
transcribed into pri-miRNA under the action of RNA
polymerase II in the nucleus. Pri-miRNA is cleaved
by Microprocessor (a catalytic complex composed of
Drosha and DiGeorge critical region 8, DGCRS8) in
the nucleus to form pre-miRNA, which is transported
into the cytoplasm through GTP-dependent expor-
tin-5 complex. Pre-miRNA is further cleaved by Dicer
enzyme to form double-stranded miRNA, and then one
miRNA chain is degraded by Argonaute 2 (AGO2), and
the other one forms mature miRNA. Mature miRNAs
combine with the 3'UTR of target mRNA in a comple-
mentary manner, so that the target mRNA is degraded
or the translation is inhibited, so as to achieve the pur-
pose of regulating protein expression [24—28] Plenty of
studies have found that miRNA molecules participate
in the occurrence and development of osteoporosis via
regulation of downstream target gene expression and
that of related proteins of the Wnt signaling pathway
[29, 30]

LncRNA

Long-chain non-coding RNA was first discovered in
mice (Mus musculus) in 1989 [31], although no clear
definition or classification of long-chain non-coding
RNA existed at that time. As research on non-coding
RNA increased during the twenty-first century, it
was found that LncRNA is a type of non-coding RNA
molecule exceeding 200 nucleotides, located in both
the nucleus and cytoplasm [32]. LncRNA is similar to
mRNA in structure, with a 5’ cap, 3’ polyA structure,
and alternative splicing body, lacking an open reading
frame and not encoding protein [33, 34] LncRNA can
be divided into four categories according to its different
functions: signal, bait, guide, or scaffold molecules [35].
Depending on its position relative to protein coding
genes, LncRNA molecules can be classified as one of the
five following categories [36]: intergene, intron, sense,
antisense, or bidirectional LncRNAs. It has been found
that LncRNA is involved in the pathophysiological
processes associated with chronic bone diseases such
as osteoporosis and osteoarthritis [37-39] Therefore,
the identification of abnormal LncRNA may assist in
the development of effective methods of diagnosis and
treatment.
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Fig. 1 The process of biosynthesis of miRNA. The miRNA gene is transcribed into pri-miRNA under the action of RNA polymerase Il in the nucleus.
Pri-miRNA was cut by Drosha and DGCR8 to form pre-miRNA. Pre-miRNA is transported into the cytoplasm through the exportin-5 complex.
Pre-miRNA was further cleaved by Dicer enzyme to form double-stranded miRNA. Then one miRNA chain was degraded by AGO2, and the other

formed mature miRNA. Mature miRNAs bind to target mRNA

CircRNA

CircRNA was first discovered in viruses in 1976, but due
to the low abundance of transcripts, it did not attract
great attention from researchers at that time [40]. As
research has intensified, it has gradually been appreciated
that CircRNA is a special type of non-coding RNA,
forming a ring-shaped closed molecule through reverse
splicing, without 5’ cap or 3’ polyA structures [41-45]
rcRNA is characterized by functional diversity, acting
not only as a sponge for miRNA, but also affecting the
expression of target genes by regulating the activity of
miRNA. It can also combine with active proteins to
modify the biological activity of cells [46, 47]. In addition,
CircRNA also acts as a transcriptional memory molecule
at specific times [48-50] to record the translation
of mRNA, thus representing a novel method for the
identification of new molecular markers and constituting
the basis for research into the analysis of the mechanism
of particular diseases.

Wnt signaling pathway in osteoporosis
In 1982, researchers identified the proto-oncogene, intl,
at the integration site of a mouse breast tumor virus, and

with the homology of the wingless gene of drosophila as
subsequently reported by Sharma, collectively called Wnt
[51, 52]. The Wnt signaling pathway is highly conserved
and extremely important in multicellular organisms,
playing an important role in the growth and development
of organisms, in addition to other important functions
[53, 54]. The Wnt signaling pathway can be categorized
into two forms: the canonical Wnt/B-catenin and non-
canonical Wnt signaling pathways. The non-canonical
Wnt signaling pathway differs from the canonical
Wnt/B-catenin pathway by including multiple B-catenin
independent pathways, including the Wnt/PCP and
Wnt/Ca*" pathways [55, 56]. Thus, many studies have
demonstrated that the Wnt signaling pathway is closely
associated with the occurrence and development of
osteoporosis [57-59].

Canonical Wnt/B-catenin pathway

The canonical Wnt/p-catenin signaling pathway is a
key pathway that regulates osteoporosis. Where the
Wnt ligand exists, f-catenin is not phosphorylated and
it aggregates in the nucleus, thus regulating the down-
stream related target genes of Wnt [60]. A prominent
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feature of Wnt/B-catenin signaling pathway is the
requirement for FZD and LRP5/6 receptors. FZD and
LRP5/6 transfer Wnt signals by binding downstream
cytoplasmic components to play their biological func-
tions [61] Zheng et al. demonstrated that inhibition of
the Wnt/B-catenin signaling pathway results in a reduc-
tion in the ability of bone marrow mesenchymal stem
cells to differentiate and their ability to proliferate neg-
atively regulated [62]. In a postmenopausal rat model
of osteoporosis, Shao observed that the ubiquitin pro-
teasome inhibitor, MG-132, delayed the occurrence
and development of osteoporosis via inhibition of the
degradation of B-catenin [63]. In cells cultured in vitro,
Chen and other researchers discovered that Cistanoside
A reduces apoptosis and activates autophagy by inter-
action with the Wnt/p-catenin signaling pathway, thus
promoting osteogenesis of primary osteoblasts [64]. In
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a separate study, lycopene, a principal component of
tomatoes, was shown to increase the expression levels
of B-catenin, increase bone calcification, and reduce the
degree of osteoporosis in patients [65]. In addition, the
researchers also found that Foxf2 represses the differ-
entiation of MSCs into osteoblasts via the Wnt path-
way not only in mice but also in humans, Wnt2b is a
molecular target of Foxf2 in MSCs [66]. The research
described above demonstrates that that the canonical
Wnt/B-catenin pathway is involved in the occurrence,
development, and prognosis of osteoporosis, with a
complex mechanism of action having a broad scope
(Fig. 2). Further study of the complex network regula-
tion relationships of the pathway will assist in providing
theoretical support for the most beneficial treatment of
osteoporosis.

Fig. 2 Mechanism of regulation of the Wnt signaling pathway. Wnt signaling comprises a complex regulatory network in which the Wnt protein
activates downstream signaling cascades by binding to the Frizzled receptor. Wnt signaling pathways can be categorized as three different types:

canonical Wnt/B-catenin, Wnt/PCP, and Wnt/Ca?* pathways



An et al. Cell Division (2023) 18:3

Non-canonical Wnt/B-catenin pathway

The plane cell polarity pathway (Wnt/PCP) is one
of the non-canonical Wnt signaling pathways. It
mainly activates c-Jun N-terminal kinase (JNK)
and causes transcription changes by activating the
downstream region of Dsh, Rac, small GTPase,
Rho and Cde42 [67] The non-canonical Wnt/Ca?*
pathway is principally activated by Wnt5a and Wntl1,
which may bind to the Fzd and Ror2 receptors on
the cell membrane, activate Ca®T-sensitive signal
molecules via CaMKII and calcineurin, and cause the
intracellular Ca?t concentration to increase, thereby
regulating cell motility and cell adhesion [56, 68—
70]. As an activator of non-canonical Wnt signaling
pathway, Wnt5a can jointly activate Wnt/PCP pathway
and Wnt/Ca?" pathway, regulate the expression of
downstream factors, and play an important role in
bone formation, absorption, bone loss, and matrix
mineralization [71, 72]. Wan discovered that the Bj
mutants have a non-synonymous point mutation
in Pricklel, a core component of the non-canonical
Wnt/planar cell polarity (PCP) pathway, it regulates
the differentiation osteoblasts in frontal bone [73]. Li
et al found that that miR-154-5p negatively regulates
the osteogenic differentiation of adipose-derived
mesenchymal stem cells(ADSCs) by directly targeting
Wntll expression in the Wnt/PCP pathway under
tensile stress [74]. Lin discovered that the S1PR2
antagonist JTEO13 was able to promote osteogenesis
via Wnt/Ca*" signaling in bone marrow mesenchymal
stem cells [75]. Wu et al. discovered a method of
enhancing osteoporosis using a pulsed electromagnetic
field to induce osteoblast formation by increasing
Ca?" in mesenchymal cells and activating the Wnt/
Ca?" signaling pathway [76]. Clarifying the mechanism
of Wnt non-canonical pathway on osteoporosis can
provide a new and effective treatment for prevention
and treatment of osteoporosis.

To summarize, the Wnt signaling pathway is a
complex protein regulatory network system, comprising
principally of a group of downstream signal transduction
pathways stimulated by a combination of the Wnt protein
ligand and membrane protein receptors (Fig. 2). The
Wnt signaling pathway performs an important role in
osteoporosis. A clearer understanding of it may help in
the development of novel tools for the more effective
diagnosis and treatment of osteoporosis.

ncRNA in osteoporosis

A large number of studies have confirmed that the
pathogenesis of osteoporosis is associated with multiple
factors such as inflammation, autophagy, oxidative stress,
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and an imbalance in bone homeostasis [77-79], with
which ncRNA has a complex relationship.

miRNA in osteoporosis

Autophagy is key to bone homeostasis, and its
dysfunction in bone cells is related to the occurrence of
osteoporosis. Lu et al. [80] found that the overexpression
of miR-15b inhibits osteoblast differentiation and
autophagy, exacerbating osteoporosis, the mechanism
investigated by inhibition of the expression of USP7.
Associated studies have shown that miR-151a-3p is
involved in the pathogenesis of osteoporosis, promoting
its progression by targeting SOCS5 and activating
JAK2/STAT3  signaling.  Anti-miR-15la-3p  may,
therefore, represent a potential therapeutic strategy
for osteoporosis [81]. Li et al. discovered that miR-
483-5p can increase the progression of osteoporosis
following the analysis and comparison of the gene
expression profiles of blood and bone tissue samples
collected from osteoporotic patients and normal
people, the mechanism of which was established as the
promotion of osteoclast differentiation [82]. A number
of researchers demonstrated that the high expression
of miR-23a exacerbated the pathological damage from
osteoporosis by inhibition of osteogenesis, promotion
of bone resorption, and inflammatory polarization of
macrophages, finally leading to the occurrence and
further progression of osteoporosis [83]. Eric et al. [84]
observed that miR-1270 played an important role in
regulating bone metabolism. The overexpression of miR-
1270 reduces the ability of human osteoblast-like cells to
proliferate and migrate, thus increasing the occurrence
and progression of osteoporosis. In summary, miRNA is
involved in multiple processes resulting in osteoporosis.
It is important that the influence of miRNA on this
complex cellular process is fully revealed to improve the
diagnosis and treatment of OP. Therefore, exploration of
the role of different miRNA molecules in osteoporosis
will be of great significance in the future.

LncRNA in osteoporosis

Over recent years, LncRNA research in osteoporosis has
become a focus of research attention. It has been found
that the expression levels of the LncRNA, SNHGI, in
plasma in postmenopausal osteoporosis patients are
considerably lower than in the healthy population, and
it has been speculated that its plasma levels could be
utilized as a biomarker for the diagnosis and treatment
of postmenopausal osteoporosis [85]. It has been
reported that the LncRNA, PTCSC3, is upregulated in
osteoporosis and the apoptosis of osteoblasts, and could,
therefore, also be used as a potential therapeutic target
for osteoporosis [86]. Yu et al. [87] found that high levels
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of the LncRNA, CAS11, were significantly associated
with prolongation of the course of treatment and a high
recurrence rate of osteoporosis in clinic. Following
experiments, it was concluded that the mechanism may
be related to the upregulation of TNF-a caused by the
overexpression of CAS11, leading to the activation of
osteoclasts and increased bone resorption. Wang et al
observed that the LncRNA, WT1-AS, was upregulated
during osteoporosis and actively regulated the expression
of p53 in osteoblasts, thereby regulating apoptosis
in osteoblasts [88]. In vitro cell experiments by Qian
established that knock-down of the LncRNA, AWPPH,
resulted in the upregulation of type I collagen-al and
downregulation of type I collagen-a2 expression in
osteoblasts, causing the ratio of al to a2 to be greater
than 2:1, possibly causing osteoporosis [89]. Chen found
that the LncRNA, XIST, can inhibit the differentiation of
osteoblasts, promote osteoporosis by targeting CUL3,
and inhibit the ubiquitination and degradation of Nrf2
[90]. From the research results described above, it can
be concluded that LncRNAs play a definite role in the
occurrence and development of osteoporosis. There have
been relatively few studies on LncRNA in osteoporosis,
but the importance of the role of LncRNA cannot be
ignored. A gene therapy method could be used to target
LncRNAs with important therapeutic function.

CircRNA in osteoporosis

Osteoporosis is associated with an imbalance in bone
resorption compared with bone formation. It has been
reported that Circ_0005564 plays a potential role in bone
formation and is an active regulator of the osteogenic
differentiation of bone marrow mesenchymal stem cells
[91]. Zhao found that the expression of hsa_circ_0001275
increased significantly in postmenopausal osteoporosis
(PMOP) patients by analysis of a CircRNA microarray,
therefore representing a potential diagnostic biomarker
of PMOP [92]. Xiang observed, in a separate study, that
the expression of Hsa_circ_0001445 was significantly
upregulated in the plasma of patients that had received
anti-osteoporosis treatment, speculating that Hsa_
circ_0001445 may represent a novel diagnostic biomarker
for osteoporosis [93]. However, few studies have been
conducted on the biological effects of CircRNA alone,
most focusing on the joint effects of CircRNA and
other ncRNA. However, CircRNA has potential clinical
significance. In-depth studies will help to explain the
molecular mechanism and biological functions of
osteoporosis, and so it warrants additional study.

Regulation of ncRNA in osteoporosis
The interaction between ncRNA molecules is currently
a highly active research topic. In the currently published
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literature, the majority of studies have tended to
investigate the regulation of downstream target gene
expression using LncRNA and CircRNA via miRNA.
It has been reported that in osteoporosis patients, the
LncRNA, ROR, is downregulated while miR-145-5p
is over-expressed. Knock down of ROR was shown
to inhibit osteoblast proliferation and exacerbate the
progression of osteoporosis by targeting miR-145-5p
[94]. Cong demonstrated that the LncRNA, GASS5,
promoted the apoptosis of osteoclasts, the mechanism
of which may have been the downregulation of miR-21
expression, thus reducing the occurrence of osteoporosis
[95].

Estrogen deficiency is a cause of osteoporosis in
elderly women. It has been reported that estrogen
can promote the expression of LncRNA HI19 and
regulate the osteogenic differentiation of bone marrow
mesenchymal stem cells via the miR-532-3p/SIRT1
axis, thereby reducing osteoporosis [96]. A number of
studies have found that the LncRNA, MSC-AS1, may
upregulate BMP2 by binding miRNA-140-5p, thus
promoting the osteogenic differentiation of BMSCs and
preventing the progression of osteoporosis [97]. Using
an hBMSC differentiation model, Li et al. [98] found that
circ_0001795 performed the role of a molecular sponge
for miR-339-5p, with Circ_0001795 downregulated in the
clinical samples of OP patients, causing the occurrence
and development of osteoporosis due to the ability
of miR-339-5p to negatively regulate the expression
of YAP1l. The study demonstrated that targeting
Circ_0001795 could represent a novel therapeutic target
for OP. CircAtp9b enhances LPS-induced inflammation.
Feng et al. demonstrated that up-regulation of CircAtp9b
occurred after reduced formation of mature miR-
17-92a, with the promotion of osteoblast apoptosis,
resulting in osteoporosis [99]. Compared with normal
subjects, Circ_0019693 in serum and bone tissue
samples from OP patients was downregulated. It has
been reported that Circ_0019693 promotes osteogenic
differentiation and osteogenesis-linked angiogenesis
of BMSCs by the regulation of miR-942-5p that
targets PCP4, thus preventing osteoporosis [100]. The
expression of Circ_0006873 was found to be upregulated
in osteoporosis patients, but reduced following
osteoblast differentiation. The molecular sponge miR-
142-5p was found to be negatively regulated after its
interaction with circ_0006873, and downregulated in
osteoporosis patients while its expression increased
after osteoblast differentiation. Associated experiments
have demonstrated that a miR-142-5p mimic can
reverse the effects of circ_0006873 overexpression on
cell viability and the expression of osteogenic markers,
promoting osteoblast differentiation, thus providing
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a new therapeutic approach for osteoporosis [101]. In
summary, miRNA can function as a transport tool for
LncRNA and CircRNA, thereby causing osteoporosis,
so there is great potential for ncRNA to act as a research
and therapeutic target for osteoporosis. At present, the
studies of siRNA and piRNA about the pathogenesis of
osteoporosis were still unclear. The correlational research
has found that the expression of important osteogenic
markers and angiogenesis related genes increased in
ovariectomized mice, as the SOST siRNA was injected
into ovariectomized mice by nanoparticles [102].
In another study, knock down piR-63049 could reduce
bone loss in ovariectomized rats by promoting bone
formation [103] Therefore, the siRNA and piRNA
were used as key targeted therapy of osteoporosis
and still have important research value. The existing
literature demonstrates that ncRNA plays an extensive
role in osteoporosis, influencing its occurrence and
development and providing the potential for clinical
diagnosis and treatment. However, the specific molecular
biological mechanisms by which ncRNA regulates
osteoporosis and the crosstalk by which these ncRNA
molecules regulate osteoporosis have not yet been
studied in sufficient depth, with ncRNA likely to become
a research hotspot for the treatment of osteoporosis in
the future. The current understanding of the role and
mechanism by which ncRNA influences osteoporosis are
detailed in Table 1.

Role of the ncRNA/Wnt axis in osteoporosis

New evidence indicates that there are a number of clinical
features of osteoporosis associated with ncRNA that are
related to the Wnt pathway. In addition, the ncRNA/Wnt
axis promotes the progression of osteoporosis by the
regulation of multiple cellular biological functions. In this
section, we will introduce the expression of the ncRNA/
Wnt axis, and the corresponding clinical features,
function, and mechanisms of action (Table 2).

Role of the miRNA/WNT axis in osteoporosis

MiRNA and Wnt signaling pathways play key roles in the
development of osteoporosis. A study by Li indicated that
silencing miR-23b-3p can reduce osteoporosis in mice. In
addition, knock-down of miR-23b-3p promoted the oste-
ogenic differentiation of hMSCs by upregulation of the
expression of Runx2, OCN, and Osterix, thereby enhanc-
ing the activity of ALP. Mechanistically speaking, MRC2
is the downstream target gene of miR-23b-3p, a miRNA
that inhibits the Wnt/p-catenin signaling pathway dur-
ing the process of hMSCs osteogenic differentiation by
targeting MRC2, thus promoting their osteogenic differ-
entiation and delaying the manifestation of osteoporosis,
providing a novel perspective on a potential treatment
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for osteoporosis [104]. Liu et al. discovered that down-
regulation of miR-146a promoted osteogenic differen-
tiation and inhibited the expression of DDK1, which
was observed following activation of the Wnt/p-catenin
signaling pathway. Therefore, downregulation of miR-
146a was able to relieve osteoporosis and so represents
a potential therapeutic target for osteoporosis [105]. It
has been reported that in ERa-deficient rat bone mar-
row mesenchymal stem cells, the overexpression of miR-
210-3p promotes osteogenic differentiation and inhibits
adipogenic differentiation, possibly associated with the
Wnt signaling pathway, providing new insight into the
mechanism of bone metabolism regulation [106]. In an
osteoporotic rat model, the expression of miRNA-139-5p
increased compared with the normal group, while the
downregulation of miRNA-139-5p promoted the osteo-
genic differentiation of BMSCs by targeting the Wnt/p-
catenin signaling pathway with NOTCH1 [107]. Other
researchers have also found that overexpression of miR-
26b resulted in the key regulatory factor, GSK3p, in the
Wnt signaling pathway to be downregulated, resulting in
B-catenin activation. MiR-26b promotes BMSC osteo-
genesis by directly targeting GSK3f and activating the
canonical Wnt signaling pathway, indicating that it may
be a potential therapeutic target for osteoporosis [108].
In summary, the biological role of the miRNA/WNT axis
in osteoporosis is mostly associated with osteogenesis,
modulating the manifestation and progression of osteo-
porosis via the promotion or inhibition of osteogenesis-
related gene expression (Fig. 3). Exploration of effective
target molecules of the miRNA/Wnt axis during the
development of osteoporosis will provide a broader basis
for its targeted molecular therapy.

Role of LncRNA/Wnt axis in osteoporosis

With the wide use of gene chips, genomics, and other
high-throughput gene sequencing analytic technologies,
increasing numbers of LncRNA molecules have been
identified that play both positive and negative roles in the
regulation of the occurrence and progression of osteopo-
rosis. Shen demonstrated that the LncRNA, HOTAIR,
inhibits the osteogenic differentiation of BMSCs by regu-
lating the expression of the osteogenic gene, RUNX2D,
via downregulation of the Wnt/B-catenin pathway [109].
Wang demonstrated that the LncRNA, DANCR, and
miR-320a regulate the Wnt/B-catenin signaling pathway
via inhibition of CTNNB], inhibiting osteogenic differen-
tiation. Co-expression of miR-320a and DANCR resulted
in additive inhibitory effects. These observations high-
light the potential for DANCR and miR-320a to act as
therapeutic targets for osteoporosis [110]. Yin observed
that the LncRNAs, AK039312 and AK079370, could both
inhibit osteoblast differentiation and bone formation by
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Table 1 Role and mechanism of NcRNA in osteoporosis
NcRNA Effect Effects on OP Targeted molecule Expression Refs.
of ncRNA in
oP
MiRNA MiR-15b Inhibition of osteoblast Aggravation  USP7 0 [80]
differentiation and
autophagy
MiR-151a-3p Reduce the viability of Aggravation  SOCS5, JAK2/STAT3 0 [81]
osteoblasts
MiR-483-5p Promote osteoclast Aggravation NFATCT, NFAT2, CTSK 1 [82]
differentiation
MiR-23a Inhibit osteogenesis, Aggravation M-CSF, RANKL 0 [83]
promote bone resorption
and promote inflammatory
polarization of macrophages
MiR-1270 Reduce the proliferation Aggravation  IRF8 0 [84]
and migration capability of
osteoblasts
LncRNA LncRNA SNHG1 - Mitigation - 1 [85]
LncRNA PTCSC3 Promote apoptosis of Aggravation - 0 [86]
osteoblasts
LncRNA CAS11 Activation of osteoclasts and ~ Aggravation ~ TNF-a 0 [87]
increased bone resorption
LncRNAWT1-AS Promote apoptosis of Aggravation P53 1 [88]
osteoblasts
LncRNA AWPPH Collagen disorder of Aggravation - 4 [89]
osteoblasts
LncRNA XIST Inhibit osteoblast Aggravation  CUL3, Nrf2 A [90]
differentiation
CircRNA Circ_0005564 Promote bone formation Mitigation - N [91]
Hsa_circ_000127 Promote osteoclast activation Aggravation B-CROSSL, OSTEQC, TPINP 4 [92]
Hsa_circ_0001445 - Mitigation B-CTx N [93]
Crosstalk regulation  LncRNA ROR/miR-145-5p Inhibit osteoblast Aggravation  ROR 4 [94]
proliferation
LncRNA GAS5/miR-21 Promote osteoclast apoptosis Mitigation - 1 [95]
LncRNA H19/miR-532-3p Regulate osteogenic Mitigation SIRT1 1 [96]
differentiation
LncRNA MSC-AST/miRNA- Promote osteoblast Mitigation BMP2 l [97]
140-5p differentiation
Circ_0001795/miR-339-5p Promote osteoblast Mitigation YAP1 1 [98]
differentiation
CircAtp9b/miR-17-92a Promote osteoblast Aggravation - 0 [99]
apoptosis
Circ_0019693/miR-942-5p Promote osteogenic Mitigation PCP4 N [100]
differentiation and
angiogenesis coupled with
osteogenesis
Circ_0006873/miR-142-5p Inhibit osteoblast Aggravation  PTEN/AKT 0 [101]

differentiation

the downregulation of osteoblast transcription factor
expression. This inhibition was achieved by binding and
chelating miR-199b-5p, enhancing GSK-3B expression
that further inhibited the Wnt/p-catenin pathway [111].
Researchers have found that the proliferation and dif-
ferentiation of osteoblasts were considerably inhibited in
mice following the knockout of the gene for the LncRNA,

Crnde, a bone metabolism modulator, causing the devel-
opment of a low bone mass phenotype [112]. Additional
research by Mieradili indicated that Crnde regulates bone
formation through Wnt/B-catenin signal transduction
[112]. Yang also confirmed that reduced expression of
the LncRNA, p21, activates the Wnt/B-catenin signaling
pathway by increasing E2 secretion, finally stimulating
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Table 2 Role and mechanism of NncRNA/Wnt in osteoporosis
NcRNA/Wnt Effect Effects on OP Key molecule Expression Refs.
of ncRNA in
oP
miRNA/Wnt miR-23b-3p/Wnt Inhibit osteoblast differentiation Aggravation ~ MRC2 4 [104]
miR-146a/Wnt Inhibit osteoblast differentiation Aggravation ~ DKK1 4 [105]
miR-210-3p/Wnt Promote osteoblast Mitigation - ) [106]
differentiation ~ inhibit adipo-
genic differentiation
miRNA-139-5p/Wnt Inhibition of cell Aggravation  NOTCH1 0 [107]
proliferation » Inhibit osteoblast
differentiation
miR-26b/Wnt Promote osteoblast Mitigation GSK33 1 [108]
differentiation
miR-200c/Wnt Promote osteogenic Mitigation Sox2 ~ Kif4 1 [122]
differentiation and bone
formation
miR-26b/Wnt Enhanced osteogenic effect Mitigation - 1 [124]
LncRNA/Wnt LncRNA HOTAIR/Wnt Inhibit osteoblast differentiation Aggravation - 0 [109]
LncRNA DANCR/Wnt Inhibit osteoblast differentiation Aggravation - 1 [110]
LncRNA AK039312/Wnt Inhibition of osteoblast Aggravation ~ miR-199b- 0 [
LncRNA AKO79370/Wnt differerjtiation and bone 5p > GSK-33
formation
LncRNA Crnde/Wnt Promote osteogenic Mitigation - ) [112]
differentiation
LncRNA p21/Wnt Inhibit osteoblast differentiation Aggravation — E2 1 [113]
CircRNA/Wnt circ_0024097/Wnt Promote osteogenic Mitigation YAP1 N [114]
differentiation
Circ_ FBLN1/Wnt Promote osteoblast Mitigation FzD4 1 [115]
differentiation
circStag1/Wnt Promote osteoblast Mitigation Lrp5/6 ) [116]
differentiation
Crosstalk regulation  LncRNA SNHG1/miR-181c-5p/  Inhibit osteoblast differentiation  Aggravation ~ SFRP1 1 [117]
Wnt and angiogenesis, » promote
osteoclast formation
LncRNA SNHG1/miR-101/Wnt  Inhibition osteoblast Aggravation  DKK1 0 [118]
differentiation
LINC02381/miR-21/Wnt Inhibition osteoblast Aggravation  KLF12 0 [119]
differentiation
LNC-H19/miR-141/Wnt Promote osteoblast Mitigation - 1 [123]
LNC-H19/miR-22/Wnt differentiation
CircSmg5/miR-194-5p/Wnt Promote osteoblast Mitigation Lrp5/6 N [120]
differentiation
Circ_0067680/miR-4429/Wnt Promote osteoblast Mitigation CTNNB1 l [121]

differentiation

bone formation and the increased osteogenic differentia-
tion of mesenchymal stem cells in OP model rats, play-
ing a role in regulating the balance of bone metabolism
[113]. In the studies above, the LncRNA/Wnt axis also
played an important regulatory role in the occurrence
and development of osteoporosis (Fig. 4), influencing the
expression of associated proteins and genes via the regu-
lation of cytokines, thus controlling the pathophysiologi-
cal process of osteoporosis.

Role of the CircRNA/Wnt axis in osteoporosis

Compared with the miRNA/Wnt and LncRNA/Wnt
axes, the role of the CircRNA/Wnt axis in osteoporo-
sis has been studied to a lesser degree, although its role
should not be underestimated. Huang observed for the
first time that circ_0024097 promoted osteogenic dif-
ferentiation via the miR-376b-3p/YAP1 axis and Wnt/
B-catenin pathway, thus reducing osteoporosis [114].
Silencing of Circ_FBLN1 inhibited the proliferation and
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Fig. 3 Regulation of mIRNA/Wnt axis in osteoporosis. miR-23b-3p targets MRC2 which inhibits the Wnt/3-catenin pathway; miR-146a inhibits
the expression of DDK1 and activates the Wnt/B3-catenin signaling pathway; Downregulation of miR-139-5p inhibits Wnt/ 3-catenin and induces
NOTCH?1 signaling in BMSCs; miR-26b directly targets GSK3, thereby activating canonical Wnt signaling
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Fig. 4 Regulatory mechanism of the LncRNA/Wnt axis in osteoporosis. The LncRNA, HOTAIR, inhibits the Wnt signaling pathway, with DKK1 able
to inhibit this process; The LncRNA, DANCR, regulates the Wnt/(3-catenin signaling pathway by inhibition of CTNNB1; The LncRNAs, AK039312 and
AK079370, bind and chelate miR-199b-5p, thereby inhibiting the Wnt/B-catenin pathway

osteogenic differentiation of hBMSCs, with analysis of
the mechanism indicating that the process occurred by
regulation of the Let-7i-5p/FZD4 axis and inhibition of
the Wnt/B-catenin pathway [115]. CircStagl is an active
regulator of osteogenesis and bone regeneration and it

has been shown that overexpression of CircStagl in vivo
promotes bone formation [116]. Chen found that Circ-
Stagl activates the Wnt signaling pathway by stabiliza-
tion of Lrp5/6 and P-catenin mRNA, thus promoting
the osteogenesis of BMSCs, indicating that CircStagl
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Fig. 5 Regulatory mechanism of the CircRNA/WNT axis in osteoporosis. circ_0024097 promotes osteoblastic differentiation via the miR-376b-3p/
YAP1 axis and Wnt/B-catenin pathway; circ_FBLN1 promotes the proliferation and osteogenesis of hBMSCs by the regulation of the let-7i-5p/FZD4
axis and Wnt/B-catenin pathway; CircStag1 activates the Wnt signaling pathway by stabilizing Lrp5/6 and 3-catenin mRNA, thereby promoting the

osteogenesis of BMSCs

is a potential therapeutic target for osteoporosis [116].
Current research on the CircRNA/Wnt axis remains at
a preliminary, exploratory stage, as the vast majority of
CircRNA molecules has not yet been studied, and so
their functions remain unknown (Fig. 5). It is anticipated
that the mechanisms of the CircRNA/Wnt axis will be a
focus of research interest in the future, providing a new
theoretical basis for the treatment of osteoporosis.

Role of the ncRNA in Wnt signal pathway

MIiRNA, CircRNA and LncRNA have complex network
regulatory relationships. According to current research,
the three types of ncRNA not only independently regu-
late the Wnt signaling pathway to act on osteoporosis, but
also regulate crosstalk and together play a biological role
(Fig. 6). Studies have shown that the LncRNA, SNHGI,
after induction by SP1, can regulate the SFRP1/Wnt/p-
catenin signaling pathway via the sponge, miR-181c-5p,
thus inhibiting osteoblast differentiation and angiogen-
esis, and promoting osteoclast formation. Silencing of
SNHG1d may provide a potential treatment for osteopo-
rosis [117]. Xiang et al. observed that the expression of

SNHG1 was downregulated in a time-dependent man-
ner during osteogenic differentiation, while its overex-
pression was shown to inhibit osteogenic differentiation.
Additional studies have confirmed that SNHGI1 regu-
lates the Wnt/B-catenin signaling pathway and reduces
BMSC osteogenic differentiation via the miR-101/DKK1
axis as competitive endogenous RNA [118]. Zhao con-
cluded that LINC02381 acts as a sponge for miR-21, and
inhibits the osteogenic differentiation of hUS-MSCs by
absorbing miR-21, thereby enhancing the inactivation of
the Wnt/B-catenin pathway mediated by KLF12 [119].
It has been reported that CircSmg5 is downregulated
in a mouse model of osteoporosis, although the mecha-
nism is unknown [120]. Yue has concluded that it pro-
motes BMSC osteogenic differentiation by targeting the
miR-194-5p/Fzd6 axis, activating Wnt/p-catenin signal
transduction [120]. Circ_0067680 is derived from the dif-
ferential protein kinase domain 2A (C3orf58) of the host
gene and is upregulated during the osteogenic differentia-
tion of hBMSCs. Huang demonstrated that circ_0067680
regulates the expression of catenin f1 (CTNNBI1) by
sequestering miR-4429 as a competing endogenous RNA
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LncRNA and CirRNA remains unknown

(ceRNA) molecule, thus activating the Wnt/B-catenin
signaling pathway, suggesting that it may represent a
potential biomarker of osteoblast differentiation [121].
In conclusion, miRNA, CircRNA, and LncRNA consti-
tute a complex gene regulatory pathway, interacting and
influencing each other to form a rich gene regulatory
network. At present, the research on this complex regu-
lation mechanism in osteoporosis is lacking. The major-
ity of studies only summarize the influence of LncRNA
and CirRNA on miRNA and have not explored the com-
mon regulatory mechanisms of LncRNA and CirRNA on
miRNA. With the continuous development of technology
in molecular biology, the mechanisms of modification
and regulation of the ncRNA/Wnt axis of osteoporo-
sis target genes become continuously revealed, allowing
more accurate screening, diagnosis and leading to better
treatment of osteoporosis in the future.

Role of ncRNA/Wnt pathways on bone remodeling
Bone remodeling is the core of osteoporosis, and the
maintenance of bone mass mainly depends on the balance

between osteoblastic bone formation and osteoclast
bone absorption. As an important physiological process,
bone remodeling is regulated by a variety of cytokines.
Adil and other scholars have found that miR-200c can
promote osteoblast differentiation and bone regeneration
by targeting Sox2 and Klf4 to activate Wnt signals, which
can be used as an effective gene therapy tool for human
clinical bone reconstruction [122]. Liang et al. proved
through experiments that the stable expression of LNC-
H19 can significantly accelerate the differentiation of
osteoblasts in vivo and in vitro, and its mechanism may
be achieved by competitively inhibiting the functions of
miR-141 and miR-22 to activate WNT signals [123]. As
one of the important cytokines, miR-26b can be activated
directly p-catenin enhances the osteogenic effect and
plays an important role in bone reconstruction [124].
From the above research, we found that the ncRNA/
WNT axis plays an important regulatory role in the
process of bone reconstruction, and maintaining the
dynamic balance process of bone reconstruction helps to
further find new targets for the treatment of osteoporosis,
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which will provide more effective and convenient means
for clinical work.

Conclusion and prospects

In the past, ncRNA has been considered a
transcriptional by-product with no particular function
and without direct participation in protein coding.
However, as epigenetic research has become more
sophisticated, ncRNA has been found to be important
in the manifestation and development of osteoporosis.
Additionally, the Wnt signaling pathway is also involved
in cell proliferation, differentiation, apoptosis, and
oxidative stress and inflammatory reactions. Recent
evidence suggests that the ncRNA/Wnt axis regulates
the expression of genes related to bone metabolism and
influences the progression of osteoporosis. We have
found that ncRNA is the key therapeutic target for OP,
and the majority ncRNA modifies osteoblast-related
genes via the canonical Wnt/p-catenin pathway, resulting
in an imbalance in bone homeostasis that induces
osteoporosis. Over recent years, a series of ncRNA/
Wnt axis inhibitors have been identified. Catenin-f3-
interacting protein 1 (CTNNBIP1) is an inhibitor of Wnt/
[B-catenin signaling, although its role in osteogenesis
remains unclear. Zhang et al. demonstrated that miR-
486-3p targets CTNNBIP1, thus activating the Wnt/p-
catenin signaling pathway and promoting BMSCs to
undergo osteogenic differentiation [125]. ncRNA is now
regarded as a novel biomarker for osteoporosis, gradually
being used in the early diagnosis of osteoporosis.
However, the majority of studies of the ncRNA/Wnt axis
have utilized tissues and cells in vitro, and the results
should be verified by additional animal experiments and
clinical trials, to provide a more clear theoretical basis for
the clinical treatment of osteoporosis.

As the global population ages, osteoporosis has
become one of the most common and costly diseases
around the world. Osteoporosis patients are prone to
fracture, and severe cases may even lead to death. In
addition, osteoporosis has a considerable effect on the
health and quality of life of patients, causing a heavy
socio-economic burden with major social problems.
The manifestation and development of osteoporosis are
regulated by multiple complex factors, and so there is
a need to innovate with novel treatment methods and
the development of more effective drugs to prevent and
treat osteoporosis. By summarizing the mechanisms of
the ncRNA/Wnt axis in osteoporosis, we have shown
that ncRNA plays an important role in regulating bone
homeostasis, and represents a basis for screening new
therapeutic targets for osteoporosis, in addition to using
it as a key target for new drug research and development.
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We have also found that the research on ncRNA in
osteoporosis is mostly limited to the canonical Wnt/p-
catenin signaling pathway and mechanisms of osteo-
blast metabolic regulation, while the non-canonical Wnt
signaling pathway and the mechanisms of the metabolic
regulation of osteoclasts and other forms of metabolic
regulation are somewhat limited. Therefore, the study
of ncRNA on nonclassical Wnt signaling pathways, and
mechanisms of osteoclast metabolic regulation and other
metabolic regulation in osteoporosis should be more
prominent in the future.

Abbreviations

NcRNA Non-coding RNA

OP Osteoporosis

LncRNA Long chain non coding RNA

CircRNA Circular RNA

UTR 3’-Untranslated region

SOCS5 Signal transducer and activator of transcription 5
antibody

JAK2/STAT3 Nonreceptor tyrosine protein kinase 2/signal trans-
ducer and activator of transcription 3

BMSCs Bone marrow mesenchymal stem cells

hMSCs Human bone marrow mesenchymal stem cells

OCN Osteocalcin

AL Palkaline phosphatase

MRC2 Mannose receptor C type 2

DDK1 Dickkopf related protein 1

GSK-3B Glycogen synthase kinase-33

Lrp5/6 Low density lipoprotein receptor related protein 5/6

CTNNBIP1 Catenin-B-interacting protein 1

Acknowledgements
We thank Mogo (http://www.mogoedit.com/) for English language editing on
this manuscript. Figures were made by Adobe lllustrator.

Author contributions

FA and XM wrote and edited the manuscript. JD and YN made the figures
and table. ZL, YL, RX and SL edited the manuscript and made the figures. CY
and YL provided ideas and revision the manuscript. All authors reviewed the
manuscript. All authors read and approved the final manuscript.

Funding

This review get grants from the National Natural Science Foundation of China
(Grant NO. 82060872), the Project in Science and Technique Plans of Lanzhou
City (Grant NO. 2022-3-22), and Natural Science Program in Gansu Province
(Grant NO. 21JR11RA138).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors contributed to the article and approved the submitted version.

Competing interests

The authors declare that they have no competing interests.

Received: 14 November 2022 Accepted: 24 January 2023
Published online: 07 March 2023


http://www.mogoedit.com/

An et al. Cell Division

(2023) 18:3

References

1.

Aspray TJ, Hill TR. Osteoporosis and the ageing skeleton. Subcell Bio-
chem. 2019;91:453-76. https://doi.org/10.1007/978-981-13-3681-2_16.
(PMID: 30888662).

Qadir A, Liang S, Wu Z, Chen Z, Hu L, Qian A. Senile osteoporosis: the
involvement of differentiation and senescence of bone marrow stromal
cells. Int J Mol Sci. 2020;21(1):349. https://doi.org/10.3390/ijms210103
49.PMID:31948061.

Yuan F, Peng W, Yang C, Zheng J. Teriparatide versus bisphosphonates
for treatment of postmenopausal osteoporosis: a meta-analysis. Int J
Surg. 2019;66:1-11. https://doi.org/10.1016/j.ij5u.2019.03.004. (PMID:
30890377).

Ala M, Jafari RM, Dehpour AR. Diabetes mellitus and osteoporosis cor-
relation: challenges and hopes. Curr Diabetes Rev. 2020;16(9):984-1001.
https://doi.org/10.2174/1573399816666200324152517. (PMID:
32208120).

Edens C, Robinson AB. Systemic lupus erythematosus, bone health, and
osteoporosis. Curr Opin Endocrinol Diabetes Obes. 2015;22(6):422-31.
https://doi.org/10.1097/MED.0000000000000197. (PMID: 26414079).
Pazianas M, Miller PD. Osteoporosis and chronic kidney disease-
mineral and bone disorder (CKD-MBD): back to basics. Am J Kidney Dis.
2021;78(4):582-9. https://doi.org/10.1053/j.ajkd.2020.12.024. (PMID:
33774081).

Yang 'Y, Yujiao W, Fang W, Linhui Y, Ziqi G, Zhichen W, Zirui W, Sheng-
wang W. The roles of miRNA, INcRNA and circRNA in the development
of osteoporosis. Biol Res. 2020;53(1):40. https://doi.org/10.1186/540659-
020-00309-z. (PMID: 32938500).

Xu F, LiW,Yang X, Na L, Chen L, Liu G. The roles of epigenetics regula-
tion in bone metabolism and osteoporosis. Front Cel | Dev Biol.
2021;8(1):619301. https://doi.org/10.3389/fcell.2020.619301.

Slack FJ, Chinnaiyan AM. The role of non-coding RNAs in oncology. Cell.
2019;179(5):1033-55. https://doi.org/10.1016/j.cell.2019.10.017. (PMID:
31730848).

Chen C, Liu YM, Fu BL, Xu LL, Wang B. MicroRNA-21: an emerging player
in bone diseases. Front Pharmacol. 2021;12:722804. https://doi.org/10.
3389/fphar.2021.722804.

Li D, Yang C, Yin C, Zhao F, Chen Z,Tian Y, Dang K, Jiang S, Zhang W,
Zhang G, Qian A. LncRNA, important player in bone development and
disease. Endocr Metab Immune Disord Drug Targets. 2020;20(1):50-66.
https://doi.org/10.2174/1871530319666190904161707. (PMID:
31483238).

Lin Z,Tang X, Wan J, Zhang X, Liu C, Liu T. Functions and mechanisms
of circular RNAs in regulating stem cell differentiation. RNA Biol.
2021;18(12):2136-49. https://doi.org/10.1080/15476286.2021.1913551.
(PMID: 33896374).

Huang G, Liang M, Liu H, Huang J, Li P Wang C, Zhang Y, Lin Y, Jiang

X. CircRNA hsa_circRNA_104348 promotes hepatocellular carcinoma
progression through modulating miR-187-3p/RTKN2 axis and activat-
ing Wnt/[-catenin pathway. Cell Death Dis. 2020;11(12):1065. https://
doi.org/10.1038/541419-020-03276-1. (PMID: 33311442).

Chen H, ZhaoY, Zhang J, Xie Y, Jin M. Promoting effects of MiR-135b on
human multiple myeloma cells via regulation of the Wnt/[-catenin/
Versican signaling pathway. Cytokine. 2021;142:155495. https://doi.org/
10.1016/j.cyt0.2021.155495.

Canalis E. Wnt signalling in osteoporosis: mechanisms and novel thera-
peutic approaches. Nat Rev Endocrinol. 2013;9:575-83. https://doi.org/
10.1038/nrendo.2013.154. (PMID: 23938284).

Visweswaran M, Pohl S, Arfuso F, Newsholme P, Dilley R, Pervaiz S, Dhar-
marajan A. Multi-lineage differentiation of mesenchymal stem cells—to
Wnt, or not Wnt. Int J Biochem Cell Biol. 2015;68:139-47. https://doi.
0rg/10.1016/j.biocel.2015.09.008. (PMID: 26410622).

Xue C,Gu X, Bao Z, Su'Y, Lu J, Li L. The mechanism underlying the
ncRNA dysregulation pattern in hepatocellular carcinoma and its tumor
microenvironment. Front Immunol. 2022;13:847728. https://doi.org/10.
3389/fimmu.2022.847728.

Aleshkina D, lyyappan R, Lin CJ, Masek T, Pospisek M, Susor A. NcCRNA
BC1 influences translation in the oocyte. RNA Biol. 2021;18(11):1893—
904. https://doi.org/10.1080/15476286.2021.1880181. (PMID:
33491548).

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34,

35.

36.

37.

38.

39.

Page 14 of 17

Mohapatra S, Pioppini C, Ozpolat B, Calin GA. Non-coding RNAs regula-
tion of macrophage polarization in cancer. Mol Cancer. 2021,20(1):24.
https://doi.org/10.1186/512943-021-01313-x. (PMID: 33522932).
Kabzinski J, Maczynska M, Majsterek |. MicroRNA as a novel biomarker
in the diagnosis of head and neck cancer. Biomolecules. 2021;11(6):844.
https://doi.org/10.3390/biom11060844. (PMID: 34198889).

Fuertes T, Salgado |, de Yébenes VG. MicroRNA fine-tuning of the germi-
nal center response. Front Immunol. 2021;12:660450. https://doi.org/10.
3389/fimmu.2021.660450.

Zhang H, LiY, Lai M. The microRNA network and tumor metastasis.
Oncogene. 2010;29(7):937-48. https://doi.org/10.1038/0nc.2009.406.
Gujrati H, Ha S, Mohamed A, Wang BD. MicroRNA-mRNA regulatory
network mediates activation of mTOR and VEGF signaling in African
American prostate cancer. Int J Mol Sci. 2022;23(7):2926. https://doi.org/
10.3390/ijms23062926. (PMID: 35328346).

Odder J. Regulation of pri-MIRNA processing: mechanistic insights into
the mi-RNA homeostasis in plant. Plant Cell Rep. 2021;40(5):783-98.
https://doi.org/10.1007/500299-020-02660-7. (PMID: 33454802).

Ivey KN, Srivastava D. MicroRNAs as developmental regulators. Cold
Spring Harb Perspect Biol. 2015;7(7):a008144. https://doi.org/10.1101/
cshperspect.a008144.

Jin W, Wang J, Liu CP, Wang HW, Xu RM. Structural basis for pri-miRNA
recognition by drosha. Mol Cell. 2020;78(3):423-433.e5. https://doi.org/
10.1016/j.molcel.2020.02.024. (PMID: 32220645).

Yang Y, Fang S. Small non-coding RNAs-based bone regulation and
targeting therapeutic strategies. Mol Cell Endocrinol. 2016;456:16-35.
https://doi.org/10.1016/jmce.2016.11.018. (PMID: 27888003).

Hill M, Tran N. miRNA interplay: mechanisms and consequences in
cancer. Disease Models Mech. 2021;14(4):047662. https://doi.org/10.
1242/dmm.047662.

Makitie RE, Hackl M, Niinimaki R, Kakko S, Grillari J, Makitie O. Altered
MicroRNA profile in osteoporosis caused by impaired WNT signaling. J
Clin Endocrinol Metab. 2018;103(5):1985-96. https://doi.org/10.1210/jc.
2017-02585. (PMID: 29506076).

Amjadi-Moheb F, Hosseini SR, Kosari-Monfared M, Ghadami E, Noored-
dini H, Akhavan-Niaki H. A specific haplotype in potential miRNAs
binding sites of secreted frizzled-related protein 1 (SFRP1) is associated
with BMD variation in osteoporosis. Gene. 2018;677:132-41. https://doi.
0rg/10.1016/jgene.2018.07.061. (PMID: 30055306).

Jarroux J, Morillon A, Pinskaya M. History, discovery, and classification
of IncRNAs. Adv Exp Med Biol. 2017;1008:1-46. https://doi.org/10.1007/
978-981-10-5203-3_1. (PMID: 28815535).

Bridges MC, Daulagala AC, Kourtidis A. LNCcation: IncRNA localization
and function. J Cell Biol. 2021,220(2):e202009045. https://doi.org/10.
1083/jcb.202009045.

Sur S, Ray RB. Emerging role of INcRNA ELDR in development and can-
cer. FEBS J. 2022;289(11):3011-23. https://doi.org/10.1111/febs.15876.
(PMID: 33860640).

Qian X, Zhao J, Yeung PY, Zhang QC, Kwok CK. Revealing INncRNA
structures and interactions by sequencing-based approaches. Trends
Biochem Sci. 2019;44(1):33-52. https://doi.org/10.1016/].tibs.2018.09.
012. (PMID: 30459069).

Mukhametov U, Lyulin S, Borzunov D, Sufianova G, Shumadalova A,
Zhang D, Gareev I. Functions of the bone morphogenetic protein
signaling pathway through non-coding RNAs. Noncoding RNA Res.
2022;7(3):178-83. https://doi.org/10.1016/j.ncrna.2022.07.002. (PMID:
35892126).

Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncod-
ing RNAs. Cell. 2019;136(3):629-41. https://doi.org/10.1016/j.cell.2009.
02.006. (PMID: 19239885).

Wang KC, Chang HY. Molecular mechanisms of long noncoding RNAs.
Mol Cell. 2011;43(6):904-14. https://doi.org/10.1016/j.molcel.2011.08.
018. (PMID: 21925379).

Okuyan HM, Begen MA. LncRNAs in osteoarthritis. Clin Chim Acta.
2022;532:145-63. https://doi.org/10.1016/j.cca.2022.05.030. (PMID:
35667478).

Polvani S, Martignano F, Scoccianti G, Pasqui A, Palomba AR, Conti-
cello S, Galli A, Palchetti I, Caporalini C, Antonuzzo L, Campanacci DA,
Pillozzi S. Growth arrest-specific 5 INcRNA as a valuable biomarker of


https://doi.org/10.1007/978-981-13-3681-2_16
https://doi.org/10.3390/ijms21010349.PMID:31948061
https://doi.org/10.3390/ijms21010349.PMID:31948061
https://doi.org/10.1016/j.ijsu.2019.03.004
https://doi.org/10.2174/1573399816666200324152517
https://doi.org/10.1097/MED.0000000000000197
https://doi.org/10.1053/j.ajkd.2020.12.024
https://doi.org/10.1186/s40659-020-00309-z
https://doi.org/10.1186/s40659-020-00309-z
https://doi.org/10.3389/fcell.2020.619301
https://doi.org/10.1016/j.cell.2019.10.017
https://doi.org/10.3389/fphar.2021.722804
https://doi.org/10.3389/fphar.2021.722804
https://doi.org/10.2174/1871530319666190904161707
https://doi.org/10.1080/15476286.2021.1913551
https://doi.org/10.1038/s41419-020-03276-1
https://doi.org/10.1038/s41419-020-03276-1
https://doi.org/10.1016/j.cyto.2021.155495
https://doi.org/10.1016/j.cyto.2021.155495
https://doi.org/10.1038/nrendo.2013.154
https://doi.org/10.1038/nrendo.2013.154
https://doi.org/10.1016/j.biocel.2015.09.008
https://doi.org/10.1016/j.biocel.2015.09.008
https://doi.org/10.3389/fimmu.2022.847728
https://doi.org/10.3389/fimmu.2022.847728
https://doi.org/10.1080/15476286.2021.1880181
https://doi.org/10.1186/s12943-021-01313-x
https://doi.org/10.3390/biom11060844
https://doi.org/10.3389/fimmu.2021.660450
https://doi.org/10.3389/fimmu.2021.660450
https://doi.org/10.1038/onc.2009.406
https://doi.org/10.3390/ijms23062926
https://doi.org/10.3390/ijms23062926
https://doi.org/10.1007/s00299-020-02660-7
https://doi.org/10.1101/cshperspect.a008144
https://doi.org/10.1101/cshperspect.a008144
https://doi.org/10.1016/j.molcel.2020.02.024
https://doi.org/10.1016/j.molcel.2020.02.024
https://doi.org/10.1016/j.mce.2016.11.018
https://doi.org/10.1242/dmm.047662
https://doi.org/10.1242/dmm.047662
https://doi.org/10.1210/jc.2017-02585
https://doi.org/10.1210/jc.2017-02585
https://doi.org/10.1016/j.gene.2018.07.061
https://doi.org/10.1016/j.gene.2018.07.061
https://doi.org/10.1007/978-981-10-5203-3_1
https://doi.org/10.1007/978-981-10-5203-3_1
https://doi.org/10.1083/jcb.202009045
https://doi.org/10.1083/jcb.202009045
https://doi.org/10.1111/febs.15876
https://doi.org/10.1016/j.tibs.2018.09.012
https://doi.org/10.1016/j.tibs.2018.09.012
https://doi.org/10.1016/j.ncrna.2022.07.002
https://doi.org/10.1016/j.cell.2009.02.006
https://doi.org/10.1016/j.cell.2009.02.006
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1016/j.cca.2022.05.030

An et al. Cell Division

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54,

55.

56.

57.

(2023) 18:3

chemoresistance in osteosarcoma. Anticancer Drugs. 2022;33(3):278-
85. https://doi.org/10.1097/CAD. (PMID: 35045526).

Sanger HL, Klotz G, Riesner D, Gross HJ, Kleinschmidt AK. Viroids are
single-stranded covalently closed circular RNA molecules exist-

ing as highly base-paired rod-like structures. Proc Natl Acad Sci.
1976;73(11):3852-6. https://doi.org/10.1073/pnas.73.11.3852. (PMID:
1069269).

Liu CX, Chen LL. Circular RNAs: characterization, cellular roles, and
applications. Cell. 2022;185(12):2016-34. https://doi.org/10.1016/j.cell.
2022.04.021. (PMID: 35584701).

Sinha T, Panigrahi C, Das D, Chandra Panda A. Circular RNA translation, a
path to hidden proteome. Wiley Interdiscip Rev RNA. 2021;13(1):e1685.
https://doi.org/10.1002/wrna.1685.

Bauer-Negrini G, Cordenonsi da Fonseca G, Gottfried C, Herbert J.
Usability evaluation of circRNA identification tools: development

of a heuristic-based framework and analysis. Comput Biol Med.
2022;147:105785. https://doi.org/10.1016/j.compbiomed.2022.105785.
LiY,Wang F, Teng P Ku L, Chen L, Feng Y, Yao B. Accurate identifica-
tion of circRNA landscape and complexity reveals their pivotal roles in
human oligodendroglia differentiation. Genome Biol. 2022;23(1):48.
https://doi.org/10.1186/513059-022-02621-1. (PMID: 35130952).
Chen B, Huang S. Circular RNA: An emerging non-coding RNA as a
regulator and biomarker in cancer. Cancer Lett. 2018;418:41-50. https://
doi.org/10.1016/j.canlet.2018.01.011. (PMID: 29330104).

Liu J, Qiu G, Wang H, Li N, Liao X. CircRNA-ABCB10 promotes gastric
cancer progression by sponging miR-1915-3p to upregulate RaC1. Dig
Liver Dis. 2022;54(7):896-904. https://doi.org/10.1016/j.dld.2021.12.001.
(PMID: 34987010).

Song C, Zhang Y, Huang W, Shi J, Huang Q, Jiang M, Qiu Y, Wang T,
Chen H, Wang H. Circular RNA Cwc27 contributes to Alzheimer’s
disease pathogenesis by repressing Pur-a activity. Cell Death Differ.
2022;29(2):393-406. https://doi.org/10.1038/541418-021-00865-1.
(PMID: 34504314).

Patop IL, WUst S, Kadener S. Past, present, and future of circRNAs. EMBO
J.2019;38(16):2100836. https://doi.org/10.15252/embj.2018100836.
Jeck WR, Sorrentino JA, Wang K, Slevin MK, Burd CE, Liu J, Marzluff WF,
Sharpless NE. RNAs are abundant, conserved, and associated with ALU
repeats. RNA. 2013;19(2):141-57. https://doi.org/10.1261/rna.035667.
112. (PMID: 23249747).

Kristensen LS, Andersen MS, Stagsted LVW, Ebbesen KK, Hansen TB,
Kjems J. The biogenesis, biology and characterization of circular RNAs.
Nat Rev Genet. 2019;20(11):675-91. https://doi.org/10.1038/541576-
019-0158-7. (PMID: 31395983).

Nusse R, Brown A, Papkoff J, Scambler P, Shackleford G, McMahon A,
Moon R, Varmus H. A new nomenclature for int-1 and related genes:
the Wnt gene family. Cell. 1991,64(2):231. https://doi.org/10.1016/0092-
8674(91)90633-a. (PMID: 1846319).

Sharma RP, Chopra VL. Effect of the Wingless (wg1) mutation on wing
and haltere development in Drosophila melanogaster. Develop Biol.
1976;48(2):461-5. https://doi.org/10.1016/0012-1606(76)90108-1.

Rim EY, Clevers H, Nusse R. The Wnt pathway: from signaling mecha-
nisms to synthetic modulators. Annu Rev Biochem. 2022,91:571-98.
https://doi.org/10.1146/annurev-biochem-040320-103615. (PMID:
35303793).

Nishimura R, Hata K, Kida J. Regulation of osteoblasts and chondrocytes
by Wnt signaling. Clin Calcium. 2019;29(3):299-307. https://doi.org/10.
20837/4201903299. (PMID: 30814374).

Miller KM, Marfull-Oromi P, Zou Y. Characterization of axon guid-

ance phenotypes in Wnt/PCP mutant mice. Methods Mol Biol.
2022;2438:277-86. https://doi.org/10.1007/978-1-0716-2035-9_17.
(PMID: 35147948).

De A.Wnt/Ca2+ signaling pathway: a brief overview. Acta Biochim
Biophys Sin (Shanghai). 2011;43(10):745-56. https://doi.org/10.1093/
abbs/gmr079. (PMID: 21903638).

Elseweidy MM, EI-Swefy SE, Shaheen MA, Baraka NM, Hammad SK.
Effect of resveratrol and mesenchymal stem cell monotherapy and
combined treatment in management of osteoporosis in ovariecto-
mized rats: role of SIRT1/FOXO3a and Wnt/B-catenin pathways. Arch
Biochem Biophys. 2021;703:108856. https://doi.org/10.1016/j.abb.2021.
108856.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

Page 150f 17

Wang Y, Li YP, Paulson C, Shao JZ, Zhang X, Wu M, Chen W.Wnt and the
Whnt signaling pathway in bone development and disease. Front Biosci.
2014;19(3):379-407. https://doi.org/10.2741/4214. (PMID: 2438919).
Wu 'S, Yu Q Lai A, Tian J. Pulsed electromagnetic field induces
Ca’*-dependent osteoblastogenesis in C3H10T1/2 mesenchymal cells
through the Wnt-Ca?*/Wnt-B-catenin signaling pathway. Biochem
Biophys Res Commun. 2018;503(2):715-21. https://doi.org/10.1016/].
bbrc.2018.06.066. (PMID: 29909008).

Sharma A, Mir R, Galande S. Epigenetic regulation of the Wnt/f3-catenin
signaling pathway in cancer. Front Genet. 2021;12:681053. https://doi.
0rg/10.3389/fgene.2021.681053.

MacDonald BT, He X. Frizzled and LRP5/6 receptors for Wnt/[3-catenin
signaling. Cold Spring Harb Perspect Biol. 2012;4(12):a007880. https://
doi.org/10.1101/cshperspect.a007880.

Zheng J, Zhang L, Tan Z, Zhao Q, Wei X, Yang Y, Li R. Bmal1- and Per2-
mediated regulation of the osteogenic differentiation and proliferation
of mouse bone marrow mesenchymal stem cells by modulating the
Wnt/[R-catenin pathway. Mol Biol Rep. 2022;49(8):4485-501. https://doi.
0rg/10.1007/511033-022-07292-6. (PMID: 35386071).

Hao RX, Zhang L, Yang HJ, Zhang ZJ, Yue J, Pan H, Zhou H, Quan RF.
Experimental study of proteasome inhibitor MG132 up-regulates
Wnt/[-catenin signaling pathway to improve osteoporosis. Zhongguo
Gu Shang. 2022;35(1):59-64. https://doi.org/10.12200/j.issn.1003-0034.
2022.01.012. (PMID: 35130601).

ChenT, Gao F, Luo D, Wang S, Zhao Y, Liu S, Huang J, Lin Y, Zhang Z,
Huang H, Wan L. Cistanoside A promotes osteogenesis of primary
osteoblasts by alleviating apoptosis and activating autophagy

through involvement of the Wnt/B-catenin signal pathway. Ann Transl
Med. 2022;10(2):64. https://doi.org/10.21037/atm-21-6742. (PMID:
35282110).

Mannino F, D'’Angelo T, Pallio G, leni A, Pirrotta |, Giorgi DA, Scarfone

A, Mazziotti S, Booz C, Bitto A, Squadrito F, Irrera N. The nutraceutical
genistein-lycopene combination improves bone damage induced by
glucocorticoids by stimulating the osteoblast formation process. Nutri-
ents. 2022;14(20):4296. https://doi.org/10.3390/nu14204296. (PMID:
36296984).

Tanaka T, Takahashi A, KobayashiY, Saito M, Xiaolong S, Jingquan C, Ito
Y, Kato T, Ochi H, Sato S, Yoshii T, Okawa A, Carlsson P, Inose H. Foxf2
represses bone formation via Wnt2b/[3-catenin signaling. Exp Mol Med.
2022;54(6):753-64. https://doi.org/10.1038/512276-022-00779-z. (PMID:
35668101).

Dawson K, Aflaki M, Nattel S. Role of the Wnt-Frizzled system in cardiac
pathophysiology: a rapidly developing, poorly understood area with
enormous potential. J Physiol. 2012;591(6):1409-32. https://doi.org/10.
1113/jphysiol.2012.235382.PMID:23207593;PMCID:PMC3607163.

Hayat R, Manzoor M, Hussain A. Wnt signaling pathway: a comprehen-
sive review. Cell Biol Int. 2022;46(6):863-77. https://doi.org/10.1002/
cbin.11797. (PMID: 35297539).

Gregory MA, Phang TL, Neviani P, Alvarez-Calderon F, Eide CA, O'Hare

T, Zaberezhnyy V, Williams RT, Druker BJ, Perrotti D, Degregori J. Wnt/
Ca2+/NFAT signaling maintains survival of Ph+4- leukemia cells upon
inhibition of Bcr-Abl. Cancer Cell. 2010;18(1):74-87. https://doi.org/10.
1016/j.ccr.2010.04.025. (PMID: 20609354).

Katoh M, Katoh M. Molecular genetics and targeted therapy of WNT-
related human diseases (Review). Int J Mol Med. 2017;40(3):587-606.
https://doi.org/10.3892/ijmm.2017.3071.

Martineau X, Abed E, Martel-Pelletier J, Pelletier JP, Lajeunesse D. Altera-
tion of Wnt5a expression and of the non-canonical Wnt/PCP and Wnt/
PKC-Ca2+ pathways in human osteoarthritis osteoblasts. PLoS One.
2017;12(8):¢0180711. https://doi.org/10.1371/journal.pone.0180711.
Hosseini-Farahabadi S, Geetha-Loganathan P, Fu K, Nimmagadda S,
Yang HJ, Richman JM. Dual functions for WNT5A during cartilage devel-
opment and in disease. Matrix Biol. 2013;32(5):252-64. https://doi.org/
10.1016/j.matbio.2013.02.005. (PMID: 23474397).

Wan'Y, Lantz B, Cusack BJ, Szabo-Rogers HL. Prickle1 regulates differen-
tiation of frontal bone osteoblasts. Sci Rep. 2018;8(1):18021. https://doi.
0rg/10.1038/541598-018-36742-0. (PMID: 30575813).

LiJ,Hu C, Han L, Liu L, Jing W, Tang W, Tian W, Long J. MiR-154-5p regu-
lates osteogenic differentiation of adipose-derived mesenchymal stem


https://doi.org/10.1097/CAD
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.1016/j.cell.2022.04.021
https://doi.org/10.1016/j.cell.2022.04.021
https://doi.org/10.1002/wrna.1685
https://doi.org/10.1016/j.compbiomed.2022.105785
https://doi.org/10.1186/s13059-022-02621-1
https://doi.org/10.1016/j.canlet.2018.01.011
https://doi.org/10.1016/j.canlet.2018.01.011
https://doi.org/10.1016/j.dld.2021.12.001
https://doi.org/10.1038/s41418-021-00865-1
https://doi.org/10.15252/embj.2018100836
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1261/rna.035667.112
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1016/0092-8674(91)90633-a
https://doi.org/10.1016/0092-8674(91)90633-a
https://doi.org/10.1016/0012-1606(76)90108-1
https://doi.org/10.1146/annurev-biochem-040320-103615
https://doi.org/10.20837/4201903299
https://doi.org/10.20837/4201903299
https://doi.org/10.1007/978-1-0716-2035-9_17
https://doi.org/10.1093/abbs/gmr079
https://doi.org/10.1093/abbs/gmr079
https://doi.org/10.1016/j.abb.2021.108856
https://doi.org/10.1016/j.abb.2021.108856
https://doi.org/10.2741/4214
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.3389/fgene.2021.681053
https://doi.org/10.3389/fgene.2021.681053
https://doi.org/10.1101/cshperspect.a007880
https://doi.org/10.1101/cshperspect.a007880
https://doi.org/10.1007/s11033-022-07292-6
https://doi.org/10.1007/s11033-022-07292-6
https://doi.org/10.12200/j.issn.1003-0034.2022.01.012
https://doi.org/10.12200/j.issn.1003-0034.2022.01.012
https://doi.org/10.21037/atm-21-6742
https://doi.org/10.3390/nu14204296
https://doi.org/10.1038/s12276-022-00779-z
https://doi.org/10.1113/jphysiol.2012.235382.PMID:23207593;PMCID:PMC3607163
https://doi.org/10.1113/jphysiol.2012.235382.PMID:23207593;PMCID:PMC3607163
https://doi.org/10.1002/cbin.11797
https://doi.org/10.1002/cbin.11797
https://doi.org/10.1016/j.ccr.2010.04.025
https://doi.org/10.1016/j.ccr.2010.04.025
https://doi.org/10.3892/ijmm.2017.3071
https://doi.org/10.1371/journal.pone.0180711
https://doi.org/10.1016/j.matbio.2013.02.005
https://doi.org/10.1016/j.matbio.2013.02.005
https://doi.org/10.1038/s41598-018-36742-0
https://doi.org/10.1038/s41598-018-36742-0

An et al. Cell Division

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

(2023) 18:3

cells under tensile stress through the Wnt/PCP pathway by targeting
Wnt11.Bone. 2015;78:130-41. https://doi.org/10.1016/j.bone.2015.05.
003. (PMID: 25959411).

Lin S, Pandruvada S, Yu H. Inhibition of sphingosine-1-phosphate recep-
tor 2 by JTEO13 promoted osteogenesis by increasing vesicle trafficking,
Wnt/Ca2+, and BMP/Smad signaling. Int J Mol Sci. 2021;22(21):12060.
https://doi.org/10.3390/ijms222112060. (PMID: 34769490).

Wu'S, Yu Q Lai A. Pulsed electromagnetic field induces Ca2*dependent
osteoblast ogenesis in C3H10T1/2 mesenchymal cells through the
Wnt-Ca2+/Wnt-B-catenin signaling pathway. Biochem Biophys Res
Commun. 2018;503(2):715-21. https://doi.org/10.1016/j.bbrc.2018.06.
066. (PMID: 29909008).

Wang J, Chen J, Zhang B, Jia X. IL-6 regulates the bone metabolism and
inflammatory microenvironment in aging mice by inhibiting Setd7.
Acta Histochem. 2021;123(5):151718. https://doi.org/10.1016/j.acthis.
2021.151718.

Florencio-Silva R, Sasso GR, Simdes MJ, Simdes RS, Baracat MC,
Sasso-Cerri E. Cerri PS (2017) osteoporosis and autophagy: what is the
relationship? Rev Assoc Med Bras. 1992;63(2):173-9. https://doi.org/10.
1590/1806-9282.63.02.173. (PMID: 28355379).

Kimball JS, Johnson JP, Carlson DA. Oxidative stress and osteoporosis.
JBone Joint Surg Am. 2021;103(15):1451-61. https://doi.org/10.2106/
JBJS.20.00989. (PMID: 34014853).

Lu X, Zhang Y, Zheng Y, Chen B.The miRNA-15b/USP7/KDM6B axis
engages in the initiation of osteoporosis by modulating osteoblast
differentiation and autophagy. J Cell Mol Med. 2021;25(4):2069-81.
https://doi.org/10.1111/jcmm.16139. (PMID: 33434305).

FuY,XuY, Chen S, Ouyang Y, Sun G. MiR-151a-3p promotes postmeno-
pausal osteoporosis by targeting SOCS5 and activating JAK2/STAT3
signaling. Rejuvenation Res. 2020;23(4):313-23. https://doi.org/10.1089/
rej.2019.2239. (PMID: 31411118).

LiK, ChenS, Cai P, Chen K, LiL, Yang X, Yi J, Luo X, DuY, Zheng H.
MIRNA-483-5p is involved in the pathogenesis of osteoporosis by
promoting osteoclast differentiation. Mol Cell Probes. 2020;49:101479.
https://doi.org/10.1016/j.mcp.2019.101479.

MaTL, Zhu P, Ke ZR, Chen JX, Hu YH, Xie J. Focusing on OB-OC-M®

axis and miR-23a to explore the pathogenesis and treatment strategy
of osteoporosis. Front Endocrinol. 2022;13:891313. https://doi.org/10.
3389/fendo.

Ramirez-Salazar EG, Almeraya EV, Lopez-Perez TV, Jiménez-Salas Z,
Patifio N. MicroRNA-1270 inhibits cell proliferation, migration, and inva-
sion via targeting IRF8 in osteoblast-like cell lines. Curr Issues Mol Biol.
2022;44(3):1182-90. https://doi.org/10.3390/cimb44030077. (PMID:
35723300).

Huang S, Zhu X, Xiao D, Zhuang J, Liang G, Liang C, Zheng X, Ke Y,
Chang Y. LncRNA SNHG1 was down-regulated after menopause and
participates in postmenopausal osteoporosis. 2019. Biosci Rep. https://
doi.org/10.1042/BSR20190445.

Liu X, Chen M, Liu Q, Li G, Yang P, Zhang G. LncRNA PTCSC3 is upregu-
lated in osteoporosis and negatively regulates osteoblast apoptosis.
BMC Med Genomics. 2022;15(1):57. https://doi.org/10.1186/512920-
022-01182-3. (PMID: 35296322).

Yu H, Zhou W, Yan W, Xu Z, Xie Y, Zhang P. LncRNA CASC11 is upregu-
lated in postmenopausal osteoporosis and is correlated with TNF-a.
Clin Interv Aging. 2019;14:1663-9. https://doi.org/10.2147/CIA.5205796.
(PMID:31571846).

Wang C, Xie Q, Sun W, Zhou Y, Liu Y. IncRNA WT1-AS is upregulated in
osteoporosis and regulates the apoptosis of osteoblasts by interacting
with p53. Exp Ther Med. 2021;22(1):734. https://doi.org/10.3892/etm.
2021.10166. (PMID: 34055051).

Qian G, YuY, Dong Y, Hong Y, Wang M. LncRNA AWPPH is downregu-
lated in osteoporosis and regulates type | collagen al and a2 ratio. Arch
Physiol Biochem. 2020;17(5):1-5. https://doi.org/10.1080/13813455.
(PMID: 32552067).

Chen X, Ma F, Zhai N, Gao F, Cao G. Long non-coding RNA XIST inhibits
osteoblast differentiation and promotes osteoporosis via Nrf2 hyper-
activation by targeting CUL3. Int J Mol Med. 2021;48(1):137. https://doi.
org/10.3892/ijmm. (PMID: 34036379).

Liu Z, Liu Q Chen S, Su H, Jiang T. Circular RNA Circ_0005564 promotes
osteogenic differentiation of bone marrow mesenchymal cells in

92.

93.

94.

95.

9.

97.

98.

99.

103.

104.

105.

106.

107.

Page 16 of 17

osteoporosis. Bioengineered. 2021;12(1):4911-23. https://doi.org/10.
1080/21655979. (PMID: 34374320).

Zhao K, Zhao Q, Guo Z, Chen Z,Hu Y, Su J, Chen L, He Z, Cai X, Chen

M, Zheng L, Wang W, Wang Q. Hsa_Circ_0001275: a potential novel
diagnostic biomarker for postmenopausal osteoporosis. Cell Physiol
Biochem. 2018;46(6):2508-16. https://doi.org/10.1159/000489657.
(PMID: 29742503).

Xiang S, Wu Y, Shi H, Xue L, Luo K, Ding Y. Circular RNA hsa_
circ_0001445 in plasma as a novel biomarker for osteoporosis in
postmenopausal women. Biomark Med. 2020;14(16):1599-607. https://
doi.org/10.2217/bmm-2020-0447. (PMID: 33140658).

FuY,Hu X, GaoY, Li K, Fu Q, Liu Q, Liu D, Zhang Z, Qiao J. LncRNA ROR/
miR-145-5p axis modulates the osteoblasts proliferation and apoptosis
in osteoporosis. Bioengineered. 2021;12(1):7714-23. https://doi.org/10.
1080/21655979. (PMID: 34617877).

Cong C, Tian J, Gao T, Zhou C,Wang Y, Cui X, Zhu L. INcRNA GAS5 Is
upregulated in osteoporosis and downregulates miR-21 to promote
apoptosis of osteoclasts. Clin Interv Aging. 2020;15:1163-9. https://doi.
0rg/10.2147/CIA.S235197. (PMID: 32764903).

LiT, Jiang H, LiY, Zhao X, Ding H. Estrogen promotes INCRNA H19
expression to regulate osteogenic differentiation of BMSCs and

reduce osteoporosis via miR-532-3p/SIRT1 axis. Mol Cell Endocrinol.
2021;527:111171. https//doi.org/10.1016/j.mce.

Zhang N, Hu X, He S, Ding W, Wang F, Zhao Y, Huang Z. LncRNA MSC-
AS1 promotes osteogenic differentiation and alleviates osteoporosis
through sponging microRNA-140-5p to upregulate BMP2. Biochem
Biophys Res Commun. 2019;519(4):790-6. https://doi.org/10.1016/j.
bbrc. (PMID: 31551149).

Li M, Li C, Zheng H, Zhou Z, Yang W, Gong Y, Wu X, Li L. Cir-
cRNA_0001795 sponges miRNA-339-5p to regulate yes-associated
protein 1 expression and attenuate osteoporosis progression. Bioengi-
neered. 2022;13(2):2803-15. https://doi.org/10.1080/21655979. (PMID:
35040370).

Feng Y, Ding L, Li L. LPS-inducible circAtp9b is highly expressed in
osteoporosis and promotes the apoptosis of osteoblasts by reducing
the formation of mature miR-17-92a. J Orthop Surg Res. 2022;17(1):193.
https://doi.org/10.1186/513018-022-03072-x. (PMID: 35346278).

He W, Shi X, Guo Z, Wang H, Kang M, Lv Z. Circ_0019693 promotes
osteogenic differentiation of bone marrow mesenchymal stem cell
and enhances osteogenesis-coupled angiogenesis via regulating
microRNA-942-5p-targeted purkinje cell protein 4 in the development
of osteoporosis. Bioengineered. 2022;13(2):2181-93. https://doi.org/10.
1080/21655979. (PMID: 35030971).

Lv G, ChenY, Cheng Z, Lin L, Shen H. Circ_0006873 sponges miR-142-5p
to inhibit osteoblastic differentiation of hBMSCs via regulating PTEN/
Akt signaling pathway. Ann Clin Lab Sci. 2022;52(1):48-59 (PMID:
35181618).

Mora-Raimundo P, Lozano D, Benito M, Mulero F, Manzano M,
Vallet-Regi M. Osteoporosis remission and new bone formation with
mesoporous silica nanoparticles. Adv Sci. 2021;8(16).e2101107. https://
doi.org/10.1002/advs.202101107.

Chen G,Wang S, Long C,Wang Z, Chen X, Tang W, He X, Bao Z, Tan

B, LuWW, Li Z,Yang D, Xiao G, Peng S. PIRNA-63049 inhibits bone
formation through Wnt/B-catenin signaling pathway. Int J Biol Sci.
2021;17(15):4409-25. https://doi.org/10.7150/ijbs.64533. (PMID:
34803507).

Li R, Ruan Q,Yin F, Zhao K. MiR-23b-3p promotes postmenopausal
osteoporosis by targeting MRC2 and regulating the Wnt/B-catenin
signaling pathway. J Pharmacol Sci. 2021;145(1):69-78. https://doi.org/
10.1016/jjphs. (PMID: 33357782).

Liu H, Yue X, Zhang G. Downregulation of miR-146a inhibits osteoporo-
sis in the jaws of ovariectomized rats by regulating the Wnt/B-catenin
signaling pathway. Int J Mol Med. 2021;47(3):6. https://doi.org/10.3892/
ijmm. (PMID: 33655338).

Li X, Peng B, Zhu X, Wang P, Sun K, Lei X, He H, Tian Y, Mo S, Zhang R,
Yang L. MiR-210-3p inhibits osteogenic differentiation and promotes
adipogenic differentiation correlated with Wnt signaling in ERa-
deficient rBMSCs. J Cell Physiol. 2019;234(12):23475-84. https://doi.org/
10.1002/jcp.28916. (PMID: 31190372).

FengY,Wan P, Yin L, Lou X. The Inhibition of MicroRNA-139-5p
promoted osteoporosis of bone marrow-derived mesenchymal stem


https://doi.org/10.1016/j.bone.2015.05.003
https://doi.org/10.1016/j.bone.2015.05.003
https://doi.org/10.3390/ijms222112060
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.1016/j.bbrc.2018.06.066
https://doi.org/10.1016/j.acthis.2021.151718
https://doi.org/10.1016/j.acthis.2021.151718
https://doi.org/10.1590/1806-9282.63.02.173
https://doi.org/10.1590/1806-9282.63.02.173
https://doi.org/10.2106/JBJS.20.00989
https://doi.org/10.2106/JBJS.20.00989
https://doi.org/10.1111/jcmm.16139
https://doi.org/10.1089/rej.2019.2239
https://doi.org/10.1089/rej.2019.2239
https://doi.org/10.1016/j.mcp.2019.101479
https://doi.org/10.3389/fendo
https://doi.org/10.3389/fendo
https://doi.org/10.3390/cimb44030077
https://doi.org/10.1042/BSR20190445
https://doi.org/10.1042/BSR20190445
https://doi.org/10.1186/s12920-022-01182-3
https://doi.org/10.1186/s12920-022-01182-3
https://doi.org/10.2147/CIA.S205796
https://doi.org/10.3892/etm.2021.10166
https://doi.org/10.3892/etm.2021.10166
https://doi.org/10.1080/13813455
https://doi.org/10.3892/ijmm
https://doi.org/10.3892/ijmm
https://doi.org/10.1080/21655979
https://doi.org/10.1080/21655979
https://doi.org/10.1159/000489657
https://doi.org/10.2217/bmm-2020-0447
https://doi.org/10.2217/bmm-2020-0447
https://doi.org/10.1080/21655979
https://doi.org/10.1080/21655979
https://doi.org/10.2147/CIA.S235197
https://doi.org/10.2147/CIA.S235197
https://doi.org/10.1016/j.mce
https://doi.org/10.1016/j.bbrc
https://doi.org/10.1016/j.bbrc
https://doi.org/10.1080/21655979
https://doi.org/10.1186/s13018-022-03072-x
https://doi.org/10.1080/21655979
https://doi.org/10.1080/21655979
https://doi.org/10.1002/advs.202101107
https://doi.org/10.1002/advs.202101107
https://doi.org/10.7150/ijbs.64533
https://doi.org/10.1016/j.jphs
https://doi.org/10.1016/j.jphs
https://doi.org/10.3892/ijmm
https://doi.org/10.3892/ijmm
https://doi.org/10.1002/jcp.28916
https://doi.org/10.1002/jcp.28916

An et al. Cell Division

108.

109.

110.

111,

112.

113.

114.

115.

118.

119.

120.

121.

(2023) 18:3

cells by targeting Wnt/Beta-catenin signaling pathway by NOTCH1. J
Microbiol Biotechnol. 2020;30(3):448-58. https://doi.org/10.4014/jmb.
1908.08036. (PMID: 31752063).

Hu H, Zhao C, Zhang P, Liu'Y, Jiang Y, Wu E, Xue H, Liu C, Li Z. MiR-

26b modulates OA induced BMSC osteogenesis through regulating
GSK3B/B-catenin pathway. Exp Mol Pathol. 2019;107:158-64. https://
doi.org/10.1016/j.yexmp.2019.02.003. (PMID: 30768922).

Shen JJ, Zhang CH, Chen ZW, Wang ZX, Yang DC, Zhang FL, Feng

KH. LncRNA HOTAIR inhibited osteogenic differentiation of BMSCs

by regulating Wnt/B-catenin pathway. Eur Rev Med Pharmacol Sci.
2019;23(17):7232-46. https://doi.org/10.26355/eurrev_201909_18826.
(PMID:31539110).

Wang CG, Hu YH, Su SL, Zhong D. LncRNA DANCR and miR-320a sup-
pressed osteogenic differentiation in osteoporosis by directly inhibiting
the Wnt/B-catenin signaling pathway. Exp Mol Med. 2020;52(80):1310-
25. https://doi.org/10.1038/512276-020-0475-0. (PMID: 32778797).
Yin C, Tian Y, YuY, Li D, Miao Z, Su P, Zhao Y, Wang X, Pei J, Zhang K, Qian
A. Long noncoding RNA AK039312 and AK079370 inhibits bone forma-
tion via miR-199b-5p. Pharmacol Res. 2021;163:105230. https://doi.org/
10.1016/j.phrs.

Mulati M, KobayashiY, Takahashi A, Numata H, Saito M, Hiraoka Y, Ochi
H, Sato S, Ezura Y, Yuasa M, Hirai T, Yoshii T, Okawa A, Inose H. The long
noncoding RNA Crnde regulates osteoblast proliferation through the
Wnt/[-catenin signaling pathway in mice. Bone. 2020;130:115076.
https://doi.org/10.1016/j.bone.

Yang K, Tian N, Liu H, Yang K, Tian N, Liu H, Tao XZ, Wang MX, Huang

W, et al. mesenchymal stem cells in the rat model of osteoporosis by
the Wnt/[B-catenin signaling pathway. Eur Rev Med Pharmacol Sci.
2019;23(10):4303-9. https://doi.org/10.26355/eurrev_201905_17935.
(PMID:31173302).

Huang Y, Xiao D, Huang S, Zhuang J, Zheng X, Chang Y, Yin D. Circular
RNA YAP1 attenuates osteoporosis through up-regulation of YAP1

and activation of Wnt/[-catenin pathway. Biomed Pharmacother.
2020;129:110365. https://doi.org/10.1016/j.biopha.

Zhang Z, Zhou H, Sun F, Han J, Han Y. Circ_FBLN1 promotes the prolif-
eration and osteogenic differentiation of human bone marrow-derived
mesenchymal stem cells by regulating let-7i-5p/FZD4 axis and Wnt/B3-
catenin pathway. J Bioenerg Biomembr. 2021;53(5):561-72. https://doi.
0rg/10.1007/510863-021-09917-0. (PMID: 34424449).

Chen G, Long C, Wang S, Wang Z, Chen X, Tang W, He X, Bao Z, Tan B,
Zhao J, Xie Y, Li Z,Yang D, Xiao G, Peng S. RNA circStag1 promotes bone
regeneration by interacting with HUR. Bone Res. 2022;10(1):32. https://
doi.org/10.1038/541413-022-00208-x. (PMID: 35361779).

Yu X, Rong PZ, Song MS, Shi ZW, Feng G, Chen XJ, Shi L, Wang CH, Pang
QJ. IncRNA SNHGT induced by SP1 regulates bone remodeling and
angiogenesis via sponging miR-181c-5p and modulating SFRP1/Wnt
signaling pathway. Mol Med. 2021;27(1):141. https://doi.org/10.1186/
510020-021-00392-2. (PMID: 34732133).

Xiang J, Fu HQ, Xu Z, Fan WJ, Liu F, Chen B. LncRNA SNHG1 attenuates
osteogenic differentiation via the miR-101/DKK1 axis in bone marrow

mesenchymal stem cells. Mol Med Rep. 2022;22(5):3715-22. https://doi.

0rg/10.3892/mmr. (PMID: 32901867).

Zhao G, Luo WD, Yuan'Y, Lin F, Guo LM, Ma JJ, Chen HB, Tang H, Shu J.
LINC02381, a sponge of miR-21, weakens osteogenic differentiation of
hUC-MSCs through KLF12-mediated Wnt4 transcriptional repression. J
Bone Miner Metab. 2022;40(1):66-80. https://doi.org/10.1007/500774-
021-01277-4. (PMID: 34778905).

Lu Y, Liu YK, Wan FY, Shi S, Tao R. CircSmg5 stimulates the osteogenic
differentiation of bone marrow mesenchymal stem cells by target-

ing the miR-194-5p/Fzd6 axis and beta-catenin signaling. Environ
Toxicol. 2022;37(3):593-602. https://doi.org/10.1002/tox.23425. (PMID:
34850997).

Huang Y, Wan S, Yang M. Circ_0067680 expedites the osteogenic
differentiation of human bone marrow-derived mesenchymal stem
cells through miR-4429/CTNNB1/Wnt/3-catenin pathway. Biol Direct.
2021;16(1):16. https://doi.org/10.1186/513062-021-00302-w. (PMID:
34649595).

Akkouch A, Eliason S, Sweat ME, Romero-Bustillos M, Zhu M, Qian F,
Amendt BA, Hong L. Enhancement of MicroRNA-200c on osteogenic
differentiation and bone regeneration by targeting Sox2-mediated Wnt

123.

124.

125.

Page 17 of 17

signaling and KIf4. Hum Gene Ther. 2019;30(11):1405-18. https://doi.
0rg/10.1089/hum.2019.019.

Liang WC, Fu WM, Wang YB, Sun YX, Xu LL, Wong CW, Chan KM, Li

G, Waye MM, Zhang JF. H19 activates Wnt signaling and promotes
osteoblast differentiation by functioning as a competing endogenous
RNA. Sci Rep. 2016;8(6):20121. https://doi.org/10.1038/srep20121.PMID:
26853553;PMCID:PMC4745008.

Yang J, Xu 'Y, Xue X, Zhang M, Wang S, Qi K. MicroRNA-26b regulates
BMSC osteogenic differentiation of TMJ subchondral bone through
B-catenin in osteoarthritis. Bone. 2022;162:116448. https://doi.org/10.
1016/j.bone.2022.116448.

Zhang Z, Jiang W, Hu M, Gao R, Zhou X. MiR-486-3p promotes osteo-
genic differentiation of BMSC by targeting CTNNBIP1 and activating the
Wnt/[B-catenin pathway. Biochem Biophys Res Commun. 2021;566:59-
66. https://doi.org/10.1016/j.bbrc.2021.05.098. (PMID: 34118593).

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

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

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

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

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.4014/jmb.1908.08036
https://doi.org/10.4014/jmb.1908.08036
https://doi.org/10.1016/j.yexmp.2019.02.003
https://doi.org/10.1016/j.yexmp.2019.02.003
https://doi.org/10.26355/eurrev_201909_18826
https://doi.org/10.1038/s12276-020-0475-0
https://doi.org/10.1016/j.phrs
https://doi.org/10.1016/j.phrs
https://doi.org/10.1016/j.bone
https://doi.org/10.26355/eurrev_201905_17935
https://doi.org/10.1016/j.biopha
https://doi.org/10.1007/s10863-021-09917-0
https://doi.org/10.1007/s10863-021-09917-0
https://doi.org/10.1038/s41413-022-00208-x
https://doi.org/10.1038/s41413-022-00208-x
https://doi.org/10.1186/s10020-021-00392-2
https://doi.org/10.1186/s10020-021-00392-2
https://doi.org/10.3892/mmr
https://doi.org/10.3892/mmr
https://doi.org/10.1007/s00774-021-01277-4
https://doi.org/10.1007/s00774-021-01277-4
https://doi.org/10.1002/tox.23425
https://doi.org/10.1186/s13062-021-00302-w
https://doi.org/10.1089/hum.2019.019
https://doi.org/10.1089/hum.2019.019
https://doi.org/10.1038/srep20121.PMID:26853553;PMCID:PMC4745008
https://doi.org/10.1038/srep20121.PMID:26853553;PMCID:PMC4745008
https://doi.org/10.1016/j.bone.2022.116448
https://doi.org/10.1016/j.bone.2022.116448
https://doi.org/10.1016/j.bbrc.2021.05.098

	Network regulatory mechanism of ncRNA on the Wnt signaling pathway in osteoporosis
	Abstract 
	Introduction
	Overview of non-coding RNA
	miRNA
	LncRNA
	CircRNA
	Wnt signaling pathway in osteoporosis
	Canonical Wntβ-catenin pathway
	Non-canonical Wntβ-catenin pathway

	ncRNA in osteoporosis
	miRNA in osteoporosis
	LncRNA in osteoporosis
	CircRNA in osteoporosis
	Regulation of ncRNA in osteoporosis
	Role of the ncRNAWnt axis in osteoporosis
	Role of the miRNAWNT axis in osteoporosis
	Role of LncRNAWnt axis in osteoporosis
	Role of the CircRNAWnt axis in osteoporosis
	Role of the ncRNA in Wnt signal pathway
	Role of ncRNAWnt pathways on bone remodeling

	Conclusion and prospects
	Acknowledgements
	References


