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Abstract 
The tendon enthesis plays a critical role in facilitating movement and reducing stress within joints. Partial enthesis injuries heal in a mechanically 
inferior manner and never achieve healthy tissue function. The cells responsible for tendon-to-bone healing remain incompletely characterized 
and their origin is unknown. Here, we evaluated the putative role of mouse skeletal stem cells (mSSCs) in the enthesis after partial-injury. 
We found that mSSCs were present at elevated levels within the enthesis following injury and that these cells downregulated TGFβ signaling 
pathway elements at both the RNA and protein levels. Exogenous application of TGFβ post-injury led to a reduced mSSC response and impaired 
healing, whereas treatment with a TGFβ inhibitor (SB43154) resulted in a more robust mSSC response. Collectively, these data suggest that 
mSSCs may augment tendon-to-bone healing by dampening the effects of TGFβ signaling within the mSSC niche.
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Significance Statement
Tendon regeneration is of critical importance in achieving full recovery among the millions of patients with mechanical musculoskeletal 
injuries. Once injured, the tendon enthesis can never fully recover to its pre-injury function. The cells involved in the healing process are 
not well characterized and their origin is unknown. We found that mouse skeletal stem cells (mSSCs) play a fundamental role in the tendon 
enthesis by augmenting healing and potentially suppressing inhibitors such as TGFβ, which otherwise preclude a full tendon recovery.

Introduction
The tendon enthesis or tendon-to-bone interface (TBI) is 
a complex structure that plays a critical role in facilitating 
movement and reducing stress within joints.1 This 
fibrocartilaginous enthesis is composed of diverse cell types 
to permit the transfer of mechanical forces between bone and 
tendon—2 tissues with dramatically different material and 
cellular properties.1-4 The enthesis is classically described as 
being composed of 4 zones, representing a gradient of me-
chanical and cellular properties: the tendon (containing or-
ganized collagen fibrils and tenocytes with Young’s modulus 
of 0.2  GPa), uncalcified fibrocartilage, calcified fibrocarti-
lage, and bone (containing organized lamellar structure with 
Young’s modulus of 20 GPa).1-9

Following enthesis-injury, the enthesis is unable to fully 
regenerate and never regain its uninjured morphological ap-
pearance, which increases the risk of recurrent injury.2,4,10 
There is extensive histological data available characterizing 
tendon healing.11 However, the underlying cellular and molec-
ular mechanisms contributing to tendon-to-bone pathogene-
sis and healing remain largely unknown.12

Our group has previously isolated and identified mouse 
skeletal stem cells (mSSCs) from a variety of skeletal 
tissues including long bones,13-15 mandibles,16,17 and cra-
nial sutures.18 They are defined by their ability to self-renew 
and their multilineage contribution to bone, cartilage, and 
stroma, but not fat.13,15-20 Its downstream progenitor is bone, 
cartilage, and stromal progenitors (BCSPs).13,16,20-22 They 
have both been shown to be key facilitators in bone devel-
opment, maintenance of homeostasis, and response to frac-
ture healing.13,15-20 In this study, we evaluated whether mSSCs 
participated in the physiologic response to tendon injury at 
the enthesis and whether modulation of their activity may 
improve healing. This study, to our knowledge, represents the 
first characterization of the mSSC response to enthesis injury 
and may have broad implications for similar musculoskeletal 
pathology specifically partial TBI injuries that go untreated 
(eg, partial rotator cuff tears undergoing physical therapy in 
humans).

Methods
Subject Details
We purchased 9-week-old Black 6 (C57BL/6J, stock num-
ber: 000664) mice from Jackson Laboratories. Rainbow 
mice (ROSA26VT2/GK3) were provided as a gift from 
the Weissman Laboratory, Stanford University School of 
Medicine. Mice were housed at the Stanford University 
Comparative Medicine Pavilion. The facilities provided light 
and temperature-regulated housing for all animals. A mini-
mum sample size of 3 replicates per group was used for all 
experiments (exact numbers for specific experiments are pro-
vided in the figure legends). All experiments were carried out 
in accordance with the Stanford IACUC standards of care and 

approved by the institutional ethics committee, Administrative 
Panel on Laboratory Animal Care, (protocol reference: 9999).

Partial Tenotomy Mouse Model
Mice were anesthetized with inhaled isoflurane (Henry Schein 
Animal Health) at a concentration of 1-2% in oxygen at 3 L/
minute on top of a heating pad to ensure the mice were kept 
warm throughout the procedure. To prevent corneal desic-
cation ophthalmic ointment (Puralube petrolatum, Dechra 
Veterinary Products) was applied to the cornea. The mice were 
placed in the prone position on a clean operating surface. For 
the partial tendon injury at the tendon-to-bone enthesis, the 
left posterior foot, ankle, and lower leg were sterilized with 
3 applications of betadine followed by 70% ethanol. Using 
the aseptic technique, an incision was made over the calca-
neus and extended 1 cm proximally. The distal Achilles was 
dissected free from the surrounding tissues and then just a-
bove the tendon-to-bone interface a partial injury (~50%) of 
the tendon was transected using micro-scissors (Fine Science 
Tools, UK). The skin was closed using a 6-0 nylon suture 
(Ethilon). On the contralateral limb, a sham skin incision 
procedure was performed and was closed using a 6-0 nylon 
suture (Ethilon). During the procedure, the respiratory rates 
of the animals were monitored and the isoflurane was titrated 
accordingly. All mice were monitored daily until sutures were 
removed. For the mid-substance injury, the same sterile tech-
nique was used as well as the same incision. The Achilles was 
dissected free from the surrounding tissues and then in the 
mid aspect of the tendon, a partial injury (~50%) was created 
using micro-scissors (Fine Science Tools, UK). The skin was 
closed in a similar fashion as the previous procedure.

Liposomal Tamoxifen Induction for Rainbow 
Reporter System
Activated tamoxifen liposomes (LiTMX) were prepared as 
described by Ransom et al.23 Briefly, a 90:10 mol:mol mixture 
of 1,2-dimyristoyl-sn-glycero-3-phosphocholine and choles-
terol (Avanti Polar Lipids) was desiccated under 5 kPa stream 
of nitrogen gas for 5 min. This was followed by vacuum desic-
cation at 25 °C for 3 h, sonication in 1× PBS for 15 s, and then 
reconstitution by extrusion using a 100-nm pore-diameter 
polycarbonate membrane (Sigma-Aldrich) at 32 °C. Using 
NanoBrook Omni dynamic light scattering (DLS) instrument 
(Brookhaven) the liposome size was confirmed. Liposomal 
vesicles were then incubated with 4-hydroxytamoxifen 
(Sigma–Aldrich) under nitrogen gas at 25 °C for 6 h. LiTMX 
was applied locally to injury sites or areas of interest (tendon-
to-bone interface) for induction of Cre Recombinase at the 
time of surgery for Rainbow mice.

Exogenous Delivery of TGFβ
Two micrograms of exogenous carrier-free TGFβ-1 (10 µL, 
Biolegend, Cat# 763102) were delivered locally (adjacent to 
the tendon-to-bone interface) at the time of surgery before 
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skin closure. The procedure was conducted as described a-
bove. Additional doses of 2 µg were given every 3 days via 
a Hamilton syringe for fluorescence-activated cell sorting 
(FACS) and every other day for gross and histological analysis 
(700 Series, Hamilton). Achilles entheses were harvested at 3 
and 7 days after surgery for FACS sorting as described below. 
Saline administration was used for control.

Exogenous Delivery of SB431542
A total of 10 μM SB431542 formulated in DMSO (10 µL, 
selleckchem, Cat# S1067) was delivered locally (adjacent 
to the tendon-to-bone interface) at the time of surgery after 
the skin closure of mice. The procedure was conducted as 
described above. Additional doses of 10 μM were given every 
other day at the injury site via a Hamilton syringe for FACS 
and every other day for gross and histological analysis (700 
Series, Hamilton). Achilles TBIs were harvested at 3 and 7 
days after surgery for FACS sorting as described below. Saline 
administration was used for control.

Tissue Processing and Histology
Mouse injured and control tissues were fixed in 4% 
paraformaldehyde (Electron Microscopy Sciences) for 20  h 
at 4 °C. The specimens were decalcified in 19% EDTA in 
PBS at 4 °C for 4 weeks with a change of EDTA every 48 h. 
Specimens were then placed in 30% sucrose (Sigma–Aldrich) 
until saturation at 4 °C following fixation, followed by OCT 
until saturation at 4 °C, embedded in OCT, and sectioned at 
8 µm on Superfrost Plus microscope slides (FisherScientific). 
Representative tissue specimens were stained with a modified 
pentachrome using the protocol routinely used in our labo-
ratory.16

Immunohistochemistry
Immunohistochemistry of TBI cryosections was performed 
using vectastain elite ABC Kit (Vector Laboratories) according 
to the manufacturer’s instructions. In brief, samples previously 
cut in 8 μm sections on Superfrost Plus microscope slides (Fisher 
Scientific) were rehydrated and endogenous peroxidases were 
quenched using 3% H2O2 for 10 min. Sections were then treated 
with heated Tri-base (Sigma–Aldrich) for 15 min, permeabilized 
with 0.5% Triton-X-100. 1X Power Block (BioGeneX) in com-
bination with avidin/biotin blocking kit (Vector Laboratories) 
was applied for 1 h at room temperature. Sections were then 
incubated with the primary antibody (SP7, Abcam, ab22552, 
dilution 1:100) at 4 °C overnight. Subsequently, the respective 
secondary antibody (prediluted RTU Biotinylated Goat Anti-
Rabbit IgG Antibody, Vector Laboratories, BP-9100-50) was 
incubated on the specimen for 90 min. The specimens are rinsed 
and then incubated for 1 minute using DAB (BD Sciences, Cat# 
550880, dilution 1:500). Specimens were next washed with 
PBS, cover-slipped, and imaged with a Leica DMI6000B in-
verted microscope system.

Cell Culture and Immunofluorescence
FACS-isolated mSSC were plated in chambered slides coated 
with 0.1% gelatin and cultured in MEM alpha medium 
with 10% fetal bovine growth serum (FBS), 1% penicillin-
streptomycin. After at least 48 h cells were washed twice with 
phosphate-buffered saline (PBS) and fixed with 50% ace-
tone-50% methanol for 20 min at 4 °C, followed by washing 

with PBS–0.1%Triton-100 twice. Then, cells were incubated 
in a blocking solution with 1% horse serum in PBS–0.05% 
Tween-20 for 1 h at RT followed by incubation with a pri-
mary rabbit Phospho-SMAD2 (Ser465, Ser467) Antibody 
(Invitrogen, Cat# 701582, dilution 1:250) for 3  h at room 
temperature. After, cells were washed 3 times with PBS/0.1% 
Tween-20 and incubated in the blocking solution for 1  h 
at room temperature followed by incubation with FITC-
conjugated Goat Anti-Rabbit secondary antibody (Abcam, 
Cat# ab6717, dilution 1:500) for 45 min at room temperature. 
Nuclear counterstaining was performed using Vectashield 
H-1200 mounting medium with DAPI (Vector Laboratories).

Confocal Imaging and Analysis
The cryopreserved 8-μm sections on Superfrost Plus micro-
scope slides (Fisher Scientific) as well as the chambered cell 
culture slides were imaged using laser scanning confocal mi-
croscopy via the Leica WLL TCS SP8 Confocal Laser Scanning 
Microscope (Leica Microsystems) located in the Cell Sciences 
Imaging Facility (Stanford University, Stanford, CA). The 10× 
objectives were used (10× HC PL APO, air, N.A. 0.40). Image 
analysis was performed using Fiji software (ImageJ, NIH). 
Photoshop was utilized for image intensity analysis using the 
histogram tool.

Biomechanical Testing
Within 2 h of sacrifice, the Achilles TBI underwent mechan-
ical testing. During the dissection and mechanical testing, 
samples were kept moist by regular spraying with 10% PBS. 
Dimensional measurements of the tendon-to-bone interface 
were performed using a digital micrometer with fine tips and 
a resolution of 0.01 mm under microscope dissection by one 
user. Custom grips were used to compressively grip proxi-
mally at the Achilles tendon and distally at the calcaneus. The 
angle of pull was 180°. As per Beason et al, tendons were 
preloaded to 0.02 N to remove slack and the length of the 
tendon was measured.24 The length of the tendon was desig-
nated as the distance between the grip ends (ie, the distance of 
the entire tendon subjected to the displacement). To provide 
a consistent strain history, the tendons were exposed to 10 
cycles of preconditioning from 0.02 N to 0.05 N at a rate of 
0.1%/s. After a 300 s hold, tendons were then loaded to 5% 
strain at a rate of 25%/s and then held for stress relaxation 
over 600 s. Finally, tendons were unloaded back to 0% strain 
and then immediately subjected to an extension test to fail-
ure at a rate of 2%/s.24,25 Young’s modulus was calculated by 
taking a least-squares regression of the slope at the individual 
linear portion of the extensional test. Yield force, stress, and 
strain were taken at the point of the curve which exited lin-
ear deformation and entered plastic deformation. Stress was 
calculated by dividing the force by the cross-sectional area. 
The strain was measured by dividing the displacement over 
the original length of the tendon. Stress, strain, and modulus 
calculations were made using MATLAB (MathWorks).

Sample Preparation and FACS Isolation
The detailed steps listed in Gulati et al14 were followed for 
sample preparations and FACS isolation mSSCs. Specimens, 
including either the TBI or mid-tendon, were dissected and 
then were gently minced with a dissecting scissor on ice. They 
were then serially digested in collagenase digestion buffer at 
37 °C for 30 minutes under constant agitation in an orbital 
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shaker at 275 rpm at 37 °C. Digest consisted of serum-free 
Medium 199/EBS (HyClone) supplemented with 1.6 mg/mL 
Collagenase Type II (Sigma-Aldrich, Cat# 6885) 2  mg/mL 
Dispase II (Roche Diagnostics), 1% bovine serum albumin 
(Sigma-Aldrich), 1% pluronic F-68 (Gibco-Life Technologies), 
2% HEPES buffer (Gibco-Life Technologies, Grand Island, 
NY, USA), 0.4% 2.5 M CaCl2 (Sigma-Aldrich), 100 units/mL 
deoxyribonuclease I (Worthington Biochemistry). Dissociated 
cells were filtered through a 70 μm mesh filter, pelleted at 
300g at 4 °C, resuspended in FACS buffer which was com-
posed of PBS (Gibco-Life Technologies), 2% fetal bovine se-
rum (Gibco-Life Technologies), 1% penicillin-streptomycin 
(Gibco-Life Technologies), 1% pluronic F-68 (Gibco-Life 
Technologies). The digestions were pooled together and total 
dissociated cells were pelleted at 300g at 4 °C, resuspended 
in FACS buffer.

Cells were stained with fluorochrome-conjugated antibodies 
CD45 (Biolegend, Cat# 103110), Ter119 (ThermoFisher, 
Cart# 15-5921-81, dilution 1:200), CD202/TIE2 (eScience, 
Cat# 14-5987-81, dilution 1:20), Thy1.1 (ThermoFisher Cat# 
47-0900-82, dilution 1:100), Thy 1.2 (ThermoFisher Cat# 
47-0902-82, dilution 1:100), CD105/6C3 (ThermoFisher, 
Cat# 13-1051-85, dilution 1:100), CD51 (BD Sciences, 
Cat# 551187, dilution 1:50), CD 200 (BD Sciences, Cat# 
745255, dilution 1:50), goat anti-rat IgG secondary anti-
body (ThermoFisher, Cat# Q-11601MP, dilution 1:50), and 
Alexa Fluor 680 Fluorophore Antibody (ThermoFisher, Cat# 
A20188, dilution 1:20). Stained cells were pelleted at 300g 
at 4°, resuspended in 300 μL of FACS buffer 70 μm filter for 
flow cytometry. For information regarding antibodies used 
for FACS isolation of skeletal stem/progenitor cells refer to 
Supplementary Table S1.

Flow cytometry was performed on the FACS Aria II in the 
Lorey Lokey Stem Cell Institute Shared FACS Facility. First, 
CD45+ and dead cells (Pi+) were fractionated out and the 
remaining population (P3) was fractioned based upon pre-
viously described antigens by Chan et al13 and Gulati et al14 
The mSSC profile was CD45−, Ter119−, Tie2−, Thy1.1−, 
Thy1.2−, 6C3−, CD105−, CD51+, and CD200+. The mBCSP 
profile was CD45−, Ter119−, Tie2−, Thy1.1−, Thy1.2−, 6C3−, 
CD51+, and CD105+. The sequential FACS gating strategy is 
shown in Supplementary Fig. S2. Cells were sorted directly 
into TRIzol Reagent (Ambion-Life Technologies) for RNA iso-
lation and extraction or alpha-MEM supplemented with 20% 
fetal bovine serum, and 1% penicillin-streptomycin (Gibco-
Life Technologies) for cell culture and differentiation assays.

Bulk mRNA Sequencing
mSSCs, freshly isolated from 3 groups of 5 pooled injured or 
control TBIs of C57BL/6J mice were sorted directly into TRIzol 
Reagent (Ambion-Life Technologies). All cells collected were 
used for RNA extraction. The average number of cells collected 
for each pooled group was 2140 ± 3487 cells. RNA extraction 
was performed using Qiagen miRNeasy kit with one column 
DNAse treatment per the manufacturer’s recommendations. 
To generate cDNA from 1  ng total RNA, the Clontech 
Smarter Ultra Low Input RNA kit (Takara Bio) was used per 
the manufacturer’s recommendations. Amplified cDNA was 
purified using SPRI Ampure Beads (Beckman Coulter) and 
the quality and quantity were measured using a high sensi-
tivity DNA chip on the Agilent 2100 Bioanalyzer (Agilent 
Technologies). The cDNA was enzymatically fragmented to an 
average of 300 base pairs and libraries were generated with the 

Nextra-Xt kit (Illumina). The samples were uniquely barcoded, 
pooled, and sequenced on a single lane of the HiSeq (Illumina). 
A total of 263 million paired-end reads were obtained, with a 
minimum threshold of 37.5 million reads per sample.

Bulk mRNA Sequencing Data Analysis
A total of 6 samples (3 injured and 3 control samples 
containing pooled 5 specimens each) were profiled by bulk 
RNA sequencing at post-injury day 7 as described above. 
Raw FASTQ reads were aligned to GENCODE vM20 ref-
erence transcripts (GRCm38.p6) for a mouse with Salmon 
v0.12.0 using the -seqBias, -gcBias, -posBias, -useVBOpt, 
-rangeFactorizationBins 4, and -validateMappings flags and 
otherwise default parameters for single-end mapping. Count 
normalization and differential gene expression analysis were 
performed using the DESeq2 v1.22.2 package in R. Counts 
were size-factor normalized using the “DESeq” function and 
log2-transformed. Pairwise differential gene expression anal-
ysis was performed using the lfcShrink function with “type 
= apeglm,” which applies an adaptive t prior shrinkage es-
timator. Principal component analysis (PCA) was used to e-
valuate aggregate separation between injury and control 
(sham-surgery) transcriptomes. Gene enrichment analysis 
was performed on ranked lists of differentially expressed 
genes (n = 500 genes), ordered by adjusted P-value, using the 
enrichR toolkit against the KEGG, WikiPathways, and Gene 
Ontology databases.26,27 Additional analysis was performed 
using subsets of these genes that were specifically upregulated 
(n = 247) and downregulated (n = 253).

RT-PCR Analysis for Genes Expression
To analyze the expression level of genes of interest, RNAs 
were isolated from cells using the Trizol (Ambion-Life 
Technologies, Carlsbad, CA) procedure according to the 
manufactures’ instructions. Isolated RNAs were submitted 
to RT-PCR procedure as previously described.28 Primer-
sequences for Col1a, PAI1, and Gapdh genes, and annealing 
temperatures ions are reported in Supplementary Table S2.

Statistical Analysis
Statistical analyses were performed using the software 
GraphPad Prism v.6. Results are expressed as absolute num-
bers, percentages, or means ± SD. Data analysis was performed 
using an unpaired t-test assuming 2-tailed distribution or one-
way analysis of variance (ANOVA) and post hoc Tukey cor-
rection were used to compare groups where relevant. Fisher’s 
exact test was used for gene ontology analysis.26,27 Statistical 
significance was assigned for P ≤ .05.

Results
Mouse Achilles TBI Injury Model
The cellular mechanisms responsible for TBI healing after in-
jury remain poorly characterized. We aimed to evaluate whether 
new tissue formation within the injury site involved tissue-
resident skeletal stem cells. We used a mouse partial Achilles 
TBI tenotomy model known to alter the mechanical loading 
of the enthesis, resulting in impaired healing that never fully 
recapitulates normal morphology (Fig. 1A; Supplementary Fig. 
S1A). Using this model, we confirmed that the biomechanical 
properties of the TBI were significantly altered. The linear 
region of the stress–strain curve was significantly reduced at 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
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post-injury day 7 (control 97.4 ± 30.2 MPa vs. post-injury day 7 
30.4 ± 22.8 MPa; P = .005); the elastic modulus was also signif-
icantly reduced 7 days after injury (control 610.1 ± 479.2 MPa 
vs. post-injury day 7 128.2MPa ± 140.9 P = .02; Fig. 1B-1D; 
Supplementary Fig. S1B, S1C).

Polyclonal Expansion After Partial Achilles 
TBI-Injury
We began by assessing the extent of the clonal proliferation 
of local cells in Achilles TBI after injury. We created a partial 
Achilles TBI tenotomy to mimic tendon TBI injury in rainbow 

mice (ActincreERT2; RosaR26), given that no existing genetic drivers 
are known to delineate mSSC clonal proliferation. These rain-
bow mice express a Cre-inducible fluorescent reporter under 
the ubiquitous Actin promoter following tamoxifen induc-
tion. After recombination, cells express one of 4 colors (eGFP, 
mCerulean, mCherry, and mOrange). The resulting progeny 
are marked with the same color as the parent cell.29,30 To a-
chieve tissue-specific rainbow induction, we applied liposomes 
at the region of interest immediately following injury.23 Local 
administration of 4-hydroxytamoxifen liposomes instead of 
systemic tamoxifen injection was performed to ensure that 

Figure 1. Tissue and cell clonality characterization of partial Achilles tenotomy model. (A) Illustration and gross imaging of partial Achilles tenotomy 
model. (B) Elastic modulus of the Achilles TBI is significantly decreased 7 days post-injury (n = 6 per group). (C) The linear region of the stress–strain 
curve of an injured Achilles TBI is significantly less than the sham control at 7 days (n = 6 per group). (D) Representative stress–strain curve (n = 
6 per group). (E-H) Gross imaging, pentachrome staining, confocal micrographs, and SP7 immunohistochemistry of transverse TBI sections from 
ActincreERT2; RosaR26mice which were locally induced with activated tamoxifen liposomes using a published protocol at the time of surgery,23 
harvested at 3, 7, and 14 days post-surgery, clonal proliferation are visualized within the calcaneus at day 3, and by day 7 there was clonal proliferation 
within the calcaneus and along with the injury at the enthesis (noted by an arrow). (I) Quantification of the average number of clones at the injury site 
after injury (POD3-14, n = 3 per group). Representative samples calcaneus and tendon are labeled respectively as “C” and “T” an arrow marks the 
injury (n = 3 per group). Scale bars, 100 μm. Data and error bars are shown as mean ± SD. *P < .05, unpaired 2-tailed t-test.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
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only tissue-resident cells would be labeled. This would avoid 
labeling any cells outside of the local environment.

Histologically, we observed both gradual TBI re-
pair and bone remodeling of the calcaneus (Fig. 1E-1H, 
Supplementary Fig. S1D, S1E). On confocal microscopy, we 
observed an increased number of single-colored clones at 
the TBI after injury (Fig. 1E-1I). On immunohistochemistry, 
we noted increased expression of the SP7 protein, a known 
regulator of osteoblast differentiation and associated with 
bone formation, at post-injury day 7 compared to sham con-
trol31-33 (Fig. 1E-1H). Taken together, these findings suggest 
that cells of skeletal origin proliferate clonally in response 
to TBI-injury.

mSSCs Are Present Within the TBI at Homeostasis 
and Proliferate in Response to Injury
Since we had previously observed that mSSCs are enriched in 
mouse skeletal tissues after injury,13-18 we evaluated TBI cells 
using a similar strategy with FACS13-18 (Fig. 2A, Supplementary 
Fig. S2). We collected tissues from sham control Achilles TBI 
and tendon mid-substance (mid-tendon). We identified the 
presence of mSSCs and their downstream bone-cartilage-
stromal progenitors (mBCSPs) within both tissues and found 
a significantly larger representation of mSSCs and mBCSPs 
within the TBI compared to the mid-substance (Fig. 2B).

Subsequently, we sought to determine how mSSCs respond to 
TBI and/or mid-substance injury. We performed partial Achilles 
tenotomies at either site, utilizing the contralateral leg as a sham 
surgery control. This experiment uncovered a significant mSSCs 
expansion 7 days post-injury in response to TBI-injury, but not 
after mid-substance injury (Fig. 2C, 2D). Similarly, TBI injury 
elicited an expansion of mBCSPs, suggesting that both progeni-
tor populations in this tissue are injury-responsive.

TBI-Injury-Specific mSSC Gene Regulation
To characterize gene expression changes associated with mSSC 
in response to injury, we FACS-isolated injured and sham con-
trol mSSCs for bulk RNA-seq analysis. Clear differences were 
observed between injury and control transcriptomes (Fig. 3A). 
Using enrichment analysis, we evaluated the top 500 genes 
with the greatest difference in expression between injury vs. 
sham mSSCs (Fig. 3B). Genes upregulated in injured mSSCs 
suggest these cells were locally activated. Specifically, Panx3, 
associated with cellular activation of differentiation pathways 
including osteogenesis and chondrogenesis,34-36 was signif-
icantly upregulated in injured mSSCs. Additional pathways 
upregulated in injured mSSCs suggesting that the mSSCs are 
actively playing a role in TBI healing were the Indian hedge-
hog (Ihh) pathway linked to TBI fibrocartilage development 
and mineralization,37-39 glycosaminoglycan biosynthesis (data 
not shown, see the Gene Expression Omnibus for bulk RNA 
data), known to be an important part of the extracellular ma-
trix in managing TBI compressive forces,40 and in cell cycling 
suggesting that mSSCs are being activated to replicate and 
possibly differentiate (Fig. 3C, 3D; Supplementary Fig. S3A).

Interestingly, we found an overall downregulation of TGFβ 
pathway-components, indicated by downregulation of Tgfβ1, 
Tgfβr2, Smad3, and upregulation of Fbn1, known to control 
the bioavailability of TGFβ41 (Fig. 3C). Gene set enrichment 
analysis also highlighted the downregulation of TGFβ recep-
tor binding pathways in injured mSSCs (Fig. 3D). BMP and 
FGF signaling have been shown to facilitate differentiation 

into enthesis components42-44; however, there were no signifi-
cant changes in the expression of genes associated with these 
2 signaling pathways in mSSCs following injury, suggesting 
that these mechanisms may not play a significant role in 
mSSC activation during TBI healing.

To confirm our RNASeq findings that TGFβ signaling is 
downregulated in injured mSSCs, we performed immunofluo-
rescence of injured and control mSCCs investigating the ex-
pression of pSMAD2. SMAD is a major receptor-activated 
downstream effector of TGFβ signaling..45 There was a de-
crease in the intensity of expression and in the number of cells 
that had positive pSMAD2 nuclear staining thus, suggesting 
that there may be the downregulation of TGFβ signaling in 
mSSCs after injury (Fig. 3E, 3F). Further confirmation of the 
differential activation of TGFβ signaling between uninjured 
and injured mSSCs was obtained from the PCR expression a-
nalysis of 2 specific targets of activated TGFβ signaling, Col1a, 
and PaI1.46,47 These 2 genes were found to be upregulated in 
sham control mSSCs as compared to injured mSSC (Fig. 3G). 
The above findings strongly indicate that there is a difference 
in TGFβ signaling between injured and uninjured mSSCs.

Artificially Elevated Levels of Active TGFβ-1 After 
Injury Reduce the mSSC Response and Worsen TBI 
Healing
Over-activation of TGFβ signaling in the bone after par-
tial mouse Achilles tendon injury is known to contribute to 
enthesopathy, whereas inhibition of TGFβ via an exogenous 
TGFβ neutralizing antibody improves tendon-to-bone heal-
ing.12 The response to TGFβ signaling relies on precise spa-
tial and temporal activation; if altered, as seen in TBI healing, 
the alignment of enthesis fibrocartilage cells and proteoglycan 
synthesis is disturbed.48,49 Given the downregulation of gene 
expression of several components of the TGFβ signaling path-
way within the mSSC niche after partial-injury, we sought to 
investigate the effects of modulating TGFβ signaling on the 
mSSC response. We applied exogenous TGFβ-1 to TBI sites 
and found that TGFβ-1 treatment led to a significant inhibi-
tion of the normal mSSC and mBCSP expansion at 7 days 
post-injury (Fig. 4A). Histologically, there was increased tis-
sue disorganization and enthesopathy-like morphology seen in 
TGFβ1 treated TBIs (Supplementary Fig. S4). Grossly, we saw 
delays in healing with a profound inflammatory and fibrotic 
response in injuries treated with exogenous TGFβ-1 (Fig. 4B). 
These results further support prior research that the presence 
of excess TGFβ after TBI injury results in poor TBI healing 
and the possible inhibition of mSSC expansion (Fig. 4C).

We then examined whether functional modulation of 
TGFβ may affect TBI healing and the mSSC response using 
the small-molecule inhibitor SB431542. SB431542 is a selec-
tive inhibitor of the TGFβ superfamily type I activin receptor-
like kinase receptors, which have been explored in a variety 
of fibrotic pathologies.50,51 It has been previously shown in a 
mouse model of massive rotator cuff tear results in decreased 
fibrosis, fatty infiltration, and muscle weight loss after injury.50 
When this inhibitor was applied at the location of the injury, 
we found that there was a significant expansion of mSSCs 
and mBCSPs in both wild-type mice (Fig. 4A). Grossly, in 
mice treated with the inhibitor we saw a dramatic decrease in 
both fibrotic and inflammatory responses, compared to mice 
treated with exogenous TGFβ (Fig. 4B). Unexpectedly, the ad-
ministration of SB431542 also improved the biomechanical 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac027#supplementary-data


Stem Cells Translational Medicine, 2022, Vol. 11, No. 7 721

properties of the injured TBI compared to treatment with 
PBS, as a control as well as treatment with TGFβ (Fig. 4D, 
4E; Supplementary Fig. S4B). This outcome may reflect that 
TGFβ has a negative impact on the tissues within the TBI.

Discussion
The inability of the enthesis to fully recapitulate its mechani-
cal and morphological properties after a partial injury leaves 
it at high risk for future rupture. In this study, we identified 
mSSC as a cellular component of the TBI at homeostasis 
and observed their activation, in concert with their likely 
downregulation of TGFβ signaling, following TBI-injury. 
Furthermore, we found that mSSC representation was dra-
matically decreased in mice treated with exogenous TGFβ-1 
immediately following injury.

TGFβ plays an important role in cartilage and bone ho-
meostasis, the development of tendons and bony eminences/
interfaces, and the regulation of embryonic progenitor 

specification.43,52,53 It is secreted in an inactive, latent form 
and deposited in the extracellular matrix. Several physio-
logical processes result in the conversion of inactive TGFβ 
protein to its active form. However, excessive active TGFβ 
uncouples bone remodeling and contributes to the pathogen-
esis of osteopenia, Camurati-Engelmann disease, and other 
skeletal diseases.12,54,55 High concentrations of active TGFβ-1 
in the TBI have been shown to cause enthesopathy-like-states 
and the use of TGFβ-1 inhibitors after tendon injury has been 
shown to reduce fibrosis.12,50,56,57 Our transcriptomic profiling 
identified a downregulation in the expression of several TGFβ 
signaling components in mSSCs isolated from injured-TBI in 
wild-type mice. In addition, our transcriptomic data suggests 
TGFβ signaling downregulation is seen within mSSC the pop-
ulation present after TBI injury.

Previous studies have found that TGF-β1 localizes to 
forming scar tissue after TBI injury57 and increases the for-
mation of fibrous tissues at the healing site by increasing 
collagen accumulation without the expansion of tenogenic 

Figure 2. Identification of mSSCs in the Achilles tendon. (A) Illustration of the mSSC hierarchy. (B) Quantification of cellular frequency of FACS 
isolated mSSCs showing significantly more mSSCs within a sham control enthesis compared to the sham control mid-substance (n = 5 pooled, with 
3 replicates). (C) Quantification of cellular frequency of FACS isolated mSSCs and mBCSPs demonstrating a significant increase within enthesis post-
injury, but not within the mid-substance (n = 5 pooled, with 3 replicates). (D) Quantification of mSSC and mBCSP cellular frequency within enthesis 
post-injury with the maximum fold increase in mSSC occurring at post-injury day 7 (n = 5 pooled, with 3 replicates). Scale bars, 100 μm. Data and error 
bars are shown as mean ± SD. *P < .05, **P < .01, unpaired 2-tailed t-test.
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lineage cells.58 TGF-β1 may initially improve an injured 
TBI’s overall strength due to scarring compared to un-
treated injuries, but it does not restore the pre-injury TBI 
morphology and overall biomechanical properties.59 As a 
comparison, fetal wound healing, where no scars are seen, 

is characterized by low expression of TGF-β1, while adult 
wound healing is characterized by high levels of TGF-β1 
and typically excessive scar formation.60-64 The adminis-
tration TGF-β1 to mSSCs in culture does not result in the 
expansion of mSSCs, but rather altered the morphology 

Figure 3. Transcriptomic profile demonstrates downregulation of TGFβ signaling components in mSSCs isolated from injured TBI. (A) Principal 
component analysis plot shows clustering of mSSCs FACs sorted specimens from injured and control tissues (n = 5 pooled, with 3 replicates) at post-
injury day 7. (B) Heatmap of bulk RNA-seq data showing differential peaks (log2(normalized reads in peaks)) of injured mSSCs and control mSSC cohorts 
gene expression from post-injury day 7. Gene enrichment is noted in color key and histogram at the upper left. (C) Heatmap of selected genes of 
interest from overall heatmap differential peaks with significant upregulation of the Indian hedgehog pathway and downregulation of the TGFβ pathway. 
(D) GO terms enriched for genes upregulated (red) and downregulated (blue) in injured versus control mSSCs at post-injury day 7, identified by bulk 
RNA-seq. Select GO terms with significant P-values (Fischer exact test) are shown. (E) Injured mSSCs showed decreased image intensity of the nuclear 
localization of pSMAD2 (green) compared to control mSSCs (P < .001). Immunofluorescence of pSMAD2 (top column), DAPI staining (middle column), 
and merged images are shown. Original magnification: 20×. The image is representative of 3 experiments. (F) Significant decrease in quantified mSSC 
pSMAD2 immunofluorescence image intensity after injury which was performed with ImageJ and photoshop software. G, RT-PCR assay confirmed 
Col1a and Pal1 were downregulated in injured mSSCs compared to sham control (n = 15 pooled mice).
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of colony13; while administration of exogenous BMP-2 
resulted in the rapid expansion of mSSCs13 and has also 
been shown to have a positive impact on tendon healing,65 
suggesting the need for future investigation. Interestingly, 
TGF-β1 has been shown to possibly facilitate tenogenic 
differentiation of bone marrow-derived mesenchymal stem 
cells,66,67 suggesting that TGF-β1 may have different effects 
on mSSCs versus bone marrow-derived mesenchymal stem 
cells.

Pathologically high concentrations of active TGFβ can im-
pact the recruitment and proliferation of mesenchymal stem 
cells68 as well as a subset of bone marrow precursor-cells, de-
fined by Nestin positivity, contributing to the pathogenesis of 
enthesopathy.12 This Nestin+ lineage, with known endothe-
lial and mesenchymal lineage-cell specification, is unlikely to 
promote TBI-regeneration. Given that endogenous activation 

of TGFβ signaling increases Nestin+ cells in tendons, we 
sought to investigate whether administration of exogenous 
TGFβ would impact the prevalence of mSSCs post-injury. We 
observed a reduced mSSC response with post-injury exoge-
nous TGFβ treatment in wild-type. Furthermore, the mSSC 
response was augmented beyond the control in mice treated 
with SB431542, a TGFβ inhibitor. These data indicate that, 
contrary to previous reports on Nestin+ lineage cells, after 
TBI injury mSSCs may orchestrate downregulation of TGFβ 
signaling to permit their expansion and eventual contribu-
tion to TBI regeneration. This is demonstrated by the fact 
that mSCCs expand after acute injury and downregulate 
TGFβ signaling, while exogenous administration of TGFβ 
attenuates the mSSC response/activation after TBI injury.

Increased TGFβ-1 is associated not only with enthesopathy 
and poor TBI healing but also with pathologic bone formation 

Figure 4. Treatment with exogenous TGFβ negatively impacts the activation of mSSCs in the Achilles tendon leading to an enthesopathy-like phenotype. 
(A) Quantification of the cellular frequency of FACS isolated mSSC demonstrated a significantly reduced response of mSSC and mBCSP post-injury 
after administration of exogenous TGFβ-1 compared to saline administration, and a significantly increased response with SB431542 treatment (n = 
2 pooled, with 3 replicates). (B) Representative gross images of wild-type mice (3 panels) at post-injury days 3, 7, and 14 treated with saline control 
(top panel), TGFβ (second panel), and SB431542 (third panel). TBI injury identified with an arrow, Scale bars, 5 mm. (C) Schematic of proposed mSSC 
response during TBI healing in the setting of exogenous TGFβ. Following injury and administration of TGFβ1, mSSC response is inhibited, which also 
reduces the number of downstream progenitors present at the injury site. (D) Overall yield force 7 days post-injury was significantly reduced in injured 
Achilles TBIs treated with PBS. This significant reduction was mitigated in injured Achilles TBI treated with SB43154 (n = 4 per group). (E) Seven days 
post-injury there was a significant difference seen the yield stress seen in TBIs treated with PBS; with the treatment of SB43154 the difference was no 
longer significant. Data and error bars shown as mean ± SD.
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states, including heterotopic ossification and osteoarthri-
tis.69,70 In contrast, inhibiting TGFβ signaling attenuates the 
progression of such disease processes and promotes the en-
dogenous regenerative potential of the mammalian calvarium 
after injury.71 This elevated signaling alters enthesis organ-
ized morphology.12 mSSCs are activated in response to a 
TBI-injury and attempt to encourage TBI-regeneration via 
downregulation of TGFβ signaling within the mSSC niche.

It is important to note that our findings are specific to acute 
transection of a normal tendon that was not immobilized. 
Future research is required to evaluate the role of mSSCs in 
the setting of degenerative tendon/TBI injury that typically 
occurs in humans. Further, given that we used only Black 6 
and rainbow mice strains in the study, there may be species- or 
strain-specific differences that limit the scope of the findings. 
Regarding our statistical methods, we ran the Shapiro–Wilk 
test on our data and found that for the immunofluorescence 
where there are 20 replicates, it met the assumptions for par-
ametric testing via the Shapiro–Wilk’s test, however, the sam-
ple sizes for our other results were too small (<5) to test for 
normality. Additionally, the study only covers the early phase 
of TBI repair as it uses early time points, and as a result future 
studies with longer time points are needed to investigate the 
long-term role of mSSCs in TBI healing and tissue remodeling.

Conclusion
Collectively, our results frame a conceptual advance in the un-
derstanding of tendon-to-bone regeneration by demonstrating, 
the involvement of a skeletal stem cell population in tendon-
to-bone healing. Furthermore, these findings suggest that 
mSSCs play a role in repair and regeneration through the 
downregulation of TGFβ signaling. These mSSC and TGFβ 
pathway interactions may represent potential targets for med-
ical interventions aimed at mitigating the painful and persist-
ent enthesopathy that develops after partial enthesis injury.
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