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Background: Myofibroblast differentiation is a key event during wound healing and is triggered primarily by
transforming growth factor b (TGFb). Serum response factor (SRF) is a TGFb-inducible transcription factor that
is important for wound healing. Injection of SRF expression plasmid into rat gastric ulcers significantly
accelerated restoration of epithelium and smooth muscle structures.
Aim: To determine the role of SRF in oesophageal ulcer healing, especially in myofibroblast differentiation.
Subjects: Rats (in vivo), oesophageal epithelial cells (Het1A) and fibroblasts (Rat1-R12) (in vitro) were used.
Methods: Oesophageal ulcers were induced in rats with acetic acid and subsequently treated by local
injection of plasmids expressing either SRF or SRF antisense sequence. Rats were killed at 1, 3, 6, 9 and
14 days after treatment and tissues collected. For in vitro studies, both Het1A and Rat1-R12 cells were
transfected with the plasmids used in ulcer treatment.
Results: Upregulation of SRF increased the myofibroblast population in ulcer granulation tissue; knockdown of
SRF suppressed this event. In addition, ulceration induced SRF and TGFb expression coordinately. In vitro
studies showed that overexpression of SRF in either oesophageal epithelial cells or fibroblasts was sufficient to
induce myofibroblast phenotype. Furthermore, the TGFb-induced myofibroblast phenotype required integrin-
linked kinase (ILK)-mediated SRF activation, as either knockdown of SRF or inactivation of ILK prevented this
action.
Conclusions: SRF is indispensable for myofibroblast differentiation during oesophageal ulcer healing and is
required for TGFb-induced myofibroblast transition from either epithelial cells or fibroblasts. ILK is a mediator
in TGFb-induced SRF activation and subsequent myofibroblast differentiation. ILK is associated with SRF, and
TGFb enhances this association.

O
esophageal ulcers are deep necrotic lesions through
squamous mucosae and are most commonly caused by
gastro-oesophageal reflux disease in the US and by diet

in the Middle East. Healing of oesophageal ulcers is coordinated
by multiple growth factors and transcription factors interacting
in a temporally and spatially coordinated manner.

Serum response factor (SRF) is a transcription factor that is
inducible by growth factors.1 2 Its activity is greatly enhanced by
phosphorylation at serine-103 (an N-terminal site immediately
adjacent to the DNA-binding domain).3 About 300 genes are
estimated to contain a serum response element (SRE),
accounting for 1% of the entire genome.4 Among them, many
are immediate early genes (eg, c-fos and cyr61) which have been
shown to be important for wound healing.5 6 Another group is
muscle-specific genes (eg, smooth muscle a-actin and smoothelin),
which encode structural proteins of muscle cells, and some are
also shared by myofibroblasts.7 8 SRF functions as a master
regulatory platform, which directs cell proliferation,9 migra-
tion10 and differentiation,11 the essential processes of wound
healing.

Myofibroblasts are contractile cells which can be developed
from progenitor cells,12 epithelial cells13 or fibroblasts.14 When
the connective tissue has been damaged and denuded of its
epithelium during gastrointestinal ulceration, epithelial cells
and fibroblasts next to the ulcer area are activated to acquire
myofibroblast phenotype and participate in restoration of new
epithelial continuity and extracellular matrix. These cells are
often distinguished from their ancestors by their expression of
smooth muscle a-actin (SM a-actin), and from smooth muscle
cells by the absence of smoothelin.15 16 Their contractile

capability allows them to facilitate contraction of granulation
tissue and wound closure.17 Among the many molecules that
are able to induce myofibroblast differentiation in vivo or in
vitro, transforming growth factor b (TGFb) appears to be the
most potent.18

TGFb1, a multifunctional polypeptide, plays a pivotal role in
various wound healing events; however, its function in
oesophageal ulcer healing remains unknown. Results from
gastric ulcer studies have been controversial.19 Some studies
showed that local injection of TGFb1 accelerated gastric ulcer
healing,20 21 whereas others indicated an opposite effect.22

The induction of SRF by TGFb has been studied pre-
viously,23 24 but its effect on SRF activation is largely unknown.
Although several protein kinases, such as casein kinase II and
mitogen-activated protein kinase-activated protein (MAPKAP)
kinase 2, can phosphorylate SRF,3 25 26 none of them is known
to have a role in myofibroblast differentiation. Integrin-linked
kinase (ILK), a serine/threonine kinase, is critical for TGFb1-
induced epithelial–mesenchymal transition (EMT).27 ILK can
directly phosphorylate various proteins, including Akt, glycogen
synthase kinase 3, smooth muscle myosin and myelin basic
protein (MBP);28 however, its role in myofibroblast differentia-
tion and its association with SRF are unclear. A recent study on

Abbreviations: EMT, epithelial–mesenchymal transition; ILK, integrin-
linked kinase; ILK(2), inactivation of ILK; MBP, myelin basic protein; SM a-
actin, smooth muscle a-actin; SRE, serum response element; SRF, serum
response factor; SRF(+), overexpression of SRF; SRF(2), knockdown of SRF;
TGFb1, transforming growth factor b1.
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liver wound healing showed that ILK overexpression in stellate
cells upregulates SM a-actin expression.29

The molecular mechanisms of oesophageal ulcer healing
have not been studied in depth. Previous studies showed that
acetic acid-induced oesophageal ulceration in rats triggers
expression of multiple growth factors including keratinocyte
growth factor, vascular endothelial growth factor and hepato-
cyte growth factor.30–33 Although the effect of keratinocyte
growth factor or hepatocyte growth factor on SRF remains
unknown, our recent study showed that SRF is required for
angiogenesis induced by vascular endothelial growth factor.34

Moreover, we found that gastric ulceration activates SRF
expression and that gene therapy with SRF promotes restora-
tion of epithelium and smooth muscle during healing.35

Acetic acid-induced oesophageal ulceration in rat is a
validated model for ulcer study.30–33 Ulcers induced by this

method share many morphological similarities, such as basal
zone hyperplasia and increased papillae, with human oesopha-
geal ulcers.36 In this study, we used this model to examine the
role of SRF in myofibroblast differentiation during oesophageal
ulcer healing. We also used oesophageal epithelial and
fibroblast cell lines as our in vitro model to explore the
mechanisms.

METHODS
Experimental oesophageal ulcer model
The animal study was approved by the Subcommittee for
Animal Studies of the VA Long Beach Healthcare System. Sixty
male Sprague-Dawley rats (Charles Rivers Labs, Wilmington,
Massachusetts, USA) with body weight 225–250 g were fasted
for 12 h before operation. The animals were anaesthetised by
intraperitoneal injection of pentobarbital (50 mg/kg body
weight). Oesophageal ulcers were induced by 3-min applica-
tions of 50 ml acetic acid to the serosal surface of the lower
oesophagus through a polyethylene tube (diameter 3.0 mm), as
described in the previous studies.30–33 Ten rats were killed at 1, 3,
6, 9 and 14 days after the intervention, and oesophageal tissue
specimens were collected. An additional 10 rats were sham-
operated as controls.

Gene therapy with SRF
The human SRF cDNA (accession number J03161) was cloned
into EcoRI/NotI restriction sites of pcDNA3 (Invitrogen,
Carlsbad, California, USA) under cytomegalovirus promoter.
The C-terminal myc and His epitope tags were ready for
detection. To create an antisense construct, a 287-bp fragment
of SRF cDNA was cloned into the ApaI restriction site of
pcDNA3 in antisense orientation. All plasmids were prepared as
described in our previous study.34 35 Oesophageal ulcers were
induced in 120 rats, which were divided into three groups (40
rats each) and each was injected with pcDNA3 expressing SRF
(SRF+), antisense SRF (SRF2) or the plasmid vehicle (control)
immediately after ulcer induction. In total, 100 mg plasmid
DNA was injected into the submucosa around the ulcer
induction site, as described in our previous study.35 Ten rats
from each group were killed at each time point (3, 6, 9 and
14 days) to collect tissues.

Detection of SRF transgene expression
After plasmid injection, SRF transgene expression was mon-
itored by both reverse transcription PCR and western blotting
using an anti-His antibody (Invitrogen). To detect antisense
SRF expression, we used the primers 59-CTCACT
ATAGGGAGACCCAAG-39 (forward) from the T7 promoter
region of the plasmid and 59-CTGGTGGTATGGCTAGAGG-39

(reverse) from the insert sequence. A 319-bp product was
expected. Rat b-actin was amplified simultaneously using the
primers 59-TTGTAACCAACTGGGACGATATGG-39 (forward)
and 59-GATCTTGATCTTCATGGTGCTAGG-39 (reverse) as an
internal control (764-bp fragment).

Histology and immunohistochemistry
Oesophageal tissue was fixed in 10% formalin and embedded in
paraffin. Antigen was retrieved by pepsin digestion. Tissue
sections were stained with either H&E for histological evalua-
tion or an antibody against one of the following proteins: SRF
(1:200 dilution), smoothelin (1:200) (Santa Cruz
Biotechnology, Santa Cruz, California, USA), SM a-actin
(1:400; Abcam, Cambridge, Massachusetts, USA), TGFb1
(15 mg/ml; R&D System, Minneapolis, Minnesota, USA), ILK
(5 mg/ml; Upstate Cell Signaling, Lake Placid, New York, USA)
and His (1:5000). A signal was developed using a LSAB+ kit
with a biotinylated universal linker and horseradish
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Figure 1 Serum response factor (SRF) gene therapy promotes expression
of SM a-actin in oesophageal ulcers. (A) Reverse transcription PCR
analyses showing specific transient expression of SRF transgene (SRF-myc)
in the rats that were injected with the SRF expression plasmid (SRF+) and
specific expression of antisense SRF fragment (T7-aSRF) in the rats that
received antisense SRF (SRF2) plasmid. b-Actin was used as an internal
control. M, Molecular marker. (B) Western blot analyses showing a His-
tagged SRF protein product in the rats that were injected with the SRF+
plasmid in parallel with the increased total SRF protein concentrations in
these rats, reduced local SRF protein concentrations in the rats that received
SRF2 plasmid, and their corresponding effects on expressions of smooth
muscle (SM) a-actin and smoothelin. (C) Quantification of SM a-actin
protein expression after gene therapy based on 10 replicates. *p,0.01.
Error bars represent SD.
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peroxidase-conjugated streptavidin, following the manufac-
turer’s protocol (DakoCytomation, Carpentaria, California,
USA). AEC Chromogen was used as a substrate
(DakoCytomation). The effect of SRF gene therapy on ulcer
healing was evaluated by measuring ulcer size under a
dissecting microscope. Assessment of myofibroblast differentia-
tion was based on both SM a-actin expression level
(western blot) and the number of SM a-actin-positive cells,
subtracting the number of smoothelin-positive cells in three

randomly selected microscopic fields in each of five sections
(n = 15).

Cell culture
Human oesophageal epithelial cells (Het1A) and rat connective
tissue fibroblasts (Rat1-R12) (American Type Culture Collection,
Manassas, Virginia, USA) were maintained in culture in KBM-2
medium (Cambrex, Rockland, Maine, USA) and Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%

Control SRF+ SRF_

SM a actin

Smoothelin

SRF His

Ulcer

A B C

D E F

G H I

J K L

Figure 2 Immunohistochemistry and macroscopic appearances of oesophageal ulcers 6 days after serum response factor (SRF) gene therapy. Scale bar,
100 mm. (A–C) Granulation tissues stained with the antibody against smooth muscle (SM) a-actin showing an increase in the number of SM a-actin
expression cells due to local upregulation of SRF (SRF+) and a decrease due to local knockdown of SRF (SRF2). (D–F) Granulation tissues stained with the
antibody against smoothelin showing an increase in the number of smooth muscle cells due to local upregulation of SRF (SRF+) and a decrease due to local
knockdown of SRF (SRF2). (G–I) Granulation tissues stained with the antibody recognising His tag showing specific nuclear staining in the rats that received
SRF+ plasmid injection. (J–L) Macroscopic pictures of dissected oesophagus showing reduced ulcer size by local upregulation of SRF (SRF+) and delayed
healing due to SRF deficiency (SRF2).
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fetal bovine serum, respectively. The Het1A cell line was
established and characterized in 1991.37 It retains normal
oesophageal epithelial morphology in culture. Rat1-R12 was
derived from the Rat1 cell line, which was established and
characterized in 1981.38 It is a Fisher rat 3T3-like connective tissue
fibroblast cell line.

Both cell lines were transfected with either the plasmids that
were used in our in vivo study or a pcDNA3 carrying a kinase-
dead human ILK cDNA (with a double point mutation
produced by the substitution of GC for CG at nucleotides 631
and 632), using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. The entire mutant ILK cDNA was
released by EcoRI digestion from the commercial plasmid
pUSEamp (Upstate Cell Signalling) and subcloned into
pcDNA3. The detailed sequence information can be found on
the manufacturer’s website.

To examine the effect of TGFb on SRF, cells were treated with
either a human recombinant TGFb1 (R&D Systems) or vehicle
(control) as indicated. To determine SRF protein stability, cells
were pretreated with TGFb1 at 2.5 ng/ml for 6 h and then
treated with either cycloheximide (Sigma-Aldrich, St Louis,
Missouri, USA) or vehicle (control) as indicated.

For immunocytochemistry, cells were cultured on type I
collagen-coated coverslips overnight. After 24 h of serum
deprivation followed by the indicated treatment, cells were
fixed in 3.7% formaldehyde, permeabilised in cold acetone, and
stained as indicated by following our previous protocol.34 35

Northern and western blot analysis
Northern and western blot analyses were carried out as
described in our previous studies.34 35 39 The SRF cDNA from
the pcDNA3 vector was used as a probe for northern blotting.

The signals were quantified with the ImageQuant 5.0 software
(GE Healthcare System, Piscataway, New Jersey, USA) based
on at least six replicates.

Electrophoretic mobility shift assay
This was performed as described in our previous studies.34 35 39

The consensus and mutant oligonucleotide of SM a-actin SRE are
59-GTTTTACCTAATTAGGAAATGC-39 and 59- GTTTTACCTAATTA
TTAAATGC-39, respectively (synthesized by Retrogen, San Diego,
California, USA).

Immunoprecipitation and kinase assay
Exact 200 mg total protein lysates from either the cultured cells
or oesophageal tissues were incubated with 2 mg of either the
anti-SRF or anti-ILK antibody (Upstate) for 2 h and with
protein A–agarose beads (Upstate) for an additional 2 h at 4 C̊
with agitation. The beads were washed twice with the lysis
buffer. For ILK assay, the beads were washed twice more with a
kinase buffer containing 25 mM Tris (pH 7.5), 5 mM b-
glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na3VO4, and
10 mM MgCl2, then incubated in 50 ml kinase buffer containing
0.2 mM ATP and 1 mg MBP as substrate at 30 C̊ for 30 min. The
proteins were eventually dissociated from the beads by boiling
in SDS protein sample buffer for 5 min, separated by western
blotting, and probed with antibodies that detect total SRF and
ILK or phosphorylated SRF (Cell Signaling, Danvers,
Massachusetts, USA) and MBP (Upstate).

Statistical analysis
All numerical data are expressed as mean (SD) and analysed by
single-classification one-way analysis of variance. p,0.05 was
considered significant.

A B
Control SRF+ Control SRF+

SRF

SM a actin

G /F actin

Figure 3 Overexpression of serum response factor (SRF) in either oesophageal epithelial cells or fibroblasts is sufficient to induce myofibroblast phenotype.
Both Het1A and Rat1-R12 cells were transfected with either SRF+ plasmid or plasmid vehicle (control) and stained for SRF (counterstained with
haematoxylin), smooth muscle (SM) a-actin (counterstained with propidium iodide) or G-/F-actin (Oregon Green-conjugated phalloidin and Texas Red-
conjugated deoxynuclease I). Overexpression of SRF (SRF+) induced SM a-actin expression and actin stress fibre formation in both (A) Rat1-R12 cells and
(B) Het1A cells.
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RESULTS
Local overexpression of SRF promotes myofibroblast
differentiation during ulcer healing
Our previous study showed that local upregulation of SRF by
gene therapy accelerates gastric ulcer healing by promoting
restoration of epithelium and smooth muscle components.35

These promising results inspired us to apply the same strategy
to oesophageal ulcer healing.

Plasmid expression in ulcers was confirmed by reverse tran-
scription PCR after injection. A single product (,800 bp) was
detected only in the tissue samples collected at days 3 and 6 from
the rats that received (SRF+) plasmid (fig 1A). Likewise, a band
expected at 300 bp was generated only from the tissue samples
collected from the antisense (SRF2) plasmid-treated rats (fig 1A).

Transgene expression was also examined at protein level by
both western blotting and immunohistochemistry. Both tech-
niques detected a His-tagged protein product in the tissue
samples collected at days 3, 6 and 9 from the rats that received
SRF+ plasmid (fig 1B; 2H), together indicating a specific local
and transient expression of the plasmids. In parallel with the
expression of the SRF+ plasmid, total SRF protein concentra-
tions in these tissue samples were significantly increased by
29.5 (4.9)% and 127.3 (10.6)% (both p,0.01) at days 6 and 9,
respectively, compared with the control group (fig 1B).
Expression of antisense SRF significantly reduced local SRF
protein contents by 28.2 (4.7)%, 71.0 (11.8)% and 81.8 (14.5)%
(all p,0.01) at days 3, 6 and 9, respectively, compared with the
control group (fig 1B).
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Figure 4 Oesophageal ulceration induces expressions of transforming growth factor b1 (TGFb1) and serum response factor (SRF) in a temporally and
spatially coordinated manner. (A) Western blot analyses showing the dynamic expressions of TGFb1, smooth muscle (SM) a-actin and SRF during ulcer
healing. (B) Quantitative analysis based on 10 replicates. *p,0.001. Error bars represent SD. (C) Immunohistochemistry showing extensive expression of
TGFb1 at the ulcer margin (?) and in granulation tissue 6 days after ulcer induction, compared with normal oesophagus. Ulceration also induced SRF
expression in similar locations. mm, Muscularis mucosa; n, necrotic tissue. Scale bar, 100 mm.
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In addition to the improvements in re-epithelialisation and
restoration of smooth muscle structures as observed in gastric
ulcers, local upregulation of SRF in oesophageal ulcers
significantly increased SM a-actin expression by 79.5 (8.1)%
and 38.0 (6.8)% at days 3 and 6, respectively; knockdown of
SRF reduced it by 35.4 (0.2)% and 63.9 (3.9)% correspondingly
compared with controls (both p,0.01; fig 1B).
Immunohistochemistry showed that the number of SM a-
actin-positive cells was increased by 55 (12)% in ulcer
granulation tissue at day 6 as the result of upregulation of
SRF (fig 2B) and decreased by 78 (17)% as the result of
knockdown of SRF (fig 2C).

As both myofibroblasts and smooth muscle cells express SM
a-actin, to assess net myofibroblast population, we examined
protein expression of smoothelin, a specific marker for smooth
muscle cells, in the same tissue samples. Upregulation of SRF

increased smoothelin concentration marginally, whereas
knockdown of SRF reduced it by 17.9 (5.0)% and 32.3 (4.0)%
at days 6 and 9 respectively (fig 1B; both p,0.01). Staining for
smoothelin showed similar results (fig 2E,F).

After subtracting the number of smoothelin-positive cells
from the number of SM a-actin-positive cells, as a result of
gene therapy, upregulation of SRF had increased the number
of myofibroblasts in granulation tissue by 74 (8)% at day 6
and knockdown of SRF had reduced it by 86 (10)% (both
p,0.005).

Ulcer closure results from the combined effort of proliferat-
ing/migrating epithelial cells and contracting myofibroblasts.
Measurement of ulcer area at day 6 indicated that ulcer size
was reduced by 54 (9)% in SRF(+) rats (fig 2K), whereas it was
108 (12)% larger in SRF(2) rats (fig 2L) compared with
controls (fig 2J) (both p,0.01).
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Figure 5 Transforming growth factor b1 (TGFb1) induces serum response factor (SRF)-binding activity to smooth muscle (SM) a-actin serum response
element (SRE) in an integrin-linked kinase (ILK)-dependent manner. (A) Immunoprecipitation with an anti-SRF antibody (tSRF-IP) showing that SRF is
associated with ILK and inactivation of ILK (ILK2) prevents both TGFb1-induced SRF phosphorylation (pSRF) and total SRF protein upregulation (tSRF). (B)
Immunoprecipitation with an anti-ILK antibody (ILK-IP) followed by a kinase assay using myelin basic protein (MBP) as a substrate confirming that SRF
phosphorylation is associated with ILK activation. (C) Quantitative analysis based on 10 replicates. *p,0.01. Error bars represent SD. ctr, Control. (D)
Electrophoretic mobility shift assay showing that TGFb1 treatment increases SRF protein binding to smooth muscle a-actin SRE in an ILK-dependent manner.
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SRE for SRF binding.
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Overexpression of SRF in either oesophageal epithelial
cells or fibroblasts can induce myofibroblast phenotype
The origin of myofibroblasts in wound tissue has not been fully
elucidated; however, it is generally accepted that their main
sources are local fibroblasts and epithelial cells. The latter can
become either fibroblasts or myofibroblasts through EMT. To
investigate the role of SRF in myofibroblast differentiation, we
transfected an oesophageal epithelial cell line (Het1A) and a rat
connective tissue fibroblast cell line (Rat1-R12) with either the
SRF expressing plasmid or vehicle (control) used in our in vivo
study, and looked for evidence of myofibroblast phenotype:
expression of SM a-actin and formation of actin stress fibres.
The controls neither expressed SM a-actin nor formed actin
stress fibres. However, forced overexpression of SRF (SRF+)
induced SM a-actin expression and extensive actin stress fibre
formation in both cells (fig 3), suggesting that upregulation of
SRF in either epithelial cells or fibroblasts can transform these
cells into myofibroblasts.

SRF upregulation during ulcer healing is coordinated
with TGFb
Wound healing requires activation of multiple growth factors
and transcription factors around the healing area in a
coordinated manner. TGFb is widely recognised to be the most
potent inducer of myofibroblast differentiation both in vivo and
in vitro; however, the role of TGFb in oesophageal ulcer healing
has never been investigated. Therefore, we examined TGFb1
expression in oesophageal tissue after ulcer induction. TGFb1
was significantly upregulated through the entire 14-day
monitoring period, peaking with a 38-fold increase at day 6
(p,0.001; fig 4A). Immunohistochemical staining showed a
strong TGFb1 signal in both ulcer margin and granulation
tissue (fig 4C). A similar dynamic expression and localisation
were also found for SRF (fig 4A–C), suggesting possible
coordination between these two molecules.

TGFb1 can activate SRF in both oesophageal epithelial
cells and fibroblasts in an ILK-dependent manner
The effect of TGFb1 on SRF expression was previously
documented in other cell types.23 24 However, little is known
about its effect on SRF activation. To select the most
appropriate dose for our study, we treated both Het1A and
Rat1-R12 cells with a human recombinant TGFb1 for 6 h at the
following concentrations: 1, 2.5, 5.0 and 10 ng/ml. TGFb1
clearly increased SRF expression levels by a similar amount at
2.5, 5.0 and 10 ng/ml. Therefore, we chose to use 2.5 ng/ml for
the rest of the study. To determine whether TGFb1 induces SRF
activation in oesophageal epithelial cells or fibroblasts, both
Het1A and Rat1-R12 cells were treated with TGFb1 for 2 and
6 h. TGFb1 significantly increased SRF protein concentration in
Het1A cells by 171.4 (25)% and 228.6 (39)% at 2 and 6 h,
respectively (fig 5A,C) (both p,0.01). More interestingly,
almost all of the SRF protein induced by TGFb1 was also
phosphorylated at serine-103 (fig 5A), which is known to
promote SRF interaction with DNA.3 Similar results were
obtained in Rat1-R12 cells.

Several protein kinases have been reported to phosphorylate
SRF, but none is known to be involved in EMT.3 25 26 ILK is
required for TGFb-induced EMT in several other cell types.27 A
recent study showed that ILK overexpression in stellate cells
dramatically upregulates SM a-actin expression.29 On the basis of
the literature, it was reasonable to speculate that ILK may have
been involved in TGFb-induced SRF phosphorylation. To test this
speculation, we transfected both Het1A and Rat1-R12 cells with a
kinase-dead ILK vector (ILK2). ILK activity was monitored by
kinase assay using MBP as substrate (fig 5B). Inactivation of ILK
dramatically suppressed TGFb1-induced increases in both SRF
phosphorylation and total SRF protein content (fig 5A), suggest-
ing that SRF phosphorylation might have increased SRF protein
stability. Moreover, immunoprecipitation of either SRF or ILK
demonstrated a direct association between these two proteins
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times indicated. (C) Plot of SRF decay in ILK(2) cells versus controls: SRF protein content at each time point (SRFt) divided by SRF content at time 0 (SRF0)
based on six replicates. *p,0.001. Error bars represent SD.
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(fig 5A,B). Meanwhile, inactivation of ILK also clearly suppressed
TGFb1-activated SRF binding to sm a-actin SRE (fig 5D),
indicating that ILK is a mediator of this action.

Inactivation of ILK destabilises SRF protein
To determine whether SRF protein stability depends on ILK
activation, we first examined SRF mRNA concentration in the

ILK(2) cells. TGFb1 treatment significantly increased SRF
mRNA expression in Het1A cells by 72.9 (9.3)% and 45.3 (5.2)%
at 2 and 6 h, respectively (both p,0.01; fig 6A), regardless of
ILK activity. Secondly, we pretreated both control and ILK(2)
cells with TGFb1 at 2.5 ng/ml for 6 h and then treated them
with cycloheximide (a protein synthesis inhibitor) at 100 mg/ml
for 2, 6, 12, 24 and 48 h. Western blot analysis showed that SRF

(TGFb1, hrs)

Het1A

Rat1 R12

0 24 0 24 0 24

Control ILK SRF

Figure 7 Knockdown of serum response factor (SRF) in either Het1A or Rat1-R12 cells prevents transforming growth factor b1 (TGFb1)-induced smooth
muscle (SM) a-actin expression. Both Het1A and Rat1-R12 cells were transfected with (SRF2) plasmid, mutant integrin-linked kinase (ILK2) or vehicle
(control), treated with the recombinant TGFb1 at 2.5 ng/ml for 24 h, and stained for SM a-actin. TGFb1 induced SM a-actin expression in control cells, but
not in ILK(2) or SRF(2) cells.
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Figure 8 Integrin-linked kinase (ILK) is activated during oesophageal ulcer healing. (A) Immunoprecipitation followed by a kinase assay using myelin basic
protein (MBP) as substrate showing that not only the expression of ILK is upregulated but also its activity during ulcer healing. (B) Quantitative analysis based
on 10 replicates each. *p,0.01. Error bars represent SD. (C) Immunohistochemistry showing that ILK is upregulated in both ulcer margin and granulation
tissue. Scale bar, 100 mm.
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protein content fell by 50% in ILK(2) Het1A cells within 12 h
of cycloheximide treatment, whereas no significant change was
observed in control cells (fig 6B,C), indicating that inactivation
of ILK destabilises SRF protein. Similar results were obtained in
Rat1-R12 cells.

ILK-mediated SRF activation is essential for TGFb-
induced myofibroblast differentiation from either
oesophageal epithelial cells or fibroblasts
As TGFb1-activated ILK mediates SRF transcriptional activity,
we examined whether TGFb1 is still able to induce myofibro-
blast phenotype without functional ILK or SRF. We transfected
both Het1A and Rat1-R12 cells with either SRF(2) or ILK(2)
plasmid or vehicle (control). Knockdown of SRF (SRF2)
completely prevented TGFb-induced SM a-actin expression in
both cell types (fig 7). Likewise, inactivation of ILK (ILK2) also
greatly suppressed the induction of SM a-actin. This indicates
an essential role for SRF in TGFb1-induced myofibroblast
differentiation.

Oesophageal ulceration induces ILK expression and
activation
On the basis of our in vitro study, which indicated that ILK is a
critical requirement for TGFb-induced SRF binding to sm a-actin
SRE and thereafter myofibroblast differentiation, we examined
whether ILK is activated by oesophageal ulceration.
Immunoprecipitation and ILK assay showed significant
increases in both ILK protein expression (peaking at day 9
with a ,1.5-fold increase) and activity (peaking at day 3 with a
,8-fold increase) (p,0.01; fig 8A,B) after ulcer induction. ILK
was localised to both ulcer margin and granulation tissue
(fig 8C).

DISCUSSION
In summary, this study shows for the first time that: (a) SRF is
critical for myofibroblast differentiation during ulcer healing;
(b) overexpression of SRF in either epithelial cells or fibroblasts
can induce myofibroblast phenotype; (c) TGFb-induced myofi-
broblast differentiation is mediated by ILK-regulated SRF
phosphorylation; (d) ILK is associated with SRF, and TGFb
enhances this association.

It is well established that myofibroblasts are a key
component of wound healing. However, their role in ulcer
healing remains largely unknown. Our previous study using
SRF gene therapy to treat experimental gastric ulcers showed
that overexpression of SRF can promote smooth muscle cell
proliferation and migration, which contributes to restoration of
muscularis mucosa damaged by ulceration. Myofibroblasts
share several features (such as expression of SM a-actin and
contractility) with smooth muscle cells. In this study, we
focused on the effect of SRF gene therapy on myofibroblast
differentiation during experimental oesophageal ulcer healing
and showed that both oesophageal epithelial cells and
fibroblasts can be induced to develop a myofibroblast pheno-
type by overexpression of SRF.

SM a-actin is a common marker used to identify differ-
entiated epithelial cells or fibroblasts. The SM a-actin gene has
three SREs, which are completely conserved in all species in
which the SM a-actin gene promoter has been cloned.40 A study
on cardiac development demonstrated that inactivation of SRF
inhibits SM a-actin expression, thus preventing transdiffer-
entiation from proepicardial cells to smooth muscle cells.41 Here
we show that knockdown of SRF in vivo suppresses myofibro-
blast differentiation in ulcer granulation tissue, and knock-
down of SRF in vitro prevents TGFb1-induced myofibroblast
phenotype in both oesophageal epithelial cells and fibroblasts,

which together suggest that SRF is a downstream regulator of
myofibroblast differentiation.

TGFb1 is the most potent inducer of myofibroblast differ-
entiation both in vivo and in vitro. In this study, we revealed a
dramatic increase (38-fold) in TGFb1 expression in granulation
tissue 6 days after wounding. Although TGFb1 is known to
induce SRF expression,23 24 little is known about how it affects
SRF activity. The classic signalling cascade downstream of
TGFb1 involves activation of the Smads family of transcription
factors. For example, Smad7 (an inhibitor of TGFb signalling)
has been found in association with SRF in unstimulated airway
smooth muscle cells, and TGFb weakens this interaction.42

However, alternative pathways, such as ILK activation, have
also recently been linked to TGFb1 signalling.27 Our data show
that TGFb1 induces SRF phosphorylation at serine-103 and
binding activity to SM a-actin SRE in an ILK-dependent
manner. Moreover, ILK activation seemed to increase SRF
protein stability, because inactivation of ILK greatly shortened
the half-life of SRF. This notion was also supported by co-
immunoprecipitation, which indicated that SRF is associated
with ILK, and TGFb1 treatment enhances this association.
However, owing to a lack of purified SRF protein, at this point
we were unable to confirm whether SRF is a direct target or a
downstream target of ILK phosphorylation.

SRF was discovered during treatment of fibroblasts with
serum 20 years ago.1 When the same experiment was examined
again using microarray technology, a wound healing pro-
gramme was uncovered.43 It appears that cells are programmed
to interpret the abrupt exposure to serum (which normally
comes into direct contact with cells in vivo only after tissue
injury) not only as a general mitogenic stimulus, but also as a
specific physiological signal, signifying a wound. On the basis
of this notion, the features of a cell that is responding to serum
are comparable to some aspects of the wound healing process.
Therefore, SRF activation during oesophageal ulcer healing
shown in this study can be taken as an essential component of
the whole healing programme, which applies not only to
fibroblasts but also to epithelial, endothelial and other cells
involved.

Acetic acid-induced experimental oesophageal ulcers in rats
share many morphological similarities with human oesopha-
geal ulcers.36 Therefore, this study provides new insight into
common molecular mechanisms of ulcer healing. Local gene
therapy, by introducing vectors that transiently express desir-
able genes (in this case, SRF) or suppress undesirable gene
expression, appears to be a feasible treatment for the promotion
of ulcer healing without affecting other organs.
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