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Abstract

Injuries to flexor tendons can be complicated by fibrotic adhesions, which severely impair the 

function of the hand. Plasminogen Activator Inhibitor 1 (PAI-1/SERPINE1), a master suppressor 

of fibrinolysis and protease activity, is associated with adhesions. Here, we used next-generation 

RNA sequencing (RNA-Seq) to assess genome-wide differences in mRNA expression due to 

PAI-1 deficiency after zone II flexor tendon injury. We used Ingenuity Pathway Analysis to 

characterize molecular pathways and biological drivers associated with differentially expressed 

genes. Analysis of hundreds of overlapping and differentially-expressed genes in PAI-1 knockout 

(KO) and wild type mice (C57Bl/6J) during tendon healing revealed common and distinct 

biological processes. Pathway analysis identified cell proliferation, survival, and senescence, as 

well as chronic inflammation as potential drivers of fibrotic healing and adhesions in injured 

tendons. Importantly, we identified the activation of PTEN signaling and the inhibition of FOXO1-

associated biological processes as unique transcriptional signatures of the healing tendon in the 

PAI-1/Serpine1 KO mice. Further, transcriptomic differences due to the genetic deletion of PAI-1 

were mechanistically linked to PI3K/Akt/mTOR, PKC, and MAPK signaling cascades. These 
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transcriptional observations provide novel insights into the biological roles of PAI-1 in tendon 

healing and therapeutic targets to achieve scar-free regenerative healing of tendons.
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Introduction

Injuries to flexor tendons in zone II of the hand often lead to poor healing outcomes. 

Restoration of function after surgical repair can be impaired due to the formation of scar 

tissue adhesions and the incidence of tendon re-rupture, often necessitating additional 

surgery 1. The complexities of cellular and biological mechanisms that mediate optimal 

tendon healing, or that lead to adhesions and inferior tissue biomechanics, are not fully 

appreciated. This gap in knowledge is a significant barrier to the development of clinically 

translatable biological therapies to improve the outcomes of tendon healing. To address this, 

gain- or loss-of-function approaches using genetic mouse models are increasingly used in 

preclinical studies of tendon injury to investigate the functional contributions of specific 

genes in hypothesized mechanisms of scar-mediated healing.

We have previously shown that the pleiotropic protease suppressor, Plasminogen Activator 

Inhibitor 1 or PAI-1, is ubiquitously secreted in the extracellular matrix of scar tissue in 

injured flexor tendons of C57Bl/6J mice. Incidentally, elevated levels of PAI-1 were also 

observed in fibrotic flexor tendon tissue of Dupuytren’s contracture hands 2. Further, PAI-1 

polymorphisms are predisposing factors to post-operative adhesions following general 

surgery 3. Given its well-described roles in fibrosis in a variety of tissues and organs 4, it has 

been shown that PAI-1 not only inhibits fibrinolysis leading to aberrant persistence of 

provisional fibrin matrix in the early stages of healing and a delay in the resolution of 

inflammation but also inhibits plasmin-mediated activation of matrix metalloproteases 

(MMPs). The reduced activity of MMPs slows the remodeling of scar tissue, which we 

hypothesized precipitates flexor tendon adhesions. In concordance with this hypothesis, we 

have shown that zone II flexor tendon healing in PAI-1 knockout (KO) mice exhibits 

reduced adhesion formation and accelerated the reestablishment of injured tendon 

mechanical properties compared to wild type C57Bl/6J mice 2. Based on these findings, 

PAI-1 has been identified as a therapeutic target for the treatment of flexor tendon fibrotic 

adhesions.

PAI-1 binds to multiple proteins that can be potential targets for therapeutics, including 

tissue-plasminogen activator (tPA/PLAT), urokinase-plasminogen activator (uPA/PLAU), 

vitronectin (VTN), and the low density lipoprotein (LDL) receptor-related protein 1 (LRP1) 
5. When bound to tPA or uPA, PAI-1 forms a complex that renders them catalytically 

inactive to inhibit the conversion of plasminogen to plasmin and hence dysregulate 

fibrinolysis and MMP activation 6. Vitronectin binding to PAI-1 results in conformational 

changes to both proteins that lead to inhibition of vitronectin-integrin-mediated cell 

attachment and the stabilization of PAI-1’s active conformation to amplify its inhibitory 
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effects on tPA/uPA 7. LRP1 binding to PAI-1 has reported effects on cell signaling and 

migration. Furthermore, LRP1 binding to PAI-1-uPAR (receptor for uPA) complex 

contributes to internalization and downregulation of PAI-1 8. PAI-1 is also a component of 

the senescence-associated secretory phenotype (SASP) and can exert both paracrine and 

autocrine effects on cell signaling and migration, as well as on regenerative or disease 

conditions including wound healing, fibrosis, and cancer 6.

The mechanisms through which PAI-1 specifically modulates fibrosis are complex. They 

include inhibitory effects on matrix remodeling 2; 5; 6, proinflammatory effects including 

macrophage activation and infiltration 9, possibly in association with cellular senescence as a 

precipitating factor 6, and epithelial/endothelial-to-mesenchymal transition (EMT) 4. 

Regardless of the mechanism, a variety of small molecule inhibitors of PAI-1 have been 

developed and investigated, with the majority of these inhibitors either targeting the PAI-1 

binding domain to tPA/uPA or designed to induce a conformational change in PAI-1 to 

convert it to its latent form 5. To date, none of these inhibitors has demonstrated efficacy 

against the stable form of PAI-1 when bound to vitronectin, which limited their therapeutic 

value.

In this study, we explored pathways that are specifically activated or inhibited in a genetic 

model of PAI-1 deficiency, which could identify novel, less recalcitrant targets for therapy 

using next-generation RNA sequencing (RNA-Seq) as a powerful discovery and hypothesis-

generating tool. We assessed the differential expression of genes (DEG) in purified RNA 

samples from mouse tendon tissues. Based on the improved tendon repair seen with global 

deletion of PAI-1, we characterized genes and pathways that are temporally regulated during 

flexor tendon healing in C57Bl/6J and PAI-1 KO mice. To obtain valuable insights into the 

mechanisms of fibrotic tendon healing, we defined comprehensive sets of differentially 

expressed genes for comparative analyses of cellular and molecular pathways and networks. 

Our data reveal that tendon healing involves the regulation of PI3K/Akt/mTOR, PKC, and 

MAPK signaling cascades, and permits consideration of these pathways for new 

pharmacotherapies to achieve improved tendon healing.

Methods

Animal Care and 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 C57Bl/6J (WT) and B6.129S2-Serpine1tm1Mlg/J (PAI-1 KO) mice 

(Jackson Laboratory). The mouse surgery protocol involves partial laceration of the deep 

digital flexor tendon of the 3rd digit of the hind paw, as previously described 2. Briefly, a 

transverse volar skin incision was made on the middle digit between the 

metatarsophalangeal and the proximal interphalangeal joints. The deep digital flexor tendon 

was separated from the two peri-located flexor digitorum superficialis tendon strips with 

blunt end micro-forceps. A transverse cut was made mediolaterally across roughly 50% of 

the width of the deep digital flexor tendon. The incision was closed using interrupted sutures 

(Ethicon Suture, V950G, 9–0). A sample (150 pg) of cDNA was used to generate Illumina 

compatible sequencing libraries with the NexteraXT library preparation kit (Illumina, San 
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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.

RNA Extraction and RNA-seq

Tendon tissue (n = 3 per group) was harvested from uninjured, 2-weeks, and 4-weeks post 

injury tendons of WT and PAI-1 KO mice for RNA extraction and RNA-Seq analysis. 

Injured tendon included tissue biopsy of the healing callus, typically less than 1mm in 

length. Messenger RNA (mRNA) isolation and next generation RNA sequencing analysis 

were performed by the University of Rochester Genomics Core as described below. Briefly, 

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

RNA was isolated using the RNeasy Plus Micro Kit (Qiagen, Valencia, CA) or Arcturus 

Pico Pure kit (Life Technologies, Carlsbad, CA) per manufacturer’s recommendations. RNA 

concentration was determined with the NanopDrop 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

Raw reads generated from the Illumina HiSeq2500 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” Processed/

cleaned 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 

SortedByCoordinate --outSAMstrandField intronMotif --outFilterIntronMotifs 

RemoveNoncanonical”. Differential expression analysis and data normalization was 

performed using DESeq2–1.14.1 with an adjusted p-value threshold of 0.05 within an R 

v3.3.2 environment. Verification of differential gene expression with real-time RT-PCR was 

performed using TaqMan Low Density Array (TLDA) card for a select group of genes that 

exhibited a range of up- or down-regulation, as previously described 2.

Bioinformatics and Statistical Analyses of Differentially Expressed Genes

Differential expression analysis and data normalization was performed using DESeq2–

1.14.1 on RNA extracted from injured tendons at 2 and 4-weeks post injury relative to 

uninjured expression levels within each strain independently. Differentially expressed genes 

(DEG) were identified by filtering DeSeq2 pairwise comparisons for biological 

(ABS(Log2FC) > 1) and statistical significance (adjusted p-value < 0.05). To determine 

functional enrichment of signaling pathways and upstream regulators that the DEG might 

involve, we performed pathway enrichment analysis using Ingenuity Pathway Analysis (IPA; 

http://www.ingenuity.com). Default settings were used to determine the activation state of 

canonical pathways and upstream regulators using the global molecular network contained 

in IPA knowledge base. The activation z-score in IPA predicts the enrichment of potential 

pathways and regulators based on the pattern of gene regulation relevant to those pathways 

and regulators. Specifically, the z-score is mathematically computed by IPA to infer the 
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activation state of a regulator (activated vs. inhibited) and can be used to rank regulators 

based on statistical significance of the differential expression pattern. Downstream targets of 

upstream regulators identified in IPA were exported for further functional analysis using 

Enrichr 10 (Reactome 2016 Pathways).

Data availability

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

under accession GSE125026.

Results

Differentially Expressed Genes (DEG) during Flexor Tendon Healing

The RNA integrity number (RIN) for the samples harvested for this analysis was 6.4 ± 0.97 

(mean ± standard deviation), and the RNA yield ranged from 147 to 16169 pg/μl. 

Bioinformatics analysis on DEG data from tendon tissue focused on comparisons between 

uninjured flexor tendons and injured tendons at 2-weeks, and 4-weeks post injury in 

C57Bl/6J and PAI-1 KO mice, respectively. DEG were conservatively filtered from DeSeq2 

data to focus on statistically significant (adjusted p-value < 0.05) and biologically-relevant 

two-fold differences (ABS(Log2Fold-Change) > 1) compared to uninjured tendons.

At 2-weeks post injury, 951 genes were upregulated and 668 were downregulated in 

C57Bl/6J injured tendon (Figure 1A - top), while 898 genes were upregulated and 878 were 

downregulated in in the PAI-1 KO injured tendon (Figure 1A - bottom). At 4-weeks post 

injury, differential transcriptional regulation in C57Bl/6J injured tendon involved 

upregulation of 1196 genes and downregulation of 902 gene (Figure 2A - top). In contrast, 

818 genes were upregulated, and 554 genes were downregulated during the healing process 

in the PAI-1 KO injured tendon (Figure 2A - bottom). Hierarchical clustering (Euclidean 

distance, ward linkage) of the DEG at 2- and 4-weeks post injury is shown in a heat map 

(Figure 1B and 2B).

Principal component analysis (PCA) corroborated the biological effects of the injury, healing 

time and the mouse genotype (Figure 3). Overall, 92% of the variance in the differential 

gene expression was attributed to the first three principal components (PC). Specifically, 

58% of the variance was attributed to PC1, 28% to PC2, and 6% to PC3. Injured tendons 

clustered and clearly separated from uninjured tendons along the PC1 axis. Despite some 

overlap, injured tendons tended to further cluster by genotype along the PC2 axis and by 

healing time along the PC3 axis.

To validate DEG identified by RNA-seq, real-time RT-PCR was performed on RNA samples 

to quantitatively measure relative expression of a selected gene list normalized to a house 

keeping gene. There were strong correlations between relative expression by RT-PCR and 

log2-fold changes by RNA-seq analysis (R2=0.729; Figure 4).

Ingenuity Pathway Analysis (IPA) was subsequently performed on 6 distinct DEG lists 

(Figure 1C and 2C) representing genes differentially expressed in the C57Bl/6J injured 

tendon (827 and 1404 DEG at 2- and 4-weeks post injury, respectively), genes differentially 
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expressed in the PAI-1 KO injured tendon (984 and 678 DEG at 2- and 4-weeks post injury, 

respectively), and genes with overlapping expression in both strains (792 and 694 DEG at 2- 

and 4-weeks post injury, respectively).

Differentially Enriched Canonical Pathways

Enriched canonical pathways were identified by performing a core analysis in IPA with the 6 

DEG lists (Figure 1 & 2). The top IPA canonical pathways positively or negatively enriched 

in injured tendons are represented as a z-score heat map (Figure 5). IPA predicted a 

substantial number of pathways that were stringently filtered herein to discuss only 

pathways identified for significant (adj. p<0.05) activation (z-score >2) or inhibition (z-score 

< −2).

At 2 weeks post injury, pathways related to ECM organization, immune system response, 

and cell cycle regulation were positively enriched (activated) and pathways involved in 

inhibition of MMPs and cell cycle checkpoint regulation were negatively enriched 

(inhibited) by genes expressed in both strains (Table 1). Activated Pathways in the C57Bl/6J 

injured tendons involved cellular immune response, cytokine signaling, the activation of 

actin cytoskeletal signaling, and cellular migration and infiltration (Table 2). The only 

activated pathway by DEG unique to the PAI-1 KO tendon was PTEN signaling (Table 3).

At 4 weeks post injury, pathways related to extracellular matrix organization (synthesis, 

assembly, and remodeling) and growth factor signaling in addition to persistent 

inflammatory response pathways were activated in both strains (Table 4). Additionally, 

activated pathways in the C57Bl/6J injured tendons involved innate and adaptive immune 

system signaling and inflammatory response pathways, in addition to mechanosignaling 

pathways (actin cytoskeleton and integrin) (Table 5). Inhibited pathways in the C57Bl/6J 

tendon involved the acute phase response signaling and the LXR/RXR activation pathway 

(Tables 4 and 5). On the other hand, the pathways enriched in the injured PAI-1 KO tendon 

at 4-weeks were the osteoarthritis pathway (activated), and EIF2 signaling (inhibited) (Table 

6).

Differentially Activated or Inhibited Upstream Regulators 

Numerous upstream regulators were identified to be either activated (z-score ≥ 2, p-value of 

overlap < 0.05) or inhibited (z-score ≤ −2, p-value of overlap < 0.05), which drive wide 

ranging biological responses associated with cytokine, growth factor, and kinase signaling, 

immune system responses, cell cycle regulation, cell metabolism, and extracellular matrix 

assembly, organization, and degradation (Tables S1 and S2). Of particular interest, activated 

or inhibited upstream regulators with opposing activation states in the C57Bl/6J and PAI-1 

KO injured tendons were identified (Figure 6).

At 2 weeks post-injury, three upstream regulators were activated in the C57Bl/6J injured 

tendons, but at the same time were inhibited in the PAI-1 KO injured tendons. These include 

the transcription factor FOXO1, the protein kinase C (PKC) activator phorbol myristate 

acetate (PMA), and the pro-inflammatory protein S100A8 pathways (Figure 6-A). On the 

other hand, mitogen-activated protein kinase (MAPK) signaling was inhibited in the PAI-1 

KO injured tendons, as indicated by enrichment of pathways related to inhibition of MAPK 
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signaling (PD98059 activation), with opposite effects in the C57Bl/6J injured tendons 

(Figure 6-A).

At 4 weeks, FOXO1 was still activated in the C57Bl/6J injured tendons and inhibited in the 

PAI-1 KO injured tendons. In addition, the transmembrane receptor FAS and the oncogene 

transcription regulator MYC were also activated in the C57Bl/6J injured tendons but 

inhibited in the PAI-1 KO injured tendons (Figure 6-B).

In addition, since PAI-1 is robustly induced by TGF-β1 signaling, we examined its upstream 

regulatory activity. Not surprisingly, TGFB1 was a strongly enriched (activated) upstream 

regulator in the overlapping DEG lists at 2- and 4-weeks post injury, but with differential 

downstream activation of distinct biological processes in the C57Bl/6J and PAI-1 KO injured 

tendons DEG lists (Table 7). At 2-weeks post injury, downstream targets conserved between 

both strains enriched for matrix organization, deposition, and remodeling. Additionally, 

ECM organization enrichment was seen in the downstream targets in PAI-1 KO tendon 

healing as well. Interestingly, the downstream targets unique to C57Bl/6J healing were 

associated with cell cycle regulation and immune response. At 4-weeks post injury, TGFB1 

downstream targets regulate matrix organization in all three DEG lists. However, there was 

continued enrichment for cytokine signaling and immune response in the C57Bl/6J tendon 

healing that is not observed in the PAI-1 KO tendon healing.

Discussion

Flexor tendon injuries heal imperfectly with fibrotic adhesions that limit the tissue’s natural 

excursion function and digital joints flexion 1; 11. While there have been advancements in the 

treatment of flexor tendon injuries 11, these have plateaued over the past decade such that the 

rate of reoperation requiring tenolysis (surgical release of after primary tendon repair) still 

occurs in >6% of patients 12. The incomplete understanding of the complex cellular and 

molecular processes involved in the fibrotic healing process has hindered the development of 

biological therapies for scarless tendon repair. Previous findings have demonstrated that 

flexor tendon injuries in PAI-1 KO mice heal with reduced adhesions and accelerated 

recovery of biomechanical properties 2; 13. Due to the pleiotropic functions of PAI-1, we 

hypothesized that mapping whole transcriptome differences in healing flexor tendons from 

PAI-1-knockout mice and wildtype (C57Bl/6J) controls will reveal novel transcriptional 

pathways and biological drivers of the accelerated repair and reduced fibrosis. Not 

surprisingly, given the functional differences in the repair response between these mouse 

models 2, we found differential regulation of hundreds of genes at 2- and 4-weeks post-

injury.

A nonbiased analysis of the canonical pathways enriched by the hundreds of differentially 

expressed genes reaffirmed the transcriptional regulation of the distinct pathways 

orchestrating the healing of C57Bl/6J and PAI-1 KO injured tendons. Expectedly, genes 

differentially-expressed in both mouse strains were involved in the enrichment of numerous 

canonical pathways known to regulate tissue healing including the immune system response, 

cell cycle regulation, and ECM organization. It is arguably more instructive to examine the 

pathways differentially activated or inhibited in the PAI-1 KO tendon. One such pathway, 
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which was activated at 2 weeks in the PAI-1 KO injured tendons only, is the PTEN pathway 

(Figure 7). PTEN encodes for a tumor suppressor enzyme (phosphatase and tensin homolog) 

that regulates cell growth (division) and death (apoptosis). PTEN is a ubiquitous negative 

regulator of the PI3K/Akt/mTOR and MAPK signaling pathways 14. Mutations in the PTEN 

gene can lead to a spectrum of rare disorders known as the PTEN hamartoma tumor 

syndrome (PHTS) 15 and have also been associated with multiple cancers 16. It was recently 

shown that TGF-β1-induced suppression of PTEN signaling pathway leads to fibrosis in 

human tenon’s fibroblasts 17. Analysis of alveolar epithelial cells from idiopathic pulmonary 

fibrosis patients also linked the activation of NF-κB with reduced PTEN levels and both 

were associated with senescence, which is likely an initiating insult in lung fibrosis 18. 

Furthermore, mTOR kinase signaling is activated downstream of PI3K/Akt in PTEN-

depleted MCF7 cells 19. mTOR signaling has also been associated with the onset of p53-

induced cellular senescence in PTEN-deficient mouse embryonic fibroblasts 19. PAI-1 has 

been shown to directly cause the induction of replicative senescence downstream of p53 

through the activation of PI3K signaling in mouse embryonic fibroblasts 6. Reduced PTEN 

signaling has been associated with renal fibrosis via p53-, smad3-, and PI3K/Akt-dependent 

induction of cellular senescence, which was rescued by shRNA inhibition of PAI-1 20. 

Collectively, these reports provide evidence linking PAI-1 signaling to PTEN-loss-induced 

cellular senescence (PICS) as a potential mediator of fibrosis. Furthermore, at 4 weeks post 

injury, the inhibition of the translation initiation factor EIF2 signaling pathway in PAI-1 KO 

tendons could also be involved in the regulation of cellular senescence through Akt-

dependent responses to cellular stress 21. Our novel observations of the transcriptional 

activation of PTEN signaling and inhibition of the EIF2 signaling in injured PAI-1 KO 

tendons, which heal with reduced fibrosis compared to the C57Bl/6J tendons 2, are 

consistent with these reports and warrant further investigation of PAI-1/PTEN modulation of 

cell growth or senescence in fibrotic tendon injury through PI3K/Akt/mTOR/p53 signaling.

IPA Upstream Regulator analysis predicted numerous master transcriptional regulators or 

biological drivers based on differential gene expression in the healing C57Bl6/J and PAI-1 

KO tendons. Focusing on upstream regulators with opposing activation states in the 

C57Bl/6J and PAI-1 KO injured tendons reduced the expansive list and identified a few 

upstream regulators, which drove the enrichment of distinct biological processes in the two 

mouse strains. The activation of FOXO1 in the C57Bl/6J tendons at 2-weeks post-injury 

enriched biological processes related to regulation of different phases in cell cycle, innate 

and adaptive immune responses, and senescence-associated secretory phenotype (SASP). On 

the other hand, the inhibition of FOXO1 in the PAI-1 KO tendons at 2-weeks post-injury 

enriched biological pathways related to transcriptional regulation by TP53, innate and 

adaptive immune responses, PDGF and MAP kinase signaling, and metabolisms (Table S3). 

Interestingly, the enrichment of cell cycle pathways by FOXO1 activation persisted to 4-

weeks post injury in the C57Bl/6J tendons, while its inhibition in the PAI-1 KO tendons at 4 

weeks post injury enriched biological processes related to metabolism, homeostasis, eNOS 

activation, and vascular permeability (Table S4). FOXO is a family of master transcription 

factors that regulate diverse gene networks to determine the response of cells to stress, 

including cell proliferation and survival 22. The activity of FOXO proteins is negatively 

regulated by PI3K-Akt, such that its phosphorylation by Akt inhibits FOXO nuclear 
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translocation and suppresses its target genes 23. FOXO1 has been reported to activate 

keratinocyte transition to a wound-healing phenotype, in concert with the upregulation of 

TGF-β1/CTGF and their downstream targets 24. Others have reported that FOXO1 and 

FOXO3 were upregulated in skin wound healing of mice, and the partial knockout of 

FOXO1 in mice led to accelerated wound healing and reduced scar formation 25. More to the 

point, the activation of cardiomyofibroblasts and the onset of cardiac fibrosis in heart 

pathologies has been associated with noncanonical TGF-β1 activation of FOXO 

transcription factors 26. PTEN-regulated Akt/FOXO signaling has been studied extensively 

in cancer 27 and has also been a pathway of interest in fibrosis 28. The observed coupling of 

the activation/inhibition of FOXO1- and Myc-related processes could be interesting since 

there are numerous reports associating Myc with the promotion of renal fibrosis 29, liver 

fibrosis 30, and chronic skin wounds and scarring 31. The relationship between PAI-1 and 

MYC remains largely unexplored despite previous reports associating c-MYC-regulated 

genes with transcription of PAI-1 32.

The observed transcriptional activation of the PKC signaling pathway (phorbol myristate 

acetate) in the C57Bl/6J injured tendons at 2 weeks, which is inhibited in the PAI-1 KO 

tendons, is also consistent with literature identifying multiple roles for this pathway in cell 

survival and apoptosis 33, senescence 34, and fibrosis 35 (Table S3). Interestingly, PKC has 

been shown to mediate EGFR-mTOR signaling through noncanonical pathways, and PKC 

inhibition led to decreased viability of glioma cells independent of PTEN or Akt 36. Studies 

have also demonstrated that PKC regulates PAI-1 through Smad6-dependent TGF-β1 

activation, and that the selective inhibition of PKC downregulates PAI-1 37, which could 

play a role in fibrotic processes in wound healing and tissue repair this mechanism has not 

been explored extensively.

The heterodimer S100A8/A9, also known as Calprotectin, functions primarily to promote 

pro-inflammatory cytokines and chemokines 38. When secreted, S100A8 is a damage-

associated molecular pattern (DAMP) ligand for the Toll-like receptor (TLR)-4 and the 

receptor for advanced glycation end-products (RAGE) 39. As such, it plays a role in the 

innate adaptive immune responses to injury and has been associated with fibrosis 40, 

senescence 41, and apoptosis 42. The activation of FAS at this time point in the C57Bl/6J 

(Table S4) is also interesting and may be indicative of extrinsic cellular apoptosis 42. 

Therefore, the observed activation of S100A8 as an upstream regulator in the C57Bl/6J 

injured tendons could be indicative of a proinflammatory etiology of fibrotic tendon healing, 

which appears to be transcriptionally attenuated with PAI-1 deficiency (Table S3).

Pathways related to inhibition of mitogen-activated protein kinase or MAPK (PD98059) 

signaling were activated in the PAI-1 KO injured tendons but inhibited in the C57Bl/6J 

tendons (Table S3). MAPK, also known as ERK or Extracellular signal-Regulated Kinase, 

can phosphorylate a variety of transcription factors including Myc and as such plays critical 

roles in modulating cell proliferation and cellular senescence 43. MAPK/ERK signaling is 

activated in pulmonary and renal fibrosis and its suppression has been shown to ameliorate 

these fibrotic pathologies 44. The upregulation of PAI-1 by TGF-β1 has been reported to 

involve non-canonical (smad-independent) pathways such as MAPK activation of the 

transcription factor AP-1 45. Thus, the observed transcriptional inhibition of MAPK/ERK 
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pathway could be correlated with reduced profibrotic processes during tendon healing 

previously reported in the PAI-1 KO mice 2,46 .

TGF-β1 is a growth factor that regulates cell proliferation, differentiation and growth, and 

can modulate expression and activation of other growth factors. Furthermore, TGF-β1 is 

causatively associated with fibrosis due to its role in activating myofibroblasts to synthesize 

ECM products 47. TGFB1 was a strongly enriched upstream regulator in multiple DEG lists 

but with different downstream effects in the two mouse strains, possibly indicating the role 

of TGF-β1 in aberrant cell proliferation and chronic inflammation as an underlying 

pathology in fibrotic tendon healing in WT mice. The direct or indirect roles of PAI-1 

deficiency on TGF-β1-induced chronic inflammation in tendon healing have not been 

previously explored.

This study has yielded new information on molecular pathways and transcriptional upstream 

regulators not previously identified in tendon healing and fibrosis. However, there are 

limitations that qualify our conclusions. First, transcriptional profiling reflects gene 

expression in a mixed population of cells in the injured tissue and does not have the 

resolution to decipher the cross-talk between different cell types. Single cell RNA-seq 

analysis could mitigate this limitation, as recently described 48. The translational relevance 

of these findings can be improved by cross-referencing to RNA-Seq data sets of injured 

human tendons. Finally, the identified pathways and biological processes were based on 

differential transcriptional activity in mouse tissue only and functional consequences will 

need to be investigated in vitro and in vivo.

In summary, this study on transcriptional profiling of tendon healing sheds new insights into 

the cellular and molecular mechanisms driving fibrotic tendon healing 2. The study 

identified novel pathways that associate the fibrotic healing in flexor tendons with 

aberrations in cell growth and survival and chronic inflammation through complex, 

interrelated signaling pathways that have not been previously thoroughly explored in the 

context for tendon healing. These findings should motivate future studies that could lead to a 

better understanding of the biological limitations of natural tendon healing and the 

development of novel therapeutic targets to mitigate fibrosis and engineer scar-free tendon 

regeneration following injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
RNA sequencing reveals differential and overlapping changes in gene expression during 

flexor tendon repair in C57Bl/6J and PAI-1 KO mice at 2 weeks post-injury compared to 

uninjured tendons from both strains. (A) Volcano plots of differentially expressed genes at 2-

weeks compared to uninjured tendon. Red dots (•) represent statistically significant, 

upregulated genes (Log2FC > 1, p < 0.05). Blue dots (•) represent statistically significant 

downregulated genes (Log2FC < −1, p < 0.05) in (top) C57Bl/6J and (bottom) PAI-1 KO. 

(B) Heat map of all differentially expressed genes at 2-weeks pot injury (2603 genes). Color 

scale based on row averages of Log2(counts). Euclidian distance hierarchical clustering. (C) 

Venn Diagram identifying differentially expressed gene (DEG) lists. Gene lists include DEG 

conserved between both mouse strains (overlap) and DEG unique to each strain (C57Bl/6J 

and PAI-1 KO).

Freeberg et al. Page 14

J Orthop Res. Author manuscript; available in PMC 2020 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
RNA sequencing reveals differential and overlapping changes in gene expression during 

flexor tendon repair in C57Bl/6J and PAI-1 KO mice at 4 weeks post-injury compared to 

uninjured tendons from both strains. (A) Volcano plots of differentially expressed genes at 4-

weeks compared to uninjured tendon. Red dots (•) represent statistically significant, 

upregulated genes (Log2FC > 1, p < 0.05). Blue dots (•) represent statistically significant 

downregulated genes (Log2FC < −1, p < 0.05) in (top) C57Bl/6J and (bottom) PAI-1 KO. 

(B) Heat map of all differentially expressed genes at 4-weeks post injury (2776 genes). 

Color scale based on row averages of Log2(counts). Euclidian distance hierarchical 

clustering. (C) Venn Diagram identifying differentially expressed gene (DEG) lists. Gene 

lists include DEG conserved between both mouse strains (overlap) and DEG unique to each 

strain (C57Bl/6J and PAI-1 KO).
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Figure 3. 
Principal component analysis (PCA) of DeSeq2 Normalized Counts shown in 3D (A) and in 

2D plots (B) reveals clustering of samples by injury, healing time and the mouse genotype. 

Injured tendons clustered along the PC1 axis and clearly separated from uninjured tendons. 

Despite some overlap, injured tendons further clustered by genotype along the PC2 axis and 

by healing time along the PC3 axis.
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Figure 4. 
RT-PCR validation of select differentially expressed genes by RNA-seq. Average Fold 

change (FC) determined through IPA from RNA-seq (vertical axis) were plotted against 

average FC determined from real-time RT-PCR measurements (horizontal axis). The genes 

validated were selected based on their involvement in the PI3K/Akt/mTor signaling pathway, 

and include (1) Akt1, (2) Eif4ebp1, (3) Foxo1, (4) Mtor, and (5) Pten. Correlation line 

represents linear regression. Fold change (FC) estimation in genes of interest in the injured 

tendon at 14 days-post-injury, relative to uninjured control DDFT tissue from the same 

genotype. Sample size n=3 per genotype per time point.
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Figure 5. 
Ingenuity Pathway Analysis (IPA) was used to identify top enriched canonical pathways 

during tendon healing. Heatmap of enriched canonical pathway that meet the threshold (to p 

< 0.05 and ABS(z-score) > 2) in at least one DEG analysis list. Color scale is based on 

activation z-score (Blue = inhibited, red = activated). Pathways are presented based on the 

heatmap based on Euclidian distance hierarchical clustering. The left 2 columns represent 

enrichment by genes in the overlapping DEG list, the middle two columns represent unique 

enrichment in the C57Bl/6J strain, and the right two columns represent unique enrichment in 

the PAI-1 KO strain at 2- and 4-weeks post injury, respectively.
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Figure 6. 
Ingenuity Pathway Analysis (IPA) was used to identify activated or inhibited Upstream 

Regulators during tendon healing with opposing activation states in the PAI-1 KO and 

C57Bl/6J 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. This analysis revealed 4 differentially activated upstream regulators at 2-

weeks post injury (A) and 3 differentially activated upstream regulators at 4-weeks post 

injury (B).
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Figure 7. 
Differentially expressed genes in the PAI-1 KO injured tendon that contribute to the 

activation of the canonical PTEN Signaling pathway at 2-weeks post injury. A total of 10 

transcripts from this dataset were associated with the activation of the PTEN canonical 

pathway: BCL2 (−1.461), BCL2L1 (−1.106), BMPR1B (−1.324), CBL (−1.09), EGFR 

(1.365), FOXO1 (−1.03), ITGA2 (−2.395), PIK3CB (−1.99), RAP2B (1.583), TGFBR1 

(−1.076). Numbers in parenthesis by the gene symbols indicate the expression log2FC 

(Expression False Discovery Rate (q-value) <10−3). The cellular localization of genes in the 

canonical PTEN Signaling pathway was illustrated using IPA Path Designer. Red color 

indicates upregulated gene expression and green color represents downregulated gene 

expression in PAI-KO injured tendon at 2 weeks (compared with uninjured PAI-1 KO 

tendon). The types of molecules are annotated in the legend. The Molecule Activity 

Predictor (MAP) tool was used to predict in silico the upstream and downstream effects of 

these gene expression changes. Orange indicates predicted activation and blue indicates 

predicted inhibition.

Entrez Gene Name: BCL2 (BCL2, apoptosis regulator); BCL2L1 (BCL2 like 1); BMPR1B 

(bone morphogenetic protein receptor type 1B); CBL (Cbl proto-oncogene); EGFR 

(epidermal growth factor receptor); FOXO1 (forkhead box O1); ITGA2 (integrin subunit 

alpha 2); PIK3CB (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta); 

RAP2B (a plasma membrane enzyme, member of RAS oncogene family); TGFBR1 

(transforming growth factor beta receptor 1).
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Table 1.

Conserved IPA canonical pathways in both strains at 2-weeks post flexor tendon injury

Ingenuity Canonical Pathways
−log(p-
value) Ratio z-score Molecules

Fcγ Receptor-mediated Phagocytosis 
in Macrophages and Monocytes 3.44 0.118 2.714 PLD4, HMOX1, NCF1, FCGR2A, PIK3CG, PIK3R1, HCK, RAC3, 

FCGR1A, FGR, VASP

Mitotic Roles of Polo-Like Kinase 2.72 0.121 2.449 CDC20, WEE1, PRC1, CCNB2, PLK1, CDK1, CHEK2, CCNB1

Cyclins and Cell Cycle Regulation 3.37 0.125 2.333 CCNA2, CCND2, WEE1, E2F7, E2F1, CDK6, TGFB2, CCNB2, 
CDK1, CCNB1

Neuroinflammation Signaling 
Pathway 6.86 0.1 2.191

MMP3, PIK3R1, TGFBR3, HLA-DQA1, CX3CR1, NGF, FGFR3, 
HMOX1, CCL2, HLA-DMA, PIK3CG, PLA2G5, HLA-DMB, 
CYBB, TGFB2, IRS2, PLA2G12B, VCAM1, CASP3, TYROBP, 
CD200R1, IFNGR2, BIRC5, TLR4, FOS, GAB1, TREM2, Tlr13, 
BACE2, S100G, HLA-DRB5

Dendritic Cell Maturation 6.6 0.119 2.132

TYROBP, FCGR2A, LEPR, PIK3R1, NFKBIE, HLA-DQA1, 
FCGR2B, FCGR1A, FGFR3, COL1A2, TLR4, COL1A1, PLCB4, 
COL5A3, GAB1, HLA-DMA, FSCN1, PIK3CG, TREM2, HLA-
DMB, IRS2, HLA-DRB5, COL3A1

GP6 Signaling Pathway 6.74 0.142 2.065
COL5A2, COL6A2, COL12A1, PIK3R1, COL8A1, COL5A1, 
FGFR3, COL1A2, COL1A1, COL5A3, GAB1, COL6A3, 
COL23A1, PIK3CG, LAMB1, IRS2, KLF12, COL27A1, COL3A1

Osteoarthritis Pathway 7.03 0.118 2.041

TIMP3, FN1, CASP3, MMP3, IL1RL1, BMP2, DLX5, SMAD6, 
MMP10, MMP13, FZD9, HES1, CEBPB, PGF, VEGFA, FGFR3, 
FZD8, CASP6, TLR4, RUNX2, SIRT1, SOX9, WISP1, JAG1, 
ADAMTS4

Intrinsic Prothrombin Activation 
Pathway 2.52 0.143 2 COL1A2, KNG1, COL1A1, COL5A3, THBD, COL3A1

CD27 Signaling in Lymphocytes 1.45 0.094 −2 FOS, CASP3, MAP3K6, NFKBIE, BID

Mouse Embryonic Stem Cell 
Pluripotency 2.96 0.104 −2.111 LIFR, FGFR3, FZD8, ID1, BMP4, RRAS2, GAB1, PIK3CG, 

PIK3R1, FZD9, IRS2

Cell Cycle: G2/M DNA Damage 
Checkpoint Regulation 4.4 0.184 −2.121 CKS2, WEE1, TOP2A, CCNB2, PLK1, AURKA, CDK1, CHEK2, 

CCNB1

Inhibition of Matrix 
Metalloproteases 9.5 0.333 −2.887 TIMP3, MMP3, MMP14, RECK, MMP13, MMP10, MMP2, 

MMP23B, ADAM12, SDC2, TIMP1, MMP11, MMP19
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Table 2.

IPA Canonical pathways unique to C57BL/6J flexor tendon healing at 2-weeks post injury

Ingenuity Canonical Pathways
−log(p-
value) Ratio z-score Molecules

Glioma Invasiveness Signaling 2.55 0.114 2.828 F2R, HMMR, CD44, PLAUR, FGFR2, PIK3CD, MMP9, ITGB3

Cdc42 Signaling 1.86 0.072 2.714 PAK1, PAK3, ARPC1B, CFL1, FCER1G, MYL4, VAV1, MYLK, 
HLA-DQB1, MAPK12, MAPK11, IQGAP3

Fc Epsilon RI Signaling 4.19 0.118 2.673 RAC2, FGFR2, MAPK12, MAPK11, INPP5D, PLA2G6, PLCG2, 
SYK, LYN, FCER1G, VAV1, PIK3CD, INPP5K, LCP2

Regulation of Actin-based Motility 
by Rho 1.89 0.089 2.646 RAC2, PAK1, PFN1, PAK3, ARPC1B, CFL1, MYL4, MYLK

Fcγ Receptor-mediated 
Phagocytosis in Macrophages and 
Monocytes

2.85 0.108 2.53
RAC2, PLA2G6, PAK1, TLN2, ARPC1B, SYK, LYN, VAV1, 
INPP5D, LCP2

IL-8 Signaling 2.43 0.076 2.324 RAC2, RELA, NOX4, VEGFC, FGFR2, HBEGF, MAPK12, 
CCND1, CSTB, ITGB3, ITGB2, ITGAM, NCF2, PIK3CD, MMP9

Integrin Signaling 2.38 0.073 2.324 RAC2, TSPAN5, PFN1, ARPC1B, ITGA6, FGFR2, MYLK, ITGB7, 
ITGB3, ITGB2, PAK1, ITGAM, TLN2, PAK3, PLCG2, PIK3CD

Leukocyte Extravasation Signaling 3.38 0.085 2.183
RAC2, MMP28, JAM2, ITGA6, FGFR2, MAPK12, MAPK11, 
ITGB3, TEC, ITGB2, ITGAM, ARHGAP9, PLCG2, NCF2, CD44, 
PIK3CD, VAV1, MMP9

Actin Cytoskeleton Signaling 3.01 0.079 2.138
RAC2, PFN1, MYH9, CFL1, ARPC1B, F2R, PDGFA, FGFR2, 
MYLK, PAK1, TLN2, FGF18, PAK3, MYL4, PIK3CD, VAV1, 
NCKAP1L, IQGAP3

PAK Signaling 2.08 0.089 2.121 PAK1, PAK3, CFL1, PDGFA, MYL4, FGFR2, MYLK, PIK3CD, 
MAPK12

ErbB Signaling 1.69 0.082 2.121 PAK1, PAK3, PLCG2, HBEGF, FGFR2, PIK3CD, MAPK12, 
MAPK11

Rac Signaling 2.6 0.094 2.111 RELA, NOX4, PAK1, PAK3, ARPC1B, CFL1, NCF2, CD44, 
FGFR2, PIK3CD, IQGAP3

Renin-Angiotensin Signaling 2.46 0.09 2.111 RELA, PTPN6, PAK1, PAK3, PLCG2, FGFR2, PIK3CD, CCL5, 
MAPK12, MAPK11, ADCY7

GP6 Signaling Pathway 2.16 0.082 2.111 COL16A1, PLCG2, SYK, LYN, FCER1G, COL22A1, FGFR2, 
PIK3CD, COL15A1, LCP2, ITGB3

Production of Nitric Oxide and 
Reactive Oxygen Species in 
Macrophages

1.42 0.062 2.111
RELA, PTPN6, LYZ, PLCG2, NCF2, PPP1R14A, FGFR2, 
PIK3CD, IRF8, MAPK12, TNFRSF1B, MAPK11

Macropinocytosis Signaling 2.71 0.111 2 MRC1, ITGB2, PAK1, PDGFA, PLCG2, FGFR2, PIK3CD, ITGB7, 
ITGB3
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Table 3.

IPA Canonical pathways unique to PAI-1 KO flexor tendon healing at 2-weeks post injury

Ingenuity Canonical Pathways −log(p-value) Ratio z-score Molecules

PTEN Signaling 1.3 0.076 2.121 BCL2L1, CBL, TGFBR1, FOXO1, ITGA2, PIK3CB, BMPR1B, 
BCL2, EGFR
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Table 4.

Conserved IPA canonical pathways enriched in both strains at 4-weeks post flexor tendon injury

Ingenuity Canonical 
Pathways

−log(p-
value) Ratio z-score Molecules

Leukocyte Extravasation 
Signaling 6.5 0.156 3.157

RAC2, MMP16, PIK3R5, MAPK11, PRKCZ, ITGB3, RASSF5, VCL, 
FRS2, TIMP2, ITGB1, TIMP3, CLDN10, SRC, PIK3C2B, CXCR4, 
MMP10, FGFR2, NCF4, MAPK12, ITGAL, PRKCG, SELPLG, TEC, 
PIK3R3, BTK, ITGB2, ARHGAP9, VAV3, CD44, PIK3CD, CTTN, 
MMP9

Integrin Signaling 3.97 0.128 3.024

RAC2, ITGA8, RHOT2, PIK3R5, MYLK, ITGB3, PAK1, ITGA11, 
RHOD, ITGAV, AKT3, VCL, FRS2, ITGB1, PIK3C2B, ACTR2, SRC, 
RRAS, FGFR2, ITGAL, PIK3R3, DOCK1, ITGB2, TLN2, PAK3, 
PIK3CD, CTTN, ITGAX

Neuroinflammation Signaling 
Pathway 5.46 0.129 2.667

RELA, TRAF3, IL12A, HLA-A, BDNF, TLR8, PIK3R5, HLA-DQA1, 
SLC1A3, ACVR2B, CCL5, HLA DQB1, MAPK11, TGFBR2, HMOX1, 
IL34, AKT3, CASP8, FRS2, PIK3C2B, NOX4, NLRP3, TYROBP, CHP1, 
FGFR2, MAPK12, BIRC5, PRKCG, PIK3R3, PLA2G4A, CD80, SYK, 
S100B, Tlr13, GLUL, CD86, PIK3CD, SLC6A12, MMP9, HLA-DRB5

Cdc42 Signaling 1.68 0.102 2.53
ITGB1, SRC, ACTR2, HLA-A, HLA-DQA1, MYLK, HLA-DQB1, 
MAPK12, MAPK11, PRKCZ, PAK1, PAK3, EXOC5, MYL4, HLA-
DRB5, HLA-E, IQGAP3

PDGF Signaling 2.61 0.144 2.496 SYNJ2, PIK3R3, PIK3C2B, SRC, RRAS, SPHK1, PIK3R5, PDGFRA, 
FGFR2, PIK3CD, FRS2, PDGFC, INPP5D

PAK Signaling 3.05 0.149 2.324 ITGB1, PIK3C2B, RRAS, PIK3R5, FGFR2, MYLK, MAPK12, PDGFC, 
PIK3R3, PAK1, PAK3, PDGFRA, MYL4, PIK3CD, FRS2

Actin Cytoskeleton Signaling 4.09 0.128 2.294

RAC2, MYH9, F2R, FGF2, PIK3R5, MYLK, SSH1, PDGFC, PAK1, 
FLNA, MYL4, VCL, FRS2, IQGAP3, ITGB1, ACTR2, PIK3C2B, RRAS, 
FGFR2, WASF1, PIK3R3, DOCK1, FGF21, TLN2, PAK3, VAV3, CD14, 
PIK3CD, NCKAP1L

Estrogen-mediated S-phase 
Entry 1.77 0.192 2.236 CCNE1, CCNE2, E2F3, CDK1, E2F8

Mitotic Roles of Polo-Like 
Kinase 2.28 0.152 2.121 CDC25B, KIF23, CDC25C, CDC20, PRC1, PLK1, CDK1, KIF11, 

CHEK2, CCNB1

Agrin Interactions at 
Neuromuscular Junction 3.16 0.174 2.111 ITGB1, RAC2, ITGB2, SRC, PAK1, PAK3, RRAS, UTRN, MAPK12, 

CTTN, ITGAL, ITGB3

TREM1 Signaling 2.34 0.147 2.111 ITGB1, RELA, NLRP3, TYROBP, CIITA, TLR8, CD86, Tlr13, AKT3, 
CD83, ITGAX

Paxillin Signaling 6.77 0.204 2
ITGB1, SRC, PIK3C2B, RRAS, ITGA8, PIK3R5, FGFR2, MAPK12, 
MAPK11, ITGAL, ITGB3, PIK3R3, DOCK1, ITGB2, PAK1, TLN2, 
PAK3, ITGA11, ITGAV, PIK3CD, VCL, FRS2, ITGAX

Glioma Invasiveness Signaling 5.6 0.229 2 TIMP3, PIK3C2B, F2R, RRAS, RHOT2, PIK3R5, FGFR2, ITGB3, 
PIK3R3, RHOD, ITGAV, CD44, PIK3CD, FRS2, MMP9, TIMP2

Fcγ Receptor-mediated 
Phagocytosis in Macrophages 
and Monocytes

3.97 0.172 2 SRC, ACTR2, RAC2, PRKCZ, INPP5D, PRKCG, PIK3R3, HMOX1, 
DOCK1, PAK1, TLN2, VAV3, SYK, HCK, AKT3, LCP2

LXR/RXR Activation 1.9 0.116 −2.333 RELA, C3, ABCG1, IL18RAP, IL1RL2, SREBF1, FASN, MYLIP, CD14, 
RXRA, HMGCR, CYP51A1, MMP9, CLU

Acute Phase Response 
Signaling 1.61 0.1 −2.496

SOCS1, RELA, C3, RRAS, NFKBIE, SERPINA3, MAPK12, MAPK11, 
NR3C1, CRABP1, PIK3R3, HMOX1, NFKBIA, AKT3, SOCS2, 
PIK3CD, CRABP2
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Table 5.

IPA Canonical pathways unique to C57BL/6J flexor tendon healing at 4-weeks post injury

Ingenuity Canonical 
Pathways

−log(p-
value) Ratio z-score Molecules

Leukocyte Extravasation 
Signaling 6.5 0.156 3.157

RAC2, MMP16, PIK3R5, MAPK11, PRKCZ, ITGB3, RASSF5, VCL, 
FRS2, TIMP2, ITGB1, TIMP3, CLDN10, SRC, PIK3C2B, CXCR4, 
MMP10, FGFR2, NCF4, MAPK12, ITGAL, PRKCG, SELPLG, TEC, 
PIK3R3, BTK, ITGB2, ARHGAP9, VAV3, CD44, PIK3CD, CTTN, 
MMP9

Integrin Signaling 3.97 0.128 3.024

RAC2, ITGA8, RHOT2, PIK3R5, MYLK, ITGB3, PAK1, ITGA11, 
RHOD, ITGAV, AKT3, VCL, FRS2, ITGB1, PIK3C2B, ACTR2, SRC, 
RRAS, FGFR2, ITGAL, PIK3R3, DOCK1, ITGB2, TLN2, PAK3, 
PIK3CD, CTTN, ITGAX

Neuroinflammation Signaling 
Pathway 5.46 0.129 2.667

RELA, TRAF3, IL12A, HLA-A, BDNF, TLR8, PIK3R5, HLA-DQA1, 
SLC1A3, ACVR2B, CCL5, HLA-DQB1, MAPK11, TGFBR2, HMOX1, 
IL34, AKT3, CASP8, FRS2, PIK3C2B, NOX4, NLRP3, TYROBP, CHP1, 
FGFR2, MAPK12, BIRC5, PRKCG, PIK3R3, PLA2G4A, CD80, SYK, 
S100B, Tlr13, GLUL, CD86, PIK3CD, SLC6A12, MMP9, HLA-DRB5

Cdc42 Signaling 1.68 0.102 2.53
ITGB1, SRC, ACTR2, HLA-A, HLA-DQA1, MYLK, HLA-DQB1, 
MAPK12, MAPK11, PRKCZ, PAK1, PAK3, EXOC5, MYL4, HLA-
DRB5, HLA-E, IQGAP3

PDGF Signaling 2.61 0.144 2.496 SYNJ2, PIK3R3, PIK3C2B, SRC, RRAS, SPHK1, PIK3R5, PDGFRA, 
FGFR2, PIK3CD, FRS2, PDGFC, INPP5D

PAK Signaling 3.05 0.149 2.324 ITGB1, PIK3C2B, RRAS, PIK3R5, FGFR2, MYLK, MAPK12, PDGFC, 
PIK3R3, PAK1, PAK3, PDGFRA, MYL4, PIK3CD, FRS2

Actin Cytoskeleton Signaling 4.09 0.128 2.294

RAC2, MYH9, F2R, FGF2, PIK3R5, MYLK, SSH1, PDGFC, PAK1, 
FLNA, MYL4, VCL, FRS2, IQGAP3, ITGB1, ACTR2, PIK3C2B, RRAS, 
FGFR2, WASF1, PIK3R3, DOCK1, FGF21, TLN2, PAK3, VAV3, CD14, 
PIK3CD, NCKAP1L

Estrogen-mediated S-phase 
Entry 1.77 0.192 2.236 CCNE1, CCNE2, E2F3, CDK1, E2F8

Mitotic Roles of Polo-Like 
Kinase 2.28 0.152 2.121 CDC25B, KIF23, CDC25C, CDC20, PRC1, PLK1, CDK1, KIF11, 

CHEK2, CCNB1

Agrin Interactions at 
Neuromuscular Junction 3.16 0.174 2.111 ITGB1, RAC2, ITGB2, SRC, PAK1, PAK3, RRAS, UTRN, MAPK12, 

CTTN, ITGAL, ITGB3

TREM1 Signaling 2.34 0.147 2.111 ITGB1, RELA, NLRP3, TYROBP, CIITA, TLR8, CD86, Tlr13, AKT3, 
CD83, ITGAX

Paxillin Signaling 6.77 0.204 2
ITGB1, SRC, PIK3C2B, RRAS, ITGA8, PIK3R5, FGFR2, MAPK12, 
MAPK11, ITGAL, ITGB3, PIK3R3, DOCK1, ITGB2, PAK1, TLN2, 
PAK3, ITGA11, ITGAV, PIK3CD, VCL, FRS2, ITGAX

Glioma Invasiveness Signaling 5.6 0.229 2 TIMP3, PIK3C2B, F2R, RRAS, RHOT2, PIK3R5, FGFR2, ITGB3, 
PIK3R3, RHOD, ITGAV, CD44, PIK3CD, FRS2, MMP9, TIMP2

Fcγ Receptor-mediated 
Phagocytosis in Macrophages 
and Monocytes

3.97 0.172 2 SRC, ACTR2, RAC2, PRKCZ, INPP5D, PRKCG, PIK3R3, HMOX1, 
DOCK1, PAK1, TLN2, VAV3, SYK, HCK, AKT3, LCP2

LXR/RXR Activation 1.9 0.116 −2.333 RELA, C3, ABCG1, IL18RAP, IL1RL2, SREBF1, FASN, MYLIP, CD14, 
RXRA, HMGCR, CYP51A1, MMP9, CLU

Acute Phase Response 
Signaling 1.61 0.1 −2.496

SOCS1, RELA, C3, RRAS, NFKBIE, SERPINA3, MAPK12, MAPK11, 
NR3C1, CRABP1, PIK3R3, HMOX1, NFKBIA, AKT3, SOCS2, 
PIK3CD, CRABP2
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Table 6.

IPA Canonical pathways unique to PAI-1 KO flexor tendon healing at 4-weeks post injury

Ingenuity Canonical 
Pathways −log(p-value) Ratio z-score Molecules

Osteoarthritis Pathway 1.83 0.057 2.121 S1PR3, BGLAP, TGFBR1, SP1, S100A9, TGFB1, SIRT1, ANKH, SOX9, 
S100A8, HES1, CASP7

EIF2 Signaling 6.66 0.1 −2.887
RPL11, RPL22, Rpl36a, RPS23, RPL39, RPS21, RPL26, RPL35A, 
RPL37A, RPS29, RPS28, RPS7, RPL35, RPS20, ACTA2, RPS26, Rpl39l, 
RPL37, PIK3R2, RPS12, RPL13A, RPS14
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Table 7.
Downstream targets of TGFB1 in DEG gene list enrichment.

Downstream targets identified in IPA were exported and analyzed in Enrichr, Pathways (Reactome 2016).

2 weeks post-injury

Overlap (201 genes)
Z-score = 4.553
p-value = 7.23×10−53

Extracellular matrix organization (p = 1.8×10−26)
Collagen formation (p = 8.2×10−14)
Assembly of collagen fibrils and other multimeric structures (p = 1.2×10−12)
Degradation of the extracellular matrix (p = 5.2×10−10)
Collagen degradation (p = 1.5×10−8)
Collagen biosynthesis and modifying enzymes (p = 6.2×10−8)
Activation of MMPs (p = 6.3×10−8)

C57Bl/6J (134 genes)
Z-score = 1.624
p-value = 6.61×10−17

Immune System (p = 1.1×10−8)
Cell Cycle, Mitotic (p = 4.9×10−8)
Cell Cycle (p = 1.7×10−7)
Mitotic G1-G1/S phases (p = 3.4×10−8)

PAI-1 KO (116 genes)
Z-score = 0.742
p-value = 3.21×10−7

Extracellular Matrix Organization (p = 3.0×10−10)
Non-integrin membranx10-ECM interactions (p = 4.7×10−10)

4 weeks post-injury

Overlap (158 genes)
Z-score = 6.811
p-value = 7.78×10−36

ECM organization (p = 1.3×10−37)
Collagen formation (p = 2.5×10−20)
Assembly of collagen fibrils and other multimeric structures (p = 2.8×10−19)
Degradation of the ECM (p = 2.6×10−14)
Collagen biosynthesis and modifying enzymes (p = 2.1×10−13)
Collagen degradation (p = 1.4×10−9)
Elastic fibre formation (p = 1.9×10−9)

C57Bl/6J (229 genes)
Z-score = 2.403
p-value = 8.71×10−30

Signal transduction (p = 3.7×10−16)
Immune System (p = 1.9×10−12)
ECM Organization (p = 3.4×10−9)
Adaptive Immune system (p = 1.2×10−7)
RHO GTPase Effectors (1.2×10−7)
Cytokine Signaling in Immune system (p = 2.7×10−7)

PAI-1 KO (91 genes)
Z-score = 1.971
p-value = 1.52×10−8

ECM organization (p = 2.0×10−7)
Elastic fiber formation (p = 2.3×10−4)
Hemostasis (p = 5.4×10−3)
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