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The impact of aging on achilles tendon 2
ossification in mice

Hanhua Cai'", Yujian Lan®*", Huan Liu? and Qi Hao**’

Abstract

Background Heterotopic ossification is a frequent complication of soft tissue injuries, particularly in tendons.
Although ossification in tendon tissue has been reported in a range of aging and disease models, the underlying
biomarkers and mechanisms remain unknown. And the characterisation and sensitivity of previous diagnostic
biomarkers for tendon ectopic ossification do not meet the demands of clinical use. The aim of this study was to
characterise the effects of aging on ossification in the mouse Achilles tendon and to identify characteristic genes and
therapeutic targets for tendon ossification in mice by using a machine learning approach.

Methods We retrieved the transcriptome profile of GSE126118 from the Gene Expression Omnibus (GEO) database.
Following background correction and normalization using the transcripts per million (TPM) method, differentially
expressed genes (DEGs) were identified with the limma R package (p <0.05, [log2FC| > 1). Subsequently, 468
senescence genes were downloaded from the Aging Atlas database, and senescence-associated DEGs (HO
senescence genes) were identified. Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment, and protein-protein interaction (PPI) network analyses were conducted on the identified DEGs. To further
refine the HO aging signature, support vector machine (SVM) regression was employed. Additionally, we predicted
transcription factors, miRNAs, and small molecule drugs potentially associated with the characterized genes.

Results Three characterised genes were identified as biomarkers associated with ectopic ossification and aging in
the mouse Achilles tendon, Atp50, Mmp2 and Mmp13. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses revealed significant enrichment in processes related to cartilage
endochondral ossification, metalloendopeptidase activity, and mitochondrial proton transport ATP synthase complex.
Additionally, HIF-1 and GnRH signaling pathways were prominently represented among the differentially expressed
genes.

Conclusion Atp50, Mmp2 and Mmp13 were identified as relevant signature genes for the effects of aging on
Achilles tendon ossification in mice. Atp50, Mmp2, and Mmp13 may influence tendon ossification by affecting
mitochondrial function as well as extracellular matrix degradation to regulate senescence. This finding suggests a
potential link between these processes, opening new avenues for research into diagnostic markers and therapeutic
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targets. These genes hold promise for the development of novel treatments for tendon ossification, a debilitating

condition currently lacking effective therapeutic options.
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Introduction

Heterotopic ossification (HO), a painful disorder of
unknown etiology, involves ectopic bone formation in
extraskeletal tissues [1]. Acquired HO, the most common
form, frequently arises after trauma like burns, surger-
ies, or fractures, culminating in disability and significant
societal and familial burden [2]. Hereditary HO is associ-
ated with significant clinical severity, including progres-
sive ossifying fibrous dysplasia (FOP), compared with
non-genetic causes. Previously, an association between
SARS-CoV-2 infection (COVID-19) and progression
of HO or FOP has been reported. Recently it has been
shown that Extensive progressive heterotopic ossification
post-Covid-19 in a man [3]. Therefore avoidance of HO
is crucial. While surgical resection remains the primary
treatment, its limitations include long-term complica-
tions and high recurrence rates [4]. Preventive measures
like radiotherapy or NSAIDs are often ineffective and
carry substantial side effects [5]. Therefore, elucidating
HO molecular mechanisms and identifying effective pre-
ventive strategies is crucial.

Approximately 28% of patients undergoing open Achil-
les tendon reconstruction experience HO [6]. This ten-
don’s natural healing process involves inflammatory,
proliferative, and remodeling phases, each modifying the
local microenvironment [7]. Early dysregulation of the
inflammatory response contributes to persistent fibrosis
and tendon stem cell misdifferentiation, ultimately lead-
ing to HO [8, 9]. Histologically, HO progresses through
four distinct phases: inflammation, chondrogenesis,
osteogenesis, and maturation [10, 11]. Notably, nearly
all acquired HO occurs via endochondral ossification, a
process common to both bone development and fracture
healing [12]. However, the mechanisms by which tendon
stem cells differentiate into the chondrocyte/osteoblast
system during HO, rather than promoting tissue regen-
eration, remain poorly understood.

Cellular senescence, a widespread phenomenon
observed in human, primate, and rodent tissues, can be
triggered by various factors like DNA damage, telomere
dysfunction, or organelle stress [13]. In response, cells
enter a non-replicative state, becoming senescent. These
cells exhibit diverse biological functions and undergo
distinct changes in gene expression, metabolism, and
organization to maintain cell cycle arrest [14]. Although
limited research exists on cellular senescence in HO,
potential clues hint at its involvement. During aging, ten-
don stem cells show a marked decrease in self-renewal
and colony formation and altered multidifferentiation

capacity [15]. Tendon stem cells tend to differentiate into
osteoblasts with excessive passaging, a common model
of cellular senescence in vitro [16]. Ruzzini et al. [17]
noted that aged tendon stem cells express higher levels
of cartilage-associated gene expression. Although these
changes were not definitively concluded, a potential role
of altered differentiation capacity of tendon stem cells on
age-related pathological changes in tendons was specu-
lated [15]. Notably, features associated with premature
senescence are shared by patients with progressive ossi-
fying fibrous dysplasia, an inherited form of HO, sug-
gesting a potential role for senescence in HO progression
[18]. Additionally, single-cell analysis of HO revealed the
involvement of damage-associated senescence in fibro-
blasts, potentially induced by PI3K/Akt-mediated SASP
[19]. In addition, a previous study has shown that aging-
related tendon disorders are strongly associated with the
appearance of tendon heterotopic ossification [20]. How-
ever, most of the reports are related to age-related aging
in humans, and no study has reported the effects of aging
in a traumatic mouse model of Achilles tendon ossifica-
tion, and more evidence is needed to elucidate the role of
aging in mouse Achilles tendon HO as a target or a bio-
logical marker for better clinical use.

In this study, we employ a bioinformatics approach to
analyze HO samples from a mouse burn/tendonotomy
model, this mouse model of traumatic heterotopic ossi-
fication of the Achilles tendon is recognised by most
scholars [21, 22]. Our aim is to evaluate the impact of
cellular senescence on HO formation after tendon injury,
identify critical points and potential therapeutic targets,
and elucidate the mechanisms by which senescence may
influence HO. We believe our findings can provide novel
insights into the pathological mechanisms of tendon HO
formation, unveil potential molecular drivers, and pave
the way for future therapeutic strategies. The workflow of
this study is outlined in Fig. 1.

Materials and Methods

Data sources

Transcriptome profiles for this study were retrieved from
the Gene Expression Omnibus (GEO) database of the
National Center for Biotechnology Information (NCBI)
(GSE126118; https://www.ncbi.nlm.nih.gov/geo/). This
dataset (GSE126118) employed the GPL13112 Illu-
mina HiSeq 2000 platform (Mus musculus) and encom-
passes seven microarrays: two tendonotomy samples,
three uninjured contralateral hindlimb tendon samples,
and two normal tendon samples. The underlying study
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utilized a mouse burn/tendonotomy-induced heterotopic
ossification (HO) model, which involves a partial-thick-
ness scalding burn and subsequent Achilles tendon tran-
section at its midpoint. Notably, all mice originated from
the same breed and batch and underwent simultaneous
surgical procedures by the same individual. Tendon sam-
ples were collected and total RNA extracted three weeks
post-injury. Additionally, 468 senescence-related genes
were downloaded from the Aging Atlas database (Aging
Atlas (cncb.ac.co.uk)) [23].

Data preprocessing and differential expression analysis

The raw gene expression data from GSE126118 under-
went background correction and normalization using
the transcripts per million (TPM) method to account
for technical variations and ensure accurate compari-
sons. Subsequently, differentially expressed genes (DEGs)
were identified with the limma R package. The Benjamini
and Hochberg (BH) procedure was employed to control
the false discovery rate (FDR) while identifying signifi-
cant DEGs, with thresholds set at p<0.05 and |log2 fold
change (FC)| > 1.0. To facilitate downstream analysis,
Ensembl transcript IDs were converted to gene symbols,
and duplicate values originating from different probes
mapping to the same gene were removed. Finally, the
identified DEGs were intersected with 468 senescence-
related genes downloaded from the Aging Atlas database,
allowing us to focus on senescence-associated changes in
expression within the context of heterotopic ossification.

Pathway and functional enrichment analyses

Functional enrichment analyses were conducted using
the R package clusterProfiler [24] to explore the biologi-
cal roles of differentially expressed genes (DEGs) associ-
ated with both senescence and heterotopic ossification
(HO). At the molecular level, Gene Ontology (GO) [25]
enrichment analysis identified significantly overrepre-
sented categories in biological processes, cellular com-
ponents, and molecular functions (p <0.05). Additionally,
Kyoto Encyclopedia of Genes and Genomes (KEGG) [26]
pathway enrichment analysis revealed signaling pathways
enriched within the DEGs, highlighting potentially rel-
evant regulatory and functional networks (p <0.05). This
multi-layered approach provided insights into the biolog-
ical mechanisms underlying the interplay between senes-
cence and HO.

Protein-protein interaction PPl network construction

To further elucidate potential functional relationships
among the identified differentially expressed genes, we
constructed a protein-protein interaction (PPI) network
using the STRING database (https://string-db.org/)(27).
This interactive platform integrates diverse evidence
channels, including text mining, genomic neighborhood
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analyses, co-expression data, protein co-occurrence, gene
fusions, and published experimental findings. To ensure
high confidence in predicted interactions, we restricted
the analysis to those exceeding a medium confidence
score (0.400). Visualizing the resulting PPI network could
reveal novel functional modules and regulatory circuits
associated with both senescence and HO, providing valu-
able insights into the underlying biological mechanisms.

Screening feature genes by support vector machine (SVM)
regression

To further refine the identified differentially expressed
genes (DEGs) and pinpoint specific features associated
with aging in heterotopic ossification (HO), we employed
support vector machine (SVM) regression. This machine
learning technique excels at variable selection in com-
plex datasets, making it ideal for our study. To ensure the
reproducibility of the SVM algorithm, we set the seed to
12,345 in each disease group.First, the 10 DEGs previ-
ously obtained were fed into the SVM-REE algorithm for
each disease group to eliminate recursive features. SVM
modelling was performed using the “e1071” and “MSVM-
RFE” software packages, and SVM-RFE applied sequen-
tial backward feature elimination to identify the best hub
genes. All 10 DEGs were used in our SVM model. The
SVM-RFE results were visualised and validated by five
cross validations. Subsequently, we fit the model by four
kernel functions of SVM: linear, polynomial, radial basis
function (RBF), and sigmoid. and plotted the ROC curves
of the model.

Signature gene transcription factor (TF) network
prediction

To elucidate the regulatory mechanisms controlling the
identified signature genes, we utilized NetworkAnalyst
3.0 to predict their potential transcription factors (TFs).
TF targets derived from the JASPAR TF binding site pro-
file database. This analysis enabled us to map a network
of putative upstream regulators, providing insights into
the transcriptional control of the signature gene expres-
sion in heterotopic ossification.

miRNA prediction related to Signature genes

To further understand the post-transcriptional regulation
of the identified key genes in heterotopic ossification, we
employed NetworkAnalyst 3.0 (NetworkAnalyst) [27]
to construct a miRNA-gene interaction network. Com-
prehensive experimentally validated miRNA-gene inter-
action data collected from TarBase v8.0. This network
visualizes the predicted interactions between miRNAs
and the key genes, offering insights into potential regu-
latory pathways that operate beyond the transcriptional
level.
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Small molecule drug prediction

To explore potential therapeutic interventions based
on the identified signature genes, we utilized the HERB
database to retrieve small molecule compounds targeting
these genes. Subsequently, we mapped these compounds
onto the established gene network using Cytoscape soft-
ware. This analysis allows us to visualize the potential
therapeutic landscape associated with the identified key
regulators of heterotopic ossification, highlighting poten-
tial drug targets for future development.

Results

Data preprocessing and screening of HO senescence-
related genes

Gene expression data from GSE126118 were normal-
ized using the TPM method. Differentially expressed
genes (DEGs) were identified by comparing tendo-
nectomy samples with uninjured contralateral tendon
controls. After filtering for redundant entries and con-
verting Ensembl transcript IDs to gene symbols, a total
of 337 DEGs were found: 267 upregulated and 71 down-
regulated with p<0.05 and [log2FC| > 1.0. The statisti-
cal metrics for key DEGs was shown in Supplemental
Table 1. These DEGs were visualized using a volcano plot
(Fig. 2A). Further analysis revealed 10 genes overlapping
with the 468 senescence-related genes from the Aging
Atlas database (Fig. 2B and C). Notably, five of these
(Atp50, Ldhb, Hspa9, Gapdh, Ldha) were upregulated,
while five (Mmp2, Mmp13, Timp2, Mmp14, Eeflal) were
downregulated in the tendonectomy group(Table 1).
Gene expression patterns for the identified aging-related
genes were further explored through a heatmap visual-
ization (Fig. 2C).

HO Functional annotation of candidate senescence-related
genes

To elucidate the potential roles of the identified aging-
related genes in HO, we performed Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses. The top 10 most signifi-
cantly enriched GO terms highlight a focus on extracel-
lular matrix remodeling, with collagen catabolic and
metabolic processes prominently featured (Fig. 3A).
Additionally, genes associated with key metabolic path-
ways such as pyruvate, lactate, and NAD metabolism
were enriched. Notably, endochondral ossification, the
primary mode of HO formation, emerged as a signifi-
cantly enriched process. Cellular components enriched
included myelin, mitochondrial ATP synthase complexes,
and proton-transporting machinery, suggesting pos-
sible functional alterations in these structures. Notably,
the molecular functions enriched focused on proteolytic
activities (metalloendopeptidase, endopeptidase) and
protein binding (fibronectin), potentially highlighting
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cellular remodeling processes. KEGG pathway analysis
revealed enrichment in glycolysis/glycogenesis, propio-
nate metabolism, and cysteine and methionine metabo-
lism, suggesting altered metabolic landscapes in HO
(Fig. 3B). Notably, central carbon metabolism, known
for its upregulation in cancer, was also over-represented.
Moreover, HIF-1 and GnRH were identified as central
signaling pathways within the enriched KEGG pathways,
hinting at potential regulatory mechanisms involved in
HO development.

PPl network analysis

To elucidate potential functional relationships among
the identified HO candidate senescence-related genes,
we constructed a protein-protein interaction (PPI) net-
work using the STRING database. The network visualizes
predicted physical and functional interactions between
protein products of these genes, offering insights into
potential protein complexes and signaling pathways
associated with HO and aging. STRING assigns con-
fidence scores to predicted interactions based on vari-
ous evidence channels, including text mining, gene
co-expression, and experimental data. We focused on
high-confidence interactions, excluding genes with a
STRING score below 0.4 (Fig. 4A). This filtering resulted
in a core network of interacting proteins that may play
key roles in the interplay between senescence and HO.

SVM regression screening to identify characterized genes
To further refine the identified HO candidate senes-
cence-related genes, we employed SVM regression analy-
sis. This approach revealed three genes with the strongest
association with HO senescence: Atp50, Mmp2, and
Mmp13 (Fig. 4B). The accuracy of the SVM model was
rigorously evaluated through four-fold cross-validation,
achieving a perfect score of 1.0 for each function (Fig. 4C,
D and E). This high accuracy suggests that the identified
genes are highly predictive of HO senescence and war-
rant further investigation.

TF and miRNA prediction of characterized genes

To gain insights into the regulatory landscape govern-
ing the identified key genes, we predicted their potential
upstream transcription factors (TFs) and post-transcrip-
tional regulators via miRNAs. This analysis led to the
construction of two comprehensive regulatory networks:
a gene-TF network (Fig. 5A) and a gene-miRNA network
(Fig. 5B). Notably, the predicted TF network revealed
one key nodes: FOXCI1, suggesting their potential roles
in controlling the expression of the characterized genes.
The miRNA network identified 16 prominent nodes
highlighting their potential regulatory impact (Tables 2
and 3).
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Table 1 Expression of 10 genes associated with tendon ossification and aging

Gene logFC AveExpr t P.Value adj.P.val B

Atp50 1.685859 2099794 11.3829 0.000876 0.062597 -2.46071
Mmp2 -1.90204 1.604209 -17.5773 0.00021 0.034992 -0.60978
Mmp13 -1.44346 0.580435 -32.2621 2.80E-05 0.014952 2.00281
Ldhb 1.992265 1.59944 1141263 0.000869 0.062412 -2.44968
Timp2 -1.1261 1.777354 -5.76922 0.007687 0.166185 -5.2545
Hspa9 1.020984 1.155264 9.702225 0.001474 0.076283 -3.13274
Mmp14 -1.57188 0.843622 -25.1037 6.44E-05 0.021743 0921846
Gapdh 2.358495 3.937682 17.35345 0.000219 0.035625 -0.66469
Eeflal -1.15297 3.898104 -4.93288 0.012391 0.21832 -5.86201
Ldha 1.549691 2742921 18.97906 0.000163 0.031874 -0.28069

Characterization gene-related small molecule drug
prediction

To explore potential therapeutic interventions based on
the identified key genes, we employed the HERB database
to predict small molecule drugs targeting these genes.
This analysis revealed a landscape of potential drug can-
didates for the treatment of tendon HO (Fig. 5C). Nota-
bly, these identified compounds offer new avenues for
therapeutic development and hold promise for improving
clinical outcomes in patients suffering from this debilitat-
ing condition.

Discussion

The aim of this study was to describe the effects of aging
on Achilles tendon ossification in mice. We analyzed
publicly available transcriptome data (GSE126118) from
the GEO database, employing a multi-pronged approach.

Initially, raw data were normalized and differentially
expressed genes (DEGs) were identified. We then inter-
sected these DEGs with a curated set of aging-related
genes, yielding a focused pool of candidate genes poten-
tially involved in HO pathogenesis. Subsequent pathway
and gene ontology enrichment analyses using KEGG and
GO revealed key processes associated with both aging
and HO, including collagen metabolism, mitochon-
drial dysfunction, and inflammatory responses. Notably,
HIF-1 signaling emerged as a potential driver of HO,
aligning with its established roles in chondrogenesis and
aging-related diseases [28, 29].

Machine learning analysis using SVM algorithms fur-
ther pinpointed three key genes: Atp50, Mmp2, and
Mmp13. These genes warrant further investigation due to
their involvement in mitochondrial energy metabolism,
extracellular matrix remodeling, and cellular senescence,
all processes implicated in HO development.

Atp50, also known as the ATP synthase O subunit, is
a crucial component of the mitochondrial ATP synthase
complex, primarily responsible for intracellular ATP
synthesis [30]. It plays a pivotal role in maintaining the
structural stability and catalytic activity of the ATP syn-
thase complex, essential for cellular energy metabolism.

Atp50 has implications in various age-related physiologi-
cal changes. Age-related alterations in Atp5o activity can
impede intracellular ATP synthesis, impacting cellular
energy metabolism and function, potentially accelerating
the aging process and associated pathological changes
[31, 32]. Therefore, investigating the relationship between
Atp50 and aging may yield new strategies for anti-aging
treatment and related diseases. Additionally, the spe-
cific relationship and mechanism of Atp50 and HO are
not fully elucidated, but some studies suggest that Atp50
may influence the HO process. Abnormal expression or
dysfunction of Atp50 may disrupt cellular energy metab-
olism, affecting the normal function and metabolism of
tendon tissues, potentially leading to HO. Moreover,
Atp50 may interact with other factors or signaling path-
ways to co-regulate the process of HO.

Investigating the role of Atp5o0 in cellular senescence
during HO can yield novel insights and methodologies
for comprehending the pathogenesis of HO and develop-
ing therapeutic strategies. Further in-depth studies are
required to enhance our understanding of its role, mech-
anism, and contribution to future medical research and
practice.

Mmp2 and Mmpl3, members of the matrix metal-
loproteinase (MMP) family, are associated with cellular
senescence. These proteases are implicated in extracel-
lular matrix degradation, influencing cell growth and dif-
ferentiation. Aberrant expression or activity of MMP2
and MMP13 may promote cellular senescence. Addi-
tionally, they may affect the tendon ossification process
by degrading tendon tissues, making them susceptible
to ossification. Notably, in an HO model, Mmp2 and
Mmp13 were highly expressed, with Mmp2 showing sig-
nificant elevation at all time points and Mmp13 at days 5
and 8 [33]. In the early stage of HO, inflammatory cells
infiltrate Achilles tendon tissue, and MMPs secreted by
macrophages and neutrophils mediate cell migration,
ECM degradation, and remodeling, creating a condu-
cive environment for inducing osteoblast precursor cells.
Moreover, sustained and increased expression of specific
growth factors in Achilles tendon tissues leads to the
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MMP13 interacts with YY1 This study used a multi-pronged approach combin-

ing bioinformatics and machine learning to decipher
the genomic landscape of mouse tendon heterotopic
ossification (HO) and its intricate relationship with cel-
lular senescence. We identified three key genes - Atp5o,
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Table 3 The 16 prominent nodes in the constructed gene-
miRNA regulatory network include 32 pairs of interactions
between 3 genes and 16 MiRNAs

Gene connection miRNA

Atp50 interacts with mmu-mir-19a-3p
Atp50 interacts with mmu-mir-204-5p
Atp50 interacts with mmu-let-7b-5p
Atp50 interacts with mmu-mir-21a-5p
Atp50 interacts with mmu-miR-106a-5p
Atp50 interacts with mmu-miR-140-3p
Atp50 interacts with mmu-miR-15a-5p
Atp50 interacts with mmu-miR-181a-5p
Atp50 interacts with mmu-miR-221-3p
Atp50 interacts with mmu-miR-31-5p
Atp50 interacts with mmu-miR-322-5p
Atp50 interacts with mmu-miR-882
Atp50 interacts with mmu-miR-92a-3p
Mmp2 interacts with mmu-mir-19a-3p
Mmp2 interacts with mmu-mir-204-5p
Mmp2 interacts with mmu-mir-122-5p
Mmp2 interacts with mmu-mir-155-5p
Mmp2 interacts with mmu-miR-106a-5p
Mmp2 interacts with mmu-miR-125a-3p
Mmp2 interacts with mmu-miR-181a-5p
Mmp2 interacts with mmu-miR-221-3p
Mmp2 interacts with mmu-miR-31-5p
Mmp2 interacts with mmu-miR-322-5p
Mmp2 interacts with mmu-miR-882
Mmp2 interacts with mmu-miR-92a-3p
Mmp13 interacts with mmu-mir-122-5p
Mmp13 interacts with mmu-mir-155-5p
Mmp13 interacts with mmu-let-7b-5p
Mmp13 interacts with mmu-mir-21a-5p
Mmp13 interacts with mmu-miR-125a-3p
Mmp13 interacts with mmu-miR-140-3p
Mmp13 interacts with mmu-miR-15a-5p

Mmp2 and Mmp1l3 - that play multidirectional roles in
the pathogenesis of mouse tendon HO, particularly in the
context of cellular senescence. These central genes are
involved in key processes such as mitochondrial energy
metabolism, extracellular matrix remodelling and senes-
cence itself, and are potential therapeutic targets for fur-
ther investigation.

To solidify our findings and refine our understanding
of these pivotal genes, further investigations leveraging
retrospective datasets and clinical specimens are war-
ranted. Such rigorous validation efforts will pave the way
for translating these insights into tangible therapeutic
strategies for tackling HO, potentially through interven-
tions targeting these identified genes or their associated
pathways.
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