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ARTICLE INFO ABSTRACT
Keywords: Low back pain (LBP) is a worldwide problem with public health. Paravertebral muscle degen-
RNA sequencing eration (PMD) is believed to be associated with LBP. Increasing evidence has demonstrated that
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microRNA (miRNA)-mRNA signaling networks have been implicated in the pathophysiology of
diseases. Research suggests that cell death, oxidative stress, inflammatory and immune response,
and extracellular matrix (ECM) metabolism are the pathogenesis of PMD; however, the miRNA-
mRNA mediated the pathological process of PMD remains elusive. RNA sequencing (RNA-seq)
and single cell RNA-seq (scRNA-seq) are invaluable tools for uncovering the functional biology
underlying these miRNA and gene expression changes. Using scRNA-seq, we show that multiple
immunocytes are presented during PMD, revealing that they may have been implicated with
PMD. Additionally, using RNA-seq, we identified 76 differentially expressed genes (DEGs) and
106 differentially expressed miRNAs (DEMs), among which IL-24 and CCDC63 were the top
upregulated and downregulated genes in PMD. Comprehensive bioinformatics analyses, including
Venn diagrams, differential expression, functional enrichment, and protein-protein interaction
analysis, were then conducted to identify six ferroptosis-related DEGs, two oxidative stress-
related DEGs, eleven immunity-related DEGs, five ECM-related DEGs, among which AKR1C2/
AKR1C3/SIRT1/ALB/IL-24 belong to inflammatory genes. Furthermore, 67 DEMs were pre-
dicted to be upstream miRNAs of 25 key DEGs by merging RNA-seq, TargetScan, and mirDIP
databases. Finally, a miRNA-gene network was constructed using Cytoscape software and an
alluvial plot. ROC curve analysis unveiled multiple key DEGs with the high clinical diagnostic
value, providing novel approaches for diagnosing and treating PMD diseases.

1. Introduction

Low back pain (LBP) is a worldwide public health problem that has steadily increased. The socioeconomic burden caused by LBP is
huge, accounting for approximately $100 billion in global medical costs per annum [1-3]. The occurrence and progression of LBP are
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often the result of spinal structural and functional disorders, such as paravertebral muscle degeneration (PMD) and intervertebral disc
degeneration (IVDD) [4-7]. Because of the coordinated movement of the paravertebral muscles (PVM) and the intervertebral discs, the
interaction of these elements plays a key role in maintaining the stability of the spinal structure and function [8,9]. Current treatments
for LBP include medication and surgery focusing on alleviating pain and its complications. However, these methods rarely focus on
solving the root causes of LBP and restoring the normal physiological structure and function of the spine, resulting in unsatisfactory
outcomes [1,2,10,11]. Novel therapeutic targets that improve patients’ quality of life are urgently needed.

The pathogenesis of IVDD is characterized by distinct inflammatory and immune responses, the increased of cell death, oxidative
stress, and extracellular matrix (ECM) degradation, etc [12-16]. Gene therapy, which targets molecules can significantly alleviate
IVDD by blocking these pathological processes [12-15]. However, most current investigations only focus on evaluating the
morphological parameters of PVM from a clinical point of view [4,5,17-21] and neglect the consideration of the molecular patho-
logical mechanism of PMD. Additionally, studies the on the molecular mechanism of PMD are minimal. Previously, we reported that
several genes might regulate PMD in mice via mediating inflammatory response, muscle atrophy, and oxidative stress [22]. Li et al.
[23] demonstrated that in patients with idiopathic scoliosis, the PVM undergoes degeneration, leading to increased muscle cell death,
loss of muscle function, and spinal instability. Therefore, according to the pathomechanism of IVDD [16] and the research progress of
PMD, we speculate that the imbalance of the PVM microenvironment: cell death, oxidative stress, ECM metabolic imbalance, and
inflammatory and immune response are key factors contributing to the pathogenesis of PMD (Fig. 1); however, their regulatory
mechanisms are still unclear.

Growing evidence has uncovered that the messenger ribonucleic acid (mRNA) and microRNA (miRNA) play a critical role in
mediating cell death, ECM metabolism, and immune and inflammatory response [12-16,22]. Disorder of mRNA and miRNA
expression is often closely related to the occurrence and development of human diseases, including IVDD and PMD [12-16,22].
Single-cell RNA sequencing (scRNA-seq) has established itself as an invaluable tool for identifying cell types and heterogeneity (such as
various immunocytes), as well as differentially expressed genes (DEGs) in isolated single-cells, and elucidating their functions and
mechanisms [24-26]. Bulk RNA-seq (bRNA-seq) can also identify differentially expressed miRNAs (DEMs) in tissues, which analyzes
the average DEGs or DEMs expression by using tissue as sequencing material; however, the ability to assess the heterogeneity between
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Fig. 1. The pathological mechanism and process of PMD. The left side represents normal paravertebral muscles: reduced expression of inflam-
matory and chemokine factors, balanced ECM metabolism, normal muscle cell quality, quantity, and muscle structure and function. The right side
represents degenerative paravertebral muscles: increased expression of inflammatory and chemokine factors causes ferroptosis, oxidative stress,
activation of multiple immunocytes, formation of an inflammatory cascade reaction, promotion of ECM degradation, further leading to muscle
atrophy, fibrosis, and fat infiltration, initiating or exacerbating PMD.
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cellular cell types is lost [15,16,24]. Few studies have utilized scRNA-seq and bRNA-seq to assess human PVM tissues.

In this study, we conducted scRNA-seq to explore the composition and heterogeneity of immune cells and further identify the key
DEGs and DEMs in PMD. First, multiple molecular biology experiments, encompassing Hematoxylin & Eosin (H&E) and Masson’s
trichrome staining, were carried out to validate whether and to what extent the PVM tissues have degenerated. Second, a series of
bioinformatics analyses, such as RNA differential expression analysis, functional enrichment analysis, and protein-protein interaction
(PPI) analysis, were performed to predict the key DEGs and DEMs in PMD. Finally, the DEMs-DEGs network was constructed to explore
the possible regulatory mechanisms by which muscle degeneration occurs. These data provide novel insights that could develop
therapeutic targets for inhibiting PMD and alleviating LBP.

2. Material and methods
2.1. Sample information

The Capital Medical University Xuanwu Hospital Ethics Committee supervised and approved the study protocol (study protocol
number: NCT05621494; ethics number: KS2022151-1). Patients who had not received any treatment with LBP for over three months
and required surgery were included in the study. In contrast, patients with visceral LBP, acute trauma, infections, tuberculosis, Par-
kinson’s disease, tumors, and a history of lumbar fracture and spinal surgery were excluded from this study. After applying these
selection criteria, 10 samples from 10 patients were collected, among which three relatively normal and seven degenerative PVM
tissues were used for RNA sequencing, and three relatively normal and one degenerative PVM tissues were used for scRNA-seq. Written
informed consent was provided to all patients before they participated. Given that the average muscle cross-sectional area of the L4/5
level is relatively large, muscle samples from this segment were used for further investigation. The Goutellier classification method was
applied to evaluate the severity of PMD according to visual semiquantitative of fat infiltration [27-29]. A Goutallier grade 0-1 in-
dicates patients who belong to the normal group, whereas those with grades 2-3 constituted mild PMD (MPMD), and grade 4
constituted the severe PMD (SPMD) group.

2.2. Samples processing and bRNA-seq

The PVM tissues were washed twice using sterile phosphate buffer saline (PBS) and 4 % streptomycin. A sterile surgical knife was
then used to remove visible connective tissue, veins, and adipose tissue. Subsequently, the total RNA was extracted using the TRIzol
reagent (Life Technologies, USA). NanoPhotometer spectrophotometer and Agilent 2100 bioanalyzer were utilized to evaluate the
RNA purity and integrity, respectively. According to the manufacturer’s instructions, the NEBNext® UltraTM RNA Library Prep Kit was
used to prepare the RNA-seq library. The RNA-seq experiment was performed in the NovelBio Biopharmaceutical Technology Com-
pany (Beijing, China).

2.3. Evaluating the rationality of sample selection and grouping

The box and violin plots of mRNA and miRNA unveiled MPMD2 and SPMD1 samples as outliers, indicating that the cells may be
dead; while the other eight samples had good consistency, indicating a high similarity in sample composition, which met the standards
of subsequent analysis and research (Supplementary Fig. 1a-d). Therefore, we eliminated the two samples and conducted a difference
analysis on the remaining three normal PVM samples and five degenerative PVM samples. The density curve plot shows the high
expression abundance of mRNAs and miRNAs in different samples (Supplementary Fig. 1e and f), suggesting the differential expression
of mRNAs and miRNAs in PMD.

2.4. Analysis of genes and miRNAs expression profile

FastQC software was utilized to assess raw data quality. First, the adapter sequences and low-quality data were removed using
Trimmomatic software. BWA software was used to compare clean data to the reference genome sequence from Ensembl database to
produce sequence alignment files. Next, the clean miRNA data sequences were compared with annotated known miRNAs in the
miRBase database (URL or REF). The relative expression levels of mRNAs were calculated using the Fragments Per Kilobase of exon
model per Million mapped fragments (FPKM) formula, and the relative expression levels of miRNAs were calculated by the transcripts
per kilobase of exon model per million mapped reads (TKM) formula. Data processing was performed in R version. The false discovery
rate (FDR) was used to correct the P-values. The differentially expressed genes (DEGs) were analyzed using EBSeq software with the
screening threshold set to |log2 fold-change (FC)| > 0.585 and the FDR <0.05. Differentially expressed miRNAs (DEMs) were analyzed
using EdgeR software with the screening threshold being set to |log2 FC| > 0.585 and P-value <0.05. Hierarchical Clustering and
volcano plots were used to illustrate the distinguishable genes and miRNAs expression patterns among samples.

2.5. Samples processing and scRNA-seq
The processed muscle tissues were digested into a single-cell suspension using a digestive enzyme system [30-32]. The scRNA-seq

experiment was performed by the NovelBio Biopharmaceutical Technology Company (Beijing, China). According to the manufac-
turer’s instructions, a 10X Genomics Chromium Controller Instrument and Chromium Single Cell 3' V3.1 Reagent Kits (10X Genomics,
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Pleasanton, CA) were used to construct scRNA-seq libraries. The libraries were then sequenced on an Illumina NovaSeq 6000 platform
(Illumina, San Diego, CA). After data quality control, the data was dimensionally reduced through T-distributed Stochastic Neighbor
Embedding (t-SNE) processing. Unsupervised cell cluster results were obtained using a graph-based cluster method and K-means al-
gorithm. Clusters representing the various immune cells underwent re-t-SNE analysis and graph-based clustering to identify immune
cell subtypes further.

2.6. Analysis of the protein-protein interaction (PPI) network

The Search Tool for the Retrieval of Interacting Genes (STRING) online tool (https://string-db.org/) is routinely used by scientists
to integrate protein-protein interactions systematically. STRING was used to construct the PPI networks of DEGs [33]. Briefly, the
DEGs were inputted into the multiple protein section of the STRING website. The interaction file (string interactions.tsv) was
downloaded and converted to Excel. Next, the file was inputted into Cytoscape (Software details). The maximal clique centrality (MCC)
algorithm based on the CytoHubba plugin of Cytoscape software was used to identify essential hub genes.

2.7. Gene ontology (GO) and kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis

GO is an international standardized Gene function classification database that includes Biological Process (BP), Cellular Component
(CC), and Molecular Function (MF). Additionally, KEGG pathway analysis uses a gene annotation database to detect signaling path-
ways with significantly enriched differentially expressed genes. From a biological perspective, BP and KEGG can directly reflect the
role of genes in phenotype [15,16,22,34]. CC is often used to describe the localization information of genes on cells. As a description of
MEF, it is often related to the actual mode of action of the proteins. We carried out GO and KEGG pathway analysis to uncover the
underlying functional characteristics of DEGs using Weishengxin, an online platform for data analysis and visualization (http://www.
bioinformatics.com.cn/?p=10). The threshold of significance was defined by a P-value <0.05.

2.8. Obtaining the ECM-related genes, oxidative stress-related genes, ferroptosis-related genes, and immunity-related genes from databases

ECM-related genes (ERGs) were obtained from the Reactome (Version 79, https://reactome.org/) and the HUGO gene databases
[15,16]. Ferroptosis-related genes (FRGs) were obtained from the FerrDb V2 database (http://www.zhounan.org/ferrdb/) [15,16,35].
Oxidative stress-related genes (OSRGs) were obtained from the molecular signatures database (https://www.gsea-msigdb.org/g-
sea/msigdb/index. jsp) [15,16,36]. Immunity-related genes (IRGs) were obtained from the immunology database and analysis portal
(immport, https://www.immport.org/home) (Supplementary Table 1) [15,16,37].

2.9. Identification of the key DEGs

To identify the DEGs related to ferroptosis, oxidative stress, immune response, and ECM metabolism, the FRGs, OSRGs, IRGs, and
ERGs were merged with DEGs using a Venn diagram, screening for overlapping genes. PPI network analysis was also performed to
explore the key hub genes.
2.10. Predicting the upstream DEMs for the key DEGs

For the key DEGs identified above, upstream miRNAs of the key DEGs were predicted using TargetScan version 8.0 (https://www.
targetscan.org/) [38] and mirDIP version 5.2 databases [39], respectively. Then, PMD-related DEMs were further selected by merging
RNA sequencing-identified DEMs and TargetScan and mirDIP databases.
2.11. Construction of miRNA-gene regulatory network

Next, the miRNA-gene regulatory network was constructed. The process involved analyzing the expression profiles of genes and
miRNAs to identify DEMs and DEGs. Special attention was given to pinpointing pivotal DEGs associated with PMD and their con-
nections to ferroptosis, oxidative stress, immune response, and ECM metabolism. The next step involved predicting upstream PMD-
related DEMs corresponding to the identified key DEGs using TargetScan, mirDIP databases, and RNA sequencing data. Finally, a
comprehensive miRNA-gene regulatory network was formulated utilizing Cytoscape software, integrating the insights from the above
analyses.

2.12. Analysis of receiver operating characteristic (ROC) curve

The pROC package deployed in R was applied to carry out ROC curve analysis [40]. Through the analysis, the specificity and
sensitivity of key genes could be predicted. The area under the ROC curve (AUC) was used to assess the diagnostic values of the genes.

2.13. H&E and Masson’s trichrome staining

Human PVM tissues were fixed and collected at L4/5 level in 4 % paraformaldehyde, followed by dehydrating them with different
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concentrations of ethanol. The tissues were then embedded in paraffin and cut into 5 pm thick slices using sterile scissors. Next, xylene
was used for dewaxing, followed by hydration of the tissues with different ethanol concentrations. Subsequently, the tissue slices were
stained using H&E and Masson’s trichrome staining reagent kits, respectively. Cell nuclei were labeled blue using 4',6-diamidino-2-
phenylindole (DAPI). The stained samples were imaged using a fluorescence microscope (Instrument details).

3. Results
3.1. Verifying the normal and degenerative PVM tissues

To study the miRNA-mRNA pathway-mediated the occurrence and development of PMD, we collected normal and degenerative
PVM tissues for bBRNA-seq and scRNA-seq. Using these tissues and sequencing modalities, we aimed to uncover the expression pattern
of genes and miRNAs during PMD (Fig. 2). Through H&E staining, we noted muscle fiber atrophy, local infiltration of adipocytes, and
inflammatory cells in degenerative PVM tissues compared with normal PVM tissues (Fig. 3). Masson’s trichrome staining further
demonstrated many blue-stained collagen fibers crisscrossing the muscles in the degenerative PVM tissues (Fig. 3). Together, these
data indicate that the normal and degenerative PVM tissues we collected are suitable for sequencing.

3.2. Single-cell analysis of PVM identifies the types and subtypes of immunocytes

Increasingly, studies have demonstrated that skeletal muscles host multiple immune cells, including monocytes, macrophages, NK
cells, neutrophils, B cells, and T cells, using scRNA-seq technology [31,32,41-44]. The same cell clusters have similar gene expression
characteristics, but these clusters need to be annotated by cells to determine which cell type they belong to. To identify the immu-
nocytes types in the PVM tissues, we used the tSNE dimensionality reduction strategy to cluster and visualize all cell clusters (Fig. 4a).
According to the characteristic marker genes of each cell, we observed a total of 22 clusters representing 10 cell types containing 6
clusters representing four immune cell types, namely monocytic&Neutrophils (clusters 13, 16, 21; 6.82 %; marker genes: C1QA,
LYVE1, S100A9); B cells (clusters 20; 0.05 %; marker genes: CD79A, CD79B, IGHM); Mast cells (clusters 17; 1.77 %; marker genes: KIT,
CPA3, MS4A2); and T cells (clusters 7; 5.94 %; marker genes: PTPRC, CD3D, CD3E) (Fig. 4, Supplementary Fig. 2, and Supplementary
Fig. 3). To further clarify the subtypes of these immune cells, we conducted t-SNE dimensionality reduction analysis again. Similar to
previous studies, we found monocytic were divided into 9 clusters containing four cell types: monocytes (marker genes: FCN1, VCAN,
G0S2, S100A8); macrophages (C1QA, C1QB, C1QC, TNF, HMOX1, MAF, OLR1, HSPA6); cCD1 and cCD2 (CLEC9A, WDFY4, IDO1,
CCL22, CD1C, FCER1A). Neutrophils (FCGR3B, CSF3R, G0S2, CAMP, LTF, MPQO). CD4 T cells: Navie (SELL, CCR7, TCF7); Effector
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Fig. 2. The workflow diagram of sequencing, data processing, analysis, and validation in this study.
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Normal

Fig. 3. Histological staining of the normal and degenerative paravertebral muscle tissues. HE and Masson’s trichrome staining was conducted to
select and confirm the normal, mild, degenerative, and severe degenerative paravertebral muscle tissues.
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memory T cells (TEM) (GZMK, GZMA, CCL5); Regulatory T cells (Treg) (FOXP3, IKZF2, CTLA4, BATF); Central memory T cells (TCM)
(CD69, RGS1, ANXA1). and CD8T cells: TEM (GZMK, CXCR4, CD44); TCM (IL7R, GPR183, CCL5) (Fig. 4) based on their marker genes
[45]. Thus, these results suggested that there are multiple immune cells present during PMD, revealing that they may play an
important role in regulating PMD. However, the mechanism remains unclear.

3.3. Identification of the key DEGs in PMD

A total of 15 458 genes were found to be expressed to varying degrees in PMD. Subsequently, we performed gene differential
expression analysis to compare gene expression differences between the normal and PMD groups. The screening threshold was set as |
log2 (FC)| > 0.585 and FDR <0.05. From this analysis, we identified 76 DEGs, among which 43 DEGs were significantly downregulated
and 33 were significantly upregulated in human PMD patients, as shown through hierarchical clustering and volcano plotting (Fig. 5a
and b). To analyze whether the DEGs are related to ferroptosis, oxidative stress, immune response, and ECM metabolism, we obtained
the FRGs, OSRGs, IRGs, and ERGs from the different databases and merged them with DEGs using a Venn diagram (Fig. 5¢). The results
showed that six were DEGs linked to ferroptosis (leucine-rich adaptor protein 1-like (LURAP1L), aldo-keto reductases family 1 member
C2 (AKR1C2), AKR1C3, sirtuin 1 (SIRT1), bromodomain-containing protein 2 (BRD2), albumin (ALB)); two were associated with
oxidative stress (peroxidasins (PXN), haptoglobin (HP)); 11 were related to immune response (solute carrier family 45 member 3
(SLC45A3), angiotensin-converting enzyme (ACE), quinolinic acid phosphoribosyltransferase (QPRT), rho guanine nucleotide ex-
change factor 37 (ARHGEF37), amphiphysin (AMPH), protein phosphatase 1 regulatory inhibitor subunit 16 B (PPP1R16 B), FMS-like
tyrosine kinase 4 (FLT4), ras-like protein family member 12 (RASL12), FK506-binding protein 11 (FKBP11), CD7, interleukin-24 (IL-
24)); and five belonged to ECM-related genes (secreted phosphoprotein 1 (SPP1), fibrinogen A alpha-chain gene (FGA), fibrinogen
gamma-chain gene (FGG), intercellular adhesion molecule 4 (ICAM4), matrix metalloproteinase-15 (MMP15)) (Fig. 5c and
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Many complexities within cells stem from functional and regulatory interactions among proteins, which PPI can reflect. We
explored the interactions among the 76 DEGs using the STRING tool and obtained a PPI network. PPI analysis revealed that ALB, FGA,
FGG, HP, ACE, SPP1, and MMP15 belonged to the ranking’s top 10 key hub genes (Fig. 5d and e). Moreover, the specific expression of
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Fig. 7. GO and KEGG functional annotation of DEGs. (A) Sankey and bubble plots unveil the results of molecular function terms enriched by GO
analysis. (B) Sankey and bubble plots unveil the enriched signaling pathway by KEGG analysis. The left is a Sankey plot, representing the DEGs
enriched in each pathway; the right is a bubble plot, while the bubble size represents the number of involved DEGs that the pathway belongs to, and

the bubble color represents the P-value, with red representing greater significance. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

these DEGs in PMD was further visualized using a bar plot (Fig. 5f). These data indicated that IL-24 and coiled-coil domain-containing
protein 63 (CCDC63) were the top upregulated and downregulated genes in PMD, respectively. Additionally, ALB, SIRT1, FKBP11,
ICAM4, PXN, CD7, BRD2, HP, SPP1, FGA, FGG were significantly upregulated, and LURAP1L, AKR1C2, AKR1C3, SLC45A3, ACE,
QPRT, ARHGEF37, AMPH, PPP1R16 B, FLT4, RASL12, MMP15 were significantly downregulated in PMD.
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Fig. 8. Analysis of the expression profiles of miRNAs in PMD by RNA-sequencing. (A) Cluster heatmap of DEMs in RNA-seq. With rows indicating
DEMs and columns indicating groups. The color scale varies from blue to red; blue points indicate downregulation, and red points indicate
upregulation. (B) Volcano plot of DEMs in RNA-seq. Red points indicate significantly upregulation; blue points indicate significantly down-
regulation, grey points indicate insignificant differential expression. (c) bar plot of DEMs in RNA-seq. The X-axis represents miRNA, and the Y-axis
represents log2 fold change. Green means down-regulation below the X-axis; red means up-regulation above the X-axis. (D-I) Venn diagram analysis
of overlapping ECM-related DEMs by the intersection of ERGs, TargetScan, and mirDIP databases. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

10



Y. Li et al. Heliyon 10 (2024) e30517

3.4. GO and KEGG functional annotation of DEGs

To further explore the underlying functional characteristics of the 76 DEGs, GO and KEGG enrichment analyses were carried out
using Weishengxin, an online data analysis and visualization platform. The GO and KEGG results revealed that FGG/FGA/ALB are
linked to “regulation of vasoconstriction, protein activation cascade, regulation of endothelial cell apoptotic process, post-translational
protein modification, negative regulation of apoptotic signaling pathway, substrate adhesion-dependent cell spreading, extracellular
matrix organization, protein processing, regulation of cell morphogenesis involved in differentiation, positive regulation of heterotypic
cell-cell adhesion, complement and coagulation cascades, coronavirus disease-COVID-19, collagen-containing extracellular matrix,
blood microparticle, and cytoplasmic vesicle lumen”. AKR1C2/AKR1C3/SIRT1/ALB are related to “regulation of protein kinase B
signaling, cellular response to ketone, regulation of endothelial cell apoptotic process, cellular response to external stimulus, cellular
response to starvation, response to reactive oxygen species, chemical carcinogenesis-reactive oxygen species, steroid hormone
biosynthesis, oxidoreductase activity, acting on the CH-CH group of donors, NAD or NADP as acceptor, bile acid, monocarboxylic acid,
organic acid, and carboxylic acid binding”. SIRT1 is correlated to “epithelial cell migration, regulation of cell growth, endothelial cell
proliferation, cellular response to transforming growth factor beta stimulus, negative regulation of apoptotic signaling pathway, FoxO
signaling pathway, Cellular senescence, ESC/E(Z) complex, nuclear euchromatin, mitogen-activated protein kinase binding, tran-
scription coregulator activity, p53 binding, transcription corepressor activity, DNA-binding transcription factor binding, etc”. IL-24 is
associated with “peptidyl tyrosine phosphorylation, JAK-STAT signaling pathway, viral protein interaction with cytokine and cytokine
receptor, cytokine-cytokine receptor interaction”. FLT4/PXN/SPP1 participate in “epithelial cell migration, regulation of cell growth,
Focal adhesion, PI3K-Akt signaling pathway, Toll-like receptor signaling pathway, VEGF signaling pathway, ECM-receptor interaction,
Regulation of actin cytoskeleton, cell-cell junction, and integrin binding”. MMP15/FGG/SPP1/FGA/ICAM4 regulates extracellular
matrix organization (Figs. 6 and 7). These results indicate that AKR1C2/AKR1C3/SIRT1/ALB/IL-24 belong to inflammatory genes and
that the above 25 key genes might play a significant role in the occurrence and progression of PMD.
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Fig. 9. Predicting the upstream DEMs for the key IRGs, FRGs, and OSRGs. (A—C) Venn diagram analysis of overlapping immunity-related DEMs by
the intersection of IRGs, TargetScan, and mirDIP databases. (D) Venn diagram analysis of overlapping ferroptosis-related DEMs by the intersection
of FRGs, TargetScan, and mirDIP databases. (E) Venn diagram analysis of overlapping oxidative stress-related DEMs by the intersection of OSRGs,
TargetScan, and mirDIP databases.

11



Heliyon 10 (2024) e30517

Y. Liet al

(caption on next page)



Y. Liet al. Heliyon 10 (2024) e30517

Fig. 10. Construction of miRNA-genes regulatory network in PMD. (A) Cytoscape software was used to construct and visualize the miRNA-genes
regulatory network. Of these, 25 DEGs are marked in red, and 67 DEMs are marked in blue. (B) Alluvial plot. The left column indicates DEMs, the
middle column indicates key DEGs, and the right column indicates the functions of key DEGs. (For interpretation of the references to color in this
ggure legend, the reader is referred to the Web version of this article.)

3.5. Identification of DEMs in PMD

As the gene expression regulator, miRNAs play a significant role in modulating the occurrence and development of diseases via
targeting and binding genes [46,47]. RNA sequencing identified a total of 1610 miRNAs. As shown in the volcano plot (Fig. 8a) and
cluster heatmap (Fig. 8b), we found 106 miRNAs with | log2 FC | > 0.585 and P value < 0.05, of which 75 were significantly
upregulated and 31 were significantly downregulated in PMD. The differential expression of the top 10 upregulated and top 10
downregulated DEMs was shown using a bar plot (Fig. 8c), of which miR-767-5p was the top upregulated, and miR-3664-5p was the
top downregulated DEMs in PMD, respectively. These data revealed that these DEMs might be implicated in PMD.

AL, B Cc

’ , ’
0.8 ’ 0.8 4 ’ 0.8 ’

0.6 z

=3
o
L
~
=
o
L
N

0.4 4 ¥

e
iS
L

N

Sensitivity (TPR)
N
Sensitivity (TPR)
Sensitivity (TPR)
N
=
L
N

0.2+

=3

)
L

o

N
L

/’  — CCDC63 (AUC =0.733) ’ ;7 — SLC45A3 (AUC = 1.000) ’ /7 — AKRIC2 (AUC = 1.000)
/ — LURAPIL (AUC = 0.933) s — ACE (AUC = 1.000) ,7  — ARHGEF37 (AUC = 1.000)

— MMP15 (AUC = 1.000) 4 — QPRT (AUC = 1.000) ’ — AMPH (AUC = 0.933)
0.0 T 1 0.0 T T T T " 0.0 T T \

T T T T T
0.0 02 04 0.6 08 1.0 0.0 02 0.4 0.6 08 1.0 0.0 02 04 0.6 0.8 1.0
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)

0.8 4 ’

=3
%
N
o
)
N

0.6 4

e
o
L

N
=
=N

L
N

0.4 "

e
IS
L

N

Sensitivity (TPR)
N
Sensitivity (TPR)
N
Sensitivity (TPR)
I
=
L
.

0.2 02 02
+” — PPPIRI6B (AUC = 1.000) »7 = RASLI2 (AUC= 1.000) .7 — FKBPII (AUC =0.933)
¥ — AKRIC3 (AUC = 1.000) e — PXN (AUC = 1.000) ’ — HP (AUC = 1.000)

’ — FLT4 (AUC = 1.000) ’ — BRD2 (AUC =0.867) ’ — FGG (AUC =0.933)
0.0 T T T T ) 0.0 T T T T , 0.0 T T T T ,

0.0 02 04 0.6 0.8 1.0 0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)

1.0 H 1.0 H I 1.0

’ ’ ’
0.8 ’ ’ 0.8

o
%

2
o
L
S
e
=N
1
N

I
~
1

N

Sensitivity (TPR)
N
Sensitivity (TPR)
N
Sensitivity (TPR)
o
=
L
N

&
)
!
N

02 . 02 . cD7
. — SPP1 (AUC =0.933) ., — SIRTI (AUC =0.933) 2
P — FGA (AUC = 1.000) 7 — ALB (AUC=0.933) % AUC: 0.833

i — ICAM4 (AUC = 0.833) i — 1L24 (AUC =0.733) 4 CI: 0.500—1.000
0.0 T 1 0.0 T T T 0.0 T T T T

T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 08 1.0
1-Specificity (FPR) 1-Specificity (FPR) 1-Specificity (FPR)

Fig. 11. Evaluation of the diagnostic effectiveness of the key DEGs in PMD. (A-I) Analyzing the ROC curve and AUC value of 25 key DEGs based on
the sequencing data. The abscissa represents 1-specificity, and the closer the value is to zero, the higher the accuracy. The vertical axis represents
sensitivity; the larger the value, the better the accuracy.
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3.6. Predicting the upstream DEMs for the key DEGs

TargetScan version 8.0 (https://www.targetscan.org/) [38] predicts the target genes that match the seed region of each miRNA.
These predictions can then be ranked using a miRNA-mediated inhibition biochemical model. MirDIP version 5.2 (https://ophid.
utoronto.ca/mirDIP) [39] is a comprehensive and updated database that includes 46 364 047 predictions for 2734 miRNAs and 27
936 genes, which collects human miRNA-gene interactions from multiple known databases, such as miRDB, miRanda, miRbase,
miRcode, RNA22, miRTar2GO, and PITA. Concerning the 25 key DEGs and 106 DEMs acquired through RNA sequencing, we con-
ducted predictions to identify the upstream DEMs associated with PMD among the key DEGs. This prediction process involved inte-
grating RNA-seq data with TargetScan and mirDIP database information. The upstream DEMs of the key DEGs were listed in
Supplementary Table 2. The most significantly downregulated CCDC63 was predicted to have 6 DEMs (Fig. 8d). As for ECM-related
DEGs, we predicted that FGA, ICAM4, SPP1, MMP15, and FGG have 4 + 3+1 + 4410 (22) overlapping DEMs, respectively (Fig. 8e-i).
A total of 6 + 446 + 7+1 + 4+14 + 7+0 + 1+4 (54) overlapping DEMs were predicted as upstream miRNAs of 11 immune-related
DEGs (Fig. 9a—c). Additionally, six ferroptosis-related DEGs had 8 + 1+5 + 9+1 + 2 (26) upstream DEMs through Venn analysis,
respectively; two oxidative stress-related DEGs, PXN and HP were believed to have eight and three upstream overlapping DEMs,
respectively (Fig. 9d and e).

3.7. Construction of miRNA-gene regulatory network

Based on the above prediction analysis, 67 DEMs were predicted to be upstream miRNAs of 25 key DEGs, excluding the same 52
DEMs. Then, we constructed and visualized a miRNA-gene regulatory network containing 67 DEMs and 25 DEGs using Cytoscape and
further illustrated these data using an alluvial plot (Fig. 10a and b). From the interlocking miRNA-gene signaling regulatory networks,
we can observe that multiple miRNAs can regulate the same gene, and the same miRNA can also mediate multiple genes (Fig. 10a and
b). The alluvial plot also reflected the potential biological role of miRNA-gene networks in PMD (Fig. 10b). These results unveiled that
miRNA-gene signaling networks might be involved in the occurrence and progression of PMD by regulating ferroptosis, immune
response, ECM metabolism, and oxidative stress.

3.8. Evaluation of the diagnostic values of key DEGs

The ROC curve reflects the relationship between sensitivity and specificity [40,43]. The ROC AUC curve is commonly used to
evaluate the diagnostic value of different genes. The AUC value range is generally between 0.5 and 1, and the closer the AUC is to 1, the
better the prediction effect of this variable [40,43]. An AUC of more than 0.9 was considered capable of diagnosing PMD with excellent
specificity and sensitivity. According to the key DEGs identified in this study, we conducted a ROC curve analysis using R to evaluate
the clinical diagnostic value of these genes. As shown in Fig. 11, the AUC values of MMP15, SLC45A3, ACE, QPRT, AKR1C2, ARH-
GEF37, PPP1R16 B, FLT4, AKR1C3, RASL12, PXN, HP, FGA were 1. The AUC values of LURAP1L, AMPH, FKBP11, FGG, SPP1, SIRT1,
and ALB were greater than 0.9. However, the AUC values of CCDC63, IL-24, CD7, ICAM4, and BRD2 were less than 0.9 (Fig. 11a-e, g,
h, i). These data revealed that MMP15, SLC45A3, ACE, QPRT, AKR1C2, ARHGEF37, PPP1R16 B, FLT4, AKR1C3, RASL12, PXN, HP,
FGA, LURAP1L, AMPH, FKBP11, FGG, SPP1, SIRT1, and ALB have excellent specificity and sensitivity, and have high diagnostic value
for PMD and could be used as diagnostic biomarkers for further analysis and validation.

4. Discussion

Current studies on PMD predominantly focus on measuring PVM morphological parameters, such as cross-sectional area size and
fat infiltration degree [4,5,17-21]. However, the pathomechanism of PMD is poorly understood, limiting clinical application and
translation. bRNA-seq and scRNA-seq are robust tools and common methods to identify key molecular pathological mechanisms
underlying disease conditions [24-26]. Gene therapy targeting miRNA or mRNA has high efficiency and specificity, which can achieve
precise treatment, improve microenvironment homeostasis, and treat muscle degenerative diseases from the root cause [48]. However,
few studies have investigated human PVM tissues using bRNA-seq and scRNA-seq, which both have the potential to illuminate critical
biological and pathological insights. Therefore, it is necessary to use sequencing technology to understand and elucidate the patho-
genesis of PMD from a genetic perspective.

In this study, we identified 76 DEGs (43 downregulated and 33 upregulated), of which IL-24 and CCDC63 were the most signif-
icantly upregulated and downregulated in PMD. Among them, we identified six FRGs: LURAP1L, AKR1C2, AKR1C3, SIRT1, BRD2, and
ALB; two OSRGs: PXN, HP; 11 IRGs: SLC45A3, ACE, QPRT, ARHGEF37, AMPH, PPP1R16 B, FLT4, RASL12, FKBP11, CD7, and IL-24; 5
ERGs: SPP1, FGA, FGG, ICAM4, and MMP15; and five inflammatory genes: AKR1C2, AKR1C3, SIRT1, ALB, and IL-24. Together, these
results revealed that DEGs-mediated ferroptosis, oxidative stress, ECM metabolism, and inflammatory and immune response might be
the key pathological processes of PMD.

ECM not only protects muscle cells and blood vessels but also exerts a crucial role in the growth, development, and repair of skeletal
muscles, as well as in transmitting muscle contractile force [49,50]. Thus, ERGs may play an extremely important role in maintaining
muscle homeostasis and function by regulating the content of ECM components. Nevertheless, how do ERGs mediate ECM metabolism?
To clarify this issue, we have consulted relevant literature. We observed MMP15, an ECM degradation metallopeptidase, is differ-
entially expressed in skeletal muscles during exercise, which is associated with ECM remodeling [51]. Kramerova et al. discovered that
SPP1 could promote muscle fibrosis and macrophage polarization by inducing MMP9-mediated ECM degradation [52]. Inflammatory
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response and oxidative stress were also reported to enhance ECM degradation [12,16]. We found that
AKR1C2/AKR1C3/SIRT1/ALB/IL-24 are associated with inflammatory responses, and PXN/HP are linked to oxidative stress through
genes function enrichment analysis, suggesting that they may affect the expression of ECM components in PMD. Accumulating evi-
dence has revealed that SIRT1 is essential in inhibiting inflammation and oxidative stress, thereby repressing ECM degradation [53].
IL-24 belongs to the IL-10 cytokine family, which can be promoted by fibrosis interfering with ECM metabolism [54]. Our study also
found that FGG/FGA/ICAM4 were linked to ECM deposition and remodeling. Taken together, we speculated that many DEGs can
regulate the occurrence and development of PMD via controling ECM metabolism.

Immune system disorders such as immunocyte activation and immune-related gene dysregulation are important features of skeletal
muscle diseases. Researchers observed that there are five immunocytes: macrophages, monocytes, neutrophils, and B/T cells in adult
mouse hindlimb muscles by scRNA-seq [32,44]. In another scRNA-seq study, De Micheli et al. [31,42] found myeloid immunocytes,
tissue-resident and anti-inflammatory macrophages, pro-inflammatory macrophages and monocytes, B/T cells and NK cells in human
and mouse skeletal muscles. Similar to human and animal skeletal muscle scRNA-seq results, we identified mast cells, monocytic cells,
B/T cells in human PVM. Among them, the proportion of monocytes is the highest, accounting for 6.82 %; Mast cells account for 1.77
%; T cells account for 5.94 %; and B cells have the lowest proportion at approximately 0.05 %. Furthermore, Xu et al. [41] detected that
T cells account for 4.08 %, neutrophils account for 3.34 %, and B cells account for 0.71 % in glycerol-treated skeletal muscle. However,
the study on the analysis of immunocytes subtypes in skeletal muscle is still very limited. In this study, we identified nine immunocytes
subtypes: monocytes, macrophages, cCD1, cCD2, neutrophils, Navie, TEM, Treg, and TCM.

As a group of non-coding RNAs, miRNAs cannot encode proteins but are potent genetic regulatory factors because a single miRNA
can regulate multiple signaling pathways by targeting a series of target genes [12-16,55]. More importantly, a large body of clinical
and animal trials indicated that miRNAs not only act as potential biomarkers for diagnosis and prognosis but also have been shown to
have therapeutic value for diseases [45,46,56,57]. Few studies have reported miRNAs which mediate the pathological process of PMD.
In this present study, we discovered 106 DEMs during PMD. Among these, miR-767-5p was the top-upregulated DEM, and
miR-3664-5p was the top-downregulated DEM in PMD. Notably, the most significantly downregulated differentially expressed gene,
CCDC63, was predicted to be a target gene of miR-767-5p. Furthermore, we assembled a regulatory network comprising 67 DEMs and
25 DEGs, suggesting their potential involvement in PMD. Nevertheless, the functions and biological significance of these key DEMs in
PMD remains unknown and needs further verification.

This study has several noteworthy limitations. First, the clinical sample size collected for sequencing was relatively small, which
might affect the conclusions. More samples need to be collected to validate the generalizability and reproducibility of our findings.
Second, a flow cytometry experiment and fluorescence-activated cell sorting strategy should be used to identify and isolate key
immunocytes, such as macrophages, from PVM tissues to further validate the conclusions made here. Third, functional verification
experiments of key genes and miRNAs in immunocytes need to be performed in the future, as most of the results presented here are
based on predictive models. Finally, we only studied PVM at the L4-5 segment, and the PVM at other segments should be included in
future studies to better identify the pathological mechanism of PMD.

5. Conclusion

In summary, this study assessed the pathomechanism of PMD using scRNA-seq and bRNA-seq. We found four immunocytes,
including mast cells, monocytes, and B/T cells, as well as nine immunocyte subpopulations such as monocytes, macrophages, cCD1,
cCD2, neutrophils, Navie, TEM, Treg, TCM in human PVM. Additionally, we identified 76 DEGs and 106 DEMs using RNA-seq, among
which IL-24/miR-767-5p and CCDC63/miR-3664-5p were the most significantly upregulated and downregulated DEGs/DEMs in PMD.
Based on these data, a DEMs-DEGs network was constructed, comprising 67 DEMs and 25 DEGs associated with ferroptosis, oxidative
stress, ECM metabolism, and inflammatory and immune response. ROC curve analysis revelaed that MMP15, SLC45A3, ACE, QPRT,
AKR1C2, ARHGEF37, PPP1R16 B, FLT4, AKR1C3, RASL12, PXN, HP, FGA, LURAP1L, AMPH, FKBP11, FGG, SPP1, SIRT1, and ALB
have high diagnostic value for PMD. These results provide new insights into PMD pathomechanism, diagnosis, and treatment opinions.
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