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Abstract

Fibrosis of the subsynovial connective tissue (SSCT) is a predominant feature of carpal tunnel 

syndrome (CTS). While the nature of CTS has been extensively studied, little is known about the 

etiology of this disease. We investigated SSCT tissue from patients with CTS and control subjects 

using fibrosis arrays and cell culture analysis. Two-fold changes in fibrotic gene expression were 

found in multiple genes from patient SSCT using fibrosis arrays. This data was confirmed via 

qRT-PCR on a subset of genes; collagen I (Col1), collagen III (Col3), connective tissue growth 

factor (CTGF), transforming growth factor β (TGF-β) and SMAD3 (p<0.05), which significantly 

corroborate the fold changes found in the fibrosis arrays. To further explore the nature of SSCT 

fibrosis, cells were isolated from patient and control tissue. Col1, Col3, TGF-β, and SMAD3 were 

highly expressed in patient SSCT fibroblasts as compared to control (p<0.05). Further, fibrotic 

genes expression was decreased by inhibiting TGF-β receptor I (TβRI) activity (p<0.05). TGF-β 

second messenger SMAD activity was significantly activated in SSCT fibroblasts from patients 

and this activation was abrogated by inhibiting TβRI signaling (p<0.05). These findings suggest 

that blocking TGF-β signaling may be an important therapeutic approach to treating the underlying 

fibrosis of SSCT in CTS patients.
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INTRODUCTION

Carpal tunnel syndrome (CTS) is a compression neuropathy of the median nerve that has 

been associated histologically with a non-inflammatory fibrosis and thickening of the 

subsynovial connective tissue (SSCT)1–6. Therapeutic and preventative options remain 

limited, as the initiating events of this non-inflammatory fibrosis are poorly understood7,8.
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Previous studies have identified the increased expression of fibrotic factors such as 

transforming growth factor - beta (TGF-β), connective tissue growth factor, (CTGF), type 1 

collagen (Col1) and type 3 collagen (Col3) in the SSCT from CTS patients6. TGF-β is a well 

characterized pleiotropic growth factor that is involved in fibrosis in many tissue and organ 

systems9–11.

The goal of this study was to identify mechanisms involved in development and 

maintenance of SSCT fibrosis in CTS, with the aim of identifying targets for specific anti-

fibrotic treatments, in particular TGF-β fibrotic gene expression and regulation was 

explored. In order to achieve this goal, we examined the SSCT from CTS patients and 

individuals with no history of CTS using tissue fibrosis arrays and cell culture models. 

Given that TGF-β is known to play a central role in many fibrotic disorders12,13, and the 

increases of TGF-β responsive genes in CTS SSCT we targeted TGF-β signaling at the 

receptor level using the TβRI inhibitor, SD208, to evaluate TGF-β activity and fibrotic gene 

expression after inhibition.

METHODS

The study was approved by our IRB. Patients were diagnosed with CTS by clinical 

examination, history, and neurophysiological testing, including electromyography and nerve 

conduction studies. Human SSCT biopsy tissue from CTS patients (n=5) undergoing carpal 

tunnel release were harvested as previously reported6. Age matched SSCT from fresh 

cadavers (n=5) with no history of CTS, harvested within 12 hours postmortem, were used as 

control tissue. All patient and control tissue was from patients ranging in age from 25–64 

years. The SSCT specimen from each patient was divided into two segments, one for cell 

culture and the other for tissue analysis. The tissue segment was flash frozen and stored at 

−80C until RNA isolation, as described below. The remaining tissue was used to generate 

cell cultures, also as described below.

SSCT Tissue Fibrosis Array

Harvested tissue was minced on ice and immersed in 1 mL of Trizol reagent (Invitrogen Life 

Technologies, Grand Island, NY). Total RNA was isolated from SSCT using Trizol reagent. 

RNA was quantitated using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, 

Wilmington, DE). Equal amounts of total RNA from tissue were used to synthesize cDNA, 

using the iScriptTM cDNA Synthesis Kit (Bio-Rad). Gene expression analysis was 

completed using Human Fibrosis PCR arrays (SA Biosciences –PAHS-120Z, Frederick, 

MD) according to manufacturer’s protocol. Quantitative real-time PCR using 2× SYBR 

Green Master Mix was performed at 95C for 10 min, followed by 40 cycles of 95C for 15 

sec and 60C for 1 min. Gene expression was normalized to GAPDH as determined by SA 

Biosciences RT2 Profiler™ PCR Array Data Analysis software (http://

pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Fold changes were calculated by 

log 2 scale between patient and control tissue.
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SSCT Cell Culture

After biopsy, the SSCT was minced in standard 37C culture in Dulbecoco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1% 

antibiotic/antimycotic. Cells were then allowed to grow in DMEM, 10% FCS and 1% 

antibiotic/antimycotic with feeding every third day. Cell cultures were treated either with 5 

ng/mL TGF-β1 (R&D Systems, Minneapolis, MN), 50 nM TβRI specific inhibitor, SD208 

(Tocris, Minneapolis, MN), or combination of 5 ng/mL TGF-β1 and 50 nM SD208, as per 

experimental design. The cell cultures were analyzed by real-time PCR for gene expression 

and for SMAD activity using a luciferase reporter assay.

Quantitative Real-Time PCR

Total RNA was isolated from SSCT and cell culture using Trizol reagent (Invitrogen Life 

Technologies, Grand Island, NY). RNA was quantitated using a NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). Equal amounts of total 

RNA from tissue and cell culture were used to synthesize cDNA, using the iScriptTM 

cDNA Synthesis Kit (Bio-Rad). Real-time PCR was performed in triplicate as previously 

described14 and values were normalized using β-tubulin as a control. Primers were designed 

using Primer3 software (http://frodo.wi.mit.edu/primer3/) and were purchased from 

Integrated DNA Technologies (Coralville, IA). Results were presented normalized to either 

control or to vehicle conditions.

SMAD Luciferase Reporter Assay

SMAD reporter assays were completed by transiently transfecting cells with a SMAD 

binding element (SBE) reporter construct, CAGA12-MLP-Luc into SSCT cells as 

previously described15. Cells were plated in 6 well plates at approximately 50% confluence. 

The following day cells were transfected with 250 ng of the promoter reporter construct or 

the empty vector pcDNA4 using fugene-6 transfection reagent (Roche, NH as specified by 

the manufacturer). SMAD activity was assessed in cells as per experimental design. Briefly, 

cell extracts were harvested 24 h after transfection using 100 µl of passive lysis buffer. Cell 

lysates (20 µl) were evaluated for luciferase activity using the Dual-Luciferase reporter 

assay kit (Promega). Relative luciferase units of activity were reported after subtraction from 

values for basal levels of expression found in vehicle treated control cells.

Statistical Analysis

Statistical analysis for SA Biosciences RT2 Profiler™ PCR Array significance was 

determined by the change in gene expression and was evaluated by unpaired Student t-test 

for each gene. The level of statistical significance is set at p <0.05. Statistical analysis for all 

cell culture was determined by unpaired 2-tailed Student's t-test at p< 0.05 using Microsoft 

Excel software. Results are reported as mean ± SE.
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RESULTS

SSCT Tissue Fibrosis Analysis

Fibrosis array comparison of CTS patient SSCT with control SSCT resulted in 18 genes 

regulated at least 2 fold greater than control tissue. In addition 30 genes were down 

regulated at least 2 fold in patient tissue compared to control tissue. (Figure 1) Genes that 

were up regulated included extracellular matrix proteins or receptors such as collagen type 

IIIA1 (Col3), collagen type IA2(Col1), decorin (DCN), smooth muscle actin (ACTA2), 

beta-actin (ACTB), caveolin (CAV1) and fibronectin receptor integrin beta 1 (ITGB1); 

signaling second messengers involved in regulating fibrosis including connective tissue 

growth factor (CTGF), SMAD3 and STAT6 and increases in extracellular matrix regulators 

such as tissue inhibitors of metalloproteases (TIMPs), matrix metalloproteases (MMPs), 

serpine peptidase inhibitors (SERPINE1H and SERPINE1) and integrin beta 5 (ITGB5). 

Genes that were down regulated included interleukins (IL) and MMPs. A full list of genes 

and fold changes are provided in supplemental data Table 1.

Previous work has shown increases in TGF-β, TGF-β receptors, CTGF, Col1 and Col3 in the 

SSCT of CTS patients6,16,17. To confirm the tissue microarray data, TGF-β pathway and 

collagen genes were analyzed by quantitative RT-PCR. Genes were selected based on 2 fold 

or greater expression differences and/or TGF-β pathway genes known to be important 

markers of SSCT fibrosis including Col1, Col3, TGF-β, CTGF and SMAD3. Tissue gene 

expression found in fibrosis array was confirmed using unique primers. (Table 1) The results 

shown in Figure 2 indicate that genes that had two-fold or greater changes in the microarray 

Col1, Col3, CTGF, and SMAD3 were significantly up regulated as compared to control 

tissue. In addition, TGF-β1 which had a 1.6 fold increase in the microarray and is found 

highly expressed in CTS SSCT was significant in patient SSCT compared to control tissue.

In order to further explore the underlying fibrosis in CTS, SSCT cell culture analysis was 

completed. Gene expression of Col1, Col3, TGF-β1 and SMAD 3 remained significantly 

elevated in normal cells as compared to control SSCT. Cells serially passaged five times 

retained this significantly increased expression. (Figure 3)

To evaluate TGF-β mediated gene expression and inhibition cultures were treated with TGF-

β1, TβRI inhibitor (SD208) or combined TGF-β1 and SD208. Blocking TβRI activity 

resulted in significant decreases in the expression of Col1, Col3, and CTGF after 24 hours. 

(Figure 4) To assess the activation of canonical TGF-β signaling a SMAD reporter assay 

was used to determine responsiveness to TGF-β and to the TβRI inhibitor (SD208) in CTS 

patient SSCT fibroblast cell cultures. TGF-β1 treatment resulted in significantly increased 

SMAD reporter activity, while this activity was completely blocked by the TβRI inhibitor 

after 24 hours of treatment. (Figure 5)

DISCUSSION

Non-inflammatory synovial fibrosis is commonly observed in idiopathic CTS1–4,6,18. Since 

fibrosis appears to play an important role in the pathology of this disease we sought to 

characterize the fibrosis in CTS and to identify potential therapeutic targets.
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In this study we explored the nature of fibrosis in SSCT from five patients. Tissue fibrosis 

arrays were used to identify candidate genes involved in this fibrosis. We found increased 

expression of fibrotic genes, TGF-β second messengers (SMAD3, CTGF), and in 

downstream endpoints such as collagens, TIMPs as well as overall decreases in MMPs. We 

also observed decreases in inflammatory markers such as interleukins and interferon 

gamma, which correlate with reports on the non-inflammatory nature of CTS2,4, but these 

changes were not significant.

TGF-β is secreted in a latent form and can be bound by latency binding proteins, which 

allow for the sequestering and localization in extracellular matrix. However beyond storage 

of TGF-β, extracellular matrix also provides for the targeted presentation of TGF-β to cells 

and for the activation of TGF-β, thereby making the cross-talk between matrix deposition 

and TGF-β availability and activation an important mechanisms in fibrosis and for the 

expression of TGF-β responsive genes. Indeed prolonged TGF-β signaling is a characteristic 

of fibrosis in many tissues19.

TGF-β signaling is propagated through serine/threonine receptors of the activin receptor-like 

kinase receptor family20. TGF-β binds to TGF-β receptor II (TβRII), which recruits and 

cross phosphorylates TGF-β receptor I (TβRI). Once activated TβRI phosphorylates 

receptor-SMAD proteins, canonical modulators of TGF-β signaling21. SMADs form a trimer 

of two receptor SMADs and common mediator SMAD (co-SMAD), that translocates to the 

nucleus and acts as a transcription factor initiating gene expression. Common targets of 

TGF-β signaling include extracellular matrix proteins such as collagen, fibronectin, 

proteoglycan and tissue regulators such as MMPs and TIMPs22–24.

Previous work has shown that TGF-β expression levels are high in SSCT6. Serum levels of 

TGF-β have been found at least as high as 22 ng/mL25 While TGF-β is known to be highly 

bound by latency proteins, activation rates have been shown to be 0.5 ng/mL per hour26. 

Given the rate of TGF-β1 activation, the increased availability of TGF-β1 in the SSCT and 

extended culture conditions we believe 5ng/mL represents a conservative estimate of the 

active TGF-β1 that would be found in vivo and therefore represents a reasonable dose in cell 

culture. In addition it has been previously shown that TGF-β in fetal calf serum and fetal 

bovine serum is not active27. However given that TGF-β in the serum may be activated by 

cells in cell culture this is adjusted for by comparison with control treatments.

In addition, connective tissue growth factor (CTGF), also known as CCN2, strongly 

associates with both TGF-β signaling and fibrosis6,28–31. CTGF, despite its name, is a 

matricellular protein rather than a growth factor. CTGF acts by modulating responsiveness 

of growth factors and receptors and by proteolytic activity. Indeed overexpression of CTGF 

in animal models does not predictably result in fibrotic activity and may act more in a co-

stimulatory manner32,33. CTGF expression is induced by TGF-β34,35. CTGF can also 

potentiate TGF-β signaling by enhancing the binding of TGF-β to TGF-β receptors34,36. In 

addition, CTGF in conjunction with TGF-β has been found to sustain fibrotic activity37.

In order to validate tissue fibrosis arrays and explore genes of interest, unique primers were 

designed for quantitative RT-PCR. In particular TGF-β1 expression was evaluated despite 
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only showing a 1.6 fold increase in fibrosis arrays as protein levels of TGF-β1 are highly 

expressed in patient SSCT6. Previous work has shown that even small increases in TGF-β 

expression can have profound effects in the local environment and changes in receptors or 

second messengers such as SMAD3 can amplify the TGF-β associated responsiveness38. 

Given that TGF-β is a common mediator of fibrosis in tissue and organ systems19,39,40 and 

that significant increases are found in both TGF-β1 and TGF-β receptors in SSCT of CTS 

patients, we chose to focus on this pathway as a potential regulator and therapeutic 

target6,16,18.

At the cellular level we cultured fibroblasts isolated from the SSCT in both patients and 

control tissue and evaluated the expression of TGF-β, SMAD3, and collagens (Col1 and 

Col3). TGF-β remained significantly expressed in SSCT fibroblasts from patients as 

compared to control fibroblasts. CTGF was not significantly regulated in these cultures; 

however this may be due to the lack of exogenous TGF-β1 in these cultures as CTGF 

expression is regulated in large part via TGF-β activation6,28,30,41. It is interesting to note 

that SMAD3 total expression was increased in patient fibroblasts as well as tissues, which 

may confer an increased responsiveness to TGF-β signaling. Furthermore Col1 and Col3 

were significantly increased in both tissue and fibroblast cultures. The accumulation of Col1 

and Col3 that is seen in SSCT fibrosis may result from a TGF-β mediated increase in 

extracellular matrix and impaired degradation. Additionally, TGF-β promotes a positive 

feedback loop between deposition of matrix and activation of TGF-β42,43. Verrecchia et al. 

identified Col1A2, Col3A1 as well as other collagens and TIMP1 as TGF-β and SMAD3 

target genes in fibroblasts.24 Indeed in the tissue fibrosis array TIMP1 levels are increased 

over three fold. Exploration and validation of extracellular matrix enzymes such as TIMPs 

and MMPs were not explored in this study, but are a focus on ongoing research.

Interestingly, SMAD expression also remains high in the SSCT cell culture compared to 

normal cells even without TGF-β1 induction. (Figure 3) Furthermore significantly increased 

expression Col1 and Col3, both of which are regulated by TGF-β1 signaling, were 

maintained in cell culture in patient SSCT fibroblasts compared to normal SSCT fibroblasts. 

This increased fibrotic expression was significantly maintained through five serial passages, 

indicating a potential long-term phenotypic change in patient SSCT fibroblasts.

To further evaluate the effect of TGF-β1 activity in patient SSCT fibroblasts we evaluated 

the effect of a TβRI inhibitor to block fibrotic gene expression. All cells were treated with 

TGF-β1 ± SD208, a TβRI inhibitor. For all genes analyzed, Col1, Col3, and CTGF the TβRI 

inhibitor significantly reduced expression in patient SSCT fibroblasts compared to normal 

SSCT fibroblasts. Interestingly, CTGF is induced by TGF-β as well as by mechanical 

stimulation and this induction is mediated at least in part through the activation of SMAD3 

signaling41,44,45, indicating again, the link between CTGF, TGF-β and the underlying 

fibrosis in CTS patients. SMAD3 expression was not significantly regulated in culture by 

addition of TGF-β or by inhibiting TβRI activity. However, SMAD action results from 

activation of the SMAD protein by phosphorylation and translocation to the nucleus rather 

than total SMAD levels. Therefore changes in total SMAD amounts after 24 hours of 

treatment may not be the mechanism of SMAD action; rather SMAD3 activation and 

activity are a more relevant measure.
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SMAD activity was analyzed in SSCT fibroblasts from CTS patients to further examine 

TGF-β signaling. Patient SSCT fibroblasts were treated with TGF-β1 and a significant 

increase in SMAD activity was evident. In addition we looked to specifically block TGF-β 

signaling using the TβRI inhibitor, SD20813,40. Upon treatment, SMAD activation was 

reduced to control levels, indicating that TβRI blocks canonical SMAD3 signaling in patient 

SSCT fibroblasts.

The net accumulation of collagen in fibrotic tissue comes as a result of misregulation 

between deposition and degradation of extracellular matrix. In this case Col1 and Col3 

expression is significantly enhanced in both patient tissue and fibroblast derived from this 

tissue. This expression corresponds to the previously reported increased protein expression 

of Col1 and Col3 in patient SSCT6. When TGF-β1 signaling is blocked by inhibiting TβRI, 

expression levels of Col1 and Col3 are decreased indicating that TGF-β1 could be an 

important regulator of extracellular matrix deposition in patient SSCT fibrosis.

Limitations of this study include a relatively small sample size. The tissue fibrosis arrays 

provided indications of fold regulation of multiple genes in the SSCT of CTS patients, 

however likely due to the idiopathic nature of CTS and resulting variation and sample size 

no significance was determined. Fibrosis arrays served as an indicator of potentially 

regulated genes in SSCT fibrosis. In contrast when quantitative RT-PCR was completed on 

the same tissue samples significance was determined for Col1, Col3, CTGF, SMAD3, and 

TGF-β. In addition, the use of cadaver tissue as normal control tissue may not be ideal; 

however given the nature of surgical requirement for tissue acquisition it would not be 

ethical, in our opinion, to take such tissue from people who do not have CTS. The strengths 

of this study include the significant gene expression changes in this cohort, both in the tissue 

and fibroblasts derived from this tissue

Targeting the TGF-β pathway has impacts on life threatening diseases ranging from cancer, 

induce pulmonary fibrosis and diabetic related fibrosis to life-long quality of life diseases 

such as scleroderma and carpal tunnel syndrome. Multiple drugs have been developed to 

target TGF-β pathway including drugs that target ligands, receptors, and second messenger 

SMAD pathways20,46. Many of these drugs have been delivered systemically with some 

success, however concerns over systemic treatments make local delivery of antifibrotic 

agents appealing20. In addition studies are now being initiated to look at short-term or 

combinatorial treatments that may have substantial therapeutic benefits for treating TGF-β 

related pathologies such as fibrosis. Indeed topical treatment of scleroderma has shown 

some benefit in reducing fibrosis47, indicating that both systemic and local delivery of TGF-

β modulators may be therapeutic options to treat CTS. It remains of great importance to 

modulate this fibrotic signal without interfering with the beneficial systemic actions of TGF-

β.

In summary, in this study we explored the nature of the fibrotic expression found in the CTS 

SSCT and cells of patients with CTS. We noted increased fibrotic gene expression, 

including but not limited to increases in Col1, Col3, CTGF and SMAD3. These genes were 

confirmed using quantitative RT-PCR and were found to be significantly up regulated in 

patient tissue as compared to control tissue. Fibroblasts were isolated from SSCT from both 
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patient and cadaver tissue. We confirmed significantly increased gene expression for Col1 

and 3, TGF-β and SMAD3 in CTS fibroblasts maintained over time. Further, we found that 

the TβRI inhibitor, SD208, significantly reduced fibrotic gene expression and canonical 

TGF-β signaling. These studies are the first to examine blocking TGF-β signaling in CTS 

and suggest that therapies targeted for the TGF-β signaling pathway may ultimately have 

utility for the prevention and/or treatment of CTS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fibrosis tissue array relative fold change in genes from patient SSCT compared to control 

tissue A) increased gene expression and B) decreased gene expression relative to control 

tissue. Results are reported as mean ± standard error, n=5.
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Figure 2. 
Confirmation of tissue fibrosis array gene expression was analyzed by quantitative RT-PCR. 

Results are normalized to control tissue, mean ± SE, n=5.* denotes significance at P<0.05.
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Figure 3. 
Cultured SSCT fibroblasts maintain fibrotic gene signature using quantitative RT-PCR 

analysis of Col1, Col3, TGF-β, and SMAD3 in cells isolated from CTS patients. Cells 

maintain fibrotic gene expression through serial passages. Results are normalized to control 

cells, mean ± SE, n=3.* denotes significance at P<0.05.
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Figure 4. 
Inhibition of TβRI in SSCT patient cells down regulates fibrotic gene expression. 

Quantitative RT-PCR analysis of Col1, Col3, CTGF and SMAD3 in SSCT cells isolated 

from CTS patients and were treated for 24 hours ± TGF-β (5ng/mL) and ± SD208 (50 nM). 

The mean ± SE are depicted, n=3.* denotes significance from vehicle, # denotes 

significance from TGF-β treatment at P<0.05.
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Figure 5. 
Patient SSCT fibroblasts have increased responsiveness to TGF-β which is significantly 

reduced by SD208 (TβRI inhibitor). Relative fold changes in relative SMAD luciferase units 

(RLU) are reported. Cells were treated for 24 hours ± TGF-β (5ng/mL) and ± SD208 (50 

nM). The mean ± SE are depicted, n=3.* denotes significance from vehicle, # denotes 

significance from TGF-β treatment at P<0.05.
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Table 1

Primers Sets Used in Real-Time PCR

Gene Forward Reverse

CTGF TCCCACCCAATTCAAAACAT TGCTCCTAAAGCCACACCTT

COL1A2 TCCAAAGGAGAGAGCGGTAA CAGATCCAGCTTCCCCATTA

COL3A1 CCAGGAGCTAACGGTCTCAG CAGGGTTTCCATCTCTTCCA

TGFB1 GTGGAAACCCACAACGAAAT CGGAGCTCTGATGTGTTGAA

SMAD3 GGGCTCCCTCATGTCATCTA TTGAAGGCGAACTCACACAG

TUBULIN GAGTGCATCTCCATCCACGTT TAGAGCTCCCAGCAGGCATT
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