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Introduction: Injury-related cellular senescence may be involved in heterotopic ossification, and no research has been performed
about this before.

Methods and Results: The study utilized integrated single-cell RNA-sequencing (scRNA-seq) data from heterotopic ossification
samples. The number of senescent cells increased from day 3 and reached the highest level at day 21. However, the expression level of
Cyclin Dependent Kinase Inhibitor 2A (Cdkn2a) has no such tendency as the change of cell amount, indicating that the expression
level of Cdkn2a may be different in different types of senescent cells or the same time of senescent cell at different time points. The
expression level of SASPs (senescence associated secret phenotypes) was also different in different types of senescent cells or at
different time points. The GO (gene ontology) analysis revealed that the senescent cells were significantly correlated with the
ossification processes, like ECM organization, cell adhesion, ossification, cartilage development, etc. Trajectory analysis showed
that injury-related senescent fibroblasts (day 7 and 21) and age-related senescent fibroblasts (day 0 and 42) were in different branches.
GO analysis demonstrated that injury-related senescent fibroblasts were mainly related to ossification and ECM remodeling. The
KEGG (Kyoto Encyclopedia of Genes and Genomes) results revealed that the ossification was significantly corrected with protein
processing in PI3K-Akt signaling, MAPK signaling, focal adhesion, etc.

Conclusion: Consequently, we demonstrated that, unlike age-related senescence, the injury-related senescence demonstrated sig-
nificantly different SASP phenotypes. The injury-related senescence of fibroblasts is associated with heterotopic ossification formation
and may act through PI3K/Akt-induced SASPs.

Keywords: senescence, fibroblasts, heterotopic ossification, single-cell RNA-sequencing, scRNA, senescence associated secret
phenotypes, SASPs

Introduction

Heterotopic ossification (HO) is common in clinic, with the pathogenesis remains unknown and the treatments limited.
HO can occur in any soft tissue of the body, no matter muscle, tendon, ligament, vascular wall, etc. The etiology of HO
can be divided into hereditary, neurogenic, traumatic, degenerative, and so on. The pathogenesis can be divided into two
categories: 1) Non cell mediated heterotopic ossification, characterized by direct calcium deposition, without osteoblast
participation, such as dystrophic ossification. 2) Cell mediated heterotopic ossification, which can also be divided into
two kinds, heterotopic intramembranous ossification, and heterotopic endochondral ossification. Heterotopic endochon-
dral ossification is the main type that happens in clinic, such as neurogenic, traumatic, and degenerative ectopic
ossification, which are all formed by endochondral ossification. The pathologies of heterotopic endochondral ossification
remain unclear; however, it is widely believed that heterotopic endochondral ossification shares much common points
with skeletal development and fracture healing. The pathology of heterotopic endochondral ossification is a precise and
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programmed pathological process, composed of four consecutive processes: injury/inflammation, stem cell recruitment,
chondrogenic differentiation, and finally ossification. The injury-inflammation-stem cell recruitment-regeneration process
is common in wound healing, while how the stem cells differentiated into chondro/osteogenic systems but not tissue
regeneration on HO is far from understood.

Senescence widely exists in human, primate, and rodent tissues, and can appear under a variety of diseases or
inducements, such as DNA damage, telomere dysfunction, oncogene activation, organelle damage and so on. In the face
of these pressures, especially DNA damage, cells will start self-protection and stop self-replication or self-division.
However, these cells do not die obediently, but exist like “zombies”, lose the function of original cells, and become the
so-called senescent cells. It was previously thought that senescent cells would continuously secrete some proteins
(senescence associated secret phenotype, SASP) to resist the arrival of death. It is usually a mixture of various cytokines,
chemokines, growth factors and matrix basic proteases. By cooperating with the immune system, these factors not only
protect the senescent cell from death but also affect the proliferation and differentiation of adjacent cells, resulting in
negative effects such as organ aging, tissue inflammation, tumorigenesis, etc. This negative effect has been reported in
a lot of diseases, such as osteoarthritis, Alzheimer’s disease, atherosclerosis and so on. Targeted removal of these aging
cells will also significantly delay the occurrence of aging diseases or reduce the symptoms of aging diseases. For
example, the disease-free life span of mice can be prolonged by scavenging aging cells (senolytic drugs), and the
average total life span is prolonged by 17%—35%. For mice in the early stage of atherosclerosis, clearing the aging cells
in the body can eliminate its early lesions, and even for the late lesions, the senolytic drugs can greatly reduce the
formation of atherosclerotic plaque. However, in addition to these negative reactions, senescent cells may also play
a two-way role in promoting tissue regeneration. More and more evidence shows that the accumulation of senescent
cells after tissue injury may induce cell reprogramming and tissue remodeling. In muscle tissue, both acute and chronic
injury can significantly induce transcription mediated cell reprogramming, which is closely related to SASP component
IL-6.

The role of cellular senescence in HO has not been researched before, but several traces could be found,
indicating its potential role in inducing HO. Firstly, as we all know, adult terminal differentiated cells, whether
in vivo or in vitro, can undergo cell reprogramming, dedifferentiation, or trans-differentiation into undifferentiated
cells (cell plasticity) under some special conditions, thus participating in some physiological and pathological
processes.! Cell reprogramming is important in tissue regeneration, and senescence-related reprogramming has
been proven to be an important part of tissue reconstruction.”>” SASP, including IL-6, activin A, and some other
unknown content, can dedifferentiate surrounding cells into pluripotent cells by regulating the expression of Oct4,
Sox2, KLF4, and c-Myc (OSKM), so as to establish the basis of tissue repair.”® In pl6INK4a/ARF knockout mice
(lacking senescent cells), the ability of cell reprogramming was seriously reduced, and the inhibition of NF-kB
activity (an important upstream of SASP) will also greatly reduce the occurrence of cell reprogramming.”* Secondly,
senescence has also been directly linked with chondrogenic differentiation. Activin A is a member of the TGF-f§
superfamily, acts as an activator of the BMP pathway, which is a known key pathway related to chondrogenic
differentiation. The role of activin A in HO has also been widely researched. In fibrodysplasia ossificans progressiva
(FOP), activin A can directly promote proximal chondrogenic differentiation and thus inducing FOP. IL-6/STAT3
signaling is also able to activate HIF 1o (known strong chondrogenic differentiation factor), thus participating in the
chondrogenesis process. Similarly, other components of SASP, such as PDGF and MMPs, have also been widely
proven in previous studies to promote the formation of fibrocartilage matrix.” Most importantly, our previous research
demonstrated that injury-induced senescent cell burden and the SASP contribute to FOP lesion formation and that
tissue reprogramming in FOP is mediated by cellular senescence, altering myogenic cell fate toward a chondrogenic
cell fate. Furthermore, pharmacological removal of senescent cells abrogates tissue reprogramming and HO
formation.'®

Consequently, we hypothesized that injury-related cellular senescence was involved in heterotopic ossification, and
we utilized bioinformatics analysis of transcriptomic data of HO model to verify our hypothesis.
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Materials and Methods

Data Acquisition and Preprocessing
The raw scRNA-seq data (GSE150995 and GSE126060) was downloaded from GEO database (https:/www.ncbi.nlm.
nih.gov/geo/). Both datasets were based on mouse burn and tenotomy model. Briefly, a complete transection of the

Achilles tendon together with a dorsum burn injury were performed. The samples of the Achilles tendon were collected
at d0, d3, d7, d21, and d42 post-surgery. A total of 20 samples and 42,826 cells were included in the final analysis. The
present study involves only mouse data and is a study based on GEO data; thus, there is no need of an Institutional
Review Board (IRB) or local ethics review board.

scRNA-Seq Data Analysis

The raw scRNA-seq data was processed using the Seurat v4.0, SingleR 1.6.1, and Monocle 2.20.0 packages in R 4.0.5.
First, 3877 low-quality cells were excluded based on the following quality control standards: 1) genes detected in <3 cells
were excluded; 2) cells with <200 or >5000 total detected genes were excluded; and 3) cells with >25% of mitochondria-
expressed genes were excluded. Then, the gene expression of the remaining cells was normalized using a linear
regression model. Highly variable genes were detected by the “FindVariableFeatures™ function, and then the principal
component analysis (PCA) was performed to identify significantly available dimensions with a P value <0.05.

Then, the Uniform Manifold Approximation and Projection for Dimension Reduction (UMAP) algorithm was applied
for dimensionality reduction with 20 initial PCs (as demonstrated by Jackstraw and Elbow) and for performing cluster
classification analysis across all cells. The differential expression analysis among all genes within cell clusters was
performed using the FindAlIMarkers algorithm in R to identify the marker genes of each cluster. An adjusted P value
<0.05, expression percent >0.25, and | log2[fold change (FC)] | >0.25 were set as the cutoff criteria for identifying marker
genes.

Afterwards, different cell clusters were determined and annotated by the singleR package according to the composi-
tion patterns of the marker genes and were then manually verified and corrected according to the markers reported in
published papers.'"'* The Seurat functions DotPlot, Vinplot, FeaturePlot, and Heatmap were used to visualize the gene
expression with dot plot, violin plot, feature plot, and heatmap, respectively. The ggpubr package was used for statistical
analysis of the target gene expression between groups. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Gene Ontology (GO) enrichments were also performed with the ClusterProfiler 4.0.2 package to detect the pathways in
senescence cells.

Trajectory Analysis

Single-cell pseudotime trajectories were constructed using the Monocle 2.20.0 algorithm.'* This algorithm adopts
a machine learning technique, learning a parsimonious principal graph to reduce the given high-dimensional expression
profiles to a low-dimensional space. Single cells were projected onto this space and ordered into a trajectory with branch
points. For data interpretation, the cells in the same branch were generally considered to be in the same differentiation
state, while cells located in different branches were considered to have different cell differentiation characteristics. In
addition, differential expression analysis was performed between branches and genes that showed differential expression
levels were defined as branch-dependent or state-specific genes or marker genes.

Results

Following the quality control standard and the normalization of scRNA-seq data, 4137 low-quality cells were excluded,
and 38,689 cells from different time points were included in the final analysis (Figure 1A and B). Unsupervised
clustering was applied, and 41 transcriptionally unique cell clusters were identified at the injury site, and then annotated
by singleR, and manually corrected according to the reported markers (Supplemental Table 1). Finally, a total of 16

clusters were found (Figure 1C), including macrophage cells, DC cells, granulocyte cells, NK cells, skeletal muscle cells,
pericyte/smooth muscle cells, endothelial cells, tenocytes, fibroblasts, MSC, neuromuscular cells, nerve cells, skin
fibroblasts, and a remaining small uncharacterized cluster.
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Figure | Identification of |13 cell clusters in HO samples based on single-cell RNA-seq data. (A and B) After quality control of the 42,826 cells from 20 Achilles tendon
samples, 38,689 cells were finally included in the analysis. (C) The uMap algorithm was applied and 16 cell clusters were successfully classified.

As the expression of Cdkn2a and its protein product p16 is one of the most important and frequently used markers of
senescence and aging, the proportion and expression level of Cdkn2a were analyzed in all cells of different time points.
The proportion of cells expressing Cdkn2a elevated from day 3, reached the highest level at day 7 and day 21, and then
dropped significantly at day 42 (Figure 2A). However, there was no significant difference in the expression levels of
Cdkn2a at different time points (Figure 2B). The expression level is interesting and confusing as it does not increase
significantly along with time as we suppose. On the contrary, the expression level decreased significantly after surgery
(d3, d7, and d21 vs d0), though the cdkn2a positive cells increased significantly. Another fact is that the expression level
of cdkn?2a is similar to dO and d42, and as we all know, most of the healing process completes before d42. An explanation
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Figure 2 The proportion and expression level of Cdkn2a in all cells of different time points. (A) The proportion of cells expressing Cdkn2a. (B) The expression levels of
Cdkn2a at different time points. *p < 0.05; **p < 0.01; **p < 0.001).
Abbreviation: ns, not statistically significant.
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is that senescent cell types at day 42 are similar with day 0 (normally aging related senescent cells) but much different
from injury-related senescence (d3, d7, and d21). Therefore, the difference of the senescent cell types or the different
reasons of senescence may influence the expression of cdkn2a.

Then, we divided all the cells into two subgroups according to the expression level of cdkn2a, the senescence group
(cdkn2a count >0, 1325 cells) and the non-senescence group (cdkn2a count = 0.37364 cells). Using a list of previously
characterized senescence markers, we also plotted the expression level of these markers in cdkn2a” cells against cdkn2a™
cells (Table 1). Unlike those previously published data, a lot of the reported markers found no difference between the

Table | The Expression Level of Senescence Markers in cdkn2a®
and cdkn2a™ Cells (Ns, Not Statistically Significant; *p < 0.05;*p <
0.01; ***p < 0.001; ****p < 0.0001)

Gene Symbol | p p. Adj p. Format | p. Signif
Sirté 4.14E-07 4.1E-07 4.1E-07 | ®bex
Parpé6 0.366906 0.37 037 | ns
Serpinel 3.02E-55 3E-55 <2e-16 | *r¥x
Csfl 0.03657 0.037 0.037 | *
1112b 0.002411 0.0024 0.0024 | **
Parpl | 0.013418 0.013 0.013 | *
Trp53 2.08E-31 2.1E-31 <2e-16 | HkkE
Whbscr27 I.6E-10 I.6E-10 1.6E-10 | *#xx
Cdkn2a 0 0 <2e-16 | *kE
Dao 0.001294 0.0013 0.0013 | **
Zc3havl 0.006637 0.0066 0.0066 | **
Parpl 0.899342 0.9 0.9 | ns
Nampt 2.47E-52 2.5E-52 <2e-16 | *kE
Nmnatl 0.39344 0.39 039 | ns
Sirt5 0.000126 0.00013 0.00013 | ***
Pvrl4 6.42E-15 6.4E-15 6.4E-15 | weex
Angptl2 4.5E-206 4.5E-206 <2e-16 | Fr¥x
Bcl2I2 9.73E-07 9.7E-07 9.7E-07 | *¥¥k
Sirt2 0.20237 0.2 0.2 | ns
Ppmid 0.000552 0.00055 0.00055 | ***
Evl 4.77E-07 4.8E-07 4.8E-07 | *¥kk
Ccdc74a 1.22E-07 |.2E-07 |.2E-07 | ekkk
Cd38 I.5E-131 I.5E-131 <2e-16 | Fr¥x
Nxph4 3.47E-05 0.000035 0.000035 | *wxk
Retnla 4.4E-37 4.4E-37 <2e-16 | bk
Sirtl 4.55E-18 4.5E-18 <2e-16 | HkkE
Fabp4 1.85E-71 1.8E-71 <2e-16 | ¥k
Nmnat3 1.76E-07 |.8E-07 1.8E-07 | ¥k
Prodh 0.000356 0.00036 0.00036 | *¥*
ler5 1.71E-52 1.7E-52 <2e-16 | ¥k
Itgax 2.31E-47 2.3E-47 <2e-16 | HkkE
b 1.1E-192 I.1E-192 <2e-16 | *r¥x
Parp9 7.32E-05 0.000073 0.000073 | ¥k
Nfkbiz 1E-46 IE-46 <2e-16 | Hr¥x
Tnks 0.000174 0.00017 0.00017 | ***
18 1.31E-10 I.3E-10 I.3E-10 | *¥k*
Argl |.76E-63 | .8E-63 <2e-16 | wiowk
Epn3 0.000152 0.00015 0.00015 | ***
Btg2 2.19E-59 2.2E-59 <2e-16 | *r¥x
(Continued)
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Table | (Continued).

Gene Symbol | p p. Adj p. Format | p. Signif
1o 1.81E-29 1.8E-29 <2e-16 | HkkE
Crabp2 1.61E-89 |.6E-89 <2e-16 | *w¥E
Itgam 1.3E-270 1.3E-270 <2e-16 | HkkE
Fcgrl 2.85E-235 2.9E-235 <2e-16 | HkkE
Adgrel 439 E-214 | 440 E-214 <2e-16 | HkkE
Cdknla 2E-157 2E-157 <2e-16 | HkkE
Parpl4 1.7E-64 1.7E-64 <2e-16 | *r¥E
Parplé 0.00251 0.0025 0.0025 | **
Parp4 0.076721 0.077 0.077 | ns
e 0.412813 0.41 041 | ns
Parpl0 1.97E-20 2E-20 <2e-16 | HkkE
Ccl2 5.3E-08 5.3E-08 5.3E-08 | w¥x
Cdkn2b 1.2E-108 1.2E-108 <2e-16 | *kE
Sirt7 9.55E-10 9.6E-10 9.6E-10 | *¥x
Nadk 3.19E-10 3.2E-10 3.2E-10 | we¥k
Lyéd |.55E-64 |.5E-64 <2e-16 | HkE
Lyvel 1.76E-27 |.8E-27 <2e-16 | *E
Bmil 1.81E-15 |.8E-15 |.8E-15 | *kxx
Nfkbl 3.4E-34 3.4E-34 <2e-16 | *kE
1112a 0.021151 0.021 0.021 | *
Fcna 1.31E-43 I.3E-43 <2e-16 | Fr¥x
Parp8 9.43E-14 9.4E-14 9.4E-14 | wkkk
Igfbp2 3.86E-08 3.9E-08 3.9E-08 | ¥k
Slc52a2 2.2E-15 2.2E-15 2.2E-15 | week
Parpl2 0.105807 0.11 0.1l | ns
Irgl 1.99E-25 2E-25 <2e-16 | Hkkk
Parp3 2.02E-25 2E-25 <2e-16 | HkkE
E2f2 0.018451 0.018 0.018 | *
Mrcl 2.4E-224 2.4E-224 <2e-16 | *r¥x
E27 0.076711 0.077 0.077 | ns
Sarml 0.232234 0.23 023 | ns
Sirt4 0.001185 0.0012 0.0012 | **
Lmnbl 6.39E-09 6.4E-09 6.4E-09 | wHEE
Tiparp 3.93E-64 3.9E-64 <2e-16 | *¥¥E
Nnmt 1.3E-168 1.3E-168 <2e-16 | ¥k
Bstl 3.1E-185 3.1E-185 <2e-16 | HkkE
Sic48al 0.747632 0.75 075 | ns
Tnf 2.1E-175 2.1E-175 <2e-16 | *r¥E
Hmgbl 2.5E-121 2.5E-121 <2e-16 | *r¥x
Nt5e 3.47E-15 3.5E-15 3.5E-15 | weex
Sulf2 6.2E-147 6.2E-147 <2e-16 | Fr¥x
Cdé8 1E-271 1E-271 <2e-16 | Fr¥x
Cd36 8.7E-225 8.7E-225 <2e-16 | Fr¥x
Sirt3 0.002598 0.0026 0.0026 | **
Mgl2 1.44E-42 | .4E-42 <2e-16 | *r¥x
Nmnat2 0.002517 0.0025 0.0025 | **
Parp2 0.79456 0.79 0.79 | ns
LoxI4 0.085264 0.085 0.085 | ns
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groups, like Parp6, 116, etc. As we all know, the senescence marker differs significantly across different pathologies and
tissues, and no consensus has been reached about markers of the injury-related senescence.

Then, these senescent cells were further analyzed to explore the senescent cell types. A total of 2000 highly variable genes
were detected with the variance analysis (Figure 3A). PCA was performed to identify available dimensions and screen
correlated genes. The top 20 significantly correlated genes are displayed as dot plots and heatmaps (Figure 3B and C).
However, the PCA results did not demonstrate clear separations among cells (Figure 3D). We selected 20 principal
components (PCs) with an estimated P value <0.05 for subsequent analysis (Figure 3E and F).

Afterwards, the UMAP algorithm was applied, and cells were successfully classified into 14 separate clusters
(Figure 3G). Differential expression analysis was performed, and a total of 7449 marker genes from all clusters were
identified (Supplemental Table 2 and Supplemental Figure 1). According to the expression patterns of the marker genes,
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these clusters were annotated by singleR, and then manually corrected according to the reported markers (Figure 3H,
Supplemental Table 1). Clusters 0—7, containing 1098 cells, were annotated as fibroblasts; cluster 8, containing 65 cells,

was annotated as macrophages, gran, or DC cells; cluster 9, containing 52 cells, was annotated as skMuse/Peri/SMC;
clusters 10 and 11, containing 71 cells, were annotated as MSCs; cluster 12, containing 21 cells, was annotated as T cells;
and cluster 13, containing 18 cells, was annotated as endothelial cells.

As we all know, different types of senescent cells may have different SASP components. It is interesting to figure out
the difference of the SASP among the different cell types. The ANOVA analysis was used to compare the mean
expression level of the SASPs of different cell types (Table 2). The expression of some of the most discussed SASPs
(TNF-a, IL-6, IL-1B3, CXCL10, CCL5, CCL2, MMP3, and PAI-1/Serpinel) are shown in Figure 4A-H.

Table 2 The Mean Expression Level of the SASPs of Different
Senescent Cell Types (Ns, Not Statistically Significant; *p < 0.05;
*p < 0.01; ***p < 0.001; ****p < 0.0001)

Adipoq 0.981954 0.98 098 | ns Anova
Ang 0.001664 0.0017 0.0017 | ** Method
Areg 3.8E-30 3.8E-30 <2e-16 | *w¥E Method
Areg 3.8E-30 3.8E-30 <2e-16 | *wHE Method
Bcl2 0.0316 0.032 0.032 | * #N/A
Btc 0.735402 0.74 0.74 | ns Anova
Ccll 0.997819 | I | ns Anova
Ccl2 0.004025 0.004 0.004 | ** Method
Ccl20 0910174 091 091 | ns Anova
Ccl27a 0.015168 0.015 0.015 | * Method
Ccl3 |.44E-50 1.4E-50 <2e-16 | ek Method
Ccl5 |.28E-44 1.3E-44 <2e-16 | wwEE Method
Ccl7 |.75E-06 1.7E-06 1.7E-06 | *¥¥* Method
Ccl8 |.86E-15 I.9E-15 1.9E-15 | *¥¥* Method
Cd44 9.37E-10 94E-10 | 9.4E-10 | ¥k Method
Csfl 0.157989 0.16 0.16 | ns Anova
Csf2 0.991921 0.99 0.99 | ns Anova
Csf3 0.338366 0.34 0.34 | ns Anova
Ctgf 1.74E-07 |.7E-07 |.7E-07 | *wwx Method
Cxcll2 I.11E-32 I.1E-32 <2e-16 | wHEE Method
cxcl2 5.42E-26 5.4E-26 <2e-16 | wHEEE Method
Cxcl5 5.18E-06 5.2E-06 | 52E-06 | ¥k Method
Cxcr2 0.936235 0.94 094 | ns Anova
Cyrél 2.75E-22 2.7E-22 <2e-16 | ¥k Method
Egfr 2.12E-17 2.1E-17 <2e-16 | *wwE Method
Fas 0.668002 0.67 0.67 | ns Anova
Fgfl 0.276775 0.28 0.28 | ns Anova
Fgf2 0.003874 0.0039 0.0039 | ** Method
Fgf7 4.44E-08 44E-08 | 4.4E-08 | *¥k* Method
Fnl 3.9E-101 | 3.9E-101 <2e-16 | *wEE Method
Gdnf 0.718293 0.72 0.72 | ns Anova
Hgf 0.242066 0.24 0.24 | ns Anova
Icam| I.95E-17 2E-17 <2e-16 | HHFx Method
Ifng |.88E-28 1.9E-28 <2e-16 | ek Method
Igfbp2 0.441042 0.44 0.44 | ns Anova
Igfbp3 I.62E-15 1.6E-15 1.6E-15 | ¥k Method
Igfbp4 6.31E-60 6.3E-60 <2e-16 | wwEE Method
Igfbp5 1.08E-06 I.1E-06 1.1E-06 | *¥¥* Method
(Continued)
5586 https: Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=369376.zip
https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

Table 2 (Continued).

Igfbpé 4.93E-33 4.9E-33 <2e-16 | Hwk Method
Igfbp7 I.1E-141 I.1E-141 <2e-16 | H* Method
i 0.161522 0.16 0.16 | ns Anova

s 0.002351 0.0024 0.0024 | ** Method
A 0.0151 0.015 0.015 | * Method
B 4.2E-59 4.2E-59 <2e-16 | Hx Method
NRI 3.23E-07 3.2E-07 | 3.2E-07 | ** Method
lI2Ra 2.7E-158 | 2.7E-158 <2e-16 | *wwk Method
113 5.24E-22 5.2E-22 <2e-16 | HkkE Method
ll6st I.91E-14 1.9E-14 1.9E-14 | ek Method
7 0.958777 0.96 0.96 | ns Anova

Lif 0.082219 0.082 0.082 | ns Anova

Mcpt4 0.553296 0.55 0.55 | ns Anova

Mif 6.59E-14 6.6E-14 6.6E-14 olelck Method
Mmpl0 0.835597 0.84 0.84 | ns Anova

Mmpl2 0.000179 0.00018 0.00018 | *** Method
Mmp|3 0.143169 0.14 0.14 | ns Anova

Mmp 4 3.26E-45 3.3E-45 <2e-16 | *wEE Method
Mmp2 2.2E-121 | 2.2E-121 <2e-16 | *wEE Method
Mmp3 0.000762 0.00076 0.00076 | *** Method
Nap 14 6.71E-05 | 0.000067 | 0.000067 | *¥** Method
Osm 9.14E-46 9.1E-46 <2e-16 | wwEE Method
Pdgfa 9.58E-45 9.6E-45 <2e-16 | Hkk Method
Pdgfb 6.6E-100 | 6.6E-100 <2e-16 | Hk Method
Pigf 0.037762 0.038 0.038 | * Method
Plat 8.33E-16 8.3E-16 | 83E-16 | *¥k* Method
Plau 0.006943 0.0069 0.0069 | ** Method
Plaur 3.99E-09 4E-09 4E-09 K Method
Ptger2 3.12E-09 3.1E-09 | 3.1E-09 | ¥ Method
Saal 0.801068 0.8 0.8 | ns Anova

Serpinb2 0.973808 0.97 097 | ns Anova

Serpinel 2.12E-05 | 0.000021 | 0.00002| | **** Method
Spink| 0.982182 0.98 098 | ns Anova

Tgbl |.82E-36 1.8E-36 <2e-16 | *wrE Method
Thpo 0.859743 0.86 0.86 | ns Anova

Timpl 8.25E-50 8.3E-50 <2e-16 | *wrE Method
Timp2 3.27E-83 3.3E-83 <2e-16 | *wEE Method
Tnf 2E-48 2E-48 <2e-16 | *wEE Method
Tnfrsf18 1.3E-221 1.3E-221 <2e-16 | *wEE Method
Tnfrsfla 291E-13 29E-13 | 29E-13 | vk Method
Tnfrsflb 8.41E-65 8.4E-65 <2e-16 | wwEE Method
Tnfsfl0 2.99E-20 3E-20 <2e-16 | wwEE Method
Tnfsfl | 0.000736 0.00074 0.00074 | ** Method
Tscl 0.526758 0.53 0.53 | ns Anova

Vegfa 0.003018 0.003 0.003 | ** Method
Wntl6 0.024772 0.025 0.025 | * Method
Wnt2 0.462268 0.46 0.46 | ns Anova

Wnt5A 9.13E-05 | 0.000091 | 0.00009| | *¥** Method

Also, as discussed above, the same type of cell may express different types of SASP under different inducements of
senescence. The expression level of cdkn2a differs significantly at day 0/42 (normal senescence or age-related senes-
cence) and day 3/7/21 (injury-related senescence). In this study, we compared the expression of SASPs in fibroblasts at
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Figure 4 The expression level of SASPs in different senescent cell types and in fibroblasts at different time points. (A—H) The expression level of SASPs in different
senescent cell types. (I) The expression level of SASPs in fibroblasts at different time points.

different time points (Figure 4I). The expression of SASPs in d0 was much different from that in other time points, which
means the age-related and injury-induced senescence were totally different molecular processes. Though the number of
senescent cells in day 3 is not high, the expression level of SASPs is the highest in all time points, except Ccl5 and Pail.

KEGG and GO analyses were performed to identify the potential molecular mechanisms and pathways of senescence.
The GO results revealed that the senescent cells were significantly correlated with the ossification processes, like ECM
organization, cell adhesion, ossification, cartilage development, etc. (Figure 5, Supplemental Table 3). The KEGG results
revealed that the senescence was significantly corrected with protein processing in endoplasmic reticulum, PI3K-Akt
signaling, ribosome, focal adhesion, etc. Endoplasmic reticulum stress has been widely associated with the process of

senescence in a number of diseases.'*'* PI3K-Akt signaling has also been associated with senescence regarding the p21
15,16
activity. ™

Trajectory analysis was performed to project all senescent fibroblasts onto one root and three branches, termed
branches I, II, III, and IV (Figure 6A and B). The results showed that the senescent fibroblasts of day 7 were mainly
located in the root and branch I, the senescent fibroblasts of day 21 were mainly located in branch I and II. The senescent
fibroblasts of day 0 and d42 were mainly located in branch III, which means the kind or degree of senescent cells were
different at different time points. At day 7, the cells were mainly injury-related senescent cells, but at d42, the cells were
mainly age-related senescent cells (similar to day 0). Differential analysis was performed, and the significant marker
genes were identified as shown in figure (Figure 6C, Supplemental Table 4). KEGG and GO analysis were also
performed to identify related molecular mechanisms and pathways of the different branches (Figure 7, Supplemental
Table 5). It is so interesting that cluster 2 is related to ossification and cluster 3 is related to ECM remodeling, as shown
in GO analysis. Especially the cluster 2, which is mainly composed of day 21 senescent cells, is consistent with the
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Figure 5 The KEGG and GO enrichments of senescent fibroblasts to identify related molecular mechanisms and pathways.
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pathological findings (ossification-related processes). The KEGG results revealed that the cluster 2 was significantly
corrected with protein processing in PI3K-Akt signaling, MAPK signaling, focal adhesion, etc. These findings indicate
that senescent cells in distinct differentiation states demonstrate distinct biological characteristics, which might provide
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new evidence for the molecular signatures and biology of senescence, including both intrinsic properties and the
regulation of related pathways. The most important finding is the relationship of branch II with ossification.

Discussion
The present study found that injury-related senescence is associated with heterotopic ossification formation. Cell aging-
related secretory phenotype SASP is a complex mixture composed of a variety of cytokines, chemokines, growth factors
and matrix basic proteases, including IL-6, MMP-3, MMP-13, COL1A1, IL-8, TNFa, HMGBI, activin A, etc. The exact
composition of SASP varies significantly with cell type, tissue environment and stimulation of aging induction. These
secretory factors interact with adjacent cells and immune system and finally affect the fate of aging cells and surrounding
normal cells. The present study found that injury-related senescent fibroblasts may be related to heterotopic ossification,
and the mechanism how senescence participates in ossification remains unknown. The senescent cells have no ability to
self-replication or self-division, so there is no possibility for them to directly differentiate into chondro/osteogenic cells.
The only way they can go is secreting SASP and then influencing the adjacent cells.

The PI3K/Akt pathway is one of the most important signaling pathways for regulating cellular senescence. It
regulates cell growth by acting on TSC1/TSC2 complex and mTORC signaling. PI3K/AKT pathway triggers senescence

in human cells by promoting enhanced p53 protein synthesis via mTORCI."”

Akt is a major regulator of cell survival,
which is regulated by directly inhibiting pro-apoptotic proteins (such as Bad) or inhibiting pro-apoptotic signals produced
by transcription factors (such as FoxO). Akt affects cell proliferation by phosphorylating CDK inhibitors p21 and p27.'®
And the PI3K/AKT/mTOR signaling pathway is also important for regulating cellular senescence.'® PI3K/Akt pathway
is also important in inducing SASP secretion. High-throughput genetic screening studies combined with gene expression
analysis and cytokine arrays indicate that the transcription of SASP inflammatory genes is regulated by NF-xB. NF-«xB
suppression causes bypass of Akt-induced senescence in fibroblasts and a diminished SASP and NF-xB inhibition
contributes to chemoresistance in murine lymphomas.?’ If we treat the senescent cells with the PI3K/Akt downstream
mTORC] inhibitor rapamycin, the SASP cytokine secretion will be dramatically impaired.?’ Rapamycin could decrease
the secretion of 35% of the evaluated SASP factors as well as NF-kB transcriptional activity. Akt-induced senescence
also results in an induction of the SASP components IL-1a, IL-1B, IL-6 and IL-8,'7*° which could be inhibited by
mTORCI inhibitor rapamycin. However, as discussed above, the effect of senescence on ossification is mainly through
SASP; it is so interesting and important if PI3K/Akt/mTOR signaling is associated with secreting ossification-related
SASPs. The PI3K/Akt/mTOR has been linked with multiple SASPs like IL-6, IL-8, ANGPTL4, SPINK1, SERP2,
MMP3, AREG, etc. Lots of them have been proven effective in inducing osteogenesis.

However, the present study is only a bioinformatics analysis of transcriptomic data of HO model, and no correspond-
ing verification experiment was performed. In our recently published paper, injury-induced senescent cell burden and the
SASPs may contribute to fibrodysplasia ossifican progressiva (FOP) lesion formation. Furthermore, pharmacological
removal of senescent cells abrogates tissue reprogramming and HO formation.'® Thus, the relationship between
senescence and HO may be exact, but the mechanism or signaling pathway should be further explored by molecular,
cell, and animal experiments. Furthermore, though the senescent fibroblast is the main cell type, will the other cell types
also contribute to HO formation is still worth exploring. Most importantly, what is the target cell, or in other word, what
cell is affected by SASPs and thus reprogrammed to HO progenitors? Further studies should be performed upon these
topics.

Conclusion

Taken together, the present study found that injury-related senescence of fibroblasts is associated with heterotopic
ossification formation and may act through PI3K/Akt-induced SASPs. Unlike age-related senescence, the injury-
related senescence demonstrated significantly different SASP phenotypes.

Abbreviation
scRNA-seq, single-cell RNA-sequencing; Cdkn2a, Cyclin Dependent Kinase Inhibitor 2A; SASPs, senescence associated
secret phenotypes; GO, gene oncology; KEGG, Kyoto Encyclopedia of Genes and Genomes; HO, Heterotopic
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ossification; FOP, Fibrodysplasia ossificans progressive; UMAP, Uniform Manifold Approximation and Projection for
Dimension Reduction; PCA, Principal component analysis; PCs, Principal components; PARP6, Poly(ADP-Ribose)
Polymerase Family Member 6; 116, Interleukin 6; DC, Dendritic Cells; TNF-0, Tumor Necrosis Factor a; IL-1p,
Interleukin 1 Beta; CXCL10, C-X-C Motif Chemokine Ligand 10; CCL5, C-C Motif Chemokine Ligand 5; CCL2,
C-C Motif Chemokine Ligand 2; MMP3, Matrix Metallopeptidase 3; ECM, extracellular matrix; MMP-13, Matrix
Metallopeptidase 13; COL1A1, Collagen Type I Alpha 1 Chain; IL-8, Interleukin 8; HMGBI1, High Mobility Group
Box 1; TSC1, TSC Complex Subunit 1; TSC2, TSC Complex Subunit 2; mTORC, mammalian target of rapamycin
complex; Bad, BCL2 Associated Agonist Of Cell Death; FoxO, Forkhead Box O; CDK, Cyclin Dependent Kinase; NF-
kB, Nuclear Factor Kappa B.

Acknowledgments
Thanks for anyone helpful not able to list in the manuscript, such as Junxiang Wen, Qiyuan Bao et al.

Funding
The Youth project of National Natural Science Foundation of China, Grant/Award Number: 81601919.

Disclosure
The authors declare that they have no conflicts of interest.

References

1. Ma SKY, Chan ASF, Rubab A, Chan WCW, Chan D. Extracellular matrix and cellular plasticity in musculoskeletal development. Front Cell Dev
Biol. 2020;8:781. doi:10.3389/fcell.2020.00781
2. Chen Y, Pu Q, Ma Y, et al. Aging reprograms the hematopoietic-vascular niche to impede regeneration and promote fibrosis. Cell Metab. 2021;33
(2):395-410 €394. doi:10.1016/j.cmet.2020.11.019
3. Demaria M, Ohtani N, Youssef SA, et al. An essential role for senescent cells in optimal wound healing through secretion of PDGF-AA. Dev Cell.
2014;31(6):722-733. doi:10.1016/j.devcel.2014.11.012
4. Yun MH, Davaapil H, Brockes JP. Recurrent turnover of senescent cells during regeneration of a complex structure. eLife. 2015;4. doi:10.7554/
eLife.05505
5. Chiche A, Le Roux I, von Joest M, et al. Injury-induced senescence enables in vivo reprogramming in skeletal muscle. Cell Stem Cell. 2017;20
(3):407-414 ¢404. doi:10.1016/j.stem.2016.11.020
6. Cangkrama M, Wietecha M, Mathis N, et al. A paracrine activin A-mDia2 axis promotes squamous carcinogenesis via fibroblast reprogramming.
EMBO Mol Med. 2020;12(4):e11466. doi:10.15252/emmm.201911466
7. Mosteiro L, Pantoja C, de Martino A, Serrano M. Senescence promotes in vivo reprogramming through p16 INK 4a and IL-6. Aging Cell. 2018;17
(2):e12711. doi:10.1111/acel. 12711
. Mosteiro L, Pantoja C, Alcazar N, et al. Tissue damage and senescence provide critical signals for cellular reprogramming in vivo. Science.
2016;354(6315). doi:10.1126/science.aaf4445
9. Pignolo RJ, Wang H, Kaplan FS. Fibrodysplasia ossificans progressiva (FOP): a segmental progeroid syndrome. Front Endocrinol. 2019;10:908.
doi:10.3389/fendo.2019.00908
10. Wang H, Zhang Q, Kaplan FS, Pignolo RJ. Clearance of senescent cells from injured muscle abrogates heterotopic ossification in mouse models of
fibrodysplasia ossificans progressiva. J Bone Miner Res. 2021. doi:10.1002/jbmr.4458
11. Pagani CA, Huber AK, Hwang C, et al. Novel lineage-tracing system to identify site-specific ectopic bone precursor cells. Stem Cell Reports.
2021;16(3):626—640. doi:10.1016/j.stemcr.2021.01.011
12. Huber AK, Patel N, Pagani CA, et al. Immobilization after injury alters extracellular matrix and stem cell fate. J Clin Invest. 2020;130
(10):5444-5460. doi:10.1172/JCI136142
13. Pluquet O, Pourtier A, Abbadie C. The unfolded protein response and cellular senescence. A review in the theme: cellular mechanisms of
endoplasmic reticulum stress signaling in health and disease. Am J Physiol Cell Physiol. 2015;308(6):C415-C425. doi:10.1152/
ajpcell.00334.2014
14. Liu Y, Zhu H, Yan X, Gu H, Gu Z, Liu F. Endoplasmic reticulum stress participates in the progress of senescence and apoptosis of osteoarthritis
chondrocytes. Biochem Biophys Res Commun. 2017;491(2):368-373. doi:10.1016/j.bbrc.2017.07.094
15. Urbani C, Mattiello A, Ferri G, et al. PCB153 reduces apoptosis in primary cultures of murine pituitary cells through the activation of NF-kappaB
mediated by PI3K/Akt. Mol Cell Endocrinol. 2021;520:111090. doi:10.1016/j.mce.2020.111090
16. Sha JY, Li JH, Zhou YD, et al. The p53/p21/pl6 and PI3K /Akt signaling pathways are involved in the ameliorative effects of maltol on
D-galactose-induced liver and kidney aging and injury. Phytotherapy Res. 2021;35(8):4411-4424. doi:10.1002/ptr.7142
17. Astle MV, Hannan KM, Ng PY, et al. AKT induces senescence in human cells via mTORC1 and p53 in the absence of DNA damage: implications
for targeting mTOR during malignancy. Oncogene. 2012;31(15):1949-1962. doi:10.1038/onc.2011.394
18. Kumar R, Sharma A, Kumari A, Gulati A, Padwad Y, Sharma R. Epigallocatechin gallate suppresses premature senescence of preadipocytes by
inhibition of PI3K/Akt/mTOR pathway and induces senescent cell death by regulation of Bax/Bcl-2 pathway. Biogerontology. 2019;20(2):171-189.
doi:10.1007/510522-018-9785-1

oo

5592  res Journal of Inflammation Research 2022:15

Dove!


https://doi.org/10.3389/fcell.2020.00781
https://doi.org/10.1016/j.cmet.2020.11.019
https://doi.org/10.1016/j.devcel.2014.11.012
https://doi.org/10.7554/eLife.05505
https://doi.org/10.7554/eLife.05505
https://doi.org/10.1016/j.stem.2016.11.020
https://doi.org/10.15252/emmm.201911466
https://doi.org/10.1111/acel.12711
https://doi.org/10.1126/science.aaf4445
https://doi.org/10.3389/fendo.2019.00908
https://doi.org/10.1002/jbmr.4458
https://doi.org/10.1016/j.stemcr.2021.01.011
https://doi.org/10.1172/JCI136142
https://doi.org/10.1152/ajpcell.00334.2014
https://doi.org/10.1152/ajpcell.00334.2014
https://doi.org/10.1016/j.bbrc.2017.07.094
https://doi.org/10.1016/j.mce.2020.111090
https://doi.org/10.1002/ptr.7142
https://doi.org/10.1038/onc.2011.394
https://doi.org/10.1007/s10522-018-9785-1
https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

19. Barnes PJ, Baker J, Donnelly LE. Cellular senescence as a mechanism and target in chronic lung diseases. Am J Respir Crit Care Med. 2019;200
(5):556-564. doi:10.1164/rccm.201810-1975TR

20. Chan KT, Blake S, Zhu H, et al. A functional genetic screen defines the AKT-induced senescence signaling network. Cell Death Differ. 2020;27
(2):725-741. doi:10.1038/s41418-019-0384-8

21. Laberge RM, Sun Y, Orjalo AV, et al. MTOR regulates the pro-tumorigenic senescence-associated secretory phenotype by promoting IL1A
translation. Nat Cell Biol. 2015;17(8):1049—1061. doi:10.1038/ncb3195

Journal of Inflammation Research Dove

Publish your work in this journal

The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2022:15 n ) in u Dove 5593


https://doi.org/10.1164/rccm.201810-1975TR
https://doi.org/10.1038/s41418-019-0384-8
https://doi.org/10.1038/ncb3195
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Data Acquisition and Preprocessing
	scRNA-Seq Data Analysis
	Trajectory Analysis

	Results
	Discussion
	Conclusion
	Abbreviation
	Acknowledgments
	Funding
	Disclosure
	References

