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Abstract

Backround—Crohn’s disease (CD) is a chronic inflammatory enteropathy characterized by 

fibrotic strictures. Myofibroblasts (MFB) are stromal cells of the GI tract found in increased 

numbers in patients with CD and represent the key effector cells involved in pathologic fibrosis. 

MFB are a known target of TNF-α, a pro-inflammatory cytokine strongly implicated in the 

pathophysiology of CD. However, the precise mechanisms through which TNF-α contributes to 

fibrosis remain incompletely understood. Here, we demonstrate for the first time that TNF-α 
increases MFB migration through the COX-2 and Hsp27 pathways.

Materials and Methods—The human colonic MFB cell line 18Co was grown to confluence on 

35×10mm cell culture dishes and used from passages 8–14. An in vitro scratch assay assessed the 

effect of TNF-α (10 ng/ml) on MFB migration over 24 hours in the presence or absence of several 

inhibitors (NS398, SB203580, Hsp27 siRNA).

Results—TNF-α significantly increased MFB migration over 24 h. TNF-α also led to the 

increased expression of COX-2 and stimulated rapid phosphorylation of Hsp27 at Ser-82. TNF-α-

induced-COX-2 expression, Hsp27 phosphorylation, and MFB migration were all significantly 

inhibited by the P38 MAPK inhibitor SB203580 (p<0.05). TNF-α-induced MFB migration was 

also significantly inhibited by NS398 (p<0.05), a direct inhibitor of COX-2, and by siRNA 

targeting Hsp27 (p<0.05).

Conclusions—TNF-α stimulates colonic myofibroblast migration through P38 MAPK-

mediated activation of COX-2 and Hsp27. Further elucidating these inflammatory signaling 

pathways may lead to novel therapeutic targets for the treatment of Crohn’s disease related fibrosis 

and strictures.
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INTRODUCTION

Crohn’s disease is a chronic, relapsing, immune-mediated condition of the gastrointestinal 

(GI) tract that is characterized by segmental, transmural inflammation of the bowel wall. The 

reparative process following recurrent, transmural injury involves reorganization of the 

stroma and extracellular matrix that leads to fibrosis and the development of intestinal 

strictures through processes that remain incompletely understood. Myofibroblasts are 

gastrointestinal stromal cells that regulate the extracellular matrix and are a target of 

inflammatory mediator signaling [1–4]. Located in the lamina propria, myofibroblasts 

interact with the overlying epithelium as well as neighboring cell populations to regulate a 

number of important cellular processes, including mucosal repair, and fibrosis [5], through 

the secretion of cytokines, growth factors, and inflammatory mediators

TNF-α, a potent 17-kDa pro-inflammatory cytokine, is strongly implicated in the 

pathogenesis of Crohn’s disease [3, 6] and is known to regulate myofibroblast function [1–

3]. TNF-α binds to TNF-α receptor 1 (TNFR1) and TNF-α receptor 2 (TNFR2), leading to 

a conformational change that creates a multiprotein complex (TRADD, RIP, TRAF-2) 

resulting in the activation of MAP kinases, including JNK, p38-MAPK, and ERK, as well as 

the transcription factor NFκB [reviewed in [7]]. Monoclonal antibodies (infliximab, 

adalimumab, etc) that target TNF-α have been proven to be effective in the treatment of 

patients with Crohn’s disease, demonstrating the central role that TNF-α plays in the 

pathophysiology of this disease [1, 8, 9]. However, the exact role of TNF-α in the 

development of intestinal fibrosis remains unclear. Consequently, the purpose of this study 

was to determine whether TNF-α regulates the migration of human colonic myofibroblasts, 

and to determine the underlying cell signaling mechanisms that are involved in this process.

Here, we demonstrate, for the first time, that TNF-α stimulates the migration of human 

colonic myofibroblasts (18Co) through signaling pathways that involve P38 MAPK, COX-2, 

and Hsp27. Our results support the notion that TNF-α regulates colonic myofibroblast 

function in the setting of inflammation and may explain how TNF-α leads to progressive 

intestinal fibrosis in the setting of recurrent transmural inflammation.

MATERIALS AND METHODS

Cell Culture

CCD-18CO cells were purchased from American Type Culture Collection (Manassas, VA). 

These cells were originally cultured from a mucosal biopsy of human neonatal colon and are 

structurally and functionally similar to in situ colonic subepithelial myofibroblasts. This has 

been validated in numerous previous studies [10–13]. CCD-18CO cells were cultured in 

DMEM containing 10% FBS, penicillin, streptomycin, fungizone and glutamine at 37 °C in 
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humidified air containing 5% CO2. Cells were passaged in 0.25% trypsin-0.02% EDTA 

solution. Experiments were performed with cells within passages 8–14.

SDS-PAGE and Immunoblotting

Cells were lysed in Triton buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM 

Na3VO4, 5 mM sodium pyrophosphate, 10 mM sodium glycerophosphate, 1% Triton X-100, 

50 mM NaF plus 1% Calbiochem Protease Inhibitor Cocktail) and lysates were assayed for 

protein using the Bradford protein assay and then diluted with 5× Laemmli loading buffer 

for SDS-PAGE. Equal amounts of protein were then loaded in 4–20% Tris/glycine gels, and 

electrophoresed for 120 min at 130 Volts constant voltage. Next, the gel was blotted onto a 

PVDF membrane by electrophoretic transfer at 25 V constant voltage overnight. The 

membrane was then washed, blocked with 5% milk, and probed with primary antibodies. 

Appropriate secondary antibodies conjugated to horseradish peroxidase (Pierce, Rockford, 

IL) and a chemiluminescent substrate (SuperSignal, Pierce, Rockford, IL) were used to 

visualize immunoreactive bands. The primary antibodies against pHSP27 and COX2 were 

purchased from Cell Signaling (Danvers, MA), antibodies against HSP27 and GAPDH were 

purchased from Santa Cruz (Santa Cruz, CA). Donkey anti-mouse and donkey anti-rabbit 

secondary antibodies were purchased from Pierce (Rockford, IL).

Scratch Assay

For migration assays, cells were plated in 35 mm dishes until confluent, then the cell 

monolayer was scratched with a sterile pipette tip to make the scratch gap. Old medium was 

removed and replaced with serum free medium. Three pictures were randomly taken along 

the scratch gap and pictured positions were marked with marker (time 0 h). Cells were then 

cultured for another 18 or 24 h with treatment. Then three more pictures were taken at the 

same positions as marked previously. Decrease in the scratch area was measured with 

software Image J and normalized to time 0 control respectively. Cells were treated with 

SB203580 (5 μM) or NS398 (10 μM) or HSP27 siRNA (100 nM) during the migration test.

SiRNA Transfection

80%–90% confluent cells were transfected with HSP27 siRNA (Cat # 4392420 Ambion, 

CA) or negative control siRNA (Cat # 4611 Ambion, CA) with Lipofectamine 2000 

(Invitrogen, CA) at 100 nM according to the manufacturer’s instructions. Western blotting 

was then performed to test the silencing effect of siRNA on the expression levels of target 

proteins.

Materials and Reagents

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin G 

potassium, streptomycin, fungizone, and glutamine were purchased from Invitrogen 

(Carlsbad, CA). TNF-α was purchased from R&D Systems (Minneapolis, MN). HSP27-

siRNA was purchased from Ambion (Carlsbad, CA). NS398 was purchased from 

Calbiochem (San Diego, CA). SB203580 was purchased from Santa Cruz (Dallas, TX).
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RESULTS

TNF-α stimulates myofibroblast migration via P38 MAPK

To determine whether TNF-α regulates myofibroblast migration, 18Co cells grown to 

confluence on a 35mm cell culture plate were scratched with a sterile pipette tip to create a 

scratch gap, the area of which was measured before and after exposure to TNF-α (10 ng/ml) 

for 24 h. As demonstrated in Fig 1, after 24 h untreated myofibroblasts migrated to decrease 

the size of the scratch gap area. However, exposure of 18Co cells to TNF-α enhanced 

myofibroblast migration, leading to a significant decrease in the scratch gap area compared 

to untreated cells (p<0.05). This effect was blocked by pre-treatment with the P38 MAPK 

inhibitor SB203580.

TNF-α leads to enhanced COX-2 expression via P38 MAPK

Cyclo-oxygenase-2 (COX-2), also known as prostaglandin G/H synthase 2 (PTGS2), is the 

rate-limiting enzyme that catalyzes the biosynthesis of prostaglandins G2 and H2, the 

precursors of prostaglandins (PGs) and thromboxanes [14]. COX-2 and its downstream 

products have been implicated in promoting cell migration in a variety of cell types [15–17]. 

To determine whether TNF-α-induced COX-2 expression was involved in myofibroblast 

migration, 18Co cells were first exposed to TNF-α (10 ng/ml) over 4 h and COX-2 

expression was analyzed by Western blot. As shown in Fig 2, exposure of 18Co cells to 

TNF-α led to a time-dependent increase in COX-2 expression which was statistically 

significant at 4 h, consistent with previous results [1, 18]. The increased expression of 

COX-2 induced by TNF-α was inhibited by the P38 MAPK inhibitor SB203580, as was 

TNF-α-induced myofibroblast migration (Fig 1), suggesting that myofibroblast migration 

could be mediated by COX-2. Further experimentation was performed to explore this 

possibility.

TNF-α leads to rapid and sustained Hsp27 phosphorylation via P38 MAPK

Heat shock protein 27 (Hsp27) is a molecular chaperone regulated by the HSPB1 gene, 

which is involved in many cellular processes including fibrosis [19, 20], the response to 

stress [21], and tumorigenesis [21, 22]. Hsp27 is regulated by post-translational 

phosphorylation at Serine (Ser)-15, -78, -82 and Threonine (Thr-143) residues induced by 

various kinases [21, 23] and is known to interact with actin and other cytoskeletal elements 

that may be involved in wound healing and cell migration [19, 24]. As a known downstream 

target of TNF-α-induced signaling, we sought to determine whether the increase in 

myofibroblast migration induced by TNF-α was associated with increased signaling activity 

of Hsp27. 18Co cells were incubated with 10 ng/ml TNF-α and Hsp27 phosphorylation at 

Serine residue 82 was assessed by Western blot using a site-specific antibody. As shown in 

Fig 3A, exposure of 18Co cells to TNF-α induced a rapid phosphorylation of Hsp27, evident 

after 5 min. TNF-α-induced Hsp27 phosphorylation peaked at 15 min followed by a 

sustained phosphorylation over 4 h (Fig 3B). TNF-α-induced Hsp27 phosphorylation was 

also completely inhibited by pre-treatment with the P38 MAPK inhibitor SB203580 (Fig 

3B).
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TNF-α induced Myofibroblast Migration is Inhibited by NS398

COX-2 is a known downstream target of TNF-α in colonic myofibroblasts [1, 4, 18, 25], is 

up-regulated in the setting of intestinal inflammation [26, 27], and regulates cell migration in 

a number of cell types [15–17]. Having demonstrated that TNF-α stimulates COX-2 

expression in a P38 MAPK-dependent manner, we sought to determine whether COX-2 was 

involved in TNF-α-mediated myofibroblast migration. After creation of a scratch gap, 

confluent 18Co cells were exposed to TNF-α (10 ng/ml) for 24 h in the presence or absence 

of NS398 (10 μM), a COX-2-specific inhibitor. 18Co cells exposed to TNF-α demonstrated 

enhanced migration that was statistically significant compared to untreated cells (Fig 4, 

p<0.05). While exposure to NS398 alone had no effect on myofibroblast migration, NS398 

significantly inhibited TNF-α-induced myofibroblast migration (Fig 4).

TNF-α-induced Myofibroblast Migration is Inhibited by Hsp27 siRNA

Exposure to TNF-α led to enhanced Hsp27 phosphorylation and a striking increase in 

myofibroblast migration, effects that were both markedly inhibited by the P38 MAPK 

inhibitor SB203580. To determine whether Hsp27 was also involved in TNF-α-induced 

myofibroblast migration, we tested whether siRNA-mediated knockdown of Hsp27 protein 

in 18Co cells was feasible and whether Hsp27 siRNA had any effect on TNF-α-induced 

myofibroblast migration. Lysates of 18Co cells treated with targeting or non-targeting Hsp27 

siRNAs were analyzed by Western blot to assess the level of Hsp27. As shown in Fig 5A, 

siRNA targeting Hsp27 produced a significant depletion of Hsp27 protein in 18Co cells. 

Importantly, this level of Hsp27 depletion correlated with a significant decrease in the level 

of Hsp27 phosphorylation induced by TNF-α (Fig 5B). Having demonstrated that Hsp27 

siRNA is effective in reducing both the expression and phosphorylation of Hsp27 in 18Co 

cells, we sought to determine what role Hsp27 may have on colonic myofibroblast 

migration. As shown in Fig 5C, 18Co cells transfected with Hsp27 siRNA demonstrated a 

significant reduction in myofibroblast migration following exposure to TNF-α compared to 

18Co cells transfected with non-targeted siRNA. The results indicate that Hsp27 plays an 

important role in myofibroblast migration following exposure to TNF-α.

DISCUSSION

Advancements in medical therapies have improved our ability to treat acute Crohn’s disease 

exacerbations. However, intestinal strictures may still result as a long-term sequelae of 

episodic transmural injury, often requiring endoscopic or surgical intervention. 

Myofibroblast migration is an important aspect of wound healing, allowing myofibroblasts 

to travel towards a wounded area and regulate the extracellular matrix through secretion of 

matrix metalloproteinases [4] and the deposition of collagen [28, 29].

In the present study we demonstrate that TNF-α stimulates myofibroblast migration through 

signaling pathways that involve P38 MAPK, COX-2, and Hsp27. This is supported by 

several lines of evidence. First, myofibroblasts exposed to TNF-α demonstrated a significant 

decrease in scratch gap area compared to untreated cells, a phenomenon that was preceded 

temporally by TNF-α-induced Hsp27 phosphorylation and COX-2 expression. TNF-α-

induced Hsp27 phosphorylation, COX-2 expression, and myofibroblast migration were all 
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inhibited by the P38 MAPK inhibitor SB203580. Furthermore, TNF-α-induced 

myofibroblast migration was inhibited by both NS398, a COX-2 specific inhibitor, as well as 

by siRNA targeting Hsp27 (Fig 6). While wound healing may involve both cell migration 

and proliferation, TNF-α had no effect on myofibroblast proliferation following exposure 

for 24 h (data not shown), suggesting that the decrease in wound area was not due to an 

increase in myofibroblast cell number.

Previous studies suggest that COX-2 can regulate myofibroblast migration in an autocrine 

fashion in both stimulated and unstimulated cells [30–32], though enhanced myofibroblast 

migration has not been previously demonstrated following exposure to TNF-α. In patients 

with Crohn’s disease, the stromal compartment has been identified as the major reservoir of 

COX-2 derived by-products [33–35]. The local production of prostaglandins may have 

multiple effects on different cell populations, representing a cytoprotective response that not 

only promotes mucosal healing but also regulates the stromal reaction to transmural injury. 

In the present study, we have identified a plausible mechanism for myofibroblast migration 

directly attributable to enhanced stromal COX-2 expression induced by TNF-α.

Hsp27 has been implicated in the regulation of the extracellular matrix [19], the 

development of fibrosis [20], and cell migration [22], and the P38 MAPK/Hsp27 signaling 

pathway has been previously implicated in the regulation of cell migration, though in 

different cell types [36, 37]. Here, we demonstrate that the P38 MAPK/Hsp27 pathway is 

also involved in the regulation of myofibroblast migration in the setting of inflammation, 

with siRNA targeting Hsp27 resulting in a near complete inhibition of TNF-α-induced 

myofibroblast migration. Interestingly, both NS398 and Hsp27 siRNA independently 

inhibited TNF-α-induced myofibroblast migration, implying that both inputs may be 

necessary to stimulate myofibroblast migration. Whether these signaling pathways occur in 

series or in parallel, or whether inhibition of one pathway can be compensated by 

upregulation of the other remains to be determined, and would depend largely on which 

specific aspects of migratory function are targeted by COX-2 and Hsp27. Cell migration 

involves many overlapping and independent processes that regulate cell adhesion, collagen 

production, modification of the extracellular matrix scaffolding, and the spatial arrangement 

and polymerization of the actin cytoskeleton.

In conclusion, the present study supports the notion that TNF-α utilizes COX-2 and Hsp27 

signaling via P38 MAPK to mediate myofibroblast migration. A growing body of evidence 

suggests that the myofibroblast plays an important role in the pathophysiology of Crohn’s 

disease. Future studies will explore how therapies targeting COX-2 and Hsp27 signaling 

pathways within the myofibroblast could be used in combination with anti-TNF-α therapies 

for the prevention of Crohn’s-disease related strictures.
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Figure 1. TNF-α stimulates myofibroblast migration via p38 MAPK
The surface of a confluent monolayer of 18Co cells was scratched with a sterile pipette tip 

and incubated in serum free medium. Three pictures were randomly taken along the scratch 

gap and pictured positions were marked (time 0 h). Cells were then treated with 10 ng/ml 

TNF-α for 24 h, in the presence or absence of SB203580 (5 μM), an inhibitor of p38 

MAPK. Three pictures were taken after 24 h at the same positions as marked previously. The 

scratch gap area was measured with software Image J and normalized to time 0 control. The 

results shown are the mean ± S.E. n ≥ 3 and are expressed as percentage change in scratch 

gap area. * denotes p < 0.05.

Saini et al. Page 9

J Surg Res. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. TNF-α leads to enhanced COX-2 expression via p38 MAPK
Confluent 18Co cells were washed and equilibrated in serum-free media for 30 min, then 

exposed to 10 ng/ml TNF-α for 4 h in the presence or absence of SB203580 (5 μM). Cell 

lysates were then analyzed by SDS-PAGE and Western blot using an antibody that detects 

COX-2 protein expression. TNF-α induced a statistically significant increase in COX-2 

expression at 4 h, an effect that was inhibited by SB203580. The results shown are the mean 

± S.E. n ≥ 3 and are expressed as a percentage of the maximum level of COX-2 expression, 

displayed in graphical form below. Equal protein loading was verified using an antibody that 

detects GAPDH. * denotes p < 0.05.
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Figure 3. TNF-α leads to rapid and sustained Hsp27 phosphorylation via p38 MAPK
Panel A: Confluent 18Co cells were incubated with 10 ng/ml TNF-α for 60 min. The cells 

were analyzed by Western blot using an antibody that detects Hsp27 phosphorylation at 

serine residue 82. Equal protein loading was verified using an antibody that detects total 

Hsp27. The results of three independent experiments is depicted in graphical form below, 

presented as mean ± S.E. and expressed as a percentage of the maximum level of 

phosphorylated Hsp27. Panel B: Confluent 18Co cells were incubated with 10 ng/ml TNF-α 
for 4 h, in the presence or absence of SB203580 (5 μM). The cells were analyzed by Western 

blot using an antibody that detects Hsp27 phosphorylation at serine residue 82. Equal 

protein loading was verified using an antibody that detects total Hsp27. The results of three 

independent experiments are depicted in graphical form below, presented as mean ± S.E. and 

expressed as a percentage of the maximum level of phosphorylated Hsp27. The solid bars 

indicate 18Co cells exposed to TNF-α alone. The lined bars depict 18Co cells exposed to 

TNF-α and SB203580. * denotes p < 0.05.
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Figure 4. TNF-α-induced myofibroblast migration is inhibited by NS398
The surface of a confluent monolayer of 18Co cells was scratched with a sterile pipette tip 

and incubated in serum free medium. Three pictures were randomly taken along the scratch 

gap and pictured positions were marked (time 0 h). Cells were then treated with 10 ng/ml 

TNF-α for 24 h, in the presence or absence of NS398 (10 μM), a COX-2-specific inhibitor. 

Three pictures were taken after 24 h at the same positions as marked previously. The scratch 

gap area was measured with software Image J and normalized to time 0 control. The results 

shown are the mean ± S.E. n ≥ 3 and are expressed as percentage change in scratch gap area. 

* denotes p < 0.05.
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Figure 5. TNF-α-induced myofibroblast migration is inhibited by Hsp27 siRNA
Panel A: 18Co cells were transfected with either nontargeting (NT) short interfering RNA 

(siRNA) or with Hsp27 siRNA at 100 nM for 36 h. The level of Hsp27 protein was analyzed 

by Western blot. The expression of Hsp27 in 18Co cells transfected with Hsp27 siRNA was 

35.4 ± 8% compared to 18Co cells transfected with nontargeting siRNA. Antibody against 

GAPDH was used to verify equal protein loading. Band intensity was analyzed by 

densitometric scanning and is presented as mean ± SE, n = 3, and expressed as a percentage 

of the maximum level of Hsp27. * denotes p < 0.05. Panel B: 18Co cells were transfected 

with 100 nM Hsp27 siRNA or with a non-targeting sequence at the same concentration, as 

described in Panel A, followed by incubation with TNF-α for 1, 2, and 4 h. Cell lysates were 

analyzed by Western blot using an antibody specific for phosphorylated Hsp27 at serine 

residue 82. Antibody against GAPDH was used to verify equal protein loading. Band 

intensity was analyzed by densitometric scanning and is presented as mean ± SE, n = 3, and 

expressed as a percentage of the maximum level of phosphorylated Hsp27 at Ser-82. * 

denotes p < 0.05. Panel C: 18Co cells were transfected with 100 nM Hsp27 siRNA or with a 

non-targeting sequence as described in Panel A. The surface was then scratched with a 

sterile pipette tip and cells were treated with 10 ng/ml TNF-α for 24 h. The scratch gap area 

was measured with software Image J and normalized to time 0 control. The results shown 

are the mean ± S.E. n ≥ 3 and are expressed as percentage change in scratch gap area. * 

denotes p < 0.05.
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Figure 6. Proposed signaling pathways involved in TNF-α-induced myofibroblast migration
TNF-α stimulated Hsp27 phosphorylation, COX-2 expression, and myofibroblast migration 

through the P38 MAPK pathway. Myofibroblast migration was inhibited by SB203580, an 

inhibitor of P38 MAPK, Hsp27 siRNA, and NS398, a COX-2-specific inhibitor. P38: p38 

MAPK. MFB: myofibroblast. COX-2: cyclo-oxygenase-2.
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