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Background: The accessory navicular bone (ANB) is a common accessory bone in the foot. Certain ANBs significantly impair 
patients’ feet normal walking function. Foot injury is associated with ANB after athletic training. However, the molecular mechanism 
of foot injury with ANB after athletic training remains unclear. This study aims to investigate the proteomics and phosphoproteomics 
profile of foot injury with the ANB after athletic training.
Patients and Methods: We collected ANB tissues and normal bone (NB) tissues from 5 foot injury patients with ANB after 3 
months of athletic training to perform proteome sequencing by tandem mass tag (TMT) technology. Then, the differentially expressed 
proteins (DEPs) and phosphorylation proteins (DPPs) were identified between the ANB and NB groups. Furthermore, the potential 
functions of DEPs and DPPs were annotated, respectively. Besides, the protein-protein interaction (PPI) network was constructed for 
DEPs.
Results: A total of 147 DEPs (129 upregulated and 18 downregulated) were detected. Functional enrichment suggested that they were 
involved in extracellular matrix (ECM)-receptor interaction and cell adhesion. PPI network showed that COL4A1 and COL4A2 had 
the highest interaction score, followed by RBBP4 and RBBP7. In addition, phosphoproteomics analysis identified 4 upregulated and 1 
downregulated DPPs, and they were primarily enriched in regulating lipolysis in adipocytes.
Conclusion: Our study found that foot injury with ANB after exercise training may be associated with proteins related to 
inflammation and immunity (such as MRC1, UBE2N, CYCS), bone repair and regeneration (such as Emilin2, COL4A1, COL4A2, 
and ITGA9), and bone microstructure homeostasis (such as GCA and ANXA3). This provides new insights into understanding its 
pathogenesis and guiding treatment strategies.
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Introduction
The accessory navicular bone (ANB) is an excrescent ossicle that exists in the interior of the tarsal navicular bone and 
presents in 10% to 14% of normal feet.1–3 It is a variant of the navicular tuberosity caused by incomplete fusion of its 
secondary ossification center.2 The clinical manifestations of ANB are mainly pain or tenderness, which is attributed to 
the abnormal insertion of the posterior tibial tendon into ANB, altering tendon leverage and disrupting the normal 
biomechanical function of the arch.4 It can be classified into 3 types: Type I is a small accessory bone within the 
substance of the posterior tibial tendon, without attachment to the body of the navicular; type II is an ANB with 
a synchondrosis that has the appearance of a cartilaginous unit containing islands of hyaline and fibrocartilage, which is 
divided into a and b types according to the angle of ANB and scaphoid tuberosity; and type III is a corneal navicular that 
probably represents an end stage of type II.5–7 Most of the symptomatic cases are type II ANB.8 Some patients showed 
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local uplift and tenderness at the navicular tubercle, which seriously affected the normal walking function of the foot.9 

Wang et al reported that patients with ANB appeared to have foot pain and (or) limited activity after 3 months of athletic 
training and had certain influences on athletic training.10 However, the underlying molecular mechanisms of foot injury 
with ANB after athletic training remain unclear.

The proteome is all corresponding proteins expressed by the genome of a cell or a tissue.11 Proteomics takes the 
proteome as the research object and understands the laws of life activities from the overall protein level.12 Currently, 
proteomic methods have been widely used to explore the pathology of bone related diseases, including 
osteoporosis,13 osteosarcoma,14,15 osteoarthritis,16,17 and fractures.18,19 Tandem mass tag (TMT) technology, as 
a classic mass spectrometry quantitative method in proteomics studies, not only identified the abundance of protein, 
but also helped us to find biomarkers and understand the pathogenesis of diseases.20,21 Liang et al reported that TMT 
technology is a feasible approach to identifying the potential therapeutic targets in primary type I osteoporosis 
treated with qianggu decoction.22 Huang et al used TMT proteomics technology to reveal the differences in 
extracellular vesicle proteome in different types of inflammatory arthritis, and screened potential biomarkers and 
possible molecular mechanisms.16

Protein phosphorylation is a common regulation mode that affects almost all biological processes.23 Serine, threonine, 
and tyrosine are the most common phosphorylation modification sites.24 Protein phosphorylation plays a role in bone 
formation.25 A study based on phosphogenomics found that serine/threonine protein kinase D1 activates the pro- 
osteogenic transcription factor RUNX2 by triggering the phosphorylation and nuclear exclusion of histone deacetylase 
HDAC7 in the early stages of osteoblast formation.26 In bone tissues, cyclic adenosine monophosphate (cAMP) related 
protein phosphorylation and protein kinase A (PKA) activation could trigger the cascaded expression of osteogenesis- 
related genes.27 So far, little is known about protein abundance and phosphorylation profiles in patients with ANB in the 
foot after athletic training.

In this study, we investigated the differentially expressed proteins (DEPs) and phosphorylation proteins (DPPs) 
between ANB and normal bone (NB) by TMT technology to explore the critical proteins related to foot injury with ANB 
after 3 months of athletic training. We hope to provide new insights into the pathogenesis of ANB injury.

Materials and Methods
Source of Samples
In this study, we collected ANB tissue and normal bone tissue from 5 foot injury patients who had undergone 3 months of 
exercise training and exhibited clinical manifestations of ANB. All patients met the surgical criteria: i) Patients who have 
received formal conservative treatment for more than 6 months have not shown significant improvement in medial foot 
pain; ii) X-ray images of patients showed obvious pseudarthrosis formation and larger ANB; iii) There were obvious 
abnormal protrusion on the medial foot, skin redness and swelling, accompanied by obvious tenderness of the posterior 
tibial tendon. The age of the patients ranged from 21 to 32 years old, and their disease duration varied from 11 to 24 
months. The foot anatomy diagram, including 3 subtypes diagram, had been provided in Figure 1. According to the ANB 
subtype classification, all patients in this study were classified as type II ANB, with three on the right foot and two on the 
left foot. The clinical data of the patients are provided in detail in Table 1. This study was performed according to the 
Declaration of Helsinki and approved by the Ethics Committee of Bethune International Peace Hospital (NO. 2023-KY 
-187). Patients’ informed consent was obtained.

Protein Extraction
Each sample was ground to a powder in liquid nitrogen. Lysis buffer (2M thiourea (Bio-Rad, USA), 7M Urea (Sigma- 
Aldrich, USA), 1‰ CHAPS (Bio-Rad, USA)) was added. Then, the samples were left on ice for 20 min, centrifuged at 
13,000 rpm for 20 min at 4 °C, and the supernatant was stored at − 80°C for further proteomics analysis. Bradford assay 
(Thermo Fisher Scientific, USA) was used to determine the protein concentration. The sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) was used to detect the quality of sample proteins.
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Trypsin Digestion
25 mm DTT (Bio-Rad, USA) was used to reduce the protein solution at 37 °C. 60 min later, at room temperature, 50 mm IAA 
(Bio-Rad, USA) was added to alkylate the solution for 30 min in the dark. Triethylammonium bicarbonate (TEAB) (300 μL) 
was used to dilute the urea concentration of the protein sample. For the first digestion overnight, trypsin (Promega, USA) was 
added to the sample (mass ratio, 1:50 trypsin: protein). For the day after, a second digestion was performed.

TMT Quantitative Labeling
The peptides were desalted with an HLB solid phase extraction column (Waters, USA) and vacuum freeze-dried after 
digestion. After adding 8 μL 5% hydroxylamine, the peptides were labeled with a TMT kit (ThermoFisher Scientific, 
USA) according to the manufacturer’s protocol. NB samples were labeled with TMT tags of 126, 127 N, 127C, 128 N, 
and 128C, and ANB samples were labeled with TMT tags of 129 N, 129C, 130 N, 130C, and 131. The labeled peptides 
were mixed, desalted, and dried.

High-Performance Liquid Chromatography (HPLC) Fractionation
The peptide mixtures were fractionated by high-pH reverse-phase HPLC using an XBridge® peptide BEH C18 column. 
In brief, the peptides were first divided into 40 fractions with a linear gradient of acetonitrile and ddH2O (pH 10.0) over 
51 min. Then, the peptides were combined into 15 fractions and vacuum dried.

Figure 1 ANB foot anatomy map and subtype classification. (A) Schematic diagram of ANB foot anatomy. (B) Schematic diagram of ANB subtypes.

Table 1 The Clinical Data for the Patients

Number Age 
(years)

Sex Process 
(months)

Incidence reason Foot Imaging Parameters Pre-Surgical After Surgery

Calcaneal 
pitch 
angle

Talar axis-first 
metatarsal base 

angle

Arch 
height 
(mm)

VAS AOFAS  
ankle-hindfoot 

scale

VAS AOFAS 
ankle- 

hindfoot scale

1 32 Male 24 Athletic training injury 10 15 12 6 49 2 91

2 21 Male 12 Athletic training injury 22 8 13 6 48 2 82

3 21 Male 18 Athletic training injury 24 5 15 4 52 1 90

4 23 Male 11 Athletic training injury 20 13 12 5 49 2 90

5 25 Male 24 Athletic training injury 20 5 13 5 48 1 90

Abbreviations: VAS, Visual Analogue Scale; AOFAS, American Orthopaedic Foot & Ankle Society.
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LC-MS/MS Data Analysis
Tryptic peptides were dissolved in solvent A (0.1% formic acid) and separated via a gradient of solvent B (80% acetonitrile and 
0.1% formic acid). Separation was performed in the U3000 liquid phase, low pH reversed-phase C18 capillary chromatography. 
The flow rate was 600 nL/min. The peptides were analyzed by MS/MS using an Orbitrap Q-Exactive-HF-X (Thermo, USA).

Data Analysis
The MS raw data for each sample were searched using the Mascot (version 2.5.1) for identification and quantitation analysis.

Proteomic Analysis
We used the “t-test” function in the R (version 3.6) package to identify the DEPs between the ANB and NB groups with 
p <0.05 & fold change (FC) <0.83 or >1.2. Functional enrichment annotations for DEPs were performed using the 
Database for Annotation Visualization and Integrated Discovery (DAVID) online tool (https://david.ncifcrf.gov/). The 
p <0.05 was considered as statistically significant. For Gene Ontology (GO) analyses, enriched biological processes 
(BPs), molecular functions (MFs), and cellular components (CCs) were assessed. The enrichment degree of the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway is measured by the rich factor, p-value, and the number of 
proteins enriched in this pathway. Rich factor refers to the ratio of the number of differentially enriched proteins in the 
pathway to the number of annotated proteins. In addition, the STRING database (https://string-db.org/) was used to 
construct the protein-protein interaction (PPI) network with the minimum required interaction score setting to 0.4.

Phosphoproteomics Analysis
Two-dimensional LC-MS identified the phosphorylation site of the protein. The DPPs between the ANB and NB groups 
were analyzed using the “t-test” function in the R package (version 3.6). The thresholds for DPPs were p <0.05 and FC 
<0.83 or >1.2. KEGG enrichment analysis was performed on DPPs with the screening criteria of p <0.05.

Results
Identification of Proteins
In this study, a total of 2429 proteins were identified, of which 147 DEPs (129 upregulated and 18 downregulated) were 
quantified between the ANB and NB groups (Figure 2A, Table S1). In addition, the heatmap of the top 100 DEPs was 
shown in Figure 2B. The top 10 up- and down-regulated DEPs were shown in Table 2.

Figure 2 DEPs between the ANB and NB group. (A) DEPs were displayed by volcano plots. Red dots represent up-regulated DEPs, and green dots represent down- 
regulated DEPs. (B) DEPs were displayed by Heat map. Changes of the color from blue to red indicate that the DEPs are up-regulated. NB, normal bone; ANB, accessory 
navicular bone.
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Functional Enrichment Analyses of DEPs
GO analyses revealed that these DEPs were enriched in BP terms, such as cell adhesion, cell adhesion mediated by 
integrin, and cell-matrix adhesion, MF terms, including protein binding, cadherin binding, and integrin binding, and CC 
terms, including extracellular exosome, cytosol, and extracellular region. The top 10 enriched GO function items were 
shown in Figure 3A. These DEPs were also enriched in KEGG pathways, including extracellular matrix (ECM)-receptor 
interaction, focal adhesion, and Cell adhesion molecules (CAMs). The KEGG function enrichment bubble diagram was 
shown in Figure 3B.

Table 2 The Top 10 Up/Down-Regulated DEPs

Protein ID p-value Fold change Regulation Proteins Name (Gene Symbol)

J3QLE5 0.0268947 2.2388202 up Small nuclear ribonucleoprotein-associated protein N (Fragment) (SNRPN)
P02462 0.0057685 2.1756668 up Collagen alpha-1(IV) chain (COL4A1)

H0YAE9 0.0369185 1.9841211 up Uncharacterized protein (Fragment)

Q9BXX0 0.012466 1.9785209 up EMILIN-2 OS=Homo sapiens (EMILIN2)
O95865 0.049441 1.9330814 up Dimethylaminohydrolase 2 (DDAH2)

P47895 0.0429335 1.8887229 up Aldehyde dehydrogenase family 1 member A3 (ALDH1A3)

A0A7I2V440 0.0317217 1.8025379 up Cathepsin B OS=Homo sapiens (CTSB)
Q13797 0.0173361 1.7639402 up Integrin alpha-9 OS=Homo sapiens (ITGA9)

P22897 0.0126703 1.7196152 up Macrophage mannose receptor 1 (MRC1)
P08572 0.0028517 1.6781766 up Collagen alpha-2(IV) chain (COL4A2)

P49368 0.0329031 0.829865333 down T-complex protein 1 subunit gamma (CCT3)

Q9NRX4 0.0498389 0.814794701 down 14 kDa phosphohistidine phosphatase (PHPT1)
P61088 0.0388837 0.767922828 down Ubiquitin-conjugating enzyme E2 N (UBE2N)

C9JFR7 0.0430233 0.738988218 down Cytochrome c (Fragment) (CYCS)

P28676 0.0473176 0.738600291 down Grancalcin OS=Homo sapiens (GCA)
B0YIW2 0.0284303 0.726370704 down Apolipoprotein C-III (APOC3)

P12429 0.0439912 0.724160807 down Annexin A3 OS=Homo sapiens (ANXA3)

A0A024RA52 0.0128929 0.71827602 down Proteasome subunit alpha type (PSMA2)
Q14624 0.0357531 0.706825462 down Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4)

Q9ULC4 0.0004692 0.697200524 down Malignant T-cell-amplified sequence 1 (MCTS1)

Figure 3 GO and KEGG pathways analysis for DEPs. (A) The bar chart showing the top ten biological processes, cellular components, and molecular functions. The vertical 
axis represents the GO terms, while the horizontal axis indicates the enrichment of DEPs in the corresponding functional terms. The larger of the -log10 P-value, the more 
correlated between the DEPs and function. (B) A bubble chart showing the top 15 KEGG pathways for DEPs. The bubble size represents the number of DEPs, and the 
bubble color represents the p value.
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PPI Network Construction and Hub Gene Identification
The STRING database was next used to construct a PPI network for DEPs (Figure 4). The DEPs ID is compared with the 
proteins in the STRING database, and the interaction with Confidence score greater than 0.4 was selected to obtain DEPs 
interaction information. The results showed that the highest interaction score between COL4A1 and COL4A2 was 0.999, 
followed by RBBP4 and RBBP7 at 0.995.

Identification of Phosphorylation Sites
A total of 251 phosphorylation sites were identified by two-dimensional LC-MS, including 214 class1 phosphorylation 
sites. Most protein modifications occur on serine (119), followed by threonine (95) and tyrosine (37) (Figure 5A). In most 
cases, only one phosphorylation modification occurs on a peptide (Figure 5B).

Figure 4 PPI network of DEPs. Nodes in the network represent proteins, lines represent interactions between them, and there is no known interaction between 
unconnected protein nodes. The wider the line, the higher the score.
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Identification of DPPs
The “t-test” was performed on the quantitative proteins between the ANB and NB groups, and 5 DPPs were identified, of 
which 4 (BAHD1, JPT1, LIFR, and TESK1) were up-regulated and 1 (PLIN1) was down-regulated (Figure 6A). KEGG 
analyses revealed that these DPPs were enriched in regulating lipolysis in adipocytes, the PPAR signaling pathway, and 
signaling pathways regulating the pluripotency of stem cells (Figure 6B). The DPPs were annotated into the pathway 
map, and the significantly enriched pathway map (hsa04923) is shown in Figure 7.

Discussion
Currently, most studies on ANB concentrate on the diagnosis of patients and evaluation of postoperative prognosis.4,28 To 
our knowledge, our research is the first to investigate the proteomics and phosphoproteomics in foot injury with ANB 
after athletic training. We applied the TMT technology combined with HPLC to qualitative and quantitative proteins to 

Figure 5 Identified phosphorylation site. (A) Bar chart shows the number of phosphorylation sites mainly occurring on three types of amino acids. (B) Bar chart shows the 
relationship between different phosphosites number and the number of phosphopeptides. S, serine; T, threonine; Y, tyrosine.

Figure 6 Identification of DPPs between the ANB and NB group and functional enrichment. (A) DPPs were displayed by volcano plots. Red dots represent up-regulated 
DPPs, and green dots represent down-regulated DPPs. (B) A bubble chart showing the top 5 KEGG pathways for DPPs. The bubble size represents the number of DPPs, and 
the bubble color represents the p value.
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identify potential proteins that may be involved in foot injury with ANB after 3 months of athletic training. Moreover, 
our data may provide more information to understand the underlying mechanism of ANB.

The top 10 up- and down-regulated DEPs represented the most active proteins involved in foot injury with ANB after 
athletic training. For the top 10 up-regulated DEPs, mainly two distinct function action patterns were exhibited. One 
(Emilin2, COL4A1, COL4A2, and ITGA9) is associated with repair and regeneration, and the other (MRC1) is linked to 
inflammatory responses. Extracellular matrix glycoprotein Elastin Microfibril Interfacer 2 (Emilin2) can advance vessel 
maturation and stabilization in angiogenesis.29 COL4A1 and COL4A2 are part of the family of type IV collagen α 
proteins, which play a pivotal role in the process of wound healing.30 Integrins mediate cell interactions and are critical 
for osteoblast tissue morphogenesis and architecture.31 In addition, the Macrophage mannose receptor 1 (MRC1) protein 
with extremely high expression in foot injury with ANB is mainly involved in inflammatory response.32 These results 
indicated that the body’s traumatic stress response and immune response process may participate in ANB foot injuries 
after exercise training, suggesting that MRC1 may be expected to be a therapeutic target to reduce the inflammatory 
response of ANB foot injury after exercise training.

Figure 7 KEGG pathway diagram showing regulation of lipolysis in adipocytes. The red frames represent DPPs and the green frames represent specific genes or enzymes.
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The top 10 down-regulated DEPs, such as Ubiquitin-conjugating enzyme E2 (UBE2N), Cytochrome c (CYCS), 
Grancalcin (GCA), and Annexin A3 (ANXA3), were identified in our study. UBE2N plays a vital role in the immune 
system and holds promise as a therapeutic target for immunological disorders.33 Inhibition of UBE2N impaired 
inflammasome activation.33 Angireddy et al found that dysfunction in cytochrome c oxidase leads to an increase in 
macrophage phagocytic function and osteoclast formation.34 The expression of CYCS declined in skeletal muscle 
aging.35 GCA can reduce bone turnover and increase fat accumulation in bone marrow.36 Suppressing ANXA3 can 
inhibit osteoclast formation via the NF-κB signaling pathway.37 Therefore, these proteins can provide new directions to 
further research of foot injury with ANB after athletic training.

The results of function enrichment analysis showed that the DEPs were mainly related to protein binding, extra-
cellular exosomes, cell adhesion, and ECM-receptor interaction. Research has reported that ANB may cause tendon 
injuries and tibial ankle contusions during athletic training.10 Exosomes are the key players in facilitating intercellular 
communication during tissue repair.38,39 Chamberlain et al showed that exosomes can improve the organization and 
production of collagen in a rat medial collateral ligament (MCL) injury model.40 Previous studies showed that one of the 
critical biological processes is adhesion formation during tendon healing.41 ECM characteristics have an impact on 
specific aspects of tissue repair, sports recovery, and risk of reinjury.42 Based on the findings, it can be inferred that 
extracellular exosomes and ECM may play a role in foot injury with ANB.

To evaluate the interaction relationships among DEPs, the PPI network was constructed. In the PPI network, 
COL4A1 has the highest interaction score with COL4A2 (0.999), followed by RBBP4 and RBBP7 (0.995). COL4A1 
and COL4A2 form heterotrimers, making them the most abundant and prevalent proteins in basement membranes.43 In 
high-intensity intermittent exercise training (HIIT), COL4A1 and COL4A2 may mediate vascular endothelial cell growth 
and migration via cell adhesion, extracellular matrix organization, and angiogenesis regulation.44 RBBP4 and RBBP7, 
which were highly homologous, have essential roles in building and preserving chromatin structure and cell cycle. Xiao 
et al showed that RBBP4 and RBBP7 serve as compensatory functions in regulating cell growth and apoptosis during the 
preimplantation of mice embryos.45 However, the function of COL4A1/COL4A2 and RBBP4/RBBP7 interaction pairs in 
foot injury with ANB needs to be further investigated in the future.

Perilipin (PLIN1) wraps lipid droplet surface proteins in adipocytes and is highly expressed in adipocytes. 
Phosphorylation of PLIN1 is crucial for fat metabolism in adipose tissue and adipocyte fat storage.46 The disorder of 
lipid metabolites is related to the pathology of rheumatoid arthritis and plays a role in signaling molecules for immune 
responses.47 Lipid metabolism is altered in rheumatoid arthritis animal models.48 Mouse bone marrow-derived mesench-
ymal stem cells (MSCs) can differentiate into either osteogenic or adipogenic cells.49 Meyer et al reported that skeletal 
unloading may change the osteogenic pathway increase marrow adiposity.49 In our study, the phosphorylation of PLIN1 
was significantly increased, and function enrichment analysis revealed significant differences in regulation of lipolysis in 
adipocytes. However, no significant differences were found in the protein expression level of PLIN1 and the pathways 
associated with adipocyte proteins in the proteomic results. Whether protein phosphorylation changes its location or 
structure, or changes the regulatory enzymes activity affect its function is unclear and needs further study.50 We identified 
new targets through phosphogenomics that have not been previously discovered in proteomics. Combining the above 
research results, we speculate that lipid metabolism may be involved in the pathology of foot injury with ANB after 
athletic training.

Some limitations existed in our research. Due to the rare experimental material, the sample size included in this study 
was small. Experiments with a larger sample size are likely to reveal more proteins of interest. Further work is required to 
investigate and validate some DEPs in foot injury with ANB after athletic training. Furthermore, phosphorylation results 
were obtained based on direct database search analysis of proteome data, which may have limitations in database 
matching, incomplete phosphorylated peptides signal, and phosphorylation site specificity issues. Therefore, further 
enrichment of phosphorylated peptides combined with high depth mass spectrometry is needed to improve the accuracy 
of identification results.
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Conclusion
In brief, our study found that foot injury with ANB after athletic training may be associated with proteins related to 
inflammation and immune system (such as MRC1, UBE2N, CYCS), repair and regeneration system (such as 
Emilin2, COL4A1, COL4A2, and ITGA9), reducing bone turnover (such as GCA) and inhibiting osteoclasts 
formation (such as ANXA3). Overall, targeted inhibition of immune inflammatory processes, promotion of tissue 
repair and regeneration, regulation of bone homeostasis provide scientific guidance and treatment strategies for 
clinically improving foot injuries caused by ANB after exercise training. These not only enhance our understanding 
of the pathological process of ANB foot injury, but also lay the foundation for developing new prevention and 
treatment measures.
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