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A B S T R A C T

Objective: Heterotopic ossification (HO) refers to the abnormal development of bone in soft tissue rather than 
within bone itself. Previous research has shown that sensory nerve prostaglandin E2 receptor 4 (EP4) signaling 
not only governs pain perception but also influences bone formation. However, the relationship between sensory 
nerve EP4 and the pathogenesis of HO in the Achilles tendon remains unclear. This study aims to investigate this 
relationship and the underlying mechanisms.
Methods: We generated sensory nerve EP4-specific knockout mice, with the genotype of Avil-CreEP4fl/fl, was 
propagated. Transcriptome sequencing and bioinformatics analysis techniques were used to identify the potential 
molecular pathways involving with sensory nerve EP4. Additionally, a neurectomy mouse model was created by 
transecting the sciatic nerve transection, to examine the effects and mechanisms of peripheral innervation on HO 
in vivo. Micro-CT, immunofluorescence (IF), Hematoxylin and Eosin (H&E) Staining, Safranin O-Fast Green 
staining and western blotting were used to analyze changes in cellular and tissue components.
Results: We here observed an increase in sensory nerve EP4 and H-type vessels during the pathogenesis of HO in 
both human subjects and mice. Proximal neurectomy through sciatic nerve transection or the targeted knockout 
of EP4 in sensory nerves hindered angiogenesis-dependent bone formation and the development of HO at the 
traumatic site of the Achilles tendon. Furthermore, we identified the Efnb2 (Ephrin-B2)/Dll4 (Delta-like ligand 4) 
axis as a potential downstream element influenced by sensory nerve EP4 in the regulation of HO. Notably, 
administration of an EP4 inhibitor demonstrated the ability to alleviate HO. Based on these findings, sensory 
nerve EP4 emerges as an innovative and promising approach for managing HO.
Conclusion: Our findings demonstrate that the sensory nerve EP4 promotes ectopic bone formation by modulating 
angiogenesis-associated osteogenesis during HO.
The translational potential of this article: Our results provide a mechanistic rationale for targeting sensory nerve 
EP4 as a promising candidate for HO therapy.

1. Introduction

Heterotopic ossification (HO) refers to the formation of bone in 

tissues where it does not normally occur, such as in soft tissue [1]. HO 
can be either congenital or acquired, with most patients developing 
acquired HO rather than being born with it (congenital) [2]. Acquired 
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HO is a common and high-incidence clinical complication following 
trauma, such as tendon injuries, fractures, central nervous system in-
juries, total hip replacements, and severe burns [3]. This condition can 
lead to significant clinical issues, including pain, inflammation, 
contracture development, restricted joint mobility, and even loss of limb 
function, significantly affecting daily activities [4]. Current treatment 
options for HO, such as non-steroidal anti-inflammatory drugs, radio-
therapy, and/or surgical excision, are limited and often result in high 
recurrence rates. Recurrence is observed in up to 58 % of patients 
clinically symptoms and in nearly 100 % of patients on imaging. Addi-
tionally, these treatments can lead to other complications [5]. This high 
recurrence rate is due to an incomplete understanding of the underlying 
causes of HO. Therefore, further exploration of the pathogenesis of HO 
and the development of new therapeutic approaches are of significant 
clinical importance.

Post-traumatic pain is often the initial clinical presentation of HO, 
followed by inflammatory reactions, soft tissue adhesions, and hetero-
topic ossification [6,7]. In addition, injuries to the central nervous sys-
tem (CNS) often contribute to the development of HO [3]. These clinical 
observations suggest that sensory nerve innervation may play a role in 
trauma-induced HO. Recent research has shown that after soft tissue 
injury, sensory nerves stimulated by nerve growth factor (NGF) migrate 

toward the site of HO [8]. However, the specific mechanisms through 
which sensory nerves contribute to ectopic ossification remain unclear. 
Sensory nerves are integral for collecting signals from both internal and 
external environments, enabling individuals to respond to their sur-
roundings [9]. Notably, it has been reported that sensory nerve prosta-
glandin E2 receptor 4 (EP4) can detect a bone-forming “signal” called 
prostaglandin E2 (PGE2), which plays a role in regulating bone ho-
meostasis [10]. Furthermore, the deletion of the EP4 gene in sensory 
nerves has been associated with reduced bone mass [10]. Additionally, 
sensory nerve EP4 has been shown to regulate the osteogenic commit-
ment of mesenchymal stem cells (MSCs) by modulating sympathetic 
tones [11]. Therefore, sensory nerve EP4 may play a crucial role in the 
pathogenesis of ectopic ossification. Moreover, bone formation is often 
accompanied by angiogenesis, a process coordinated by a specific sub-
type of vessels known as H-type or CD31hiEmcnhi vessels [12]. Our 
previous research has shown that H-type vessels establish a beneficial 
feedback loop with MSCs during the onset of osteoarthritis [13]. How-
ever, the role of sensory nerves in regulating angiogenesis-dependent 
bone formation in the pathogenesis of HO has not been fully understood.

In this study, we observed an increase in sensory nerve EP4 and H- 
type vessels during the development of HO in both human subjects and 
mouse models. In addition, targeted disruption of EP4 in sensory nerves 

Fig. 1. Sensory nerve EP4 is upregulated in human HO specimens (A) H&E staining and Safranin O and Fast Green (SOFG) staining of control (muscle tissue) and HO 
tissue (B: bone; BM: bone marrow; C: cartilage). Proteoglycan (red) and heterotopic bone (green). Scale bar, left 25 μm), right 100 μm (B) Immunostaining of H-type 
vessels (endomucin: green; CD31: red; merge: yellow) in human specimen of the control and HO tissue (red arrows: H-type vessels). Scale bar, bottom 25 μm; top 100 
μm (C, D) Quantification of fluorescence intensity and number of CD31+/EMCN+ cells related to control in human specimen of the control and HO tissue. n = 5 (E) 
Western blot examination of expression of CGRP, EP4 and COX2 in control or HO tissue of human (F) Quantification of protein level of CGRP, EP4 and COX2 
normalized to GAPDH. n = 5 (*P < 0.05 **P < 0.01 ****P < 0.0001 compared to the control group or as denoted by bars).
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inhibited angiogenesis-dependent bone formation and the pathogenesis 
of HO. Furthermore, we identified the Efnb2 (Ephrin-B2)/Dll4 (Delta- 
like 4) axis as a downstream component of sensory nerve EP4 that 
regulates HO. Based on these findings, sensory nerve EP4 emerges as an 
innovative and promising strategy for addressing HO.

2. Results

2.1. Sensory nerve EP4 is elevated in both human HO patients and in a 
mouse HO model

We initially analyzed surgical specimens from patients with acquired 
HO, which had been radiographically identified following internal fix-
ation for elbow fractures. Hematoxylin and eosin (H&E) and Safranin O- 
Fast Green staining results confirmed the occurrence of typical ectopic 
bone formation (Fig. 1A). Consistent with previous reports that bone 
formation often coincides with angiogenesis [14], our observations 
revealed the presence of H-type vessels, identified through dual immu-
nostaining for endomucin (EMCN) and CD31 (Fig. 1B–D), Additionally, 
the osteogenic gene OSX (Osterix) was detected in HO tissues (Figs. S1A 
and B). Post-traumatic pain precedes the pathogenesis of HO, and pre-
vious studies have confirmed that sensory nerve EP4/PGE2 signaling not 
only regulates pain responses but also bone formation [10]. Given this, 
we proceeded to investigate alterations in sensory nerve levels within 
the HO tissue of human subjects. As regards calcitonin gene-related 
peptide (CGRP), it is a neuropeptide possessing multiple physiological 
functions and is prevalently expressed in sensory nerves throughout the 
body [15]. Prior studies have employed double immunostaining of 
CGRP and EP4 to detect the expression of EP4 in sensory nerve fibers 
[10,16]. Cycloxygenase 2 (Cox-2) is a essential enzyme for the genera-
tion of prostaglandin E2 (PGE2), which serves as the ligand of sensory 
nerve EP4 for sensing pain and governing bone formation [10,17]. 
Cox2-selective inhibitors are not merely the prevailing principal medi-
cations for treating musculoskeletal pain [18], but also correlated with a 
lower bone mineral density (BMD) in men [19]. Previous investigations 
have utilized the expression modification of Cox-2 to mirror PGE2 [10,
20]. Western blot analysis revealed a significant increase in levels of 
CGRP, EP4, and COX2 in the pathogenesis of human HO compared to the 
control group (Fig. 1E and F). We subsequently evaluated the sensory 
nerve EP4 expression in HO of a mouse model with tenotomy. Consistent 
with the aforementioned discoveries, the micro-CT scan revealed the 
presence of ectopic ossification within the Achilles tendon of mice 
post-tenotomy (Fig. 2A and B). Concurrently, we observed that H-type 
vessels increased alongside the formation of ectopic ossification, with 
the most notable changes occurring at 10 weeks post-Achilles tenotomy 
(Fig. 2C–E). Furthermore, the expression of sensory nerves was similar 
to that of H-type vessels, as indicated by double immunostaining of 
CGRP and EP4, which revealed the most significant colocalization at 10 
weeks (Fig. 2F and G). In addition, the osteogenesis index OSX was also 
significantly increased after Achilles tendon HO modeling (Figs. S1C and 
D). These findings suggest a strong correlation between sensory nerve 
EP4 and angiogenesis-driven bone formation.

2.2. Proximal neurectomy prevents the onset of HO in mice

To further investigate the necessity of nerve invasion in HO, we 
induced HO under conditions of surgical denervation [8]. We transected 
the sciatic nerve on the same side where the Achilles tendon surgeries 
were performed to establish the impact of sensory nerve deletion on HO. 
Although there exist numerous researches delving into the impact of 
sciatic nerve transection upon HO [8,21], nevertheless, whether the 
sciatic nerve transection influences the angiogenesis-related bone for-
mation has not been examined during the advent of HO. As anticipated, 
the expression of sensory nerve EP4 in the Achilles tendon of the 
denervated group showed a significant decrease compared to the sham 
group (Fig. 3A–C). Furthermore, we observed a marked reduction in 

H-type vessels and in the expression of OSX, as demonstrated by im-
munostaining (Fig. 3D–F, Figs. S1E and F). Consistently, H&E staining, 
Safranin O-Fast Green staining, and micro-CT analysis unveiled a sig-
nificant decrease in ectopic bone formation following surgical dener-
vation compared to the sham group (Fig. 3G–J). Collectively, these 
findings indicate that peripheral innervation may serve a crucial func-
tion in the pathogenesis of HO.

2.3. EP4 knockout in sensory nerves reduces HO in mice

Previous studies have demonstrated that sensory nerve EP4 is 
capable of regulating bone formation [10]. However, it remains unclear 
whether this regulation is crucial for HO development. To investigate 
this, we specifically deleted EP4 in sensory nerves (EP4Avil

− /− ) by the 
mating mice carrying the loxP-flanked EP4 allele (EP4lox/lox) with 
Advillin-cre transgenic mice to validate the function of sensory nerves 
EP4 during HO. Littermate mice (EP4lox/lox) were used as controls to 
avoid any genetic interference. The results of H&E staining, Safranin 
O-Fast Green staining, and micro-CT showed a significant reduction in 
HO following the knockout of sensory nerve EP4 compared to the con-
trol group (Fig. 4A–D). Additionally, immunostaining revealed a 
decrease in the abundance of H-type vessels and OSX after gene 
knockdown treatment (Fig. 4E–G, Figs. S2A and B). We also evaluated 
the expression of CGRP and EP4 in gene knockdown mice and found 
minimal EP4 expression or colocalization with CGRP (Figs. S2C–E). 
However, sensory nerve expression did not differ in the distal tibial 
adjacent to the trauma site between the control and HO groups 
(Figs. S2F and G). This indicates that knockout EP4 in sensory nerve does 
not lead to widespread denervation and that sensory nerve EP4 may 
potentially modulate the pathogenesis of HO by regulating 
angiogenesis-dependent bone formation.

2.4. Sensory nerve EP4 promotes HO probably through the function of 
Efnb2-mediated Dll4-related notch signaling

To explore the mechanisms by which sensory nerve EP4 affects HO, 
we performed RNA-sequencing on lesion tissues of the Achilles tendon 
collected at 10 weeks after surgical induction. We used sensory nerve- 
specific EP4 knockout mice (EP4Avil

− /− ) and compared them to EP4wt 

mice. The stability of the specimens was reflected in Violin plots, 
Pearson’s correlation diagrams and transcripts per million distributions 
(Fig. 5A, Fig. S3A and B), showing excellent biological reproducibility 
[22]. After analyzing the differences between the two sample groups, we 
identified 637 genes exhibiting with significant variance, as shown in 
the presented bar chart, volcano plot and heatmap (Fig. 5B and C, 
Fig. S3C). Genes with up-regulated expression are highlighted in red, 
while those with down-regulated expression are highlighted in blue. To 
understand potential regulators, we conducted Gene Ontology (GO) 
enrichment analysis on the significantly differentially expressed genes. 
Bone formation often coincides with angiogenesis [23], and our previ-
ous research has shown that H-type vessels have a mutually beneficial 
relationship with MSCs during osteoarthritis initiation [13]. Therefore, 
we hypothesized that sensory nerve EP4 might influence HO patho-
genesis by affecting angiogenesis-driven bone formation. We identified 
angiogenesis-related functions (p < 0.05) in the GO database, with 
“Angiogenesis” being the most significant and involving the largest 
number of differential genes (37 genes), as shown in Fig. 5D. Genes 
associated with “Angiogenesis” are displayed in the heatmap (Fig. 5E). 
The Efnb2 gene caught our interest, as it had the highest correlation 
within the angiogenesis GO enrichment function, and it was also among 
the top 20 significant differential genes overall (Fig. 5F). Further anal-
ysis using protein–protein interaction (PPI) network software (Fig. 5G) 
revealed that the Efnb2 gene had the strongest correlation with Dll4 gene 
among all notable differentially expressed genes, with Efnb2 positively 
regulating Dll4. Notably, Dll4 is a key ligand in the traditional 
Notch-signaling pathway, suggesting that Efnb2 may trigger this 
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Fig. 2. Sensory nerve EP4 is elevated in trauma site of Achilles tendon in mice (A) Micro CT images of ectopic bone formation in Achilles tendon (sagittal view) after 
sham operation (control group) or at 10 weeks (HO group) after tenotomy (B) Quantitative analysis of bone volume (BV) and bone surface (BS). n = 5. Scale bar, 2 
mm (C) H&E staining and Safranin O and Fast Green (SOFG) staining of mice Achilles tendon (sagittal view) at 0, 1, 3, 10 weeks after tenotomy. Proteoglycan (red) 
and heterotopic bone (green). Scale bar, 100 μm (D) Immunostaining of H-type vessels (endomucin: green; CD31: red; merge: yellow) in mice Achilles tendon 
(sagittal view) at 0, 1, 3, 10 weeks after tenotomy. Scale bar, bottom 50 μm; top 100 μm (E) Quantification of fluorescence intensity and number of CD31+/EMCN+

cells related to control in mice. 0W group was set as the control group. n = 5 (F) Immunostaining of sensory nerve EP4 (CGRP (representing sensory nerve): green; 
EP4: red; merge: yellow) in mice Achilles tendon (sagittal view) at 0, 1, 3, 10 weeks after tenotomy. Scale bar, bottom 50 μm; top 100 μm (G) Quantification of 
fluorescence intensity of and number of EP4+/CGRP+ cells in mice. 0W group was set as the control group. n = 5 (ns p > 0.1 *P < 0.05 ***P < 0.001 ****P < 0.0001 
compared to the control group or as denoted by bars).
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Fig. 3. Performing sciatic nerve transection in mice averts the initiation of HO (A) Immunostaining of sensory nerve EP4 (CGRP: green; EP4: red; merge: yellow) in 
mice Achilles tendon after 10 weeks of traumatic induced HO with or without proximal sciatic neurectomy. Scale bar, bottom 50 μm; top 100 μm (B, C) Quanti-
fication of fluorescence intensity and number of EP4+/CGRP+ cells, n = 5 (D) Immunostaining of H-type vessels (endomucin: green; CD31: red; merge: yellow) in 
mice Achilles tendon (sagittal view) after 10 weeks of traumatic induced HO with or without proximal sciatic neurectomy. Scale bar, bottom 50 μm; top 100 μm (E, F) 
Quantification of fluorescence intensity and CD31+/EMCN+ cells related to control. n = 5 (G) H&E staining and Safranin O and Fast Green (SOFG) staining of mice 
Achilles tendon (sagittal view) after 10 weeks of traumatic induced HO with or without proximal sciatic neurectomy. Proteoglycan (red) and heterotopic bone 
(green). Scale bar, 100 μm (H) Micro CT images of ectopic bone formation in Achilles tendon (sagittal view) after 10 weeks of traumatic induced HO with or without 
proximal sciatic neurectomy (I, J) Quantitative analysis of bone volume (BV) and bone surface (BS). n = 5. Scale bar, 2 mm (*P < 0.05 **P < 0.01 ****P < 0.0001 
compared to the sham group or as denoted by bars).
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Fig. 4. Disabling EP4 in sensory nerves diminishes heterotopic ossification in mice (A) H&E staining and Safranin O and Fast Green (SOFG) staining of transgenic 
mice Achilles tendon (sagittal view) after 10 weeks of traumatic induced HO. Proteoglycan (red) and heterotopic bone (green). EP4lox/lox mice were treated as a 
control group. Scale bar, 100 μm (B) Micro CT images of ectopic bone formation in EP4lox/lox or EP4Avil

− /− mice Achilles tendon (sagittal view) after 10 weeks of 
traumatic induced HO (C, D) Quantitative analysis of bone volume (BV) and bone surface (BS). n = 5. Scale bar, 2 mm (E) Immunostaining of H-type vessels 
(endomucin: green; CD31: red; merge: yellow) in EP4lox/lox or EP4Avil

− /− mice Achilles tendon (sagittal view) after 10 weeks of traumatic induced HO. Scale bar, bottom 
50 μm; top 100 μm (F, G) Quantification of fluorescence intensity and CD31+/EMCN+ cells. n = 5 (*P < 0.05 ***P < 0.001 ****P < 0.0001 compared to the control 
group or as denoted by bars).
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pathway, which plays a central role in H-type vessel formation [14]. We 
examined the expression of Efnb2 and Dll4 through immunofluores-
cence and western blotting in the trauma site of the Achilles tendon 
(Fig. 5H–L). Our findings showed a significant increase in the expression 
of these two markers in EP4lox/lox mice compared to EP4Avil

− /− mice.
To further confirm the role of the Efnb2/Dll4 axis in angiogenesis 

mediated by sensory nerve EP4, we silenced EP4 in SH-SY5Y cells using 
small interfering RNA and selected siEP4#1 with the best interference 
effect as the siRNA for silencing EP4 in subsequent experiments (Fig. 6A 
and B). Upon stimulation with PGE2, EP4 knockdown in SH-SY5Y cells 
led to decreased Efnb2 and DII4 expression (Fig. 6C and D). The su-
pernatant from SH-SY5Y cells treated under various conditions was then 
used to co-culture bone marrow endothelial cells (BMECs) for further 
experiments. The tube formation assay conducted using Matrigel 
revealed that the supernatant from SH-SY5Y cells upon stimulation by 
PGE2 facilitates vessel formation, while this function was hindered 
when inhibiting its EP4, Efnb2 or Dll4 signaling by means of the relevant 
interfering RNA (Fig. 6E–G). Meanwhile, we discovered that the dele-
tion of EP4 in the SH-SY5Y cells inhibits its role in vessel formation; 
however, Efnb2 or Dll4 stimulation has the ability to reverse this phe-
nomenon (Fig. 6E–G). A scratch wound healing assay (Fig. 6H–J) yiel-
ded similar results, indicating that the removal of EP4, Efnb2, or Dll4 
from neural cells attenuated the motility of BMECs following superna-
tant treatment. Nonetheless, this attenuation could be enhanced by 
stimulation with relevant cytokines. In conclusion, these findings 
demonstrate that the sensory nerve EP4 may regulate angiogenesis 
through Efnb2-mediated Dll4-associated Notch signaling during HO (see 
Figs 5 and 6).

2.5. Inhibition of EP4 attenuates the progression of HO

To investigate the involvement of sensory nerve EP4 in the patho-
genesis of HO, we administered the EP4 inhibitor CJ-42794, known for 
its anti-inflammatory and anti-pain effects [24,25]. We injected the in-
hibitor intraperitoneally in EP4wt mice following tenotomy. Given that 
sensory nerve infiltration at the tenotomy site becomes detectable one 
week after trauma [8], we decided to administer injections five times a 
week for nine consecutive weeks starting one week after the surgical 
manipulation. We used a dose of 10 mg/kg as the lowest dose across the 
groups [24], and tested three different doses of inhibitors—low, me-
dium, and high—each at twice the concentration of the previous one to 
determine the most effective dosage. CT imaging revealed that the high 
dose of the inhibitor effectively inhibited HO compared to the control 
and vehicle-treated groups, without significantly affecting normal 
osteogenesis (Figs. S4A–G). Furthermore, each dose did not cause visible 
damage to the visceral tissues of the mice (Figs. S4H–L). Based on these 
findings, we selected the high-dose group as the designated treatment 
dosage. We then conducted a phenotypic analysis to explore the impact 
of EP4 inhibition on the pathogenesis of HO. The results of H&E stain-
ing, Safranin O-Fast Green staining, and micro-CT revealed a significant 
reduction in the area of heterotopic ossification (HO) following EP4 
inhibition compared to the control and vehicle-treated mice (Fig. 7A–D). 
Additionally, the expression of H-type vessels, sensory nerves EP4 and 
OSX, were notably diminished (Fig. 7E–G, Figs. S5A–E). Together, these 

results indicate that EP4 inhibition attenuates HO through the sup-
pression of angiogenesis-associated bone formation.

3. Discussion

Sensory nerves play a pivotal role in gathering signals from within or 
outside the body, enabling individuals to make appropriate responses to 
the constantly shifting surroundings [21,26]. HO has been specifically 
associated with the nervous system, as it occurs following central ner-
vous system (CNS) injury [27]. Prior military statistics provide 
compelling evidence linking the development of HO to alterations in the 
peripheral nervous system (PNS) or CNS, indicating that approximately 
60 % of combat-related injuries exhibit concomitant HO [28]. This 
correlation is likely attributed to the prevalence of blast or burn injuries, 
both of which exert a profound influence on the PNS and CNS. Notably, 
recent research has unveiled that after soft tissue damage, sensory 
nerves activated by NGF migrate towards the site of HO [8]. However, 
the precise mechanism through which sensory nerves then promote 
ectopic bone formation remains unclear. Previous studies have validated 
that the sensory nerve EP4/PGE2 signaling pathway not only governs 
the perception of pain but also influences the process of bone formation. 
Additionally, sensory nerve EP4 plays a crucial role in shaping the 
osteogenic commitment of MSCs by modulating sympathetic tones [11]. 
However, whether the sensory nerve EP4 exerts a crucial role in the 
pathogenesis of HO remains elusive. In our current study, we found that 
sensory nerves EP4 expression was remarkably elevated in human HO 
tissue and post-traumatic HO mice. Additionally, depletion of EP4 in 
sensory nerves or interruption of EP4 signaling attenuated HO in 
rodents.

HO is characterized by pathological bone and cartilage formation in 
soft tissues such as tendons and muscles, rather than in bone tissue itself 
[1]. However, the process by which MSCs or osteoprogenitor cells reach 
the Achilles tendon tissue to facilitate ossification during HO patho-
genesis remains unknown. Bone formation normally occurs alongside 
angiogenesis. A unique category of vessels, known as H-type or 
CD31hiEmcnhi vessels, has recently been identified as facilitators of the 
interaction between angiogenesis and osteogenesis [29]. Notably, pre-
vious studies have shown that H-type vessels establish a positive feed-
back loop with MSCs at the start of osteoarthritis. These vessels play a 
critical role in supplying MSCs that contribute to the abnormal bone 
formation observed during OA progression. In turn, MSCs enhance 
angiogenesis through the FAK-Grb2-MAPK pathway [13]. This suggests 
that sensory nerves may regulate the delivery of MSCs or osteoproge-
nitor cells in subjects with HO by controlling H-type vessels. The 
interdependence between peripheral nerves and blood vessels is evident, 
as blood vessels provide nutrients to axons while peripheral nerves 
regulate vessel caliber [30]. The concept of neurovascular coupling in 
both normal and abnormal tissue regeneration is gaining increasing 
attention [31,32]. In this study, we observed a significant increase in 
sensory nerve EP4 and H-type vessels in both individuals afflicted with 
HO and in a mouse model of HO. Notably, deleting of EP4 in sensory 
nerves or the suppressing of EP4 signaling effectively reduced the 
presence of H-type vessels in the Achilles tendon, thereby impeding the 
progression of HO. We further assessed the potential side impacts of EP4 

Fig. 5. The promotion of HO by sensory nerves EP4 likely occurs via Efnb2/Dll4 axis (A) Violin plot representing stability among specimens of each group. The 
samples harvested from EP4lox/lox were group A (A1-A3), from EP4Avil

− /− were Group B (B1-B3) (B) Bar chart of differential gene expression between samples. Dif-
ference multiple was set from − 1.5 to 1.5. P < 0.05 (C) Volcano plot for transcriptome analysis of differentially expressed genes. Efnb2 gene was highlighted. 
Difference multiple was set from − 1.5 to 1.5. P < 0.05 (D) Angiogenesis-related functions from the GO enrichment database. P < 0.05 (E) Heat map of genes located 
in function of Angiogenesis from GO enrichment (F) Heat map of top 20 genes with significantly differential gene expression. Difference multiple was set from − 1.5 
to 1.5. P < 0.05 (G) Target gene PPI network of Efnb2 gene. Thicker line represented stronger gene correlation. Ellipse represented positive regulation, the vee 
represented negative regulation (H) Immunostaining of Efnb2 (green) in EP4lox/lox or EP4Avil

− /− mice Achilles tendon (sagittal view) after 10 weeks of traumatic induced 
HO. Scale bar, bottom 50 μm; top 100 μm (I) Immunostaining of Dll4 (red) in EP4lox/lox or EP4Avil

− /− mice Achilles tendon (sagittal view) after 10 weeks of traumatic 
induced HO. Scale bar, bottom 50 μm; top 100 μm (J) Quantification of fluorescence intensity of Efnb2+ cells and Dll4+ cells. n = 5 (K) Western blot examination of 
expression of Efnb2 and DLL4 in EP4lox/lox or EP4Avil

− /− mice Achilles tendon after traumatic induced HO (L) Quantification of protein level of Efnb2 and Dll4 
normalized to GAPDH (**P < 0.01 ****P < 0.0001 compared to the control group or as denoted by bars).
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Fig. 6. In vitro study of sensory nerve EP4 promoting vessel formation via the Efnb2/Dll4 axis (A) qRT‒PCR examination of mRNA expression of EP4 in SH-SY5Y 
cells after transfection of siRNA (B) Western blot examination of expression of EP4 in SH-SY5Y cells after transfection of siRNA (C) qRT‒PCR examination of mRNA 
expression of Efnb2 and Dll4 in SH-SY5Y cells after silence of EP4 by transfection of siRNA (D) Western blot examination of expression of Efnb2 and Dll4 after silence 
of EP4 by transfection of siRNA (E–G) The tube formation assay using supernatants of SH-SY5Y cells treated with different methods. Control: supernatants from SH- 
SY5Y without stimulation of PGE2; PGE2: supernatants from SH-SY5Y with stimulation of PGE2 for 1h; siEP4: supernatants from SH-SY5Y with stimulation of PGE2 
after silence of EP4; siEfnb2: supernatants from SH-SY5Y with stimulation of PGE2 after silence of Efnb2; siDII4: supernatants from SH-SY5Y with stimulation of 
PGE2 after silence of Dll4; Efnb2: supernatants from SH-SY5Y with stimulation of PGE2 and Efnb2 after silence of EP4; Dll4: supernatants from SH-SY5Y with 
stimulation of PGE2 and Dll4 after silence of EP4. Scale bar, 200 μm (H, I) Scratch wound assay using supernatants of SH-SY5Y cells under different conditions as 
mentioned above (J) Quantification of migration area of BMECs under different conditions in scratch assay (ns p > 0.1 ***P < 0.001 ****P < 0.0001 compared to the 
control group or as denoted by bars).
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inhibition on normal bone formation or whether this gives rise to more 
extensive denervation. The internal milieu of regular bone and the 
trauma locus differs. In the traumatic stress condition, the sensory 
nerves were activated in traumatic site [8], which not only perceives 
pain, but also governs bone formation in situ [10,11,33]. In clinical 
observation, patients frequently experience pain at the traumatic locus 
during ectopic bone formation, whilst no pain exists at the normal bone. 
That implies that aberrant sensory nerve innervation may not neces-
sarily be affiliated with normal bone. Accordingly, the ablation of EP4 in 
sensory nerve might inhibit local sensory nerve innervation yet exert no 
effect on normal bone. As the ablation of EP4 in sensory nerve will give 
rise to pain alleviation at the trauma site, which might lead to the 
alteration of the stress response of our body to trauma, such as the 
secretion of nerve growth factor (NGF), and ultimately lead to a 
reduction in sensory nerves at the trauma site but not in normal bone. 
Indeed, our findings support this. Our results of micro-CT and CGRP +

nerve fiber staining in the distal tibial adjacent to the trauma site reveals 
that there is no discrepancy in bone formation and sensory nerve 
expression between the control and HO groups. These findings suggest 
that sensory nerve EP4 could potentially influence the development of 
HO by modulating angiogenesis-mediated bone formation.

In this study, we also explored the specific molecular mechanisms 
through which sensory nerve EP4 influences vessel formation in HO. We 
conducted RNA-sequencing and bioinformatics analysis were conducted 
on lesion tissues of the Achilles tendon obtained at 10 weeks post- 
surgical induction, employing EP4Avil

− /− mice, which are sensory nerve- 
specific EP4 knockout mice for comparison with EP4lox/lox mice. In 
accordance with the transcriptome analysis, there exist 37 genes asso-
ciated with the angiogenesis function among the differentially expressed 
genes, with the top 5 genes being Meox2, Efnb2, Unc5b, Sema6a, and 
Cdh5. Mesodermal homeobox-2 (Meox2), also known as Growth Arrest- 
specific homeoboX (GAX), encodes a homeodomain transcription factor 

Fig. 7. Blocking EP4 mitigates the advancement of HO (A) H&E staining and Safranin O and Fast Green (SOFG) staining of mice Achilles tendon (sagittal view) after 
10 weeks of traumatic induced HO with respectively saline-treated (control group), vehicle-treated (DMSO) and EP4 inhibitor-treated. Proteoglycan (red) and 
heterotopic bone (green). Scale bar, 100 μm (B) Micro CT images of ectopic bone formation in mice Achilles tendon (sagittal view) of each treatment group (C, D) 
Quantitative analysis of bone volume (BV) and bone surface (BS). n = 5. Scale bar, 2 mm (E) Immunostaining of H-type vessels (endomucin: green; CD31: red; merge: 
yellow) in mice Achilles tendon (sagittal view) of each treatment group. Scale bar, bottom 50 μm; top 100 μm (F, G) Quantification of fluorescence intensity and 
number of CD31+/EMCN+ cells related to control. n = 5 (ns P > 0.1 *P < 0.05 **P < 0.01 ***P < 0.001 compared to the control group or as denoted by bars).
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which is expressed in vascular smooth muscle and ECs, whereupon 
characterization intimates that it is a preeminent regulatory gene gov-
erning the angiogenic phenotype [34–36]. Unc-5 Netrin Receptor B 
(Unc5b) serves as a dependence receptor in ECs, inducing apoptosis in 
the absence of its ligand Netrin-1, while upon Netrin-1 binding, it im-
pedes apoptosis, thereby subtly regulating developmental angiogenesis 
[37–39]. Semaphorin 6A (Sema6a) is reported to be a sort of angio-
genesis inhibitor, and the silencing of Sema6a partially reversed the 
inhibition of endothelial cell sprouting [40]. Additionally, Cdh5 has 
been ascertained to play an irreplaceable and central role in EC biology 
[41,42], and it is regarded as a significant target for angiogenesis in 
Glioblastoma multiforme (GBM) and osteoarthritis [12,43,44]. It has 
been reported that the bidirectional signaling of Efnb2-Ephb4 is 
believed to control the transition from bone resorption to bone forma-
tion, which is important for maintaining bone homeostasis [45]. Addi-
tionally, within the tumor microenvironment, Ephb4 and Efbb2 have 
opposing effects, with elevated EphB4 levels and decreased Efnb2 levels 
correlating with reduced angiogenesis in tumors and extended patient 
survival [46]. This suggests that Efnb2 may enhance angiogenesis. The 
reason for our selection of Efnb2 as the targeted gene in this research 
relies on that Efnb2 not merely holds a high rank in angiogenesis, but 
also situates within the top 20 of all differentially expressed genes, as 
depicted in Fig. 5F. Other genes ranking highly in angiogenesis, as 
aforementioned, are also exceptionally fine angiogenesis genes 
responding to EP4 signaling. We will further explore their potential 
functions in sensory nerve EP4 regulating HO in future researches. In a 
further exploration through the PPI network, we discovered that the 
Efnb2 gene had the strongest association with Dll4 gene among all 
notable differentially expressed genes, with Efnb2 exerting a positive 
regulatory influence on Dll4. Notably, Dll4 is a crucial ligand in the 
classical Notch-signaling cascade, a pathway known for its significant 
role in the formation of H-type vessels [14]. Herein, we confirmed a 
notable upregulation in the levels of Efnb2 and Dll4 expression at the 
trauma site of the Achilles tendon during HO in EP4lox/lox mice in 
comparison to EP4Avil

− /− mice. Our in vitro findings further manifested 
that the sensory nerve facilitates vessel formation, while this function 
was hindered when inhibiting its Efnb2 or Dll4 signaling by means of the 
relevant interfering RNA. Meanwhile, we discovered that the deletion of 
EP4 in the sensory nerve inhibits its role in vessel formation; however, 
Efnb2 or Dll4 stimulation has the ability to reverse this phenomenon. By 
integrating the in vitro and in vivo assays, we validated that the sensory 
nerve EP4 promotes ectopic bone formation through modulating 
Efnb2/Dll4 signaling during HO. It is another exceedingly good research 
subject concerning how sensory nerve EP4 regulates the Efnb2/Dll4 
axis, and we will further explore the related molecular mechanisms in 
future researches. These findings suggest that the sensory nerve EP4 
could potentially modulate H-type vessel formation through 
Efnb2-mediated Dll4-associated Notch signaling in the context of HO.

Concerning the transection of the sciatic nerve, there are numerous 
researches investigating the impact of sciatic nerve transection on HO 
[8,21], nevertheless, whether the sciatic nerve transection affects the 
angiogenesis-related bone formation has not been explored during the 
onset of HO. Our findings manifested that transection of the sciatic nerve 
lead to a notable reduction of H-type vessels and ectopic bone formation 
in the Achilles. Truly, the sciatic nerve encompasses sensory nerve and 
motor nerve. The reason for choosing the sensory nerve depends on the 
fact that previous research has disclosed that the sensory nerve possesses 
the capacity to modulate bone formation [10,33]. And our findings also 
disclosed that during the advent of HO, the sensory nerve augmented at 
the site of HO and the regulation of the sensory nerve function played a 
crucial role in HO. It is indeed possible that motor nerves exert an in-
fluence on HO. We will further conduct relevant studies with respect to 
the impact of motor nerve on HO in future investigations.

In summary, we observed an increase in sensory nerve EP4 and H- 
type vessels during the development of HO in both human subjects and 
mice. Disrupting EP4 specifically in sensory nerves impedes 

angiogenesis-driven bone formation and the progression of HO. 
Furthermore, the Efnb2/Dll4 axis has been identified as a downstream 
element of sensory nerve EP4 modulation of angiogenesis-dependent 
bone formation. Based on these findings, sensory nerve EP4 holds 
great promise as a potential approach to attenuate HO.

4. Materials and methods

4.1. Animals use and experimental model

All 3-month-old male C57BL/6J (WT) mice (n = 5) were obtained 
from the animal center of Southern Medical University, Guangzhou, 
China. Surgical procedures involving Achilles tendon (AT) surgery were 
performed on the right ankle of each mouse under the guidance of a 
surgical loupe. Following surgery, the mice were randomly assigned to 
plastic cages according to their body weight and the experimental pro-
tocol, enabling free movement within the cages.

In certain experiments, surgical denervation was conducted 
concurrently with heterotopic ossification (HO) induction. A superficial 
vertical incision was made on the femur to access the target region. 
Upon opening the skin, a distinct white line corresponding to the fascia 
between the muscles was identified. A small incision was made along 
this linea alba, followed by careful dissection until the fascia was 
elevated and the sciatic nerve trunk was exposed. Subsequently, the 
sciatic nerve was severed, and the muscle layer, subcutaneous tissue, 
and skin were sequentially sutured. As a control, sham nerve injuries 
involved surgical exposure of the sciatic nerve without actual transec-
tion [8].

LoxP-flanked EP4 and Advillin-Cre were obtained from Cyagen 
(Stock No.017986, China). First, mice carrying loxP-flanked EP4 alleles 
(EP4lox/lox) and Advillin-Cre transgenic mice were crossed to obtain 
Advillin-CreEP4lox/- mice, which were then mated with EP4lox/lox mice 
to obtain Advillin-CreEP4lox/lox mice (EP4Avil

− /− ). For the sensory nerve- 
specific EP4 knockout experiment, 3-month-old male EP4lox/lox mice 
and EP4Avil

− /− mice were used to perform Achilles tenotomy to observe 
post-traumatic HO in each independent experiment (n = 3 per group). 
PCR analyses of genomic DNA were used to determine the genotypes of 
the mice using the primers shown in Table 1.

To achieve systemic inhibition of EP4 in C57BL/6J mice, we utilized 
the EP4 inhibitor CJ-42794 (MedChem Express, China). For adminis-
tration of CJ-42794, mice were intraperitoneally injected with 100 μl of 
the compound mixture five days per week at doses of 10, 20, and 30 mg/ 
kg. This treatment regimen commenced one week following Achilles 
tendon transectional surgery and continued for a duration of nine weeks. 
For preparation of the injection, 100 μL of a DMSO (Solarbio, China) 
solution containing CJ-42794 (dissolved in 400 μL of PEG300 (Solarbio, 
China)) was combined with 50 μL of Tween-80 (Solarbio, China). Sterile 
saline was then added to adjust the volume to 1 mL.In all cases, amounts 
of 100 μl normal saline (NS) and 2 % DMSO were used as control and 
vehicle groups, respectively. The experimental procedures were sanc-
tioned by the Institutional Animal Care and Use Committee of Southern 
Medical University.

Table 1 
The primer sequences used to determine the genotypes of the mice.

Gene name Sequence

EP4 (Gene bank: 19219)
forward TCTGTGAAGCGAGTCCTTAGGCT
reverse CGCACTCTCTCTCTCCCAAGGAA
Advillin (Gene bank: 11567)
forward CCCTGTTCACTGTGAGTAGG
reverse GCGATCCCTGAACATGTCCATC
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4.2. Human specimens

Human samples were obtained from patients undergoing surgery for 
internal fixation of elbow fractures. The selected patients, aged 20–40 
years, were free from osteoporosis and exhibited symptomatic radio-
graphic elbow HO without any concurrent systemic diseases (n = 5). 
Ectopic bone tissue from the specimens was utilized for the HO group, 
while adjacent muscle tissue served as the control group. The specimens 
underwent CT scanning and histological analysis. All personal infor-
mation was anonymized. Ethical approval for this study was obtained 
from the medical ethics committee of Nanfang Hospital.

4.3. Cell line and cell transfection

SH-SY5Y cells, a type of neural cell line derived from human neu-
roblastoma that a number of researchers use to study the function of 
sensory nerves [47–49], and bone marrow endothelial cells (BMECs) 
were cultured separately in DMEM-F12 (Gibco, USA) and DMEM (Gibco, 
USA), supplemented with 100 mg/mL streptomycin sulfate (Life Tech-
nologies, USA), 15 % fetal bovine serum (FBS; Procell, China), and 100 
U/mL penicillin. The small interfering RNA (siRNA) used for gene 
knockdown was provided by Tsingke (Beijing, China), with the specific 
sequences detailed in Table 2. SH-SY5Y cells at 60 % confluence in 
6-well plates were transfected with EP4 knockdown siRNAs (siEP4#1, 
siEP4#2, siEP4#3), Efnb2 knockdown siRNA (siEfnb2), or Dll4 knock-
down siRNA (siDll4) using transfection reagents from Tsingke. Total 
RNA was extracted from the transfected cells after 48 h, and protein was 
extracted after 72 h. After incubating SH-SY5Y cells in serum-free me-
dium for 1 h, either with or without gene knockdown, the supernatant 
was collected and promptly stored at − 80 ◦C to obtain the conditioned 
medium. The certain amount of stimuli [50–52] used to treat the 
SH-SY5Y cells included PGE2, Efnb2, and Dll4 (MedChem Express, 
China), all of which were dissolved in cell-grade DMSO (Solarbio, 
China).

4.4. Migration assay

The wound scratch assay was employed to evaluate the migration of 
BMECs in response to various conditioned media from SY5Y cells. In this 
procedure, 5 × 10^5 cells were plated into a 6-well dish and allowed to 
reach full confluence. Following a 24-h incubation at 37 ◦C, a sterile 
p200 pipette tip was used to carefully create a scratch. Cell images were 
taken at 0 and 12 h post-injury. The ImageJ software was then used to 
accurately quantify the changes in the width of the scratched regions. 
The migration rate within the targeted areas was calculated using the 
formula: Migration area (%) = (A0–An)/A0 × 100, where A0 represents 
the initial wound area, and An denotes the wound area remaining at the 
time of measurement.

4.5. Tube formation assay

BMECs were seeded at a density of 2 × 10^4 cells per well into 96- 
well plates that had been pre-coated with 60 μL of Matrigel per well 
(Corning, USA). The plates were then incubated at 37 ◦C in various 
conditioned medium. After 4 h of incubation, the cells were imaged and 
analyzed using an inverted microscope (Olympus) and Image-Pro Plus 6 
software. The analysis included measurements of total loops, total 
branching points, and total tube length.

4.6. Western blot assay

The samples involved in protein detection include human ectopic 
bone tissue, mouse Achilles tendon tissue and SH-SY5Y cells, using Bone 
Tissue Protein Extraction Kit (Bestbio, BB-3161, China) and Total Pro-
tein Extraction Kit (Bestbio, BB-3101, China). The protein levels were 
quantified using the PierceTM BCA Protein Assay Kit (Thermo Fisher 
Scientific, USA). Following protein extraction, supernatants were sub-
jected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) (Yamei, PG110-114, China), and subsequently transferred 
onto polyvinylidene fluoride (PVDF) membranes. After blocking with 
skim milk, primary antibodies were incubated with the membranes 
overnight at 4 ◦C. Membranes were then washed three times with TBST 
(10 min each) and incubated with either goat anti-mouse IgG (1:10,000) 
or goat anti-rabbit IgG (1:10,000) at room temperature for 60 min. 
Following another round of washing (three times, 10 min each), protein 
visualization was performed using the Enhanced Chemiluminescence 
(ECL Kit; Amersham Biosciences, USA). The antibodies and inhibitors 
used for Western blotting were as follows: EP4 (Santa Cruz, 1:500, sc- 
55596, USA), CGRP (Santa Cruz, 1:500, sc-57053, USA), COX2 (Pro-
teintech, 1:500, 12375-1-AP, USA), Efnb2 (Santa Cruz, 1:500, sc- 
398735, USA), Dll4 (Proteintech, 1:500, 21584-1-AP, USA), goat anti- 
mouse IgG HRP (Invitrogen, 1:10,000, 31430, USA), and goat anti- 
rabbit IgG HRP (Invitrogen, 1:10,000, 31460, USA).

4.7. Quantitative real-time polymerase chain reaction analysis

The RNA extraction was performed using TRIzol Reagent (Invi-
trogen, Carlsbad, CA) in accordance with the manufacturer’s protocol, 
resulting in the isolation of total RNA. Subsequently, 1 mg of the total 
RNA was utilized for cDNA synthesis with a cDNA Synthesis kit (Fer-
mentas, Burlington, Canada). Following this, qRT‒PCR was conducted 
using FastStart Universal SYBR Premix ExTaqTM II (TaKaRa Biotech-
nology, Japan). Relative gene expression was quantified using the 
2− △△CT method. The relative primer sequences were shown in Table 3.

4.8. Histology and immunofluorescence

Human or rodent specimens were collected and fixed in 4 % para-
formaldehyde at 4 ◦C for 24 h. After washing thrice with PBS, samples 
underwent decalcification in 10 % EDTA (pH 7.4, volume ratio 1:15; 
Leagene, China) for 21 days at 4 ◦C. Subsequently, specimens were 
either embedded in paraffin or OCT (optimal cutting temperature; 

Table 2 
The target sequences used for gene knockdown.

siEP4#1
sense GGAGCAGAAAGAGACGACC
antisense GGUCGUCUCUUUCUGCUCC
siEP4#2
sense GUGGUGCGAGUGUUCAUUA
antisense UAAUGAACACUCGCACCAC
siEP4#3
sense CAGGCACUGUGUGACUAUA
antisense UAUAGUCACACAGUGCCUG
siEfnb2
sense GGAAGAAGUUCGACAACAATT
antisense UUGUUGUCGAACUUCUUCCTT
siDll4
sense GUGACAAGAGCUUAGGAGA
antisense UCUCCUAAGCUCUUGUCAC

Table 3 
The primer sequences selected for qRT‒PCR.

Gene name Sequence

EP4 (Gene bank: 5734)
forward TACTCATTGCCACCTCCCTGGT
reverse GACTTCTCGCTCCAAACTTGGC
Efnb2 (Gene bank: 1948)
forward GCAAGTTCTGCTGGATCAACCAG
reverse GCTGTTGCCGTCTGTGCTAGAA
Dll4 (Gene bank: 54567)
forward CTGCGAGAAGAAAGTGGACAGG
reverse ACAGTCGCTGACGTGGAGTTCA
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Sakura Finetek, Netherlands) compound. Sagittal sections of the Achilles 
tendon were obtained at thicknesses of 4 or 40 μm using either paraffin 
sections or cryosections. Paraffin embedding was exclusively used for 
human HO tissue. Thin paraffin sections (4 μm) were utilized for all 
histochemical stains and immunofluorescence analysis of H-type vessels, 
while thick cryosections (40 μm) were employed for immunofluores-
cence examination of sensory nerves. For cryosections, samples were 
individually dehydrated in graded sucrose (20 % and 30 %) overnight at 
4 ◦C before embedding in OCT. Sagittal sections were mounted on ad-
hesive slides (Citotest, China). Histochemical staining included Hema-
toxylin and eosin (H&E) staining and Safranin O/Fast green staining to 
assess ectopic bone tissue in the Achilles tendon. After dehydration in 
ethanol, tissue samples were mounted, and images were acquired using 
a microscope (Olympus, Japan). Immunofluorescence analysis involved 
primary antibodies against Endomucin (Santa Cruz, 1:50, sc-65495), 
CD31 (Abcam, 1:200, ab222783, USA), EP4 (Proteintech, 1:100, 
24895-1-AP, USA), CGRP (Santa Cruz, 1:100, sc-57053, USA), Efnb2 
(Santa Cruz, 1:100, sc-398735, USA), Dll4 (Proteintech, 1:100, 21584-1- 
AP, USA) and OSX (Santa Cruz, 1:50, sc-393325, USA) incubated at 4 ◦C 
overnight. Secondary antibodies conjugated with fluorescence tags were 
then incubated at room temperature for 1 h in the dark. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole mounting solution (DAPI, 
Servicebio, China) prior to imaging. The entire HO area of the sections 
was microphotographed for histomorphometric analysis using an 
Olympus fully automated fluorescence microscope (Olympus BX63, 
Japan). Quantitative analysis was conducted in a blinded manner using 
ImageJ software.

4.9. Microcomputed tomography analysis

Following dissection, ankle joints were immersed in a 10 % formal-
dehyde solution overnight for fixation. Subsequently, the samples were 
subjected to high-resolution micro-computed tomography (CT) scanning 
using a SkyScan 1172 apparatus, coupled with CT reconstruction soft-
ware (NRecon v1.6). Three-dimensional model visualization and addi-
tional data analysis were performed utilizing CTAn v1.9 and μCTVol 
v2.0. The scanning parameters were set at 50 kVp voltage, 200 μA 
current, and a pixel resolution of 9 μm. The entire ectopic bone area of 
the specimens was selected as the region of interest, bone volume (BV) 
and bone surface (BS) was quantified for each experimental group. 
Epiphysis of distal tibia in mice was selected as the region of interest, 
trabecular number (Tb.N), trabecular separation (Tb.Sp) and trabecular 
thickness (Tb.Th) was quantified for each experimental group.

4.10. Sequencing of mRNA and bioinformatics analysis

Total RNA was extracted using the Trizol reagent kit (Invitrogen, 
Carlsbad, USA) in accordance with the manufacturer’s guidelines. The 
integrity of RNA was evaluated utilizing an Agilent 2100 Bioanalyzer 
(Agilent Technologies, Palo Alto, USA) and verified through RNase-free 
agarose gel electrophoresis. Following this, eukaryotic mRNA was 
enriched employing Oligo(dT) beads. The enriched mRNA was subse-
quently fragmented into shorter segments using fragmentation buffer 
and transcribed in reverse into cDNA using the NEBNext Ultra RNA Li-
brary Prep Kit for Illumina (NEB#7530, New England Biolabs, Ipswich, 
USA). The resultant double-stranded cDNA fragments underwent pro-
cesses including end repair, A-base addition, and ligation with Illumina 
sequencing adapters. The ligation reaction underwent purification using 
AMPure XP Beads (1.0×) and underwent amplification via polymerase 
chain reaction (PCR). The generated cDNA library was subjected to 
sequencing on the Illumina Novaseq6000 platform by Gene Denovo 
Biotechnology Co (Guangzhou, China). Differential expression analysis 
of RNAs was conducted using DESeq2 [53] software for inter-group 
comparisons, while edgeR [54] was employed for intra-group compar-
isons. Genes/transcripts exhibiting a false discovery rate (FDR) param-
eter below 0.05 and an absolute fold change of ≥2 were considered 

differentially expressed genes/transcripts. Gene Ontology (GO) enrich-
ment analysis was performed to identify significantly enriched GO terms 
among the differentially expressed genes relative to the genome back-
ground. Initially, all differentially expressed genes were aligned with GO 
terms in the Gene Ontology database (http://www.geneontology.org/), 
and the number of genes associated with each term was calculated. 
Significantly enriched GO terms within the differentially expressed 
genes relative to the genome background were identified using the hy-
pergeometric test. Subsequently, the resulting p-values underwent FDR 
correction, with a threshold of FDR ≤0.05 considered significant. GO 
terms meeting this criterion were recognized as significantly enriched.

4.11. Statistics

The data are expressed as mean ± standard deviation (s.d.). To 
compare two groups, a two-tailed Student’s t-test was utilized. For 
comparisons involving multiple groups, we employed one-way analysis 
of variance (ANOVA). Initially, we assessed the homogeneity of variance 
and subsequently examined inter-group differences using post hoc 
multiple comparisons. Specifically, Dunnett’s T3 test was utilized to 
assess group variations in the presence of heterogeneity. Conversely, the 
Bonferroni test was applied when no heterogeneity was observed. Sta-
tistical significance was set at P < 0.05. All data analyses were con-
ducted using SPSS 22.0 analysis software (SPSS, Inc.).
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