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Despite evidence that mucin overproduction is criti-
cal in the pathogenesis of gallstones, the mechanisms
triggering mucin production in gallstone disease are
unknown. Here, we tested the potential implication
of an inflammation-dependent epidermal growth fac-
tor receptor (EGF-R) pathway in the regulation of
gallbladder mucin synthesis. In gallbladder tissue sec-
tions from subjects with cholesterol gallstones, mu-
cus accumulation was associated with neutrophil in-
filtration and with increased expressions of EGF-R
and of tumor necrosis factor-a (INF-«). In primary
cultures of human gallbladder epithelial cells, TNF-«
induced EGF-R overexpression. In the presence of
TNF-a, EGF-R ligands (either EGF or transforming
growth factor-a) caused significant increases in
MUC5AC mRNA and protein production, whereas ex-
pression of the other gallbladder mucins MUCI1,
MUC3, and MUC5B was unchanged. In addition, on

gallbladder tissue sections from subjects with gall-
stones, increased MUC5AC immunoreactivity was de-
tected in the epithelium and within mucus gel in the
lumen. Studies in primary cultures demonstrated that
MUC5AC up-regulation induced by the combination of
TNF-a with EGF-R ligands was completely blunted by
inhibitors of EGF-R tyrosine kinase and mitogen-acti-
vated protein/extracellular signal-related kinase ki-
nase. In conclusion, an inflammation-dependent
EGF-R cascade causes overproduction of the gel-form-
ing mucin MUC5AC, which accumulates in choles-
terol gallstone disease. The ability to interrupt this
cascade is of potential interest in the prevention of
cholesterol gallstones. (AmJ Pathol 2006, 169:2031-2041;
DOI: 10.2353/ajpath.2006.060146)

Gallstone disease is very common and has a major eco-
nomic impact in developed countries.’? The vast major-
ity of gallstones are of cholesterol or cholesterol-pre-
dominant type. Previous observations suggest that gall-
bladder mucins are overproduced and act as pronucle-
ating factors in gallstone disease. Mucins are found
within the insoluble matrix of gallstones.® In supersatu-
rated model bile, they accelerate the nucleation of cho-
lesterol monohydrate crystals.*® In animals fed a litho-
genic diet, an increase in the synthesis and secretion of
gallbladder mucins occurs before crystal formation, and,
subsequently, crystals grow predominantly within a mu-
cin gel that accumulates on the gallbladder wall.®~° Like-
wise, in humans (eg, in morbidly obese subjects) who
develop gallstones during rapid weight loss, the concen-
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tration of mucins in gallbladder bile increases before the
appearance of crystals.'®'2

Mucins comprise membrane-bound mucins that are pri-
marily located at the cell surface and gel-forming mucins
that are secreted and responsible for the rheologic prop-
erties of mucus.'® The gel-forming mucins have the
ability to oligomerize'* and to form a mucus gel and
thus are susceptible to promote gallstone formation.
The possibility that this type of mucin contributes to
cholelithiasis is further supported by the fact that over-
expression of two gel-forming mucins, MUC5AC and,
to a much lesser extent, MUC2, has been detected in
stone-containing intrahepatic bile ducts of subjects
with hepatolithiasis.'®'®

The mechanisms leading to mucin overproduction in
gallstone disease are unknown. However, there is evi-
dence to indicate that inflammatory mechanisms might
be involved. Thus, in animal models of cholelithiasis,
mucin overproduction coincides with early inflammatory
changes of the gallbladder mucosa,'”'® and anti-inflam-
matory drugs have been shown to prevent mucin gel
accumulation in the gallbladder of these animals.”
Among pro-inflammatory cytokines, tumor necrosis fac-
tor-a (TNF-a) has been reported to affect gene expres-
sion of MUC5AC and of MUC2 in murine intrahepatic
biliary epithelial cells.’ In airway epithelial cells, TNF-a
acts on MUCS5AC production by a mechanism implicating
the epidermal growth factor receptor (EGF-R) signaling
pathway.?°2"

In the present study, we investigated potential links
between gallbladder mucin overproduction, inflamma-
tion, and the EGF-R signaling pathway in gallstone dis-
ease. First, we examined mucin contents, the presence of
inflammatory cell (neutrophil) infiltrate, and the expres-
sions of EGF-R and the pro-inflammatory cytokine TNF-«
in gallbladder tissue specimens from subjects with cho-
lesterol gallstones. Then, in primary cultures of human
gallbladder epithelial cells, we analyzed the influence of
the EGF-R pathway on gene expression and production
of gallbladder mucins.

Materials and Methods

Reagents

Dulbecco’s modified Eagle’'s medium/Ham’s F12 and
Moloney murine leukemia virus reverse transcriptase
were purchased from Life Technologies (Cergy Pontoise,
France). Ultroser G was from Biosepra (Villeneuve-la-
Garenne, France), and human type IV collagen was from
Tebu (Le Perray-en-Yvelines, France). Protease type XIV
from Streptomyces griseus, recombinant human EGF, and
recombinant human transforming growth factor-«
(TGF-a) were provided by Sigma (Saint-Quentin Fallavier,
France). Ribonuclease inhibitor RNazine was obtained
from Promega (Charbonnieres, France), and TagDNA
polymerase was from Perkin-Elmer (Les Ulis, France).
Recombinant human TNF-a was purchased from Inter-
chim (Montlugon, France). Tyrphostin AG 1478 and PD
98059 were purchased from Calbiochem (La Jolla, CA).

Tissue Specimens

Gallbladder tissue specimens excluding acute cholecys-
titis were obtained from 10 subjects with cholesterol gall-
stone disease undergoing elective cholecystectomy.
These specimens displayed no or mild chronic cholecys-
titis at histological examination. Specimens used as con-
trols and for primary cultures of gallbladder epithelial
cells were obtained from subjects without gallstones who
underwent cholecystectomy during liver surgery. Sub-
jects were recruited using informed consent for a proto-
col approved by the Committee for Human Research at
the University of California, San Francisco.

(Immuno)histochemical Analyses

Immediately after surgical ablation, samples were fixed in
10% formalin, embedded in paraffin, and cut into 5-um
sections. Tissue sections were deparaffinized, rehy-
drated, and treated with 0.3% H,O, in methyl alcohol. For
immunohistochemistry, phosphate-buffered saline (PBS)
containing 0.05% Tween 20 and 1% bovine serum albu-
min was used as a diluent for monoclonal antibodies. We
used monoclonal antibodies raised against MUC2 (clone
M53, 1:100; Neomarkers, Fremont, CA), MUC5AC (clone
45M1, 1:500; Neomarkers), EGF-R (Ab-5, 1:100; Calbio-
chem), human neutrophil elastase (NP57, 1:100; DAKO
Corp., Carpinteria, CA), and a polyclonal antibody raised
against TNF-a (1:1000; Genzyme, Cambridge, MA). Tis-
sue sections were incubated with 2% bovine serum al-
bumin at room temperature for 1 hour and then incubated
with primary antibodies at room temperature for 2 hours.
After washing with PBS, sections were incubated with a
biotinylated horse anti-mouse antibody (1:200; Vector
Laboratories, Burlingame, CA) at room temperature for 1
hour. Bound antibody was visualized according to stan-
dard protocols for avidin-biotin-peroxidase complex
method (Elite ABC kit; Vector Laboratories), and tissue
sections were counterstained with hematoxylin. Alcian
Blue/Periodic Acid Schiff (AB/PAS) staining was per-
formed for the detection of mucous glycoconjugates, as
previously described.??

Morphometric analyses of AB/PAS-stained and
MUCS5AC-immunoreactive areas in the gallbladder epi-
thelium and lumen were performed using a semiauto-
matic imaging system that includes a microscope, a
video camera, and a computer. We measured the values
of AB/PAS- and MUC5AC-labeled areas and of corre-
sponding total epithelial and luminal areas, from two ran-
domly selected gallbladder sections in each subject. In
each section, we first recorded 10 power-field images of
epithelium and luminal spaces (between deep folds) at
magnification X400. Next, we measured epithelial and
luminal areas on a computer screen using a grid com-
posed of points: intersections of points with epithelium or
lumen were counted by a single observer (unaware of the
study group on two separate occasions in a coded ran-
dom order) and were converted to areas (each point
corresponding to a known area). Areas of epithelium or
lumen occupied by AB/PAS and MUCS5AC labeling were



also measured by point counting using a grid. Results
obtained in two sections were averaged and expressed
as a percentage of total area.

Quantification of neutrophils in gallbladder tissue sec-
tions was performed by counting the number of human
neutrophil elastase (HNE)-labeled cells in the subepithe-
lium, ie, in the area immediately beneath the basement
membrane. Ten high-power-field images (magnification,
X400) were selected randomly, and positively labeled
cells were counted. Results are expressed as the number
of cells per square millimeter in the subepithelial area. In
these morphometric analyses, the within observer coeffi-
cient of variation for repeated counts of labeled cells or
areas was <5%.

Cell Isolation and Cultures

Human gallbladder epithelial cells were isolated by incu-
bation with 0.075% (w/v) protease type XIV at 4°C for 12
hours, as previously described.?® Isolated gallbladder
epithelial cells were suspended in Dulbecco’s modified
Eagle’s medium/Ham’s F12 containing 1 mmol/L Ca®",
supplemented with 5.35 g/L bp-glucose, 14 mmol/L
NaHCO,, 2% Ultroser G, and 200,000 IU of 200 mg/L
penicillin G-streptomycin (pH 7.4) and plated in culture
dishes coated with human type IV collagen. The cells
were incubated with 95% air and 5% CO, at 37°C. All
experiments were performed at days 6 to 7 of primary
culture when the gallbladder epithelial cells form a con-
fluent monolayer and retain the ability to produce mu-
cins.?? In cells pre-incubated in Ultroser G-free medium
for 48 hours, EGF or TGF-«a (both at 50 ng/ml) and TNF-«
(20 or 40 ng/ml) were added alone or in combination and
were maintained for 24 hours. In inhibition studies, cells
were pretreated for 30 minutes with the selective EGF-R
tyrosine kinase inhibitor AG 1478 (10 umol/L) or with the
mitogen-activating protein/extracellular signal-related ki-
nase kinase (MEK) inhibitor PD 98059 (30 wmol/L).

Reverse Transcription and Real-Time
Polymerase Chain Reaction

Total RNA was extracted from cultured cells, by RNA plus
lysis solution (Quantum, Montreuil-sous-Bois, France),
according to the method of Chomczynski and Sacchi.?*
cDNA was synthesized using random hexamers and
Moloney murine leukemia virus reverse transcriptase. Re-
al-time polymerase chain reaction (PCR) was performed
with the TagMan system (Applied Biosystems, Foster
City, CA). PCR was performed using the SYBR Green
Master Mix (Applied Biosystems). The primers were de-
signed according to published human cDNA sequences
in GenBank database using the Primer Express software
v1.5 (PE Applied Biosystems): EGF-R (GenBank acces-
sion no. BC094761) forward, 5'-TGACCGTTTGGGAGT-
TGATGA-3’, and reverse, 5'-TCGATGGTACATATGGGT-
GGC-3'; MUC1 (GenBank accession no. NM_182741)
forward, 5'-CTGCTGGTGCTGGTCTGTGT-3’, and re-
verse, 5'-ATGTCCAGCTGCCCGTAGTT-3’; MUC2 (Gen-
Bank accession no. L21998) forward, 5'-GCCCTGGCT-
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TCGAACTCAT-3', and reverse, 5’-TCTTCGGGTCGCTC-
TTGAA-3'; MUC3 (GenBank accession no. AF143371)
forward, 5’-CCACGGGCTATGAAGAGTTCTACT-3’, and
reverse, 5'-GTGACAGTCGATG GCGTTGT-3’; MUC5AC
(GenBank accession no. AJ298317) forward, 5'-TC-
AGCC CCGAGTTCAAGG-3’, and reverse, 5'-TTCCCAA-
ACTCCAGCACGTC-3’; and MUC5B (GenBank acces-
sion no. U78551) forward, 5'-AGTCCATTTGCTGACCC-
CAC-3’, and reverse, 5'-GGATGGTCGTGTTGATGCG-
3’. 185 rRNA TagMan assay reagent was used for
internal control. One-step reverse transcriptase-PCR (RT-
PCR) was performed for both target gene and endoge-
nous controls. Duplicate C; values were analyzed in Mi-
crosoft Excel using the comparative C; (AAC;) method
as described by the manufacturer (Applied Biosystems).
The amount of target (2-22°T) was obtained as normal-
ized to 18S rRNA.

EGF-R Immunoblotting

Freshly isolated and cultured cells were lysed on ice in
PBS lysis buffer containing 25 mmol/L Tris-HCI, 300
mmol/L NaCl, 1 mmol/L CaCl,, 1% Triton X-100 (pH 7.4),
and protease inhibitors (Complete Mini; Roche Diagnos-
tics, Indianapolis, IN). Lysates were precleared by cen-
trifugation at 14,000 rpm for 20 minutes at 4°C. Protein
concentration was determined by the bicinchoninic acid-
based BCA Protein Assay kit (Pierce, Rockford, IL). Pro-
teins (50 wg) were subjected to 7.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene difluoride membrane (Bio-Rad
Laboratories, Hercules, CA). Immunoblotting was per-
formed using a polyclonal anti-EGF-R carboxy-terminal
peptide antibody (1:500; Cell Signaling Technology Inc.,
Beverly, MA), as described previously.?® Immunoreactiv-
ity was examined by enhanced chemiluminescence us-
ing an ECL kit (Amersham, Les Ulis, France). The de-
tected bands were quantified with the NIH Image
software (National Institutes of Health, Bethesda, MD).

MUCSAC Immunoassay

Newly produced mucins are released from cultured gall-
bladder epithelial cells constitutively,?® so that the total
production of mucins consists of both mucins in cell
lysates and mucins secreted into the cell culture super-
natants. Therefore, in the present studies, the total pro-
duction of MUC5AC protein was calculated as the sum of
MUCS5AC in cell lysates and in cell culture supernatants.
After 24 hours of incubation of gallbladder epithelial cells
in various conditions, MUC5AC protein in cell lysate and
cell culture supernatant was measured by enzyme-linked
immunosorbent assay (ELISA), as described previous-
ly.2® Cells were collected in lysis buffer (1% Triton X-100,
1% deoxycholic acid, and proteinase inhibitors). Fifty
microliters of cell lysate or cell culture supernatant was
incubated with bicarbonate-carbonate buffer (50 ul) at
40°C in a 96-well plate (Nalge Nunc International, Roch-
ester, NY) until dry. Plates were washed with PBS and
blocked with 2% bovine serum albumin, fraction V
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(Sigma) for 1 hour at room temperature. Plates were
again washed with PBS and then incubated with 100 ul of
MUCS5AC monoclonal antibody (clone 45M1, 1:500; Neo-
Markers) in PBS containing 0.05% Tween 20. After 1
hour, the plates were washed, and 100 wl of horseradish
peroxidase-conjugated goat anti-mouse IgG conjugate
(1:10,000; Sigma) was dispensed into each well. After 1
hour, plates were washed with PBS. Color reaction was
developed with 3,3',5,5'-tetramethylbenzidine peroxi-
dase solution (Sigma) and stopped with 1 mol/L H,SO,,.
Absorbance was read at 450 nm. The amount of
MUCS5AC was calculated with bovine submaxillary gland
mucin (type |; Sigma) as a standard.

Statistical Analyses

All statistical analyses were performed with the StatView
5.01 software (SAS Institute, Inc., Cary, NC). The paired
Wilcoxon signed rank test was used to analyze differ-
ences between groups. Pearson’s linear regression anal-
ysis and one-way analysis of variance were used to de-
termine correlations between variables. Differences of
P < 0.05 were considered statistically significant.

Results

Gallbladder Mucin Accumulation in Gallstone
Disease

Mucous glycoconjugates were detected by AB/PAS
staining on gallbladder tissue sections from both controls
and subjects with cholesterol gallstone disease. Morpho-
metric analyses of AB/PAS-stained areas on tissue sec-
tions showed that although variable among samples, mu-
cous glycoconjugate contents were significantly higher in
subjects with gallstones than in controls, both in the
gallbladder epithelium (Figure 1A, left) and in the lumen,
within spaces delimited by epithelial deep folds (Figure
1A, right) (P < 0.05). In subjects with gallstones, some of
the luminal spaces between epithelial deep folds were
completely filled with mucus, a feature that was not ob-
served in controls (Figure 1B, top).

Because an altered expression of the gel-forming mu-
cins MUC5AC and, to a lesser extent, MUC2 has been
reported previously in the setting of intrahepatic lithia-
sis,'®% we next performed immunohistochemical analy-
ses of MUC5AC and MUC2 on gallbladder tissue sec-
tions to determine whether these mucins contributed to
mucus accumulation in gallstone disease. In subjects
with gallstones, MUC5AC immunoreactivity was more in-
tense than in controls (Figure 1B, bottom), and its distri-
bution coincided with that of AB/PAS staining both in the
gallbladder epithelium and in the lumen (Figure 1B,
right). No gastric or intestinal metaplasia that could ac-
count for MUC5AC overexpression was found at histo-
logical examination. MUC2 immunoreactivity was unde-
tectable in the lumen and in the vast majority of
gallbladder epithelial cells with the exception of a weak
signal in very sparse cells, both in controls and in sub-
jects with gallstones (data not shown).

From these findings, we concluded that in human gall-
stone disease, mucus accumulates both in the gallblad-
der epithelium and on the luminal surface of the epithe-
lium and that MUC5AC makes a significant contribution
to this mucus accumulation.

Subepithelial Neutrophil Infiltration in Gallstone
Disease

In animal models of lithogenesis, increased mucus content
is associated with inflammatory changes including leuko-
cyte infiltration of the gallbladder mucosa.'” ' In the airway
epithelium, neutrophils contribute to the induction of mucin
production.?®2%2” Here, we examined human gallbladder
tissue specimens for the presence of neutrophils using HNE
immunolabeling. Figure 2A shows HNE-labeled neutrophils
in the subepithelium of a mucus-containing deep fold in a
subject with gallstones, compared with a control subject.
Morphometric analyses demonstrated that in subjects with
gallstones, the number of neutrophils in the subepithelium
was significantly increased compared with controls (P <
0.05) (Figure 2B). In addition, the number of neutrophils in
the subepithelium was correlated with mucus content in the
epithelium, as assessed by the proportion of AB/PAS-
stained areas (r = 0.714, P < 0.05) (Figure 2C). In subjects
with gallstones, there was also a correlation between the
number of neutrophils in the subepithelium and MUC5AC
content in the epithelium as assessed by the proportion of
MUCS5AC immunoreactive areas (r = 0.717, P < 0.05).
These results provide evidence for a relationship between
inflammation, mucus accumulation, and MUC5AC overpro-
duction in the gallbladder.

Increased Expression of EGF-R and TNF-« in
Gallstone Disease

Because EGF-R regulates the synthesis of mucous gly-
coconjugates in other epithelia,?"?®2° we examined
EGF-R expression in gallbladder specimens. Freshly iso-
lated gallbladder epithelial cells were harvested from
controls and from subjects with gallstones and were an-
alyzed for EGF-R protein expression by Western blot.
These analyses showed an overexpression of EGF-R in
the gallbladder epithelial cells obtained from individuals
with gallstones compared with controls (Figure 3A). Im-
munohistochemical analyses showed that EGF-R immu-
nolabeling was faint in the gallbladder epithelium of con-
trol subjects (Figure 3B, left). By contrast, in subjects with
gallstones, the majority of gallbladder epithelial cells dis-
played intense EGF-R immunoreactivity, which was de-
tected predominantly in the apical region of the epithelium
but also in the basal domain of the cells (Figure 3B, right).

Tissue specimens from subjects with gallstones also
showed increased expression of the pro-inflammatory
cytokine TNF-«, which was previously shown to stimulate
EGF-R expression in other epithelia.?*2° In these sub-
jects, TNF-«a was detected both in the gallbladder epithe-
lium and in inflammatory cells within the subepithelium
(Figure 3C).
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Figure 1. Mucus content and MUC5AC expression in gallstone disease. A: Mucous glycoconjugate content was assessed by AB/PAS-stained areas in the epithelium
(left) and in the luminal spaces delineated by epithelial deep folds (right) on gallbladder tissue sections from controls (2 = 5, open circles) and from subjects
with gallstones (72 = 10, solid circles). AB/PAS-stained areas were measured by point counting and expressed as a percentage of total epithelial or luminal areas.
Horizontal bars represent median values; *P < 0.05. B: Photomicrographs of AB/PAS-stained mucous glycoconjugates (top) and of MUC5SAC immunoreactivity
(bottom) in gallbladder tissue sections from a control (left) and from a subject with gallstones (right), with an example of deep fold luminal space filled with

mucins. Bar = 50 wm; original magnification, X100.

Up-Regulation of EGF-R Expression by TNF-a
in Human Gallbladder Epithelial Cells

To dissect further the mechanisms underlying EGF-R
overexpression and mucin production in the gallbladder,

we investigated gallbladder epithelial cells in vitro. First,
using primary cultures of human gallbladder epithelial
cells, we tested the possibility that EGF-R expression is
up-regulated by TNF-a in these cells. Incubation of gall-
bladder epithelial cells with TNF-a caused a dose-depen-
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Figure 2. Neutrophil infiltration of the gallbladder subepithelium in gallstone disease. A: Photomicrographs of gallbladder tissue sections labeled for HNE showing
no labeling in a control specimen (left) and neutrophil infiltration in the subepithelium of a gallbladder with gallstones (right). Bar = 50 um; original
magnification, X200. B: HNE-labeled cells were counted in the subepithelium of gallbladder specimens from controls (72 = 5, open circles) and from individuals
with gallstones (2 = 10, solid circles). Horizontal bars represent median values; *P < 0.05. C: Correlation between the number of HNE-labeled cells in the
subepithelium and AB/PAS-stained areas in the epithelium of gallbladders from controls (open circles) and from individuals with gallstones (solid circles); r =

0.714; P < 0.05.

dent increase in EGF-R protein, as ascertained by West-
ern blot analysis (Figure 4A). We also found that TNF-«
caused a significant increase in EGF-R transcripts in
gallbladder epithelial cells (Figure 4B), consistent with a
stimulation of gene transcription.

Effect of EGF-R Cascade Activation on Mucin
Production in Gallbladder Epithelial Cells
To examine the role of EGF-R pathway on mucin produc-

tion, we first analyzed the effect of EGF-R cascade acti-
vation on the gene expression of the major gallbladder

mucins, including membrane-bound (MUC1 and MUC3)
and gel-forming mucins (MUC5AC and MUC5B).3'35
After treatment of gallbladder epithelial cells with EGF-R
ligands (either TGF-a or EGF) and/or with TNF-«, which
was used to up-regulate EGF-R expression, gene expres-
sion was assessed by real-time RT-PCR analysis. EGF-R
ligands either alone or in combination with TNF-« in-
duced no significant change in MUC1, MUCS3, or MUC5B
mMRNA levels (Figure 5A). In cells exposed to TNF-«, EGF,
or TGF-a alone, the levels of MUCS5AC mRNA trended
upward but were not significantly different from controls
(Figure 5A). In contrast, when EGF-R ligands (EGF or
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Figure 3. EGF-R and TNF-a expression in gallstone disease. A: Representa-
tive Western blot of EGF-R and B-actin in freshly isolated gallbladder epi-
thelial cells from a control subject and from a subject with gallstones. In
quantitative analysis, results are expressed as the ratio of EGF-R to B-actin
signals. They represent the mean = SEM of three preparations; *P < 0.05
versus control. B: Representative photomicrographs at low (top) and high
(bottom) magnifications of EGF-R immunolabeling in gallbladder tissue sec-
tions from controls and subjects with gallstones. In the control specimen
(left), EGF-R immunoreactivity is weak in the epithelium; in the specimen
with gallstones (right), EGF-R immunoreactivity is intense and located pre-
dominantly in the apical region of epithelial cells but also in their basal region
(bottom right). Bar = 50 wm; original magnification: top panels, X100;
bottom panels, X400. C: Photomicrographs of gallbladder tissue sections
labeled for TNF-a showing no labeling in a control specimen (left), whereas
in a gallbladder with gallstones, TNF-a immunoreactivity is detected within
both the epithelium and inflammatory cells in the subepithelium (right,
arrowheads). Bar = 50 um; original magnification, X200.

TGF-a) were added in combination with TNF-a, MUC5AC
mRNA levels increased further, and the difference with
controls was significantly different (Figure 5A). Consistent
with our immunohistochemical data, MUC2 expression,
which was previously shown to be regulated by an EGF-R
pathway in airway epithelial cells,?" was not found at the
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Figure 4. Effect of TNF-a on EGF-R expression in gallbladder epithelial cells.
Primary cultures of human gallbladder epithelial cells were incubated with or
without TNF-a (20 or 40 ng/ml) for 24 hours and were then submitted to
Western blot or real-time RT-PCR analyses. A: Western blot analysis of EGF-R
examining the effect of TNF-a concentration on EGF-R expression. A repre-
sentative Western blot of EGF-R and B-actin is shown. In quantitative anal-
ysis, results are expressed as the ratio of EGF-R/B-actin signals and relative to
untreated cells. They represent the mean * SEM of three preparations; *P <
0.05 versus untreated cells. B: Real-time RT-PCR analysis of EGF-R gene
expression in response to stimulation with TNF-a (40 ng/ml). Results are
expressed as mRNA levels normalized to 18S rRNA and relative to untreated
cells. They represent the mean = SEM of four experiments performed in
duplicate; *P < 0.05 versus untreated cells.

mRNA level in gallbladder epithelial cells (data not
shown).

To determine whether MUC5AC gene up-regulation
thus identified was associated with increased mucin syn-
thesis, we performed analyses of MUC5AC protein total
production using combined measurements in cell lysates
and supernatants. These analyses showed that the com-
bination of TNF-a with EGF-R ligands also increased
significantly MUC5AC protein production (Figure 5B).
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Figure 5. Effects of TNF-a and EGF-R ligands on mucin synthesis in gall-
bladder epithelial cells. Primary cultures of human gallbladder epithelial cells
were incubated with or without TNF-a (40 ng/ml), EGF (50 ng/ml), or TGF-a
(50 ng/mlD) for 24 hours and were then submitted to real-time RT-PCR or
ELISA. A: Real-time RT-PCR analyses of gallbladder mucin genes (MUC1,
MUC3, MUC5AC, and MUC5B) expressions. Results are expressed as mRNA
levels normalized to 18S rRNA and relative to untreated cells. They represent
the mean *= SEM of five experiments performed in duplicate; *P < 0.05
versus untreated cells. B: The analysis of MUCSAC protein production.
MUCSAC was measured by ELISA in cell lysates and culture supernatants.
The total production of MUC5SAC was determined by the sum of MUC5AC in
cell lysates and culture supernatants. Results are expressed as a percentage
over basal. They represent the mean * SEM of four experiments performed
in duplicate; *P < 0.05 versus untreated cells.

To ascertain the implication of EGF-R signaling path-
way in the stimulation of MUC5AC synthesis by the com-
bination of TNF-a with EGF-R ligands, we pre-incubated

the cells with AG 1478, a selective inhibitor of EGF-R
tyrosine kinase, or with PD 98059, an inhibitor of MEK.
Both treatments completely blocked the stimulation of
MUCS5AC synthesis at mRNA (Figure 6A) and protein
levels (Figure 6B). These treatments also decreased
basal MUC5AC mRNA and protein levels significantly,
indicating that EGF-R and MEK activation are required for
the maintenance of baseline MUC5AC synthesis in gall-
bladder epithelial cells. Altogether, these data indicate
that the EGF-R cascade is a key pathway in gallbladder
MUCS5AC production.

Discussion

Gallbladder mucin is regarded as a critical contributing
factor in the pathogenesis of gallstone disease. Although
previous studies, including those from our group, have
identified regulatory pathways of mucin secretion in the
gallbladder,?236-28 the regulation of gallbladder mucin
synthesis has been rarely investigated. Here, we demon-
strate the pivotal role of an inflammation-dependent
EGF-R pathway in the regulation of mucin synthesis in the
setting of gallstone disease. First, we found that mucin
accumulation is associated with inflammation and with
increased EGF-R expression in the gallbladder from in-
dividuals with gallstones. Then, we demonstrated by in
vitro studies that the pro-inflammatory cytokine TNF-«
induces EGF-R expression and that activation of the
EGF-R cascade increases the synthesis of a major gel-
forming mucin, MUC5AC. Finally, we showed that inhib-
itors of the EGF-R signaling pathway completely block
this overproduction.

Consistent with previous observations in animal mod-
els of gallstone disease®®3° and in obese subjects de-
veloping cholesterol crystals or gallstones during weight
reduction, "2 we observed an accumulation of mucins
on the luminal surface of the gallbladder epithelium,
along with mucin accumulation within the epithelium, in
subjects with gallstones. This mucin accumulation was
correlated with infiltration of the subepithelium by neutro-
phils. Inflammation and neutrophil infiltration of the gall-
bladder were previously shown to occur early in gallstone
disease in response to cholesterol supersaturation of
bile'”'® and have been attributed to a pro-inflammatory
effect of absorbed sterols from saturated bile.*® How-
ever, the present study was not designed to determine
the sequence of biliary events in vivo, and we cannot
exclude other mechanisms of inflammation, including the
possibility that cholesterol gallstones themselves, once
they are formed, act as foreign bodies and stimulate the
recruitment of neutrophils and the overproduction of mu-
cins.*" Neutrophils can influence the EGF-R pathway and
mucin production through several mechanisms. They can
release elastase and reactive oxygen species, causing
ligand-dependent EGF-R activation and mucin overpro-
duction.?®2% Together with the biliary epithelial cells
themselves,*?*3 they may also contribute to the produc-
tion of TNF-a,** causing EGF-R overexpression. Implica-
tion of a TNF-a-dependent EGF-R pathway in the accu-
mulation of mucins in gallstone disease was herein
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Figure 6. Effect of inhibitors of the EGF-R signaling pathway on MUCSAC
synthesis in gallbladder epithelial cells. Primary cultures of human gallblad-
der epithelial cells were pretreated with a selective EGF-R tyrosine kinase
inhibitor (AG 1478, 10 wmol/L) for 30 minutes or with a MEK inhibitor (PD
98059, 30 wmol/L) for 1 hour and then incubated with the combination of
TNF-a (40 ng/ml) with either TGF-a or EGF (both at 50 ng/ml) for 24 hours.
Cultures were then submitted to real-time RT-PCR or ELISA. A: Real-time
RT-PCR analysis of MUC5SAC gene expression. Results are expressed as
mRNA levels normalized to 18S rRNA and relative to untreated cells. They
represent the mean = SEM of five experiments performed in duplicate; *P <
0.05 versus untreated cells; **P < 0.05 versus the combination of TNF-a with
either TGF-a or EGF without inhibitor. B: The analysis of MUC5AC protein
production. MUC5AC was measured by ELISA in cell lysates and culture
supernatants. The total production of MUC5AC was determined by the sum
of MUC5AC in cell lysates and culture supernatants. Results are expressed as
a percentage over basal. They represent the mean = SEM of four experiments
performed in duplicate. *P < 0.05 versus untreated cells; **P < 0.05 versus
the combination of TNF-a with either TGF-a or EGF without inhibitor.

suggested by the fact that EGF-R together with TNF-«
was overexpressed in subjects with gallstones. In a pre-
vious study, Lee et al*® described EGF-R immunoreac-
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tivity in chronic cholecystitis as weak to moderate, but
this was in reference to a higher expression in gallblad-
der carcinoma, and the conditions of detection in this
study compared with ours were likely less sensitive (eg,
primary antibody used at a dilution of 1:1500 instead of
1:100). The fact that EGF-R immunoreactivity was de-
tected in the apical domain of epithelial cells was also
previously reported in the gastrointestinal tract*®#” and in
the airways,*® other sites of mucin production. In the
gallbladder epithelium, this finding was consistent with
activation of the EGF-R pathway by luminal factors (ie,
EGF and TGF-« that are present in bile).*”*? Altogether,
the data obtained by the analysis of human gallbladder
tissue led us to investigate the regulation of mucin syn-
thesis by a TNF-a-dependent EGF-R pathway in primary
cultures of human gallbladder epithelial cells.

In the human gallbladder epithelium, the membrane-
bound mucins MUC1 and MUCS3 and the gel-forming
mucins MUC5AC and MUC5B have been identified as
the predominant types of mucins.®'3° In primary cultures
of human gallbladder epithelial cells, the combination of
TNF-a with EGF-R ligands significantly increased
MUCS5AC expression, whereas expressions of MUCT,
MUCS, and MUC5B were unchanged. The effect of
TNF-a alone on mucin production is an issue of conflict-
ing results. It has been reported on the basis of Northern
blot analysis that TNF-a increased MUCS5AC expression
in murine intrahepatic biliary epithelial cells."® Con-
versely, TNF-a was shown to have little or no effect on
mucin secretion in dog gallbladder epithelial cells®” and
on MUCS5AC expression in intestinal cells.*° Likewise, we
found here that TNF-a alone had only a minor effect on
MUCSAC production in the gallbladder. Instead, TNF-«
augmented the effect of EGF-R ligands on MUC5AC
production. This synergistic effect may be attributed to
the up-regulation of EGF-R expression induced by TNF-a
in gallbladder epithelial cells. Although TNF-a was previ-
ously reported to induce transactivation of EGF-R in dif-
ferent cell lines,®>' >3 the exposure of gallbladder epithe-
lial cells to TNF-a over a short time course showed no
induction of EGF-R tyrosine phosphorylation (data not
shown). This may be explained by a low constitutive
expression of EGF-R in these cells. Direct evidence that
the synergistic effect of TNF-a on MUC5AC production
was mediated by EGF-R cascade was provided by the
fact that this effect was completely blunted by inhibitors
of the EGF-R signaling pathway.

We found that among gallbladder mucins, MUC5AC is
selectively regulated by the EGF-R pathway. The expres-
sion of MUC2, previously shown to be up-regulated to-
gether with MUC5AC by an EGF-R pathway in lung can-
cer cells,®' was virtually absent in the gallbladder, as
shown both by immunohistochemical and RT-PCR anal-
yses. By contrast, immunohistochemical studies clearly
indicated that an overproduction of MUC5AC occurs
along with EGF-R overexpression in gallstone disease.
Because a decrease in MUC5AC immunoreactivity in the
epithelium was previously reported in acute cholecysti-
tis,3® it should be kept in mind that part of the overpro-
duced mucin is secreted in the lumen. If, as one would
expect, severe inflammation increases secretion even
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more than total production, this could explain why intra-
cellular MUCS5AC may appear as decreased in acute/
severe cholecystitis. Here, in the setting of no or only mild
chronic cholecystitis, we found an increase of both
MUCS5AC immunoreactivity in the epithelium and of se-
creted MUC5AC at the surface of the epithelium, which
may be of particular importance in the constitution of the
backbone of gallstone by means of gel formation. More-
over, in individuals with gallstones, the distribution of
MUCS5AC mucin coincided with that of total mucous gly-
coconjugates. Together with the previous demonstration
that MUC5AC is clearly overexpressed in the biliary tract
of subjects with hepatolithiasis' and that experimental
reduction in MUCB5AC expression results in decreased
formation of cholesterol gallstones in mice fed a litho-
genic diet,®® the present study indicates that selective
regulation of MUC5AC production may be of particular
importance in stone formation.

Identification of the EGF-R cascade as a major regu-
latory pathway in gallbladder mucin production provides
new insights into the pathogenesis of gallstone disease.
The ability shown here to block this cascade leading to
gallbladder mucin overproduction is of potential interest
in the prevention of cholesterol gallstones.
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