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Abstract 

Tendons connect muscle to bone, enabling skeletal movement and joint stability. During natural aging, tendons exhibit 

impaired homeostasis, increased risk of injury and impaired healing capacity. Understanding the mechanisms responsible 

for maintenance of tendon homeostasis and how these mechanisms are diminished with aging is crucial for developing 

therapeutics that can inhibit age-related impairments in tendon function and healing capacity. Here we show that depletion 

of Scleraxis-lineage (ScxLin) cells, the predominant tenocyte population in adult tendons, recapitulates age-related 

impairments in cell density, ECM structure and organization. Proteomic analysis demonstrated comparable ECM 

compositional shifts with ScxLin depletion in young adult tendon, and wild type (WT) aged tendons and identify the 

specific ECM components that are lost during disrupted tendon homeostasis. Consistent with this, single cell RNA 

sequencing demonstrates loss of tenocyte subpopulations associated with “ECM synthesis” in both aging and ScxLin 

depletion, identifying the requirement for these cells in maintaining tendon homeostasis. However, aging and ScxLin 

depletion results in differential retention of other tenocyte populations, with retention of a specialized remodeling tenocyte 

population concomitant with mechanically superior healing in ScxLin depleted tendons relative to WT. In contrast, aged 

tendon retains a pro-inflammatory tenocyte population, which may drive the impaired healing outcomes observed during 

aging. Collectively, this study defines ScxLin cell depletion as a novel model of accelerated tendon ECM aging and 

identifies tenocyte subpopulations that are associated with disrupted tendon homeostasis and differential healing 

outcomes.  
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Introduction 

 Tendons are dense connective tissues that transmit muscle-generated forces to bone to enable skeletal movement 

and joint stability. Recent studies from our group and others have demonstrated the presence of multiple tendon resident 

cell sub-populations with the Scleraxis-lineage (ScxLin) cells being the predominant population during adult tendon 

homeostasis (1-4). Scx, a basic helix-loop-helix transcription factor, is currently the most well-characterized tendon 

marker (5-7), and is required for normal tendon development (5, 6). During adulthood, tendon homeostasis is maintained 

via ongoing turnover of extracellular matrix (ECM) proteins (8-14). Disruptions in tendon homeostasis can lead to the 

development of tendon pathologies such as tendinopathy, characterized by significant pain, loss of tissue integrity, and 

permanent decline in tissue performance (15). While overuse or repetitive loading in sports or occupational contexts can 

disrupt homeostasis, natural aging is also associated with significant impairments in ECM structure, organization, and 

material quality (16-23). In fact, tendinopathy prevalence has been shown to significantly increase with age (24), making 

aging a key risk factor for loss of tendon integrity and tendinopathy development. However, the factors responsible for 

inducing age-related tendinopathy are still not well defined. We have previously shown that short-term depletion of ScxLin 

cells results in a relatively rapid induction of ECM structural and organizational impairments at multiple hierarchical 

levels in the flexor digitorum longus (FDL) tendon (1), suggesting that ScxLin cells are required to maintain tendon 

homeostasis during adulthood. However, the long-term impact of ScxLin depletion on tendon homeostasis is unclear, and 

the specific cellular and ECM components that maintain tendon homeostasis have not been identified. Moreover, while 

the initial ECM organizational changes that occur with ScxLin cell depletion mimic those that occur during natural aging 

(17, 19, 25-27), it is unknown whether sustained ScxLin cell depletion may induce an accelerated aging phenotype.  

In addition to regulating tendon homeostasis, ScxLin cells play an important role in ECM remodeling during 

healing. Following short-term depletion of ScxLin cells, significant increases in both stiffness and peak load were observed, 

relative to wildtype (WT) littermates, suggesting a shift towards a more regenerative healing phenotype (28). However, 

the impact of long-term ScxLin cell depletion on the healing process have not been defined. Interestingly, these 

improvements in healing are in contrast to the effects of aging, which increases the risk of acute tendon injuries and 

substantially impairs the healing process (22, 29). A comprehensive investigation and definition of the basal tendon cell 

heterogeneity in these different contexts will be crucial to better understand and explain the divergence in healing 

outcomes. 
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In the present study our primary objective was to understand the long-term impact of ScxLin cell depletion on 

tendon health. We then focused on identifying the underlying cell and molecular mechanisms effected by ScxLin cell 

depletion and how these compositional and mechanistic shifts compared to those observed during natural aging.  Finally, 

we comprehensively defined the shifts in resident tendon cell heterogeneity and the underlying molecular programs driven 

by ScxLin cell depletion and natural aging. Collectively, this study defines key biological mechanisms that dictate 

alterations in tendon health and healing capacity.  

 

Materials and Methods 

Mice 

All animal studies were approved by the University Committee for Animal Resources (UCAR). Scx-Cre mice 

were generously provided by Dr. Ronen Schweitzer. ROSA26-iDTRF/F (#007900) mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME, USA). Scx-Cre mice were crossed to ROSA26-iDiphteria Toxin ReceptorF/F (DTRF/F) mice 

to generate a model of ScxLin tendon cell depletion (Scx-Cre+; DTRF/+; referred to as DTR). Expression of DTR is inhibited 

prior to Cre-mediated recombination due to the presence of a STOP cassette flanked by loxP sites. After Cre-mediated 

recombination, the STOP cassette is deleted, resulting in expression of DTR, specifically in ScxLin cells. Thus, 

administration of diphtheria toxin (DT) in these mice results in apoptosis of ScxLin cells. Scx-Cre-; DTR F/+ (WT) 

littermates were used as controls. DT was administered to both DTR and WT mice. Mouse studies were performed with 6, 

9, 12, and 21 month old male and female mice except where otherwise noted, in which case C57BL/6J mice (#664, 

Jackson Laboratory) were used. All mouse work (injections, surgeries, harvests) were performed in the morning. Mice 

were kept in a 12 hr light/dark cycle. 

 

Quantification of tendon cell depletion 

ScxLinDTR (DTR and WT) mice were anesthetized with Ketamine (100mg/Kg) and Xylazine (4mg/Kg) and then 

injected with 20 ng of diphtheria toxin (DT; Sigma-Aldrich) for five consecutive days, with DT injections directly into the 

FDL tendon in the hind paw. Injected hind paws were harvested 3, 6, and 9 months after the final DT injection to assess 

effects of tendon cell depletion on tendon homeostasis. Hind paws were fixed in 10% Neutral Buffer Formalin (NBF) at 

room temperature for 72 hr and were subsequently decalcified in Webb Jee EDTA (pH 7.2–7.4) (30) for 14 days at room 

temperature, processed, and embedded in paraffin. Five-micron sagittal sections were utilized for further analysis. 
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Sections were stained with DAPI to visualize nuclei and imaged using a VS120 Virtual Slide Microscope (Olympus, 

Waltham, MA). Using ImageJ (31), a region of interest (ROI) was drawn at the tendon midsubstance and an area was 

obtained. For ScxLinDTR and WT littermate mice, nuclei within the ROI were manually counted and total nuclei number 

was normalized to area. An n = 5-7 mice per group were used for quantification.  

 

Second harmonic generation two-photon confocal imaging 

Five-micron paraffin sections of DTR, WT, and C57BL/6J hind paws were utilized for second harmonic 

generation (SHG) imaging. Sections were scanned with a Spectra-Physics MaiTai HP DeepSee Ti:Sapphire Laser, tuned 

to 1000 nm, under 25x magnification, with a 2.5X optical zoom, with a step size of 0.25 mm. 3D projections of image 

stacks were generated using the 3D-Project macro in ImageJ and analyzed for collagen fibril uniformity using the inbuilt 

Directionality macro function. The Directionality macro utilizes Fourier transform analysis to derive spatial orientation of 

image stacks (32). Sections were analyzed from 3 to 5 mice per group.  

 

Quantification of biomechanical properties 

FDL tendons at 3, 6, and 9 months post-DT injection were harvested from the hind paws. Specifically, each FDL 

tendon was carefully separated at the myotendinous junction under a dissecting microscope. The tarsal tunnel was then cut 

and the FDL tendon was slowly released from the tarsal tunnel, isolated until the bifurcation of the digits and then cut and 

released. Under the dissecting microscope, any additional connective tissues (e.g., muscle) were removed and the FDL 

tendon was prepared for uniaxial testing. Two pieces of sandpaper were placed on each end of the tendon and glued 

together using cyanoacrylate (Superglue, LOCTITE). All the steps above were performed with the tissue periodically 

submerged in PBS to avoid any potential tissue drying. Each gripped tendon was transferred into a semi-customized 

uniaxial microtester (eXpert 4000 MicroTester, ADMET, Inc., Norwood MA). The microtester, along with the sample, 

was transferred to an inverted microscope (Olympus BX51, Olympus) to visualize the tendon and quantify the gauge 

length, width, and thickness. The gauge length of each sample was set as the end-to-end distance between opposing 

sandpaper edges and was set the same for all samples tested.  The cross-section of the tendon was assumed to be an 

ellipse, where the width of the tissue represents the major axis and the thickness of the tissue represents the minor axis. 

Based on the optically measured width and thickness of each tendon, the area of the elliptical cross-section was computed.  

A uniaxial displacement-controlled stretching of 1% strain per second until failure was applied. Load and grip-grip 
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displacement data were recorded and converted to stress-strain data, and the failure mode was tracked for each 

mechanically tested sample. The load-displacement and stress-strain data were plotted and analyzed to determine 

structural (stiffness) and material (modulus) properties. Specifically, the slope of the linear region from the load 

displacement graph was determined to be the stiffness of the tested sample. The slope of the linear region from the stress-

strain graph was taken to equal the elastic modulus parameter of each tested tendon. Note that this calculation assumes 

that stress and strain are uniform within each specimen. A sample size of n=7 animals per group was utilized for 

biomechanical testing and analysis 

 

Sample Preparation for Mass Spectrometry  

Homogenization of each tendon tissue was performed by adding 150 uL of 5% Sodium Dodecyl Sulphate (SDS), 

100 mM Triethylammonium bicarbonate (TEAB). Samples were vortexed and then sonicated (QSonica) for 5 cycles, with 

a 1 minute resting period on ice after each cycle. Lysates were then centrifuged at 15,000 x g for 5 minutes to collect 

cellular debris, and the supernatant was collected. Next, the total protein concentration was determined by bicinchoninic 

acid assay (BCA; Thermo Scientific), after which samples were diluted to 1 mg/mL in 5% SDS, 50 mM TEAB. A mass of 

25 µg of protein from each sample was reduced with dithiothreitol to 2 mM, followed by incubation at 55°C for 60 

minutes. Iodoacetamide was added to 10 mM and incubated for 30 minutes in the dark at room temperature to alkylate the 

proteins. Phosphoric acid was added to 1.2%, followed by six volumes of 90% methanol, 100 mM TEAB. The resulting 

solution was added to S-Trap micros (Protifi) and centrifuged at 4,000 x g for 1 minute. S-Traps with the trapped protein 

were washed twice by centrifuging through 90% methanol, 100 mM TEAB. 1 ug of trypsin was brought up in 20 μL of 

100 mM TEAB and added to the S-Trap, followed by 20 µL of TEAB to ensure the sample did not dry out. The cap to the 

S-Trap was loosely screwed on but not tightened to ensure the solution was not pushed out of the S-Trap during digestion. 

Samples were placed in a humidity chamber at 37°C overnight. The next morning, the S-Trap was centrifuged at 4,000 x g 

for 1 minute to collect the digested peptides. Sequential additions of 0.1% Trifluoroacetic acid (TFA) in acetonitrile and 

0.1% TFA in 50% acetonitrile were added to the S-trap, centrifuged, and pooled. Samples were frozen and dried down in 

a Speed Vac (Labconco), then re-suspended in 0.1% trifluoroacetic acid prior to analysis. Three tendons per genotype per 

timepoint were used for proteomic analysis. 
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Mass Spectrometry (MS) 

Peptides were injected onto a homemade 30 cm C18 column with 1.8 um beads (Sepax), with an Easy nLC-1200 

HPLC (Thermo Fisher), connected to a Fusion Lumos Tribrid mass spectrometer (Thermo Fisher). Solvent A was 0.1% 

formic acid in water, while solvent B was 0.1% formic acid in 80% acetonitrile. Ions were introduced to the MS using a 

Nanospray Flex source operating at 2 kV. The gradient began at 3% B and held for 2 minutes, increased to 10% B over 6 

minutes, increased to 38% B over 95 minutes, then ramped up to 90% B in 5 minutes and was held for 3 minutes, before 

returning to starting conditions in 2 minutes and re-equilibrating for 7 minutes, for a total run time of 120 minutes. The 

Fusion Lumos was operated in data-dependent mode, with MS1 scans acquired in the Orbitrap, and MS2 scans acquired 

in the ion trap. The cycle time was set to 2 seconds. Monoisotopic Precursor Selection (MIPS) was set to Peptide. The full 

scan was done over a range of 375-1400 m/z, with a resolution of 120,000 at m/z of 200, an AGC target of 4e5, and a 

maximum injection time of 50 ms. Peptides with a charge state between 2-5 were picked for fragmentation. Precursor ions 

were fragmented by collision-induced dissociation (CID) using a collision energy of 30% with an isolation width of 1.1 

m/z. The Ion Trap Scan Rate was set to Rapid, with a maximum injection time of 35 ms, an AGC target of 1e4. Dynamic 

exclusion was set to 45 seconds.  

 

MS data filtering 

Raw data was searched using the SEQUEST search engine within the Proteome Discoverer software platform, 

version 2.4 (Thermo Fisher), using the SwissProt mus musculus database. Trypsin was selected as the enzyme allowing 

up to 2 missed cleavages, with an MS1 mass tolerance of 10 ppm, and an MS2 mass tolerance of 0.6 Da. 

Carbamidomethyl was set as a fixed modification, while oxidation of methionine was set as a variable modification. The 

Minora node was used to determine relative protein abundance between samples using the default settings. Percolator was 

used as the FDR calculator, filtering out peptides which had a q-value greater than 0.01.  

 

Filtered MS data analysis 

To identify proteins that were significantly different between two groups, the log2 fold change (FC) and the -

log10 of the p-value were plotted in a volcano plot and we utilized the most stringent cut-off parameters of log2FC> 1 and 

-log10(p-value) >1.3. Significantly decreased proteins among two groups were inserted in PANTHER classification 

system (33) (http://pantherdb.org/) to classify protein type. To understand what types of biological processes (BPs), 
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molecular functions (MFs), and cellular components (CCs) were shifted on each condition, we inserted all significantly 

decreased proteins in the gene ontology classification tool DAVID (34) (https://david.ncifcrf.gov/). Protein network 

analysis was performed using the Search Tool for Retrieval of Interacting Genes/Proteins (STRING), v11.0 (35), and 

ECM-related proteins were further classified using MatrisomeDB (36) (https://web.mit.edu/hyneslab/matrisome/). 

 

Single cell isolation  

A total of 16 FDL tendons per group were pooled together into low glucose Dulmecco’s Modified Eagle Medium 

(DMEM) after harvesting the midsubstance area and digested in Collagenase Type I (Worthington Biochemical, 

Lakewood, NJ, LS004196) and Collagenase Type IV (Worthington Biochemical, Lakewood, NJ, LS004188) at a final 

concentration of 5mg/ml and 1 mg/ml, respectively. Young WT tendons were completely digested after two hours, while 

young DTR and aged C57BL/6J WT tendons after ninety minutes. After digestion, the single-cell suspension was filtered 

for any potential debris via a 70 μm and a 50 μm cell strainer and resuspended in Dulbecco’s Phosphate Buffer Solution 

(dPBS). Next, the single cell suspension was centrifuged for 10min at 500xg while being at 4 degrees Celsius. After 

removal of supernatant, the single cell suspension was resuspended in 0.5% Bovine Serum Albumin (BSA).  

 

Single cell RNA sequencing and analysis 

Libraries were prepared using a Chromium Single Cell 3 Reagent Kit (version 3, 10X Genomics, Pleasanton, CA) 

following the directions of the manufacturer. Cells were loaded into the kit and processed using a chromium controller 

(10X Genomics). Following library preparation and quality control (QC), libraries were sequenced by the UR Genomics 

Research Center (GRC) using the S2 NovaSeq flow cell system (Illumina, San Diego, CA), generating an average of 

65,000 reads per cell for all groups. Raw data 1uality control and downstream analyses were performed with R-4.1.2 and 

the Seurat package (37). Cells with < 200 or > 2,500 genes, as well as cells with > 5% mitochondrial genes were removed 

from our dataset. After filtering out low quality cells, there were 1,632 cells for the young (6M old) WT group, 1,394 cells 

for the young (6M old) DTR group, and 1,415 cells for the old (21M old) C57BL/6J WT group. We integrated all three 

different datasets to determine alterations of different cell subpopulations between groups using the 

“FindIntegrationAnchors” function (dims = 1:20). The function “IntegrateData” was applied in the anchor set with the 

default additional arguments. Next, we scaled the data using the “ScaleData” with default parameters and ran principal 

component analysis (PCA) on the integrated dataset to compute 20 principal components (PCs). Uniform Manifold 
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Approximation and Projection (UMAP) dimensionality reduction was applied and the Shared Nearest Neighbour (SSN) 

graph was constructed by utilizing dimensions 1:20 as input feature. To identify cell clusters, we utilized the 

“FindClusters” function on the integrated dataset at a resolution of 0.5, resulting in 16 different cell clusters. To identify 

genetic markers of each single cluster and annotate the different clusters to known cell types, we first identified the top 

differentially expressed genes of each cluster in the heatmap and dot plots (Fig. S2). Next, we used the “FindAllMarkers” 

function on upregulated genes only and compared them with a set of literature-defined gene markers via direct literature 

search as well by utilizing CellMarker software (http://bio-bigdata.hrbmu.edu.cn/CellMarker/search.jsp) (38). The 

average gene expression level was calculated across each cluster. The minimum percentage of cells in which the gene is 

detected in each cluster was set to 50%. The average log2 change threshold was set to at least 0.25. Significance was 

determined using Wilcoxon rank sum test with p values adjusted based on Bonferroni correction applying all features in 

the data set (p_val_adj<0.05). The three tenocytes clusters from the integrated data where subset out from the rest using 

the “Subset” and “DietSeurat” functions. Next, they were independently re-clustered following the same steps described 

above, with the following change in computing the principal components. In this section, PCA analysis was ran to 

compute 30 principal components based on initial QC.  

 

Flexor tendon repair 

Complete transection and repair of the FDL tendon was performed as previously described (39) in DTR and WT 

mice at 3M post-depletion (6M old). Mice received an injection of sustained-release buprenorphine (1mg/kg). Mice were 

anesthetized with Ketamine (60 mg/kg) and Xylazine (4mg/kg). To reduce chances of rupture at the repair site, the FDL 

tendon was first transected at the myotendinous junction and the skin was closed with a 5–0 suture. This MTJ transection 

results in a transient decrease in tendon loading, with progressive reintegration of the MTJ observed by D7-10 post-

surgery. Next, a small incision was made to the posterior surface of the right hind paw, the FDL tendon was isolated from 

surrounding tissue and completely transected. The tendon was repaired using 8–0 suture and the skin was closed with a 5–

0 suture. Animals resumed prior cage activity, food intake, and water consumption immediately following surgery. 

 

Statistical analysis 

Sample sizes were determined based on post-hoc power calculations of previously published work (3, 30). 

Quantitative data was analyzed via GraphPad Prism and is presented as mean ± standard deviation (SD). Either a student’s 
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t-test or two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test was used as appropriate. Mice 

were randomly selected for specific experimental outcome metrics prior to the start of an experiment or surgery and 

quantitative data (ex. DAPI quantification, SHG dispersion levels, biomechanical properties) were analyzed in a blinded 

manner. For all experiments, an N = 1 represents one mouse. p values ≤ 0.05 were considered significant. * indicates 

p<0.05, ** indicates p<0.01, *** indicates p<0.001, **** indicates p<0.0001. 

 

Results 

ScxLin cell depletion in young adults disrupts tendon homeostasis and mimics the cell density and ECM 

structural alterations of aging 

We have previously shown that local DT injection results in efficient depletion of ScxLin cells in young animals 

(1), however we have not determined whether this cell depletion efficiency is maintained long-term. Therefore, we 

quantified cell density in DTR mice at 3-, 6-, and 9-months (3, 6, 9M) post-depletion, compared to age-matched DT-

treated WT littermates (Figure 1A). At 3M and 6M post-depletion, there was a respective 57.44% (p<0.0001) and 56.21% 

(p<0.0001) reduction in total tendon cell density in DTR tendons relative to the WT control littermates (Figure 1B, C). 

By 9M post-depletion (12M of age), there was an age-related decrease in the cellular density in WT such that no 

significant differences in cell density were observed between DTR and WT (p>0.05) (Figure 1B, C).  

Based on the substantial decline in cellularity that occurred with natural aging in WT tendons, we further tracked 

changes in tendon cell density from 10-31 months of age in C57BL/6J mice (Figure 1D). Consistent with the progressive 

decline in cellularity in WT tendons, cellularity was further decreased at 10M in in C57BL/6J tendons, with a 31.62% 

(p<0.0001) decline in cell density compared to 6M old WT, and a 32.06% decrease (p<0.0001) compared to 9M old WT 

(Figure 1D, E). At 13 and 31M old, C57BL/6J FDL tendons showed a 43.19% (p<0.001) and a 44.42% (p<0.001) 

decrease in total cell density compared to 10M old C57BL/6J FDL tendons, respectively (Figure 1D, E). Intriguingly, 6M 

old DTR tendons (3M post-depletion) exhibited a cell density almost identical to 13M and 31M old WT (p>0.05) tendons 

(Figure 1D, E), suggesting that with ScxLin depletion, young tendons exhibit the same cell density as old and geriatric 

tendons (Figure 1D, E). 

 We then investigated the impact of sustained ScxLin cell loss on long-term tendon homeostasis and collagen ECM 

organization. Quantification of collagen dispersion via SHG imaging demonstrated significant increase in dispersion (loss 
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of organization) levels at 3M (39.82%, p<0.05), 6M (41.04%, p<0.01), and 9M (24.53%, p<0.05) post-DT, relative to WT 

littermates (Figure 1F, G), indicative of impairments in tissue structure and organization. 

 Our next question was how the structure and organization of tendons shifts with natural aging, and whether young 

(6M old) DTR tendons (3M post-DT) recapitulate potential age-related ECM structural changes. Geriatric 31M old 

C57BL/6J tendons exhibited significant increases in collagen fibril dispersion compared to 10M (79.3%; p<0.0001) and 

13M (81.47%, p<0.0001) C57BL/6J tendons (Figure 1H, I), suggesting aging-induced impairments in tendon structure 

and organization. No differences in dispersion were observed in 3M post-DT (6M old) WT tendons compared to 10M 

C57BL/6J (p=0.775), and 13M C57BL/6J (p=0.72) (Figure 1H, I). In contrast, 3M post-DT (6M old) DTR tendons 

showed a 45.8% (p<0.01) and a 47.63% (p<0.01) increase in collagen dispersion compared to 10M and 13M C57BL/6J 

tendons respectively (Figure 1H, I), suggesting that young DTR tendons recapitulate age-related deficits in tissue 

structure and organization. Such recapitulation though was not identical, as geriatric 31M old C57BL/6J tendons still had 

a significantly higher collagen fibril dispersion (+23.02%, p<0.05) compared to 3M post-DT (6M old) DTR tendons 

(Figure 1H, I). 
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Figure 1. Depletion of ScxLin cell during long-term homeostasis significantly disrupts tendon structure and mechanical 
properties. (A) 3M old Scx-Cre; DTRF/+ mice received five hindpaw injections of DT and were harvested at 3, 6, and 9M post-
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depletion. (B) Quantification of total tendon cell (DAPI+) density from injected WT and DTR hindpaws at 3, 6, and 9 months post-
depletion (6, 9, and 12 months old of age, respectively) within the tendon. (C) Representative sections from (B). (D) Quantification of 
total tendon cell (DAPI+) density from C57BL/6J hindpaws at 10, 13, and 31 months old within the tendon. (E) Representative 
sections from (D). (F) Quantification of collagen fibril dispersion in WT and DTR samples at 3, 6, and 9 months post-depletion (6, 9, 
and 12 months old, respectively) and (G) representative collagen fibril morphology captured via SHG. (H) Quantification of collagen 
fibril dispersion from C57BL/6J hindpaws at 10, 13, and 31 months old and (I) representative collagen fibril morphology via SHG. 
N=3-5 per genotype. Two-way ANOVA with Sidak’s multiple comparisons test used to assess statistical significance of tendon cell 
ablation and collagen fibril dispersion, * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001; **** indicates p<0.0001.  

 

ScxLin cells maintain tendon homeostasis by regulating the synthesis of high turnover rate ECM proteins 

 Given that ScxLin cell depletion induces similar progressive structural ECM changes to those seen in natural aging, 

we sought to identify the specific biological mechanisms that accompany these structural changes by characterizing the 

full proteome profile of DTR and WT tendons at 3 and 9M post-depletion (6 and 12M old). At 3M post-depletion, 21 

proteins were significantly decreased and 9 proteins were significantly increased, at a minimum abundance level of 2-fold, 

in the DTR group compared to the WT control littermates (Figure 2A), with consistent changes in relative protein 

abundance levels between biological replicates within each group (Figure 2B). To define the broad protein classes that 

were decreased due to ScxLin cell depletion, we classified all the downregulated proteins using PANTHER (Figure 2C). 

ECM proteins were the most decreased category, accounting for 26.7% of all downregulated proteins in DTR. (Figure 

2C). In addition, cytoskeletal proteins, transporters, and scaffold/adaptor proteins were decreased, though these decreases 

in inter- and intra-cellular proteins are likely due to a ~60% reduction in cellularity of the DTR samples. Thus, subsequent 

analysis focused specifically on changes in ECM proteins. To better define the biological mechanisms that are impaired 

due to depletion of ScxLin cells, we performed functional enrichment analysis of all the downregulated proteins using 

DAVID (34) and found that molecular functions and cellular components exclusive to ‘ECM’, ‘proteinaceous ECM’, and 

‘GAG binding’ were significantly impaired in the DTR tendons (Figure 2D). Due to the above ECM-related impairment 

of tissue homeostasis, we further screened all downregulated proteins and classified which specific ECM-related proteins 

were decreased in DTR tendons. For the protein screening, we utilized MatrisomeDB and identified a total of 11 ECM 

proteins that were decreased in DTR tendons (Figure 2E), and they were classified as proteoglycans (36.4%), 

glycoproteins (36.4%), ECM regulators (18.2%), and ECM-affiliated proteins (9.1%) (Figure 2F). Strikingly, 72.8% of 

these ECM proteins were high turnover rate glycoproteins and proteoglycans (8, 10, 11, 40). 

At 9M post-depletion (12M old), 27 proteins were significantly decreased, and 4 proteins were significantly 

increased in DTR compared to WT littermates (Figure 2G), and their relative protein abundance levels were similar 

among different biological replicates of the same group (Figure 2H). Classification of downregulated proteins again 
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identified ECM proteins as a downregulated class, though ECM proteins accounted for a smaller proportion of down-

regulated proteins (11.1%) (Figure 2I) compared to 3M post-depletion (6M old) (26.7%) (Figure 2C). Functional 

enrichment analysis of all downregulated proteins determined that molecular functions and cellular components exclusive 

to ‘ECM’, ‘ECM structural constituent’, and ‘proteinaceous ECM’ were found to be impaired in DTR (Figure 2J), 

consistent with those biological processes and cellular components that were impaired at 3M post-depletion in DTR 

(Figure 2D). Based on the consistent and sustained disruptions in ECM, we classified individual ECM proteins. We found 

9 ECM proteins (Figure 2K) that were classified as ECM glycoproteins (50%), ECM-affiliated proteins (30%), collagens 

(10%), and secreted factors (10%) (Figure 2L). Again, the majority of these ECM-related proteins have a high turnover 

rate, similar to the findings for the 3M post-depletion timepoint (Figure 2F).  

Based on these substantial changes in ECM organization and composition, we also assessed the impact of ScxLin 

cell depletion on tendon mechanical integrity (Fig. S1A). No changes in CSA were observed between WT and DTR 

tendons at any timepoint post-depletion (Fig. S1B). By 3M post-depletion, the stiffness of DTR tendons was not 

significantly different (p>0.05) compared to WT groups (Fig. S1C). By 6M post-depletion, DTR tendons exhibited a 

trending 23.89% (p>0.05) decrease in stiffness compared to WT, and by 9M post-depletion, stiffness was significantly 

reduced by 29.9% (p<0.05) in DTR tendons relative to WT littermates (Fig. S1C). Finally, at 3M post-depletion, DTR 

tendons had a 19.42% decrease in elastic modulus compared to WT(p<0.01), with this decrease persisting at 6M post-

depletion (p<0.01). However, by 9M post-depletion, the elastic modulus between DTR and WT tendons was not 

significantly different (p>0.05) (Fig. S1D). Moreover, the elastic modulus of 12M old WT tendons was decreased by 

18.26% (p<0.05) and 17.71% (p<0.05) compared to that at 6M and 9M old WT tendons (Fig. S1D), suggesting an age-

related decrease in tissue material quality. 
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Figure 2. ScxLin cells maintain FDL tendon homeostasis by regulating the synthesis of high turnover rate ECM proteins. (A) 
Volcano plot visualizing the significantly different protein abundances between DTR and WT groups at 3M post-depletion. (B) 
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Heatmap of differentially abundant proteins in the FDL DTR and WT tendons at 3M post-depletion. (C) Classification of all 
downregulated proteins between the DTR and WT FDL tendons at 3M post-depletion. (D) Functional enrichment analysis of cellular 
components and molecular functions of all downregulated proteins between the DTR and WT FDL tendons at 3M post-depletion. (E) 
Heatmap of all differentially abundant ECM-related proteins between the DTR and WT FDL tendons at 3M post-depletion. (F) 
Classification of all ECM-related downregulated proteins between the DTR and WT FDL tendons at 3M post-depletion. (G) Volcano 
plot visualizing the significantly different protein abundances between DTR and WT FDL tendons at 9M post-depletion. (H) Heatmap 
of differentially abundant proteins in the FDL DTR and WT tendons at 9M post-depletion. (I) Classification of all downregulated 
proteins between the DTR and WT FDL tendons at 9M post-depletion. (J) Functional enrichment analysis of all downregulated 
proteins between the DTR and WT FDL tendons at 9M post-depletion. (K) Heatmap of all differentially abundant ECM-related 
proteins between the DTR and WT FDL tendons at 9M post-depletion. (L) Classification of all ECM-related downregulated proteins 
between the DTR and WT FDL tendons at 9M post-depletion. 

 

Aged tendons exhibit impaired tissue homeostasis similar to young DTR tendons due to a decrease of 
high turnover rate ECM proteins 

 Due to the similarities in cell density and structure-function impairments with both DTR and aging, we then asked 

how the tendon proteome shifts with natural aging (from 6M to 12M of age), and whether aging and ScxLin cell depletion 

share common biological mechanisms. With natural aging, 16 proteins were significantly decreased, and 9 proteins were 

significantly increased in 12M old WT compared to 6M old WT (Figure 3A), and their relative abundance levels were 

similar among the different biological samples (Figure 3B). Classification of all downregulated proteins determined that 

28.6% were ECM proteins (Figure 3C) and functional enrichment analysis showed that molecular functions and cellular 

components related to ‘extracellular region’, ‘ECM’, ‘extracellular space’, and ‘proteinaceous ECM’ were significantly 

impaired (Figure 3D). 

Based on the consistent and sustained disruptions in ECM with natural aging, a total of 9 decreased ECM proteins 

were identified (Figure 3H), and classified as proteoglycans (22.2%), glycoproteins (22.2%), ECM regulators (33.3%), 

and collagens (22.2%) (Figure 3I). The majority of the above ECM molecules have a high turnover rate, similar to the 

findings for the 3M and 9M post-depletion timepoints (Figure 2F, L). Collectively, these data further support the 

hypothesis that ScxLin cell depletion in young tendons mimics impairments in ECM-related biological mechanisms that 

occur during natural aging. 
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Figure 3. Aged WT tendons exhibit impaired tissue homeostasis similar to young DTR tendons due to a decrease of high 
turnover rate ECM proteins. (A) Volcano plot visualizing the significantly different protein abundances in WT FDL tendons 
between 12M and 6M old. (B) Heatmap of differentially abundant proteins in WT FDL tendons between 12M and 6M old. (C) 
Classification of all downregulated proteins in WT FDL tendons between 12M and 6M old. (D) Functional enrichment analysis of 
molecular functions and cellular components from all downregulated proteins in WT FDL tendons between 12M and 6M old. (E) 
Heatmap of all differentially abundant ECM-related proteins in WT FDL tendons between 12M and 6M old. (F) Classification of all 
ECM-related downregulated proteins in WT FDL tendons between 12M and 6M old.  

 

Consistent ECM proteome shifts between depletion and aging identify potential ECM regulators of 
homeostasis 

 To further validate that DTR and aging induce consistent ECM-related changes, we directly compared the 

proteome profiles of aged (12M old) WT tendons to young (6M old) DTR (3M post-depletion). Interestingly, the 

proteomes of aged WT and young DTR tendons were nearly identical with 4 proteins significantly upregulated and 4 

significantly downregulated (Figure 4A, B). No significant differences were identified in any high turnover rate 

glycoproteins and proteoglycans (Figure 4B) and functional enrichment analysis of downregulated or upregulated 
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proteins did not show any significant changes in biological mechanisms between the aged WT and young DTR tendons, 

suggesting that depletion of ScxLin cells in young tendons recapitulates ECM-related impairments in biological 

mechanisms happening during natural aging. 

 To get a better understanding on whether downregulated proteins were associated with each other, we utilized 

String DB, and found that in DTR tendons, there are two separate groups of downregulated proteins. The first group 

contains CHAD, CLEC3A, ACAN, KERA, VCAN, THBS2, and THBS3. The other group contains COCH, NEFL, and 

VIT (Figure 4C). This suggests that two separate mechanisms of ECM-degradation likely take place upon ScxLin 

depletion.  

With aging, three separate groups of proteins were downregulated. The first group contains CHAD, ACAN, 

COL1A1, COL15A1, ACTA2, KERA and EGFR, the second group contains COCH and NEFL, and the third group 

contains SERPINA1A, SERPINA3M, SERPINA3K, and MUG1 (Figure 4D). Interestingly, proteins CHAD, ACAN, and 

KERA were also in the first group, while COCH and NEFL were in the second protein group in the DTR tendons (Figure 

4C, D), suggesting that very similar mechanisms of ECM degeneration take place both in DTR and aged tendons. Finally, 

no protein groups were identified in the downregulated proteins between the 12M old WT vs the 6M old DTR tendons 

(Figure 4E) further suggesting that with depletion and aging, similar mechanisms of ECM degeneration take place. 

  Based on these analyses, we identified 4 ECM molecules (COCH, CHAD, KERA, and ACAN) that were 

consistently downregulated with both natural aging and ScxLin cell depletion (Figure 4F). Classification of the above 

proteins showed that 75% are proteoglycans and 25% are glycoproteins (Figure 4G). Moreover, STRING analysis further 

supported two independent mechanisms of ECM degeneration that occur during both natural aging and with ScxLin 

depletion, where one process involves decreased expression of CHAD, ACAN, and KERA, while the second is related to 

decreased COCH expression (Figure 4H). 
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Figure 4. Young DTR FDL tendons exhibit almost identical composition with aged WT FDL tendons and recapitulate similar 
matrix-related mechanisms of tissue degeneration found during natural aging. (A) Volcano plot visualizing the significantly 
different protein abundances between 12M old WT and 6M old DTR FDL tendons. (B)Heatmap of differentially abundant proteins 
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between 12M old WT and 6M old DTR FDL tendons. Protein-protein interactions of all downregulated proteins between the DTR and 
WT FDL tendons at 6M old (C), the WT FDL tendons at 12M and 6M old (D), and between the 12M old WT and 6M old DTR FDL 
tendons (E). (F) Heatmap of ECM proteins in FDL tendons that were differentially abundant between 6M old WT and 12M old WT, 
6M old WT and 6M old DTR, and not differentially abundant between 12M old WT and 6M old DTR groups. (G) Classification of 
ECM proteins from (F). (H) Protein-protein interactions of ECM proteins from (F). 

 

scRNAseq demonstrates similar loss and different retention of tenocyte subpopulations with depletion 
and aging 

  Given that ScxLin cell depletion in young animals induced similar progressive changes in cell density, ECM 

structure-function, and composition compared to aged WT tendons, we next asked whether the composition of the tendon 

cellular landscape was conserved in the context of ScxLin depletion and natural aging, and if there were differences in 

intrinsic programs between the remaining cell populations in these models. Therefore, we performed scRNA-seq in young 

6M old WT and DTR tendons (3M post-DT) and 21M old WT (C57BL/6J) tendons. 21M old WT tendons were used as 

the ‘aged’ group as we have previously established that by this age there are age-related impairments in tissue 

homeostasis and tendon healing response (29). 

By integrating all the data and using unsupervised clustering and Uniform Manifold Approximation and 

Projection (UMAP) analysis via Seurat R package (41), we identified 16 cell types with distinct transcriptomic signatures 

in the integrated dataset (Figure 5A; Fig. S2). We annotated three types of tendon fibroblasts (tenocytes) subpopulations 

(tenocytes 1-3), four epitenon cell populations (epitenon cells 1-4), endothelial, nerve, muscle, pericytes, two red blood 

cell populations, macrophages, neutrophils, and T-cells (Figure 5A; Fig. S2). Tenocytes sub-clusters were annotated as 

such due to the expression of multiple tendon markers (Scx, Col1a1, Col1a2, Comp, Tnmd, Dcn, Thbs4, Fmod) (Figure 

5A; Fig. S2, 3). Annotation of epitenon cell clusters is based on additional work from our laboratory that will be 

published in a separate report (Fig. S2).  

Considering that ScxLin cells are tissue-resident fibroblasts (tenocytes) and that we directly deplete those cells, our 

primary analysis focused on the impact of depletion and aging on tenocytes specifically. Therefore, we utilized the 

integrated data from Figure 5A, and re-clustered only the tenocyte subpopulations, resulting in five distinct 

subpopulations (Figure 5B), and examined the distribution of these subsets among the different biological samples (6M 

WT, 6M DTR, 21M WT) (Figure 5C). As expected, the proportion of tenocytes captured was decreased in both 6M DTR 

and 21M WT groups by 47.22% and 61.5% compared to 6M WT, respectively (Figure 5D). 
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Next, we found that with both depletion and aging there were significant shifts in the proportion of the five 

different tenocyte subpopulations. Three populations (tenocytes 1, 2, and 3) were consistently lost with aging and 

depletion, while different subpopulations were retained in DTR (tenocyte 5) versus aged WT tendons (tenocytes 4) 

(Figure 5E). Tenocytes 1 comprised 37.53% of the total tenocytes in the young WT group, and this population was 

decreased by 55.99% with depletion (16.51% of total tenocytes being tenocytes 1 in DTR samples), and 88.27% with 

aging (4.4% of total tenocytes being tenocytes 1 in 21M WT samples). Tenocytes 2 comprised 32.2% of the total 

tenocytes in the young WT group, and this population decreased by 72.97% with depletion (4.82% of total tenocytes 

being tenocytes 2 in DTR) and 61.5% with aging (9.12% of total tenocytes being tenocytes 2 in 21M WT). Finally, 

tenocytes 3 comprised 19.25% of the total tenocytes in the young WT group, and this population decreased by 5.45% with 

depletion (17.2% of total tenocytes being tenocytes 3 in DTR samples) and 9.39% with aging (15.72% of total tenocytes 

being tenocytes 3 in 21M WT samples) (Figure 5F). In contrast, tenocytes 5 and 4 were disproportionately retained 

between depleted and aged groups. Tenocytes 5 were the predominant tenocyte subpopulation in the DTR tendons and 

comprised 59.63% of the total tenocytes in the DTR group. In contrast, it comprised only 2.9% in the young WT and 

2.52% in the aged tendons. Tenocytes 4 was the predominant subpopulation in the aged WT tendons, comprising 68.24% 

of the total tenocytes. In contrast, tenocytes 4 comprised 8.11% and 1.83% of the total tenocytes in young WT and young 

DTR tendons, respectively (Figure 5F).  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 21, 2022. ; https://doi.org/10.1101/2022.01.20.477119doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.20.477119


   

Figure 5. scRNAseq demonstrates both similar and divergent shifts in tenocyte subpopulations composition during depletion 
and natural aging. (A) UMAP dimensionality reduction revealed 16 distinct cell populations on clustering based on unbiased 
differential gene expression of the integrated dataset. (B) Re-clustering of the tenocyte subpopulations from (A) revealed 5 distinct 
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tenocyte subpopulations based on unbiased differential gene expression of the integrated dataset. (C) UMAP plot of tenocytes 
subpopulations in the integrated data colored based on respective group (black: WT 21M old sample, blue: DTR 6M old sample, red: 
WT 6M old sample). (D) Quantification of the total number of tenocytes found in each group (WT, DTR, 21M WT) (E) UMAP plots 
showing the amount of each tenocyte subpopulation based on the respective group (WT, DTR, 21M old WT (aged)). (F) 
Quantification of cell density for each tenocyte subpopulation normalized by the total number of tenocytes for each respective group 

 

“Specialized structural ECM synthesizers” are lost in DTR and aging, “ECM remodelers” are retained in 
DTR and “pro-inflammatory and defense responsive” tenocytes are retained in aged WT tendons  

To decipher the functions of the different tenocyte subpopulations, we investigated their transcriptomic 

differences by identifying the top 15 differentially expressed genes for each tenocyte cluster (Figure 6A), by comparing 

the average gene expression levels in a given tenocyte cluster to the remaining four clusters, and by performing functional 

enrichment analyses based on the DEGs for each cluster (Figure 6A, B). Tenocytes 1 express a significant number of 

genes that give rise to ECM proteins such as Col1a1, Col1a2, Fbln1, Fibin, Fmod, Thbs4, Chad, and Coch, suggesting 

that this cell cluster is responsible for the synthesis of many tendon ECM proteins (Figure 6C, Supplemental Table 1). 

Indeed, when we performed functional enrichment analysis of all the significantly upregulated genes, we found that 

tenocytes 1 cluster is characterized as a subpopulation responsible for biological processes such as macromolecule 

biosynthetic and metabolic process, peptide biosynthetic and metabolic process, ECM and extracellular structure 

organization, biosynthetic process, and anatomical structure development (Figure 6C). Based on the DEG and functional 

enrichment analysis, we further defined tenocytes 1 cluster as a “Specialized structural ECM synthesizer” subpopulation 

(Figure 6C; Fig. S3, S4A-C, Supplemental Table 1). 

 Tenocytes 2 express a significant number of genes related to inflammatory and defense response such as Csf1, 

Ccl2, Ccl7, Cxcl14, and Nfkb1, as well as genes that give rise to ECM proteins such as Col1a2, Fn1, Thbs2, Coch, and 

Chad (Figure 6A, Supplemental Table 1). Based on functional enrichment analysis, tenocytes 2 cluster is characterized as 

a subpopulation that is inflammatory (inflammatory and immune response), responsible for defense response and wound 

healing (wound healing, response to wounding, and defense response), and able to synthesize ECM proteins 

(macromolecule biosynthetic and metabolic process, peptide biosynthetic process) (Figure 6B). Based on the DEG and 

functional enrichment analysis, we further annotated tenocytes 2 cluster as a “pro-inflammatory and structural ECM 

synthesizer” subpopulation (Figure 6C; Fig. S3, S4A-C, Supplemental Table 1). 

 Tenocytes 3 express genes responsible for synthesis of proteins that remodel the ECM such as Serpine2, Ecm1, 

Clec3b, Col3a1, and Col5a1 (Figure 6A, Supplemental Table 1). Based on functional enrichment analysis, tenocytes 3 

cluster is characterized as a subpopulation responsible for structural ECM organization and remodeling (tissue 
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remodeling, ECM, and extracellular fibril organization), and for healing response (wound healing, response to wounding) 

(Figure 6B). Based on the DEG and functional enrichment analysis, we further annotated tenocytes 3 cluster as an “ECM 

organizer and remodeler” subpopulation (Figure 6C; Fig. S3, S4A, D, E, Supplemental Table 1). 

Tenocytes 5 express genes responsible for ECM organization and remodeling in both homeostasis and injury, 

such as Mmp2, Col3a1, Edil3, Col4a2, and Mfap5 (Figure 6A, Supplemental Table 1). These findings were further 

validated when we performed functional enrichment analysis in all DEGs upregulated in tenocytes 5 compared to the rest 

tenocytes subpopulations. In specific, tenocytes 5 cluster was shown to be responsible for biological processes related to 

response to wounding, ECM organization, extracellular structure organization, extracellular fibril organization and 

tissue remodeling (Figure 6B). Based on the above data, we further annotated tenocytes 5 cluster as an “ECM organizer 

and remodeler”. (Figure 6C; Fig. S3, S4A, D, E, Supplemental Table 1). 

 Finally, tenocytes 4 express a significant number of genes related to inflammatory and immune responses such as 

IL6, Cxcl1, Icam1, Ccl2, Ccl7, and Cxcl12. Functional enrichment analysis of upregulated DEGs found that tenocytes 4 

are responsible a plethora of inflammatory and immune-related processes (regulation of IL12 production, IL6 production, 

innate immune response, defense response, and inflammatory response) (Figure 6B). Based on all the above data, we 

further annotated tenocytes 4 as a “pro-inflammatory and defense responsive” subcluster (Figure 6C; Fig. S3, S4A-C, 

Supplemental Table 1).  

 We found that in both 6M DTR and 21M WT aged tendons, there was a decrease in the “specialized structural 

ECM synthesizer” (tenocytes 1), the “pro-inflammatory and structural ECM synthesizer” (tenocytes 2), and the “ECM 

organizer and remodeler” (tenocytes 3) populations, corroborating our proteomics data of similar compositional shifts, 

since there is a similar loss of cells that typically would maintain the synthesis of high turnover rate ECM proteins. 

Moreover, only the “ECM organizer and remodeler” (tenocytes 5) were retained in the 6M DTR tendons and the “pro-

inflammatory and defense responsive” (tenocytes 4) were retained in the 21M WT aged tendons (Figure 6D, E), 

suggesting that DTR tendons may respond better to injury due to the presence of a specialized remodeling tenocyte 

population, in contrast to aged WT tendons that exhibit impaired healing, perhaps due to an exuberant inflammatory 

response and minimal reorganization/remodeling capacity. Interestingly, scRNAseq analysis of only the young (6M old) 

WT resulted in three tenocyte subclusters (Fig. S3), while in the integrated data, there were five tenocyte subpopulations. 

Based on DEG analysis and proximity in UMAP graphs, it is possible that there are programmatic shifts of tenocytes 2 to 

tenocytes 4 (Fig. S5) and tenocytes 3 to tenocytes 5 (Fig. S6). 
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 Finally, considering the four newly identified ECM molecules (COCH, CHAD, KERA, and ACAN core) that 

were consistently decreased in both DTR, and aged tendons based on unbiased proteomic analysis (Figure 4F), we asked 

which specific tenocyte subclusters were actively expressing the genes responsible for the production of these proteins. 

ScRNA-seq analysis demonstrated that all five tenocyte clusters actively expressing Coch and Chad (Fig. S7). In 

tenocytes 1, 2, and 3, expression of both Coch and Chad was decreased in DTR and 21M aged WT tendons compared to 

young WT. Tenocytes 5 and 4 showed higher expression of Coch and Chad in young DTR and 21M WT tendons, 

respectively. In terms of Acan, in tenocytes 1 and 2, only young WT tendons were expressing Acan (less than 2 % of the 

cluster). In tenocytes 5, only the young DTR tendons expressed Acan (less than 4% of the cluster. No expression was 

found at tenocytes 4 and less than 2% expression in tenocytes 3 (Fig. S7A-H). In terms of Kera expression, tenocytes 1 

and 2 showed a decrease in DTR and aged WT compared to young WT. In tenocytes 5, Kera expression was retained in 

DTR tendons (~6% of the cluster), while in tenocytes 4, it was retained in 21M old WT. Finally, there was almost no Kera 

expression in tenocytes 3 (Fig. S7A-H). Together, these data suggest that loss of COCH, CHAD, KERA, and ACAN in 

DTR and aged WT tendons is primarily due to the death of cells that express the above molecules in the transcript level. 
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Figure 6. A loss of structural ECM synthesizers is identified in both young DTR and aged WT tendons, while ECM 
organizers/remodelers and pro-inflammatory/defense responsive tenocyte subclusters are disproportionately retained in DTR 
and aged WT tendons. (A) Top 20 differentially expressed genes between tenocytes 1 to 5 subclusters visualized by heatmap. (B) 
Functional enrichment analysis of biological processes upregulated in each tenocyte subpopulation.) (C) UMAP of all 5 tenocyte 
subpopulations annotated based on their top DEGs and the biological processes they follow. (D) UMAP of all three tenocyte clusters 
(tenocytes 1, 2, and 3) that were found to decrease both in DTR and aged tendons. (E) UMAP of the two tenocyte clusters (tenocytes 5 
and 4) that were found to be disproportionately retained in aged and DTR tendons, respectively. 

 

Young DTR tendons heal with improved biomechanics compared to young WT tendons  

 Based on the increased retention of “ECM organizers and remodelers” in young DTR and the significant number 

of “pro-inflammatory, immune responsive” in young WT tendons, we hypothesized that 6M DTR tendons would heal 

with improved structural and material properties compared to 6M WT tendons. To test this hypothesis, we performed total 

transection and repair surgery in WT and DTR tendons (3M post-depletion) and harvested them at D14 post-surgery for 

biomechanical testing (Figure 7A). As hypothesized, DTR tendons healed with improved structural and material 

biomechanical properties compared to WT tendons (Figure 7C-E). Specifically, while there were no significant 

differences in CSA between the DTR and WT tendons (Figure 7C), both stiffness and elastic modulus in DTR tendons 

were significantly higher compared to WT littermates (Figure7D, E). In terms of stiffness, DTR tendons demonstrated a 

114.6% (p<0.01) increase compared to WT tendons (Figure 7D). Finally, DTR tendons demonstrated a 108.45% (p<0.05) 

improvement in elastic modulus compared to WT tendons (Figure 7E). Collectively, these data suggest that in DTR 

tendons, the “ECM organizers and remodelers” tenocyte subpopulations (clusters 3 and 5; 77% of the total tenocytes) 

played a significant role in organization and remodeling of the injured tendon area, translating in improved structural and 

material properties, compared to WT tendons where the lack of the above cells (less than 20% of the total tenocytes) in 

combination with the presence of pro-inflammatory tenocytes result in the formation of an unorganized and mechanically 

weak scar tissue with a prolonged inflammatory response, and thus in impaired healing quality. 

Consistent with these data, we have previously shown that DTR tendons demonstrated improved healing 

compared to WT littermate controls (30); however, in that study, the injury was induced 10 days after depletion. 

Therefore, it was important to determine whether longer-term depletion of ScxLin resulted in the same functional 

improvements, which was the case here (Figure 7C-E). Given these consistent improvements in healing following ScxLin 

depletion, we utilized bulk RNAseq data analysis from this previous study (30) to determine if there was an enrichment in 

genes associated with the tenocytes 5 “ECM organizers and remodelers” cluster, since this is the predominant cluster that 

is retained in DTR tendons. Indeed, we identified ten genes (Fbln7, Aspn, Mfap2, Col3a1, Thbs4, Ogn, Mfap5, Lama4, 
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Thbs1, and Lum) associated with tissue remodeling and specific to tenocytes 5, that were highly and significantly 

expressed in D28 DTR tendons relative to WT repairs (30) (Figure 7F-H).  

 

Figure 7. Young DTR tendons heal with improved structural and material properties than young WT tendons. (A) Young adult 
mice at 3M old received hindpaw injections of DT for 5 consecutive days, underwent FDL tendon surgery repair 3 months after the 
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final DT injection, and were harvested at 14 days post-surgery. (B) Upper middle-aged C57BL/6J mice at 15M old underwent FDL 
tendon surgery repair and were harvested at 14 days post-surgery. CSA (C), stiffness (D), and elastic modulus (E) of 3M post-
depletion (6M old) WT, DTRFDL tendons at 14 days post-surgery. (F) Genes associated with tissue remodeling that were found to be 
significantly expressed both in tenocytes 3 subpopulation on young DTR tendons in this study as well as in D28 post-surgery DTR 
tendons that were healed regeneratively from Best and Korcari, eLife 2021. N=5-11 per genotype. One-way ANOVA followed by 
Tukey’s post-hoc analysis was used to compare CSA, stiffness, and elastic modulus between the 3M post-depletion (6M old) WT, 
DTR, and 15M old WT C57BL/6J FDL tendon groups. (G) UMAP graph of the annotated five tenocyte subclusters in the 6M WT and 
DTR tendons and UMAP graph of the expression levels of Fbln7, Mfap2, and Aspn that were significantly upregulated in tenocyte 5 
subcluster as well as in D28 post-surgery DTR tendons that were healed regeneratively from (30). 

 

 

Figure 8. Schematic highlighting key findings and proposed models for divergent healing responses in young depleted vs aged 
tendons. Both young DTR and aged WT tendons have similar decreases in tissue structure, organization, material quality, and total 
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cell density. They also follow the same mechanism of ECM degeneration via a substantial decrease in the number of proteoglycans 
and glycoproteins with high turnover rate. However, in terms of cell composition shifts with depletion and natural aging, young DTR 
tendons are comprised mainly of tenocyte subpopulations that are specialized in tissue remodeling. What is more, young DTR have 
little to no inflammatory/reactive tenocytes. In contrast, old WT tendons are comprised predominantly of inflammatory tenocyte 
subpopulations and have little to no tissue remodeling tenocytes. We speculate that these significantly different cellular compositions 
are some of the main causes resulting in divergent healing responses, with young DTR tendons showing improved healing while old 
WT tendons exhibiting impaired healing response. 

 

Discussion 

In this study, we showed that long-term depletion of ScxLin cells disrupts tendon homeostasis and recapitulates 

many age-related disruptions of tendon homeostasis including decreased cell density, deficits in ECM organization, 

alterations in ECM composition, and mechanical impairments. Proteomic analysis demonstrated that the ECM 

composition between young DTR and aged WT tendons was very similar suggesting that depletion of ScxLin cells mimics 

ECM-related mechanisms of tissue impairment happening during natural aging. Moreover, scRNA-seq analysis 

demonstrated a conserved loss of “structural ECM synthesizers” tenocytes subclusters in both DTR and aging, consistent 

with impairments in synthesis of high turnover rate ECM proteins and loss of tendon homeostasis. Intriguingly, we found 

that young DTR tendons almost exclusively retained the “ECM organizer and remodeler” tenocyte population, while both 

young WT and aged  C57BL/6J tendons maintained a substantial population of “pro-inflammatory and defense 

responsive” tenocytes. Collectively, these data identify a population-based mechanism of the divergent healing outcomes 

that are observed between young WT and DTR tendons, and between young and aged C57BL/6J tendons (29). More 

specifically, these data suggest that enhanced tissue remodeling may underly the improved healing observed with ScxLin 

cell depletion, while age-related impairments in healing are due to a combination of the loss of the “ECM 

organizer/remodeler” population and retention of the “pro-inflammatory” tenocyte population.   

While we have previously shown that this ScxLin depletion strategy results in an initial ~60% decrease in tendon 

cell density (30), it was unknown whether this was a sustained or transient depletion event that eventually results in re-

population of the tendon via compensation by non-depleted populations. Indeed, this model results in sustained cell 

depletion, thus allowing assessment of the long-term impact of ScxLin cell deficiency. It is important to note that this model 

likely depletes any “progenitor” cell populations due to the use of non-inducible Scx-Cre, further inhibiting any potential 

cellular rebounding post-depletion. Moreover, we observed that ScxLin cell depletion resulted in almost identical cellular 

density with older (12M old) and geriatric (31M old) tendons, indicating that with depletion, there is an acceleration of the 

natural age-related tendon cell death. These findings are consistent with previous studies that demonstrate consistent age-

related declines in tendon cell density that are conserved across anatomically distinct tendons and different animal models 
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(42-44). In addition to mimicking age-related declines in cell density, ScxLin cell depletion also recapitulated age-related 

impairments in tendon ECM structure, organization, and composition. While age-related declines in tendon ECM 

structure and organization have been found across tendons (e.g., Achilles, flexor, patellar, and supraspinatus) and animal 

models (e.g., mouse and rabbit) (17, 19, 25, 42, 45), the compositional shifts that underpin these structural changes are 

less well-defined. Our findings demonstrate that ScxLin cells are required to directly regulate the synthesis and maintenance 

of multiple high turnover rate glycoproteins (GPs) and proteoglycans (PGs), which are crucial to maintain tendon 

structure-function, since their decrease results in significantly impaired collagen fibril organization and biomechanical 

properties. In agreement with our findings, previous studies have shown, via genetic knock out models, that high turnover 

rate GPs and PGs are required to maintain tissue homeostasis during adulthood in tissues such as tendons as well as bone, 

cartilage, and skin (46-59). However, these studies have been descriptive in terms of understanding the role of a specific 

ECM molecule in tissue homeostasis. In contrast, for the first time, we show that the “master-regulator” of multiple ECM-

related proteins during tendon homeostasis are the ScxLin cells. Another important finding is the recapitulation of age-

related compositional changes in young DTR tendons. Similar to this, other studies have found that aged tendons 

demonstrated a decrease in abundance levels of ECM-related proteins (18, 19, 21, 22, 40, 42, 45, 60-63); however, in this 

study, we provide the specific underlying molecular mechanisms that are lost with tendon aging. More specifically, based 

on our proteomic analysis, we identified four novel ECM molecules (COCH, CHAD, KERA, and ACAN) that exhibited 

conserved downregulation following ScxLin cell depletion and aging, suggesting that they may be key regulators of tissue 

homeostasis during adulthood. 

Based on our scRNAseq results, we identified five distinct tenocytes subpopulations, and by combining the DEGs 

and GO analyses, we annotated them as “specialized structural ECM synthesizers”, “pro-inflammatory and structural 

ECM synthesizers”, “ECM organizers and remodelers 1”, “Pro-inflammatory and defense responsive”, and “ECM 

organizers and remodelers 2”. Interestingly, our data suggest a potential programmatic shift of tenocytes 3 and 5 with 

depletion as well as tenocytes 2 and 4 with natural aging. In specific, relative DEG analysis between tenocytes 3 and 5 

showed that tenocytes 3 (retained in WT) are more specialized to the remodeling and biosynthesis of different PGs and 

GPs. In contrast, tenocytes 5 (retained in DTR) have become much more specialized in the remodeling and organization 

of the ECM and are not as biosynthetic as tenocytes 3. Based on these data, it seems that with depletion, the “ECM 

organizers and remodelers 1” tenocytes 3 shift their roles from synthesizing multiple GPs and PGs to becoming more 

active in the organization and remodeling of the current matrix they are in. Another potential programmatic shift seems to 
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take place between tenocytes 2 and 4. Tenocytes 2 (retained in young WT) seem to be responsible for the biosynthesis of 

ECM proteins, while tenocytes 4 (retained in old WT) are more inflammatory and less biosynthetic compared to tenocytes 

2. It seems that with natural aging, the “pro-inflammatory and structural ECM synthesizers” tenocytes 2, become more 

inflammatory and less biosynthetic. In agreement with our findings, recent studies have also demonstrated tissue-resident 

fibroblast heterogeneity in tendons (2, 4, 64, 65). Kendal et al., performed scRNAseq analysis in human tendons and 

found two tenocyte subclusters that express pro-inflammatory markers such Cxcl1, 6, and 8 and Ccl2 (4). Lehner et al., 

also demonstrated the existence of resident tenocytes expressing pro-inflammatory markers Cx3Cl1/Cx3cr1 in healthy 

tendons from both mouse and human (66). These studies further support our findings of tenocytes 2 and 4 being 

characterized by pro-inflammatory genetic signatures. Moreover, scRNAseq analysis of fibroblast heterogeneity in 

healthy human skin demonstrated that two of the four fibroblast subclusters had specific functional roles related to 

collagen and ECM organization, highlighting their potential roles for tissue organization and remodeling after injury (67).   

The loss of “structural ECM synthesizers” tenocytes in both young depleted and aged WT tendons support the 

similarities we noticed earlier in impairments of structure-function and ECM-related biological mechanisms with both 

depletion and natural aging. In specific, these data further supports that the “structural ECM synthesizers” are the key 

player cell populations required for producing multiple ECM proteins that are crucial for maintenance of tendon 

homeostasis, Surprisingly, young DTR tendons were predominantly comprised of “ECM organizers and remodelers” 

suggesting their potential superior remodeling ability during tendon injury. Consistent with this, both short (10 days)(1) 

and long-term (3M) depletion of ScxLin cells prior to injury results in improved biomechanical properties relative to WT 

littermates, and demonstrated significantly elevated expression of genes associated with the “ECM organizers and 

remodelers” tenocyte population, and suggesting these cells as a critical driver of enhanced tendon healing.   

Here, we identified that aged WT tendons were comprised of almost no “ECM organizers and remodelers” and a 

significant number of “pro-inflammatory” tenocytes, suggesting that these alterations in composition of the tenocyte 

environment may be a crucial factor driving the insufficient healing response in aged tendon. We have previously 

challenged aged FDL tendons with a full transection and repair surgery and found that 22M old C57BL/6J tendons do 

indeed heal with impaired biomechanical properties compared to young (4.5M) old C57BL/6J counterparts (29). In 

support of our scRNAseq findings, others have previously shown the existence of a chronic and progressive tissue 

intrinsic pro-inflammatory phenotype, also termed “inflammaging” (68), as well as a conserved decrease in ECM 

components across multiple tissues and animal models (67, 69-71). More specifically, in aged skin, multiple dermal 
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fibroblast subpopulations exhibit a significant decrease in ECM gene expression in conjunction with an increase in 

expression of inflammatory and immune-related genes, collectively suggesting shifts in the tissue-resident fibroblast 

environment as a key feature of tissue aging (67, 71). Our findings here demonstrate, for the first time, that a combination 

of decreased expression of ECM genes and an increased pro-inflammatory environment, also happens in tendons, and 

play a major role in the loss of structure-function and composition.  

 Finally, we showed that DTR tendons heal with superior structural and material properties compared to their WT 

littermates. Given that our scRNAseq results indicate DTR tendons to be comprised almost exclusively of “ECM 

organizer and remodeler” tenocytes 3, we believe that this newly identified cell population is responsible for the better 

organization of the newly formed ECM in the healing tendon, which then translates in a stronger healed tissue. Indeed, we 

identified multiple tenocytes 5 specific-ECM  genes (Fbn7, Aspn, Mfap2, Col3a1, Thbs4, Ogn, Mfap5, Lama4, Thbs1, and 

Lum) to be highly expressed in the bulk RNA-seq dataset of D28 post-surgery DTR tendons, previously shown to 

demonstrate a regenerative healing phenotype relative to WT littermates (30).  

 One limitation of the study is that the Scx-Cre; DTR F/+ targets all ScxLin cells, and the ScxLin is known to 

contribute to tissues in addition to tendon (e.g. bones and muscle) (72, 73). However, our initial plans to deplete ScxLin 

cells by utilizing the inducible Scx-CreERT2 crossed to the diphtheria toxin A-subunit gene (DTA) mouse model, resulted in 

insufficient cell depletion. A second limitation is that we have only assessed healing in WT and DTR at D14, however, we 

have previously shown that ScxLin depletion immediately (10 days) prior to injury improves healing at D28 (30). Finally, 

although we suggest that young DTR and aged WT tendons would exhibit divergent healing outcomes because of the 

different tenocyte sub-populations retained in each group, we have not examined these populations in healing tendon, and 

it is not yet clear how the overall cell environment shifts in these different contexts during the healing process, which will 

be the focus of future studies.  

 In this study, we demonstrated that during adulthood, multiple subpopulations of ScxLin cells are required for the 

direct synthesis and maintenance of homeostatic levels in multiple known and newly identified ECM-related proteins, 

crucial for tendon homeostasis. Second, by depleting ScxLin cells, we mimic the same cellular decline of two “structural 

ECM-synthesizers” subpopulations of ScxLin cells happening during natural tendon aging, and thus resulting in similar 

declines of tendon tissue (structure-function and composition) between young DTR and old WT tendons. Based on these 

findings, we have established a novel model of accelerated ECM aging via depletion of ScxLin cells. This study is the first 

to discover that with natural tendon aging, there is a decline in the amount of high turnover rate GPs and PGs, crucial for 
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maintenance of tendon homeostasis. We also showed that these GPs and PGs are decreased due to the age-related death of 

tenocytes subclusters that normally produce the above GPs and PGs. Through scRNAseq, we have demonstrated that 

resident-tissue tendon fibroblasts (tenocytes) have three major and distinct cellular programs, structural ECM synthesis, 

ECM remodeling and organization, and pro-inflammatory and immune responsiveness. We showed that although both 

young DTR and aged WT tendons lose the “structural ECM synthesizers” tenocytes, the tenocytes subclusters that are 

retained between them are programmatically different. Aged WT tendons are composed primarily of “pro-inflammatory” 

and few “remodelers” tenocytes, which can explain the increased susceptibility of aged tendons to both tendon 

pathologies and tendon injuries. Finally, we identified a novel cellular subpopulation annotated (“ECM organizer and 

remodeler”, tenocytes 5) with specialized functions in tissue organization and remodeling, which potentially plays 

significant remodeling roles after injury. These findings motivate and guide future studies focused on therapeutically 

modulating the tendon cell environment to maintain tendon health during aging and to promote regenerative tendon 

healing through the lifespan.  
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Supplemental figure 1. Depletion of ScxLin cells significantly impairs tendon structural and material properties. Timeline of DT 
injections and tissue harvesting (A). Quantification of CSA (B), stiffness (C), and elastic modulus (D) of WT and DTR tendons at 3, 
6, and 9 months post-depletion. CSA, stiffness, and elastic modulus between genotype (WT or DTR) and timepoint (3M, 6M, or 9M). 
N=3-5 per genotype. Two-way ANOVA with Sidak’s multiple comparisons test used to assess statistical significance of CSA, 
stiffness, and elastic modulus, * indicates p<0.05; ** indicates p<0.01; *** indicates p<0.001; **** indicates p<0.0001.  
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Supplemental figure 2. Annotation of scRNAseq-based identified cell clusters in the integrated data. Heatmap of top 15 DEGs 
for each cluster (A). Dot plot with the top 5 DEGs per cluster (B). (C) UMAP with all different clusters annotated based on (A, B). 
(D) Feature plot of the epitenon marker Ccn3 being expressed by the epitenon sub-clusters. 
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Supplemental figure 3. Annotation of scRNAseq-based identified cell clusters in only young WT tendons. (A) UMAP of the 
three tenocyte subpopulations from the young WT group. (B) Feature Plot of different tendon-related markers in the three tenocyte 
subpopulations. (C) Heatmap of top 25 DEGs for each cluster. (D) Dot plot with the top 10 DEGs per cluster. 
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Supplemental figure 4. Visualization of inflammatory-based and remodeling-based markers in tenocytes 2, 4 and 3, 5, 
respectively. Annotated tenocytes subpopulations (A). UMAP visualization of inflammatory-based tenocytes 2 and 4 (B). 
Inflammatory-based markers (Ccl7, Tnfaip6, Ccl2, Il6) highly expressed in tenocytes 2, 4 (C). UMAP visualization of tissue 
organization and remodeling tenocytes 3 and 5 (D). Tissue organization and remodeling specific markers (Mmp2, Edil3, Clec3b, 
Serpine2) highly expressed in tenocytes 3 and 5 (E). 
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Supplemental figure 5. Tenocytes 2 are more biosynthetic and less inflammatory than tenocytes 4. (A) UMAP visualization of 
inflammatory-based tenocytes 2 and 4. (B) Volcano plot of the DEGs between ten.2 and ten. 4. (C) BPs enriched in ten.2 based on 
DEGs upregulated in ten. 2 relative to ten. 4. (D) BPs enriched in ten. 4 based on DEGs upregulated in ten. 4 relative to ten. 2. 
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Supplemental figure 6. Tenocytes 5 are organizational specific while tenocytes 3 are biosynthetic specific. (A) UMAP 
visualization of inflammatory-based tenocytes 5 and 3. (B) Volcano plot of the DEGs between ten. 5 and ten. 3. (C) BPs enriched in 
ten.5 based on DEGs upregulated in ten. 5 relative to ten. 3. (D) BPs enriched in ten. 3 based on DEGs upregulated in ten. 3 relative to 
ten. 5. 
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Supplemental figure 7. Potential regulators of ECM homeostasis are decreased in depleted and aged tendons in terms of 
tenocyte number positive for those and expression levels. (A) UMAP showing cells that are Coch+ WT, DTR, and 21M WT 
groups. (B) Quantification of Coch+ cell density for each tenocyte subpopulation normalized by the total number of tenocytes for each 
respective group. (C) UMAP showing cells that are Chad+ WT, DTR, and 21M WT groups. (D) Quantification of Chad+ cell density 
for each tenocyte subpopulation normalized by the total number of tenocytes for each respective group. (E) UMAP showing cells that 
are Acan+ in WT, DTR, and 21M WT groups. (F) Quantification of Acan+ cell density for each tenocyte subpopulation normalized by 
the total number of tenocytes for each respective group. (G) UMAP showing cells that are Kera+ in WT, DTR, and 21M WT groups. 
(H) Quantification of Kera+ cell density for each tenocyte subpopulation normalized by the total number of tenocytes for each 
respective group.  
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