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Abstract 

To better understand the molecular mechanisms of tendon healing, we investigated the Murphy 

Roth’s Large (MRL) mouse, which is considered a model of mammalian tissue regeneration. We 

show that compared to C57Bl/6J (C57) mice, injured MRL tendons have reduced fibrotic 

adhesions and cellular proliferation, with accelerated improvements in biomechanical properties. 

Transcriptional analysis of biological drivers showed positive enrichment of TGFB1 in both C57 

and MRL healing tendons. However, only MRL tendons exhibited downstream transcriptional 

effects of cell cycle regulatory genes, with negative enrichment of the cell senescence-related 

regulators, compared to the positively-enriched inflammatory and ECM organization pathways 

in the C57 tendons. Serum cytokine analysis revealed decreased levels of circulating senescence-

associated circulatory proteins (SASP) in response to injury in the MRL mice compared to the 

C57 mice.  These data collectively demonstrate altered TGFB1 regulated inflammatory, fibrosis, 

and cell cycle pathways in flexor tendon repair. 
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Introduction 

 Flexor tendons transmit the intricate muscle forces required to move the digits freely. 

These hierarchically structured and tightly aligned collagen-rich connective tissues are sparsely 

populated and maintained by tenocytes (Nichols et al., 2019), which are fibroblast-like cells that 

express phenotypic transcriptional factors including scleraxis (Scx) (Best and Loiselle, 2019, 

Pryce et al., 2007, Pryce et al., 2009, Schweitzer et al., 2001), mohawk (Mkx) (Berthet et al., 

2013, Ito et al., 2010, Liu et al., 2010), the tendon matrix protein of collagen type I (Col1), and 

non-collagenous proteins such as the glycoprotein tenomodulin (Tnmd) (Alberton et al., 2015, 

Dex et al., 2017, Lin et al., 2017, Qi et al., 2012). Injuries to flexor tendons, particularly in zone 

II of the hand, are susceptible to debilitating fibrotic adhesions, which compromise tendon 

gliding, strength, and range of motion, which is often attributed to the tendon’s sparse cellularity 

(Whalen, 1951) and vascularity (Tempfer and Traweger, 2015). Upon injury, tendon healing 

proceeds in three canonical and overlapping phases: 1) an inflammation phase, 2) a proliferative, 

reparative phase, and 3) a remodeling phase (Nichols et al., 2019, Andarawis-Puri and Flatow, 

2018, Thomopoulos et al., 2015). Immediately following tendon injury, acute cytokine and 

chemokine production signals circulating and peripheral inflammatory cells, predominantly 

leukocytes, to the hematoma forming at the injury site. The proliferative, reparative phase is 

driven by intrinsically and extrinsically derived fibroblasts, including the tenocytes, fibroblasts 

from the loose connective tissues enveloping the tendon (epitenon or paratenon) and its 

collagenous fascicles (endotenon) and perivascular cells (Dyment and Galloway, 2015).  These 

fibroblasts scaffold a fibrovascular provisional matrix (granulation tissue) rich with collagen type 

III to partially restore tissue continuity. The remodeling phase, which is typically protracted, 

gradually replaces the provisional matrix with native tissue  ECM components that are 
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restructured to restore uninjured tissue mechanical properties, mediated by enzymatic activity of 

matrix metalloproteinases (MMPs). Time-dependent activation of Scx-expressing cells within 

the injury microenvironment is thought to constitute regenerative tendon healing, whereas the 

activation of α-SMA+ myofibroblasts precipitates scar-mediated healing (Kaji et al., 2020, 

Dyment et al., 2013, Best and Loiselle, 2019). Fibrotic scar persistence is thought to occur from 

an inadequate regenerative response from the native Scx-expressing cells, chronic presence of 

inflammatory cells and signals, heightened myofibroblast activity, and aberrant MMP 

remodeling (Nichols et al., 2019). Despite recent advances elucidating the cellular and molecular 

mechanisms of tendon healing, gaps in knowledge remain and have hindered the identification of 

novel therapeutic candidates that could prevent fibrosis and stimulate regenerative tendon 

healing. 

 Multifarious studies have identified the Murphy Roth’s Large (MRL/MpJ) mouse as a 

promising mouse model of mammalian tissue regeneration due to its ability to restore native-like 

tissue structures and properties within the ear (Clark et al., 1998), skin (Beare et al., 2006), 

skeletal muscle (Heydemann et al., 2012, Mull et al., 2014, Sinha et al., 2019, Tseng et al., 

2019), articular cartilage (Fitzgerald, 2017, Fitzgerald et al., 2008, Leonard et al., 2015, Mak et 

al., 2016, Rai and Sandell, 2014, Ward et al., 2008), and tendon (George et al., 2020, Lalley et 

al., 2015, Paredes et al., 2020, Paredes et al., 2018, Sereysky et al., 2013). Originally 

hypothesized that the immunomodulated systemic environment in MRL mice drove these 

regenerative phenotypes (Fitzgerald, 2017, Fitzgerald et al., 2008), studies show the necessity of 

blood flow or vasculature to recapitulate native tissue structures such as skin (Davis et al., 2005), 

while more avascular tissue injuries such as cartilage demonstrate minimal improvements 

(Fitzgerald, 2017, Fitzgerald et al., 2008). Even though uninjured tendon is hypovascular, a 
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recent patellar tendon defect study removed the central third of the patellar tendon from MRL 

and C57BL/6J (C57) mice and demonstrated that MRL patellar tendons recapitulate near native 

biomechanical properties (Lalley et al., 2015). More recent studies injured the patellar tendon 

with a 0.75mm tendon mid-substance biopsy punch and again demonstrated that MRL patellar 

tendons heal to near native biomechanical properties with an attenuated inflammatory response, 

heightened MMP activity, and improved ECM alignment (George et al., 2020, Paredes et al., 

2020, Paredes et al., 2018). While the MRL enhanced regenerative potential within 

musculoskeletal tissues may depend on tissue-specificity and injury severity, recent 

transcriptomic (Podolak-Popinigis et al., 2015, Sebastian et al., 2018), proteomic (Caldwell et al., 

2008), and metabolomic (Tseng et al., 2019, Podolak-Popinigis et al., 2015) techniques point to 

novel mechanistic insights. Altogether, the prevailing evidence suggests that the MRL tendon 

tissue healing response is improved, but the specific cellular and transcriptomic mechanisms of 

these biological effects remain to be elucidated.  

In this study,  we report histological and biomechanical data indicative of accelerated 

tendon repair in the MRL superhealer model in comparison to standard C57 mice. Our 

transcriptional analysis suggests that these biological effects are related to altered TGFB1 

regulated gene sets negatively enriching cell cycle and senescence transcriptional pathways in 

the MRL tendons, and  positively enriching inflammatory and ECM organization pathways in the 

C57 tendons. 

 

Results 

MRL tendons heal with reduced adhesions and improved biomechanical properties 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

5 
 

 We first sought to compare the extent of adhesion formation and repair strength of 

healing flexor tendons in the C57 and MRL mice. The healing of partially lacerated deep digital 

flexor tendons (DDFT) was qualitatively assessed using hematoxylin-stained axial tendon 

sections. In general, the MRL tendons appeared to respond to the injury with a reduced cellular 

response compared to the C57 tendons. Specifically, there were no gross morphological 

differences in the uninjured (Fig. 1 A,E), where the tendon bundles were sparsely populated by 

cells, and the tendons were encased with a very thin synovial sheath (black arrows in Fig. 1 a,e). 

Fourteen days post injury (dpi), injured tendons in both mouse strains experienced substantial 

hyperplasia in the surrounding synovial sheath (black arrows, Fig. 1 b,f), while no significant 

changes in cell number in the tendon proper were generally observed (yellow arrows Fig. 1 B,F). 

At 28 dpi, substantial increases in cell density in both the tendon bundle and the peritendinous 

adhesions were observed in the C57 mice but not the MRL mice (yellow arrows, Fig. 1 C,G). At 

this stage, the synovial hyperplasia began to resolve in the MRL mice but persisted in the C57 

mice (black arrows, Fig. 1 c,g). By 56 dpi, the injured MRL tendons appeared to have restored 

uninjured morphology where the tendon bundle was sparsely cellular and encased by a thin 

synovial membrane (Fig. 1H,h). In contrast, while the cellularity of the C57 tendon bundle 

decreased, the surrounding synovial sheath still demonstrated a hyperplasia morphology at 56 

dpi (Fig. 1D,d). Quantification of the tendon perimeter adhered to the surrounding sheath and 

tissues (Fig. 1I) and cellular density (Fig. 1J) in the tendon bundle demonstrated significant 

increases in adhesions and cellularity in the C57 tendons at 14 dpi and 28 dpi, respectively, 

compared to the MRL tendons.   

 To test whether the changes in cell density over time and between strains are attributable 

to cell proliferation, immunohistochemical staining for Proliferating Cell Nuclear Antigen 
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(PCNA) was performed (Fig. 2A) and demonstrated activation of cellular proliferation in the 

tendon bundle and the peritendinous tissues following injury, which peaked at 14 dpi.  

Furthermore, quantifying the percentage of PCNA+ cells at all timepoints after injury revealed 

increased cellular proliferation in the healing C57 tendons relative to the MRL tendons (Fig. 2B). 

 The functional properties of injured tendons were evaluated using biomechanical testing, 

which involved displacement-controlled tensile stretching of the tendon to failure at 

0.05�mm/sec. In terms of the structural properties, the injury resulted in significant decreases in 

peak tensile force and stiffness at 14 dpi in both the C57 and the MRL tendons. In contrast to the 

C57 tendons, which exhibited sustained reductions in peak tensile force and stiffness up to 56 

dpi, the MRL tendons recovered uninjured levels of peak tensile force by 28 dpi (Fig. 3A) and 

were significantly stiffer (Fig. 3B) than the C57 tendons at all time points up to 56 dpi. Since the 

cross-section area of the uninjured MRL tendons are approximately 20% larger than the C57 

tendons, we computed the corresponding stress-strain tensile curves and determined the effects 

of injury on the size-independent material properties. At 14 dpi, the tensile strength (peak stress) 

of the MRL was significantly reduced compared to uninjured tendon and the C57 injured tendon. 

The tensile strength of the C57 continued to decline at 28 dpi but recovered at 56 dpi. In contrast, 

the MRL tendon recovered the tensile strength to levels comparable to uninjured tendon as early 

as 28 dpi (Fig. 3C). Injury resulted in significant reductions in the elastic modulus of the C57 

tendon, which did not improve over 56 dpi. While the elastic modulus of the uninjured MRL 

tendon was significantly reduced compared to the uninjured C57, injury resulted in reductions in 

the elastic modulus on 14, 28, and 56 dpi, which were not significantly different than uninjured 

tendon (Fig. 3D). Collectively, these data support the conclusion that MRL flexor tendons heal 
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with reduced peritendinous adhesions and cellular proliferation and accelerated recovery of 

strength and stiffness. 

 

Altered inflammatory, fibrotic, and cell cycle regulation in C57 and MRL tendon healing 

 To gain insights into the differences in the biological drivers of the tendon injury 

response between the C57 and MRL mice, we performed next generation sequencing of bulk 

tissue RNA (RNA-seq) at 7 days post-injury, which we reasoned to be a time point that defines 

the transition from the acute inflammatory phase to the reparative phases.  Based on a 2-fold 

change (±2FC) and adjusted p-value < 0.05 differential expression criteria relative to healthy 

uninjured tendon, 891 genes were differentially expressed (594 upregulated and 297 

downregulated) in the C57 tendons, and 1358 genes were differentially expressed (747 

upregulated and 611 downregulated) in the MRL tendons. Of those, 406 genes (DEG) were 

differentially expressed, relative to respective uninjured controls, in both mice. We identified 22 

significantly enriched Reactome pathways in the injured C57 tendon and 51 significantly 

enriched pathways in the injured MRL tendon based on False Discovery Rate (FDR) < 0.05. 

Functional annotation of these enriched gene sets identified remarkable differences in the 

transcriptional activity, wherein the gene sets enriched in the C57 injured tendon were 

functionally linked primarily to immune system signaling and extracellular matrix (ECM) 

organization (Fig. 4A), while the gene sets enriched in the MRL injured tendon were dominated 

by cell cycle pathways (Fig. 4B). Closer inspection of the top 15 Reactome pathways enriched in 

the C57 injured tendons (Fig. 5A) identified cytokine signaling, including interleukins 4, 10, and 

13, and neutrophil degranulation as significantly enriched immune system pathways, and 

collagen formation (biosynthesis and assembly), ECM proteoglycans, ECM degradation, and 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

8 
 

integrin and non-integrin cell-ECM interactions as significantly enriched ECM organization 

pathways. In contrast, the top 15 Reactome pathways enriched in the MRL injured tendons (Fig. 

5B) identified numerous cell cycle pathways related to mitotic phase, cell cycle checkpoints, and 

G1-S phase transition, as well as cell signaling by Rho GTPases and immune system signaling 

by interleukins and neutrophil degranulation. 

 

Dichotomous roles for TGB1 in the C57 and MRL tendons 

 Ingenuity pathways analysis (IPA) of active or inhibited upstream transcriptional 

regulators were also examined to provide additional insights into the observed gene expression 

changes driving the altered mechanobiology of tendon healing. In the C57 injured tendons, the 

top 20 activated and inhibited upstream regulators (Fig. 6A) were associated with 184 and 62 

unique genes, respectively, that enriched Gene Ontology (GO) terms related to chemotaxis and 

cell motility and migration, ECM organization, sprouting angiogenesis and blood vessel 

morphogenesis, positive regulation of cell growth and proliferation, inflammatory responses, 

collagen catabolism and regulation of phosphatidylinositol- and ERK1/2-signaling (Table S1). In 

the MRL injured tendon, the top 20 activated and inhibited upstream regulators (Fig. 6B) were 

associated with 325 and 304 unique genes, respectively, that enriched GO terms related to 

regulation of cell cycle, including mitotic cell cycle, sister chromatid cohesion, G1/S transition of 

mitotic cell cycle, mitotic cytokinesis, DNA replication, chromosome segregation, regulation of 

cell cycle, microtubule-based movement, metaphase plate congression, mitotic spindle 

organization, G2/M transition of mitotic cell cycle, negative regulation of cell cycle, and 

extracellular matrix organization (Table S2). Of particular note, was the inhibition of upstream 
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regulators TP53, CDKN1A (p21), CDKN2A (p16), which are associated with DNA damage 

response and cell cycle arrest. 

 TGFB1 was a significantly activated Upstream Regulator in both the C57 (Activation Z-

score = 3.11 and p-value = 6.4×10-13) and MRL (Activation Z-score = 2.97 and p-value = 

1.1×10-27) injured tendons. GO functional annotation revealed that activation of TGF-β1 drives 

different biological pathways in the C57 and MRL injured tendons. In the C57 injured tendons, 

the 82 target genes of TGFB1 enriched GO pathways related to cytokine and chemokine 

signaling, ECM organization, and cell motility and migration (Fig. 7A). In contrast, 165 target 

genes of TGFB1 in the MRL enriched GO pathways associated with not only ECM organization 

and cytokine signaling but mostly with regulation of cell cycle, mitosis, and DNA binding and 

transcription (Fig. 7B). 

 

Reduced circulating cytokines and chemokines in the MRL injured mice 

 In order to evaluate the roles of the immune response and systemic inflammatory 

signaling on the tendon healing, sera were extracted from whole blood draws from mice at 

different time points up to 14 dpi and analyzed for senescence associated secretory phenotype 

(SASP) proteins including inflammatory cytokines/chemokines, TGF-βs, and MMPs.  In general, 

C57 and MRL mice exhibit similar circulatory concentrations of serum proteins in their 

uninjured state (Fig. 8A). Upon injury, the temporal changes in the circulating proteins in the 

C57 mice were in general more pronounced than in the MRL mice.  Analyzed proteins were 

clustered in 4 major classes based on Pearson’s correlations (Fig. 8B). In the first cluster, the 

chemokine CXCL9 (MIG) showed no significant difference over time in the C57 but increased 

significantly over time in the MRL injured tendons. Cluster 2 proteins showed no significant 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

10 
 

differences over time or between C57 and MRL mice, which included TGF-βs (1,2,3), MMP-3 

and CCL 4 (MIP-1β). Cluster 3 proteins, which included IL-1α, -12 (P40), -13, MMP-2 and -8, 

CSF1 (M-CSF) and 3, CCL5 (RANTES) and 11 (Eotaxin), CXCL2 (MIP-2) and 5 (LIX),  were 

significantly higher in the C57 mice compared to the MRL mice, but did not vary significantly 

over time. Cluster 4 proteins showed significant changes over time in the C57 mice only, 

peaking at either 1 dpi (IL-2 and -9, MMP-12, and CCL3 (MIP-1α)) or 5 dpi (IL-1β, -2, -4, -5, -

6, -7, 10, -12 (P70), -17, TNF-α, LIF, MMP-9, CCL2 (MCP-1) and CXCL1(KC) and 10 (IP-

10)). In contrast circulation levels of these proteins were significantly lower and remained mostly 

unchanged over time in the MRL mice.  Protein association networks of cluster 3 (Fig. 8C) and 

cluster 4 (Fig. 8D) circulating proteins visualized in String DB identified strong functional 

associations, which involved cytokine signaling in immune system and more specifically 

signaling by interleukins, chemokine signaling and activation of matrix metalloproteinases.  

 

 

Discussion 

Development of fibrotic flexor tendon adhesions, particularly in zone II of the hand 

(Elliot et al., 2016, Tang et al., 2013), limits their natural gliding function, strength, and intricate 

joint flexion (Tang, 2013, Tang et al., 2013, Zhou et al., 2017). Recent biological advances in 

scarless repair of tendon injuries (George et al., 2020, Paredes et al., 2020, Paredes et al., 2018, 

Freeberg et al., 2019) have begun to elucidate the complex cellular and transcriptional interplay 

in restoring native tissue properties to injured tendons. For example, previous studies 

demonstrate that MRL tendon injuries heal to near normal biomechanical properties (Lalley et 

al., 2015, Arble et al., 2016), have reduced infiltrating immune cells (Lalley et al., 2015), 
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attenuated inflammatory expression (George et al., 2020, Paredes et al., 2018), lower catabolic 

enzyme activity (Sebastian et al., 2018), heightened MMP activity (George et al., 2020), and 

improved ECM alignment (Paredes et al., 2020). These reports are consistent with our current 

findings in flexor tendons, but the biological drivers of this regenerative tendon healing 

phenotype have hitherto not been fully understood. 

The objective of our study was to uncover the mechanisms of improved healing of MRL 

flexor tendon injuries to understand better the limitations of natural healing in common C57 

mouse tendons. We first investigated  the longitudinal histomorphometry and biomechanical 

properties of MRL and C57 mice flexor tendons after a zone II partial laceration injury. We 

demonstrated that the MRL flexor tendons heal with reduced tenocyte cellularity, reduced 

peritendinous adhesions, and accelerated recovery of their biomechanical properties of tensile 

strength, stiffness, and elastic moduli. We then performed bulk tissue transcriptomic analysis 

using next-generation RNA sequencing (RNA-Seq) to characterize enriched transcriptional 

pathways in the early reparative phase. These experiments uncovered dichotomous roles for 

TGFB1 in the healing of C57 and MRL tendons.  Specifically, we identified TGFB1 as a major 

driver of positive enrichment of cytokine signaling, neutrophil degranulation, and ECM 

degradation pathways in injured C57 flexor tendons, and, by contrast, negative enrichment of 

cell cycle regulation and senescence pathways in the injured MRL flexor tendons. To validate 

these transcriptional observations, we investigated the systemic inflammatory response by 

analyzing the cytokines, chemokines, and growth factors in sera extracted from peripheral blood 

at different phases of healing. These assays revealed significantly lower circulatory 

concentrations of SASP proteins in the MRL relative to the C57 despite comparable baseline 
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(day 0) serum concentrations. These findings provide insights into novel molecular pathways in 

tendon healing that could be therapeutic targets for regenerative tendon repair.  

TGF-β is critical to the modulation of tendon healing and the effects of its isoforms are 

quite distinct. In flexor tendons, TGF-β1 expression is auto-inductive and is initially produced by 

inflammatory cells (Wojciak and Crossan, 1994, Wojciak and Crossan, 1993). TGF-β1 

stimulates fibroblast proliferation and migration, synthesis of collagen and fibronectin (Wojciak 

and Crossan, 1994, Klein et al., 2002), inactivation of MMPs (Wang and Hirschberg, 2003) and 

myofibroblast differentiation (Kaji et al., 2020). Chang et al. reported increased expression of 

TGF-β1 in both tenocytes and infiltrating fibroblasts and inflammatory cells from the tendon 

sheath in a rabbit zone II flexor tendon healing model (Chang et al., 1997). The inflammatory 

cells stimulate synovial and epitenon fibroblasts, partly through TGF-β1, to produce fibronectin, 

a marker of scarring (Wojciak and Crossan, 1994, Wojciak and Crossan, 1993). The role of 

TGF-β1 in scar formation is accentuated by the observation that while fetal cutaneous wound 

healing and tendon repair are scar-free (Beredjiklian et al., 2003, Krummel et al., 1988), the in 

utero administration of TGF-β1 to fetal rabbit wounds results in fibrotic scarring similar to that 

observed in adult rabbits (Krummel et al., 1988). While there are numerous differences between 

adult and embryonic wound healing, the temporal expression of the TGF-β isoforms are highly 

associated with scar formation or the lack thereof, respectively. For example, TGF-β1 and TGF-

β2 are abundant early on in adult wounds, but they are very low and nearly absent in embryonic 

scar-less wounds (Ferguson and O'Kane, 2004, Kuo et al., 2008). TGF-β3, which is highly 

induced in developing skin and embryonic scar-less wounds, is induced late and at low levels in 

adult wounds only after TGF-β1 levels start to fall (Ferguson and O'Kane, 2004). The temporal 

expression of TGF-β isoforms in healing tendons have been less extensively studied in vivo 
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(Chan et al., 2008, Tsubone et al., 2004).  The sparse data suggest that TGF-β1 levels peak as 

early as 4 days and persist for as long as 28 days in the injured adult rat patellar tendon in vivo. 

In contrast, TGF-β2 and TGF-β3 levels increase after 7 days as TGF-β1 levels begin to slowly 

decrease (Chan et al., 2008).  

In our study, we did not observe changes in circulating TGF-β1, 2, or 3 levels over time 

or between the C57 and MRL mice. However, we did observe dichotomous downstream effects 

of TGFB1 gene regulatory networks between the C57 and MRL healing tendons locally. In 

particular, genes regulated by TGFB1 in the C57 tendons positively enriched pathways relevant 

to cytokine signaling in chemotaxis and inflammation, ECM organization, angiogenesis, and 

epithelial to mesenchymal transition, whereas the TGFB1 regulated genes in the MRL tendons 

negatively enriched pathways predominately related to cell cycle regulation and senescence. 

These results corroborate reports of dual roles for TGF-β in different contexts, such as being 

protective and cytostatic against tumorigenesis but also a promoter of tumor progression, 

invasion, and metastasis in established tumors (Lebrun, 2012). Dual roles of TGF-β have also 

been reported in autoimmune-induced tissue damage, wherein reduced TGF-β signaling in 

immune cells can lead to inflammatory dysregulation triggering the production of TGF-β in 

target organs, which subsequently leads to fibrogenesis and organ failure (Saxena et al., 2008). It 

is possible that the effects of TGF-β in the injured tendon are intertwined with the inflammatory 

cytokines and chemokines in the site of injury and systemically. It is also possible that intrinsic 

genetic differences in the tendon fibroblasts and infiltrating inflammatory cells could explain the 

dichotomous responses downstream of TGFB1. A third possibility is that the innate tissue 

properties in the MRL mouse tendon (Paredes et al., 2020) can modulate the effects of TGF-β1 

resulting in accelerated repair. These possibilities warrant further investigation in future studies.  
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RNA-Seq analyses revealed negative enrichment of cell cycle regulation in the MRL 

tendons compared to the C57 healing flexor tendons who exhibited positive enrichment of 

inflammatory and ECM organization pathways, driven differentially by TGFB1 regulated gene 

sets. The increased responsiveness of injured C57 tendons to circulating inflammatory cytokines, 

chemokines, and growth factors may be associated with its positive enrichment of cell cycle 

evidenced by cyclin D1 (ccnd1) pathways. In contrast, injured MRL tendons negatively enriched 

pathways associated with cell cycle regulators TP53, CDKN1A (p21), CDKN2A (p16), RB1, 

FOXO3, and PTEN. The enrichment of these cell cycle regulators is associated with cellular 

senescence(Campisi and d'Adda di Fagagna, 2007, Tchkonia et al., 2013). Cell cycle regulation 

and cellular senescence have recently become therapeutic targets in a number of conditions 

including fibrosis. Specifically, the cell cycle regulator p53 is induced in multiple fibrotic 

conditions such as idiopathic pulmonary fibrosis (IPF) and kidney fibrosis. In the absence of p53, 

bleomycin induced pulmonary fibrosis is prevented(Shetty et al., 2017) and its absence reduces 

chronic renal injury(Higgins et al., 2018). Furthermore, the antifibrotic agent used to treat IPF, 

Pirfenidone, has been shown to induce cell cycle arrest (Ruwanpura et al., 2020, Sun et al., 2018, 

Usugi et al., 2019). Reduced cell apoptosis, cell cycle regulation through p21 (cdkn1a)(Jablonski 

et al., 2019, Bedelbaeva et al., 2010), p53 (trp53), and p16 (cdkn2a), increased cell 

proliferation(Bedelbaeva et al., 2010), and enhanced stem cell function(Naviaux et al., 2009) 

may command augmented regenerative capacity. Given that PTEN, a tumor suppressor gene, is a 

natural inhibitor of the phosphoinositide 3-kinase (PI3K) and of the mammalian target of 

rapamycin (mTOR) pathway, the negative enrichment of PTEN regulated genes provide a 

mechanistic link between mTOR-regulated cell cycle and scar healing in tendon. Reduced PTEN 

signaling has been associated with renal fibrosis via p53-, smad3-, and PI3K/Akt/mTORC1-
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dependent induction of cellular senescence (Samarakoon et al., 2015).  A recent genome-wide 

association study (GWAS) of susceptibility to idiopathic pulmonary fibrosis strongly implicated 

mTOR signaling as a causal driver of fibrosis pathobiology in humans (Allen et al., 2020). 

Interestingly, there are two currently active clinical trials investigating the safety, tolerability and 

pharmacokinetics (NCT03502902) and the efficacy (NCT01462006) of mTOR inhibitors as 

disease modifying drugs for IPF. Collectively, these reports provide evidence linking TGF-β 

signaling to PTEN and mTOR-induced cellular senescence as a mediator of fibrosis.  

While the prolonged systemic response in the C57 is surprising given the focal nature of 

the injury, the diminished response in the MRL is likely associated with decreased recruitment of 

inflammatory cells to the injury site similar to the scar-free healing of fetal wounds(Ferguson and 

O'Kane, 2004). Interestingly, chemokine (C-X-C motif) ligand 9, CXCL9 is the single cytokine 

in cluster 1 and is transiently upregulated in MRL healing. In other fibrotic conditions increased 

CXCL9 has been beneficial to patient function and reduced fibrosis(Nukui et al., 2019, Sahin et 

al., 2012). A study of serum cytokine levels of patients with hypersensitivity pneumonitis 

pulmonary fibrosis demonstrated a worsening lung function with reduced levels of 

CXCL9(Nukui et al., 2019). Additionally, systemic administration of CXCL9 prevented the 

development of CCL4 induced liver fibrosis in a murine model(Sahin et al., 2012). Altogether, 

the observed elevation of CXCL9 in the MRL sera after injury points to a potential therapeutic 

benefit of CXCL9 administration, which merits testing in tendon injury. In addition, proteins in 

clusters 3 and 4 can potentially be viewed as serum biomarkers or potentially candidates for 

therapeutics inhibition to mitigate fibrovascular scar healing in tendon. 

 This study has yielded novel insights into the transcriptional upstream regulators that 

drive enhanced tendon healing and fibrosis. However, there are limitations that qualify the 
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conclusions of our study. First, our study was limited in assessing transcriptional regulation in 

bulk tendon tissue in native tendon and 7 days after injury. Whole-genome transcriptional 

profiling from the injured tendon tissue site represents a heterogeneous cell population of 

tenocytes, fibroblasts, myofibroblasts and immune cells, which could be resolved by single-cell 

RNA-sequencing in the tendon as recently described(De Micheli et al., 2020, Kelly et al., 2020). 

Future analysis will benefit from the utilization of single cell RNA-sequencing or spatial 

transcriptomics to elucidate signaling mechanisms at a cellular level given the involvement of 

the heterogeneous cellular populations at the tendon injury site and at later time-points that 

would represent the fibro-proliferative and remodeling phases of wound healing. 

 In summary, this study identified critical cell cycle regulation and differentiation roles for 

TGFB1 signaling that contribute to improved tendon repair following injury in MRL flexor 

tendons but not in the C57 tendons. Uncovering the unique cellular and molecular pathways in 

which TGFB1 induces regenerative tendon healing in the MRL model could help identify 

therapeutic targets for regenerative tendon healing.  

  

Materials and Methods 

Animal Care and Flexor Tendon Surgery 

All animal procedures were conducted in compliance with protocols approved by the 

University of Rochester Committee on Animal Research (UCAR). The mouse strains utilized in 

this study were the C57BL/6J (C57) and the Murphy Roths Large MRL/MpJ (MRL) mice. 

Breeding pairs for the C57BL/6J (stock number:  000664) and MRL/MpJ (stock number:  

000486) were obtained from the Jackson Laboratory (Bar Harbor, ME) and bred in-house. Nine 

to eleven-week-old male mice from each strain were randomized into experimental groups. The 
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mouse surgery protocol involves a partial laceration of the deep digital flexor (DDF) tendon of 

the 3rd digit in the hind paw, as previously described(Freeberg et al., 2018). Surgeries were 

performed under a stereomicroscope on the hind paws using sterile aseptic techniques. Mice 

were anesthetized with 60 mg/kg ketamine and 4 mg/kg xylazine. A transverse incision was 

made on the 3rd digit between the metatarsophalangeal (MTP) and the proximal interphalangeal 

(PIP) joints. A transverse, mediolateral cut across roughly 50% of the DDF tendon width was 

completed. The skin incision was closed using interrupted sutures (Ethicon Suture, V950G, 9-0). 

To minimize pain, all mice were subcutaneously administered Buprenorphine at a dose of 0.05 

mg/kg every day for up to 72 hours. Blood was collected from mice whose hind paws were used 

for gene expression analysis. 

Biomechanical Testing 

Tensile elastic biomechanical testing was completed as previously described(Freeberg et 

al., 2018). The DDFT was released at the myotendinous junction, precisely dissected along the 

tibia and tarsal bones, and released from the tarsal tunnel pulleys. The middle (3rd) tendon was 

isolated, with the tendon-to-bone attachment (enthesis) left intact for mounting and gripping. 

Tendons were loaded in a custom uniaxial microtester (eXpert 4000 MicroTester, ADMET, Inc., 

Norwood, MA), and gripped between two stainless steel plates with the 3rd digit tip superglued 

between. After a preloading protocol to 0.05 N, tendon width, thickness, and gauge length were 

measured while the tissue was immersed in a 1x PBS bath and imaged on the microscope. Cross 

sectional area was assumed to be an ellipse. Based on each sample’s total gauge length, each 

sample underwent uniaxial displacement-controlled biomechanical testing as follows; 1% strain 

preconditioning for 10-cycles, returned to initial gauge length to rest for 5 minutes, stretched to 

5% strain (0.05 strain/8 seconds) and held for 10 minutes to allow for stress-relaxation, returned 
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to initial gauge length to rest for 5minutes, and concluded with a displacement-controlled ramp 

to failure at 0.05 mm/sec. Structural and material properties were determined from the ramp to 

failure force-displacement and stress-strain curves, respectively. All mechanical testing analysis 

was completed with a custom Matlab (MathWorks, Natick, MA) code. Sample size of N=6 for 

each mouse strain and each experimental timepoint.  

Histology and Immunohistochemistry 

The hind paw was transected near the tarsal bones and prepared for histology by scoring 

the skin superficial to the footpad to enhance 10% Neutral Buffered Formalin (NBF) tissue 

infiltration. Tissues were fixed in 10% NBF for 48hrs at room temperature (RT), followed by 

decalcification in calis-EDTA (pH 7.2-7.4) for 7 days at RT. The tissues were then dehydrated in 

an ethanol gradient and embedded in paraffin. Paraffin-embedded tissues were cut axially into 

5μm thick sections between the metatarsophalangeal (MTP) joint and the A3 pulley of each 

sample, then stained for 15 seconds with Mayer’s Hematoxylin. Sections for histomorphometric 

analysis were immediately cover slipped with a water-based mounting medium (Faramount 

Aqueous Mounting Medium, Dako, #S3025), whereas sections for immunohistochemistry (IHC) 

were cover slipped after IHC.  

For immunohistochemistry, paraffin-embedded and sectioned tissues were collected at 0, 

14, 28, and 56 days post injury (dpi). Slides were incubated in citrate buffer (10mM Na citrate, 

pH 7.2) for 3hrs at 70oC for antigen retrieval, circled with a hydrophobic barrier pen (Vector 

Laboratories, Burlingame, CA), and blocked with an endogenous peroxidase/ alkaline 

phosphatase inhibitor (Bloxall, Vector Laboratories). After washing with PBST (PBS + 0.1% 

Tween-20), they were incubated for 1hr at room temperature in blocking solution (5% normal 

horse serum + PBST). Sections were incubated for 1hr at RT with the primary antibody mouse 
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monoclonal PCNA (ab29, Abcam) at 1:1000 (1μg/mL) dilution. Followed by Vectastain Elite 

Kit with DAB chromogen (Vector Laboratories). Immunohistochemical sections were rinsed 

with deionized water, counterstained with Mayer’s Hematoxylin, cover slipped with a water-

based mounting medium (Faramount Aqueous Mounting Medium, Dako, #S3025), and imaged 

with a VS120 Virtual Slide Microscope (Olympus, Waltham, MA). 

Quantification of Histomorphometric and Immunohistochemical Images 

For histomorphometry, paraffin-embedded tissues were prepared as described above. 

Brightfield images were obtained from the slide scanner and processed using Visiopharm image 

analysis software v.6.7.0.2590 (Visiopharm, Hørsholm, Denmark). Regions of interest were 

manually drawn to define only the tendon tissue area inside the synovial sheath. Using a custom 

Visiopharm program, imaged sections were Bayesian classified and thresholded to automatically 

train the program to specific pixel RGB colors and intensities.  To improve accuracy and 

repeatability, post-processing analyses defined cell nuclei area >2µm2, synovial sheath space 

(SS) 5µm2 < SS < 5000µm2, eroded local minima pixel intensities for each colorimetric label, 

and labeled blank space within the tendon body as intratendinous space. Magnified brightfield 

images of hematoxylin stained sections (10X, 20X) were manually delineated to distinguish the 

superficial digital flexor tendons (SDFT) from the deep digital flexor tendons (DDFT). The 

following tissue measurements were taken:  DDF tendon cross-sectional area, synovial sheath 

space (SS), tendon extracellular matrix (ECM), intratendinous cell nuclei count, intratendinous 

cellular density, and length of DDFT perimeter adhered to subcutaneous tissues(Freeberg et al., 

2018). Each histomorphometric outcome measure was quantified using Visiopharm software 

averaged over 4-5 animals per experimental group.  

RNA Extraction 
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Tendon tissue was collected from the injury site for RNA extraction and subsequent gene 

expression analysis by the URMC Genomics Core. Briefly, partially lacerated or uninjured 

tendon tissue was flash frozen in liquid nitrogen and stored at -80°C until time of extraction. 

Total RNA was isolated from single tendons utilizing Trizol (ThermoFisher, #15596026) 

extraction methods and a bullet blender for tissue homogenization.  RNA concentration was 

determined with the NanoDrop 1000 spectrophotometer (NanoDrop, Wilmington, DE) and RNA 

quality assessed with the Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA). 

Next-Generation Sequencing (NGS) Data Processing and Alignment 

Samples of 1ng of total RNA were pre-amplified with the SMARTer Ultra Low Input kit 

v4 (Clontech, Mountain View, CA) per manufacturer’s recommendations. The quantity and 

quality of the subsequent cDNA was determined using the Qubit Flourometer (Life 

Technnologies, Carlsbad, CA) and the Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA). 

150pg of cDNA was used to generate Illumina compatible sequencing libraries with the 

NexteraXT library preparation kit (Illumina, San Diego, CA) per manufacturer’s protocols. The 

amplified libraries were hybridized to the Illumina single end flow cell and amplified using the 

cBot (Illumina, San Diego, CA). Single end reads of 100nt were generated for each sample.  Raw 

reads generated from the Illumina HiSeq. 2500 sequencer were demultiplexed using bcl2fastq 

version 2.19.0. Quality filtering and adapter removal are performed using Trimmomatic version 

0.36 with the following parameters: “TRAILING:13 LEADING:13 

ILLUMINACLIP:adapters.fasta:2:30:10 SLIDINGWINDOW:4:20 MINLEN:15” . Quality reads 

were then mapped to the Mus musculus reference sequence (GRCm38.p5) with STAR_2.5.2b 

with the following parameters: “��twopassMode Basic ��runMode alignReads 

��genomeDir ${GENOME} ��readFilesIn ${SAMPLE} ��outSAMtype BAM 
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SortedByCoordinate ��outSAMstrandField intronMotif ��outFilterIntronMotifs 

RemoveNoncanonical”. Differential expression analysis and data normalization were performed 

using default methods in DESeq. 2�1.14.1 with an adjusted p value threshold of 0.05.  

Bioinformatics and Statistical Analyses of DEG 

Differential expression analysis and data normalization were performed using DESeq. 

2�1.14.1 on RNA extracted from injured tendons at 7 days post injury (dpi) relative to uninjured 

expression levels within each strain independently. DEG was identified by filtering DeSeq. 2 

pairwise comparisons for biological (ABS(Log2FC) > 1) and statistical significance (adjusted p < 

0.05). Functional enrichment of upstream regulators was completed in pathway enrichment 

analysis using Ingenuity Pathway Analysis (IPA; http://www.ingenuity.com). Default settings 

were used to determine upstream regulators using the global molecular network contained in the 

IPA knowledge base. Downstream targets of the upstream regulator TGF-β1 identified in IPA 

were exported for further functional analysis using Enrichr (https://maayanlab.cloud/Enrichr/) 

and Reactome (https://reactome.org).  

Data Availability 

The RNA�seq raw and processed data were deposited in the Gene Expression Omnibus 

under accession GEO: XXXXX. 

Multiplex Serum Protein Assay 

Peripheral blood was collected via cardiac puncture from uninjured and at 1, 3, 5, 7, and 

14 days post injury (dpi). The collection tube was allowed to clot completely at room 

temperature then centrifuged to isolate blood serum from coagulate. Blood serum was transferred 

to cryovials for storage at -80oC before shipping to EVE Technologies for multiplex protein 

analysis (EVE Technologies 3415A – 3 Ave., N.W. Calgary, AB Canada T2N 0M4). Serum 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

22 
 

protein analysis was performed with three analytical arrays of cytokines, chemokines, and 

transforming growth factor beta isoforms. Sample size was 3 mice per strain per time-point. 

Serum protein concentrations for Day 5 C57 contain only two samples as the third serum sample 

was determined to be a statistical outlier. 

Statistical Analyses 

All histomorphometry and biomechanics data were graphed and statistically analyzed 

with GraphPad Prism (GraphPad Software).  Significant differences (p < 0.05) for all data were 

determined using a 2-way ANOVA and Bonferroni-corrected multiple comparison post-tests. 

Differential expressional analysis and plots was generated in R Studio with an adjusted p-value 

threshold of 0.05. 
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Figure Legends 
 

 
 
Figure 1. MRL flexor tendons heal with reduced peritendinous adhesions.   Representative (2X) 
micrographs (A-H) of hematoxylin-stained cross-sections of the digits of C57 and MRL mice 
before and after zone II injury up to 56 days post injury (dpi). High magnification (20X) regions 
of interest  (a-h) are representative of five levels analyzed per tendon. Black arrows identify the 
thin synovial sheath in uninjured tendons, and the hyperplasia that ensues immediately after 
injury in both strains. The synovial sheath hyperplasia appears to persist in the C57 tendons up to 
56 dpi, but resolves in MRL tendons by 28 dpi. Yellow arrows indicate regions of increased 
cellularity in the injured tendon and peritendinous tissues evident by the punctate, intense 
hematoxylin staining. Histomorphometric quantification of the healing tendon shows reduced 
adhesions (I) and tendon hyperplasia (J) in the MRL mouse. The length of the tendon perimeter 
adhered to the subcutaneous tissue and cell density are significantly reduced at 14- and 28- dpi in 
the MRL, respectively (n=4).   
 
 
  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

25 
 

 
Figure 2. MRL flexor tendons heal with reduced cellular proliferation. (A) Representative 
images of proliferating cell nuclear antigen (PCNA) immunohistochemical (IHC) staining 
conducted before and 14 days post injury on 5 µm transverse paraffin sections and 
counterstained with hematoxylin, and then quantified (B) for percent PCNA-positive cells within 
the tendon and the surrounding peritendinous tissues (n=5).  
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Figure 3. MRL flexor tendons heal with accelerated recovery of strength and stiffness (A) 
Maximum force, (B) strength, (C) stiffness. and (D) elastic modulus determined from 
displacement-controlled tensile testing of uninjured and injured flexor tendons of C57BL/6J and 
MRL mice (n=4-6). Asterisks indicate significant mouse strain differences (p < 0.05). 
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Figure 4. Functional annotation based on Reactome Pathways enrichment of 891 and 1358 
differentially expressed genes (DEG) at 7 days post tendon injury in the C57 and MRL mice, 
respectively. Bubble plots of number of gene terms (x-axis) versus odds ratio (y-axis) represent 
22 significantly enriched pathways in the injured C57 tendon (A) and 51 significantly enriched 
pathways in the injured MRL tendon (B) based on False Discovery Rate (FDR) < 0.05.   
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Figure 5. Bubble plots of the top 15 Reactome pathways enriched in the injured C57 tendon (A) 
and the MRL tendon (B), respectively. Bubble fill color represents the Reactome Pathway Root, 
while the size of the bubble represents -Log10(FDR) in A & B and the number of genes 
represented in the enriched pathway in C&D, respectively. 
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Figure 6. Ingenuity Pathway Analysis (IPA) Upstream Regulators during tendon healing in the 
C57 (A) and MRL (B) mice. Activation (Z-score ≥ 2, p-value of overlap < 0.05) or inhibition (Z-
score ≤ −2, p-value of overlap < 0.05) was determined relative to uninjured tendon gene 
expression in either strain.   
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Figure 7. Biological Process Gene Ontology (GO) of 82 genes contributing to the activation of 
TGFB1 Upstream Regulator in the healing C57 tendon (A).  Biological Process Gene Ontology 
(GO) of 165 genes contributing to the activation of TGFB1 Upstream Regulator in the healing 
MRL tendon (B). Bubble area corresponds to the number of genes in the enriched GO biological 
process. 
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Figure 8. Serum protein analysis indicates temporal systemic upregulation of several circulating 
enzymes, cytokines, and chemokines in the C57 mice following tendon injury, but not in the 
MRL mice.   (A) Baseline concentrations of serum proteins pre-injury plotted in order of 
concentration shows no significant differences between C57 and MRL mice. (B) Heatmaps for 
circulating serum enzymes, cytokines, and chemokines concentration (normalized to day 0 C57 
controls) changes over time post flexor tendon injury (dark red indicates > +3 fold increase and 
dark blue indicated > -3 fold decrease compared to preinjury serum concentration).  Dendrogram 
represent clustering based on Pearson’s correlations.  Each box represents the average of 3 mice 
at each time point. String DB representation of physical and functional association network of 
cluster 3 (C) and cluster 4 (D) proteins. 
 
 
 
 
 
 
 
References 
 
ALBERTON, P., DEX, S., POPOV, C., SHUKUNAMI, C., SCHIEKER, M. & DOCHEVA, D. 

2015. Loss of tenomodulin results in reduced self-renewal and augmented senescence of 
tendon stem/progenitor cells. Stem Cells Dev, 24, 597-609. 

ALLEN, R. J., GUILLEN-GUIO, B., OLDHAM, J. M., MA, S. F., DRESSEN, A., PAYNTON, 
M. L., KRAVEN, L. M., OBEIDAT, M., LI, X., NG, M., BRAYBROOKE, R., 
MOLINA-MOLINA, M., HOBBS, B. D., PUTMAN, R. K., SAKORNSAKOLPAT, P., 
BOOTH, H. L., FAHY, W. A., HART, S. P., HILL, M. R., HIRANI, N., HUBBARD, R. 
B., MCANULTY, R. J., MILLAR, A. B., NAVARATNAM, V., OBALLA, E., 
PARFREY, H., SAINI, G., WHYTE, M. K. B., ZHANG, Y., KAMINSKI, N., 
ADEGUNSOYE, A., STREK, M. E., NEIGHBORS, M., SHENG, X. R., 
GUDMUNDSSON, G., GUDNASON, V., HATABU, H., LEDERER, D. J., 
MANICHAIKUL, A., NEWELL, J. D., JR., O'CONNOR, G. T., ORTEGA, V. E., XU, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

32 
 

H., FINGERLIN, T. E., BOSSE, Y., HAO, K., JOUBERT, P., NICKLE, D. C., SIN, D. 
D., TIMENS, W., FURNISS, D., MORRIS, A. P., ZONDERVAN, K. T., HALL, I. P., 
SAYERS, I., TOBIN, M. D., MAHER, T. M., CHO, M. H., HUNNINGHAKE, G. M., 
SCHWARTZ, D. A., YASPAN, B. L., MOLYNEAUX, P. L., FLORES, C., NOTH, I., 
JENKINS, R. G. & WAIN, L. V. 2020. Genome-Wide Association Study of 
Susceptibility to Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med, 201, 564-
574. 

ANDARAWIS-PURI, N. & FLATOW, E. L. 2018. Promoting effective tendon healing and 
remodeling. J Orthop Res, 36, 3115-3124. 

ARBLE, J. R., LALLEY, A. L., DYMENT, N. A., JOSHI, P., SHIN, D. G., GOOCH, C., 
GRAWE, B., ROWE, D. & SHEARN, J. T. 2016. The LG/J murine strain exhibits near-
normal tendon biomechanical properties following a full-length central patellar tendon 
defect. Connect Tissue Res, 57, 496-506. 

BEARE, A. H., METCALFE, A. D. & FERGUSON, M. W. 2006. Location of injury influences 
the mechanisms of both regeneration and repair within the MRL/MpJ mouse. J Anat, 209, 
547-59. 

BEDELBAEVA, K., SNYDER, A., GOUREVITCH, D., CLARK, L., ZHANG, X. M., 
LEFEROVICH, J., CHEVERUD, J. M., LIEBERMAN, P. & HEBER-KATZ, E. 2010. 
Lack of p21 expression links cell cycle control and appendage regeneration in mice. Proc 
Natl Acad Sci U S A, 107, 5845-50. 

BEREDJIKLIAN, P. K., FAVATA, M., CARTMELL, J. S., FLANAGAN, C. L., 
CROMBLEHOLME, T. M. & SOSLOWSKY, L. J. 2003. Regenerative versus reparative 
healing in tendon: a study of biomechanical and histological properties in fetal sheep. 
Ann Biomed Eng, 31, 1143-52. 

BERTHET, E., CHEN, C., BUTCHER, K., SCHNEIDER, R. A., ALLISTON, T. & 
AMIRTHARAJAH, M. 2013. Smad3 binds Scleraxis and Mohawk and regulates tendon 
matrix organization. J Orthop Res, 31, 1475-83. 

BEST, K. T. & LOISELLE, A. E. 2019. Scleraxis lineage cells contribute to organized bridging 
tissue during tendon healing and identify a subpopulation of resident tendon cells. FASEB 
J, 33, 8578-8587. 

CALDWELL, R. L., OPALENIK, S. R., DAVIDSON, J. M., CAPRIOLI, R. M. & NANNEY, 
L. B. 2008. Tissue profiling MALDI mass spectrometry reveals prominent calcium-
binding proteins in the proteome of regenerative MRL mouse wounds. Wound Repair 
Regen, 16, 442-9. 

CAMPISI, J. & D'ADDA DI FAGAGNA, F. 2007. Cellular senescence: when bad things happen 
to good cells. Nat Rev Mol Cell Biol, 8, 729-40. 

CHAN, K. M., FU, S. C., WONG, Y. P., HUI, W. C., CHEUK, Y. C. & WONG, M. W. 2008. 
Expression of transforming growth factor beta isoforms and their roles in tendon healing. 
Wound Repair Regen, 16, 399-407. 

CHANG, J., MOST, D., STELNICKI, E., SIEBERT, J. W., LONGAKER, M. T., HUI, K. & 
LINEAWEAVER, W. C. 1997. Gene expression of transforming growth factor beta-1 in 
rabbit zone II flexor tendon wound healing: evidence for dual mechanisms of repair. 
Plast Reconstr Surg, 100, 937-44. 

CLARK, L. D., CLARK, R. K. & HEBER-KATZ, E. 1998. A new murine model for 
mammalian wound repair and regeneration. Clin Immunol Immunopathol, 88, 35-45. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

33 
 

DAVIS, T. A., LONGCOR, J. D., HICOK, K. C. & LENNON, G. G. 2005. Prior injury 
accelerates subsequent wound closure in a mouse model of regeneration. Cell Tissue Res, 
320, 417-26. 

DE MICHELI, A. J., SWANSON, J. B., DISSER, N. P., MARTINEZ, L. M., WALKER, N. R., 
OLIVER, D. J., COSGROVE, B. D. & MENDIAS, C. L. 2020. Single-cell 
transcriptomic analysis identifies extensive heterogeneity in the cellular composition of 
mouse Achilles tendons. Am J Physiol Cell Physiol, 319, C885-C894. 

DEX, S., ALBERTON, P., WILLKOMM, L., SOLLRADL, T., BAGO, S., MILZ, S., 
SHAKIBAEI, M., IGNATIUS, A., BLOCH, W., CLAUSEN-SCHAUMANN, H., 
SHUKUNAMI, C., SCHIEKER, M. & DOCHEVA, D. 2017. Tenomodulin is Required 
for Tendon Endurance Running and Collagen I Fibril Adaptation to Mechanical Load. 
EBioMedicine, 20, 240-254. 

DYMENT, N. A. & GALLOWAY, J. L. 2015. Regenerative biology of tendon: mechanisms for 
renewal and repair. Curr Mol Biol Rep, 1, 124-131. 

DYMENT, N. A., LIU, C. F., KAZEMI, N., ASCHBACHER-SMITH, L. E., KENTER, K., 
BREIDENBACH, A. P., SHEARN, J. T., WYLIE, C., ROWE, D. W. & BUTLER, D. L. 
2013. The paratenon contributes to scleraxis-expressing cells during patellar tendon 
healing. PLoS One, 8, e59944. 

ELLIOT, D., LALONDE, D. H. & TANG, J. B. 2016. Commentaries on Clinical results of 
releasing the entire A2 pulley after flexor tendon repair in zone 2C. K. Moriya, T. 
Yoshizu, N. Tsubokawa, H. Narisawa, K. Hara and Y. Maki. J Hand Surg Eur. 2016, 41: 
822-28. J Hand Surg Eur Vol, 41, 829-30. 

FERGUSON, M. W. & O'KANE, S. 2004. Scar-free healing: from embryonic mechanisms to 
adult therapeutic intervention. Philos Trans R Soc Lond B Biol Sci, 359, 839-50. 

FITZGERALD, J. 2017. Enhanced cartilage repair in 'healer' mice-New leads in the search for 
better clinical options for cartilage repair. Semin Cell Dev Biol, 62, 78-85. 

FITZGERALD, J., RICH, C., BURKHARDT, D., ALLEN, J., HERZKA, A. S. & LITTLE, C. 
B. 2008. Evidence for articular cartilage regeneration in MRL/MpJ mice. Osteoarthritis 
Cartilage, 16, 1319-26. 

FREEBERG, M. A. T., EASA, A., LILLIS, J. A., BENOIT, D. S. W., VAN WIJNEN, A. J. & 
AWAD, H. A. 2019. Transcriptomic Analysis of Cellular Pathways in Healing Flexor 
Tendons of Plasminogen Activator Inhibitor 1 (PAI-1/Serpine1) Null Mice. J Orthop 
Res. 

FREEBERG, M. A. T., FARHAT, Y. M., EASA, A., KALLENBACH, J. G., MALCOLM, D. 
W., BUCKLEY, M. R., BENOIT, D. S. W. & AWAD, H. A. 2018. Serpine1 Knockdown 
Enhances MMP Activity after Flexor Tendon Injury in Mice: Implications for Adhesions 
Therapy. Sci Rep, 8, 5810. 

GEORGE, N. S., BELL, R., PAREDES, J. J., TAUB, P. J. & ANDARAWIS-PURI, N. 2020. 
Superior mechanical recovery in male and female MRL/MpJ tendons is associated with a 
unique genetic profile. J Orthop Res. 

HEYDEMANN, A., SWAGGART, K. A., KIM, G. H., HOLLEY-CUTHRELL, J., HADHAZY, 
M. & MCNALLY, E. M. 2012. The superhealing MRL background improves muscular 
dystrophy. Skelet Muscle, 2, 26. 

HIGGINS, S. P., TANG, Y., HIGGINS, C. E., MIAN, B., ZHANG, W., CZEKAY, R. P., 
SAMARAKOON, R., CONTI, D. J. & HIGGINS, P. J. 2018. TGF-beta1/p53 signaling in 
renal fibrogenesis. Cell Signal, 43, 1-10. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

34 
 

ITO, Y., TORIUCHI, N., YOSHITAKA, T., UENO-KUDOH, H., SATO, T., YOKOYAMA, S., 
NISHIDA, K., AKIMOTO, T., TAKAHASHI, M., MIYAKI, S. & ASAHARA, H. 2010. 
The Mohawk homeobox gene is a critical regulator of tendon differentiation. Proc Natl 
Acad Sci U S A, 107, 10538-42. 

JABLONSKI, C. L., BESLER, B. A., ALI, J. & KRAWETZ, R. J. 2019. p21(-/-) Mice Exhibit 
Spontaneous Articular Cartilage Regeneration Post-Injury. Cartilage, 
1947603519876348. 

KAJI, D. A., HOWELL, K. L., BALIC, Z., HUBMACHER, D. & HUANG, A. H. 2020. Tgfbeta 
signaling is required for tenocyte recruitment and functional neonatal tendon 
regeneration. Elife, 9. 

KELLY, N. H., HUYNH, N. P. T. & GUILAK, F. 2020. Single cell RNA-sequencing reveals 
cellular heterogeneity and trajectories of lineage specification during murine embryonic 
limb development. Matrix Biol, 89, 1-10. 

KLEIN, M. B., YALAMANCHI, N., PHAM, H., LONGAKER, M. T. & CHANG, J. 2002. 
Flexor tendon healing in vitro: effects of TGF-beta on tendon cell collagen production. J 
Hand Surg Am, 27, 615-20. 

KRUMMEL, T. M., MICHNA, B. A., THOMAS, B. L., SPORN, M. B., NELSON, J. M., 
SALZBERG, A. M., COHEN, I. K. & DIEGELMANN, R. F. 1988. Transforming 
growth factor beta (TGF-beta) induces fibrosis in a fetal wound model. J Pediatr Surg, 
23, 647-52. 

KUO, C. K., PETERSEN, B. C. & TUAN, R. S. 2008. Spatiotemporal protein distribution of 
TGF-betas, their receptors, and extracellular matrix molecules during embryonic tendon 
development. Dev Dyn, 237, 1477-89. 

LALLEY, A. L., DYMENT, N. A., KAZEMI, N., KENTER, K., GOOCH, C., ROWE, D. W., 
BUTLER, D. L. & SHEARN, J. T. 2015. Improved biomechanical and biological 
outcomes in the MRL/MpJ murine strain following a full-length patellar tendon injury. J 
Orthop Res, 33, 1693-703. 

LEBRUN, J. J. 2012. The Dual Role of TGFbeta in Human Cancer: From Tumor Suppression to 
Cancer Metastasis. ISRN Mol Biol, 2012, 381428. 

LEONARD, C. A., LEE, W. Y., TAILOR, P., SALO, P. T., KUBES, P. & KRAWETZ, R. J. 
2015. Allogeneic Bone Marrow Transplant from MRL/MpJ Super-Healer Mice Does Not 
Improve Articular Cartilage Repair in the C57Bl/6 Strain. PLoS One, 10, e0131661. 

LIN, D., ALBERTON, P., CACERES, M. D., VOLKMER, E., SCHIEKER, M. & DOCHEVA, 
D. 2017. Tenomodulin is essential for prevention of adipocyte accumulation and 
fibrovascular scar formation during early tendon healing. Cell Death Dis, 8, e3116. 

LIU, W., WATSON, S. S., LAN, Y., KEENE, D. R., OVITT, C. E., LIU, H., SCHWEITZER, R. 
& JIANG, R. 2010. The atypical homeodomain transcription factor Mohawk controls 
tendon morphogenesis. Mol Cell Biol, 30, 4797-807. 

MAK, J., JABLONSKI, C. L., LEONARD, C. A., DUNN, J. F., RAHARJO, E., MATYAS, J. 
R., BIERNASKIE, J. & KRAWETZ, R. J. 2016. Intra-articular injection of synovial 
mesenchymal stem cells improves cartilage repair in a mouse injury model. Sci Rep, 6, 
23076. 

MULL, A. J., BERHANU, T. K., ROBERTS, N. W. & HEYDEMANN, A. 2014. The Murphy 
Roths Large (MRL) mouse strain is naturally resistant to high fat diet-induced 
hyperglycemia. Metabolism, 63, 1577-86. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

35 
 

NAVIAUX, R. K., LE, T. P., BEDELBAEVA, K., LEFEROVICH, J., GOUREVITCH, D., 
SACHADYN, P., ZHANG, X. M., CLARK, L. & HEBER-KATZ, E. 2009. Retained 
features of embryonic metabolism in the adult MRL mouse. Mol Genet Metab, 96, 133-
44. 

NICHOLS, A. E. C., BEST, K. T. & LOISELLE, A. E. 2019. The cellular basis of fibrotic 
tendon healing: challenges and opportunities. Transl Res, 209, 156-168. 

NUKUI, Y., YAMANA, T., MASUO, M., TATEISHI, T., KISHINO, M., TATEISHI, U., 
TOMITA, M., HASEGAWA, T., ARITSU, T. & MIYAZAKI, Y. 2019. Serum CXCL9 
and CCL17 as biomarkers of declining pulmonary function in chronic bird-related 
hypersensitivity pneumonitis. PLoS One, 14, e0220462. 

PAREDES, J., MARVIN, J. C., VAUGHN, B. & ANDARAWIS-PURI, N. 2020. Innate tissue 
properties drive improved tendon healing in MRL/MpJ and harness cues that enhance 
behavior of canonical healing cells. FASEB J, 34, 8341-8356. 

PAREDES, J., SHIOVITZ, D. A. & ANDARAWIS-PURI, N. 2018. Uncorrelated healing 
response of tendon and ear injuries in MRL highlight a role for the local tendon 
environment in driving scarless healing. Connect Tissue Res, 59, 472-482. 

PODOLAK-POPINIGIS, J., GORNIKIEWICZ, B., RONOWICZ, A. & SACHADYN, P. 2015. 
Transcriptome profiling reveals distinctive traits of retinol metabolism and neonatal 
parallels in the MRL/MpJ mouse. BMC Genomics, 16, 926. 

PRYCE, B. A., BRENT, A. E., MURCHISON, N. D., TABIN, C. J. & SCHWEITZER, R. 2007. 
Generation of transgenic tendon reporters, ScxGFP and ScxAP, using regulatory 
elements of the scleraxis gene. Dev Dyn, 236, 1677-82. 

PRYCE, B. A., WATSON, S. S., MURCHISON, N. D., STAVEROSKY, J. A., DUNKER, N. & 
SCHWEITZER, R. 2009. Recruitment and maintenance of tendon progenitors by 
TGFbeta signaling are essential for tendon formation. Development, 136, 1351-61. 

QI, J., DMOCHOWSKI, J. M., BANES, A. N., TSUZAKI, M., BYNUM, D., PATTERSON, M., 
CREIGHTON, A., GOMEZ, S., TECH, K., CEDERLUND, A. & BANES, A. J. 2012. 
Differential expression and cellular localization of novel isoforms of the tendon 
biomarker tenomodulin. J Appl Physiol (1985), 113, 861-71. 

RAI, M. F. & SANDELL, L. J. 2014. Regeneration of articular cartilage in healer and non-healer 
mice. Matrix Biol, 39, 50-5. 

RUWANPURA, S. M., THOMAS, B. J. & BARDIN, P. G. 2020. Pirfenidone: Molecular 
Mechanisms and Potential Clinical Applications in Lung Disease. Am J Respir Cell Mol 
Biol, 62, 413-422. 

SAHIN, H., BORKHAM-KAMPHORST, E., KUPPE, C., ZALDIVAR, M. M., GROULS, C., 
AL-SAMMAN, M., NELLEN, A., SCHMITZ, P., HEINRICHS, D., BERRES, M. L., 
DOLESCHEL, D., SCHOLTEN, D., WEISKIRCHEN, R., MOELLER, M. J., 
KIESSLING, F., TRAUTWEIN, C. & WASMUTH, H. E. 2012. Chemokine Cxcl9 
attenuates liver fibrosis-associated angiogenesis in mice. Hepatology, 55, 1610-9. 

SAMARAKOON, R., HELO, S., DOBBERFUHL, A. D., KHAKOO, N. S., FALKE, L., 
OVERSTREET, J. M., GOLDSCHMEDING, R. & HIGGINS, P. J. 2015. Loss of 
tumour suppressor PTEN expression in renal injury initiates SMAD3- and p53-dependent 
fibrotic responses. J Pathol, 236, 421-32. 

SAXENA, V., LIENESCH, D. W., ZHOU, M., BOMMIREDDY, R., AZHAR, M., 
DOETSCHMAN, T. & SINGH, R. R. 2008. Dual roles of immunoregulatory cytokine 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

36 
 

TGF-beta in the pathogenesis of autoimmunity-mediated organ damage. J Immunol, 180, 
1903-12. 

SCHWEITZER, R., CHYUNG, J. H., MURTAUGH, L. C., BRENT, A. E., ROSEN, V., 
OLSON, E. N., LASSAR, A. & TABIN, C. J. 2001. Analysis of the tendon cell fate using 
Scleraxis, a specific marker for tendons and ligaments. Development, 128, 3855-66. 

SEBASTIAN, A., CHANG, J. C., MENDEZ, M. E., MURUGESH, D. K., HATSELL, S., 
ECONOMIDES, A. N., CHRISTIANSEN, B. A. & LOOTS, G. G. 2018. Comparative 
Transcriptomics Identifies Novel Genes and Pathways Involved in Post-Traumatic 
Osteoarthritis Development and Progression. Int J Mol Sci, 19. 

SEREYSKY, J. B., FLATOW, E. L. & ANDARAWIS-PURI, N. 2013. Musculoskeletal 
regeneration and its implications for the treatment of tendinopathy. Int J Exp Pathol, 94, 
293-303. 

SHETTY, S. K., TIWARI, N., MARUDAMUTHU, A. S., PUTHUSSERI, B., BHANDARY, Y. 
P., FU, J., LEVIN, J., IDELL, S. & SHETTY, S. 2017. p53 and miR-34a Feedback 
Promotes Lung Epithelial Injury and Pulmonary Fibrosis. Am J Pathol, 187, 1016-1034. 

SINHA, K. M., TSENG, C., GUO, P., LU, A., PAN, H., GAO, X., ANDREWS, R., 
ELTZSCHIG, H. & HUARD, J. 2019. Hypoxia-inducible factor 1alpha (HIF-1alpha) is a 
major determinant in the enhanced function of muscle-derived progenitors from 
MRL/MpJ mice. FASEB J, 33, 8321-8334. 

SUN, Y., ZHANG, Y. & CHI, P. 2018. Pirfenidone suppresses TGFbeta1induced human 
intestinal fibroblasts activities by regulating proliferation and apoptosis via the inhibition 
of the Smad and PI3K/AKT signaling pathway. Mol Med Rep, 18, 3907-3913. 

TANG, J. B. 2013. Outcomes and evaluation of flexor tendon repair. Hand Clin, 29, 251-9. 
TANG, J. B., AMADIO, P. C., BOYER, M. I., SAVAGE, R., ZHAO, C., SANDOW, M., LEE, 

S. K. & WOLFE, S. W. 2013. Current practice of primary flexor tendon repair: a global 
view. Hand Clin, 29, 179-89. 

TCHKONIA, T., ZHU, Y., VAN DEURSEN, J., CAMPISI, J. & KIRKLAND, J. L. 2013. 
Cellular senescence and the senescent secretory phenotype: therapeutic opportunities. J 
Clin Invest, 123, 966-72. 

TEMPFER, H. & TRAWEGER, A. 2015. Tendon Vasculature in Health and Disease. Front 
Physiol, 6, 330. 

THOMOPOULOS, S., PARKS, W. C., RIFKIN, D. B. & DERWIN, K. A. 2015. Mechanisms of 
tendon injury and repair. J Orthop Res, 33, 832-9. 

TSENG, C., SINHA, K., PAN, H., CUI, Y., GUO, P., LIN, C. Y., YANG, F., DENG, Z., 
ELTZSCHIG, H. K., LU, A. & HUARD, J. 2019. Markers of Accelerated Skeletal 
Muscle Regenerative Response in Murphy Roths Large Mice: Characteristics of Muscle 
Progenitor Cells and Circulating Factors. Stem Cells, 37, 357-367. 

TSUBONE, T., MORAN, S. L., AMADIO, P. C., ZHAO, C. & AN, K. N. 2004. Expression of 
growth factors in canine flexor tendon after laceration in vivo. Ann Plast Surg, 53, 393-7. 

USUGI, E., ISHII, K., HIROKAWA, Y., KANAYAMA, K., MATSUDA, C., UCHIDA, K., 
SHIRAISHI, T. & WATANABE, M. 2019. Antifibrotic Agent Pirfenidone Suppresses 
Proliferation of Human Pancreatic Cancer Cells by Inducing G0/G1 Cell Cycle Arrest. 
Pharmacology, 103, 250-256. 

WANG, S. & HIRSCHBERG, R. 2003. BMP7 antagonizes TGF-beta -dependent fibrogenesis in 
mesangial cells. Am J Physiol Renal Physiol, 284, F1006-13. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308


 
 

37 
 

WARD, B. D., FURMAN, B. D., HUEBNER, J. L., KRAUS, V. B., GUILAK, F. & OLSON, S. 
A. 2008. Absence of posttraumatic arthritis following intraarticular fracture in the 
MRL/MpJ mouse. Arthritis Rheum, 58, 744-53. 

WHALEN, W. P. 1951. Utilization of scar tissue in bridging tendon defects. Ann Surg, 133, 567-
71. 

WOJCIAK, B. & CROSSAN, J. F. 1993. The accumulation of inflammatory cells in synovial 
sheath and epitenon during adhesion formation in healing rat flexor tendons. Clin Exp 
Immunol, 93, 108-14. 

WOJCIAK, B. & CROSSAN, J. F. 1994. The effects of T cells and their products on in vitro 
healing of epitenon cell microwounds. Immunology, 83, 93-8. 

ZHOU, X., LI, X. R., QING, J., JIA, X. F. & CHEN, J. 2017. Outcomes of the six-strand M-
Tang repair for zone 2 primary flexor tendon repair in 54 fingers. J Hand Surg Eur Vol, 
1753193417691390. 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430308doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430308

