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Inflammatory bowel disease is a chronic inflamma-
tory condition of the intestinal mucosa whose eti-
ology is unclear but is likely to be multifactorial. We
have shown previously that an increased amount of
hyaluronan (HA) is present both in the inflamed
mucosa of inflammatory bowel disease patients and
in isolated human cells after polyI:C treatment. The
signal transducer and activator of transcription
(STAT)1 protein plays an important role in many
signaling pathways that are associated with inflam-
mation. We therefore investigated the role of STAT1
in adhesive interactions that occur between leuko-
cytes and polyI:C-induced mucosal smooth muscle
cells (M-SMCs). Activation of STAT1 was observed
after the polyI:C treatment of M-SMCs. Specific
phosphorylation of tyrosine and serine residues of
STAT1 was observed in polyI:C-treated, but not un-
treated, M-SMC cultures. To evaluate further the
role of STAT1, a corresponding STAT-1-null mouse
was used. PolyI:C-induced, HA-mediated leukocyte
adhesion to colon SMCs from STAT1-null mice was
significantly decreased compared with that from
wild-type control mice. In vivo , using the dextran
sulfate sodium-induced model of colon inflamma-
tion, both tissue damage and HA deposition were
attenuated in STAT1-null mice compared with that
in wild-type control mice. Additionally , the inter-�-
trypsin inhibitor (I�I) , a proteoglycan essential for
facilitating leukocyte binding to the HA matrix , was
reduced in STAT1-null mice. Together , these results
demonstrate that STAT1 plays an important role in

HA-mediated inflammatory processes. (Am J Pathol
2008, 173:1361–1368; DOI: 10.2353/ajpath.2008.080444)

The pathogenesis of chronic inflammatory diseases such
as inflammatory bowel disease (IBD) is not well under-
stood. The origin of IBD is unknown and likely to be
multifactorial. Environmental factors, including viruses or
microbial infections, alter the normal immune balances in
the intestine of genetically susceptible people that may
lead to Crohn’s disease and ulcerative colitis. Patholog-
ical changes in IBD include destruction of normal tissue
architecture, increase of mononuclear leukocyte influx
into the intestinal mucosa, and hyperplasia of the muco-
sal smooth muscle cells (M-SMCs).

Alterations in cytokine levels are thought to have criti-
cal roles in the pathogenesis of IBD. The mucosal con-
centrations of several cytokines, including tumor necrosis
factor-�, interleukin (IL)-12, IL-6, IL-23, IL-17, and inter-
feron (IFN)-� are increased in IBD1–9 and contribute to
tissue damage and chronic disease. Janus kinases (Jak)-
signal transducer and activator of transcription (STAT)-
dependent pathways are major signaling pathways for
biological functions of IFN-�.10–13 However, STAT-inde-
pendent pathways are also known.14,15 Jaks and STATs
are present in the cytoplasm of most cell types. In gen-
eral, cytokines and growth factors that signal through
Jak-STAT-dependent pathways form specific Jaks and
STAT-factor complexes with their respective receptors.
Subsequently, Jaks are activated through auto- and
trans-phosphorylation before phosphorylating the recep-
tor at a specific residue near the C-terminus that creates
a docking site on the receptor for STAT factors. Complex-
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bound STAT is then similarly phosphorylated by Jaks and
dissociates from the receptor complex as a dimer. The
liberated, phosphorylated STAT dimer then translocates
to the nucleus and binds with the gamma-activating se-
quence present in many cytokine and growth factor-
inducible gene promoters that stimulates the transcrip-
tion and mediates the biological responses of these gene
products.10–13,16 Acetylation of STATs also occurs after
cytokine stimulation that promotes stable dimer formation
and subsequent transcriptional stimulation of target
genes.17,18

Hyaluronan (HA) is a glycosaminoglycan composed of
glucuronic acid and N-acetyl-D-glucosamine. Our labora-
tory has established that virus or viral mimic double-
stranded RNA (poly I:C) treatment increases cell surface
HA deposition and formation of long cable-like structures
of HA that are important for leukocyte attachment.19 In
IBD patients, the association of viruses such as cytomeg-
alovirus, respiratory syncytial virus, herpesvirus, mumps,
and measles has been reported.20–23 We also demon-
strated that increased HA staining was observed in in-
flamed tissue sections from patients with ulcerative colitis
or Crohn’s disease compared to noninflamed and less
inflamed areas from the same patient.19 In addition, we
showed by immunohistochemical staining that inter-�-
trypsin inhibitor (I�I), a HA-binding protein, is localized in
these HA cable structures.24 Recent reports have dem-
onstrated the activation of STAT1 and also STAT3 in IBD
patients.25–28 Constitutive activation of STAT3 in IBD has
also been reported.29 In this study, we demonstrate that
STAT1 has a role in the attachment of U937 cells to poly
I:C-treated M-SMCs and STAT1 is required for dextran
sulfate sodium (DSS)-induced intestinal damage in mice.

Materials and Methods

Materials

Cell culture media and additives were obtained from our
institute core facility. Fetal bovine serum was from Bio-
Whitaker, Walkersville, MD, cycloheximide, poly I:C, and
�-actin antibody were from Sigma, St. Louis, MO. STAT1
and STAT3 antibodies were from Cell Signaling Technol-
ogy, Beverly, MA, and poly dI:dC, protease inhibitors,
EGCG, and AG490 were from Calbiochem, La Jolla, CA.

Cell Culture

The techniques of cell isolation, culture, and adhesion
assays of M-SMCs (obtained from either human colon or
mouse specimens) were described in our earlier publi-
cation.19 Smooth muscle cell (SMC) cultures were de-
rived from the large bowel of STAT-1 knockout and con-
trol wild-type mice by explant culture. Briefly, after
isolation, M-SMCs were cultured in Dulbecco’s modified
Eagle’s medium/F12 medium supplemented with 10%
fetal bovine serum, 100 U/ml of penicillin, 100 �g/ml of
streptomycin, and 0.25 �g/ml of fungizone in a humidified
cell culture incubator at 37°C with 5% CO2 unless other-
wise indicated. All experiments were done within pas-

sage 3 of cells in culture. Approximately 80% confluent
cell cultures were either untreated or treated with 50
�g/ml of poly I:C in fresh medium unless otherwise indi-
cated. Experiments were performed at least in triplicate
and representative data from one such experiment are
shown.

Electrophoretic Mobility Shift Assays

Electrophoretic mobility shift assays were done with a
synthetic double-stranded hSIE oligonucleotide DNA (la-
beled by kinase reaction using �-32P-ATP) as a probe,
using an equal amount of protein from whole cell extracts
according to standard procedures. Equal amounts of
extracts were incubated in 20-�l reaction volumes in
binding buffer [20 mmol/L HEPES (pH 7.9), 5% glycerol,
50 mmol/L NaCl, 1 mmol/L MgCl2, 1 mmol/L dithiothreitol,
and 0.5 mmol/L ethylenediaminetetraacetic acid] con-
taining 2 �g of poly (dI-dC), and 0.2 ng of labeled probe.
After 20 minutes of incubation at 22°C, the reaction mix-
ture was resolved in a 5% nondenaturing polyacrylamide
gel in TBE buffer (45 mmol/L Tris, 45 mmol/L boric acid,
and 1 mmol/L ethylenediaminetetraacetic acid) at 180 V
for 2 hours. The gel was dried and visualized by autora-
diography.30,31 Supershift analyses were done by prein-
cubating extracts with the specific antibody for 10 min-
utes at 22°C in the reaction mixture before the addition of
the probe.

Immunoblot and Binding Assay

Western blots were done with equal amounts of protein
for each lane, electrophoresed in 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and transferred to polyvinylidene difluoride-type transfer
membrane at 4°C by a standard procedure.31 Both phos-
phorylated STAT1 and actin antibodies were used ac-
cording to the manufacturers’ protocols. Binding of leu-
kocytes to SMCs was measured with radiolabeled U937
cells according to our previously published proce-
dure.19,24 Cells binding values were presented as the
mean data from at least triplicate wells � SE.

Animal Experiments and Fluorescence
Histochemistry for Confocal Microscopy

All animal experiments were performed following guidelines
and approvals from the institutional animal care and use
committee. Age-matched, 8- to 10-week-old, 129S6/SvEv
strain of STAT-1-null and wild-type mice (obtained from
Taconic Farms, Germantown, NY) were treated with or with-
out 5% DSS, average molecular mass 10,000 Da, in the
drinking water. Mice were sacrificed after 4 or 7 days of
treatment and their colons were removed and processed for
immunohistochemical staining from paraffin sections. The
sections were examined by Leica (Wetzlar, Germany)
TCS-SP laser-scanning confocal microscopy.24 Detection
of HA and heavy chains of I�I were performed using bio-
tinylated HA binding protein (Seikagaku, Tokyo, Japan) and
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an I�I antibody, respectively.19,24 We used secondary flu-
orescein isothiocyanate-conjugated streptavidin for HA de-
tection and secondary Texas Red-conjugated antibody for
I�I detection, and also 4,6-diamidino-2-phenylindole for nu-
clei staining.

Laser Microdissection

Colon tissue was obtained directly after surgical resec-
tion from the Cleveland Clinic Surgery Department ac-
cording to institutional review board guidelines with
their approval. The colon tissues from noninflamed and
inflamed areas were embedded in OCT medium and
stored at �80°C until further processing for experi-
ments.32 A small portion of tissue was also obtained for
homogenization in ice-cold buffer containing a cocktail
of protease inhibitors. Tissue debris was then removed
by low-speed centrifugation. Protein concentrations
were determined and an equal amount of protein was
loaded in each lane for gel electrophoresis. Sections of
muscularis mucosae layers were selected and laser
cuts were done similarly from inflamed and nonin-
flamed areas. The cells in the selected regions were
automatically acquired in a protein extraction buffer
(Tris/HCl buffer containing all protease inhibitors). Ex-
tracts with an equal volume were loaded in SDS-PAGE
gels for Western blots.31

Results

STAT1 Activation in Poly I:C-Treated M-SMCs

We previously demonstrated that STAT1 is the most im-
portant factor among the cytoplasmic components of the
Jak-STAT pathway for induction of IFN-inducible gene,
p56, by poly I:C using mutant cells lacking individual
components of the Jak-STAT pathway.33 Many reports
have demonstrated the activation of STAT1 by cytokines
and growth factors.10–13,16 Because STAT1 is important
for poly I:C-stimulated IFN-inducible gene induction,33

we investigated whether poly I:C activates STAT1 in pri-
mary human colon M-SMCs. Cultures of human M-SMCs
were treated with or without poly I:C for 0, 2, and 4 hours,
and STAT-DNA binding activity was measured by gel-
shift assay. Activation of STAT is observed by 2 hours
and the level of induction is greater at 4 hours after poly
I:C treatment (Figure 1a). Control experiments using an
excess amount of the same and different cold oligo-
neucleotides were performed and confirmed the speci-
ficity of DNA binding activity (data not shown). IL-6 pri-
marily activates STAT3, but in many cells IL-6 also
activates STAT1.34,35 We determined whether STAT is
induced by IL-6 in M-SMCs by treating primary M-
SMCs with 10 ng/ml of IL-6 for 30 minutes. The results
indicate that the DNA binding STAT protein is present
in IL-6-treated extracts (Figure 1a). To characterize
whether the poly I:C-induced DNA-binding protein
band is STAT1 or STAT3, we used antibody supershift
experiments using STAT1 and STAT3 antibodies. Ex-
tracts from poly I:C-treated (4 hours) and IL-6-treated

(30 minutes) cells were incubated with STAT1 or STAT3
antibody. STAT1 antibody supershifted both bands al-
most completely whereas STAT3 antibody did not shift
either band in extracts of poly I:C-treated cells. IL-6
activates both STAT1 and STAT3 as shown by band
supershifting with both antibodies (Figure 1b) and pri-
marily serves as a positive control for determining su-
pershift of both STAT1 and STAT3 in this experiment.
STAT1 activation was also observed in M-SMCs after
IFN-� treatment (data not shown). STAT1 was not ac-
tivated at 30 minutes or 1 hour after poly I:C treatment
and activation started to decline after 4 hours and was
completely gone after 8 hours (data not shown). Max-
imum STAT1 activation was observed at 4 hours, al-
though activation of STAT1 was also detected at the
2-hour time point (similar as Figure 1a). We investi-
gated the requirement of ongoing protein synthesis for
STAT1 activation by poly I:C. M-SMCs were treated with
and without poly I:C in the presence or absence of cy-
cloheximide. Poly I:C induces the STAT1 band in electro-
phoretic mobility shift assay, and induction of the STAT1
band is reduced in poly I:C plus cycloheximide treatment
(Figure 1c). Partial activation of STAT1 in the presence of
cycloheximide indicates that STAT1 is likely induced by

Figure 1. STAT1 activation by poly I:C treatment in M-SMCs. Electrophoretic
mobility shift assays using labeled hSIE as a probe with equal amounts of
whole cell extracts (15 �g) prepared from cells in the presence of 2% fetal
bovine serum as indicated in figures. a: Activation of STAT protein in 2- or
4-hour poly I:C-treated and 30-minute IL-6-treated extracts. b: Supershift
analyses with 4-hour poly I:C-treated extract or with 30-minute IL-6-treated
extract were performed after pre-incubation with STAT1- or STAT3-specific
antibody. c: Cells treated with and without poly I:C and cycloheximide 30
minutes before the poly I:C treatment. d: Cultured M-SMCs were treated for
4 hours with medium obtained from 4-hour poly I:C-treated M-SMCs. Several
exposures were taken from the autoradiogram and one of the exposures was
used for this figure.
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poly I:C, and other secreted factors that might be in-
duced by poly I:C treatment could contribute to full
STAT1 activation. To further understand the role of se-
creted factors induced by poly I:C in STAT1 activation,
we treated human M-SMCs with poly I:C for 4 hours and
then collected the medium for subsequent treatment of
untreated human M-SMCs. These cellular extracts were
also subjected to a similar gel-shift assay to see whether
STAT1 is activated by any secreted factors that are initially
produced because of poly I:C treatment. Figure 1d shows
no STAT1-activated band by treatment with supernatant
obtained from poly I:C-treated cells. The results of STAT1
activation by poly I:C in the presence of cycloheximide and
also the lack of STAT1 activation by medium obtained from
poly I:C-stimulated cells indicate that STAT1 activation in
M-SMCs by poly I:C is partially mediated by poly I:C and not
by other secondary secreted factors induced by poly I:C.

Tyrosine and Serine Phosphorylation of STAT1
by Poly I:C Treatment of Human M-SMCs

Because STAT1 is activated in human M-SMCs by poly
I:C, we sought to determine whether STAT1 is phosphor-
ylated at 701-tyrosine in primary human M-SMCs after
poly I:C treatment. Because poly I:C activation of STAT1
was observed in the previous experiment in M-SMCs
starting at 2 hours and achieving a maximum at 4 hours,
we prepared cell extracts from M-SMCs treated with or
without poly I:C for 2 hours and 4 hours for immunoblot
analysis. Extracts were subjected to SDS-PAGE followed
by immunoblot and phosphotyrosine analysis of STAT1
protein using a specific STAT1-phosphotyrosine anti-
body. Figure 2a shows the 701-tyrosine-phosphorylated
STAT1 band in extracts prepared from cells treated with
poly I:C for 2 hours and a more intense band at 4 hours.
However, phosphorylated bands are not observed in ex-
tracts of cells not treated with poly I:C (designated me-

dium 2 hours and medium 4 hours in Figure 2a). This
result indicates that STAT1 is tyrosine-phosphorylated
after poly I:C treatment in human M-SMCs. We also de-
termined whether poly I:C treatment causes phosphory-
lation of the serine residue at the 727-amino acid position
of STAT1, which is required for further transcriptional
activation. Human M-SMCs were similarly treated with
and without poly I:C for 2 hours and 4 hours and cell
extracts were examined by SDS-PAGE followed by West-
ern blots with a 727-serine-specific antibody. The results
indicate that STAT1 serine phosphorylation is barely vis-
ible after 2 hours of poly I:C treatment but is easily visible
at 4 hours after poly I:C treatment (Figure 2b). The same
blots were also used for �-actin expression using a spe-
cific antibody to verify equal sample loading in each lane.
Therefore, both critical 701-tyrosine and 727-serine resi-
dues of STAT1 are phosphorylated in M-SMCs after poly
I:C treatment.

Inhibition of Poly I:C-Stimulated Leukocyte
Adhesion by Inhibitors

We previously reported that cellular stress of M-SMCs
induced by treatment with poly I:C stimulated HA-me-
diated leukocyte attachment.19,36 Therefore, we inves-
tigated whether STAT1 has any role in poly I:C-stimu-
lated HA-mediated leukocyte adhesion. To test this, we
treated M-SMCs with poly I:C in the presence and
absence of STAT1 inhibitor (EGCG) or Jak inhibitor
(AG490). In agreement with our earlier publication,19

Figure 3 shows that poly I:C treatment induces cell
adhesion much more than the untreated control. The
induction of HA-mediated U937 cell adhesion by poly
I:C was inhibited �60% in the presence of EGCG or
AG490. We did not observe toxic effects under these
conditions on M-SMCs by treatment either with EGCG
or AG490 as determined by trypan blue dye exclusion

Figure 2. Phosphorylation of STAT1 by Western blots. M-SMCs were serum-
starved for 18 hours and then treated for 2 or 4 hours with poly I:C in 2%
serum-containing medium as indicated and equal protein (30 �g) amount of
cellular extracts were used for Western blot analyses using phosphor-specific
antibodies 701-tyrosine (a) and 727-serine (b) residues of STAT1 protein. The
same blot was then reused with �-actin antibody to compare equal loading
of each sample.

Figure 3. Reduced U937 cell attachment to poly I:C-stimulated M-SMCs with
Jak or STAT inhibitors. M-SMCs were untreated or treated with poly I:C for 18
hours in the presence or absence of 100 �mol/L of AG490 or EGCG as
indicated. Labeled U937 cells were used for the binding assay as described in
Materials and Methods section.
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(data not shown). To verify that the induced adhesion is
HA-mediated, cells were treated with hyaluronidase
after attachment as described previously.19,24 These
results demonstrated abrogation of adhesion indicat-
ing that poly I:C-stimulated, HA-mediated cell recruit-
ment is at least partially STAT1-dependent.

Attenuated Leukocyte Adhesion to Poly
I:C-Stimulated Murine STAT1-Null SMCs

Figure 3 indicates that STAT1 has a role in poly I:C-
stimulated, HA-mediated adhesion in vitro. To further in-
vestigate the role of STAT1 in poly I:C-induced, HA-
mediated leukocyte adhesion, we isolated SMCs from the
colon of STAT1-null and wild-type mice and treated them
with and without poly I:C and assayed them for their
ability to bind U937 cells. Parallel cultures were treated
similarly for HA staining using confocal microscopy. Our
results demonstrate that poly I:C treatment of SMCs in-
duces U937 cell attachment in wild-type cells whereas
the attachment is substantially reduced in STAT1-null
cells. In untreated cultures, the U937 cell attachment to
STAT1-null cells is slightly higher compared to wild-type
cells (Figure 4a). The U937 cells binding to poly I:C-
stimulated SMCs was approximately eightfold higher in
poly I:C-treated wild-type cells, and only approximately
twofold higher in STAT1-null cells compared to respec-

tive unstimulated control cells (Figure 4a). As previously
reported in isolated primary human M-SMCs,19 hyaluron-
idase treatment of poly I:C-stimulated SMCs demon-
strates that the induced attachment of U937 cells in both
cells derived from wild-type and null mice are HA-medi-
ated. These results indicate that STAT1 is important for
the poly I:C-stimulated attachment of leukocytes in iso-
lated mouse primary SMCs. Results of Figure 4b show no
quantitative differences in the overall HA staining after
poly I:C treatment of STAT1-null and wild-type SMCs. The
HA staining in green showing less cable-like structure in
STAT1-null cells and also binds less U937 cells com-
pared to wild-type SMCs. The role of STAT1 in the as-
sembly of HA cable formation and is only correlative at
this point. Similar to our previously published report in
human M-SMCs,19 wild-type cells also form cable-like HA
structures (green) after poly I:C treatment (Figure 4b).

Figure 4. Poly I:C-stimulated HA-mediated cell attachment is less in STAT1-
null SMCs compared to wild-type cells. a: Isolated SMCs from STAT1 wild-
type (�/�) and null (�/�) mice were treated with or without poly I:C for 18
hours and a quantitative assay was performed using labeled U937 cells for
attachment as described in the Materials and Methods. b: Parallel cultures on
coverslips were treated similarly, methanol-fixed, and stained for HA (green)
and nuclei (blue, 4,6-diamidino-2-phenylindole) as described in the Materials
and Methods section.

Figure 5. Reduced HA deposition and less inflammatory changes in STAT1�/�

mice after DSS treatment. a: Confocal image demonstrates HA polymers (green)
in mouse colon sections after DSS treatment in STAT1�/�-null (top) and
STAT1�/� wild-type animals (bottom). The null mice section demonstrates
minimal staining on day 4 and moderate staining on day 7 that is localized
to the submucosa (arrow), whereas the wild-type mice have moderate
staining of the submucosa (arrow) on day 4 and heavy staining of the
lamina propria (asterisks) on day 7; cells are identified by their nuclei
(blue). b: HA (green) and I�I (red) staining in colon designated as
wild-type STAT1 (WT) and STAT1-null mice (KO) sections after a 4- or
7-day treatment with DSS.
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DSS-Induced Colon Damage Is Attenuated in
STAT1-Null Mice

To investigate the role of STAT1 to inflammation in vivo, we
used an established mouse model of colitis by adding 5%
DSS in drinking water. We compared STAT1-null mice to
wild-type animals throughout the 1-week course of colitis
development. In this model pathological changes are
known to develop first in the distal colon likely because of
the bacterial burden on this tissue. Distal colon sections
from wild-type mice show distinct pathological changes
throughout time of DSS treatment including submucosal
thickening and mucosal architecture destruction. The HA
deposition (green staining) also changes during the course
of colitis induction as previously reported.37 In untreated
animals, the HA is regularly distributed among the crypts in
the mucosa, but after 4 days of DSS treatment epithelial
associated HA is diminished and large submucosal depos-
its are seen (Figure 5a). By 7 days the largest deposition of
HA is at the damaged mucosal surface. Although the HA
loss from the epithelium in STAT1-null animals is equivalent
to the wild type, the intestinal damage and HA redistribution
in the colon of null mice were greatly reduced at 4 and 7
days (Figure 5a). These observations indicate that stimu-
lated HA deposition induced by DSS treatment is partially
STAT1-dependent. We have previously reported increased
HA-associated heavy chain I�I deposition in intestinal tis-
sues of IBD patients and have shown in vitro that I�I com-
ponents are necessary for leukocyte attachment to the HA
matrix.24 Therefore, we assayed the deposition of heavy
chain I�I in the colon tissue of wild-type and STAT1-null
animals during the development of colitis. The results dem-
onstrate that heavy chain I�I staining of distal colon sections
is also greatly reduced in STAT1-null mice compared to
wild-type mice (Figure 5b).

Phosphorylated STAT1 Is Expressed in Inflamed
Human Colon

Because STAT1 is tyrosine phosphorylated at the 701
amino acid residue (Figure 2), we investigated whether
activated STAT1 is present in inflamed human tissue. To do
this, we used inflamed and noninflamed portions from hu-
man colon tissues and prepared whole cell extracts for
detection of tyrosine-phosphorylated STAT1 by immunoblot
using phospho-tyrosine-specific STAT1 antibody. Figure 6a
shows that the phosphorylated STAT1 band is prominent in

inflamed tissue extracts, but only a faint band is observed in
extracts from a noninflamed area from the same sample.
The total STAT1 level was comparable in both inflamed and
noninflamed samples (Figure 6a). To investigate whether
phosphorylated STAT1 is present in smooth muscle cells in
situ, we made extracts from laser-microdissected muscle
cells derived from inflamed and noninflamed regions from
the same colon sample used in Figure 6a. Figure 6b shows
that the tyrosine-phosphorylated STAT1 band is present
only in the SMCs from inflamed sections; the phosphory-
lated STAT1 band is undetectable in SMCs from nonin-
flamed microdissected sections. These results demonstrate
that 701-tyrosine-phosphorylated STAT1 is present in in-
flamed human colon tissue, specifically in muscle cells.
Figure 6c demonstrates an example of microdissected cells
obtained from the muscularis mucosa shown by asterisks.

Discussion

Emerging evidence suggests that STATs can mediate
cellular stress in response to various stimuli.38 We have
previously shown that viral stress of human SMCs in vitro,
induced either by viruses or by a viral intermediate (poly
I:C), results in the production of unique cable-like HA
structures that facilitate leukocyte binding in cultured
cells. Similar HA structures are present in vivo in the
intestine of IBD patients.19

Our previous study suggested that STAT1 is the most
important component of the Jak-STAT pathway for the
induction of IFN-stimulated gene by poly I:C.33 In this
report we demonstrated that cellular stress induced by
poly I:C in human primary M-SMCs activates STAT1.
Because the presence of soluble factors in poly I:C-
treated culture medium is unable to activate STAT1, this
STAT1 activation is most likely attributable to direct ef-
fects of poly I:C, although we could not rule out the
possibility of the contribution of other factors indepen-
dently or in combination with poly I:C to activate STAT1.
The phosphorylations of 701-tyrosine and 727-serine
STAT1 residues are necessary for maximum transcrip-
tional activation of STAT1-dependent genes.10,11,39 We
provide evidence that both critical residues of STAT1 are
phosphorylated on poly I:C treatment.

We identified a role for activated STAT1 in poly I:C-
induced leukocyte adhesion by showing abrogation of
adhesion in cells treated with inhibitors of the Jak-STAT
pathway. In contrast, M-SMCs treated with IFN-�/�,

Figure 6. Tyrosine phosphorylation of STAT1 in
inflamed whole tissue extracts and specifically
in muscularis mucosa. Western blot analyses
using equal amounts of protein from whole cell
extracts (50 �g) (a) and equal volume of laser-
dissected muscularis mucosa extracts (b) from
both noninflamed and inflamed area from same
patient sample are shown with 701-phospho-
specific tyrosine antibody. c: Microscopic pic-
ture demonstrated by asterisks that the micro-
dissected cells derived from the muscularis
mucosa.
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IFN-�, or tumor necrosis factor-� alone, or in combina-
tion, did not attach more leukocytes compared to un-
treated cells in a HA-dependent manner (data not
shown). STAT1-null cells exhibit greatly attenuated leu-
kocyte adhesiveness after poly I:C stimulation of intesti-
nal SMCs compared with wild-type cells. This provides
further compelling evidence that STAT1 has an important
role in this unique HA-mediated cell-cell interaction.

The in vitro role of STAT1 in the production of adhesive
HA by mouse colonic SMCs led us to determine whether the
absence of the STAT1 gene could impact the severity of
disease in the DSS-induced mouse colitis model. The spe-
cific mechanism through which DSS induces colitis is not
fully characterized, but it is thought that DSS damages the
intestinal epithelial layers thereby allowing microbes to in-
duce inflammation starting in the distal colon where patho-
logical changes are first seen. Evidence indicates that IFN-�
knockout mice are as sensitive to DSS-induced inflamma-
tion as the wild-type mice. Therefore, the presence or ab-
sence of IFN-� has no significant effects in chemically in-
duced colitis in mice.40–42 Additionally, lack of the IFN
regulatory factor (IRF)-1 gene in mice increases suscepti-
bility to DSS-induced inflammation, although these mice
after DSS exposure produce significantly less or no IFN-� in
colon cultures.43 We compared STAT1-null and wild-type
mice treated orally with DSS to induce colitis. Our results
demonstrated that STAT1-null mice are less sensitive to
DSS-induced colitis. We conclude that STAT1 exacerbates
DSS-induced inflammation in wild-type mice. Therefore, we
speculate that the relatively protective state of STAT1-null
mice against DSS-induced colitis as compared to wild-type
mice is likely not attributable to IFN-� because other reports
demonstrated that IFN-� knockout mice or administration of
the neutralizing anti-IFN-� antibody in wild-type mice, or
IFN-� receptor-null mice, are equally susceptible in mouse
colitis models.40–43 A contradictory report appeared re-
cently however, that indicates IFN-�-null mice are less sus-
ceptible to DSS-induced colitis.44

We showed greater deposition of HA in DSS-treated
wild-type mouse colon. This result is consistent with our in
vitro studies in which we observed increased HA depo-
sition with a unique cable-like structure that binds more
leukocytes.19 We also reported that I�I is critical to the
formation of leukocyte adhesiveness in vitro, and associ-
ated with HA in IBD patients.24 In the DSS-treated STAT1-
null mouse, we observed diminished I�I in the tissue
compared to wild-type tissue. Reduced I�I deposition, in
addition to reduced HA could be a reason why fewer
leukocytes are recruited into the intestine of the STAT1-
null mice during colitis.

Recent reports have indicated a link in STAT1 activa-
tion with IBD,25–28 and in this study, we have confirmed
tyrosine phosphorylation of STAT1 in human IBD tissues.
In addition, human muscularis mucosae samples ob-
tained by microdissection also demonstrated tyrosine
phosphorylation of STAT1 in inflamed section. This study
suggests that STAT1 exacerbates DSS-induced inflam-
mation in mice and that STAT1 phosphorylation is asso-
ciated with the inflammation in human IBD.
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