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eLife Assessment

This study presents a valuable finding of novel markers that may potentially identify
resident tendon stem/progenitor cells (TSPCs). The study also presents a
comprehensive single-cell transcriptional dataset that will be of value to the field. The
evidence supporting the identification of novel markers of a TSPC is incomplete,
requiring clarification of current analyses and additional validation experiments to
demonstrate that these markers are indeed specific and these cells are indeed TSPCs.
This work will be of interest to biologists and engineers focused on tendons and
ligaments.

https://doi.org/10.7554/eLife.104768.2.sa3

Abstract

Tendons and ligaments are crucial connective tissues linking bones and muscles, yet
achieving full functional recovery after injury remains challenging. We investigated the
characteristics of tendon stem/progenitor cells (TSPCs) by focusing on the declining tendon
repair capacity with growth. Using single-cell RNA sequencing on Achilles tendon cells from
2-and 6-week-old mice, we identified Cd55 and Cd248 as novel surface antigen markers for
TSPCs. Combining single-cell RNA sequencing with single-nucleus RNA and ATAC sequencing
analyses revealed that Cd55 and Cd248 positive fractions in tendon tissue represent TSPCs, as
confirmed by their expression of established TSPC markers, with this population decreasing
at 6 weeks. We also identified candidate upstream transcription factors regulating these
fractions. Functional analyses of isolated CD55/CD248 positive cells demonstrated high
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clonogenic potential and tendon differentiation capacity, forming functional tendon-like
tissue in vitro. This study establishes CD55 and CD248 as novel TSPC surface antigens,
potentially advancing tendon regenerative medicine and contributing to the development of
new treatment strategies for tendon and ligament injuries.

Introduction

Tendons are connective tissues involved in the contractile movement of muscle to bone. Tendons
are rich in extracellular matrix components, such as type 1 collagen and proteoglycans, which
both have elastic and viscous properties to withstand overload (Andarawis-Puri et al., 2015 ;
Asahara et al., 2017 ; Connizzo et al., 2013 ).

Tendons have a hierarchical structure. Collagen fibrils aggregate to form fibers, which then
bundle into fascicles. Each fascicle is surrounded by a thin connective tissue layer called the
endotenon. Fascicles are further enclosed by the epitenon, and in some cases, an additional outer
layer called the paratenon. The number of fascicles and the presence of a paratenon can vary
among different tendons and species (Jozsa et al., 1991 (2; Walia et al., 20192).

Tendon and ligament injuries potentially account for the majority of musculoskeletal disorders
and can lead to arthritis and spondylitis. (Gracey et al., 2020 (7). The most popular treatment
approaches are surgery and conservation (Steinmann et al., 2020 ). However, full functional

20142; Thomopoulos S et al., 2015). Furthermore, the risk of postoperative rupture is high
(Leong et al., 2020 Z; Loiacono et al., 2019). In this context, tendon regeneration focused on
tendon stem/progenitor cells (TSPCs) is attracting attention (Leong et al., 2016(%). Tendons have
few cellular components, including tendon cells (tenocytes) and TSPCs (Tang et al., 2016 (%; Bi et

differentiate into tenocytes. Thus, investigating TSPCs biology is important for understanding
tendon regeneration and homeostasis.

Murine TSPCs were first reported in 2007 by Bi Y et al. (Bi et al., 2007 %). They demonstrated that
TSPCs possess self-renewal capacity, colony-forming ability, and multi-differentiation potential in
vitro. Furthermore, murine TSPCs were reported to simultaneously express stem cell markers such
as Cd44 and Stem cells antigen-1 (Ly6a), as well as tendon-related genes like Scleraxis (Scx) and
Collagen type I alpha 1 chain (Collal), and were identified as a subset of tendon cells within the

tendon fascicle.

Subsequent research on murine TSPC localization has yielded diverse perspectives. Harvey et al.
reported that Tppp3/Pdgfra-positive cells in the epitenon are induced upon tendon injury and
contribute to repair (Harvey et al., 2019%). Additionally, Yin et al. and Tempfer et al. demonstrated
the presence of TSPCs around blood vessels (Yin et al., 2016 % ; Tempfer et al., 2009 2).

Markers used to characterize murine TSPCs include CD73, CD105, and CD90, which are known
criteria for mesenchymal stem cells (MSCs) (Lui et al., 20152). Additionally, TSPCs have been
reported to express POU class 5 homeobox 1 (Oct-4), Nanog, Nucleostemin, stage-specific embryonic
anitigen-4 (SSEA-4), c-Myc, SRY-box transcription factor (Sox2), Fucosyltransferase 4 (Fut-4), and

other genes (Zhang et al., 2016). Expression of CD146 and CD44 has been confirmed as well (Ruzzini

which is generally considered to have low expression in MSCs (Harvey et al., 20192 ; Tachibana, et
al., 2022 (%). Cd34 is known to be highly expressed in mouse embryonic limb buds at E14.5

compared to E11.5 (Havis et al., 2014 (@), suggesting that Cd34 positive cells might reflect
progenitor cells that constitute the limb bud, including tendons. However, these markers are not
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specific to TSPCs, thus, a definitive method to distinguish TSPCs from mature tendons in vivo has
not been established yet (Li et al., 2019; Wang et al., 2008 (3; Chen et al., 2012 ; Cho et al., 2018 (%;
Fang et al., 2022®@).

Regarding tendon regenerative capacity, Howell et al. reported an interesting observation.
Tendons in juvenile mice can regenerate functional tissue after injury, but this ability is lost in
mature mice, resulting in scar tissue formation (Howell et al., 2017 %). This finding suggests the
possibility of abundant TSPCs in juvenile mouse tendons.

Given this background, we hypothesized that evaluating tendon tissue heterogeneity at the single-
cell level using juvenile mouse tendons would enable a more detailed characterization of TSPCs.
This approach is expected to advance the identification and characterization of TSPCs, which has
been challenging with conventional methods.

Therefore, we performed scRNA-seq using cells collected from 2-and 6-week-old mouse Achilles
tendons and investigated clusters that co-express known TSPCs markers, such as Tppp3, Pdgfra,
and Ly6a. Then, we analyzed the expression of surface antigens in these clusters and identified
Cd55 and Cd248 as novel candidate surface antigens for murine TSPCs.

Furthermore, snATAC-seq and snRNA-seq were performed simultaneously using cells collected
from Achilles tendons to evaluate the validity of Cd55 and Cd248 as surface antigens for TSPCs and
to identify the landscape of transcription factors (TFs) involved in tendon maturation. We sorted
mouse Achilles tendon cells based on CD55 and CD248 and confirmed their phenotypes,
demonstrating high clonogenicity and highly efficient induction into tendon cells. These results
suggested that CD55 and CD248 are novel surface antigens of murine TSPCs and may be useful for
understanding the process of tendon maturation and for applications in cell therapy.

Material and Methods

Single cell isolation

Mice were euthanized by exposure to CO, followed by cervical dislocation. To remove Achilles
tendons, a longitudinal incision through the skin was made down the midline of the posterior
aspect of the lower limb. A sharp transverse incision was made just distal to the myotendinous
junction and again just proximal to the enthesis, and the Achilles tendon was carefully removed.
The procedure was performed bilaterally. All animals were purchased from Sankyo Lab Service
(Tokyo, Japan). Achilles tendons were digested to obtain a single-cell suspension. In total, 40 or 60
(2-week and 6-week, respectively) mouse Achilles tendons were processed together as a single
sample. After washing with 1x phosphate-buffered saline (PBS) several times and cutting 1-mm-
wide sections using scissors, tendons were digested for 1 h at 37°C with continuous shaking at
1,200 rpm and 37°C in a dissociation solution consisting of 30 mg/mL collagenase (Wako, Osaka,
Japan). After digestion, the single-cell suspension was filtered for debris using a 40 um cell strainer
and washed twice with 1x PBS. The samples were centrifuged for 15 min at 1,500 rpm and 4°C.
Dead cells were removed using a Dead Cell Removal Kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). Cell viability was 76% (2-week) and 73% (6-week), respectively. The experiment
involving mice was approved by Animal Experimental Committee of the Institute of Science
Tokyo.

scRNA-seq library construction and sequencing

Cells isolated from Achilles tendons of both 2-week-old and 6-week-old mice were processed
separately. Cells were resuspended in PBS with 1% fetal bovine serum (FBS) at a concentration of
10,000 cells per L. Then, 10,000 cells per sample were loaded on a Chromium Controller (10x
Genomics, Pleasanton, CA, USA) for single cell capture.
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Libraries were prepared using Single Cell 3' Library & Gel Bead Kit v3 (10x Genomics) following
the manufacturer’s instructions. A single-cell emulsion (Gel Bead-In-EMulsions, GEMs) was created
by making barcoded cDNA unique to each individual emulsion. A recovery agent was added to
break GEM and cDNA was then amplified. A library was produced via end repair, dA-tailing,
adapter ligation, post-ligation cleanup with SPRIselect, and sample index PCR. The quality and
concentration of the amplified cDNA were evaluated using the Bioanalyzer (Agilent 2100) on a
High Sensitivity DNA chip (Agilent, #5065-4401; Santa Clara, CA, USA). Sequencing was performed
using the HiSeq X system (Illumina, San Diego, CA, USA) to generate 28/90 bp paired-end reads.

Cell dissociation, nuclei isolation, and snRNA-seq

and snATAC-seq library construction and sequencing

After obtaining cells from the mouse Achilles tendons of 2-week-old and 6-week-old mice
(processed separately for each age group), nuclei were isolated following the Chromium Next GEM
Single Cell Multiome ATAC + Gene Expression Reagent Bundle (10XGenomics) and all of the buffers
were made according to the manufacturer’s instructions. Briefly, after centrifugation, the
supernatant was discarded, and the cells were re-suspended in 1 mL of 1% FBS in PBS.
Approximately 500,000 cells were transferred to a new tube for further lysis. To remove the
supernatant, cells were centrifuged again for 5 min at 300 rcf and 4°C and resuspended in 100 mL
of chilled lysis buffer. Cells were lysed for 9 min on ice and 1 mL of wash buffer was added to stop
the reaction. Then, the suspension was filtered through a 40 um cell strainer, cells were
centrifuged and resuspended in 66.2 mL of chilled Diluted Nuclei Buffer aiming to target 7000
nuclei. The final concentration of nuclei was determined, followed by transposition, GEM
generation, barcoding, and library construction according to the Chromium Next GEM Single Cell
Multiome ATAC + Gene Expression (10XGenomics). Libraries were sequenced with the parameters
recommended by the manufacturer, using the NovaSeq 6000 (Illumina) to generate 28/90 bp
paired-end reads for gene expression and 50/49 bp paired-end reads for ATAC sequencing.

scRNA-seq and snRNA-seq analyses

Sequencing reads were processed with the Cellranger_arc (10X Genomics, v2.0.0) using the mouse
reference mm10. We performed separate analyses for scRNA-seq data (collected from both 2-week
and 6-week samples) and snRNA-seq data (collected from both 2-week and 6-week samples) to
enable comprehensive characterization of transcriptional landscapes. From the gene expression
matrix, downstream analyses were carried out using R. Quality control, filtering, data clustering
and visualization, and a differential expression analysis were carried out using Seurat (Butler et

hondrial counts were filtered. Then, heterotypic doublets (assuming 5% of barcodes
represent doublets) were removed using DoubletFinder (McGinnis et al., 2019(%).

Unsupervised shared nearest neighbor (SNN) clustering was performed with varying resolution
and the results were visualized using uniform manifold approximation and projection (UMAP)
(Becht et al., 20192). Differentially expressed genes (DEGs) among each cell cluster were
determined using the FindAllMarkers function in Seurat. The criteria of DEGs as a marker gene for
the cluster was logFC > 0.25, adjusted p < 0.05, expression in >25% of cells. We then annotate each
cluster based on DEGs (supplementary table 1-152). To ensure consistency between our different
sequencing approaches, we compared cell clusters identified in the scRNA-seq analysis with those
from the snRNA-seq analysis (Supplemental Figure 5).

Pseudotime analysis

Monocle3 (Trapnell et al., 2014 @) was used to convert the snRNA-seq dataset into a cell dataset
object (CDS), preprocess data, correct for batch effects, embed with dimensional reduction, and
perform pseudotemporal ordering. Cicero (Pliner et al., 2018 %) was used to generate pseudo-
temporal trajectories for the SnATAC-seq dataset.
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Cell-cell communication analysis

Intercellular communication networks were quantitatively inferred and analyzed using scRNA-
seq data. The R package CellChat (Jin et al., 2021) was used to visualize the interactions among
different cell groups. Two hundred twenty-nine signaling pathway families were grouped as a
library to analyze cell-cell communication.

GO analysis
The R package ClusterProfiler (Yu et al., 2012 @) was used to perform a gene enrichment analysis.

The p-values were corrected by the Benjamini & Hochberg method.

Motif enrichment analysis (ChiP seeker)

Genomic regions containing snATAC-seq peaks were annotated using ChIPSeeker (Yu et al.,
2015%) and the UCSC database on mouse (mm10).

SsnATAC-seq analysis

The Cell Ranger ATAC pipeline (1.2.0) (Satpathy et al., 2019 ) was used to preprocess the data
resulting from sequencing. First, Tn5 sites were mapped to the mouse reference transcriptome
mm10, and duplicate reads and background cells were removed. This returned barcoded fragment
files, which were loaded into Signac (Stuart et al., 2021 2) for downstream analyses using the
standard Signac/Seurat pipeline. Macs2 (Zhang et al., 2008) was run on the fragment files to call
peaks using the Signac ‘CallPeaks’ function.

Fragments were mapped to the Macs2 called peaks and assigned to cells using the Signac
‘FeatureMatrix’ function. Nucleosome signal strength and transcription start site (TSS) enrichment
for each cell were calculated using the Signac ‘NucleosomeSignal’ and ‘TSSEnrichment’ functions,
respectively. Outliers in the QC metric categories were removed as per Signac’s standard
processing guidelines. Latent semantic indexing (LSI), a form of dimensional reduction, was
performed using the Signac ‘RunTFIDF’ and ‘RunSVD’ functions. The UMAP hyperparameters were
varied to produce consistent object shapes (using R). Once hyperparameters were chosen, the
Signac/Seurat’s ‘RunUMAP’ function was run on the LSI dimensions chosen earlier for UMAP
embedding. The Signac/Seurat ‘FindNeighbors’ function was run using the same LSI dimensions
used for UMAP to compute the nearest neighbor graph. Signac/Seurat ‘FindClusters’ was then run
at varying resolutions. A gene activity matrix was constructed by counting ATAC peaks within the
gene body and 2 kb upstream of the transcriptional start site for protein-coding genes annotated in
the Ensembl database. The gene activity matrix was log-normalized prior to label transfer with the
aggregated snRNA-seq Seurat object using a canonical correlation analysis. The aggregated
snATAC-seq object was filtered using a 97% confidence threshold for cell-type assignment
following label transfer to remove heterotypic doublets. The filtered snATAC-seq object was
reprocessed with TFIDF, SVD, and batch effect correction followed by clustering and annotation
based on lineage-specific gene activity. Differential chromatin accessibility between cell types was
assessed with the Signac FindMarkers function for peaks detected in at least 20% of cells using a
likelihood ratio test and a log-fold-change threshold of 0.25. Bonferroni-adjusted p-values were
used to determine significance at an FDR < 0.05.

Integration of shnRNA-seq and snATAC-seq data

snRNA-seq and snATAC-seq data were integrated using the cluster-label transfer procedure as
implemented in Signac and Seurat. Each snRNA-seq sample. as clustered individually and its
cluster labels were projected onto the matching, individually clustered snATAC-seq sample or vice
versa. Anchors were identified for condition-matched snRNA-and snATAC-seq samples using the
FindTransferAnchors function and a canonical correlation analysis (CCA) was performed using the
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snRNA expression values and the snATAC-imputed gene expression values. The anchors were used
to transfer cluster-label identifiers between the two data types using the TransferData function.
Each cell in the query was assigned the cluster label with the highest prediction score, and label
transfer was considered successful for query cells with prediction scores above 0.3.

SCENIC analysis

To identify TFs and characterize cell states, a cis-regulatory analysis was performed using the R
package SCENIC (Lake et al.,, 2018), which infers gene regulatory networks based on co-expression
and DNA motif analyses. The network activity was then analyzed for each cell to identify
recurrent cellular states. In short, TFs were identified using GENIE3 and compiled into modules
(regulons), which were subsequently subjected to cis-regulatory motif analysis using RcisTarget
with two gene-motif rankings: 10 kb around the TSS and 500 bp upstream. Regulon activity in
every cell was then scored using AUCell.

Immunohistochemistry

Immunohistochemistry was performed as previously described (Tsutsumi et al., 2022 @). Briefly,
tissue samples were fixed in 4% paraformaldehyde overnight at 4°C and embedded in paraffin.
Sections of 10 ym in thickness were deparaffinized and activated with citric acid buffer (10 mM
sodium citrate, 1 mM EDTA; pH 6.0) at 80 °C for 60 min in a decloaking chamber NxGen (BIOCARE
Medical, CA, USA) or with 0.1% trypsin/PBS at 37 °C for 30 min. After they were blocked with
Blocking One solution (Nacalai tesque, Kyoto, Japan) for 60 min, they were incubated with rabbit
anti-CD55 antibody (1:100; A13918, ABclonal, Woburn, MA, USA) or rat anti-CD248 (1:100;
MAB7535, R&D Systems, Minneapolis, MN, USA) overnight at 4 °C. Following this step, they were
incubated with Alexa Fluor plus 488 goat anti-rabbit antibody (1:1000; A32731, Thermo Fisher
Scientific, Waltham, MA, USA) or Alexa Fluor plus 488 donkey anti-rat antibody (1:1000; A21208,
Thermo Fisher Scientific) for 60 min. Hoechst 33342 (100ng/ml, Thermo Fisher Scientific) was
added during this incubation. The sections were then mounted with ProLong Glass Antifade
Mountant (P36980, Thermo Fisher Scientific).

Fluorescence-activated cell sorting (FACS)

Cells harvested from the Achilles tendon were incubated for 60 min on ice with APC-CD55
(#131812; BioLegend, San Diego, CA, USA) and a primary antibody against CD248 (#LS-B2712,
LSBio) using a FACS buffer (PBS containing 1 [v/v%] FBS). After washing, cells were reacted with
fluorescent-conjugated rabbit secondary antibody. Cell sorting was performed using MoFlo XDP
FACS (Beckman Coulter, Brea, CA, USA). DAPI was used as the live/dead discriminator to the gate.
CD55/CD248 dual positive and negative cell cluster were sorted.

Primary cell culture

Primary TSPCs were isolated from the Achilles tendons of 2-week-old mice with collagenase
digestion described above. Single-cell suspensions were cultured in the culture medium (MEMa +
20% FBS + 1% penicillin-streptomycin + 1 [v/v%] 100x non-essential amino acid solution [NEAA;
Gibcol, 1 [v/v%] 100x GlutaMAX [Gibco]). At 80%-90% confluence, cells were trypsinized,
centrifuged, resuspended in culture medium as passage 1 cells, and incubated in 5% CO, at 37°C,
with fresh medium every 2-3 days.

Colony formation assay

For the colony formation assay, single-cell suspensions of TSPCs (1000 cells/well) were seeded and
incubated in six-well plates for 12-14 days in the growth medium and fixed with 4%
paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA). Then, 0.1% crystal violet solution
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(Wako) was used to stain the cells. Colonies of >30-50 cells were defined as a single colony unit,
and the number of clusters was counted using the Image] package ColonyArea (Guzman et al.,
20142)

RT-PCR

Total RNA was purified using TRIzol reagent (Invitrogen, Grand Island, NY, USA). Reverse
transcription of mRNA was carried out using the PrimeScript RT Reagent Kit (Takara, Shiga,
Japan). Quantitative PCR (qRT-PCR) was performed on cDNA with the Thunderbird SYBR mix
(Toyobo, Osaka, Japan). B2m was used as a reference gene, and relative gene expression levels
were calculated through the ACT method.

Tenocytes, cartilage, and osteocyte differentiation

For the differentiation experiment, TSPCs were cultured in 6-well plates (50,000 cells/well).
Osteogenic, chondrogenic, and tenogenic differentiation were induced using a corresponding
differentiation medium. The osteogenic differentiation medium contained a culture medium
supplemented with 10 nM dexamethasone (Sigma-Aldrich), 5 mM B-glycerophosphate (APEXBIO),
and 0.05 mM L-ascorbic acid 2-phosphate (Sigma-Aldrich). The chondrogenic differentiation
medium contained a culture medium supplemented with 100 nM dexamethasone and 10 ng/mL
BMP2 (Sigma-Aldrich). The tenogenic differentiation medium contained a culture medium
supplemented with 10 ng/mL TGF-B1 (Peprotech, Rocky Hill, NJ, USA), 10 ng/mL GDF-5 (R&D
Systems, Minneapolis, MN, USA), and 0.05 mM L-ascorbic acid 2-phosphate. After a 2 week
induction period, cells were harvested for RT-PCR.

Bio-cultured tendon (Bio-tendon)

Generation of Bio-tendon has reported previously (Kataoka et al., 2020 (2 ; Tsutsumi et al., 2022 (%)
Briefly, sorted cells were embedded in a 3D-culture cocktail, which is consistent with 2 mg/mL
Cellmatrix (Type I-A, Nitta Gelatin Inc., Osaka, Japan), pro-survival cocktail (final concentrations:
100 nM Bcl-X1 BH4 4-23 (Merck Millipore, Burlington, MA, USA), 100 uM carbobenzoxy-valyl-
alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK) (Promega, Madison, WI, USA)) in
culture medium. The 3D chamber was coated with 1% gelatin and incubated at 37°C and 5% CO,,
for 30 min. After washing with 1x PBS 3 times, 1.0 x 108 cells were transferred to a 3D-culture
cocktail mixture and incubated at 37°C and 5% CO,, for 60 min for gelation. Following gelation,
tenogenic differentiation medium was added to the chamber. Following 24 h of incubation, the
chamber was placed within a cell stretching system (Shellpa Pro, Menicon Life Science, Aichi,
Japan). Cyclic mechanical stretch was applied for 1 week, with gradual increase in stretch load: 1%
on day 1, 2% on day 2, 3% on day 3, 4% on day 4, and 5% from days 5 to 7. The stretching cycle was
programed at 0.25 Hz for 18 h/day, followed by resting for 6 h/day at 37°C and 5% CO,. Daily
medium changes were also required.

Decellularization by HHP and chemical treatment

The cultured bio-tendon was placed into a plastic pack filled with saline and sealed to prevent
implosion and leakage during the procedure. The pack was then pressurized at 1,000 MPa at 30°C
for 10 min using an HHP machine (Dr. CHEF; Kobe Steel, Hyogo, Japan). After pressurization, the
bio-tendon was washed thrice with 30% ethanol (EtOH) by continuous shaking for 5 min at each
step. Finally, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysuccinimide (NHS)-
based cross-linking was performed by adding 70 mM EDC (Wako) and 70 mM NHS (Wako) with
30% EtOH for 24 h at 4°C. The processed bio-tendon was incubated in 1x PBS at 4°C until the
experiment.
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Electron microscopy

Bio-tendon tissues were dissected and fixed overnight in 2.5% glutaraldehyde in 0.1 M phosphate
buffer (PB). For transmission electron microscopy (TEM), the specimens (n = 3) were rinsed with
0.1 M PB, post-fixed in 1% osmium buffered with 0.1 M PB for 2 h, and dehydrated in a graded
ethanol series. The specimens were then embedded in Epon 812, sectioned into ultrathin sections
(70 nm), mounted on copper grids, and double-stained with uranyl acetate and lead citrate. TEM
observation was conducted JEM-1400Flash (JEOL, Tokyo, Japan). For scanning electron microscopy
(SEM), the specimens (n = 2) were dried in a critical-point dryer (HCP-2; Hitachi, Tokyo, Japan) with
liquid CO, and coated with platinum. The specimens were subsequently observed under SEM
(JSM-7900F/JED-2300; JEOL). Fiber orientation within the microscopic sections was analyze using
the Orientation] image processing tool, a plugin for Image]J.

Stretch test

The mechanical properties were measured using a creep meter (RE-3305S; Yamaden, Tokyo,
Japan). After measuring the initial length (mm), diameter (mm), and thickness (mm) using a
micrometer, the samples were fixed with two grips, which were pulled at a constant speed of 0.05
mm/s until failure, and the tensile strength (N) and failure strain (mm) were measured. The cross-
sectional area (mm?2) was calculated using the initial diameter and thickness. The stiffness was
manually determined from the slope in the linear region of the failure-stress curve.

The tensile strength (MPa), failure strain (%), stiffness, and Young’s modulus were calculated using
the following formulas:

Tensile strength (MPa) = tensile strength (N)/cross-sectional area (mm?). Failure strain (%) = failure
strain (mm)/initial length (mm).

Stiffness = Stress (N)/Strain (mm)

Young’s modulus = stiffness x initial length (mm)/cross-sectional area (mm?)

Statistical analysis

All values are presented as means + SEM. Statistically significant differences were assessed using
unpaired two-tailed Student’s t-tests and one-way analysis of variance (ANOVA) with Tukey’s post
hoc tests. Statistical significance was set at p < 0.05.

Results

Identification of Novel Surface Antigens
for Tendon Stem/Progenitor Cells (TSPCs)

In mice, the healing capacity for tendon injuries is high up to 2 weeks of age, but decreases as the
musculoskeletal system matures at 6 weeks (Howell et al., 2017(2). To investigate whether this
phenomenon is due to changes in the cellular population of tendon tissue, including fluctuations
in progenitor cells, we performed single-cell RNA sequencing on mouse Achilles tendons at these
two time points.

Achilles tendons were harvested from mice at 2 and 6 weeks of age. Following collagenase
digestion and dead cell removal, we employed massively parallel, droplet-enabled scRNA-seq
analysis (10X Genomics Chromium). Data processing was conducted using the Cell Ranger pipeline
(10X Genomics). We analyzed 10,314 cells from 2-week-old mice (median 3,167 genes/cell and
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41,611 mean reads/cell) and 6,513 cells from 6-week-old mice (median 732 genes/cell and 60,386
mean reads/cell). After doublet removal using Doubletfinder, we merged the datasets and
performed unbiased clustering using Seurat, identifying a total of 15 clusters (Fig. 1AX). The top
differentially expressed genes (DEGs) for each cluster, based on log2 fold change and statistical
significance, are summarized in Fig. 1B.

We identified two clusters (0 and 11) with high expression of Mkx and Scx, transcription factors
involved in tendon development and growth. Cluster 0 showed higher expression of ECM-related
genes such as Collal and Fmod compared to cluster 11, suggesting these were tenocytes (TC).
Cluster 11, with high Periostin (Postn) expression (Jacobson, et al., 2020 @), was classified as
myotendinous junction (MT]). Other clusters were characterized as follows: cartilage (CA, high
SRY-box transcription factor 9 (Sox9) expression), lymphocytes (L.C1, LC2, high Lysozyme 2 (Lyz2)
and Complement component 1, q subcomponent, alpha polypeptide (C1qa)), endothelial cells (EC,
high Platelet and endothelial cell adhesion molecule 1 (Pecam1)), red blood cells (RBC, high
Hemoglobin alpha, adult chain 1 (Hba-a1)), smooth muscle cells (SM, high Myosin light chain 9
(Myl9)), proliferating cells (PC, high Mki67 and Stathmin 1 (Stmn1)), Schwann cells (SW, high Myelin
basic protein (Mbp)), vascular endothelial cells (VEC, high Multimerin 1 (Mmrn1)), and
macrophages (MC, high Protein tyrosine phosphatase receptor type C (Ptprc)). In cluster3, Collal
and Fmod were expressed; however, Gm42418 and AY036118 were highly expressed. These long
non-coding RNAs are related to RN45s and therefore cluster3 represents ribosomal contamination
(Isola et al., 2024(®). It is also speculated that the cartilage cluster (CA) reflects enthesis, with
expression of Scx as well as Sox9 (Zhan et al., 2023). DEG s of each cluster was summarized in
supplementary table 1-152.

To identify progenitor populations within these clusters, we analyzed expression patterns of
previously reported markers Tppp3 and Pdgfra (Harvey et al., 2019 3; Tachibana, et al., 2022 (%),
along with the known stem/progenitor cell marker Ly6a (Holmes et al., 2007 2 ; Sung et al.,

2008 3; Hittinger et al., 2013 Sidney et al., 2014 ; Fang et al., 2022 @) (Supplemental Figure
1B). We identified subclusters within clusters 1 and 4 showing high expression of these genes,
which we defined as SP1 and SP2. SP2 exhibited the highest expression of these genes, suggesting
it had the strongest progenitor characteristics. It has been reported (Harvey et al., 2019 () that the
Tppp3-positive population is localized to peritenon, and SP clusters might reflect peritenon as well.

SP2 also showed strong expression of genes associated with early tendon development in mouse
embryos, as identified by RNA-seq of mouse limb tendon cells at E14.5 (Havis et al., 2014 %) and
the Eurexpress mouse embryo transcriptome atlas database (Diez-Roux et al., 2011 %)
(Supplemental Figure 2A). Gene Ontology analysis revealed upregulation of tendon development-
related pathways in SP2, including TGFp production and collagen-containing extracellular matrix
(Supplemental Figure 2B). Evaluation of cell numbers in each cluster showed a decrease in SP2, TC,
and MT]J at 6 weeks (Fig. 1C @, Supplemental Figure 1A).

We then examined DEGs in SP2 compared to SP1 (Fig. 1D ). Whole list of DEGs comparing SP2
and SP1 was summarized in supplementary table16. Among these, we identified Cd34, Cd55, and
Cd248 as genes encoding surface antigens. Cd34 is known to be highly expressed in mouse
embryonic limb bud E14.5 compared to E11.5 (Havis et al., 2014 (%), suggesting that Cd34 positive
cluster might reflect a progenitor cell that consist of the limb bud, including tendons. However,
Cd55 and Cd248 have not been discussed with this context. Expression of Cd55 and Cd248 was
localized to areas corresponding to SP1 and SP2 (Fig. 1E2). We evaluated the correlation
coefficients between the expression of these genes and previously suggested TSPC markers (Cd73,
Cd90, Cd105, Cd44, Cd146) as well as Tppp3, Pdgfra, and Ly6a at 2 weeks of age. Cd34, Cd55, and
Cd248 showed high correlation, suggesting these genes as new candidate surface antigens for
TSPCs (Fig. 1F@).
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Figure 1.

scRNA-seq of tendon cells from 2-week-old and 6-week-old
mice and the identification of surface markers of TSPC.

(A) Integrated uniform manifold approximation and projection (UMAP) scRNA-seq clustering of cells harvested from 2-week-
old and 6-week-old mouse Achilles tendons. (B) Dot plot of average gene expression levels of the indicated genes in each
scRNA-seq cluster. The size of the dot reflects the percentage of cells in the cluster that express each gene. TC, tenocyte; SP1,
tendon stem/progenitor cell_1; CA, cartilage; RB, ribosomal RNA; SP2, tendon stem/progenitor cell_2; LC1, lymphocyte_1; EC,
endothelial cell; RBC, red blood cell; SM, smooth muscle cell; PC, proliferating cell; LC2, lymohocytes_2; MTJ, myotendinous
junction cell; SW, Schwann cell; VEC, vascular endothelial cell; MC, macrophage. (C) Proportions of cells in clusters identified
from scRNA-seq. Clusters are colored according to cluster type. (D) Volcano plot of gene expression in the SP2 cluster and the
identification of candidate TSPC marker genes (red under line). (E) Feature plot of Cd55 and Cd248 expression. (F) Correlation
of gene expression of TSPC candidate genes in 2-week data. (G) Violin plots presenting the gene expression changes for a
selection of differentially expressed genes.
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Comparing gene expression between 2 and 6 weeks, we observed a decrease in Mkx and Scx
expression, consistent with previous reports (Grinstein et al., 2019). Furthermore, the
expression of our candidate tendon progenitor cell markers Cd34, Cd55, and Cd248 all decreased at
6 weeks. Inflammatory cells, including macrophages, increased at 6 weeks (Fig. 1G(2). Gene
expression analysis revealed a shift from M2 macrophage-related genes (Mannose receptor C-type
1 (Mrc1) and Cathepsin C (Ctsc)) at 2 weeks to M1 macrophage-related genes (Chemokine (C-C
motif) ligand 6 (Ccl6) and Chemokine (C-C motif) ligand 9 (Ccl9)) at 6 weeks. Comparative analysis
between 2-week and 6-week tendons was summarized as a heatmap in supplemental Figure 3.

Analysis of cell-cell communication changes in postnatal tendon and surrounding tissues (Lui et

weeks compared to 2 weeks. These results demonstrate that the cellular profile of tendon tissue
changes dramatically at 6 weeks, with decreased expression of stem progenitor markers and
reduced interaction with surrounding tissues.

Single Nucleus RNA + ATAC Analysis of
2-Week-0ld Mouse Achilles Tendon Cells

Gene regulation is mediated by the binding of transcription factors to cis-regulatory elements
proximal to the gene. Consequently, epigenetic changes such as chromatin accessibility play a
crucial role in gene expression (Miller et al., 2013). Moreover, transcription factors are typically
expressed at low levels, potentially leading to false negatives in scRNA-seq due to detection limits.
Chromatin accessibility changes often precede gene expression changes, potentially allowing us to
predict transcriptional changes (Ranzoni et al., 2020). Therefore, we performed simultaneous
ATAC-seq and RNA-seq at the single-cell level to identify gene expression changes and their
associated epigenetic alterations, aiming to elucidate the post-natal growth mechanisms of tendon
tissue and evaluate the validity of Cd55 and Cd248 as markers.

We extracted nuclei from cells isolated from 2-week-old mouse Achilles tendons and conducted
droplet-enabled multi-omics analysis (10X Genomics Chromium), performing simultaneous
snATAC-seq and snRNA-seq as a reference. We first analyzed the snATAC-seq data. After mapping
reads to the genome and calling peaks, we annotated the location of peaks in terms of genomic
features. The peaks were associated with promoters, introns, exons, and intergenic regions.

We evaluated 6,571 cells (median high-quality fragments per cell: 17,408) and clustered them using
latent semantic indexing and Uniform Manifold Approximation and Projection (UMAP) with the R
package Signac (Stuart et al., 2021 %) (Figure 2A ). Given the limited knowledge of cell-specific
chromatin accessibility, we assessed gene activity by computing counts per cell within the gene
body and promoter of protein-coding genes. Using this gene activity data, we performed
unsupervised clustering and identified 17 clusters (ground-truth annotation). Clusters expressing
tendon-related genes such as Mkx and Scx were identified as clusters 1 and 6, defined as A1: TC1
and A6: TC2, respectively. Clusters 0, 14, and 15 were identified as expressing stem progenitor
markers including Cd34, Ly6a, Pdgfra, Cd55, and Cd248, and were defined as A2-0: SP1, A2-14: SP2,
and A2-15: SP3, respectively. The characteristic gene activities and annotations for each cluster are
summarized in Fig. 2B@.

Next, we analyzed the snRNA-seq data. We evaluated 10,314 cells (median 3,167 genes/cell and
41,611 mean reads/cell). After doublet removal, we performed unbiased clustering using Seurat
and identified 17 clusters (Supplemental Figure 4A). Clusters expressing tendon-related genes Mkx
and Scx were clusters 1 and 13, defined as R2-1: TC_1 and R2-13: TC_2, respectively. Clusters 2, 3,
and 7 were identified as expressing stem/progenitor-related genes and defined as R2-2: SP_1, R2-3:
SP_2, and R2-7: SP_3, respectively. To validate the consistency of our approaches, we conducted a
comprehensive comparison between the cell clusters identified in our scRNA-seq analysis (which
included both 2-week and 6-week samples) and our snRNA-seq analysis. We confirmed that all
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Figure 2.

snATAC-seq of tendon cells from a 2-week-old mouse and the
validation of Cd55 and Cd248 as candidate markers of TSPC.

(A) UMAP snATAC-seq clustering of cells derived from the Achilles tendon of a 2-week-old mouse. Annotation was based on
each gene activity (ground-truth annotation). SP1, tendon stem/progenitor cell_1; TC1, tenocyte_1; MT), myotendinous
junction cell; SM, smooth muscle cell; MC, macrophage; CA, cartilage; TC2, tenocyte_2; SK, skeletal muscle cell; SW, Schwann
cell; LC, lymphocyte; NC, neutrophil; EC, endothelial cell; RBC, red blood cell; UC, unspecified cell; SP2, tendon
stem/progenitor cell_2; SP3, tendon stem/progenitor cell_3; VEC, vascular endothelial cell. (B) Dot plot of average gene
activity of the indicated genes in each snATAC-seq cluster. The size of the dot reflects the percentage of cells in the cluster
that express each gene. (C) UMAP visualization and predicted annotation of 2-week snATAC-seq after integration and label
transfer of 2-week snRNA-seq data. (D) Identification of matching cell clusters between the 2-week snRNA-and 2-week
snATAC-seq data from visualized as heatmap. The heatmap shows the proportions of cells from each snATAC-seq cluster
across all sample conditions assigned to each snRNA-seq cluster as part of the label-transfer process. (E) Violin plot of
tenocytes and TSPC-related gene expression in each cluster.
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clusters identified in the sScCRNA-seq data could be similarly annotated in the SnRNA-seq data,
demonstrating strong concordance between these complementary approaches (Supplemental
Figure 5). This validation supports the reliability of our cell type identification across different
single-cell methodologies. Interestingly, R2-5: The MT]J cluster expressed not only *Tnc* but also
*S0x9* consistent with previous reports (Nagakura et al., 20202 ). Using the Signac package’s
“FindTransferAnchors” function, we calculated predicted IDs for snATAC-seq clusters based on
snRNA-seq annotations (predicted annotation) (Fig. 2C(%). Evaluation of the two annotation
methods for snATAC-seq revealed that both methods allowed annotation of major cell types, and
correlation between the two was maintained. Thus, the validity of predicted annotations based on
snRNA-seq was confirmed (Figure 2D (@).

R2-7: SP3, considered the most undifferentiated stem/progenitor fraction in snRNA-seq, could be
divided into A2-0: SP1 and A2-14: SP2 in SnATAC-seq.

Comparing gene activity of tendon-related and stem/progenitor genes in each cluster of the ground
truth annotation, A2-14: SP2 showed high expression of Ly6a, Pdgfra, and Tppp3, and inverse
correlation with Mkx, Scx, and Tnmd. Furthermore, the newly identified surface antigens Cd55 and
Cd248 also showed high expression in cluster 14. In contrast, Cd34 did not show a high expression
pattern in A2-14: SP2. These results suggest that A2-14: SP2 is the most immature cluster, with Cd55
and Cd248 showing characteristic expression (Fig. 2E (2). Subcluster analysis of R7, considered the
most immature fraction in snRNA-seq, revealed two clusters based on Cd55/Cd248 and Cd34
expression, similar to the snATAC-seq analysis. The former (R7-1) showed high expression of Lyé6a,
Tppp3, and Pdgfra (Fig. 2F @). Trajectory analysis using R2-7 and A2-14 as roots in SnRNA-seq and
SnATAC-seq, respectively, showed increased expression of tendon-related genes Mkx and Scx along
the trajectory, while expression of Tppp3, Cd55, and Cd248 decreased (Figure 3A ). Evaluation of
peaks in each cluster based on gene expression levels in SnRNA-seq revealed multiple peaks with
heights correlated to gene expression for Mkx and Scx. Similar evaluation of Cd55 and Cd248
showed multiple peaks upstream of the TSS for Cd248 (Fig. 3B(2). These results indicate
correlation between snRNA-seq and snATAC-seq, and consistent with scRNA-seq results, suggest
that A2-14 represents the most undifferentiated TSPCs based on Cd55 and Cd248 expression.

Comparison of Single Nucleus RNA+ATAC Analysis

between 2-week and 6-week Mouse Achilles Tendon Cells

To confirm the presence of the identified Cd55/Cd248 fraction at 6 weeks, we performed snRNA-
seq and snATAC-seq on 6-week-old mouse Achilles tendon cells. Using the 2-week snATAC-seq data
as a reference, we annotated the 6-week snATAC-seq clusters. Clusters A2-14 and A2-0
corresponded to clusters A6-12 and A6-0, respectively (Supplemental Figure 6). We also annotated
the 6-week snATAC-seq clusters using 2-week snRNA-seq with the same results (Supplemental
Figure 7). Gene activity evaluation revealed that, similar to the 2-week data, the 6-week A6-12 and
A6-0 clusters showed Cd55/Cd248 high and Cd34 dim, and Cd55/Cd248 dim and Cd34 high patterns,
respectively. Furthermore, annotation of the 6-week snRNA-seq data using the 2-week snRNA-seq
as a reference revealed clusters with expression patterns similar to those observed in snATAC-seq.
In both cases, clusters with high Cd55 and Cd248 expression showed high gene activity (SnATAC-
seq) and gene expression (SnRNA-seq) of Tppp3, Pdgfra, and Ly6a. These results confirm that the
Cd55 and Cd248 high clusters identified in the 2-week snRNA-seq+snATAC-seq analysis are
similarly detected at 6 weeks.

We also compared the snATAC-seq data between 2 and 6 weeks. No significant differences were
observed in genomic annotations between the two time points (Supplemental Figure 8A). After
merging the datasets (Supplemental Figure 8B), we compared gene activity of tendon/stem-related
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Figure 3.

Trajectory analysis and peak visualization of snRNA-seq and snATAC-seq
data for the tendon and tendon stem/progenitor cell-related cluster.

(A) UMAP representation of snRNA-seq differentiation trajectory of tenocytes and TSPC lineage and pseudotime-dependent
gene expression changes of Tppp3, Cd55, Cd248, Mkx, and Scx, as inferred using Monocle3. (B) UMAP representation of
snATAC-seq differentiation trajectory of tenocytes and the TSPC lineage and pseudotime-dependent gene expression
changes, as inferred using Cicero. (C) Coverage plots of Mkx, Scx, Cd55, and Cd248. Selected peaks that differ across each
cluster are highlighted.
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genes to evaluate changes in gene activity. We found that the activity of Tppp3, Pdgfra, Ly6a, Cd55,
Cd248, and Cd34 all decreased at 6 weeks (Supplemental Fig 8C). This was consistent with the
decreased gene expression observed when comparing 2-week and 6-week data.

Estimation of Transcription Factor Activity

in 2-week Mouse Achilles Tendon Cells

To estimate transcription factor activity in each cluster, we used the Single-Cell Regulatory
Network Inference and Clustering (SCENIC) package (Lake et al., 2018) to calculate gene regulatory
network activity from scRNA-seq gene expression data. SCENIC constructs gene expression
networks centered on transcription factors and infers transcription factor activity in each cluster.
We summarized the predicted transcription factor activities in tendon and stem/progenitor-related
clusters R2-7, R2-2, R2-3, R2-1, and R2-13 identified by snRNA-seq (Figure 42).

Next, we evaluated the gene activity of these identified transcription factors in each snATAC-seq
cluster, along with motif activity calculated by chromVAR (Schep et al., 2017). We also assessed the
expression levels of transcription factors in each snRNA-seq cluster. In the most immature
fractions, represented by cluster A2-14 in SnATAC-seq and cluster R2-7 in snRNA-seq, KLF
transcription factor 3 (KIf3), KLF transcription factor 4 (KIf4), and cAMP responsive element binding
protein 5 (Creb5) showed consistent behavior in gene activity, motif activity, and gene expression.
Additionally, Signal transducer and activator of transcription 2 (Stat2) and cAMP responsive
element binding protein 3 like 1 (Creb311) showed high values in A2-0/A2-15 and A2-1, respectively.
Stat2 gene expression was not observed, likely due to false positives resulting from low expression
levels. The gene activity and motif activity of each transcription factor estimated by snATAC-seq
correlated with the transcription factor activity calculated by SCENIC. Therefore, simultaneous
analysis of snRNA-seq and snATAC-seq could be used to more accurately evaluate the function of
transcription factors in each cluster.

Furthermore, SCENIC can predict candidate transcription factors regulating each gene (Table 1®).
Cd55 and Cd248 were predicted to be regulated by KIf3 and KIf4, while Mkx and Scx were
predicted to be under the control of Creb3l1. These predictions were consistent with the data
calculated from gene activity and motif activity in SnATAC-seq.

In vitro Evaluation of CD55 and CD248

Immunostaining evaluation of CD55 and CD248, the identified candidate stem/progenitor markers,
revealed expression in the peritenon (Figure 5C2, 5A). This was consistent with previous reports
of localized expression of Tppp3/Pdgfra-positive cells in the peritenon and our analysis showing
co-expression of Tppp3/Pdgfra and Cd55/Cd248. The results support the possibility that SP clusters
reflect peritenon. Given that Cd55 and Cd248 expression appeared to reflect Tppp3, Pdgfra, and
Ly6a expression more sensitively than Cd34, we extracted tendon cells from 2-week-old mice and
sorted them by FACS to determine the biological phenotype of Cd55 and Cd248 positive cells
(Figure 5B(@).

Gene expression analysis of sorted cells showed that CD55/CD248 positive cells, compared to
negative cells, had lower expression of Mkx, Scx, Collal, and Creb3l1, but higher expression of
Ly6a, Tppp3, Pdgfra, Creb5, and KIf3, consistent with snRNA-seq analysis (Supplemental Figure 9).
To assess stem/progenitor capacity, we performed colony formation assays. CD55/CD248 sorted
cells showed significantly increased colony formation compared to CD55/CD248 negative cells
(control) (Figure 5C@2).

We then evaluated the differentiation tendencies of these cells towards tendon, cartilage, and
bone. Tendon differentiation resulted in clusters of spindle-shaped cells from CD55/CD248 positive
cells, suggesting tenogenic differentiation (Figure 5D @). Gene expression analysis revealed that
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Figure 4.

Transcription factor landscapes of 2-week mouse Achilles tendons.

SCENIC analysis of transcription factor activity based on 2-week snRNA-seq data for tenocytes and the TSPC lineage (Left).

Validation was performed based on the gene activity and motif activity of 2-week snATAC-seq and gene expression of 2-week
snRNA-seq (right).
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Estimated TF activity
: Cd55

Estimated TF activity
: Cd248

Estimated TF activity
- Mkx

Estimated TF activity
: Sex

TF  spearman correlation TF  spearman correlation TF  spearman correlation TF  spearman correlation
Kif4 0.264195541 Hic1 0.375565336 Creb3I1 0.320638653 Creb31 0.316522613

KIf3 0.262413411 KIf3 0.277768834 Zfhx3 0.169341424 Npdc1 0.163452737
Zeb1 0.219593135 Zmiz1 0.272991765 Mxi1 0.149048856 Ets2 0.145463784
Pbx1 0.204085218 Kif4 0.260526766 Bhlhe40 0.144301452 Mix1 0.121248221

Hic1 0.202481054 Zeb1 0.250583629 Ets2 0.137445497 Bhihe41 0.115930755

Kif2 0.196232716 Sp3 0.2502976 Max 0.116134957 EIk3 0.10803805
Nfe2l2 0.196076187 Kdm5b 0.193229132 Elk3 0.098325126 Bmyc 0.104968457

Table1

Estimated TF activity in each gene

Hiroki Tsutsumi et al., 2025 eLife. https://doi.org/10.7554/eLife.104768.2

17 of 50


https://doi.org/10.7554/eLife.104768.2
https://doi.org/10.7554/eLife.104768.2

2w mouse

A CD55 B *\ negative CD55+/CD248+
- 9 l h »,

tenocytes .

Cell sort
50 [
o
& 40
[0
% 30
CD55-/CD248-  CD55+/CD248+ 220
(negative) % 10
O
0
CFU assay Tri-lineage Artificial negative CD55/CD248
induction tendon
D E Tenogenic inducition
0004 0.03 Scx
= 0.0035
2 005 0.025 : CD55/CD248, induction+
é — 00025 ooz A
o
£ s 0015 % CDB5/CD248, induction-
o N 00015 0.01
g g 0.001
g’ g 0.0005 0.005 = 'Z':_—'I : negative, induction+
5 h 0 0 Lt
[ m 0 e s
= 2 do d3 d7 do d3 d7
E. 4 : negative, induction-
s oo Coltat Bgn
8 2
= 5
©
=
9]
(=
I
c
(0}
[
40 | xm
o~ tive W CD55/CD248
. w\:, w negative /!
55 -
o 8= s ek
2 ge ™ il g -
% o] i A
- 28 0 2w -
0
010 1020 2030 3040 4050 5060 6070 70-80 80-90
Angle to Horizontal fiber
2 25 - 5014 s
N ~ L 012
8 £ 20 s
) £ T o1
o] g 15 o008 1
© E 10 = 8006
k] %
3 o 004
B 0.02
c
0 g o
negative CD55/CD248 negative ~ CD55/CD248

Figure 5.

In vitro analysis of CD55+/CD248+ TSPCs.

(A) Immunohistochemical image of 10-week mouse Achilles tendons. Scale bars show 100pm. CD55 and CD248, green;
Hoechst 33342, blue. (B) Schema of the in vitro assessment of the capacity of CD55+/CD248+ TSPCs as the differentiation
toward tenocytes. (C) Colony-forming efficiency of CD55+/CD248+ and CD55-/CD248-(negative) TSPCs. Colonies were stained
with crystal violet (n = 6). CD55+/CD248+ TSPC exhibited higher clonogenic capacity. Data are presented as means + SEM. **p
<0.01. (D) Morphological changes of CD55+/CD248+ and negative TSPCs after tenogenic induction. (E) Quantitative PCR of
tendon-related gene expression in CD55+/CD248+ and negative TSPCs after tenogenic induction (n = 3). Data are presented
as means + SD. **p < 0.01, *p < 0.05. (F) SEM and TEM imaging of artificial tendons derived from CD55+/CD248+ and negative
TSPCs. Data are presented as means + SD. **p < 0.01, *p < 0.05. (G) Proportions of fiber alignment for each artificial tendon
(n = 4). Data are presented as means + SEM. ***p < 0.005, **p < 0.01, *p < 0.05. (H) Diameter of collagen fiber in each
artificial tendon based on TEM imaging (n = 4). Data are presented as means + SD. ***p < 0.005. (I) Tensile strength (MPa) of
each artificial tendon (n = 5). Data are presented as means + SEM. ***p < 0,005.
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while CD55/CD248 positive cells initially had lower Mkx and Scx expression than negative cells,
this pattern reversed after differentiation (Figure 5E®). Increased expression of other tendon-
related genes such as Collal and Bgn was also observed. In contrast, no significant increases in
Sox9 and Collagen type II alpha 1 chain (Col2al) (chondrogenic) or RUNX family transcription factor
2 (Runx2), and Alkaline phosphatase, biomineralization associated (Alpl) (osteogenic) expression
were observed compared to negative cells during cartilage and bone differentiation assays
(Supplemental Figure 10). Cells negative for CD55/CD248 could be mixed cell populations,
including hematopoietic lineages, cells from tendon mid substance, immune cells, and/or
endothelial cells. However, given that CD55/CD248 negative cells have increased expression of
genes characteristic of tendons such as Mkx, Scx and Collal, we could speculate that this
popularity might reflect terminally differentiated tenocytes and CD55/CD248 positive cells possess
tenogenic differentiation capacity.

To further evaluate the tenogenic potential of CD55/CD248 positive cells, we created tendon-like
tissue (bio-tendon) using our previously reported 3D stretch stimulation culture system. SEM and
TEM analysis to assess collagen fiber density and thickness showed that bio-tendons derived from
CD55/CD248 positive cells had an increased proportion of collagen fibers parallel to the stretch
direction and increased collagen fiber diameter. TEM also revealed characteristic banding
patterns and triple helix structures in these bio-tendons, indicating mature collagen organization
(Wieczorek et al., 2015) (Figure 5F-H2).

Stretch tests to evaluate the mechanical capacity of the bio-tendons showed high tensile strength
(Figure 5I1@).

These results demonstrate that CD55/CD248 positive cells have a tendency to differentiate into
tendon cells.

Discussion

Tendons are known for their low cellular content, making complete functional recovery after
injury challenging and increasing the risk of re-rupture. As a result, cell therapy has garnered
attention as a novel treatment strategy, distinct from current conservative and surgical
approaches. However, this requires a thorough understanding of TSPCs. Research on TSPCs has
been limited due to the lack of identified characteristic surface antigens.

To our knowledge, no multi-omics analysis comparing juvenile and mature mouse tendon cells has
been conducted. In this study, we performed single-cell RNA-seq along with snRNA-seq+snATAC-
seq on nuclei isolated from 2-week and 6-week mouse Achilles tendons. While comparisons using
older mice (e.g., 12 weeks or more) were initially considered, they were excluded due to extremely
low cell yield and viability, making 2-and 6-week-old mice more suitable for this analysis. This
approach allowed us to identify candidate surface antigens for TSPCs and elucidate the dynamism
of transcription factors involved in post-developmental tendon growth. As a result, we discovered
a novel combination of Cd55 and Cd248 as surface antigens showing characteristic expression in
the TSPC fraction.

While scRNA-seq analysis also showed Cd34 expression characteristic of the TSPC fraction,
consistent with previous reports, ShnRNA-seq + SnATAC-seq analysis revealed that the Cd34 high-
expression cluster could be further classified into two clusters based on Cd55 and Cd248
expression patterns. The cluster showing high expression of both Cd55 and Cd248 also exhibited
high expression of Tppp3, Pdgfra, and Ly6a, suggesting that isolating Cd55 and Cd248 positive
fractions may more sensitively capture immature populations compared to Cd34.
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snRNA-seq+snATAC-seq analysis provided simultaneous information on gene expression levels
and open chromatin regions for each cluster. Notably, Cd248 showed several peaks upstream of
the TSS in high-expression clusters, likely reflecting its expression regulation mechanism. We also
identified several peaks that increased proportionally with expression for Mkx and Scx. Given the
many unknowns in Mkx and Scx expression regulation mechanisms (Guerquin et al., 2013; Otabe
et al., 2015), we used the SCENIC package to predict upstream transcription factors based on
expressed genes in each snRNA-seq cluster. Combined with gene activity and motif activity data
from snATAC-seq, Creb3l1 was identified as a transcription factor regulating Mkx and Scx

KIf3, Klf4, and Creb5 were identified as characteristic transcription factors in the TSPC fraction.
Recent reports have highlighted the role of the Klf family in limb development (Kult et al., 2021).
Given that tendons are components of the developing limb, these transcription factors may have
roles in tendon biology. Creb5 has been reported to show increased expression from E11 to E13
reported to regulate Proteoglycan 4 (Prg4) expression (Zhang et al., 2021). Further investigation
into the functions of these transcription factors in TSPCs is necessary.

CD55 was identified by Hoffmann et al. in 1969 as a surface antigen functioning as a complement
inhibitory factor on erythrocytes. CD55 is known to be expressed from early developmental stages
and characterizes the initial differentiation stage of hematopoietic stem cells (Guo et al., 2013). It is
also expressed in MSCs and has been reported as an early progenitor marker for mouse mammary
epithelial cells (Pal et al., 2017). CD248 was identified in 1992 as an antigen for the FB5 antibody
reacting with vascular wall cells (Rettig et al., 1992). CD248 is a transmembrane glycoprotein
expressed in pericytes and fibroblasts during developmental stages. Regarding their relationship,
CD55 and CD248 have been reported to be expressed in stromal cells during the early stages of
arthritis (Choi et al., 2017), but their detailed mechanisms in tendons remain unclear.

Previously suggested TSPC surface antigen candidates such as Cd73, Cd90, and Cd105 showed poor
correlation with the expression of genes like Tppp3. Moreover, the initial report on TSPCs (Bi et al.,

similar to Tppp3 (Harvey et al., 2019 ; Staverosky et al., 2019 @), suggests the possibility of cells
with tenogenic differentiation potential exhibiting Scx+Cd34-expression patterns within the
tendon. Spatial information is important to investigate further. Future studies using lineage
tracing experiments with mice labeled for CD55 and CD248 or mouse model of selective ablation of
CD55 and CD248 are necessary to analyze the developmental functions of CD55 and CD248 positive
cells and their roles in injury healing in more detail.

Clinically, to our knowledge, few studies have sorted TSPCs based on surface antigens and
examined their in vitro tendon tissue-generating ability. In this study, we found that cells sorted for
CD55/CD248 showed higher clonogenicity compared to CD55-/CD248-cells and demonstrated
superior tendon tissue-generating ability in an artificial tendon model. In the future, CD55/CD248
double-positive TSPC cells may prove useful in clinical applications such as in vitro artificial
tendon creation (Tsutsumi et al., 2022 (%) and cell therapy for tendon injuries (Huang et al., 2021).

Data availability

FASTQ data of RNA-Seq and ATAC-seq are deposited in DDBJ under accession number PRJDB18857
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Supplemental Figure 1.

2w-and 6w-scRNA seq results.

(A) Integrated uniform manifold approximation and projection (UMAP) scRNA-seq clustering of cells harvested from 2-week-
old and 6-week-old mouse Achilles tendons. Clusters are colored according to cluster type. (B) Feature plot of Tppp3, Pdgfra
and Ly6a expression.
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Supplemental Figure 2.

Comparison of 2w-and 6w-scRNA seq results.

(A) Violin plot of gene expression enriched in the limb bud (Development (2014) 141, 3683-3696) in each cluster. (B) Gene
Ontology (GO) terms associated with genes with upregulated expression in the SP2 cluster. (C) Number of inferred
interactions and interaction strength of genes expressed within 2w-and 6w-mouse scRNA-seq data.
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Supplemental Figure 3.

Comparative analysis of 2w-and 6w-scRNA seq results.

Heatmap showing differential gene expression between red (2w) and green (6w).
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Supplemental Figure 4.

Analysis of 2-week snRNA-seq data.

(A) UMAP snRNA-seq clustering of cells harvested from 2-week mouse Achilles tendons. (B) Dot plot of average gene
expression levels of the indicated genes in 2-week snRNA-seq clusters. RB, ribosomal RNA; TC1, tenocyte_1; SP1,
stem/progenitor cell_1; SP2, stem/progenitor cell_2; SM, smooth muscle cell; MTJ, myotendinous junction cell; CA, cartilage;
SP3, stem/progenitor cell_3; LC, lymphocyte; MC, macrophage; RBC, red blood cell; SW, Schwann cell; EC, endothelial cell; TC2,
tenocyte_2; PC, proliferating cell; NC, neutrophil; UC, unspecified cell. (C) Violin plot of tenocytes and TSPC-related gene
expression in each cluster. (D) Feature plot of TSPC-related gene expression.
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Analysis of 6-week snATAC-seq.
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(A) UMAP snATAC-seq clustering of cells harvested from 6-week mouse Achilles tendons. Annotation was based on gene
activity (ground-truth annotation, left) and the predicted annotation inferred from 2-week snATAC-seq (right). (B)

Identification of matching cell clusters between the 2-week and 6-week snATAC-seq data, visualized as a heatmap. (C) Violin
plot of tenocytes and TSPC-related gene activity in each cluster.
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Supplemental Figure 6.

Comparison of snRNA-seq and scRNA-seq.

(A) Dot plot of representative DEGs in snRNA-seq (2w) and snRNA-seq (2w+6w). (B) Relevance of annotation in each data.
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Supplemental Figure 7.

Analysis of 6-week snRNA-seq.

(A) UMAP snRNA-seq clustering of cells harvested from 6-week mouse Achilles tendons. Annotation was based on each gene
expression (ground-truth annotation, left) and predicted annotation inferred from 2-week snRNA-seq (right). (B)
Identification of matching cell clusters between the 2-week and 6-week snRNA-seq data visualized as a heatmap. (C) Violin
plot of tenocytes and TSPC-related gene expression in each cluster.
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Comparison of 2-week and 6-week snATAC-seq.
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(A) Circle plot of annotated differentially accessible regions for each data. (B) Integrated UMAP snATAC-seq clustering of cells
harvested from 2-week and 6-week mouse Achilles tendons. (C) Feature plot of TSPC-related gene activity in each dataset.
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Supplemental Figure 9.

Gene expression changes in CD55+/CD248+ and negative TSPCs.

Quantitative PCR of gene expression in CD55+/CD248+ and negative TSPCs (n = 4). Data are presented as means + SEM. *p <
0.05, ***p < 0.005.
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Chondrogenic and osteogenic induction of CD55+/CD248+ and negative TSPCs.

Quantitative PCR of tendon-related genes in CD55+/CD248+ and negative TSPCs after chondrogenic and osteogenic induction

(n =4). Data are presented as means + SEM. **p < 0.01, *p < 0.05.
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Reviewer #1 (Public review):

This study is focused on identifying unique, innovative surface markers for mature Achilles
tendons by combining the latest multi-omics approaches and in vitro evaluation, which
would address the knowledge gap of controversial identity of TPSCs with unspecific surface
markers. The use of multi-omics technologies, in vivo characterization, in vitro standard
assays of stem cells, and in vitro tissue formation is a strength of this work and could be
applied for other stem cell quantification in the musculoskeletal research. The evaluation and
identification of Cd55 and Cd248 in TPSCs have not been conducted in tendon, which is
considered as innovative. Additionally, the study provided solid sequencing data to confirm
co-expressions of Cd55 and Cd248 with other well-described surface markers such as Ly6a,
Tpp3, Pdgfra, and Cd34. Generally, the data shown in the manuscript support the claims that
the identified surface antigens mark TPSCs in juvenile tendons.

https://doi.org/10.7554/eLife.104768.2.sa2

Reviewer #2 (Public review):
Summary:

The molecular signature of tendon stem cells is not fully identified. The endogenous location
of tendon stem cells within native tendon is also not fully elucidated. Several molecular
markers have been identified to isolate tendon stem cells but they lack tendon specificity.
Using the declining tendon repair capacity of mature mice, the authors compared the
transcriptome landscape and activity of juvenile (2 weeks) and mature (6 weeks) tendon cells
of mouse Achilles tendons and identified CD55 and CD248 as novel surface markers for
tendon stem cells. CD55+ CD248+ FACS-sorted cells display a preferential tendency to
differentiate into tendon cells compared to CD55neg CD248neg cells.

Strengths:

The authors generated a lot of data of juvenile and mature Achilles tendons, using scRNAseq,
snRNAseq, ATACseq strategies. This constitutes a resource datasets.

Weaknesses:
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The analyses and validation of identified genes are not complete and could be pushed
further. The endogenous expression of newly-identified genes in native tendons would be
informative. The comparison of scRNAseq and snRNAseq datasets for tendon cell populations
would strengthen the identification of tendon cell populations.

https://doi.org/10.7554/eLife.104768.2.sa1

Author Response:

The following is the authors’ response to the original reviews

Reviewer #1 (Public review):

This study is focused on identifying unique, innovative surface markers for mature
Achilles tendons by combining the latest multi-omics approaches and in vitro evaluation,
which would address the knowledge gap of the controversial identity of TPSCs with
unspecific surface markers. The use of multi-omics technologies, in vivo characterization,
in vitro standard assays of stem cells, and in vitro tissue formation is a strength of this
work and could be applied for other stem cell quantification in musculoskeletal research.
The evaluation and identification of Cd55 and Cd248 in TPSCs have not been conducted
in tendons, which is considered innovative. Additionally, the study provided solid
sequencing data to confirm co-expressions of Cd55 and Cd248 with other well-described
surface markers such as Ly6a, Tpp3, Pdgfra, and Cd34. Generally, the data shown in the
manuscript support the claims that the identified surface antigens mark TPSCs in juvenile
tendons.

However, there are missing links between scientific questions aimed to be addressed in
Introduction and Methodology/Results. If the study focuses on unsatisfactory healing
responses of mature tendons and understanding of mature TPSCs, at least mature
Achilles tendons from more than 12-week-old mice and their comparison with tendons
from juvenile/neonatal mice should be conducted. However, either 2-week or 6-weekold
mice, used for characterization here, are not skeletally mature, Additionally, there is a
lack of complete comparison of TPSCs between 2-week and 6-week-old mice in the
transcriptional and epigenetic levels.

In order to distinguish TPSCs and characterize their epigenetic activities, the authors
used scRNA-seq, snRNA-seq, and snATAC-seq approaches. The integration, analysis, and
comparison of sequencing data across assays and/or time points is confusing and
incomplete. For example, it should be more comprehensive to integrate both scRNA-seq
and snRNA-seq data (if not, why both assays were used for Achilles tendons of both 2-
week and 6-week timepoints). sSnRNA-seq and snATAC-seq data of 6-week-old mice were
separately analyzed. No comparison of difference and similarity of TPSCs of 2-week and
6-week-old mice was conducted.

Given the goal of this work to identify specific TPSC markers, the specificity of Cd55 and
Cd248 for TPSCs is not clear. First, based on the data shown here, Cd55 and Cd248 mark
the same cell population which is identified by Ly6a, TPPP3, and Pdgfra. Although, for
instance, Cd34 is expressed by other tissues as discussed here, no data/evidence is
provided by this work showing that Cd55 and Cd248 are not expressed by other
musculoskeletal tissues/cells. Second, the immunostaining of Cd55 and Cd248 doesn't
support their specificity. What is the advantage of using Cd55 and Cd248 for TPSCs
compared to using other markers?
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Reviewer #2 (Public review):
Summary:

The molecular signature of tendon stem cells is not fully identified. The endogenous
location of tendon stem cells within the native tendon is also not fully elucidated. Several
molecular markers have been identified to isolate tendon stem cells but they lack tendon
specificity. Using the declining tendon repair capacity of mature mice, the authors
compared the transcriptome landscape and activity of juvenile (2 weeks) and mature (6
weeks) tendon cells of mouse Achilles tendons and identified CD55 and CD248 as novel
surface markers for tendon stem cells. CD55+ CD248+ FACS-sorted cells display a
preferential tendency to differentiate into tendon cells compared to CD55neq CD248neg
cells.

Strengths:

The authors generated a lot of data on juvenile and mature Achilles tendons, using
ScRNAseq, snRNAseq, and ATACseq strategies. This constitutes a resource dataset.

Weaknesses:

The analyses and validation of identified genes are not complete and could be pushed
further. The endogenous expression of newly identified genes in native tendons would be
informative. The comparison of scRNAseq and snRNAseq datasets for tendon cell
populations would strengthen the identification of tendon cell populations.

Reviewer #3 (Public review):
Summary:

In their report, Tsutsumi et al., use single nucleus transcriptional and chromatin
accessibility analyses of mouse achilles tendon in an attempt to uncover new markers of
tendon stem/progenitor cells. They propose CD55 and CD248 as novel markers of tendon
stem/progenitor cells.

Strengths:

This is an interesting and important research area. The paper is overall well written.
Weaknesses:

Major problems:

(1) It is not clear what tissue exactly is being analyzed. The authors build a story on
tendons, but there is little description of the dissection. The authors claim to detect MTJ
and cartilage cells, but not bone or muscle cells. The tendon sheath is known to express
CD55, so the population of "progenitors" may not be of tendon origin.

(2) Cluster annotations are seemingly done with a single gene. Names are given to cells
without functional or spatial validation. For example, MTJ cells are annotated based on
Postn, but it is never shown that Postn is only expressed at the MT]J, and not in other
anatomical locations in the tendon.

(3) The authors compare their data to public data based on interrogating single genes in
their dataset. It is now standard practice to integrate datasets (eg, using harmony), or at
a minimum using gene signatures built into Seurat (eqg AddModuleScore).
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(4) Progenitor populations (SP1, SP2). The authors claim these are progenitors but show
very clearly that they express macrophage genes. What are they, macrophages or
fibroblasts?

(5) All omics analysis is done on single data points (from many mice pooled). The authors
make many claims on n=1 per group for readouts dependent on sample number (eg
frequency of clusters).

(6) The scRNAseq atlas in Figure 1 is made by analyzing 2W and 6W tendons at the same
time. The snRNAseq and ATACseq atlas are built first on 2W data, after which the 6W data
is compared. Why use the 2W data as a reference?

Why not analyze the two-time points together as done with the scRNAseq?

(7) Figure 5: The authors should show the gating strategy for FACS. Were non-fibroblasts
excluded (eg, immune cells, endothelia...etc). Was a dead cell marker used? If not, it is not
surprising that fibroblasts form colonies and express fibroblast genes when compared to
CD55-CD248- immune cells, dead cells, or debris. Can control genes such as Ptprc or
Pecam1 be tested to rule out contamination with other cell types?

Minor problems:

(1) Report the important tissue processing details: type of collagenase used. Viability
before loading into 10x machine.

Reviewer #1 (Recommendations for the authors):

(1) Better healing responses in neonatal mice than mature mice have been well
appreciated in the field and differences in ECM environment, immune responses, and cell
function might account for varied injury results. However, direct evidence/data between
better healing and abundant TSPCs needs to be discussed in the Introduction.

We agree with this insightful comment. We have now enhanced our introduction to include a
more direct discussion of the relationship between better healing responses in neonatal mice
and the abundance of TSPCs. We specifically highlighted how Howell et al. (2017)
demonstrated that tendons in juvenile mice can regenerate functional tissue after injury,
while this ability is lost in mature mice. Based on this observation, we articulated our
hypothesis that juvenile mouse tendons likely contain abundant TSPCs, which potentially
explains their superior healing capacity. Additionally, we have added a statement
emphasizing that "investigating TSPCs biology is important for understanding tendon
regeneration and homeostasis" (lines 61-62), which clearly articulates the central role that
TSPCs play in tendon repair processes and tissue maintenance.

(2) 6-week-old mouse Achilles tendons are not mature enough and clinically relevant to
understand the deficiency of regenerative capacity of TPSCs for undesired healing. If the
goal of this study is to identify TSPCs of mature tendons, evaluation of Achilles tendons
from at least 12-week-old mice is more reasonable.

We agree with this insightful comment. We have now enhanced our introduction to include a
more direct discussion of the relationship between better healing responses in neonatal mice
and the abundance of TSPCs. We specifically highlighted how Howell et al. (2017)
demonstrated that tendons in juvenile mice can regenerate functional tissue after injury,
while this ability is lost in mature mice. Based on this observation, we articulated our
hypothesis that juvenile mouse tendons likely contain abundant TSPCs, which potentially
explains their superior healing capacity. Additionally, we have added a statement
emphasizing that "investigating TSPCs biology is important for understanding tendon
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regeneration and homeostasis" (lines 61-62), which clearly articulates the central role that
TSPCs play in tendon repair processes and tissue maintenance.

(3) 40-60 mouse Achilles tendons pooled for one sample seems a lot and there is
mixed/missed information about how many total cells were collected for each sample
and how they were used for different sequencing assays. This could raise the concern
that cell digestion was not complete and possibly abundant resident cells might be
missed for sequencing analysis.

We agree with this insightful comment. We have now enhanced our introduction to include a
more direct discussion of the relationship between better healing responses in neonatal mice
and the abundance of TSPCs. We specifically highlighted how Howell et al. (2017)
demonstrated that tendons in juvenile mice can regenerate functional tissue after injury,
while this ability is lost in mature mice. Based on this observation, we articulated our
hypothesis that juvenile mouse tendons likely contain abundant TSPCs, which potentially
explains their superior healing capacity. Additionally, we have added a statement
emphasizing that "investigating TSPCs biology is important for understanding tendon
regeneration and homeostasis" (lines 61-62), which clearly articulates the central role that
TSPCs play in tendon repair processes and tissue maintenance.

(4) The methods section has necessary information missing, which could create confusion
for readers. Which time points are used for scRNA-seq and snATAC-seq? Which time
points of cells are integrated and analyzed regarding each assay/combined assays? Why
is transcriptional expression evaluated by both scRNA-seq and snRNA-seq and is there
any technological difference between the two assays?

We have thoroughly revised the Methods section to clearly specify which time points were
used for each assay (line 132-133 and line 148-149). We have also clarified how cells from
different time points were integrated and analyzed (lines 167-170, 179-184 and 494-502).
Regarding the use of both scRNA-seq and snRNA-seq, we have explained that this
complementary approach allowed us to capture both cytoplasmic and nuclear transcripts,
providing a more comprehensive view of gene expression profiles while also enabling direct
integration with snATAC-seq data. Comparison of similarity between scRNA-seq integration
data (2-week and 6-week) and snRNA-seq (2-week) clusters confirmed that the clusters in
each data set are almost correlated. We added the dot plot and correlation data in
supplemental figure 5. Additionally, we have included comprehensive lists of differentially
expressed genes (DEGS) for each identified cluster across all datasets (supplementary tables
1-15), which provide detailed molecular signatures for each cell population and facilitate
cross-dataset comparisons.

(5) snATAC-sequencing data seems to be used to only confirm the findings by snRNA-seq
and snATAC-sequencing data is not well explored. This assay directly measures/predicts
transcription factor activities and epigenetic changes, which might be more accurate in
inferring transcription factors from RNA sequencing data using the R package SCENIC.

We appreciate the reviewer's insightful comment regarding the utilization of our SnATAC-seq
data. We agree that snATAC-seq provides valuable direct measurements of chromatin
accessibility and transcription factor binding sites that can complement inference-based
approaches like SCENIC. To address this concern, we have revised our manuscript to better
emphasize the value of our snATAC-seq data in transcription factor activity evaluation. We
have modified our text (lines 570-574). This modification emphasizes that our integrated
approach leverages the strengths of both methodologies, with snATAC-seq providing direct
measurements of chromatin accessibility and transcription factor binding sites that can
validate and enhance the inference-based predictions from SCENIC analysis of RNA-seq data.
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(6) The image quality of immunostaining of Cd55 and Cd248 is low. The images show
that only part of the tendon sheath has positive staining. Co-localization of Cd55 and
Cd248 can't be found.

We agree with the reviewer regarding the limitations of our immunostaining images. To
obtain clearer images, we used paraffin sections for our analysis. Additionally, the antibodies
for CD55 and CD248 required different antigen retrieval conditions to work effectively, which
unfortunately prevented us from performing co-immunostaining to directly demonstrate co-
localization. Despite these technical limitations, we have optimized the processing and
imaging parameters to improve the quality of the immunostaining images in Figure 5A. These
improved images more clearly demonstrate the expression of CD55 and CD248 in the tendon
sheath, although in separate sections. The consistent localization patterns observed in these
separate stainings, together with our FACS and functional analyses of double-positive cells,
strongly support their co-expression in the same cell population. We have also updated the
corresponding Methods section (lines 260-272) to include these optimized immunostaining
protocols for better reproducibility.

(7) Only TEM data of tendon construct formed by sorted cells are shown. Results of
mechanical tests will be super helpful to show the capacity of these TPSCs for tendon
assembly.

We appreciate the reviewer's suggestion regarding mechanical testing. We would like to
direct the reviewer's attention to Figure 51 in our manuscript, where we have already
included tensile strength measurements of the tendon construct. These mechanical test
results demonstrate the functional capacity of CD55/CD248+ cells to form tendon-like tissue
with appropriate mechanical properties, providing quantitative evidence of their ability for
tendon assembly.

(8) Cells negative for CD55/CD248 could be mixed cell populations, including
hematopoietic lineages, cells from tendon mid substance, immune cells, and/or
endothelial cells. Under induction of tri-lineage media, these mixed cell populations could
process different, unpredicted phenotypes (shown by no increased gene expression of
tenogenic, chondrogenic, and osteogenic markers after induction). Higher tenogenic
gene expressions of TPSCs after induction don't mean that TPSCs are induced into
tenocytes if compared to unknown cell populations with/without similar induction.
Additionally, PCR data in Figure 5 presented as AACT, with unclear biological meanings,

is challenging to interpret.

We appreciate the reviewer's suggestion regarding mechanical testing. We would like to
direct the reviewer's attention to Figure 51 in our manuscript, where we have already
included tensile strength measurements of the tendon construct. These mechanical test
results demonstrate the functional capacity of CD55/CD248+ cells to form tendon-like tissue
with appropriate mechanical properties, providing quantitative evidence of their ability for
tendon assembly.

Reviewer #2 (Recommendations for the authors):

The aim of this study was to identify novel markers for tendon stem cells. The authors
used the fact that tendon cells of juvenile tendons have a greater ability to regenerate
versus mature tendons. scRNAseq, snRNAseq, and snATACseq datasets were generated
and analyzed in juvenile and mature Achilles tendons (mice).

The authors generated a lot of data that could be exploited further to show that these
two novel surface tendon markers are more tendon-specific than those previously
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identified. Another concern is that there is no robust data indicative of the endogenous
location of CD55+ CD248+ cells in the native tendon. Same comments for the
transcription factors regulating the transcription of CD55 and CD248 and that of Scx and
Mkx. A validation of the ATACseq data with a location in native tendons would be
pertinent.

The analysis was performed by comparing 2 sub-clusters of the same datasets and not
between the two stages. Given the introduction highlighting the differential ability to
regenerate between the two stages, the comparison between the two stages was
somehow expected. I wonder if there is an explanation for the absence of analysis
between the two stages.

The authors have all the datasets to (bioinformatically) compare scRNAseq and snRNAseq
datasets. This comparative analysis would strengthen the clustering of tendon cell
populations at both stages. The labeling/identification of clusters associated with tendon
cell populations is not obvious. I am surprised that there is no tendon sheath cluster such
as endotenon or peritenon. A discussion on the different tendon cell populations (tendon
clusters) is lacking.

(1) Choice of the three markers

The authors chose three genes known to be markers for tendon stem cells, Tppp3,
PdgfRa, and Ly6a, and investigated clusters (or subclusters) that co-express these three
genes. Except for Tppp3, the other two genes lack tendonspecificity. Ly6a is a stem cell
marker and is recognized to be a marker of epi/perimysium in fetal and perinatal stages
in mouse limbs (PMID: 39636726). Pdgfra is a generic marker of all connective tissue
fibroblasts. Could it be that the identification of the two novel surface markers was
biased with this choice? The identification of CD55 and CD248 has been done by
comparing DEGs between cluster 4 (SP2) and cluster 1 (SP1). What about an unbiased
comparison of both clusters 4 and 1 (or individual clusters) between mature and juvenile
samples? The reader expected such a comparison since it was introduced as the
rationale of the paper to compare juvenile and mature tendon cells.

We selected Tppp3, PdgfRa, and Ly6a based on established literature identifying them as
TSPC markers (Harvey et al., 2019; Tachibana et al., 2022). While only Tppp3 has tendon
specificity, these genes collectively represent reliable TSPC markers currently available.

Our identification of CD55 and CD248 came from comparing SP2 and SP1 clusters that
showed these three markers plus tendon development genes. We did compare juvenile and
mature samples as shown in Figure 1G, revealing decreased stem/progenitor marker
expression with maturation. Additionally, we performed a comprehensive comparison
between 2-week and 6-week samples visualized as a heatmap in Supplemental Figure 3,
which clearly demonstrates the transcriptional changes that occur during tendon maturation.
We have also provided the complete lists of differentially expressed genes for each identified
cluster

(supplementary tables 1-15), allowing for unbiased examination of cluster-specific gene
signatures across developmental stages.

Our functional validation confirmed CD55/CD248 positive cells express Tppp3, PdgfRa, and
Ly6a while demonstrating high clonogenicity and tenogenic differentiation capacity,
confirming their TSPC identity.

(2) Concerns with cluster identification

The cluster11, named as MTJ cluster, in 2-week scRNAseq datasets was not detected in 6-
week scRNAseq datasets (Figure 1A). Does it mean that MT] disappears at 6 weeks in
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Achilles tendons? In the snRNAseq MT] cluster was defined on the basis of Postn
expression. «Cluster 11, with high Periostin (Postn) expression, was classified as a
myotendinous junction (MTJ).» Line 379.

What is the basis/reference to set a link between Postn and MTJ?
Could the CA clusters be enthesis clusters? Is there any cartilage in the Achilles tendon?

If there are MT] clusters, one could expect to see clusters reflecting tendon attachment to
cartilage/bone.

Iam surprised to see no cluster reflecting tendon attachments (endotenon or peritenon).

Cluster 9 was identified as a proliferating cluster in scRNAseq datasets. Does the Cell
Cycle Regression step have been performed?

Thank you for highlighting these important questions about our cluster identification. The
MT] cluster (cluster 11) appears reduced but not absent in 6-week samples. We based our MT]
classification on Postn expression, which is enriched at the myotendinous junction, as
documented by Jacobson et al. (2020) in their proteome analysis of myotendinous junctions.
We have added this reference to the manuscript to provide clear support for our cluster
annotation (lines 400-401).

Regarding the CA cluster, these cells express chondrogenic markers but are not enthesis
clusters. We have revised our manuscript to acknowledge that these could potentially
represent enthesis cells, as you suggested (lines 412-414). While Achilles tendons themselves
don't contain cartilage, our digestion process likely captured some adjacent cartilaginous
tissues from the calcaneus insertion site.

We acknowledge the absence of clearly defined endotenon/epitenon clusters. We have added
more comprehensive explanations about peritenon tissues in our manuscript (lines 431-433
and 584-585), noting that previous studies (Harvey et al., 2019) have reported that Tppp3-
positive populations are localized to the peritenon, and our SP clusters might also reflect
peritenon-derived cells. This additional context helps clarify the potential tissue origins of
our identified cell populations.

For the proliferating cluster (cluster 9), we confirmed high expression of cell cycle markers
(Mki67, Stmn1) but did not perform cell cycle regression to maintain biological relevance of
proliferation status in our analysis. We have clarified this methodological decision in the
revised Methods section.

(3) What is the meaning of all these tendon clusters in sScRNAseq snRNAseq and
SnATACseq? The authors described 2 or 3 SP clusters (depending on the scRNAseq or
snRNAseq datasets), 2 CT clusters, 1 MTJ cluster, and 1CA cluster. Do genes with enriched
expression in these different clusters correspond to different anatomical locations in
native tendons? Are there endotenon and peritenon clusters? Is there a correlation
between clusters (or subclusters) expressing stem cell markers and peritenon as
described for Tppp3

Thank you for this important question about the biological significance of our identified
clusters. The multiple tendon-related clusters we identified likely represent distinct cellular
states and differentiation stages rather than strictly discrete anatomical locations. The SP
clusters (stem/progenitor cells) express markers consistent with tendon progenitors reported
in the literature, including Tppp3, which has been described in the peritenon. As we
mentioned in our response to the previous question, we have added more comprehensive
explanations about peritenon tissues in our manuscript (Lines 432-433 and 584-585), noting
that previous studies (Harvey et al., 2019) have reported that Tppp3-positive populations are
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localized to the peritenon, and our SP clusters might reflect peritenon-derived cells. Our
immunohistochemistry data in Figure 5A further confirms that CD55/CD248 positive cells are
localized primarily to the tendon sheath region, similar to the localization pattern of Tppp3
reported by Harvey et al. (2019). The tenocyte clusters (TC) represent mature tendon cells
within the fascicles, and their distinct transcriptional profiles suggest heterogeneity even
within mature tenocytes. The MT]J cluster specifically expresses genes enriched at the
myotendinous junction, while the CA cluster likely represents cells from the enthesis region,
as you suggested. In the revised manuscript, we have clarified this interpretation and added
additional discussion about the relationship between cluster identity and anatomical
localization, particularly regarding the SP clusters and their correlation with peritenon
regions.

(4) The use of single-cell and single-nuclei RNAseq strategies to analyze tendon cell
populations in juvenile and mature tendons is powerful, but the authors do not exploit
these double analyses. A comparison between scRNAseq and snRNAseq datasets (2 weeks
and 6 weeks) is missing. The similar or different features at the level of the clustering or
at the level of gene expression should be explained/shown and discussed. This analysis
should strengthen the clustering of tendon cell populations at both stages. In the same
line, why are there 3 SP clusters in snRNAseq versus 2 SP clusters in scCRNAseq? The MTJ
cluster R2-5 expressing Sox9 should be discussed.

Thank you for highlighting this important gap. We have conducted a comprehensive
comparison between scRNA-seq and snRNA-seq datasets, revealing substantial correlation
between cell populations identified by both methodologies. We've added a detailed dot plot
visualization and correlation heatmap in Supplemental Figure 5 that demonstrates the
relationships between clusters across datasets. The additional SP cluster in snRNA-seq likely
reflects the greater sensitivity of nuclear RNA sequencing in capturing certain cell states that
might be missed during whole-cell isolation. Our analysis shows this SP3 cluster represents a
transitional state between stem/progenitor cells and differentiating tenocytes. Regarding the
Sox9-expressing MT] cluster R2-5, we have expanded our discussion in the revised
manuscript (lines 500502) to address this finding, incorporating relevant references
(Nagakura et al., 2020) that describe Sox9 expression at the myotendinous junction. This
expression pattern suggests that cells at this specialized interface may maintain
developmental plasticity between tendon and cartilage fates, which is consistent with the
transitional nature of this anatomical region.

(5) The claim of "high expression of CD55 and CD248 in the tendon sheath" is not
supported by the experiments. The images of immunostaining (Figure 5A) are not very
convincing. It is not explained if these are sections of 3Dtendon constructs or native
tendons. The expression in 3D-tendon constructs is not informative, since tendon sheaths
are not present. The endogenous expression of the transcription factors regulating
tendon gene expression would be informative to localize tendon stem cells in native
tendons.

Thank you for this important critique. We agree that the original immunostaining images
were not sufficiently convincing. To address this, we have used paraffin sections and
optimized our staining protocols to improve image quality. It's worth noting that CD55 and
CD248 antibodies required different antigen retrieval conditions to work effectively, which
unfortunately prevented us from performing coimmunostaining to directly demonstrate co-
localization in the same section. Despite these technical limitations, we have significantly
improved the quality of the immunostaining images in Figure 5A with enhanced processing
and imaging parameters
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The improved images more clearly demonstrate the preferential expression of CD55 and
CD248 in the tendon sheath/peritenon regions. The consistent localization patterns observed
in these separate stainings, together with our FACS and functional analyses of double-positive
cells, strongly support their coexpression in the same cell population.

In the revised manuscript, we have also improved the figure legends to clearly indicate the
nature of the tissue samples and updated the methods section to provide more detailed
protocols for the immunostaining procedures used.

Your suggestion regarding transcription factor visualization is valuable. While beyond the
scope of our current study, we agree that examining the endogenous expression of regulatory
transcription factors like K1f3 and K1f4 would provide additional insights into tendon stem
cell localization in native tendons, and we plan to pursue this in future work

Minor concerns:

(1) Lines 392-397 « To identify progenitor populations within these clusters, we analyzed
expression patterns of previously reported markers Tppp3 and Pdgfra (Harvey et al.,
2019; Tachibana, et al., 2022), along with the known stem/progenitor cell marker Ly6a
(Holmes et al., 2007, Sung et al., 2008; Hittinger et al., 2013; Sidney et al., 2014, Fang et
al., 2022). We identified subclusters within clusters 1 and 4 showing high expression of
these genes, which we defined as SP1 and SP2. SP2 exhibited the highest expression of
these genes, suggesting it had the strongest progenitor characteristics.» Please cite
relevant Figures. Feature and violin plots (scRNAseq) across all cells (not for the only 2
SP1 and SP2 clusters) of Tppp3, Pdgfra and Ly6a are missing.

Thank you for pointing out this important oversight. We have modified the manuscript to
clarify that the text in question describes Figure 1B. Additionally, we have added new feature
plots showing the expression of Tppp3, Pdgfra, and Ly6a across all cells in supplymental
figure 1B

(2) The labeling of clusters with numbers in single-cell, single nuclei RNAseq, and ATACseq
is difficult to follow.

We appreciate your feedback on this issue. We recognize that the numerical labeling system
across different datasets (scRNA-seq, SnRNA-seq, and snATAC-seq) makes it difficult to track
the same cell populations. To address this, we have added Supplemental Figure 5, which
clearly shows the correspondence between cell populations in single-cell and single-nucleus
RNA-seq datasets.

(3) Figure 1C. It is not clear from the text and Figure legend if the DEGs are for the
merged 2 and 6 weeks. If yes, an UMAP of the merged datasets of 2 and 6 weeks would
be useful.

We appreciate your feedback on this issue. We recognize that the numerical labeling system
across different datasets (scRNA-seq, SnRNA-seq, and snATAC-seq) makes it difficult to track
the same cell populations. To address this, we have added Supplemental Figure 5, which
clearly shows the correspondence between cell populations in single-cell and single-nucleus
RNA-seq datasets.

(4) Along the Text, there are a few sentences with obscure rationale. Here are a few
examples (not exhaustive):

Abstract
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« Combining single-nucleus ATAC and RNA sequencing analyses revealed that Cd55 and
Cd248 positive fractions in tendon tissue are TSPCs, with this population decreasing at 6
weeks. »

The rationale of this sentence is not clear. How can single-nucleus ATAC and RNA
sequencing analyses identify Cd55 and Cd248 positive fractions as tendon stem cells?

Thank you for highlighting this unclear statement in our abstract. We agree that the previous
wording did not adequately explain how our sequencing analyses identified CD55 and CD248
positive cells as TSPCs. We have revised this sentence to clarify that our multi-modal
approach (combining scRNA-seq, snRNA-seq, and snATAC-seq) enabled us to identify Cd55
and Cd248 positive populations as TSPCs based on their co-expression with established TSPC
markers such as Tppp3, Pdgfra, and Ly6a. This comprehensive analysis across different
sequencing modalities provided strong evidence for their identity as tendon stem/progenitor
cells, which we further validated through functional assays. The revised abstract now more
clearly communicates the logical progression of our analysis and findings

Line 80-82

« Cd34 is known to be highly expressed in mouse embryonic limb buds at E14.5
compared to E11.5 (Havis et al., 2014), making it a potential marker for TSPCs. »

The rationale of this sentence is not clear. How can "the fact to be expressed in E14.5
mouse limbs" be an indicator of being a "potential marker of tendon stem cells"?

Thank you for highlighting this unclear statement in our abstract. We agree that the previous
wording did not adequately explain how our sequencing analyses identified CD55 and CD248
positive cells as TSPCs. We have revised this sentence to clarify that our multi-modal
approach (combining scRNA-seq, snRNA-seq, and snATAC-seq) enabled us to identify Cd55
and Cd248 positive populations as TSPCs based on their co-expression with established TSPC
markers such as Tppp3, Pdgfra, and Ly6a. This comprehensive analysis across different
sequencing modalities provided strong evidence for their identity as tendon stem/progenitor
cells, which we further validated through functional assays. The revised abstract now more
clearly communicates the logical progression of our analysis and findings

Line 611

« Recent reports have highlighted the role of the Kif family in limb development (Kult et
al,, 2021), suggesting its potential importance in tendon differentiation »

Why does the "role of KIf family in limb development" suggest an "importance in tendon
differentiation"?

Thank you for highlighting this logical gap in our manuscript. You're right that involvement
in limb development doesn't necessarily indicate specific importance in tendon
differentiation. We've revised this statement to more accurately reflect current knowledge,
noting that while KIf factors are involved in limb development, their specific role in tendon
differentiation requires further investigation (lines 658-659). This revised text better aligns
with our findings of KIf3 and Klf4 expression in tendon progenitor cells without making
unsupported claims about their functional significance

Reviewer #3 (Recommendations for the authors):

In addition to the points highlighted above some additional points are listed below.
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(1) Case in point: the authors claim CD55 and CD248 are found at the tendon sheath (line
541), which is not part of the tendon proper (although the IHC seems to show green in
the epi/endotenon).

Thank you for highlighting this logical gap in our manuscript. You're right that involvement
in limb development doesn't necessarily indicate specific importance in tendon
differentiation. We've revised this statement to more accurately reflect current knowledge,
noting that while KIf factors are involved in limb development, their specific role in tendon
differentiation requires further investigation (lines 658-659). This revised text better aligns
with our findings of KIf3 and Klf4 expression in tendon progenitor cells without making
unsupported claims about their functional significance

(2) All cell types seem to express collagen based on Figure 1B, so either there is serious
background contamination (eg, ambient RNA), or an error in data analysis.

Thank you for highlighting this logical gap in our manuscript. You're right that involvement
in limb development doesn't necessarily indicate specific importance in tendon
differentiation. We've revised this statement to more accurately reflect current knowledge,
noting that while KIf factors are involved in limb development, their specific role in tendon
differentiation requires further investigation (lines 658-659). This revised text better aligns
with our findings of KIf3 and Klf4 expression in tendon progenitor cells without making
unsupported claims about their functional significance

Minor problems:

(1) The figures are confusingly formatted. It is hard to go between cluster numbers and
names. Clusters of similar cell types (eg progenitors) are not grouped to facilitate
comparison, as ordering is based on cluster number).

Thank you for highlighting this logical gap in our manuscript. You're right that involvement
in limb development doesn't necessarily indicate specific importance in tendon
differentiation. We've revised this statement to more accurately reflect current knowledge,
noting that while KIf factors are involved in limb development, their specific role in tendon
differentiation requires further investigation (lines 658-659). This revised text better aligns
with our findings of KIf3 and Klf4 expression in tendon progenitor cells without making
unsupported claims about their functional significance

(2) The introduction does not distinguish between findings in mice and man. A lot of
confusion in the tendon literature probably arises from interspecies differences, which
are rarely addressed.

We appreciate this important point about species distinctions. We have revised our
introduction to clearly identify species-specific findings by adding the term "murine" before
TSPC references when discussing mouse studies (lines 64, 66, 70, 75, 100, and 108). We agree
that interspecies differences are important considerations in tendon biology research,
particularly when translating findings between animal models and humans. Our study
focuses specifically on mouse models, and we have been careful not to overgeneralize our
conclusions to human tendon biology without appropriate evidence. This clarification helps
readers better contextualize our findings within the broader tendon literature landscape.

https://doi.org/10.7554/eLife.104768.2.sa0
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