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Purpose: Osteoporosis is a metabolic bone disorder characterized by reduced bone mass, impaired microarchitecture, and diminished
bone strength, resulting in a significantly elevated risk of fractures. It is especially prevalent among older adults, particularly
postmenopausal females, and profoundly impacts quality of life. In this study, we integrated osteoporosis-related single-cell RNA
sequencing (scRNA-seq) and microarray datasets, to identify the autophagy-related gene ATG7, which is associated with osteoporosis.
Methods: By integrating single-cell transcriptomics with chip data, autophagy-related genes associated with osteoporosis were
screened, and cell-cell interactions and developmental trajectories were explored using cell communication and pseudotime analysis.
An ovariectomized (OVX) mouse model was established, and verification was performed using micro-CT and immunohistochemistry
techniques. Dual-labeled three-color fluorescence technology was employed to further validate the pseudotime analysis results.
Additionally, qRT-PCR, Western blot, and other experiments were conducted to assess the expression levels of related genes.
Further, ATG7 was overexpressed in OVX mouse BMSCs to investigate its impact on the autophagy process and osteogenic marker
proteins.

Results: Pseudotime trajectory analysis revealed a strong link between ATG7 expression and the EYA1 mesenchymal stem cell
(MSC) subpopulation. The proportion of EYAl-positive cells and ATG7 expression decreased as osteoporosis progressed.MSCs
isolated from OVX mice exhibited diminished expression of autophagy- and osteogenesis-related marker proteins compared to those
from normal mice. ATG7 overexpression effectively restored the expression levels of these markers, suggesting its functional role in
promoting autophagy and osteogenesis under OP conditions.

Conclusion: These findings highlight ATG7 as a critical regulator of MSC differentiation, suggesting that it may serve as a promising
therapeutic target for osteoporosis. Modulation of autophagy pathways through ATG7 holds potential for future clinical applications in
osteoporosis prevention and treatment.
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Introduction

Osteoporosis (OP) is the most common metabolic bone disease;'? it predominantly affects postmenopausal females,’
with an estimated global prevalence of 200 million individuals. It accounts for up to 8.9 million fractures annually,”
imposing a substantial economic burden worldwide.” Characterized by reduced bone density and increased bone
fragility,®” OP is projected to become increasingly prevalent owing to global population aging,® escalating its societal
impact. Although significant progress has been made in OP research, many aspects of its pathogenesis remain unclear
and require further investigation. Among the various proposed mechanisms, estrogen deficiency is widely recognized as
a central pathological factor underlying postmenopausal OP.> " Current clinical management strategies, such as bispho-

sphonates, estrogen replacement therapy, and calcitonin, are commonly used to prevent and treat OP.'*'> However, they
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often exhibit limited efficacy and are associated with adverse effects,'¢'®

raising concerns regarding their long-term
safety.'” No definitive or curative treatments have yet been established.?>' Investigating the molecular and regulatory
mechanisms underlying OP is critical for optimizing existing treatments and developing safer and more effective
therapeutic approaches.

Autophagy plays an essential role in bone metabolism. Previous studies have demonstrated that autophagy is crucial
for maintaining homeostasis in bone MSC-derived lineages, including adipocytes, chondrocytes, osteoblasts, and
osteocytes.”?* Certain therapeutic agents have shown anti-OP effects by modulating autophagic activity.”*** The
protective effect of Gubi decoction on chondrocytes may involve inhibition of METTL3-dependent m6A methylation
of ATG7, enhancing autophagy.”® Additionally, autophagy promotes the differentiation of human bone marrow mesench-
ymal stem cells (BMSCs) derived from OP vertebrae into osteoblasts,”” underscoring its emerging significance in OP
research. As a key cellular mechanism for self-degradation and recycling, autophagy maintains intracellular homeostasis
by removing damaged organelles, misfolded proteins, and metabolic waste products.”® In OP, autophagy is indispensable
for the functional regulation of osteoblasts and osteoclasts, shaping the balance between bone formation and resorption.?’

scRNA-seq provides unbiased, high-throughput, and high-resolution transcriptomic profiles at the individual cell
level.*® It enables the identification of rare and complex cell populations, reveals regulatory gene networks, and maps the
developmental trajectories of distinct lineages.”' With its exceptional resolution, scRNA-seq provides insights into
dynamic cellular states and transitions,> facilitating the discovery of previously overlooked cell subtypes and gene
expression variations. This technology is particularly powerful for uncovering the cellular heterogeneity underlying OP
pathogenesis and progression, offering a novel framework for advancing therapeutic strategies.

Although research on OP has advanced substantially in recent years, studies on autophagy hub genes remain limited.
ATG7 is a core E1 enzyme involved in autophagy; its deficiency leads to impaired autophagic function in osteoblasts.*
Autophagy is essential for osteoblast differentiation, bone matrix synthesis, and bone mineralization. Impaired autopha-
gic function directly affects bone formation and homeostasis, ultimately leading to decreased bone mass.** ATG7
expression in bone marrow MSCs is significantly reduced in OP, and autophagic function is weakened compared to
normal cells, hindering bone formation and mineralization. The core features of OP include weakened bone formation
and enhanced bone resorption.>> When ATG7 expression is chronically low, bone formation is impaired, ultimately
leading to OP. By leveraging scRNA-seq and microarray data, this study aimed to further characterize the OP-associated
autophagy gene ATG7 and explore its potential role in OP.

Materials and Methods

Data Sources

The GSE169396, GSE253355, GSE35956, and GSE35958 datasets were obtained from the Gene Expression Omnibus
(GEO) database. The GSE169396 cohort consisted of scRNA-seq data from three OP specimens, whereas the
GSE253355 cohort included scRNA-seq data from one OP specimen and four normal control (NC) specimens. The
GSE35956 dataset comprised bulk RNA-seq data from five OP and five NC specimens, whereas the GSE35958 dataset
contained RNA-seq data from five OP and four NC specimens. For model development, GSE35956 was used as the
training set, and GSE35958 served as the validation set. Thirty core autophagy-related genes were retrieved from the
PathCard database. These data were anonymized and de-identified secondary data and did not contain any patient-
identifiable information. According to Article 32, Paragraphs 1 and 2 of the “Regulations on Ethical Review of Human
Life Science and Medical Research,”® issued on February 18, 2023, by the National Health Commission of the People’s
Republic of China, the Ministry of Education, the Ministry of Science and Technology, and the National Administration
of Traditional Chinese Medicine, research using publicly available data obtained legally, or data generated through
observation that does not interfere with public behavior, and research using anonymized information can be exempted
from ethical review. Accordingly, this study did not require ethical approval. This study follows the Declaration of
Helsinki.
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scRNA-Seq Data Processing

scRNA-seq data were processed using the Seurat package (v5.1.0). Initial filtering was performed with minimum cells =
3 and minimum features = 200. Quality control criteria were applied to retain cells with 400 < nFeature RNA < 6,000,
mitochondrial gene expression < 20%, and ribosomal gene expression (ribo.mt) > 5%. Data normalization was conducted
using the NormalizeData function, followed by the identification of 2,000 highly variable genes using the
FindVariableFeatures function. The dataset was then scaled using ScaleData, principal component analysis was per-
formed using RunPCA, and dimensionality reduction was carried out using both t-distributed stochastic neighbor
embedding and uniform manifold approximation and projection (UMAP). Unsupervised clustering was subsequently
conducted using the FindNeighbors and FindClusters functions, with the resolution parameter set to 0.5. Differentially
expressed genes (DEGs) for each cluster were identified using the FindAllMarkers function, and the top ten marker genes
per cluster were extracted. Cell type annotation was performed using the CellMarker 2.0 database (available at http://bio-
bigdata.hrbmu.edu.cn/CellMarker or http://117.50.127.228/CellMarker/).

Differential Expression Analysis and Key Gene Screening

MSC subsets were isolated using the subset function. DEGs between OP and NC samples in the single-cell dataset were
identified using the FindMarkers function in the Seurat package. In parallel, DEGs between the OP and NC samples in
the bulk RNA-seq dataset GSE35956 were identified using the limma package. Subsequently, the DEGs of MSC
populations from OP and NC specimens were obtained by integrating the scRNA-seq datasets GSE169396 and
GSE253355, with significance thresholds set at adjusted p < 0.01. These DEGs were then intersected with those from
the GSE35956 dataset, filtered using p < 0.05 and |log,FC| > 1. The overlapping genes were further compared with a set
of 30 autophagy-related core genes to identify the key gene, ATG?7. Finally, the expression level of ATG7 was validated
using the GSE35958 dataset as an independent validation cohort, and a Venn diagram was generated using the
VennDiagram package.

Functional Enrichment Analysis
Gene Ontology (GO, https://geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG, https:/www.

genome.jp/kegg/) databases®"®
analyses, was performed using the clusterProfiler package, with the entire gene pool as the background.

were used. Gene set enrichment analysis (GSEA), along with KEGG and GO enrichment

Correlation Analysis

Gene expression matrices of MSC subpopulations were extracted from the Seurat object and aggregated to generate
pseudo-bulk expression profiles. Given that pseudo-bulk data derived from single-cell transcriptomics typically do not
follow a normal distribution, we performed a correlation analysis using the non-parametric Spearman rank correlation
coefficient implemented via the cor function in R.

Cell Communication

Intercellular communication analysis was conducted using the R package CellChat. The annotated Seurat objects were
first converted into CellChat objects and grouped accordingly. The identifyOverExpressed Genes function was used to
identify the ligands and receptors with elevated expression levels in each cell type. Subsequently, the
identifyOverExpressedInteractions function was used to detect signaling pathways with high expression levels across
cell types. To assess the centrality and significance of these interactions, the netAnalysis_computeCentrality function was
applied. Comparative analyses were performed between different groups, and the results were visualized using CellChat
and ggplot2.

Pseudo-Temporal Analysis
To investigate the developmental transitions within specific cell subpopulations, we utilized the Monocle 2 package to
reconstruct single-cell trajectories in a pseudo-temporal order. The Monocle object was initialized using the
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newCellDataSet function. Dimensionality reduction was performed using the reduceDimension function, followed by
cell ordering along the pseudo-time axis using the OrderCell function. To identify highly variable genes, a differential
expression analysis was conducted using the differentialGeneTest function. Subsequently, trajectory-based visualization
and gene expression pattern analysis were performed using functions including plot cell trajectory, plot genes in p-
seudotime, plot genes_jitter, plot genes violin, and plot genes branched heatmap.

Animal and Cell Experiments

Establishment of Mouse OP Model

Forty C57BL/6 mice (6—8 weeks old) were obtained from Liaoning Changsheng Biotechnology Co., Ltd., China. After
1 week of adaptive feeding in the animal facility of the Key Laboratory of Molecular Imaging at the Fourth Affiliated
Hospital of Harbin Medical University, the mice were randomly assigned to the sham surgery (Sham) or ovariectomy
(OVX) groups using a random number table, with 20 mice in each group. To avoid positional effects, mouse cages were
randomly repositioned. Mice were anesthetized by intraperitoneal injection of 300 puL of tribromoethanol solution
(Nanjing Aibei Biotechnology Co., Ltd.) before surgery. Once adequately anesthetized, a 0.5 cm bilateral incision was
made approximately 1 cm below the top of the curved back and 0.6 cm lateral to the spine. In the OVX group, bilateral
ovaries were removed after ligating the fallopian tubes under a microscope; the ovaries were exposed but not removed in
the Sham group. The incisions were closed in layers using 4-0 absorbable sutures.

Mouse Femur Decalcification

Mouse femurs were harvested and fixed in 4% paraformaldehyde at room temperature for 24 h. Decalcification was
performed using Sevier’s EDTA decalcification solution (0.5 M, pH 7.2) at room temperature, with the solution replaced
daily. Decalcification was confirmed by probing the bone tissue with a fine needle; complete penetration indicated
sufficient decalcification. After thorough rinsing with distilled water, the samples were subjected to graded ethanol
dehydration, embedded in paraffin, and sectioned at a thickness of 3 um for subsequent histological and immunohisto-
chemical analyses.

Hematoxylin and Eosin (H&E) Staining

Paraffin-embedded sections were dewaxed and rehydrated using a graded series of ethanol. Nuclei were stained with
hematoxylin and differentiated using 1% acid alcohol. Blueing was performed using a saturated lithium carbonate
solution. Cytoplasmic staining was performed using eosin. The sections were then dehydrated using a graded ethanol
series, cleared with xylene, and mounted using a neutral balsam mounting medium.

Masson’s Trichrome Staining

Paraffin sections were dewaxed and rehydrated as described above. Nuclei were stained with Weigert’s iron hematoxylin
for 5 min (freshly prepared by mixing solutions A and B at a 1:1 ratio) and then rinsed under running water for 2 min.
The sections were differentiated in 1% acidic alcohol for 3 s and blued in a lithium carbonate solution for 2 min, followed
by a brief rinse. The cytoplasm and muscle fibers were stained with Ponceau fuchsin for 2 min and rinsed under running
water for 15 min. Collagen fibers were differentiated with phosphomolybdic acid for 3 min, stained with aniline blue for
2 min, and briefly differentiated with 1% acetic acid. The slides were dehydrated in graded ethanol, cleared in xylene, and
mounted using neutral balsam.

Immunohistochemistry

Paraffin-embedded sections were deparaffinized in xylene and rehydrated using graded ethanol, followed by antigen
retrieval for ATG7 and heat-induced epitope retrieval for OPN (Proteintech, 30200-1-AP), Beclin 1 (Proteintech, 11306-
1-AP), and Sp7/Osterix (Abcam, ab209484). After phosphate-buffered saline washes, sections were blocked at room
temperature and washed again. Primary antibodies were applied according to the manufacturer’s datasheets (ATG7:
Proteintech, 67341-1-Ig; others as indicated) and incubated under the recommended conditions, followed by PBS washes
and incubation with the appropriate secondary antibodies Signals were developed with DAB, nuclei were counterstained
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with hematoxylin, briefly differentiated in 1% acid alcohol, and blued in lithium carbonate. The slides were dehydrated
using graded ethanol, cleared in xylene, and mounted with neutral resin.

Micro-Computed Tomography (Micro-CT)

Micro-CT analysis of mouse femurs was performed using a VivaCT80 scanner (SCANCO Medical, Switzerland).
Scanning parameters were set at a voltage of 55 kVp, current of 72 pA, power of 8 W, slice thickness of 9 um, resolution
set to native, continuous ROT scanning mode, exposure time of 500 ms, field of view radius of 31.0 mm, and bone
mineral density calibration based on 1,200 mgHA/cm? standard. A region of approximately 3 mm at the distal femur was
selected as the region of interest for trabecular bone analysis. A threshold of 90-255 was applied to obtain the bone
parameter indices, and 3D reconstruction was performed.

Acquisition and Culture of Primary BMSCs

Mice were euthanized by cervical dislocation under deep anesthesia. After euthanasia, the femurs and tibias were
aseptically harvested and briefly immersed in 75% ethanol for surface sterilization, followed by rinsing with PBS. The
epiphyses were removed, and the bone marrow was flushed into a 50 mL centrifuge tube using complete medium. The
resulting suspension was filtered through a 70 pm cell strainer and centrifuged. After red blood cell lysis using RBC lysis
buffer (Solabia), the cells were resuspended in complete culture medium consisting of a-MEM (Gibco) supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Beyotime). Cells were seeded in T25 culture flasks
and incubated at 37 °C in a humidified atmosphere containing 5% CO,. The first medium was replaced at 72 h after
seeding. Once the cells reached approximately 80% confluence, they were subcultured in a 1:3 ratio.

Immunofluorescence Staining with Double-Labeled Antibodies

BMSCs were seeded onto gelatin-coated 24-well slides at a density of 8x10° cells/mL and cultured at 37 °C until
approximately 80% confluence was reached. The cells were fixed with 4% paraformaldehyde (Biosharp) for 15 min,
permeabilized with Triton X-100 (Solabao) for 30 min, and blocked with 5% goat serum (Solabao). Primary antibodies
against ATG7 (Proteintech, 67341-LG, 1:200) and EYA1 (Proteintech, 22658-1-AP, 1:100) were applied and incubated
overnight at 4 °C. After washing with PBST, the cells were incubated with fluorescent secondary antibodies (Abclone;
FITC-conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG, 1:500) for 1 h at room temperature in the dark.
Nuclei were counterstained with DAPI (Solabao), and the slides were sealed. Imaging was performed using a confocal
laser-scanning microscope. The laser excitation settings for confocal fluorescence imaging were 543 nm (red channel) at
6.0% laser power, 488 nm (green channel) at 6.0% laser power, and 405 nm (blue channel) at 2.6% laser power.

Transfection with Autophagy Double-Labeled Adenovirus (HBAD-mCherry-EGFP-LC3)

BMSCs were seeded into gelatin-coated 24-well plates at a density of 5x10° cells/mL. When cells reached 30%—50%
confluence, they were transduced with HBAD-mCherry-EGFP-LC3 adenovirus (Han Heng Biology) at a multiplicity of
infection of 300 in the presence of polybrene (8 pg/mL). Cells were incubated at 37 °C for 4 h, after which the
transduction medium was replaced with complete culture medium. After an additional 16 h of incubation, the medium
was refreshed, and the cells were cultured for a further 3648 h. The cells were fixed with 4% paraformaldehyde,
mounted with an anti-fade sealing reagent, and imaged using a confocal laser scanning microscope. Autophagic flux was
evaluated by quantifying the mCherry-EGFP-LC3 puncta.

Sample Preparation for Transmission Electron Microscopy

The cell pellets were fixed overnight at 4 °C in 2.5% glutaraldehyde, followed by post-fixation with 1% osmium tetroxide
for 2 h at room temperature. Samples were then rinsed with 0.1 M PBS (pH 7.2) and dehydrated through a graded ethanol
series (50%—-100%), followed by acetone treatment. Subsequently, samples underwent infiltration with epoxy resin in two
steps (acetone:embedding solution at ratios of 1:1 and then 1:3), and polymerization was carried out at 60 °C for
72 h. Ultrathin sections (50-60 nm) were prepared, stained with uranyl acetate and lead citrate, and examined under
a transmission electron microscope.
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Osteogenic Induction Culture

Bone marrow mesenchymal stem cells at passages three and four were cultured in osteogenic induction medium (OriCell,
MUXMX-90021). The medium was refreshed every 2 days, and the cells were maintained for a total of 7 days. At the
end of the induction period, the culture was terminated, and cellular proteins were extracted for subsequent analysis.

Protein Extraction and Western Blot Analysis

Total cellular proteins were extracted using RIPA lysis buffer (Solabao), and protein concentrations were determined
using the BCA assay (Beyotime). Equal amounts of protein (30 pg) were separated by SDS-PAGE on a 10% gel and
transferred onto PVDF membranes (Millipore). Membranes were blocked with 5% skimmed milk (Biofroxx) for 1 h at
room temperature, followed by overnight incubation at 4 °C with primary antibodies, including anti-B-actin (Proteintech,
20536-1-AP, 1:200,000) and anti-ATG7 (Proteintech, 67341-1-Lg, 1:10,000). After washing, membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies (Proteintech) for 1 hour at room temperature. Protein bands
were visualized using an enhanced chemiluminescence reagent (Biosharp) and captured using a chemiluminescence
imaging system.

Quantitative Reverse-Transcription PCR

Total RNA was extracted from cells using TRIzol (Invitrogen), and reverse transcription was performed using
a complementary DNA synthesis kit (TaKaRa, FSQ-101) following the manufacturer’s instructions. Quantitative reverse-
transcription PCR was performed using a SYBR Green PCR kit (Xinbei) on a real-time PCR detection system. Primer
sequences were verified for specificity by alignment using the NCBI database and were synthesized by Beijing Ruibo Xingke
Biotechnology Co., Ltd., China. Relative gene expression levels were calculated using the 2 —AACt method. The primers used
were Mouse Atg7-F (TCCTGAGAGCATCCCTCTAAT), Mouse Atg7-R (GGCTCGACACAGATCATCATAG), Mouse
b-actinF (GGACCTGACAGACTACCTCAT), and Mouse b-actinR (GCTCGAAGTCTAGAGCAACATAG).

Statistical Analysis

Data analysts were blinded to the experimental groups to ensure objectivity and result reliability. Each experiment was
independently repeated thrice, with three technical replicates per group. Normality tests were first conducted to compare
the two sets of data. If the data were normally distributed, a two-tailed unpaired Student’s ¢-test was used; if they were
not, a nonparametric test was employed. To compare three or more groups, normality tests were first conducted; if the
data were normally distributed, one-way analysis of variance (ANOVA) was used, while two-way ANOVA was
employed if multiple factors were involved. Non-parametric tests were used when the data were not normally distributed.
Statistical analysis was performed using GraphPad Prism (version 9.0), with statistical significance set at P-value < 0.05.

Results
Comprehensive Analysis of scRNA-Seq Data

We performed a systematic analysis of scRNA-seq datasets downloaded from GEO to explore the potential role of
autophagy-related genes in OP. The datasets used included GSE169396 and GSE253355, which collectively consisted of
four OP samples and four NC samples. Figure 1A shows the UMAP clustering plot of single cells after uniform
processing. Ten distinct cell populations were identified: plasma cells, B cells, MSCs, endothelial cells, monocytes,
hematopoietic stem (HSC) and progenitor cells, vascular smooth muscle cells, T cells, macrophages, and myeloid cells.
MSCs were further subdivided into five subgroups: EYA1, chondrogenic, CXCL12, PLA2G2A, and osteoblast cells.
Figure 1B illustrates the spatial distribution differences of cells between the OP and NC groups in the UMAP projection.

A density distribution map of autophagy at the single-cell level was used to assess global autophagy levels
(Figure 1C). ATG7 expression was also visualized based on UMAP (Figure 1D), as well as across different cell types
(Figure 1E). Figure IF displays a violin plot comparing the expression levels of autophagy-related genes between MSCs
and other cell populations. ATG7 expression was significantly lower in the OP group than in the NC group (Figure 1G).
GO functional enrichment analysis for each of the ten cell populations showed that each population was enriched in its
characteristic biological pathways. MSCs (Figure 1H) were primarily enriched in key biological processes such as
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Figure | Comprehensive analysis of scRNA-seq data. (A) UMAP clustering plot depicting ten distinct cell populations identified from single-cell data, including
subpopulations within the MSC cluster. (B) UMAP GroupPlot illustrating the spatial distribution of cells in the osteoporotic and NC groups. (C) Density distribution
plot of global autophagy levels at the single-cell level. (D) UMAP-based visualization of ATG7 gene expression, with color gradients representing expression levels in
individual cells. (E) Violin plot showing differential expression of the ATG7 gene across various cell types. (F) Violin plot comparing autophagy-related expression levels
between MSCs and the other nine cell populations. (G) Violin plot (replicated) displaying ATG7 gene expression differences among different cell populations. (H) Gene
Ontology (GO) analysis results highlighting functional enrichment differences among the ten single-cell populations. (I) Cell proportion plots showing the distribution of the
ten cell populations across eight single-cell samples. (J) Bar plots comparing the proportions of each cell type between the NC and OP groups. (K) Heatmap of marker gene
expression across the ten identified cell populations. **p < 0.01, ***p < 0.001, ****p < 0.0001.

Abbreviation: ns, no significant difference.

extracellular matrix (ECM) synthesis and remodeling, cell adhesion, migration, secretion function, and tissue repair, all
of which are closely related to OP pathological progression.

Figure 11 shows the relative proportion of the ten cell populations in all eight single-cell samples, while Figure 1J
compares the proportions of these cell populations between the OP and NC groups. The overall proportion of MSCs in
the OP group was significantly lower than that in the NC group. Additionally, the proportion of MSCs in most OP
samples was lower than that in the corresponding NC samples, which aligns with the known reduction in MSCs in OP.
This suggests that the samples included in our study demonstrated strong biological consistency and reliability. Figure 1K
presents the expression of marker genes for the ten identified cell populations.
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Figure 2 Identification of key autophagy-related genes. (A) Volcano plot of differentially expressed genes (DEGs). (B) Venn diagram showing the intersection of DEGs from
the GSE35956 dataset, autophagy-related genes, and DEGs from the single-cell MSC population. (C) Volcano plot of DEGs identified in the MSC population from single-cell
analysis. (D) Heatmap illustrating the expression patterns of selected DEGs. (E) GO enrichment analysis of DEGs. (F) Gene set enrichment analysis (GSEA) highlighting key
biological pathways enriched in the MSC population.

Identification of Key Autophagy-Related Genes

In the GSE35956 dataset, 2,112 DEGs were identified by comparing OP and NC samples, comprising 1,836 upregulated and 276
downregulated genes. The corresponding volcano plots and heat maps visualizing these DEGs are shown in Figure 2A and D,
respectively. Further single-cell transcriptomic analysis of MSC subsets revealed 2,149 DEGs, including 1,971 downregulated
and 178 upregulated genes (Figure 2C). Intersection analysis was subsequently performed between 30 autophagy-related core
genes and DEGs derived from both the GSE35956 dataset and single-cell MSC data (Figure 2B), resulting in the identification of
ATG?7 as a key candidate gene. Figure 2E shows the results of GO functional enrichment analysis for the GSE35956 dataset,
while Figure 2F shows the GSEA plot.

DEG Validation Set

The GSE35958 dataset was used as an independent validation cohort. A volcano plot and heat map illustrating the DEGs
in this dataset are shown in Figure 3B and D, respectively. GO enrichment (Figure 3A), KEGG pathway enrichment
(Figure 3C), and GSEA (Figure 3E) further supported the observations in the primary analysis. ATG7 expression was
assessed in the validation cohort (Figure 3F), revealing significant downregulation in the OP group compared to the NC
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Figure 3 DEG validation set. (A) GO enrichment analysis of DEGs. (B) Volcano plot displaying significantly upregulated and downregulated genes. (C) Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs. (D) Heatmap illustrating the expression patterns of selected DEGs. (E) GSEA plot showing key
enriched pathways. (F) Violin plot depicting the expression differences of the ATG7 gene in the GSE35958 dataset. *p < 0.05.

group. This consistent downregulation of ATG7 across the GSE35956, GSE35958, and single-cell MSC datasets
underscores its potential relevance to OP pathogenesis.

MSC Subgroup Analysis

The spatial distribution of the five MSC subpopulations is illustrated in Figure 4A, and the proportional composition of
each subpopulation in the NC and OP groups is shown in Figure 4E. Figure 4B highlights the relative distributional
differences of MSCs between the OP and NC groups. The spatial patterns of overall autophagy activity and ATG7 gene
expression across MSCs, visualized using t-SNE dimensionality reduction,were presented in Figure 4C and D, respec-
tively. Figure 4F and G further compare autophagy levels and ATG7 expression between the OP and NC groups within
each of the five MSC subpopulations. Both autophagy activity and ATG7 expression were significantly reduced in the
EYAT1 subpopulation of the OP group compared to the NC group.

Figure 4H displays the expression profiles of representative marker genes across the five MSC subpopulations,
helping to define the phenotypic characteristics of each group. There was a positive correlation between the expression
levels of ATG7, BECNI1, and SPP1 (OPN) in MSCs (Figure 4I). BECN1 and SPPI are key markers involved in
autophagy and osteogenesis, respectively, suggesting that ATG7 may act as a regulatory link bridging autophagic activity
and osteogenic differentiation in MSCs. At the population level, both ATG7 expression (Figure 4)) and overall autophagy
activity (Figure 4K) were significantly reduced in the OP group relative to the NC group. GO functional enrichment

analysis (Figure 4L) revealed distinct biological processes in the five MSC subpopulations; EYA1" MSCs were
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Figure 4 Analysis of MSC subgroups. (A) UMAP plot illustrating the spatial distribution characteristics of five MSC subsets. (B) UMAP comparison showing the distribution
differences of MSCs between the osteoporosis group and the NC group. (C) t-SNE-based expression density plot displaying the spatial distribution of autophagy levels within
the MSC population. (D) t-SNE-based expression density plot showing the spatial expression pattern of the ATG7 gene in the MSC population. (E) Bar plot depicting the
proportion of each MSC subset in the OP and NC groups. (F) Violin plots comparing autophagy level expression between the OP and NC groups across five MSC subsets.
(G) Violin plots comparing ATG7 gene expression between the OP and NC groups across five MSC subsets. (H) Heatmap showing the expression profiles of representative
marker genes across the five MSC subsets. (I) Correlation plot illustrating the expression relationships among ATG7, BECNI, and SPPI (OPN) in MSCs. (J) Violin plot
displaying the overall expression differences of the ATG7 gene between the OP and NC groups. (K) Violin plot showing overall changes in autophagy levels in MSCs between
the OP and NC groups. (L) GO enrichment analysis revealing biological process differences among the five MSC subsets. *p < 0.05,**p < 0.01, ***p < 0.001.
Abbreviation: ns, no significant difference.

significantly enriched in pathways related to collagen biosynthesis and ECM organization, indicating that this subpopula-
tion may play a critical role in ECM production.

Cell-Cell Communication and Signaling Pathway Changes

Comparison of the cell—cell communication networks between the OP and NC groups (Figure 5A) showed that VISFATIN,
MIF, and CXCL signaling dominated overall intercellular signaling, with information flow strengths significantly higher than
those of the other pathways. Only VISFATIN was significantly downregulated in the disease group compared to the healthy
group. We subsequently constructed cell—cell interaction networks among the single-cell subsets (Figure 5B), revealing intricate
and robust communication networks among the various cell populations. Comparison of interaction frequency (Figure 5C)
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Figure 5 Analysis of cell-cell communication and signaling pathway changes. (A) Identification and visualization of signaling pathways in the NC and osteoporosis groups. (B)
Cell—cell interaction network diagrams among ten single-cell populations. (C) Heatmap showing differences in the number of interactions among the ten cell populations.
(D) Bubble plot illustrating ligand—receptor interaction pathways that are altered in the OP group compared with the NC group. (E) Bubble plot showing ligand—receptor
interaction pathways significantly weakened in the OP group. (F) Bubble plot showing ligand—receptor interaction pathways significantly enhanced in the OP group. (G)
Heatmap presenting differences in interaction intensities among the ten cell populations.

revealed that MSC subpopulations were identified as the primary signal recipients, whereas myeloid cells emerged as the
dominant signal transmitters. Analysis of interaction intensity (Figure 5G) further confirmed that macrophages, mesenchymal
cells, and myeloid cells acted as key signal receivers, with myeloid cells consistently serving as the principal transmitters.
Comparison of interactions between the five types of immune cells and MSCs across the NC and OP groups
(Figure 5D) indicated that the most prominent alterations were observed in macrophage-MSC communication, particu-
larly within OSM signaling. This involved ligand—receptor pairs such as OSM—OSMR+IL6ST and OSM-LIFR+IL6ST,
both of which exhibited significant differences between the two groups. Among the downregulated ligand—receptor
interactions in the OP group (Figure 5E), the most pronounced reductions were observed in the interactions between
macrophages, plasma cells, and T cells with MSCs. In contrast, upregulated pathways (Figure 5F) were primarily
characterized by enhanced interactions between macrophages and MSCs, and between plasma cells and MSCs.
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Figure 6 Cell communication in MSC subsets. (A) Heatmap showing the intensity of cell-cell interactions among the five MSC subsets. (B) In the NC group, heatmaps of
signaling intensity received by EYAI cell subsets with high and low ATG7 expression, along with the remaining four MSC subsets. (C) In the osteoporosis group, heatmaps of
signaling intensity received by EYAI cell subsets with high and low ATG7 expression, along with the remaining four MSC subsets. (D) In the NC group, ligand—receptor
interaction pathway changes between EYAI subsets with high ATG7 expression and osteoblast subsets with low ATG7 expression. (E) In the OP group, ligand—receptor
pathway changes between EYAI| subsets with high ATG7 expression and osteoblast subsets with low expression. (F) Cell-cell interaction network among the five MSC
subpopulations. (G) Interaction network between the EYA| subset and the other four MSC subsets. (H) In the NC group, interaction patterns between EYA| subsets (with
high and low ATG7 expression) and the other four MSC subsets. (I) In the NC group, interaction signal intensity between EYA| subsets with high and low ATG7 expression.
(J) In the OP group, interaction patterns between EYA| subsets (with high and low ATG7 expression) and the other four MSC subsets. (K) In the OP group, interaction
signal intensity between EYAI subsets with high and low ATG7 expression.

MSC Subset Cell Communication

Examining interaction networks among the five MSC subpopulations revealed that the interaction between the EYA1 and
osteoblast subsets was the most prominent outgoing signaling (Figure 6A). The EYA subset was further divided into high-
and low-ATG7 expression groups, and separate cell-cell communication analyses were performed for the NC and OP groups.
In the NC group, heatmap analysis (Figure 6B) showed that the osteoblast subset was the primary recipient of ligand-receptor
signaling, and the high ATG7-expressing EYA1 subgroup received stronger incoming signals than the low expression group.
In the OP group (Figure 6C), both the osteoblast and PLA2G2A subsets were identified as major signal recipients, while the
high ATG7-expressing EYA1 subgroup exhibited greater signal reception compared to its low-expression counterpart.
ANGPTL activity was predominant in the NC group, whereas the midkine (Mdk) pathway was dominant in the OP group.
Ligand-receptor interaction analysis (Figure 6D and E) demonstrated that the FGF7-FGFR1 and CXCL12-ACKR3 path-
ways were key differential signaling routes between high ATG7-expressing EYA1 cells and low-expression osteoblasts in the
NC group. In contrast, the CXCL12-ACKR3 pathway was the primary differential interaction in the OP group.
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The comprehensive interaction network among MSC subpopulations (Figure 6F) and the focused interaction map
centered on the EYA1 subset (Figure 6G) further highlighted the central role of EYA1 in MSC communication. High
ATG7-expressing EYA1 cells exhibited significantly enhanced interactions with the other four MSC subtypes in the NC
group (Figure 6H), particularly osteoblasts, compared to their low-expression counterparts (Figure 6I). A similar trend
was observed in the OP group (Figure 6J and K), where high-expression EYA1 cells showed intensified interactions with
osteoblasts and chondrogenic cells.

Pseudotemporal Trajectory Analysis

Based on the scRNA-seq data, we reconstructed the developmental trajectory of MSCs using a pseudo-temporal
analysis (Figure 7A). Five key nodes representing potential pathways for MSC differentiation into distinct lineages
were identified. We further categorized all MSCs into 11 developmental states (Figure 7B), outlining the sequential
transitions that occurred during MSC development. Analysis of the distribution of the five MSC subpopulations
along the trajectory (Figure 7C) showed that the EYA1 subset was predominantly enriched in the early stages, with
its proportion gradually declining as pseudo-time progressed. ATG7 expression dynamics mirrored those of the
EYAT1 subset (Figure 7D), displaying high expression at early stages followed by a gradual decrease, suggesting
a potential role of ATG7 in regulating the function of the EYA1 subpopulation and revealing distinct differences in
MSC distribution patterns between the OP and NC groups (Figure 7E).

Node 1 emerged as a critical branching point for differentiation into osteogenic, chondrogenic, or adipogenic lineages.
We performed pseudotemporal heatmap clustering of the key genes expressed in node 1 (Figure 7F) and classified them into
three gene clusters based on similarities in expression dynamics. GO and KEGG pathway enrichment analyses were
subsequently conducted for each cluster, revealing that they were associated with distinct biological functions. The screened
pseudo-temporal signature genes are presented in Figure 7G, further highlighting the involvement of dynamic regulatory
genes in MSC development. Finally, we examined the pseudotemporal expression patterns of ATG7 across different MSC
subpopulations (Figure 7H), revealing subgroup-specific differences in expression trends along the developmental timeline.

Histological, Masson’s Trichrome, Immunohistochemical, and Micro-CT Analyses of
Femurs from Sham and OVX Mice

Micro-CT analysis (Figure 8A—-D) revealed a significant reduction in trabecular bone volume and severe disruption
of trabecular microarchitecture in the OVX group. Quantitative assessment (Figure 8E—G) further confirmed the
successful establishment of the OP mouse model. To evaluate the model, femurs from the Sham and OVX groups
were subjected to decalcification, histological staining, and imaging analysis. H&E (Figure 9A and D) and
Masson’s trichrome staining (Figure 9B and E) showed reduced collagen fiber content and a disorganized
trabecular structure in the OVX group, indicating impaired bone matrix integrity. Immunohistochemical analysis
(Figure 9C,F,G-L) demonstrated that the expression levels of ATG7, Beclinl, OPN, and Sp7 were significantly
decreased in femoral sections from OVX mice compared to those in the Sham group.

Verification of Pseudo-Temporal Trajectories and Autophagy

We used a double-label, three-color immunofluorescence staining technique to analyze MSCs from mice in the Sham and
OVX groups. Compared to the Sham group, the OVX group exhibited reduced fluorescence signals for both EYA1 and
ATG7. Merged images revealed a clear overlap between the two signals, suggesting potential colocalization of EYA1 and
ATG7 (Figure 10A). Quantitative analysis of fluorescence intensity further confirmed that the average signal levels of
both markers were significantly decreased in the OVX group (Figure 10B).

To further investigate autophagic activity, MSCs from both groups were transfected with LC3 autophagy dual-labeled
adenovirus. Fluorescence microscopy revealed a substantial reduction in the number of red fluorescent puncta in the
merged images of the OVX group compared to the Sham group, indicative of reduced autophagosomes formation
(Figure 10C). Quantitative analysis of the red puncta counts corroborated this finding, showing a significantly lower
number of autophagosomes in the OVX group (Figure 10D).
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Figure 7 Pseudotemporal trajectory analysis. (A) Pseudo-temporal trajectory of MSCs, illustrating a branched developmental structure with five key nodes; node | serves
as the major bifurcation point leading toward osteogenic, chondrogenic, or adipogenic lineages. (B) Pseudo-temporal trajectory colored by different cellular states, reflecting
dynamic transitions during MSC development. (C) Spatial distribution and evolutionary trajectories of the five MSC subpopulations along the pseudo-time axis. (D) Dynamic
changes in ATG7 gene expression across the pseudo-temporal trajectory, indicating its potential involvement in lineage differentiation. (E) Comparative distribution of MSCs
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represented by node |, highlighting the predominant biological processes and signaling pathways. (G) Pseudo-temporal feature gene identification plot, used to screen
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Figure 8 Micro-CTanalysis of femurs from Sham and OVX mice. (A and B) Three-dimensional micro-CT reconstructions of trabecular bone. (C and D) Coronal micro-CT images
of the femur. (E-G) Quantitative analyses of bone mineral density (BMD), bone volume fraction (BV/TV), and trabecular number (Tb.N). ¥***p < 0.001, ****p < 0.0001.

Validation of Key Autophagy-Related Genes

Western blot analysis of MSCs from both groups of mice revealed that the protein expression levels of ATG7, Beclinl,
and Opn were significantly reduced in the OVX group compared with those in the Sham group; quantitative grayscale
analysis further confirmed the statistical significance of these differences (Figure 11A—E). In MSCs derived from the
Sham group, OVX group, and OVX mice overexpressing ATG7, ATG7 overexpression significantly upregulated the
expression of autophagy-related and osteogenic marker proteins (Figure 11F-J). Consistent with these findings, transmis-
sion electron microscopy revealed a substantial decrease in the number of autophagosomes and autolysosomes in cells
from the OVX group compared to those from the Sham group (Figure 11K and L). mRNA expression analysis showed
that the relative expression of ATG7 in OVX mice was significantly lower than that in Sham mice (Figure 11M).

Discussion

Autophagy is a highly conserved, lysosome-dependent degradation pathway responsible for clearing damaged organelles
and misfolded proteins, and plays a pivotal role in maintaining bone homeostasis. Recent studies have established a close
link between autophagy dysfunction and OP onset and progression, primarily through its interference with osteoblast-
mediated bone formation, osteoclast-mediated bone resorption, and overall regulation of bone homeostasis by
osteoblasts.”® Several anti-OP agents, such as anagaponin BII, timosaponin BII, and TBII, exert therapeutic effects by
modulating autophagic activity.>” TBII, a steroidal saponin extracted from the rhizome of the traditional Chinese
medicinal herb Anemarrhena asphodeloides, enhances autophagy by regulating the mTOR/NF-kB signaling axis,
mitigating high-glucose-induced osteoblast injury, and promoting bone formation. Despite substantial advances in OP
research, the role of key regulatory genes in autophagy remains insufficiently explored.

In this study, scRNA-seq and microarray analyses were integrated to identify ATG7 as a core autophagy gene,
suggesting its potential as both a biomarker and therapeutic target for OP. ATG7 encodes an E1-like ubiquitin-activating
enzyme that is critical for autophagosome formation, LC3 lipidation (LC3-II conversion), and autophagosome membrane
elongation.”” ATG7 expression is significantly reduced in the bone tissues of patients with primary OP compared to non-
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Figure 9 Histological, Masson’s trichrome, and immunohistochemical analyses of femurs from Sham and OVX mice. (A and D) Hematoxylin and eosin (H&E) staining of the
femoral sections. (B and E) Masson’s trichrome staining of femoral sections. (C and F) Immunohistochemical staining of Atg7 in the femoral sections. (G and J)
Immunohistochemical staining of Beclin| in femoral sections. (H and K) Immunohistochemical staining of OPN in femoral sections. (I and L) Immunohistochemical staining
of Sp7 in the femoral sections.

OP controls,*" a finding corroborated by both the scRNA-seq and microarray data in this study. Further validation using
PCR and Western blot assays on MSCs from Sham and OVX mice confirmed decreased ATG7 expression in OP.

Autophagy-related proteins, such as BECN1, ATG5, and ATG7, are essential for osteoblast mineralization.”* In mice
with conditional Atg7 deletion, primary osteoblasts exhibit mineralization defects;****** Atg7 overexpression can rescue
this phenotype.*> ATG7 overexpression inhibits endoplasmic reticulum stress and apoptosis in chondrocytes, promoting
their proliferation.** The absence of Atg7 leads to acute bone loss and disruption of osteoblast homeostasis in HSCs,
potentially due to a reduction in H-type vessels that connect osteocytes with HSCs.*> Correlation analysis at the single-
cell level revealed that ATG7 expression in MSCs positively correlates with both the autophagy marker gene BECN1 and
the osteogenesis-related gene SPP1 (OPN), implying that ATG7 may facilitate osteogenic differentiation through
autophagy regulation. Among the 30 core autophagy genes analyzed, a general decline in autophagy activity was
observed in the MSCs of patients with OP.

Comparing the intercellular communication patterns, the VISFATIN, MIF, and CXCL pathways dominated overall
signal transduction. Compared with the healthy group, the expression of VISFATIN in the disease group was significantly
reduced. However, the signal strength of these three pathways was higher than that of the other pathways, suggesting that
they may play key regulatory roles in maintaining bone metabolism and immune homeostasis. Visfatin not only promotes
osteoblast differentiation and metabolic activity*® but is also highly expressed in the human bone marrow,*” indicating its
important role in regulating bone homeostasis. Specific genetic variations in visfatin expression are closely associated
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Figure 10 Verification of pseudo-temporal trajectories and autophagy. (A) The triple immunofluorescence staining of EYAI, ATG7, and DAPI was performed on MSCs from
normal mice and OVX mice, showing the co-localization of EYAl and ATG7. (B) Quantitative comparison of fluorescence signal intensities for EYAl and ATG7. (C)
Fluorescence imaging of LC3 autophagy dual-labeled adenoviral infection in MSCs derived from Sham and OVX mice. (D) Quantification of red fluorescent puncta
(autophagosomes) in merged images and comparison of autophagy levels across different groups. ***p < 0.0001.

with changes in skeletal growth.*® Visfatin inhibitors can induce senescence in young rat bone marrow MSCs, whereas
visfatin overexpression helps alleviate the senescence phenotype of aged rat bone marrow MSCs,* highlighting its key
role in bone metabolism and further indicating its potential impact on OP.

Inhibiting macrophage autophagy significantly enhances MIF secretion;”” research using demineralized bone matrix-
ECM scaffolds has revealed that the lack of MIF significantly affects osteogenesis both in vitro and in vivo.>' These
results suggest that MIF signaling may play a complex role in the pathological progression of OP through modulation of
autophagy.

The CXCL chemokine family plays an important role in both autophagy and OP pathogenesis. CXCL1 promotes
osteoblast differentiation and activity by inhibiting ferroptosis and enhancing autophagy through transforming growth factor
(TGF)-B/SMAD signaling.”> CXCL10 is highly secreted by osteocytes in the inflammatory microenvironment™ and promotes
the migration and maturation of osteoclast precursors, enhancing bone resorption. Additionally, the CX3CL1/CX3CR1 axis
plays a significant role in osteoclast maturation and activity;>* its overactivation is closely associated with decreased bone
density and OP progression. CXCL12 signaling recruits multipotent MSCs to the target site, promotes local angiogenesis, and
stimulates osteogenic differentiation. When combined with alginate-BMP-2 plasmid DNA constructs for cell transplantation,
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Figure 11 Validation of key autophagy-related genes. (A and B) Western blot analysis of MSCs from Sham and OVX mice. (C-E) Quantification of grayscale values for Atg7,
Beclinl, and Runx2 proteins. (F and G) Western blot analysis of MSCs from the Sham group, OVX group, and OVX mice overexpressing ATG7. (H=)) Quantification of
grayscale values for Atg7, Beclinl, and Runx2 proteins. (K and L) Transmission electron microscopy (TEM) images of MSCs from the Sham and OVX groups, with arrows
indicating potential autophagosomes or autolysosomes. (M) Relative mRNA expression levels of the ATG7 gene in MSCs from the Sham and OVX mice. *p < 0.05,%*p < 0.01,
*kp <0.001, #¥p < 0.0001.

Abbreviations: ns, no significant difference.

CXCLI12 demonstrated a synergistic effect on bone regeneration,”> making it a promising candidate for bone tissue
engineering applications and further confirming its significant role in OP pathogenesis.

Cellular communication analysis revealed a significant enhancement in signaling interactions between macrophages,
plasma cells, and MSCs, suggesting that the interaction between immune cells and MSCs may play a key regulatory role in OP
development. Anti-inflammatory M2 macrophages secrete interleukin-10, which significantly promotes the osteogenic
differentiation of MSCs,”® while pro-inflammatory M1 macrophages influence the osteogenic potential of MSCs through
the cyclooxygenase-2-mediated prostaglandin E2 (PGE2) pathway.”” MSCs can also secrete PGE2 and TGF-p, inducing M2
macrophage polarization, forming a bidirectional feedback loop that maintains homeostasis in the bone marrow
microenvironment.*® Plasma cells are the terminal differentiation products of B cells; although direct interactions between
plasma cells and MSCs are limited, they may influence MSC differentiation through immunoglobulin and cytokine secretion,
which is an area for future research. In our cellular communication heatmap, MSCs and myeloid cell populations emerged as
key participants in OP pathogenesis. They were the main recipients of ligand-receptor interactions and are also involved in
signal transduction, suggesting that MSCs may promote osteogenesis and bone repair by responding to external signals, while
myeloid cells, particularly immune subtypes, may regulate the local immune-bone axis through signal transmission. These
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findings highlight the complexity of intercellular communication in the OP microenvironment and emphasize the central role
of mesenchymal and myeloid cells in immune regulation and bone metabolism.

In the heat map generated from the cellular communication analysis, the signals received by the osteoblast subpopulation
were significantly stronger than those received by the PLA2G2A subpopulation in the NC group. However, the signals
received by these two subpopulations tended to converge in the OP group, indicating that the PLA2G2A subpopulation
received more signal input under OP conditions. This finding supports the phenotypic changes observed in OP (enhanced

%60 and suggests a role for PLA2G2A in OP pathogenesis.

adipogenesis and reduced osteogenesis)

The activation of ANGPTL signaling was highest in the NC group. ANGPTL4 plays a cytoprotective role in
maintaining bone marrow MSC homeostasis.®' In contrast, the most significantly activated pathway in the OP group
was Mdk signaling. Mdk knockout mice exhibit a high bone mass phenotype,®> and Mdk inhibitors can enhance bone
formation in fracture healing areas,®’ indicating that Mdk inhibition may be a therapeutic approach for low bone mass
diseases such as OP.** ANGPTL4 and Mdk exhibit different signaling dynamics under varying bone metabolic states; the
former potentially contributes to bone homeostasis, whereas the latter is activated under OP conditions and may
exacerbate bone loss, highlighting their complementary regulatory roles in bone metabolism.

Further analysis of cellular subpopulation interactions revealed that the EYA1 subpopulation had the strongest signaling
effect on osteoblasts, a pattern consistently observed in both the NC and OP groups. EYA1 cells with high ATG7 expression
exhibited stronger interactions with osteoblasts than those with low ATG7 expression, suggesting that ATG7 may enhance
functional cross-talk between EYA1 cells and osteoblasts. Fibroblast growth factor 7 promotes dendritic extension and gap
junction formation in osteoblasts by activating the FGFR1 receptor, contributing to bone formation.®®

Overall, the communication pathways between EYA1 cells with high ATG7 expression and osteoblasts showed
a close relationship with osteogenic signaling in both the NC and OP groups, further emphasizing the potential regulatory
role of ATG7 in osteogenesis and its value as a candidate therapeutic target. Pseudo-time trajectory analysis revealed
a positive correlation between the EYA1 subpopulation and ATG7 expression in the MSC differentiation pathway. As OP
progressed, the proportion of EYA1 cells and ATG7 expression decreased. In the NC group, high ATG7 expression was
particularly prominent in EYA1 cells. These results suggest that ATG7 expression is crucial for guiding MSC differ-
entiation toward the osteogenic or chondrogenic lineage.

To further validate these findings, we established a mouse model of oophorectomy-induced OP and performed double-label
three-color fluorescence staining to assess the expression levels of EYA1 and ATG7 in MSCs. Compared with the NC group, the
fluorescence signals of EYA1 and ATG7 were markedly reduced in OVX mice. This observation was highly consistent with the
results obtained from scRNA-seq, providing additional in vivo evidence for the regulatory roles of EYA1 and ATG7 in MSC
differentiation and OP pathogenesis. MSCs isolated from OVX mice exhibited diminished expression of autophagy- and
osteogenesis-related marker proteins compared to those from normal mice. ATG7 overexpression effectively restored the
expression levels of these markers, suggesting its functional role in promoting autophagy and osteogenesis under OP conditions.

By integrating high-throughput sequencing data related to OP, this study identified ATG7 as a pivotal regulatory
factor in autophagy. As a critical molecular bridge linking autophagy and bone metabolism, ATG7 plays a significant role
in OP onset and progression; alterations in its expression may reflect pathological changes within the bone microenvir-
onment, underscoring its potential utility as both a biomarker and a therapeutic target. This study employed
a comprehensive analytical strategy that combined scRNA-seq with microarray data to validate and reinforce the
mechanistic role of ATG7 in OP. This multi-omics integration approach effectively elucidates complex disease mechan-
isms. Future studies should investigate additional gene networks intricately associated with autophagy and bone
metabolism. By incorporating functional validation and clinical sample analyses, such studies may enhance the
theoretical framework and translational potential of precise diagnostic and therapeutic strategies for OP.

Conclusion

This study integrated OP-related single-cell and microarray data and successfully identified an autophagy-related genes
associated with OP. ATG7 may contribute to OP onset and progression by modulating autophagic activity, highlighting
its potential as both a biomarker and therapeutic target. By combining large-scale clinical data analyses with validation in
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animal models, future research may help establish a solid theoretical framework and generate compelling clinical
evidence to support the development of precise OP therapies.
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