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Summary 
The mechanism of rotator cuff injury remains to be elucidated. 
And COX-2 plays a dual role in skeletal muscle injury and 
regeneration, would be associated with the development of 
rotator cuff injury. Therefore, we chose human skeletal muscle 
cells (HSKMC) as an in vitro muscle tissue model and transfected 
lentivirus with overexpressed COX-2 to simulate the in vitro 
environment of rotator cuff injury. To investigate the specific 
molecular biological mechanism of COX-2, transcriptome 
sequencing (RNA-Seq) was used to analyze the differentially 
expressed mRNAs in HSKMC overexpressing COX-2. Enrichment 
analysis was performed to analyze these differentially expressed 
genes and real-time quantitative PCR (RT-qPCR) was used to 
examine the mRNA levels of genes induced by overexpression. 
Subsequently, the role of COX-2 in cell proliferation was 
confirmed by cell counting kit-8 (CCK-8), and focal adhesion 
kinase (FAK) and signal transducer and activator of 
transcription 3 (STAT3) phosphorylation induced by COX-2 was 
utilized by western blotting (WB). The results showed that total 
of 30,759 differentially expressed genes were obtained, and the 
expression of CYP4F3 and GPR87 was significantly increased. 
COX-2 could bind CYP4F3 and GPR87 and co-localize with them 
in the cytoplasm. Finally, COX-2 promoted the proliferation of 
human skeletal muscle cells by activating the FAK and STAT3 
pathways. 
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Introduction 
 

Rotator cuff injury is a tear of the rotator cuff 
tendon area, with shoulder pain, weakness, and activity 
limitation as the main manifestation of a disease [1]. 
Rotator cuff injury is more common in middle-aged and 
old people and shoulder joint trauma, and its incidence 
accounts for 17-41 % of shoulder joint diseases [2]. 
Factors causing rotator cuff injury are complicated, such 
as rotator cuff degeneration, external impact, 
inflammation infiltration, endocrine, metabolic, apoptosis 
and other factors can cause rotator cuff injury. 

Rotator cuff injury can cause movement 
limitation and chronic pain, which may seriously affect 
patients' quality of life. On the one hand, chronic, 
massive rotator cuff tears cause muscle atrophy. Previous 
reports have shown that reductions in muscle weight, 
volume, and/or fiber length have been observed in both 
animal models and human cadavers suffering from rotator 
cuff injuries [3,4]. On the other hand, the process of 
rotator cuff injury progression is one of chronic 
inflammatory infiltration, and altered pain signaling 
pathways involving inflammatory mediators are the main 
cause of pain in patients with rotator cuff injuries. Studies 
have shown that rotator cuff injury result in a high release 
of inflammatory factors in the muscle fiber tissues, 
rotator cuff tissues and blood samples [5-7]. 
Cyclooxygenase (COX)-1 and COX-2 are essential 
enzymes in this inflammatory cascade, and COX 
enzymes convert arachidonic acid to prostaglandin H2, 
which can then be further converted to other 
prostaglandins with potent proinflammatory effects [8]. 
COX-2, a member of the cyclooxygenase family, plays 
an important role in inflammation and muscle damage. 
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Studies have shown that mRNA expression of COX-2 
was upregulated while COX-1 was constitutively 
expressed in tendon cells co-cultured with IL-1β in vitro, 
and IL-1β caused changes in COX-2 by altering PGE2 
expression in tendon cells [9]. Furthermore, COX-2 was 
involved in the ephrinBs/EphBs pain signaling pathway 
to produce nociception [10]. Silencing of COX-2 blocked 
PDK1/TRAF4-induced AKT pathway activation, thereby 
inhibiting fiber formation during skeletal muscle atrophy 
[11]. Down-regulation of COX-2 attenuated denervation-
induced muscle atrophy by suppressing inflammation and 
oxidative stress and improved microcirculation [12]. The 
above findings suggest that inhibition of COX-2 reduces 
pain triggered by inflammatory factors and relieves 
skeletal muscle atrophy retardation. Therefore, COX-2, as 
an analgesic target, plays an important therapeutic role in 
clinical practice. 

Signal transducer and activator of transcription 3 
(STAT3) is a key gene regulated by COX-2 and has  
the dual functions of signal transduction and 
transcriptional activation [13,14]. Previous studies have 
shown that STAT3 mRNA levels were mainly expressed 
2 weeks after exercise to promote muscle proliferation 
and differentiation after injury [15]. Interfering with 
STAT3 activity promoted smooth muscle cell apoptosis 
[16]. In addition, STAT3 activation promoted 
musculoskeletal differentiation [17]. Focal adhesion 
kinase (FAK) is a non-receptor tyrosine kinase, and 
activation of FAK allowed cells such as primary 
myoblasts or embryonic stem cells to migrate more 
efficiently when transplanted into regenerating muscle, 
which could promote the muscle regeneration process 
[18]. These findings suggested the therapeutic potential 
of STAT3 and FAK in promoting regeneration of injured 
muscle. 

However, additional literature has found that 
inhibition of COX-2 is detrimental to skeletal muscle 
regenerative differentiation. For example, NSAIDs and 
coxibs that inhibited COX-2 had detrimental effected on 
tendon and attachment point regeneration as well as 
muscle regeneration [19,20]. Skeletal muscle cell C2C12 
proliferation was increased by inducing COX-1 and 
COX-2-dependent pathways [21]. These again suggest 
that COX-2 enhancement favors the regenerative 
differentiation of skeletal muscle. COX-2 has dual roles 
in the muscle injury phase, and there is an urgent need to 
elucidate the molecular mechanisms of COX-2 in skeletal 
muscle injury. 

In this study, we screened for differentially 

expressed genes and enriched pathways caused by 
overexpression of COX-2 in human skeletal muscle cells 
through RNA-seq. COX-2 caused up-regulation of 
CYP4F3 and GPR87 expression by interacting with 
CYP4F3 or GPR87 proteins. Secondly, overexpression of 
COX-2 promoted skeletal muscle cell proliferation and 
activated downstream FAK as well as STAT3 pathways. 
These could provide new targets for clinical treatment of 
rotator cuff injury. 
 
Materials and Methods 
 
Cell culture 

Human skeletal muscle cells (HSKMC, PCS-
950-010) as well as epithelial-like cell 293T (CRL-3216) 
were acquired from American Type Culture Collection 
(ATCC, Manassas, VA, USA). HSKMC were cultured 
with fetal bovine serum (5 %, Gibco, New York, USA), 
skeletal muscle cell growth supplement (1 %, ATCC, 
Manassas, VA, USA), and penicillin/streptomycin  
(1 %, Gibco, New York, USA), while 293T was cultured 
in DMEM medium (Gibco, New York, USA) with 10 % 
fetal bovine serum and 1 % penicillin-streptomycin. Cells 
were all cultured at 37 °C and CO2 (5 %) in a cell 
incubator. 
 
Cell infection  

The COX-2 gene was used as a template and 
primers were designed to amplify the sequence  
to construct a lentiviral vector for overexpression of 
COX-2. Meanwhile, the 106 or 341 mutation sites of 
COX-2 as templates and primers were designed to 
amplify the sequences to construct lentiviral vectors  
for the gene mutations. Lentiviral packaging vector LV-
013, containing a green fluorescent protein (GFP)  
tag were purchased from GeneChem (Shanghai, China). 
Then, HSKMC were transfected with lentivirus-mediated 
human COX-2 overexpression vector (COX-2, 1 µl)  
or control vector (NC, 1 µl), while 293T cells  
were transfected with lentivirus-mediated COX-2 106 
mutation vector (COX-2 mut-106, 1 µl), lentivirus-
mediated COX-2 341 mutation vector (COX-2 mut-341, 
1 µl) or COX-2 wildtype vector (COX-2, 1 µl).  
Then, cells were infected for 48 h with lentivirus  
in the presence of 5 µg/ml polybrene (Sigma-Aldrich, St. 
Louis, MO, USA), and then selected for 7 days with 
2 µg/ml puromycin (Sigma-Aldrich, St. Louis, MO, 
USA). Cells resistant to puromycin were isolated for 
further studies. 
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RNA sequencing 
Total RNA was isolated and analyzed by RNA-seq 

in HSKMC cells transfected with NC or COX-2 
overexpressing lentivirus. Total RNA extraction was 
performed using the Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer's instructions. 
Total RNA was enriched for mRNA with polyA tails by 
Oligo(dT) magnetic beads and fragmented in 
Fragmentation Buffer with divalent cations. The 
fragmented mRNA was used as a template to synthesize 
first and second strand cDNA using random hexamer 
primers, followed by end repair, poly-A 3' ends, splice 
junctions, and DNA fragment enrichment to construct  
an RNA-seq library using the NEBNext® Ultra™ RNA 
Library Prep Kit for Illumina® (Illumina, San Diego, CA, 
USA). Library quality was assessed on an Agilent 
Bioanalyzer 2100 system (Agilent Technologies, Palo 
Alto, CA, USA). Finally, Illumina NovaSeq 6000 
platform was used for RNA-Seq data sequence analysis 
of 150-BP end-to-end model. 

Identification of differentially-expressed genes and 
enrichment analysis 

FeatureCounts (1.5.0-p3) was used to calculate 
the number of reads mapped to each gene. The FPKM  
of each gene was then calculated based on the gene's 
length, the FPKM of each gene was calculated and the 
number of reads mapped to that gene was computed. 
FPKM refers to the number of reads per million base The 
FPKM refers to the expected number of fragments per 
kilobase of the sequenced transcript sequence fragments. 
Differentially expressed genes (DEGs) were analyzed 
using the DESeq2 (v1.20.0) or edgeR (v3.22.5).  
The p-value was adjusted using the Benjamini & 
Hochberg method. Padj<=0.05 & | log2 (foldchange)|>= 
1 was set as the threshold for significant differential 
expression. The volcano plot and heatmap were drawn by 
ggplot2 and heatmap R package, respectively. 
DisGeNET, KEGG, GO enrichment implemented by 
ClusterProfiler (v3.8.1). 

 
 
Table 1. Antibody information. 
 

Experiment Name LOT Manufacturer Dilution ratios 

co-IP 

COX-2 ab179800 abcam 1:1000 
CYP4F3 ab230709 abcam 1:1000 
GPR87 ab77517 abcam 1:1000 

GAPDH AF7021 Affinity 1:3000 
Goat Anti-Rabbit S0001 Affinity 1:3000 

IF 

COX-2 ab179800 abcam 1:200 
CYP4F3 ab230709 abcam 1:200 
GPR87 ab77517 abcam 1:200 

Goat Anti-Rabbit IgG (H+L) Fluor594-conjugated S0006 Affinity 1:500 
Goat Anti-Rabbit IgG (H+L) FITC-conjugated S0008 Affinity 1:500 

WB 

COX-2 ab179800 abcam 1:1000 
GPR87 ab77517 abcam 1:1000 
JAK1 ab125051 abcam 1:2000 

p-JAK1 ab138005 abcam 1:1000 
STAT3 ab68153 abcam 1:1000 

p-STAT3 ab76315 abcam 1:2000 
GAPDH AF7021 Affinity 1:3000 

Goat Anti-Rabbit A0208 Beyotime 1:3000 
 
Co-IP – co-immunoprecipitation; IF – mean siImmunofluorescence; WB – Western blotting. 
 
 
Co-immunoprecipitation (co-IP) 
Cells were lysed in RIPA buffer containing a protease 

inhibitor mixture (cOmplet, EDTA-free, Roche). After 
removal of cellular debris by centrifugation, the extracts 
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were incubated with anti-COX-2 antibody or Goat  
Anti-Rabbit at 4 °C overnight. Dynabeads® Protein A 
Immunoprecipitation Kit (10006D, Thermo Fisher, 
Waltham, MA) was then added and incubated at 4 °C for 
4 h. Proteins eluted from Protein A/G beads  
were detected by protein blotting. To detect  
the interaction between COX-2 and CYP4F3 or GPR87, 
4 μg/ml anti-COX-2 antibody, anti-CYP4F3 antibody  
and anti-GPR87 antibody were used. Antibody 
information was summarized in Table 1. 
 
Immunofluorescence (IF) 

Cells were fixed with 4 % (MilliporeSigma, 
St. Louis, MO, USA) for 20 min and blocked with  
5 % goat serum for 2 h at room temperature,  
then incubated with COX-2 and CYP4F3 or  
GPR87 primary antibodies at 4 °C. After  
overnight incubation, cells were washed with PBS and 
secondary antibody coupled with fluorescein 
isothiocyanate (FITC) or Fluor594. Cell nuclei  
were stained with DAPI (Beyotime, Beijing, China). 
Finally, cells were observed using a fluorescence 
microscope (Nikon, Tokyo, Japan) at 400× magnification 
for at least 5 fields of view. Antibody information  
was summarized in Table 1. 
 
Cell Counting Kit-8 (CCK-8) 

HSKMC cells transfected with lentiviral vector  
or treated with Acetaminophen (Adooq, Shanghai, China) 
were seeded in a 96-well plate. Then, 10 μl Cell  
Counting Kit 8 (CCK8; Beyotime Institute of 
Biotechnology, Beijing, China) solution was treated at  

1-5th day. The OD values were detected at 570 nm at 
different time points by microplate reader (Bio-Rad, 
Hercules, CA, USA). 
 
Real-time quantitative PCR (RT-qPCR) and Western 
blotting (WB) 

For RT-qPCR, TRIzol (Invitrogen, Carlsbad, 
CA, USA) was used to extract total RNA of cells. After 
the integrity was verified by electrophoresis, RNA was 
reversely transcribed into cDNA by reverse transcription 
kit (Takara, Dalian, China). SYBR Green reagent was 
used for qRT-PCR experiment [24]. The primer sequence 
was displayed in Table 2. Relative expression was 
calculated using the 2-△Ct method. GAPDH were 
amplified as controls for RNA integrity. 

For WB, total cell protein from cells or tissue 
was extracted by total protein extraction kit (Goodbio 
Technology, Wuhan, China), and then protein loading 
buffer was added, denaturated at 95 ℃ for 15 min, and 
stored at -20 ℃. Protein was separated by 10 % SDS 
electrophoresis and transferred onto PVDF membrane. 
Nonspecific antigen sites were blocked with 5 % BSA 
and incubated at room temperature for 1 h, and then 
membranes were incubated with primary antibodies for 
overnight at 4 ℃. Primary antibodies used in WB were 
all listed on Table1. The following day, membranes were 
incubated with Goat Anti-Rabbit secondary antibody for 
1 h at room temperature. Finally, the membranes were 
washed with Enhanced chemiluminescence reagent 
(Beyotime, Beijing, China) and image J was used for 
quantification. 

 
 
Table 2. Primers sequence. 
 

Primer Forward sequence (5'-3') Reverse forward sequence (5'-3') Product size (bp) 

GAPDH TGACTTCAACAGCGACACCCA CACCCTGTTGCTGTAGCCAAA 121 
INHBA GCAGTCGCACAGACCTTT CGCAGTAGTTGGCATGATAG 194 
IP6K3 AGCCTTCTCGCTGGTGGA ACCGATGCCGCTTGTTCT 134 
KR175 TCAACAGTGGATTTGGCTAT GATTTGCAGGTGAAGAGGA 134 
CYP4F3 GATTGAATGGGACGACCTG GCTGGGTTGTGATGGGTTC 189 
GLRA2 GGAATACGCAGCGGTGA GTTGTGGGAGTGGGTTGG 200 
PTCHD4 CAGGCTGGGTIGTGCGTGAG TCGGGTGGAAGCGGTTGAG 105 
CGA ACATTGTCGGTGTTTCTG ACCTTAGTGGAGTGGGATA 160 
GPR87 GCATACGGCAGTCACCTA CACAGCCACAACAACCCT 172 
FAM217A GAAATTAAGGCACCGAAGA CAATAAGGGAAGGCGACA 118 
TAS2R3 GGAATTGAGGCCACCAGG CAGGGAGAAGATGAGCAAAGAG 144 
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Statistical analysis 
Experimental results are presented as mean ± SD 

from at least three separate experiments. Statistical 
analyses were performed using GraphPad Prims (version 
9.5.0) and one-way ANOVA was used to compare the 
different treatment groups. Statistical significance was set 
at P<0.05. 
 
Results 
 
RNA-Seq was employed to explore COX-2 induced 
aberrant gene expression in human skeletal muscle cells 

COX-2 plays an important role in rotator cuff 
injury; however, its specific molecular biological 
mechanism remains to be demonstrated. Therefore, we 
transfected plasmids to overexpress COX-2 in HSKMC. 
Transcriptome sequencing (RNA-Seq) was used to 
analyze the differentially expressed mRNAs in 
overexpressing COX-2 in HSKMC compared to 
NC groups. After data filtering, a total of 30,759 
differentially expressed genes were obtained. Among 
them, 1447 genes were up-regulated and 1607 genes were 
down-regulated (NC vs. COX-2, Fig. 1A). Heatmap was 
drawn with these differential genes and displayed in 
Supplementary Figure 1, and it was found that the 
expression of the two groups of genes can be well 
differentiated on a macroscopic level. 

Subsequently, we performed enrichment analysis 
of these differentially expressed genes (DisGeNET, GO 
and KEGG). Figure 1B showed that these differential 
expression genes were mainly enriched in different 
diseases, including muscle-related diseases, such as 
Abnormal mitochondria in muscle tissue. Functional 
enrichment was shown in Figures 1C and 1D, where 
GO analysis revealed that these genes are involved in 
endoplasmic reticulum and RNA processing related 
biological processes, such as protein targeting to ER, 
protein localization to endoplasmic reticulum, 
rRNA processing, rRNA metabolic process and ribosome 
biogenesis. KEGG enrichment analysis revealed that the 
differential expression genes were involved in 
metabolism-related pathways, such as Pyruvate 
metabolism Glutathione metabolism, Pyruvate 
metabolism, Fatty acid degradation, et al. 
 
COX-2 can bind CYP4F3 and GPR87 proteins 

Next, qRT-PCR was performed to validate the 
RNA-Seq results. 10 genes (INHBA, IP6K3, KRT75, 
CYP4F3, GLRA2, PTCHD4, CGA, GPR87, FAM217A, 

and TAS2R3) were selected and subjected to qRT-PCR. 
qRT-PCR results showed that the gene expression 
propensity was consistent with the RNA-Seq results 
(Fig. 2A), indicating that the RNA-Seq results of this 
study were plausible. In addition, the expression of 
CYP4F3 and GPR87 was significantly increased in 
HSKMC which was overexpressed COX-2 (P<0.001), so 
these two were selected for the next analysis. 

CO-IP was performed to verify the interaction 
between COX-2 and CYP4F3 or GPR87. The results 
indicated that in HSKMC cells, COX-2 protein bound 
CYP4F3 and GPR87 (Fig. 2B). In addition, 
immunofluorescence experiments detected that COX-2 
protein localized with CYP4F3 or GPR87 protein in the 
cytoplasm of HSKMC cells (Fig. 2C). To summarize, 
overexpression of COX-2 in HSKMC cells significantly 
promoted the mRNA levels of CYP4F3 and GPR87 and 
it could bound the proteins of CYP4F3 and GPR87. 
 
Exploration of COX-2 and GPR87 protein binding sites 

In order to further investigate the binding site of 
COX-2 and the interacting protein GPR87, we 
constructed COX-2 binding site mutant plasmids, COX-2 
amino acid 106 and 341 site mutant plasmids (COX-2 
mut-106 or COX-2 mut-341) and the wild-type plasmid 
(COX-2 WT) respectively to transfect the tool cell 293T. 
The CO-IP results showed that the wild-type COX-2 
could bind to GPR87 (Fig. 3A). The binding of COX-2 to 
GPR87 was not affected when the COX-2 amino acid 106 
site was mutation (Fig. 3B). Whereas mutation of COX-2 
amino acid 341 site resulted in non-binding of COX-2 to 
GPR87 (Fig. 3C). It suggested that COX-2 may bind to 
GPR87 at the site 341, not at the site 106. Moreover, co-
localization experiments used by immunofluorescence 
were also verified that COX-2 and GPR87 proteins still 
co-localized in the cytoplasm when the COX-2 amino 
acid 106 site was mutated (Fig. 3D). 
 
Effects of COX-2 on human skeletal muscle cell 
proliferation and downstream pathways 

Finally, to further clarify whether the kinase 
activity of COX-2 affected cell proliferation and 
downstream pathways, we added the COX-2 inhibitor 
Acetaminophen to COX-2 overexpressing cells. As 
shown in Figure 4A, overexpression of COX-2 promoted 
the proliferation of HSKMC cells, whereas addition of 
Acetaminophen reversed the cell proliferation induced by 
overexpression of COX-2. Moreover, overexpression of 
COX-2 promoted not only GPR87 protein expression, but  

Wang_Suppl_Fig_1.pdf
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Fig. 1. RNA-Seq was employed to explore COX-2 induced aberrant gene expression in human skeletal muscle cells. (A) Volcano plots of 
differentially expressed genes induced by COX-2. Up means up-regulated expression genes. Down means down-regulated expression 
genes. No means genes with no statistical significance. (B) The main category terms of DisGeNET enrichment analysis. BP means 
Biological Process. CC means Cellular Component. MF means Molecular Function. (C) The main category terms of GO enrichment 
analysis. (D) The main category terms of KEGG enrichment analysis. 
 
 
Discussion 
 

Rotator cuff injury is a tear of the rotator cuff 
tendon area, with shoulder pain, weakness, and activity 
limitation as the main manifestation of a disease [1]. 
Rotator cuff injury can cause movement limitation and 
chronic pain, which may seriously affect patients' quality 
of life. 

COX-2, a member of the cyclooxygenase 
family, plays an important role in inflammation and 

muscle damage. To investigate the specific mechanism of 
COX-2 in rotator cuff injury, we used RNA-seq to 
perform RNA sequencing of COX-2 in overexpressing 
human skeletal muscle cells, screened for differentially 
expressed genes and performed enrichment analysis. 
A total 30,759 genes were aberrant expression induced by 
overexpression of COX-2 and these genes were mainly 
enriched in different diseases, including muscle-related 
diseases, such as abnormal mitochondria in muscle tissue. 
This suggested that the overexpression of COX-2 may be 
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Fig. 2. COX-2 can bind CYP4F3 and GPR87 proteins. (A) The mRNA level of 10 genes (INHBA, IP6K3, KRT75, CYP4F3, GLRA2, PTCHD4, 
CGA, GPR87, FAM217A, and TAS2R3) were performed by qRT-PCR (n=3). (B) Interaction between COX-2 protein and CYP4F3 or 
GPR87 protein was performed by CO-IP (n=3). (C) Co-localization of COX-2 with CYP4F3 or GPR87 verified with immunofluorescence 
(Scale bar: 100 µm). Data are expressed as the mean ± SD. * P<0.05, ** P<0.01, *** P<0.001 compared with NC. 
 
 

 
 
Fig. 3. Exploration of COX-2 and GPR87 protein binding sites. (A) Interaction between COX-2 WT protein and GPR87 protein was 
performed by CO-IP (n=3). (B) Interaction between COX-2 mut 106 protein and GPR87 protein was performed by CO-IP (n=3).  
(C) Interaction between COX-2 mut 341 protein and GPR87 protein was performed by CO-IP. (D) Co-localization of COX-2 mut 106 with 
CYP4F3 or GPR87 verified with immunofluorescence (Scale bar: 100 µm). 
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Fig. 4. Effects of COX-2 on human 
skeletal muscle cell proliferation and 
downstream pathways. (A) CCK-8 
assay of OD450 in COX-2 and 
Acetaminophen groups (n=3). (B) The 
protein levels of COX-2, GPR87 and 
phosphorylation of FAK as well as 
STAT3 were performed by WB (n=3). 
Data are expressed as the 
mean ± SD. * P<0.05, ** P<0.01, 
*** P<0.001 compared with NC. 
 

 
 
associated with skeletal muscle injury-related diseases. In 
addition, metabolic process, like Fatty acid degradation, 
were also significantly regulated in skeletal muscle cells 
overexpressing COX-2. As reported, fibrosis and fat 
accumulation into muscle tissue were common 
pathological changes occurring in rotator cuff injuries, 
and blocked the process of fat accumulation and 
promoted fat acid degradation could alleviate rotator cuff 
injury [22,23]. This indicates that fatty acid metabolism 
plays an important role in the process of rotator cuff 
injury, and our enrichment results also implied that  
COX-2 may regulate skeletal muscle injury by regulating 
fatty acid degradation. 

RNA-seq and RT-qPCR results showed that 
overexpression of COX-2 in human skeletal muscle cells 
significantly increased CYP4F3 and GPR87 mRNA levels. 
In addition, this study demonstrated that COX-2 increased 
the expression of CYP4F3 and GPR87 by binding to both 
proteins. However, CYP4F3 and GPR87 have been less 
reported in regulating skeletal muscle injury, and only one 
study found that GPR87 was expressed in skeletal muscle 
[24]; Whereas, CYP4F3 ω-hydroxylated leukotriene B4 
(LTB4), and further converted it to the inactive metabolite 
20-carboxy-LTB4 [25,26]. While, LTB4 can also be 
produced in skeletal muscle, where it initiated chemotaxis 
to damaged tissues and enhances myoblast proliferation 
and differentiation [27]. This illustrated that CYP4F3 and 
GPR87 may be targets for the treatment of skeletal muscle-
related diseases. 

Finally, to further clarify whether COX-2 
affected cell proliferation and downstream pathways, we 
found that overexpression of COX-2 promoted the 
proliferation of HSKMC cells, whereas addition of  
COX-2 inhibitor Acetaminophen to inhibit the cell 
proliferation induced by overexpression of COX-2. 
Moreover, overexpression of COX-2 promoted not only 
GPR87 protein expression, but also FAK and STAT3 

phosphorylation. The administration of NSAIDs in the 
treatment of injury and muscle regeneration remains 
paradoxical in terms of effectiveness. This interferes with 
the production of prostaglandins derived from the 
inflammatory isoform COX-2, which is essential for 
regulating tissue regeneration [20]. Similar to previous 
findings, inhibition of COX-2 inhibited the proliferation 
of skeletal muscle cells, thereby interfering with the 
process of muscle regeneration. The STAT3 pathway is 
a downstream pathway regulated by COX-2. Previous 
research showed that STAT3 pathway activation restored 
myokine/cytokine Meteorin-like (Metrnl) expression in 
injured muscle and improved muscle repair, and that 
Metrnl was determined to be a key regulator of muscle 
regeneration [28]. In addition, the muscle regeneration 
process induced in muscle injury by activated STAT3 
signaling to promote self-renewal and value-addition of 
adult muscle satellite cells [29]. In addition, activation of 
FAK (adhesion kinase) facilitated the muscle 
regeneration process by allowing cells such as primary 
adult myoblasts or embryonic stem cells to become 
characterized by more efficient migration when 
transplanted into regenerating muscle [18]. These results 
implied that the skeletal muscle regenerative effects of 
COX-2 might be associated with the activation of 
downstream STAT3 and FAK pathways. 
 
Conclusions 
 

In this study, we screened for differentially 
expressed genes and enriched pathways caused by 
overexpression of COX-2 in human skeletal muscle cells 
through RNA-seq. COX-2 caused up-regulation of 
CYP4F3 and GPR87 expression by interacting with 
CYP4F3 or GPR87 proteins. Secondly, overexpression of 
COX-2 promoted skeletal muscle cell proliferation and 
activated downstream FAK as well as STAT3 pathways. 
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These could provide new targets for clinical treatment of 
rotator cuff injury. 
 
Conflict of Interest 
There is no conflict of interest. 
 
Acknowledgements 
We thank the colleagues in Department of Orthopaedics, 
The First Affiliated Hospital of Ningbo University. This 

work was supported by the Zhejiang Medical and Health 
Science and Technology Plan (022KY1143) and Youth 
Technical Backbone Training Project Funded by Ningbo 
Health (Ningbo Health Development [2021] No. 106). 
 
Abbreviations 
CO-IP, Co-immunoprecipitation; HSKMC, human 
skeletal muscle cells; RNA-Seq, transcriptome 
sequencing; RT-qPCR, Real-time quantitative PCR 

 
References 
 
1. Fitzpatrick LA, Atinga A, White L, Henry PDG, Probyn L. Rotator Cuff Injury and Repair. Semin Musculoskelet 

Radiol 2022;26:585-596. https://doi.org/10.1055/s-0042-1756167 
2. Zhao W, Yang J, Kang Y, Hu K, Jiao M, Zhao B, Jiang Y, ET AL. Animal Models of Rotator Cuff Injury and Repair: 

A Systematic Review. Tissue Eng Part B Rev 2022;28:1258-1273. https://doi.org/10.1089/ten.teb.2022.0034 
3. He L, Li Y, Liao X, Wang Y, Pu L, Gao F, Wang G. Effects of evidence-based nursing combined with enhanced 

recovery after surgery on shoulder joint function and neurological function after arthroscopic rotator cuff injury 
repair. Medicine (Baltimore) 2021;100:e27951. https://doi.org/10.1097/MD.0000000000027951 

4. Zhao J, Luo M, Pan J, Liang G, Feng W, Zeng L, Yang W, Liu J. Risk factors affecting rotator cuff retear after 
arthroscopic repair: a meta-analysis and systematic review. J Shoulder Elbow Surg 2021;30:2660-2670. 
https://doi.org/10.1016/j.jse.2021.05.010 

5. Frich LH, Fernandes LR, Schrøder HD, Hejbøl EK, Nielsen PV, Jørgensen PH, Stensballe A, Lambertsen KL. 
The inflammatory response of the supraspinatus muscle in rotator cuff tear conditions. J Shoulder Elbow Surg 
2021;30:e261-e275. https://doi.org/10.1016/j.jse.2020.08.028 

6. Lo CN, Leung BPL, Ngai SPC. The Usefulness of Serological Inflammatory Markers in Patients with Rotator 
Cuff Disease-A Systematic Review. Medicina (Kaunas) 2022;58:301. https://doi.org/10.3390/medicina58020301 

7. Struzik S, Czarkowska-Paczek B, Wyczalkowska-Tomasik A, Maldyk P, Paczek L. Selected Clinical Features 
Fail to Predict Inflammatory Gene Expressions for TNF-α, TNFR1, NSMAF, Casp3 and IL-8 in Tendons of 
Patients with Rotator Cuff Tendinopathy. Arch Immunol Ther Exp (Warsz) 2021;69:6. 
https://doi.org/10.1007/s00005-021-00610-z 

8. Peters-Golden M, Henderson WR Jr. Leukotrienes. N Engl J Med 2007;357:1841-1854. 
https://doi.org/10.1056/NEJMra071371 

9. Tsuzaki M, Bynum D, Almekinders L, Yang X, Faber J, Banes AJ. ATP modulates load-inducible IL-1beta, COX 
2, and MMP-3 gene expression in human tendon cells. J Cell Biochem 2003;89:556-562. 
https://doi.org/10.1002/jcb.10534 

10. Zhou XL, Wang Y, Zhang CJ, Yu LN, Cao JL, Yan M. COX-2 is required for the modulation of spinal 
nociceptive information related to ephrinB/EphB signalling. Eur J Pain 2015;19:1277-1287. 
https://doi.org/10.1002/ejp.657 

11. Chen H, Qian Z, Zhang S, Tang J, Fang L, Jiang F, Ge D, ET AL. Silencing COX-2 blocks PDK1/TRAF4-
induced AKT activation to inhibit fibrogenesis during skeletal muscle atrophy. Redox Biol 2021;38:101774. 
https://doi.org/10.1016/j.redox.2020.101774 

12. Zhang L, Li M, Wang W, Yu W, Liu H, Wang K, Chang M, ET AL. Celecoxib alleviates denervation-induced 
muscle atrophy by suppressing inflammation and oxidative stress and improving microcirculation.  
Biochem Pharmacol 2022;203:115186. https://doi.org/10.1016/j.bcp.2022.115186 

13. Zhao J, Qi YF, Yu YR. STAT3: A key regulator in liver fibrosis. Ann Hepatol 2021;21:100224. 
https://doi.org/10.1016/j.aohep.2020.06.010 



778   Wang et al.  Vol. 73 
 
 
14. Li S, Wang H, Zhou Y. JAK2/STAT3 pathway mediates beneficial effects of pterostilbene on cardiac contractile 

and electrical function in the setting of myocardial reperfusion injury. Physiol Res 2022;71:489-499. 
https://doi.org/10.33549/physiolres.934919 

15. Liu J, Xu C, Yu X, Zuo Q. Expression profiles of SLC39A/ZIP7, ZIP8 and ZIP14 in response to exercise-induced 
skeletal muscle damage. J Trace Elem Med Biol 2021;67:126784. https://doi.org/10.1016/j.jtemb.2021.126784 

16. Ryu JW, Jung IH, Park EY, Kim KH, Kim K, Yeom J, Jung J, Lee SW. Radiation-induced C-reactive protein 
triggers apoptosis of vascular smooth muscle cells through ROS interfering with the STAT3/Ref-1 complex. 
J Cell Mol Med 2022;26:2104-2118. https://doi.org/10.1111/jcmm.17233 

17. Park JK, Kim YS, Kang SU, Lee YS, Won HR, Kim CH. Nonthermal atmospheric plasma enhances  
myoblast differentiation by eliciting STAT3 phosphorylation. FASEB J 2019;33:4097-4106. 
https://doi.org/10.1096/fj.201800695RR 

18. Kowalski K, Kołodziejczyk A, Sikorska M, Płaczkiewicz J, Cichosz P, Kowalewska M, Stremińska W, ET AL. 
Stem cells migration during skeletal muscle regeneration - the role of Sdf-1/Cxcr4 and Sdf-1/Cxcr7 axis. 
Cell Adh Migr 2017;11:384-398. https://doi.org/10.1080/19336918.2016.1227911 

19. Ferry ST, Dahners LE, Afshari HM, Weinhold PS. The effects of common anti-inflammatory drugs on the healing 
rat patellar tendon. Am J Sports Med 2007;35:1326-1333. https://doi.org/10.1177/0363546507301584 

20. Zuntini ACS, Damico MV, Gil CD, Godinho RO, Pacini ESA, Fortes-Dias CL, Moreira V. The early inhibition of 
the COX-2 pathway in viperid phospholipase A(2)-induced skeletal muscle myotoxicity accelerates the tissue 
regeneration. Toxicol Appl Pharmacol 2023;461:116384. https://doi.org/10.1016/j.taap.2023.116384 

21. Silva NC, Alvarez AM, DeOcesano-Pereira C, Fortes-Dias CL, Moreira V. Catalytically active phospholipase 
A(2) myotoxin from Crotalus durissus terrificus induces proliferation and differentiation of myoblasts dependent 
on prostaglandins produced by both COX-1 and COX-2 pathways. Int J Biol Macromol 2021;187:603-613. 
https://doi.org/10.1016/j.ijbiomac.2021.07.121 

22. Chen C, Zhou H, Yin Y, Hu H, Jiang B, Zhang K, Wu S, Shen M, Wang Z. Rotator cuff muscle degeneration  
in a mouse model of glenohumeral osteoarthritis induced by monoiodoacetic acid. J Shoulder Elbow Surg 
2023;32:500-511. https://doi.org/10.1016/j.jse.2022.10.026 

23. Lee YS, Kim JY, Kim KI, Ki SY, Chung SW. Effect of Fatty Acid-Binding Protein 4 Inhibition on Rotator Cuff 
Muscle Quality: Histological, Biomechanical, and Biomolecular Analysis. Am J Sports Med 2019;47:3089-3099. 
https://doi.org/10.1177/0363546519873856 

24. Tabata K, Baba K, Shiraishi A, Ito M, Fujita N. The orphan GPCR GPR87 was deorphanized and  
shown to be a lysophosphatidic acid receptor. Biochem Biophys Res Commun 2007;363:861-866. 
https://doi.org/10.1016/j.bbrc.2007.09.063 

25. Murphy RC, Gijón MA. Biosynthesis and metabolism of leukotrienes. Biochem J 2007;405:379-395. 
https://doi.org/10.1042/BJ20070289 

26. Smeets E, Huang S, Lee XY, Van Nieuwenhove E, Helsen C, Handle F, Moris L, ET AL. A disease-associated 
missense mutation in CYP4F3 affects the metabolism of leukotriene B4 via disruption of electron transfer. 
J Cachexia Sarcopenia Muscle 2022;13:2242-2253. https://doi.org/10.1002/jcsm.13022 

27. Sun R, Ba X, Cui L, Xue Y, Zeng X. Leukotriene B4 regulates proliferation and differentiation of cultured rat 
myoblasts via the BLT1 pathway. Mol Cells 2009;27:403-408. https://doi.org/10.1007/s10059-009-0053-8 

28. Baht GS, Bareja A, Lee DE, Rao RR, Huang R, Huebner JL, Bartlett DB, ET AL. Meteorin-like facilitates 
skeletal muscle repair through a Stat3/IGF-1 mechanism. Nat Metab 2020;2:278-289. 
https://doi.org/10.1038/s42255-020-0184-y 

29. Zhu H, Xiao F, Wang G, Wei X, Jiang L, Chen Y, Zhu L, ET AL. STAT3 Regulates Self-Renewal of Adult 
Muscle Satellite Cells during Injury-Induced Muscle Regeneration. Cell Rep 2016;16:2102-2115. 
https://doi.org/10.1016/j.celrep.2016.07.041 

 
 
 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



