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Aims

This study explored the shared genetic traits and molecular interactions between postmeno-
pausal osteoporosis (POMP) and sarcopenia, both of which substantially degrade elderly health
and quality of life. We hypothesized that these motor system diseases overlap in pathophysiol-
ogy and regulatory mechanisms.

Methods

We analyzed microarray data from the Gene Expression Omnibus (GEO) database using
weighted gene co-expression network analysis (WGCNA), machine learning, and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis to identify common genetic
factors between POMP and sarcopenia. Further validation was done via differential gene
expression in a new cohort. Single-cell analysis identified high expression cell subsets, with
mononuclear macrophages in osteoporosis and muscle stem cells in sarcopenia, among others.
A competitive endogenous RNA network suggested regulatory elements for these genes.

Results

Signal transducer and activator of transcription 3 (STAT3) was notably expressed in both
conditions. Single-cell analysis pinpointed specific cells with high STAT3 expression, and
microRNA (miRNA)-125a-5p emerged as a potential regulator. Experiments confirmed the crucial
role of STAT3 in osteoclast differentiation and muscle proliferation.

Conclusion

STAT3 has emerged as a key gene in both POMP and sarcopenia. This insight positions STAT3
as a potential common therapeutic target, possibly improving management strategies for these
age-related diseases.

Article focus sarcopenia through weighted gene

* Identify common genetic characteristics

between postmenopausal osteoporosis
and sarcopenia using bioinformatics
approaches.

Validate whether signal transducer and
activator of transcription 3 (STAT3) is a
shared key gene implicated in both
diseases with differential expression
analysis and cell experiments.

Explore the regulatory mechanisms of
STAT3 by constructing a competing
endogenous RNA (ceRNA) network.

Key messages

STAT3 was identified as a highly expressed
gene common to both osteoporosis and

coexpression network analysis.

STAT3 plays pivotal roles in osteoclast
differentiation and muscle cell prolifera-
tion, as confirmed by knockdown and
overexpression cell studies.

MicroRNA (miRNA)-125a-5p was predicted
as a regulatory factor of STAT3 and could
be a therapeutic target. Single-cell analysis
revealed specific cell subsets with high
STAT3 expression in each disease, provid-
ing a basis for experimental validation.

Strengths and limitations

Multiple bioinformatics  approaches
systematically analyzed datasets from
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Gene Expression Omnibus (GEO) to identify STAT3.

* Findings were validated with differential expression
analysis in a separate cohort and experimental cell studies.
ceRNA network provided insights into potential regulatory
mechanisms of STAT3.

* This study was limited to computational analysis of existing
datasets, so further mechanistic studies are needed.
Specific signalling pathways involving STAT3 require further
elucidation.

Introduction

Postmenopausal osteoporosis (POMP) is the most common
motor system disease in postmenopausal women and is
characterized by decreased bone mass and bone microstruc-
ture disorders, which exist in more than 50% of postmeno-
pausal women.' Sarcopenia is a kind of motor system disease
related to ageing that mainly manifests as a decrease in
muscle mass and muscle strength. Sarcopenia increases the
risk of falls and fractures in the elderly, and affects qual-
ity of life and self-care ability.” To date, dual-energy X-ray
absorptiometry has been used to assess POMP and sarco-
penia.’ Overall, 68% of women diagnosed with sarcopenia
suffer from osteoporosis.* Coin et al® reported a positive
correlation between bone mineral density (BMD) and muscle
mass; that is, patients with low BMD also have less muscle
mass. The term “osteosarcopenia” has been used in patients
with both sarcopenia and osteoporosis. Therefore, these two
diseases often do not exist independently, and there is a close
relationship between them.

An increasing number of studies have found that bone
and muscle, as two important parts of the motor system, are
regulated by a variety of common factors.® Muscle cells and
bone cells both come from mesenchymal progenitor cells, at
the earliest stage of cell development.” After maturity, the two
are not only neighbours, but also have endocrine regula-
tory hormones, molecular signalling pathways, and common
therapeutic drugs, which affect their respective metabolisms.?
There is a close relationship between muscle and bone. On the
one hand, the mechanical force caused by muscle contraction
affects bone growth, bone geometry, and BMD; on the other
hand, muscle and bone can regulate each other’s synthesis
and catabolism by secreting muscle factors and bone factors.’
As age increases and activity decreases, the levels of these
hormones and cytokines decrease, resulting in the weakening
of bone and muscle anabolism and an increase in catabolism,
muscle hypertrophy/atrophy, and BMD; these losses occur in
parallel, leading to osteoporosis and sarcopenia.”®

However, the existing treatments for POMP or
sarcopenia are often aimed at only one disease. The thera-
peutic effect of osteoporosis therapy is often most obvious
within one year of treatment, and 10% to 15% of patients
who receive treatment do not experience an increase in bone
mass.'" For sarcopenia, the best treatment is exercise, but
its therapeutic effect is not substantial and there is a lack
of effective drug treamtents and treatment targets.'” This
phenomenon may be because the pathogeneses of these two
diseases are linked, so the treatment of one of the diseases
alone cannot achieve good results. The two diseases influence
each other, and it may be better to treat them simultane-
ously. At present, some research progress has been made on
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these molecular pathways. Muscle secretion of irisin may also
be a new common therapeutic target for osteoporosis and
sarcopenia.”” Vitamin D, as a drug to prevent osteoporotic
fracture, can effectively treat sarcopenia.'” Therefore, the two
diseases may have common targets, and drugs designed for
these targets may alleviate the symptoms of both diseases
simultaneously.

In this study, we analyzed microarray data from the
Gene Expression Omnibus (GEO) database using weighted
gene co-expression network analysis (WGCNA) to identify
co-expressed gene modules related to POMP and sarcopenia.
We then employed the machine-learning approach random
forest to screen for key genes. Differential gene expression
analysis was performed to validate the findings in inde-
pendent datasets. Single-cell RNA sequencing (scRNA-seq)
analysis was used to pinpoint the cell type-specific expression
patterns of the key gene. Finally, we constructed a competing
endogenous RNA (ceRNA) network to explore the potential
regulatory mechanism.

Methods
An overall research and design flowchart is shown in Supple-
mentary Figure a.

Data sources and processing
We selected and downloaded datasets related to sarcopenia
and osteoporosis from the GEO database (Supplementary
Table i). For bulk RNA-seq analysis, we used datasets GSE1428,
GSE136344, GSE7158, and GSE56814. These datasets were
derived from human skeletal muscle and blood monocytes,
with both female and mixed sex samples. For scRNA-seq
analysis, we used datasets GSE172410 and GSE147287, which
were derived from mouse skeletal muscle and human
mesenchymal stem cells, respectively. The sample sizes for
control and disease groups are listed in Supplementary Table i.
Data processing was executed using R (version 4.1.3;
R Foundation for Statistical Computing, Austria), utilizing
packages such as affy,”” lumi,'® and sva'’ for normalization,
quality assessment, and batch effect removal. Annotation of
the gene expression matrix was further refined using the
clusterProfiler package.'®

Gene network and pathway analysis

We applied WGCNA™ to datasets GSE1428 and GSE56814
for analyzing gene co-expression patterns related to osteo-
porosis and sarcopenia. Top genes were selected based on
standard deviation, followed by sample clustering and module
partitioning. Modules were then subjected to Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analysis
to elucidate their disease associations.”® Concurrently, we
constructed a protein-protein interaction (PPI) network of key
genes using the STRING database’' and identified hub genes
via the cytoHubba plugin.”

The overlapping genes from the positive correlation
modules of GSE1428 and GSE56814 were defined as gene set
1 (GS1), which was considered to be closely related to the
pathogenesis of sarcopenia and POMP.

Machine learning and differential expression analysis
GSE136344 and GSE7158 were used as validation datasets
to confirm the results obtained from the primary analysis
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of GSE1428 and GSE56814. The overlapping differentially
expressed genes between GSE136344 and GSE7158 were
defined as gene set 2 (GS2), which was used for validation
purposes. Random forest analysis was employed to discern
disease-related genes.” Differential gene expression analysis
was conducted using the limma package,” and the diagnos-
tic potential of these genes was assessed through receiver
operating characteristic (ROC) curves generated with the
pROC package.”

Single-cell analysis and ceRNA network construction
Single-cell analysis was performed using Seurat,”® Harmony,”
and other packages to pinpoint specific cell clusters express-
ing target genes. ceRNA network construction involved
predicting microRNA (miRNA) and long noncoding RNA
(IncRNA) targets related to signal transducer and activator of
transcription 3 (STAT3) using miRanda, miRDB, and TargetS-
can,” with the network visualized in Cytoscape software.***°

Cell culture

RAW264.7 (ATCC, CL-0190) cells and C2C12 (ATCC, CRL-1774)
cells were purchased from Procell (China). RAW264.7
cells were cultured in Minimum Essential Medium Alpha
(C3064-0500; VivaCell, China), 10% fetal bovine serum (FBS)
(BI.04-001-1ACS; Biological Industries, Israel), 1% penicil-
lin/streptomycin, and 5% carbon dioxide at 37°C. C2C12 cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(C11995500BT; Gibco, Thermo Fisher Scientific, USA), 10% FBS
(B1.04-001-1ACS; Biological Industries), 1% penicillin/strepto-
mycin, and 5% carbon dioxide at 37°C.

Cell transfection

STAT3-specific small interfering RNA (siRNA) and overexpres-
sion plasmids were obtained from General Biol (China).
Lipofectamine 2000 (Invitrogen, Thermo Fisher Scientific) and
Opti-MEM (Gibco, 31958-062) were used for siRNA transfec-
tion. When the osteoclast progenitor cells or myoblasts
reached 40% confluence, siRNA was transfected at a concen-
tration of 50 nM in the presence of transfection reagents.
Lipofectamine 2000 and Opti-MEM were used for plasmid
transfection. When the osteoclast progenitor cells or myo-
blasts reached 70% confluence, 10 ug of plasmid was used
for transfection in the presence of transfection reagent. The
protein was extracted 48 hours after transfection.

Reverse transcription-quantitative polymerase chain
reaction

The total RNA of osteoclast progenitor cells or myoblasts was
extracted by an RNA Extraction Kit (9767; Takara Bio, Japan),
and the extracted RNA was reverse transcribed into comple-
mentary DNA (cDNA) by a Prime Script RT kit (RR047A; Takara
Bio). Finally, gPCR was performed using TB Green (RR820A;
Takara Bio) and a LightCycler480 system (Roche Diagnostics,
Switzerland). The sequences of primers used are listed in
Supplementary Table ii.

Protein extraction and western blot analysis

RAW264.7 cells and C2C12 cells were lysed with RIPA lysis
buffer (P0013B; Beyotime, China) and phenylmethanesulfonyl
fluoride (ST505; Beyotime), and then incubated for 30 minutes
on ice. After ultrasonic crushing, the lysate was centrifuged
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at 14,000 rpm for 30 minutes. The supernatant was taken
for protein quantification. RIPA and protein loading buffer
(SIANT-BIO, China) were added to set the protein concentra-
tion to 3 pg/pl. The samples were boiled for five minutes at
100°C and frozen at -80°C.

A 10% PAGE Gel Fast Preparation Kit (PG212; Epizyme
Biomedical Technology, China) was used to prepare electro-
phoretic gel, 8 ul of protein (24 pg) was added to each
lane, electrophoresis was performed at 80 V, and when
the Triple Color Prestained Protein Ladder band was clear,
the voltage was adjusted to 120 V to continue electropho-
resis of different molecular weight proteins for 30 minutes.
The membrane was then rotated under a 180 mA current
for one hour. The antibodies used were STAT3 (10253-2-AP,
rabbit polyclonal; Proteintech, China), p-actin (66009-1-Ig,
rabbit polyclonal; Proteintech), matrix metalloproteinase-9
(MMP9) (AF5228, rabbit polyclonal; Affinity, China), cathe-
psin K (CTSK) (DF6614, rabbit polyclonal; Affinity), tumour
necrosis factor receptor-associated protein 1 (TRAP1) (DF7073,
rabbit polyclonal; Affinity), FBXO32 (DF7075, rabbit polyclonal;
Affinity), Myogenin (DF8273, rabbit polyclonal; Affinity), and
TRIM63 (DF7187, rabbit polyclonal; Affinity).

Statistical analysis

All the data were measured at least three times, are expressed
as mean and SD, and were statistically analyzed by GraphPad
Prism 9 (GraphPad Software). Two-way analysis of variance
(ANOVA) was used to analyze the results of reverse transcrip-
tion-quantitative polymerase chain reaction (RT-gPCR) and
western blot analysis, and the comparison between groups
was carried out by comparing the results of Sidak’s multiple
comparisons test.

For the KEGG pathway enrichment analyses, a
hypergeometric test was used to assess the statistical
significance of gene enrichment in specific pathways, with
p-values adjusted for multiple testing using the Benjamini-
Hochberg procedure.

Weighted gene co-expression network analysis
(WGCNA) was performed to identify modules of co-expressed
genes. Soft thresholds were chosen based on scale inde-
pendence and mean connectivity. Module-clinical relationship
heatmaps were used to identify positively correlated modules,
and independent-samples t-test was employed to determine
the statistical significance of these correlations.

Weighted gene co-expression network analysis
(WGCNA) was performed on the GSE56814 and GSE1428
datasets to identify modules of co-expressed genes. Soft
thresholds were chosen based on scale independence and
mean connectivity. Module-clinical relationship heatmaps
were used to identify positively correlated modules, and
independent-samples t-test was employed to determine the
statistical significance of these correlations.

Statistical significance was set at p < 0.05.

Results

Data download

We paired GSE56814 and GSE1428 as the test queues for
WGCNA, and GSE136344 and GSE7158 as the validation
queues for differential analysis.
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WGCNA

Based on scale independence and mean connectivity, the
GSE56814 soft threshold was 20 (RA2 = 0.81) (Figure 1a),
and the GSE1428 dataset soft threshold was 16 (RA2 = 0.9)
(Figure 1b). In the observation module-clinical relationship
heatmap, five modules were identified in GSE56814 species,
in which turquoise was the only positive correlation module,
and the correlation coefficient was 0.56 (p = 0.002, independ-
ent-samples t-test), including 1,832 genes (Figures 1c and 1d).
Seven modules were identified in GSE1428 species, in which
turquoise and brown were positive correlation modules, and
the correlation coefficients were 0.62 (p = 0.003) and 0.66
(p = 0.006, both independent-samples t-test), respectively,
including 2,129 genes (Figures Tc and 1d).

KEGG enrichment analysis of modular intersecting genes
KEGG enrichment analysis of GS1 (defined in the Methods
section) (Supplementary Table iii), which consists of 273
overlapping genes from the positive correlation modules of
GSE1428 and GSE56814, showed that it was enriched in
many pathways, such as ‘cysteine and methionine metab-
olism; ‘glutathione metabolism, and ‘oxytocin signalling
pathway’ (Supplementary Figure ba). The oxytocin signal-
ling pathway may be associated with osteoporosis and
sarcopenia in the occurrence and development of these
two diseases.

Construction of the PPl network and screening of hub genes
We used the STRING database to construct a PPl network
of GS1 (Figure 2a). Edge percolation component (EPC) is a
method based on network connectivity that calculates the
edge penetration component of each node under different
thresholds, and evaluates the importance of each node
according to its rate of change (Figure 2b). Maximum clique
centrality (MCC) is a method based on maximum clique,
which calculates the maximum number of cliques to which
each node belongs and evaluates the importance of nodes
according to their relative position (Figure 2c). Closeness
is a method based on the shortest path, which calculates
the mean distance from each node to all other nodes
and evaluates the importance of the node according to its
reciprocal (Figure 2d). Radiality is a method based on the
shortest path and network diameter. We used cytoHubba to
analyze the common gene expression matrix in the WGCNA
positive expression module of osteoporosis and sarcopenia.
We found some common genes that were rated as important
nodes in all four algorithms. These genes are ACTB, TPI1, STAT3,
and JUN.

Screening hub genes by machine learning

First, the expression matrix of GS1 in the dataset GSE56814
was extracted, and the STAT3 and TRIM22 genes (seed = 4705)
(Figure 3a) were obtained by the random forest method.
Similarly, the expression matrix of GS1 in the dataset GSE1428
was extracted, and two genes, STAT3 and JUN (seed = 4185)
(Figure 3b), were obtained by the random forest method.

The error graph data distribution of the GSE56814
datasets and GSE1428 datasets shows an obvious downward
trend, indicating that with the increase in the number of trees,
the classification error rate decreases gradually. The data have
no outliers. When the number of trees is approximately 280

414

and 260, the error rate reaches the lowest point and then
basically remains stable.

Variable importance maps are a kind of graph used
to show the relative importance of different variables in the
model. The horizontal axis is the average Gini reduction value,
and the vertical axis is the name of the gene (Figures 3c and
3d). By observing the variable importance maps of GSE1428
and GSE56814, we found that the average Gini reduction of
the STAT3 gene was the largest in the two images, so STAT3
was the most important gene shared by GS1 for the two
diseases.

Verification of common genes

KEGG enrichment analysis of the validation GS2 (defined in the
Methods section), which contains five overlapping differen-
tially expressed genes (STAT3, JUN, TRIM22, ALOX5AP, and
SLC25A6) from datasets GSE136344 and GSE7158, showed
that it was enriched in pathways such as ‘thyroid cancer,
‘bladder cancer; and ‘oxytocin signalling pathway’ Notably,
the ‘oxytocin signalling pathway’ was also enriched in GST,
supporting its potential involvement in the pathogenesis of
POMP and sarcopenia (Supplementary Figure bb).

We found the common STAT3 gene from the genes
screened by cytoHubba and random forest, and discovered
that there was a significant difference between the disease
group and the control group by difference analysis. In the
box diagram of GSE7158 as the osteoporosis verification
set, the expression of the STAT3 gene in the disease group
was higher than that in the control group (p < 0.001,
independent-samples t-test) (Figure 4a). In the quadrant
map of GSE136433 as the verification set of osteoporosis,
the expression of the STAT3 gene in the disease group was
higher than that in the control group (p < 0.001, independ-
ent-samples t-test) (Figure 4b).

We used STAT3 as the input gene, GSE7158 and
GSE136344 as the verification set, and ROC curves to evaluate
the accuracy of the STAT3 gene in the diagnosis of osteoporo-
sis and sarcopenia. The results show that our model achieves
high prediction accuracy on the verification set (GSE7158: AUC
0.923, 95% CI 0.798 to 0.994; GSE136433: AUC 0.917, 95% Cl
0.773 to 1.000), indicating that the STAT3 gene has a very
high accuracy in the distinction between osteoporosis and
sarcopenia (Figures 4c and 4d).

Results of single-cell analysis

We used reduced-dimensional clustering and uniform
manifold approximation and projection (UMAP) visualization
to transform thousands of cells in the database into a
planar 2D structure, which is convenient for us to observe
cell clustering. Then, STAT3 was extracted to generate the
expression density map of the gene in single-cell data.
By examining the annotated UMAP map of osteoporosis,
we found that all the cells were divided into seven sub-
groups: macrophages, D14 monocytes, CD16 monocytes,
granulocyte-monocyte progenitor cells (GMPs), M2 macro-
phages, monocytes, and monocyte progenitor cells. STAT3
was highly expressed in macrophages and GMPs (Figures
5a and 5b). Similarly, ageing muscle cells were divided into
eight subgroups: skeletal muscle stem cells (MuSCs), fibro-
adipogenic progenitors (FAPs), immune cells, myeloid cells,
pericytes, skeletal muscle cells, smooth muscle cells, and
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stromal cells. STAT3 was highly expressed in skeletal MuSCs

and FAPs (Figures 5c and 5d).
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ceRNA network construction

Through the prediction tools miRanda, miRDB, and TargetS-
can, we built and visualized the STAT3-centric miRNA target
network. Upregulation of miR-18a-3p has been found to
accelerate osteoporosis and may affect immune-mediated
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myopathy by inhibiting the GRIA1 gene’ However,
miR-29a-3p plays a key role in low BMD disease and its drug
treatment.* In particular, the upregulation of miR-125a-5p can
promote osteoclast differentiation, while downregulation has
the opposite effect (Figure 6).*

STAT3 silencing inhibits osteoclast progenitor cell
differentiation and myoblast proliferation

To explore whether the STAT3 gene can affect bone metabo-
lism and bone formation by affecting osteoclast differentiation
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of mononuclear macrophages, we used siRNA to perform
targeted silencing of the STAT3 gene in mononuclear
macrophages. The RT-gPCR results showed that the messen-
ger RNA (mRNA) expression of osteoclast differentiation-pro-
moting genes MMP9, CTSK, and TRAP1 in the silenced group
was significantly lower than that in the control group (Figure
7a). The western blot results were consistent with those
of quantitative PCR (gqPCR), suggesting that STAT3 silencing
reduced the expression of osteoclast differentiation genes and
proteins (Figures 7b and 7c¢) at both the mRNA and protein
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levels. These results suggest that STAT3 may affect bone
metabolism by promoting the differentiation of mononuclear
macrophages into osteoclasts, thus promoting bone resorp-
tion and reducing bone formation.

We administered the same treatment to myoblasts,
and the RT-qPCR and western blot results showed that the
expression of muscle atrophy markers TRIM63 and FBX032
in the silenced group was higher than that in the control
group, while the expression of muscle marker protein MyoG
decreased in the silenced group (Figures 7d to 7f) compared
with the control group. These results suggest that silencing of
the STAT3 gene in myoblasts can promote the expression of
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muscle atrophy markers, and that STAT3 has a positive effect
on myoblast proliferation.

Overexpression of STAT3 promotes the differentiation

of osteoclast progenitor cells but inhibits myoblast
proliferation

To further verify the role of STAT3 in osteoclast progenitor
cell differentiation, we used plasmid transfection to overex-
press the STAT3 gene in osteoclasts. In osteoclast progeni-
tor cells, the RT-qPCR and western blot results showed that
overexpression of the STAT3 gene also induced high expres-
sion of the osteoclast differentiation genes MMP9, CTSK, and
TRAP1 (Figures 8a to 8c). These results suggest that the high
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expression of STAT3 in POMP aggravates the development of
POMP by promoting the differentiation of osteoclast precur-
sors into osteoclasts and promoting bone resorption.

Similarly, the STAT3 gene was overexpressed in
myoblasts, and the RT-qPCR and western blot results sugges-
ted that overexpression of the STAT3 gene promoted the
expression of muscle atrophy markers TRIM63 and FBXO32,
and inhibited the expression of MyoG (Figures 8d to 8&f).
This finding suggests that the high expression of STAT3 in
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sarcopenia may promote the expression of muscular dystro-
phy factor and lead to muscle mass loss.

Discussion

To find the common ground between the two diseases,
we took three steps. First, we found the shared biological
pathways and co-expressed genes of the two diseases by
analyzing the information in the bulk RNA-seq dataset. Then,
the pathways and genes we found were validated in another
bulk RNA-seq dataset. We finally confirmed that STAT3 is a
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common highly expressed gene in both diseases. To further
confirm the distribution of STAT3 cell subsets in both disea-
ses, we verified the genes at the single-cell level and found
that STAT3 is highly expressed in mononuclear macrophages,
MuSCs, and FAPs. Finally, through the construction of a ceRNA
network, we found that miRNA-125a-5p is the regulatory
factor of STAT3. Based on the results of our bioinformatics
analysis, experimental results, and existing research progress,
STAT3 is believed to be the key co-pathogenic gene of POMP
and sarcopenia. Designing drugs targeting STAT3 itself or its
regulatory factor might have a better therapeutic effect on
both diseases than treating one of them alone.

STAT3 is a signal sensor and transcriptional activa-
tor that plays an important role in the regulation of cell
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proliferation, apoptosis, and differentiation.”* Yang et al*
noted that the bone mass of mice with osteoclast-specific
STAT3 deficiency was significantly higher than that of the
control group. Some scholars have found that IL-6 causes
septicaemia-induced muscle mass loss through the gp130/
JAK2/STAT3 pathway, and muscle mass loss is alleviated
after the use of this channel inhibitor.’* The pathogenesis
of osteoporosis combined with sarcopenia is not clear, but
our study found that STAT3 may be a common pathogenic
target of both diseases and play a very important role in both
diseases.

RANKL/RANK is an important regulatory axis of muscle
and bone metabolism. RANKL is recognized as an important
molecule that affects osteoclast differentiation, together with
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Fig.6

Competing endogenous RNA (ceRNA) network diagram. miR, microRNA; STAT3, signal transducer and activator of transcription 3.

macrophage colony-stimulating factor (M-CSF).”” STAT3 is an
important activation signal molecule of the RANKL/RANK
pathway. It has been proven that the activation of the JAK2/
STAT3 axis by interleukin (IL)-6 to promote the expression of
RANKL is an important step in osteoclast differentiation of
mononuclear macrophages.®® Overactivated osteoclasts lead
to bone resorption, resulting in osteopenia and osteoporosis.*®
Furthermore, our KEGG enrichment analysis also highligh-
ted the oxytocin signalling pathway as over-represented in
both the gene modules related to POMP and sarcopenia.
Oxytocin has been reported to have a dual effect on bone
metabolism. On one hand, it promotes osteoblast differen-
tiation and function, leading to increased bone formation.**
“ Oxytocin stimulates the differentiation of osteoblasts and
upregulates the expression of genes involved in osteoblast
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differentiation, resulting in enhanced bone mineralization and
formation.””* On the other hand, oxytocin has a complex
effect on osteoclasts. It can stimulate osteoclast formation,
both directly by activating specific signalling pathways and
indirectly by upregulating RANKL production by osteoblasts.
However, oxytocin also inhibits bone resorption activity of
mature osteoclasts by triggering calcium release and nitric
oxide synthesis.”® This suggests that oxytocin plays a crucial
role in regulating the balance between bone formation and
resorption. Dysregulation of oxytocin signalling may contrib-
ute to the development of osteoporosis by disrupting this
delicate balance. The involvement of the oxytocin pathway
in both POMP and sarcopenia gene modules indicates its
potential as a molecular link between muscle and bone
pathologies, which warrants further investigation.
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Fig.7

RAW264.7 osteoclast progenitor cells and C2C12 myoblasts were transfected with signal transducer and activator of transcription 3 (STAT3) small
interfering RNA (siRNA). a) The expression of STAT3 and matrix metalloproteinase-9 (MMP9) was determined by reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). STAT3 messenger RNA (mRNA) in the treatment group was significantly decreased by siRNA, and MMP9 mRNA
was also significantly lower than that in the control group. b) Western blot expressing protein in osteoclast progenitor cells. After 48 hours of
siRNA silencing, the expression of STAT3 and MMP9 was significantly decreased. c) The gray value of western blot of osteoclast precursor cells was
statistically analyzed. d) The expression of STAT3 and TRIM63 was determined by RT-gPCR. In the treatment group, STAT3 mRNA was significantly
decreased by siRNA, while MMP9 mRNA was significantly higher than that in the control group. e) Western blot expressing proteins in myoblasts.
After 48 hours of siRNA silencing, the expression of STAT3 was significantly decreased and the expression of Trim63 was significantly increased. f)
The western blot gray values of myoblasts were statistically analyzed. **p < 0.01, ***p < 0.001, ****p < 0.0001 (Sidak’s multiple comparisons test).
The number of samples in each set of experimental data is 3. CSTK, cytokine suppressive anti-inflammatory kinase; Ctrl, control; FBXO32, F-box only
protein 32; MyoG, myogenin; STAT3, signal transducer and activator of transcription 3; si-STAT3, small interfering RNA targeting STAT3; TNF, tumour
necrosis factor, TRAP1, TNF receptor-associated protein 1; TRIM63, tripartite motif containing 63.

Through single-cell analysis of the POMP dataset,
we determined that the STAT3 gene was highly expressed
in mononuclear macrophages, while overexpression and
knockdown of STAT3 influenced the activity of macrophages
via MMP9, CTSK, and TRAP1. Therefore, we speculate that
STAT3 is involved in osteoporosis by promoting osteoclast
differentiation of macrophages.
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STAT3 also plays an irreplaceable role in sarcopenia due
to various causes, including ageing, physical, poor nutrition,
chronic diseases, hormonal changes, inflammation, oxidative
stress, neurodegenerative processes, genetics, and medica-
tion. However, there are contradictions about the role of STAT3
in muscle. Some studies have found that STAT3 can promote
muscle regeneration by activating satellite cells, and the
activation of STAT3 can also directly promote the function of
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Plasmid was transfected into RAW264.7 osteoclast progenitor cells and C2C12 myoblasts. a) The expression of signal transducer and activator of
transcription 3 (STAT3) and matrix metalloproteinase-9 (MMP9) was determined by reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). The genes of STAT3 and MMP?9 in the treatment group were significantly overexpressed by the plasmid compared with the control group.
b) Western blot of protein expressed by osteoclast progenitor cells; 48 hours after overexpression of plasmid, the expression of STAT3 and MMP9
protein increased. c) Statistical analysis of western blot gray value of osteoclast progenitor cells. d) The expression of STAT3 and TRIM63 was detected
by RT-qPCR. The genes of STAT3 and TRIM63 in the treatment group were significantly overexpressed by the plasmid compared with the control
group. e) Western blot of protein expressed by myoblasts; 48 hours after overexpression of plasmid, the expression of STAT3 and TRIM63 protein
increased. f) Statistical analysis of western blot gray value of myoblasts. **p < 0.01, ***p < 0.001, ****p < 0.0001 (Sidak’s multiple comparisons test).
The number of samples in each set of experimental data is 3. CSTK, cytokine suppressive anti-inflammatory kinase; Ctrl, control; FBXO32, F-box
only protein 32; MyoG, myogenin; STAT3, Ov-STAT3, overexpression of STAT3; STAT3, signal transducer and activator of transcription 3; TNF, tumour
necrosis factor, TRAP1, TNF receptor-associated protein 1; TRIM63, tripartite motif containing 63.

mitochondria in skeletal MuSCs.*** These studies have shown
that STAT3 plays a positive role in muscle mass and repair by
acting on muscle cells or muscle helper cells. Moreover, a large
number of studies have published different views, such as the
belief that the activation of the JAK2/STAT3 pathway mediated
by IL-6 can lead to muscle atrophy, and that STAT3 inhibi-
tion can reduce muscle atrophy caused by cancer cachexia.*
Excessive activation of STAT3 in muscle cells in diabetes or
chronic kidney disease can lead to muscle loss, and targe-
ted knockout of STAT3 or inhibition of STAT3 expression in
muscle can improve muscle quality.”” We confirmed the high
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expression of the STAT3 gene in skeletal MuSCs and FAPs
in the disease group by single-cell analysis, suggesting that
STAT3 may be closely related to sarcopenia. We silenced and
overexpressed STAT3 in myoblasts, the muscle atrophy markers
TRIM63 and FBXO32 increased, and the expression of MyoG
decreased. This phenomenon suggests that there is a certain
expression range of STAT3, and too high or too low levels of
STAT3 will affect the physiological function of muscle.

Given these two completely different viewpoints, we
speculate that STAT3 will have different effects when the
muscles are in different states. When the body is in a steady
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Fig. 9

Proposed molecular mechanisms linking postmenopausal osteoporosis (POMP) and sarcopenia. Chronic inflammation and comorbidity lead to a
bidirectional interaction between bone and muscle, known as the bone-muscle axis. In POMP, single-cell RNA sequencing (scRNA-seq) analysis
reveals high signal transducer and activator of transcription 3 (STAT3) expression in macrophages, which activates the RANKL/RANK pathway and
promotes osteoclast differentiation, leading to increased bone resorption and dyskinesia/fracture. In sarcopenia, scRNA-seq analysis shows elevated
STAT3 expression in muscle stem cells and fibro-adipogenic progenitors (FAPs). Abnormally activated FAPs overexpress STAT3 and secrete interleukin
(IL)-6, resulting in muscle atrophy and fibrosis. The competing endogenous RNA (ceRNA) network analysis identifies microRNA (miRNA)-125a-5p
as a potential regulator of STAT3, suggesting its role in modulating the pathogenesis of both diseases. The comorbidity and interaction between
POMP and sarcopenia exacerbate each other, leading to a non-steady-state condition. Targeting the shared molecular pathways, such as the STAT3/
miRNA-125a-5p axis, may provide a novel therapeutic strategy for managing these age-related musculoskeletal disorders.

state, STAT3, as an important signalling molecule, is directly
involved in muscle synthesis and repair. Under unstable
conditions such as chronic injury and inflammation caused
by disease, as well as insulin resistance, excessive activation
of STAT3 leads to muscle atrophy.”® FAPs are activated when
muscle injury occurs and interact with MuSCs to promote
muscle repair. A 2018 study clarified in detail that FAPs
continue to activate STAT3 and secrete a large amount of IL-6
in muscular atrophy models, resulting in muscle atrophy and
fibrosis, which can be alleviated in mice with STAT3 signal
knockout in FAPs.*®

Bone and muscle are interrelated, and the interaction
between them is called the bone-muscle axis. Although
sarcopenia and osteoporosis were initially considered to be
separate diseases, recent studies have shown that bones

Identification of the molecular link
D. Liu, K. Wang, J. Wang, F. Cao, L. Tao

and muscles are spatially and metabolically connected.” This
interaction, known as skeletal and muscular comorbidity,
indicates a synergistic effect between low BMD and muscle
atrophy and low function (Figure 9).°° Osteoporosis is closely
related to chronic inflammation and oxidative damage. In the
case of osteoporosis, the bone microenvironment changes,
which may affect adjacent muscle tissue. Our results show
that macrophages highly express STAT3 during the pathogene-
sis of osteoporosis, which in turn activates the RANK/RANKL
pathway, promotes bone resorption, and aggravates osteopo-
rosis. This aggravation of osteoporosis may further exacer-
bate chronic inflammation, creating a vicious circle. A chronic
inflammatory environment can damage not only bone tissue
but also muscle cells. In this environment, FAPs and MuSCs
may be activated in an unstable state. Abnormally activated
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FAPs overexpress STAT3 and secrete a large amount of IL-6,
which leads to muscle atrophy and fibrosis and further reduces
the muscle mass of patients.”® Sarcopenia not only affects the
ability to exercise of patients, but also may have a negative
impact on bone health. Muscle is not only a motor organ
but also an important endocrine organ. Muscles can secrete
various cytokines (such as irisin and insulin-like growth factor
1 (IGF-1)) to regulate bone homeostasis.’ In the state of muscle
atrophy, the secretion of muscle factors decreases, which
aggravates osteoporosis.’’ Moreover, mechanical stimulation
between muscle and bone is a key factor in maintaining
BMD.>?> When muscle mass decreases, mechanical stimulation
to bones also decreases, which may lead to a decrease in
BMD. In addition, sarcopenia may lead to increased chronic
inflammation and oxidative stress, both of which are asso-
ciated with bone metabolic disorders and increased bone
resorption.>

As mentioned above, osteoporosis and sarcopenia
exacerbate each other, so treating one of these diseases alone
cannot break this vicious circle, and it is necessary to find
a target to treat both diseases. Our study found a common
therapeutic target, STAT3, but how to regulate the expression
of this key gene is still a problem. Therefore, we identified
the upstream regulatory factor of STAT3, miRNA-125a-5p, by
constructing a ceRNA network. miRNA-125a-5p/STAT3 plays
a regulatory role in the occurrence and development of
osteoporosis and sarcopenia. Previous studies have shown
that miR-125a-5p enhances the level of autophagy by
targeting STAT3.>* This finding confirms that miRNA-125a-5p
can regulate pathophysiological activity by targeting STAT3.
Therefore, we speculate that miRNA-125a-5p mediates the
expression of RANKL through targeted regulation of STAT3
in macrophages and affects the process of osteoporosis.
Moreover, through targeted regulation of STAT3 in MuSCs and
FAPs, it mediates the IL-6 signalling pathway and affects the
progression of sarcopenia. Therefore, miRNA-125a-5p, as an
important regulator of STAT3, may be a potential therapeutic
target for the development of drugs to treat both osteoporosis
and sarcopenia.

Comorbidity is characterized by a common underly-
ing mechanism and the need for co-treatments.”” There is
a common target for concurrent treatment of comorbid
diseases, which has implications for the prevention and
treatment of disorders. Osteoporosis and sarcopenia are also
comorbidities in bones and muscles, and effective therapeu-
tic approaches are lacking. In this study, miRNA-125a-5p was
identified as a potential concurrent treatment for osteoporo-
sis and sarcopenia via interaction with the mRNA of STAT3.
These findings provide a more comprehensive perspective
and help us to understand the complex relationship between
osteoporosis and sarcopenia. Future research should focus
on the common management and treatment of common
diseases, while medications focusing on common targets of
the comorbidity of osteoporosis and sarcopenia may bring
about better therapeutic effects.

Supplementary material

Figure a provides an overall research and design flowchart. Table
i lists datasets related to sarcopenia and osteoporosis, including
sample sizes for control and disease groups, obtained from the
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Gene Expression Omnibus (GEO) database. Detailed RNA extraction
and quantitative polymerase chain reaction (qPCR) methodologies
are described, with specific primer sequences listed in Table ii.
Additionally, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis results for gene set 1 (GS1) are presented in
Table iii, highlighting key pathways such as cysteine and methionine
metabolism, and the oxytocin signalling pathway, further explored
in Figures ba and bb.
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