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Abstract

Intestinal obstructions lead to a variety of motility disorders. Small intestine smooth muscles
undergo dramatic phenotypic changes in response to obstruction, but the underlying molecular
mechanisms are unknown. Using RT-PCR, ChlIP, Re-ChIP, and Western blots, we examined the
effect of small bowel mechanical obstruction on smooth muscle gene expression. Obstruction
caused a transient hyperplasia, followed by a prolonged hypertrophic response of small intestine
smooth muscle cells. Smooth muscle myosin heavy chain (MHC), a-actin, and y-actin expression
decreased initially, and then increased as hypertrophy developed. Myocardin expression decreased
initially and then increased, while kruppel-like factors (KLF)4 and KLF5 expression increased
initially, and then decreased. Serum response factor (SRF) expression decreased initially, and then
recovered to sham-operated levels as hypertrophy developed. SRF binding to smooth muscle MHC
and a-actin promoters decreased initially, but then increased above sham-operated levels as
hypertrophy developed. EIk-1 binding to smooth muscle myaosin heavy chain and a-actin
promoters increased initially, and then decreased to sham-operated levels as hypertrophy
developed. c-fos expression increased initially, which was associated with increased SRF/EIk-1
binding to the c-fos promoter. The Elk-1 phosphorylation inhibitor U-0126 inhibited the increase
in c-fos expression. These findings indicate a dynamic response of small intestine smooth muscles
to bowel obstruction involving switching between differentiated, proliferative, and hypertrophic
phenotypes. These results suggest that changes in the expression and interactions between SRF,
myocardin, Elk-1, and c-fos play key roles in the phenotypic switching of small intestine smooth
muscles in response to mechanical obstruction.
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INTRODUCTION

Several congenital and acquired digestive tract motility disorders are associated with
localized lumenal obstructions.1:2 Partial obstruction of the lumen induces intestinal
distention, and increased muscle layer thickness oral to the obstruction in response to the
increased functional demands.3 Animal models of intestinal obstruction, in which a
constricting ring is placed around the small intestine, have provided a wealth of
experimental data detailing the morphological, histological, ultrastructural and bio-
mechanical changes that occur in obstructed intestinal smooth muscles.*-8 However, little is
known about the molecular changes that occur in intestinal smooth muscles in response to
mechanical obstruction.

Smooth muscle cells display phenotypic plasticity in response to local environmental cues.’
A hallmark of this phenotypic switching is decreased expression of smooth muscle-marker
genes such as a-actin, smooth muscle myosin heavy chain (MHC), SM22a and desmin.8
The expression of virtually all smooth muscle-specific genes is regulated by serum response
factor (SRF) binding to CC(A/T)sGG (CArG) elements in the promoters of these genes.%10
Interestingly, the expression of immediate early growth-response genes, which is viewed as
mutually exclusive to muscle differentiation, is also SRF/CArG dependent.®10 Switching
SRF-dependent transcription between two disparate CArG-dependent sets of genes requires
the coordinated recruitment of several factors including myocardin, Elk-1, kruppel-like
factors (KLF), GATA6 and FOX04.19-12 However, these findings are mainly based on
studies of cultured vascular, airway and cardiac myocytes.

Intestinal smooth muscle hypertrophy and hyperplasia occur in response to bowel
obstruction, but the contributions of each phenotype to bowel dysmotility is unknown.313 In
addition, the temporal and molecular regulation of the hypertrophic and hyperplastic
responses of intestinal smooth muscle cells to bowel obstruction has not been reported.
Understanding the molecular mechanisms underlying the phenotypic responses of smooth
muscles to intestinal obstruction is important for understanding the basis of the loss of
functional efficiency that characterizes bowel obstruction. We hypothesized that phenotypic
switching occurs at different times following bowel obstruction, thus providing an /n vivo
model for studying the underlying mechanisms regulating intestinal smooth muscle
phenotypic switching. In this study, we assessed smooth muscle phenotypic changes and
SRF/CArG-dependent transcriptional regulation following mechanical obstruction of the
murine small intestine. We investigated SRF-dependent transcriptional activities by
evaluating SRF binding to smooth muscle-marker promoters in endogenous chromatin. In
addition, SRF expression levels, the regulation of the SRF-dependent transcription, and the
interactions between SRF and several cofactors were examined.

METHODS

Surgical procedures and treatments

Intestinal obstruction was induced in male CD-1 mice (Charles River Laboratories,
Wilmington, MA, USA; 40-60 days old) as described, with minor modifications.* The mice
were anaesthetized with Avertin (tribromoethanol, 0.4 mg g~1) subcutaneously. A silicone
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ring with an internal diameter 1-2 mm greater than the small intestine was placed around the
small intestine 30-50 mm oral to the ileo-cecal junction. Sham-operated age-matched
controls underwent the same intestinal manipulation except for ring application. Only
animals without postoperative adhesions were used for experiments. For the indicated
experiments, U-0126 (10 mg kg™1) was dissolved in 0.4% DMSO in phosphate-buffered
saline. U-0126 was administrated subcutaneously to mice with partial-obstruction surgery,
immediately after the surgery, and then every 8 h until 24 h after surgery. A set of mice with
partial-obstruction surgery received subcutaneous injections of vehicle alone as controls for
the injection procedure. Non-operated and sham-operated mice did not receive subcutaneous
injections of U-0126. The animals were maintained and experiments performed in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, and all procedures were approved by the Institutional Animal Use and Care
Committee at the University of Nevada, Reno. Experimental animals and sham-operated
animals were killed at 6 h, and 1, 3, 7 and 14 days after surgery by isofluorane anaesthesia
followed by decapitation. For most of the studies, tissues were collected from non-operated
control animals (77 = 3) the same day that tissues were collected from animals 14 days after
partial-obstruction surgery. When sham-operated and experimental animals were killed 6 h
or 1 day after surgery, the non-operated control animals were killed at the same time. The
50-mm segment of small intestine oral to the obstruction was removed and pinned out in a
Sylgard-lined dish containing Krebs buffer.14 The segment was opened by cutting
lengthwise, washed with Krebs, and the mucosa and submucosa removed by sharp
dissection. The smooth muscles were quick frozen in liquid nitrogen and stored at —80 °C.

Histology and immunohistochemistry

For the histological and immunohistochemical analyses, 10 mm segments of smooth muscle
oral to the occlusion ring were used. Cryostat sections (5 pm) were prepared using the
standard protocol, stained with haematoxylin and eosin, and examined by light microscopy.
The cross-sectional thickness of the circular muscle layer was measured, and the average of
three measurements from five different mice was used for statistical analysis. The number of
smooth muscle cells in the circular muscle layer was determined by counting the number of
nuclei within a 100 ¢m cross-sectional area. Similar regions from the ileum of sham-
operated mice were analysed. Whole-mounts were used for immunohistochemical analysis.
Following mucosa and submucosa removal, the smooth muscles were stretched to 110% of
their resting length, fixed with 4% paraformaldehyde-saline pH 7.4 for 10 min at room
temperature, and permeabilized with 0.3% Triton-X 100-saline for 1 h at 4 °C. The tissues
were incubated in 1% BSA-saline for 1 h at room temperature, labelled with anti-SRF
antibodies for 48 h at 4 °C followed by incubation with Alexa-488-conjugated secondary
antibodies (Molecular Probes, Eugene, OR, USA) for 1 h at room temperature. Propidium
iodide (Vector Laboratories, Burlingame, CA, USA) was used to stain nuclei. Specificity
was verified by omitting either primary or secondary antibodies. Whole-mounts were
examined with a Zeiss LSM 510 META confocal microscope (Thornwood, NY, USA).
Similar regions from the ileum of non-operated mice were analysed.
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Isolation of cytosolic and nuclear proteins

All steps were performed at 4 °C. Frozen 50 mm segments of small intestine smooth muscle
oral to the obstruction were sliced into small pieces, Dounce homogenized in ice-cold
hypotonic buffer (20% glycerol, 10 mmol L= Hepes pH 7.5, 1.5 mmol L=1 MgCl,, 5 mmol
L~1 KCI, 5 mmol L= NaF, 3 mmol L™ EGTA, 0.5 mmol L™ phenylmethylsulfonyl
fluoride, 1 mmol L™1 dithiothreitol, 2 zmol L1 okadaic acid, and a protease inhibitor tablet
(Roche, Roche Diagnostics, Indianapolis, IN, USA), centrifuged at 16 000 g for 10 min, and
the supernatant collected as the cytosolic fraction. The pellet was resuspended, sieved
through nylon syringe filters of decreasing pore size (200 and 50 gm; Spectrum Medical,
Rancho Dominguez, CA, USA), and the flow-through centrifuged at 16 000 g for 10 min.
The pellet was resuspended in hypertonic buffer [20% glycerol, 20 mmol L~ Hepes pH 7.5,
1.5 mmol L1 MgCl,, 400 mmol L™1 NaCl, 5 mmol L1 NaF, 3 mmol L™} EGTA, 0.5 mmol
L1 phenylmethylsulfonyl fluoride, 1 mmol L1 dithiothreitol, 2 zmol L1 okadaic acid, and
a protease inhibitor tablet (Roche)], incubated on a rocking platform for 30 min, centrifuged
at 16 000 g for 20 min, and the supernatant collected as the crude nuclear fraction. Protein
concentrations were determined using the Bradford assay with bovine y-globulin as
standard. The protein fractions were quick frozen in liquid nitrogen and stored at —80 °C.
Similar regions from the ileum of mice without occlusion rings were analysed.

SDS-PAGE and Western blotting

SDS-PAGE and Western blotting was performed as previously described.1* Equal amounts
of protein were loaded into each lane. The following antibodies were used: anti-smooth
muscle MHC (1:2000) (Biomedical Technologies, Stoughton, MA, USA), anti-smooth
muscle a-actin (1:2000) (Sigma-Aldrich, St Louis, MO, USA), anti-smooth muscle j~actin
(1:2000) (Seven Hill Biore-agents, Cincinnati, OH, USA.), anti-SRF (1:500) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-Elk-1 (1:1000) (Santa Cruz Biotechnology).
Horseradish peroxidase-conjugated secondary antibodies (1:50 000) (Chemicon, Temecula,
CA, USA) were used to detect protein bands by enhanced chemiluminescence (ECL
Advantage, Amersham Bioscience, Piscataway, NJ, USA). Protein bands were visualized by
CCD-camera detection (Epi Chem Il, UVP Laboratory Products, Upland, CA, USA), and
the TIFF images were analysed using Adobe Photoshop. The Western blots in each figure
are representative of six separate experiments.

Quantitative ChIP and Re-ChlIP assays

Fifty millimetre segments of small intestine smooth muscle oral to the obstruction were
sliced into small pieces and treated with 1% formaldehyde for 15 min at 37 °C. The fixed
tissues were immunoprecipitated as described by the manufacturer (Upstate Biotechnology,
Lake Placid, NY, USA) with minor modifications. Briefly, cross-linked chromatin was
immunoprecipitated with anti-SRF antibody (Santa Cruz Biotechnology) and protein A-
coated agarose beads. Pre-immune rabbit IgG was used as control. The immunoprecipitated
chromatin DNA was purified, and quantitated using Picogreen (Invitrogen Inc., Carlsbad,
CA, USA) according to the manufacturer’s instructions. Real-time PCR was performed on 4
ng of purified input DNA and immunoprecipitated DNA. Relative quantities (RQ) were
calculated with the DART-PCR algorithm. The target sequence fold-enrichment was
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calculated from the ratio of Ry(IP)/R, (input) — Ry(no-antibody control)/ 7, (input). The
averages and standard errors of the mean were calculated from three independent
experiments. For the Re-ChIP assays, the specific protein/DNA complex was extracted twice
with 10 mmol L1 dithiothreitol, and immunoprecipitated with anti-Elk-1 (Santa Cruz
Biotechnology). The primer sequences for amplifying promoters containing the CArG box
and ETS binding site were: SM-MHC, 5'-CGCGGGACC ATAT-TTAGTCAGG-3'/5’-
TCAGG CCATAAAAGGAAGTCGAG-3"; SM a-actin, 5'-
GGAGCAGAACAGAGGAATGCA-3'/5'-GCTTCCCAAACAAGGAGCAA-3’; c-fos, 5'-
CAGCCGGCGAGCTGTT-3'/5"-ACC GGCCGTGGAAACCT-3".

Real-time RT-PCR

Total RNA was isolated from the 10-mm segment of small intestine smooth muscles
immediately oral to the occlusion ring with TRIzol (Invitrogen), treated with DNase |
(Ambion, Austin, TX, USA), and reverse transcribed with Superscript 1l and random
hexamer primers (Invitrogen) according to the manufacturer’s protocol. Similar smooth
muscle segments were obtained from the ileum from non-operated control and sham-
operated mice. Real-time PCR was performed using Syber Green PCR master mix (Applied
Biosystems, Foster City, CA, USA) and an ABI PRISM 7300 Sequencer (Applied
Biosystems). Reactions were run in triplicate containing 40 ng of cDNA in 25 /L. Melting
curves were performed using dissociation curves to ensure single product amplification, and
samples were also run on 3% agarose gels to confirm specificity. Raw fluorescence data
(R.t) was exported from sps 1.3 software (Applied Biosystems) and relative quantities (/)
of each gene automatically calculated using Excel Data Analysis for Real-Time PCR
(DART-PCR), as described.1® The R, value of each gene was normalized to that of 18S
rRNA, whose expression stability was verified from normal and obstructed small intestine
smooth muscle samples. The normalized £, value of each gene from normal small intestine
smooth muscles was used as control for calibration. The sequences of primers used were:
smooth muscle MHC, 5"-GAGAAAGGAAACACCAAG GTCAAGC-3'/5'-
AACAAATGAAGCCTCCTGGTGGCTC-3"; smooth muscle a-actin, 5'-CCAGACAT-
CAGGGAGTAATGGTTG-3/5"-TTTCCATGTCGTCCCAGTTGGT-3’; myocardin, 5'-
TCTGGCACCCAAGCAGACAG-3'/5"-GGAATTGAAAACGTTGGCCC-3"; KLF4, 5’-
CACACTTGTGACTATGCAGGCTGT-3'/5'-AATTTCCACCCACAGCCGTC-3; SRF, 5~
CGCCACCATCATGACGTCGTCTGT-3'/5"-AGGCATTGAGCACGGTGAGGCT-3’; ¢-
fos, 5'-ATCGGCAGAAGGGGCAAAGTAG-3'/5"-GCAACGCAGACTTCTCATCTTC
AAG-3’; 18S rRNA, 5"-CGGCTACCACATCCAAGGAA-3’/5"-AGCTGGAATTACCGCG
GC-3’. The sequences of smooth muscle y-actin (ID: 6752952a1), KLF5 (ID: 31981873a3)
and Elk-1 (ID: 6679631a2) primers were from PrimerBank.16

Statistical analysis

Statistical analysis was performed using Student’s #test, comparing the corresponding time
points after surgery from sham-operated animals and animals with small intestine partial-
obstruction surgery. The non-operated animals were used as controls for calibration in real-
time PCR and to provide normalized values for binding status in the ChlP assays.
Differences were considered to be statistically significant when £< 0.05.
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RESULTS

Morphological analysis of small intestine smooth muscles

The size and number of smooth muscle cells markedly increase following small intestine
partial obstruction.# As the morphological and ultrastructural changes in the small bowel
wall have been described,3# only the cell number and muscle thickness were examined to
characterize the hyperplastic and hypertrophic responses for the molecular studies. Fig. 1A
shows that there was a small, but noticeable increase in muscle wall thickness 10 mm from
the occlusion ring after 3 days of partial obstruction (middle panel), compared with the
sham-operated control (left panel). Fourteen days after partial obstruction, the thickness of
the longitudinal and circular muscle layers was markedly increased (right panel). Fig. 1B
shows that the response of the circular muscle layer to obstruction could be divided into cell
proliferation and cell hypertrophy phases. The proliferation phase occurred during the first 3
days after obstruction, as indicated by a doubling of the cell number. In the circular muscle
layer from sham-operated animals, the average cross-sectional number of cells was 23 £ 2 (n
=b5). Three days after partial obstruction, the average cross-sectional number of cells in the
circular muscle layer 10 mm from the occlusion ring was 46 = 4 (n=5, P<0.05). The
average thickness of the circular muscle layer from sham-operated controls was 46 + 2 y/m
(n=15). Three days after partial obstruction, the average thickness of the circular muscle
layer was 77 £ 4 ym (n=5, P< 0.05). Fourteen days after partial obstruction, the average
thickness of the circular muscle layer 10 mm from the occlusion ring was 386 = 13 ym (n=
5, P<0.05). The increase in the circular muscle layer thickness was due to an increase in the
size of smooth muscle cells, as there was no further significant increase in cell number
between 3 and 14 days after obstruction (Fig. 1B). These findings indicate that the cell
hypertrophy phase occurred between 3 and 14 days after obstruction.

Smooth muscle-marker gene expression

The phenotypic changes underlying the morphological changes were addressed by
measuring the transcript and protein levels of three smooth muscle-marker genes, smooth
muscle MHC, a-actin and j-actin. Fig. 2A-C show that the mRNA levels of these genes
were significantly decreased below non-operated control levels 6 h after obstruction. This
down-regulation is likely partly due to surgical manipulation, as a similar degree of down-
regulation occurred in sham-operated controls. At 1 day post-obstruction, the mRNA levels
of these smooth muscle-specific genes further decreased to 20-30% of the non-operated
control levels (Fig. 2A-C), while the mRNA levels in the sham-operated controls did not
decrease further, suggesting that the further decrease in transcript levels occurred in response
to intestinal obstruction. The mRNA levels in sham-operated and obstructed smooth muscles
recovered to non-operated control levels within 7 days. Fourteen days post-obstruction, the
MRNA levels of smooth muscle MHC, a-actin and y-actin were increased to 150-200% of
the sham-operated controls. Fig. 2D shows that smooth muscle MHC, a-actin and y-actin
protein expression followed a similar pattern. The protein levels decreased at 1 day post-
obstruction, but at 14 days post-obstruction, the protein levels of smooth muscle MHC, a-
actin and y-actin were increased relative to sham-operated controls.
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Role of SRF in smooth muscle-phenotypic modulation

As SRF regulates smooth muscle MHC, a-actin and y-actin gene transcription, SRF mRNA
levels were measured with real-time RT-PCR. Fig. 3A shows that SRF mRNA levels
decreased in the first 6 h after obstruction to about 40% of the non-operated control levels.
Part of this down-regulation is probably due to surgical manipulation, as a similar degree of
down-regulation occurred in sham-operated animals at 6 h after surgery (Fig. 3A). However,
at 1 day post-obstruction, the SRF mRNA levels remained at 30-40% of non-operated
controls, while the SRF mRNA levels in the sham-operated animals were increasing,
suggesting that the further decrease in SRF transcript levels occurred in response to
intestinal obstruction. By 3 days, SRF mRNA levels in the obstructed smooth muscles
recovered to non-operated and sham-operated control levels, and remained at these levels up
to 14 days after obstruction. Fig. 3B shows that SRF protein expression followed a similar
pattern. At 1 day post-obstruction, SRF protein levels in the nuclear fraction were decreased
relative to non-operated controls. By 14 days post-obstruction, SRF protein levels in
obstructed smooth muscles were similar to non-operated levels. These data also show that
SRF protein is localized to the nucleus in both non-operated control and obstructed smooth
muscles. Similarly, immunofluorescence microscopy shows a nuclear distribution of SRF in
both non-operated control and obstructed small intestine smooth muscles (Fig. 3C).

Fourteen days after small intestine partial obstruction, the mRNA levels of smooth muscle
MHC, a-actin and y-actin were increased to 150-200% of the non-operated and sham-
operated controls (Fig. 2). As these genes contain CArG boxes within their promoters, SRF
binding to smooth muscle MHC and a-actin promoters was analysed by ChIP assay using
anti-SRF antibodies. Fig. 4A, B shows that SRF binding to smooth muscle MHC and a-
actin promoters decreased relative to sham-operated controls in the first 24 h, returned to
non-operated and sham-operated control levels in about 7 days, and increased above non-
operated and sham-operated control levels by 14 days. These data demonstrate that SRF
binding to these promoters correlates with the changes in genes expression of these smooth
muscle markers.

Role of Elk-1 in small intestine smooth muscle phenotypic modulation

Elk-1 competes with myocardin for SRF binding and suppresses SRF-dependent
transcription of smooth muscle-specific genes.10 To explore Elk-1 regulation of smooth
muscle MHC and a-actin gene transcription following intestinal obstruction, the interactions
of Elk-1 and SRF with the promoter regions of these two genes was examined. Re-ChIP
assays with sequential anti-SRF and anti-Elk-1 immunoprecititations were performed. Fig.
5A, B shows that EIk-1 association with SRF-bound smooth muscle MHC and a-actin
promoters increased in the first 24 h after intestinal obstruction, and then returned to sham-
operated control levels thereafter. EIk-1 mRNA and protein expression in small intestine
smooth muscles were also examined. Fig. 5C, D shows that EIk-1 mRNA and protein levels
remained similar to sham-operated controls following intestinal obstruction. As
phosphorylated Elk-1 binds to the ETS site and interacts with SRF,17:18 the effect of the
Elk-1 phosphorylation inhibitor U-0126 on smooth muscle MHC and a-actin gene
transcription was examined. Fig. 5E shows that U-0126 reversed the down-regulation of
smooth muscle MHC and a-actin expression that occurs during the proliferative phase,
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suggesting that increased EIk-1 binding to SRF contributes to the smooth muscle MHC and
a-actin down-regulation.

Myocardin, KLF4 and KLF5 expression

Myocardin binds to SRF and regulates SRF-dependent transcription of smooth-muscle
contractile protein genes.19 Myocardin expression was examined in obstructed small
intestines. Decreased expression in the cell proliferation phase and increased expression in
the cell hypertrophy phase relative to sham-operated controls were evident by real-time RT-
PCR (Fig. 6A), suggesting that myocardin expression levels may regulate both proliferative
and hypertrophic phenotypic switching via its interaction with SRF. KLF4 and KLF5
activity is associated with the proliferative smooth muscle phenotype.1® KLF4 and KLF5
expression transiently increased in both obstructed and sham-operated controls, indicating
the transient increase in KLF4 and KLF5 expression is induced by the surgical manipulation.
In contrast, KLF4 and KLF5 expression in the cell hypertrophy phase was significantly
lower than sham-operated control levels (Fig. 6B and C).

c-fos expression after intestinal obstruction

Expression of the immediate early growth-response gene c-fos is increased by SRF and
Elk-1 binding to the c-fos promoter CArG box.2 As shown in Fig. 1, mechanical obstruction
induced smooth muscle cell proliferation, real-time RT-PCR was carried out to examine c-
fos MRNA expression. Fig. 7A shows that c-fos mRNA levels were transiently increased at 6
h and 1 day after obstruction relative to sham-operated controls, in contrast to the decreased
expression of smooth muscle-specific genes. ChIP and Re-ChlP assays revealed that this
increase in c-fos expression 1 day after partial obstruction of the small intestine was
associated with increased SRF binding to the c-fos promoter (Fig. 7B) and an increased
interaction between EIk-1 and SRF (Fig. 7C). Furthermore, subcutaneous injection of the
Elk-1 phosphorylation inhibitor U-0126 immediately after the partial-obstruction surgery
significantly attenuated the up-regulation of c-fos expression (Fig. 7D). These results
suggest that Elk-1 phosphorylation is a key factor for SRF-dependent c-fos transcription and
smooth muscle cell proliferation.

DISCUSSION

Thickening of the tunica muscularis in the gastrointestinal segment oral to obstruction is a
characteristic adaptation of the digestive tract in response to increased functional demands.®
The greatest increase in wall thickness occurs close to the obstruction, and results from both
smooth muscle cell hyperplasia and hypertrophy.4 However, the mechanisms regulating the
hyperplastic and hypertrophic responses of intestine smooth muscles to lumenal obstruction
remain unclear. Our morphological findings indicate that within the smooth muscle layers 10
mm oral to the occlusion ring, smooth muscle cell proliferation primarily occurred during
the first 3 days after obstruction, while hypertrophy occurred later. We hypothesized that this
phenotypic switching was being driven by transcriptional regulation of proliferative and
contractile genes. To address this issue, we examined the expression of smooth muscle
MHC, a-actin and )~actin as phenotypic indicators, by RT-PCR and Western blotting. It
should be noted that the Western blotting and ChIP/Re-ChlIP results were obtained from 50-
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mm long segments of smooth muscle, while the morphological and RT-PCR results were
obtained from 10-mm long segments of smooth muscle. Other groups have found that the
thickness and cell number decreases with increasing distance orally from the occlusion ring,
suggesting that the processes of hyperplasia’hypertrophy are not uniform over the entire
length of ileum.# Technical issues prevented us from carrying out the Western blotting, and
ChIP/Re-ChlIP analyses with 10-mm segments of smooth muscle strips. For Western blot
analyses and ChIP assays, the amount of homogenate protein recovered was inadequate. The
numbers of mice we would have had to use to obtain sufficient material was projected to be
quite large, based on our preliminary Bradford assay analyses. Thus we felt that using the
first 50-mm segment was a necessary compromise to allow us to obtain sufficient
homogenate protein, but still somewhat correlate with the morphological changes occurring
in the smooth muscles oral to the occlusion ring. We did find that smooth muscle MHC, a-
actin and y-actin protein expression correlated with their mRNA expression: both were
down-regulated in the first 3 days, recovered to non-operated control levels by about 7 days,
and then became up-regulated by 14 days after obstruction. These data suggest that a
population of smooth muscle cells switched to a proliferative phenotype during the first 3
days after obstruction. Between 3 and 7 days, the cell number stopped increasing, suggesting
that a switch back to a differentiated phenotype occurs. Between 7 and 14 days after
obstruction, the thickness of the muscle layer increased, suggesting a switch to a
hypertrophic phenotype. These findings suggest that the altered phenotypic composition of
small intestine smooth muscle cells plays a role in the altered contractile mechanics and
dysmotility of obstructed intestine.

The SRF/CArG box plays a pivotal role in the regulation of smooth muscle-specific gene
transcription in vascular smooth muscle.8: The close correlation found in this study between
smooth muscle MHC, a-actin, and y-actin expression and SRF binding to smooth muscle
MHC and a-actin promoter regions, suggest that SRF/CArG plays an important role in
phenotypic switching of intestinal smooth muscles following mechanical obstruction.
Several mechanisms of regulating SRF/CArG interactions have been reported, including
SRF expression levels,20 SRF alternative splicing,2! SRF interactions with other factors,
10-12.22 and chromatin remodelling,23 but the primary mechanism remains unclear. The
importance of SRF expression levels for the regulation of phenotypic switching is still not
clear. With respect to the proliferative phenotype, Chen er a/.?* reported that neointimal SRF
protein levels did not change after vascular injury, while Hendrix et a/.,2> observed an
increase in SRF mRNA levels after vascular injury. A recent study using cultured vascular
smooth muscle cells showed that SRF depletion by RNAI suppressed smooth muscle a-actin
expression and resulted in increased proliferation.28 Similarly, in our study, SRF expression
and binding to smooth muscle MHC and a-actin promoters decreased during the
proliferative phase following intestinal obstruction. To date, there are few studies examining
SRF expression in smooth muscle hypertrophic or hyper-contractile phenotypes. Chow et al.
described increases in smooth muscle MHC, a-actin, and SM22a-expression in the hyper-
contractile phenotype of Alzheimer’s cerebral vascular smooth muscle, along with an
increase in SRF expression,2” We found that SRF expression levels did not significantly
increase during the hypertrophy phase following intestinal obstruction. However, SRF
binding to smooth muscle MHC and a-actin promoters did significantly increase as the
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expression of smooth muscle MHC, a-actin and y-actin increased during the hypertrophy
phase. These findings suggest that increased SRF binding to smooth muscle-specific gene
promoters is important for the development of the hypertrophic phenotype. However, we
cannot exclude the possibility that the overall SRF levels might reflect an up-regulation of
SRF in hypertrophic cells and a down-regulation in proliferative cells, as a slight increase in
smooth muscle cell number was still observed at 14 days post-obstruction. In addition,
although it has been reported that SRF nuclear translocation plays a role in airway myocyte
phenotypic switching,28 we found SRF to be constitutively localized to the nuclei of small
intestine smooth muscle cells.

Myocardin is the co-activator of SRF-dependent transcription of multiple smooth- and
cardiac muscle-specific genes?429 Decreased myocardin expression is associated with
smooth muscle cell proliferation, while increased expression is associated with
differentiation.11:25.27.28 \We found that myocardin expression decreased during the
proliferative phase and increased during the hypertrophic phase in obstructed small intestine
smooth muscles. These changing levels of myocardin expression corresponded to the
changing expression levels of smooth muscle MHC, a-actin and y-actin, suggesting that,
during the response of intestine smooth muscles to obstruction, both proliferative and
hypertrophic phenotypic switching may be regulated by myocardin expression levels, which
influence its interaction with SRF. However, because of a lack of suitable myocardin
antibodies, we could not analyse the interaction between myocardin and SRF by Co-IP, ChIP
or Re-ChliP.

Elk-1 binding to the ETS site facilitates ternary complex formation between Elk-1 and SRF,
competing with myocardin for a common SRF docking site and suppressing transcription of
smooth muscle contractile genes.1%17 In our study, Re-ChlIP assays revealed a transient
increase in Elk-1 binding to SRF-bound smooth muscle MHC and a-actin promoters during
the proliferative phase. As Elk-1 activity is increased by ERK-dependent phosphorylation,
we examined the effect of U-0126, a pharmacological inhibitor of the upstream ERK-
activating kinases MEK1 and MEK218 on smooth muscle MHC and a-actin message levels.
U-0126 reversed the down-regulation of these genes during the proliferative phase following
partial obstruction of the small intestine. These results suggest that phosphorylated Elk-1
further decreases SRF-dependent smooth muscle MHC and a-actin transcription via an
increased interaction with SRF. These findings suggest that in addition to the down-
regulation of myocardin and SRF expression, small intestine smooth muscle contractile
protein expression is also inhibited during the proliferative phase by increased EIk-1 activity.
Because Elk-1 phosphorylation is ERK-dependent, the phenotypic switching to the
proliferative phase may be mediated via the MAP-kinase pathway. In addition to muscle
wall thickening, the small intestine distends oral to the mechanical obstruction.*
Interestingly, previous reports have implicated stretch-dependent MAP-kinase activation in
smooth muscles, suggesting a possible mechanism by which obstruction-induced
remodelling may be initiated in intestinal smooth muscles.30

KLF4 and KLF5 are Kruppel-like transcription factor family members which are associated
with smooth muscle cell proliferation.1119:31-33 K|_F4 and KLF5 repress the expression of
multiple smooth muscle-specific genes via a combination of effects including inhibition of
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SRF binding to intact chromatin, suppression of myocardin expression, and suppression of
myocardin-induced gene activation.8 In our study, we found that KLF4 and KLF5 mRNA
levels increased during the cell proliferation phase after obstruction, but also increased in
small intestine smooth muscles from sham-operated controls, indicating that the surgical
manipulation induced KLF4 and KLF5 up-regulation. However, the decreased KLF4 and
KLF5 expression during the hypertrophic phase implies that KLF4 and KLF5 play a role in
the switching of small intestine smooth muscles to the hypertrophic phenotypic in response
to mechanical obstruction. However, whether KLF4 and KLF5 exert their influence through
SRF/CArG-dependent transcription requires further investigation.

In addition to regulating the expression of smooth muscle contractile proteins, the
expression of immediate early growth-response genes such as c-fos is also SRF/CArG
dependent.® Consistent with the increase in smooth muscle cell number, c-fos mRNA levels
increased during the proliferation phase after obstruction. ChIP and Re-ChlIP assays revealed
that the increase in c-fos expression was associated with increased SRF binding to the c-fos
promoter, and increased Elk-1 binding to SRF. Furthermore, inhibition of Elk-1
phosphorylation attenuated the up-regulation of c-fos expression. These results suggest that
the interaction between phosphorylated Elk-1 and SRF may be a key factor for SRF-
dependent c-fos transcription and smooth-muscle cell proliferation. However, as mentioned
above, SRF expression decreased during the smooth-muscle cell proliferative phase. The
reason for these conflicting results is unclear. One possible explanation is that increased
Elk-1 binding to c-fos promoter-bound SRF offsets decreased SRF expression. Interestingly,
SRF depletion by RNAI induces vascular smooth-muscle cell proliferation.28 This effect was
attributed to the release of the suppressive effect of SRF on c-jun expression, providing
another possible mechanism by which decreased SRF expression could lead to smooth-
muscle proliferation. However, our results should be interpreted with caution because, unlike
a cell culture system, our /n vivo model of small intestine smooth muscle phenotypic
switching involves a heterogeneous system containing visceral smooth muscle cells and non-
smooth muscle cells. We cannot exclude the possibility that c-fos over-expression is due to a
subset of smooth muscles that overexpress SRF, or from non-smooth muscle cells, as early
growth-responsive genes are ubiquitously expressed, unlike the restricted expression of
smooth muscle-specific genes.

In summary, our findings suggest that smooth muscle switching between differentiated,
proliferative and hypertrophic phenotypes plays an important role in the development of
small bowel dysmotility induced by partial bowel obstruction. Understanding the molecular
mechanisms underlying smooth muscle cell phenotypic switching in response to mechanical
obstruction will aid in understanding the mechanistic basis for the loss of functional
efficiency that is characteristic of the bowel obstruction.3:56 SRF/CArG-dependent
transcription of smooth muscle specific genes may play a pivotal role in intestinal smooth
muscle phenotypic switching, which may be regulated by SRF expression levels, and the
interactions between SRF, myocardin, Elk-1 and/or other related factors. However, further
work is needed to clarify the mechanisms which regulate the phenotypic switching of small
intestine smooth muscle cells by these transcription factors in response to bowel obstruction.
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Figure 1.

Morphological changes of smooth muscles following partial intestinal obstruction. (A)

T
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Representative haematoxylin and eosin-stained sections of sham-operated (left panel), 3
days (middle panel), and 14 days post-obstruction small intestine (right panel) (scale bar:
100 um) (n=5). Sections were obtained from sham-operated animals 7 days after sham
surgery. No differences were noted in the muscle layers from sham-operated animals 1, 3, 7

and 14 days after sham-surgery (data not shown). CM, circular muscle layer; LM,
longitudinal muscle layer; (B) Changes in circular muscle layer thickness and smooth

muscle cell number following partial intestinal obstruction (data obtained from four different
points from five sham-operated and five small intestine partial-obstruction animals). The
number of smooth muscle cells was evaluated by counting the number of nuclei in a 100 gm
cross-section of the circular muscle layer (mean + SE, *P < 0.05 compared with sham).
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Page 15

p.o.
1
Sham 1d 14d

—— T .

Expression of smooth muscle contractile proteins following intestinal obstruction. Real-time
RT-PCR analysis of (A) smooth muscle MHC, (B) a-actin and (C) y-actin expression (n=3
animals per time point, mean + SE, *P< 0.05 vs corresponding sham-operated values). C,
non-operated controls; (D) Representative Western blots of smooth muscle MHC (1 1g of
cytosolic protein/lane), a-actin and y-actin (10 xg of cytosolic protein/lane). p.o., partial

obstruction.
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Figure 3.
SRF expression following intestinal obstruction. (A) SRF mRNA levels were analysed by

real-time RT-PCR (n7= 3 animals per time point, mean + SE, *P< 0.05 compared with
corresponding sham-operated time point). (B) Representative SRF Western blots. SRF is
primarily localized to the nucleus (arrowhead). 50 g of cytosolic (c) or nuclear (n) protein
samples were loaded into each lane. (C) Whole-mount anti-SRF immuno-fluorescence of
non-operated (left panel), 1 day (middle panel), and 14-day (right panel) obstructed small
intestine smooth muscles (scale bar: 100 tm).
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Figure 4.
SRF binding to smooth muscle MHC and a-actin promoters decreases during the cell

proliferation phase and increases during the cell hypertrophy phase. ChIP was carried out
with anti-SRF antibodies, and the promoter regions of smooth muscle (A) MHC and (B) a-
actin were amplified and quantitated by real-time PCR (7= 3, mean £ SE, *£< 0.05
compared to corresponding sham-operated time points).
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Figureb.
Elk-1 binding to SRF-bound MHC and a-actin promoters increases during the cell

proliferation phase. ChlIP was carried out with anti-SRF antibodies, Re-ChIP was carried out
with anti-Elk-1 antibodies, and the promoter regions of smooth muscle (A) MHC and (B) a-
actin were amplified and quantitated by real-time PCR (7= 3, mean £ SE, *£< 0.05
compared to corresponding sham-operated time point). (C) Real-time RT-PCR and (D)
Western blot analysis (25 (g protein/lane) show no significant change in Elk-1 expression
following intestinal obstruction. (E) Real-time RT-PCR shows that U-0126 reverses the
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down-regulation of smooth muscle MHC and a-actin expression at 1 day post-obstruction (7
=3, mean * SE, *P< 0.05 compared with obstruction/vehicle).
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Myocardin, KLF4 and KLF5 expression following intestinal obstruction. Real-time RT-PCR
analysis of (A) myocardin, (B) KLF4 and (C) KLF5 expression (/7= 3, mean + SE, *P<
0.05 compared with corresponding sham-operated time points).
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Figure7.

Increased SRF/EIk-1 binding to the c-fos promoter mediates an increase in c-fos expression
during the cell proliferation phase. (A) Real-time RT-PCR analysis of c-fos expression (n=
3, mean * SE, *P < 0.05 compared with corresponding sham-operated time points). (B)
ChIP was carried out with anti-SRF antibodies, and the promoter region of c-fos was
amplified and quantitated by real-time PCR (n= 3, mean £ SE, *P < 0.05 compared with
corresponding sham-operated time points). (C) ChlP was carried out with anti-SRF
antibodies, Re-ChlIP carried out with anti-EIk-1 antibodies, and the promoter region of c-fos
amplified and quantitated by real-time PCR (n= 3, mean £ SE, *P < 0.05 compared with
corresponding sham-operated time points). (D) Real-time RT-PCR shows that U-0126
attenuates the up-regulation of c-fos at 6 h post-obstruction (7= 3, mean £ SE, * < 0.05
compared with obstruction/vehicle).
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