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Cathelicidin Stimulates Colonic Mucus Synthesis by
Up-Regulating MUC1 and MUC2 Expression Through a
Mitogen-Activated Protein Kinase Pathway
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Abstract Mucus forms the physical barrier along the gastrointestinal tract. It plays an important role to prevent
mucosal damage and inflammation. Our animal study showed that antibacterial peptide ‘cathelicidin’ increased mucus
thickness and prevented inflammation in the colon. In the current study, we examined the direct effect and mechanisms by
which the peptide increased mucus synthesis in a human colonic cell line (HT-29). Human cathelicidin (LL-37) dose-
dependently (10–40 mg/ml) and significantly stimulated mucus synthesis by increasing the D-[6-3H] glucosamine
incorporation in the cells. Real-time PCR data showed that addition of LL-37 induced more than 50% increase in MUC1
and MUC2 mRNA levels. Treatment with MUC1 and MUC2 siRNAs normalized the stimulatory action of LL-37 on mucus
synthesis. LL-37 also activated the phosphorylation of mitogen-activated protein (MAP) kinase in the cells. A specific
inhibitor of the MAP kinase pathway, U0126, completely blocked the increase of MUC1 and MUC2 expression as well as
mucus synthesis by LL-37. Taken together, LL-37 can directly stimulate mucus synthesis through activation of MUC1 and
MUC2 expression and MAP kinase pathway in human colonic cells. J. Cell. Biochem. 104: 251–258, 2008.
� 2007 Wiley-Liss, Inc.
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The gastrointestinal (GI) tract is covered by a
viscous mucus layer. This layer works primarily
as a lubricant ensuring low friction between
luminal contents and the epithelium, and
secondly it acts as a physical barrier protecting
the underlying epithelium from mechanical,
chemical, enzymatic, and microbial damages.
It further protects the host from pathogenic
infection by its store of co-secreted immunoglo-
bulin A [Neutra and Forstner, 1987]. The gel-
forming properties of mucus are provided by its
building blocks, mucins. Mucins are macro-
molecuolar glycoproteins encoded by mucin

(MUC) genes. Currently, 20 human MUC genes
have been identified [Dekker et al., 2002].
Mucins are generally divided into two main
groups: secreted mucins including MUC2 and
MUC6 that are made and secreted by goblet
cells; and membrane-bound mucins such as
MUC1, MUC3, and MUC4 that are anchored in
the glycocalyx. They are heavily glycosylated
and strongly charged as a consequence of
sialylation and/or sulphation which are essen-
tial for the thickness and gel-like properties of
mucus [Forstner et al., 1995].

Increasing evidence suggests that abnormal
mucus secretion is the hallmark for the patho-
genesis of several diseases. Mucus hyper-
secretion is one of the major causes of the
inflammatory airway diseases like chronic
bronchitis, asthma, and cystic fibrosis [Kim,
1997]. Marked alternations in the colonic mucus
have also been reported in ulcerative colitis
(UC) and colonic cancer [Corfield et al., 1996;
Kim et al., 1996]. However, the mechanisms
regulating these changes are still not under-
stood. The importance of mucus alternation in
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the initiation or perpetuation of UC has been
widely studied over decades. UC is one major
form of inflammatory bowel disease (IBD) which
is primarily characterized by superficial inflam-
mation of the large intestine. While the cause of
UC remains obscure, reduction of colonic mucus
has been well documented and suggested to be
one of the possible etiologies. During the active
stage of UC, the mucus layer is severely
disrupted and discontinuous with a 60–70%
decrease in the thickness [Pullan et al., 1994].
This is linked to the depletion of goblet cells and
down-regulation in mucin production which
could be influenced by immunological or bacte-
rial factors during inflammation.

In vitro study revealed that pro-inflammatory
cytokines interleukin (IL)-1, IL-6, or tumor
necrosis factor (TNF)-a resulted in an increased
synthesis of MUC2 and other secretory mucins
whereas incubation of individual cytokine addi-
tionally resulted in decreased and altered
glycosylation in human goblet cell-like cells
[Enss et al., 2000]. The elevated number of
bacteria detected within the colonic mucus layer
of UC patients poses another threat to the
intestinal mucosa. Partial degradation of the
mucus by increased levels of mucinase [Dwar-
akanath et al., 1995], sulphatase [Tsai et al.,
1995], and extracellular glycosidases of bacte-
rial origin may raise the exposure of the
epithelium to pathogens and other luminal
substances and sustain the chronic character
of UC [Corfield et al., 1992]. These findings
reinforce the idea that enhancing the mucosal
barrier could be an important therapeutic
strategy therapy in treating IBD patients.
Indeed, our recent study demonstrated that
mouse cathelicidin (mCRAMP) given intrarec-
tally in mice could attenuate dextran sulfate
sodium (DSS)-induced colitis through the pres-
ervation of the mucus-secreting layer during
inflammation [Tai et al., 2007]. This was
accompanied by an up-regulation of the
MUC1, MUC2, MUC3, and MUC4 genes
expression. However, it is interesting to know
whether the peptide can directly stimulate
mucus secretion through the expression of
these mucin genes in colon cells and also the
mechanism involved in such action. In this
connection, it was reported that MUC2, the
most predominant secretory mucin in the colon
[Hayashi et al., 2001], could be stimulated
through a mitogen-activated protein (MAP)
kinase pathway [Iwashita et al., 2003]. It is

therefore likely that cathelicidin could act
through such pathway and increase mucus
synthesis in the colon.

MATERIALS AND METHODS

Cell Culture

HT-29, a cell line derived from the human
colorectal adenocarcinoma, was obtained from
the American Type Culture Collection (Mana-
ssas, VA) and maintained at 378C in RPMI-1640
(Invitrogen, Carlsbad, CA) supplemented with
10% heat-inactivated fetal bovine serum, 0.2 g/
L streptomycin and 0.1 g/L penicillin in a 5%
CO2 incubator. Cells were collected before
confluence following 5–6 days of subculture
and subsequently used for experiments.

Exposure of Cells to LL-37

The full-length of mature human cathelicdin,
LL-37, was purchased from Invitrogen and
dissolved in the phosphate buffered saline
(PBS) for treatment. U0126 (Sigma–Aldrich,
St. Louis, MO) in dimethyl sulfoxide was used as
the MAP kinase kinase inhibitor. The cells were
seeded in either a 6-well plate at 1� 104 cells/
well or in a 24-well plate at 1� 105 cells/well.
Various concentrations (0, 10, 20, and 40 mg/ml)
of LL-37 with or without U0126 were added
after 16 h.

Determination of Mucus Synthesis
in HT-29 Cells

The amount of mucus synthesis was deter-
mined by measuring incorporation of D-[6-3H]
glucosamine into mucosal glycoprotein accord-
ing to a modified method of Ma et al. [2000].
In brief, cells in 24-well culture plates were
washed with PBS, followed by incubation with
0.5 ml of the medium containing [H3]-glucos-
amine HCl (Amersham, Little Chalfont, UK) in
the presence of LL-37 for different time inter-
vals. At the end of incubation, medium was
aspirated and discarded. It was found that the
amount of mucus glycoprotein secreted from
cells into the medium was very low over the
incubation period. The remaining cells were
washed twice with PBS. The cells were then
solubilized with 0.4 ml of 0.3 M NaOH and
neutralized with 0.4 ml of 0.3 M HCl. The
resulting aliquot was precipitated by the addi-
tion of 0.5 ml of 50% TCA. Pellets were washed
twice with 10% TCA and once with chloroform-
methanol solution (1:1, v:v). The dried pellets
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were dissolved in 25 ml of DMSO and the
fractions were subjected to Sepharose1 CL-4B
(Sigma Chemicals, St. Louis, MO) column
chromatography for isolation of mucin, as
previously described [Takahashi and Okabe,
1998]. The radioactivity in the void fractions
was measured as the amount of mucus synthe-
sized by cells. Mucus synthesis was expressed
as [H3]-glucosamine incorporation (cpm) per
1� 105 cells.

Quantitative Analysis of Mucin
Gene Expression

The HT-29 cells were cultured in a six-well
plate and treated with LL-37 for 24 h. The total
cellular RNA was isolated using TRIzol reagent
(Invitrogen) according to the manufacturer’s
instructions. A total of 2.5 mg extracted RNA
was used as the template for complementary
DNA (cDNA) synthesis using the Thermoscript
reverse transcription-polymerase chain reac-
tion system (Invitrogen).

Quantitative real-time PCR was performed
for MUC1, MUC2, MUC3, MUC4, and b-actin
using the following primers pairs: MUC1, sense
primer 50-TGCTTACAGTTGTTACGGGTTC-30

and antisense primer 50-CCCCAGTAGACAAA-
GCATTC-30; MUC2, sense primer 50-GTCAG-
CACCCCGCACTAC-30, and antisense primer
50-AGCTCCAGCATGAGTGCAT-30; MUC3, sense
primer 50-TGGATCTAGATGTAGTGGAGA-
CC-30 and antisense primer 50-TGCAAAAA-
TCTTCTGCATCTG-30; MUC4, sense primer
50-TTCAGTCCAACTGTCAACCTAGA-30, and
antisense primer 50-CCACCGAGGCGTTGA-
CTT-30; b-actin, sense primer 50-CTTCCT-
GGGCATGGAGTC-30 and antisense primer
50-GCAATGATCTTGATCTTCATTGTG-30. The
cDNA was amplified using iQ SYBR Green
supermix (Bio-Rad Laboratories, Hercules, CA)
on the iCycler thermal cycler (Bio-Rad), pro-
grammed for 958C for 10 min, then 40 cycles of
denaturation (958C for 15 s), annealing (598C
for 15 s), and extension (728C for 15 s). The
amplification results were detected and ana-
lyzed using the iQ5 real-time PCR detection
system (Bio-Rad). The gene signals were stand-
ardized against the corresponding b-actin sig-
nals and results were expressed as the ratio of
each molecule to b-actin.

Conventional RT-PCR was carried out using
conditions as follows: the template cDNA was
first denatured at 948C for 5 min. During
40 cycles of amplification, the denaturation

step was at 948C for 1 min, the annealing step
at 558C for 1 min, and the extension step at 728C
for 1 min. The final extension step was at 728C
for 7 min. The PCR products were electro-
phoresed on 1.5% (w/v) agarose gels containing
0.5 g/ml ethidium bromide. Gel photographs
were then analyzed semiquantitatively in a
multianalyzer (Bio-Rad).

Knockdown of MUC1 and MUC2
by small interfering RNA

Small interfering RNA (siRNA) targeting
MUC1 and MUC2 (MUC1-siRNA and MUC2-
siRNA) was obtained from Santa Cruz (CA).
Transfection was performed using Oligofecta-
min reagent (Invitrogen) according to the
manufacturer’s instructions. The efficacy of
MUC1 and MUC2 knockdown was assessed by
convectional RT-PCR. Assays were performed
2 days after transfection.

Western blot

Cells seeded in a six-well plate were treated
with 40 mg/ml of LL-37 for various time periods
(0, 5, 10, 15, 30, and 60 min). Total cell lysates
were prepared and equivalent amounts of
protein were analyzed by Western blot as
described previously [Yang et al., 2006]. Phos-
pho-p44/42 MAP kinase (Thr202/Tyr204) poly-
clonal antibody and p44/42 MAP kinase
polyclonal antibodies from Cell Signaling Tech-
nology (MA) were used to detect the activated
and basal forms of MAP kinase.

Statistical Analysis

All data were expressed as means� standard
error (SE). Means were compared by the use of
ANOVA and a P-value of < 0.05 was considered
to be statistically significant.

RESULTS

Human Cathlicidin (LL-37) Increased
Mucus Synthesis

Previous study showed that mouse cathe-
licidin prevented experimental colitis and
increased mucus level in the colon [Tai et al.,
2007]. The present study demonstrated the
direct effect of a human cathelicidin, LL-37,
on mucus secretion from colonic cells. LL-37
incubation at the doses from 10 to 40 mg/ml for
12, 24, or 48 h, dose- and time-dependently
increased mucus synthesis. Significant effect
was observed at the 24 and 48 h time points
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(Fig. 1). The stimulatory action peaked at 24 h
(Fig. 1B) and declined thereafter (Fig. 1C).

Up-Regulation of MUC1 and MUC2
Expression by LL-37

To clarify the action of LL-37 on mucin gene
expression, we monitored mucin gene expres-
sion by determining the mRNA levels of MUC1,
MUC2, MUC3, and MUC4 in the cells. LL-37
treatment at the highest dose, 40 mg/ml, sig-
nificantly increased the expression of MUC1
and MUC2, by about 80% and 60%, respectively,
after 24 h of incubation (Fig. 2A,B). The peptide

tended to dose-dependently increase MUC3
expression but no significant effect was observ-
ed. There was no MUC4 gene expression in the
HT-29 cells (data not shown).

LL-37 Stimulated Mucus Synthesis Via
Up-Regulating MUC1 and MUC2 Expression

To confirm the stimulatory action of LL-37 on
mucus synthesis was mediated via the increas-
ed expression of both MUC1 and MUC2, siRNAs

Fig. 1. Effects of LL-37 on mucus synthesis in HT-29 cells. Cells
were incubated with various concentrations of LL-37 for 12 h
(A), 24 h (B), and 48 h (C). Mucus synthesis was determined by
the amount of [3H]-glucosamine incorporation per 1� 105 cells.
Values are mean� SE of 12 samples. *P<0.05 and **P< 0.05
when compared with the control group.

Fig. 2. Effects of LL-37 on the expression of mucin genes in
HT-29 cells, (A) MUC1, (B) MUC2, and MUC3. The cells were
cultured with 0, 10, 20, and 40 mg/ml of LL-37 for 24 h. RNA was
extracted at the end of treatment and the gene expression of each
target gene was determined by real-time PCR which was standar-
dized against the expression of b-actin. Values are mean� SE of
12 samples. *P<0.05 when compared with the control group.
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for both genes were employed to knock down
the mucin gene expression and determined the
mucus synthesis after LL-37 incubation. The
introduction of MUC1 or MUC2 siRNA could
reduce the respective mRNA level by about
64% (Fig. 3A,B). Individual siRNA partially
reversed the stimulatory action of LL-37 on
mucus synthesis in HT-29 cells (Fig. 3C). In

addition, down-regulation of both MUC1 and
MUC2 genes (50% and 53%, respectively) to-
gether by treatment with both siRNAs (Fig. 4A)
could further lessen the stimulatory action of
LL-37 on mucus synthesis back to the basal
level (Fig. 4B), indicating that both mucin genes
are wholly involved in the stimulatory action of
LL-37 on colonic mucus synthesis.

Fig. 3. Influences of down regulation of specific mucin genes
by siRNAs on LL-37-induced mucus synthesis in HT-29 cells.
Effects of knockdown of endogenous mucins by specific siRNAs,
(A) MUC1 and (B) MUC2. HT-29 cells were treated with siRNAs
targeting MUC1 and MUC2, respectively. The levels of mucin
transcript were detected by conventional RT-PCR. C: Effects of
knockdown of mucin genes on LL-37-induced mucus synthesis.
HT-29 cells were treated with or without siRNAs targeting
particular mucin genes for 48 h and then incubated with or
without 40 mg/ml of LL-37 for another 24 h. Mucus synthesis was
determined by [3H]-glucosamine incorporation as before. Values
are mean� SE of 12 samples. *P<0.05 when compared with the
normal control group.

Fig. 4. Influences of down regulation of mucin genes by siRNAs
on LL-37-induced mucus synthesis in HT-29 cells. A: Effects of
knockdown of endogenous mucins by treatment of both MUC1
and MUC2 siRNAs. HT-29 cells were treated with siRNAs
targeting MUC1 and MUC2. The levels of mucin transcript were
detected by conventional RT-PCR. B: Effects of knockdown of
both mucin genes on LL-37-induced mucus synthesis. HT-29
cells were treated with or without siRNAs targeting both mucin
genes for 48 h and then incubated with or without 40 mg/ml of
LL-37 for another 24 h. Mucus synthesis was determined by [3H]-
glucosamine incorporation as before. Values are mean� SE of 12
samples. *P<0.05 when compared with the normal control
group.
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LL-37 Activated Phosphorylation of MAP
Kinase in HT-29 Cells

A previous study showed that MAP kinase
pathway is involved in the induction of MUC2
mRNA expression by cytokines [Iwashita et al.,
2003]. This finding prompted us to examine the
causal relationship between activation of MAP
kinase and mucus synthesis by LL-37. Interest-
ingly, LL-37 activated the phosphorylation of
MAP kinase as early as 10 min after incubation
and peaked at 15 min, whereas the level of total
MAP kinase was not affected (Fig. 5).

Phosphorylation of MAP Kinase Involved in
LL-37-Mediated Mucin Gene Expression

and Mucus Synthesis

To examine further whether phosphorylation
of MAP kinase is required for the stimulatory
action of LL-37 on mucus synthesis, a MAP
kinase kinase inhibitor, U0126, which can
inhibit the phosphorylation of MAP kinase,
was used. Incubation of the inhibitor alone did
not alter mucus synthesis. However, U0126
pretreatment could completely abolish the
stimulatory effect of LL-37 on mucus synthesis
(Fig. 6). We also studied whether phosphory-
lation of MAP kinase is responsible for the
stimulatory action of LL-37 on mucin gene
expression. Results showed that addition of
U0126 totally reversed the stimulatory effects
of LL-37 on MUC1 and MUC2 expression
(Fig. 7).

DISCUSSION

Cathelicidin, an antimicrobial peptide of the
innate immune systems, regulates microbial
growth, wound healing, and inflammation [Tai

Fig. 5. Activation of mitogen-activated protein (MAP) kinase by
LL-37 in HT-29 cells. The cells were incubated with 40 mg/ml of
LL-37 for the time indicated. Activation of MAP kinase was
detected by Western blot using an antiphospho MAP kinase
antibody. Total MAP kinase was also detected as a loading
control. The respective calculated phospho-MAP kinase to total
MAP kinase ratios were shown below the time point. *P< 0.05
when compared with the ratio before LL-37 addition (n¼3).

Fig. 6. Effects of a MAP kinase kinase inhibitor on mucus
synthesis in HT-29 cells. The cells were incubated with LL-37
(40 mg/ml) with or without the MAP kinase kinase inhibitor,
U0126 (3 and 30 mM), for 24 h. Mucus synthesis was determined
by [3H]-glucosamine incorporation assay as before. Values are
mean� SE of six samples. *P<0.05 when compared with the
respective group.

Fig. 7. Effects of a MAP kinase kinase inhibitor on gene
expression in HT-29 cells, (A) MUC1 and (B) MUC2. HT-29 cells
were cultured with LL-37 (40 mg/ml) with or without the MAP
kinase kinase inhibitor, U0126 (3 and 30 mM). RNA was
extracted after 24 h and the gene expression was detected using
real-time PCR as before. Values are mean� SE of six samples.
*P< 0.05 when compared with the indicated group.
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et al., 2006]. Other report reveals that this
peptide can alter inflammation by neutralizing
the toxic effects of lipopolysaccharide [Larrick
et al., 1995]. Our recent study further demon-
strated that cathelicidin ameliorated DSS-
induced experimental colitis in murine animals
[Tai et al., 2007]. In this study, one of the
pronounced actions of cathelicidin was its
stimulatory effect on colonic mucus thickness
and mRNA expression of different mucin genes
(MUC1, MUC2, MUC3, and MUC4). However,
it is still unknown whether cathelicidin can
directly stimulate mucus synthesis through the
activation of mucin gene expression, if any, by a
potential signal transduction in human colonic
epithelial cells.

In the current report, we demonstrated for
the first time that LL-37 dose-dependently
stimulated mucus production after 24 h of
treatment (Fig. 1B). Addition of 40 mg/ml of
LL-37 markedly increased mucus synthesis by
about 63% and also up-regulated MUC1 and
MUC2 mRNA levels in HT-29 cells (Fig. 2). No
alternation in MUC3 and MUC4 expression was
detected. These findings indicate that both
MUC1 and MUC2 genes could be involved in
the stimulatory action of LL-37 on mucus
synthesis in human colon cells. Similar findings
were observed in vivo in which the action of
mouse cathelicidin on mucus synthesis corre-
lates with the increased expression of some
mucin genes including MUC1, MUC2, MUC3,
and MUC4 in the mouse colonic mucosa [Tai
et al., 2007]. The difference in MUC3 and MUC4
responses in the current and the previous
studies [Tai et al., 2007] could be anticipated,
as there are obvious differences in cell types and
experimental conditions in these experiments.

To confirm whether up-regulation of these
mucin genes is the major mechanism for LL-37
to stimulate mucus synthesis, experiments to
modulate the expression of MUC1 or MUC2
in colon cells were performed. Knockdown of
either MUC1 or MUC2 gene could partially
abrogate the stimulatory effect of LL-37 on
mucus synthesis. There was an additive effect
when both genes were downregulated, in re-
versing the effect of LL-37 on mucus synthesis
in the cells (Fig. 4B). Both MUC1 and MUC2
seem to play a concurrent role in the induction of
mucus production.

The mechanism of how cathelicidin promotes
mucin gene expression is unclear. It has been
reported that inhibition of MAP kinase kinase

reduces MUC4 expression in rat adenocarci-
noma cells [Zhu et al., 2000] and MUC5AC
synthesis is stimulated through activation of
MAP kinase in human pulmonary carcinoma
cells [Takeyama et al., 2000]. Iwashita et al.
[2003] further showed that MUC2 could be
stimulated by several cytokines via the MAP
kinase pathway in human colonic cancer cells.
Therefore, we hypothesize that LL-37 modulate
MUC1 and MUC2 expression and eventually
mucus synthesis through the phosphorylation
of MAP kinase (Fig. 8). Indeed, LL-37 could
activate MAP kinase phosphorylation (Fig. 5)
and more importantly, addition of a specific
inhibitor of MAP kinase kinase, U0126, effec-
tively blocked the stimulatory actions of LL-37
on mucin gene expression as well as mucus
synthesis (Figs. 6 and 7). It is likely that
activation of MAP kinase is a crucial factor to
stimulate mucus synthesis and protect against
mucosal damage in the colon. Indeed, MUC2,
the predominant secretory mucin in the colon,
has been reported to be involved in colonic
protection [Hayashi et al., 2001]. MUC2 defi-
ciency led to abnormal morphology, ulceration
of epithelial cells, and a mild increase of
inflammatory cells in the mouse colon [Van
der Sluis et al., 2006]. Also, decrease in its
expression was linked to the reduction of mucus
layer in UC patients [Tytgat et al., 1996]. Most
notably, MUC2-deficient mice frequently devel-
oped adenomas in the small intestine and colon
which might progress to invasive adenocarcino-
mas [Velcich et al., 2002]. Further evidence
showed that repeated cycle of injury and repair
during inflammation in intestinal mucosa

Fig. 8. Proposed mechanism for the mucus stimulation of LL-37
in HT-29 cells. Activation of MAP kinase results in up-regulated
transcription of MUC1 and MUC2 which leads to stimulated
mucus synthesis.
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increases the risk of colorectal cancer [Liu et al.,
2003]. In this regard, cathelicidin may be useful
as a prophylactic therapy for colorectal cancer
through blocking this repeated inflammatory
cycle [Tai et al., 2007] and enhancing mucosal
defensive barrier through mucus synthesis in
the colon.

In conclusion, the present study provides a
direct evidence to show the causal relationship
between MAP kinase activity and mucin gene
expression in the stimulatory action of catheli-
cidin on mucus synthesis. The peptide can
stimulate mucus production by boosting the
MUC1 and MUC2 mRNA expression through
activation of MAP kinase phosphorylation.
These findings demonstrate a substantial rele-
vance in both basic and clinical applications for
cathelicidin in treating IBD and perhaps also
colorectal cancer.

ACKNOWLEDGMENTS

This work is partially supported by the Hong
Kong Research Grants Council (CUHK 7565/
06M).

REFERENCES

Corfield AP, Wagner SA, Clamp JR, Kriaris MS, Hoskins
LC. 1992. Mucin degradation in the human colon:
Production of sialidase, sialate O-acetylesterase,
N-acetylneuraminate lyase, arylesterase, and glycosul-
fatase activities by strains of fecal bacteria. Infect Immun
60:3971–3978.

Corfield AP, Myerscough N, Bradfield N, Corfield Cdo A,
Gough M, Clamp JR, Durdey P, Warren BF, Bartolo DC,
King KR, Williams JM. 1996. Colonic mucins in ulcer-
ative colitis: Evidence for loss of sulfation. Glycoconj J 13:
809–822.

Dekker J, Rossen JW, Buller HA, Einerhand AW. 2002. The
MUC family: An obituary. Trends Biochem Sci 27:126–
131.

Dwarakanath AD, Campbell BJ, Tsai HH, Sunderland D,
Hart CA, Rhodes JM. 1995. Faecal mucinase activity
assessed in inflammatory bowel disease using 14C
threonine labelled mucin substrate. Gut 37:58–62.

Enss ML, Cornberg M, Wagner S, Gebert A, Henrichs M,
Eisenblatter R, Beil W, Kownatzki R, Hedrich HJ. 2000.
Proinflammatory cytokines trigger MUC gene expression
and mucin release in the intestinal cancer cell line
LS180. Inflamm Res 49:162–169.

Forstner JF, Oliver MG, Sylvester FA. 1995. Production,
structure, and biologic relevance of gastrointestinal
mucins. In: Blaser MJ, Smith PD, I RJ, Greenberg HB,
Guerrant RL, editors. Infections of the gastrointestinal
tract. New York: Raven Press. pp 71–88.

Hayashi T, Ishida T, Motoya S, Itoh F, Takahashi T,
Hinoda Y, Imai K. 2001. Mucins and immune reactions to
mucins in ulcerative colitis. Digestion 63:28–31.

Iwashita J, Sato Y, Sugaya H, Takahashi N, Sasaki H, Abe
T. 2003. mRNA of MUC2 is stimulated by IL-4, IL-13 or

TNF-alpha through a mitogen-activated protein kinase
pathway in human colon cancer cells. Immunol Cell Biol
81:275–282.

Kim WD. 1997. Lung mucus: A clinician’s view. Eur Respir
J 10:1914–1917.

Kim YS, Gum J, Jr., Brockhausen I. 1996. Mucin glyco-
proteins in neoplasia. Glycoconj J 13:693–707.

Larrick JW, Hirata M, Balint RF, Lee J, Zhong J, Wright
SC. 1995. Human CA P18: A novel antimicrobial lipopo-
lysaccharide-binding protein. Infect Immun 63:1291–1297.

Liu ES, Ye YN, Shin VY, Yuen ST, Leung SY, Wong BC,
Cho CH. 2003. Cigarette smoke exposure increases
ulcerative colitis-associated colonic adenoma formation
in mice. Carcinogenesis 24:1407–1413. Epub 2003 Jun 5.

Ma L, Wang WP, Chow JY, Lam SK, Cho CH. 2000. The
role of polyamines in gastric mucus synthesis inhibited
by cigarette smoke or its extract. Gut 47:170–177.

Neutra MR, Forstner JF. 1987. Gastrointestinal mucus:
Synthesis, secretion, and function. In: Johnson LR,
editor. Physiology of the Gastrointestinal Tract. New
York: Raven press. pp 975–1009.

Pullan RD, Thomas GA, Rhodes M, Newcombe RG,
Williams GT, Allen A, Rhodes J. 1994. Thickness of
adherent mucus gel on colonic mucosa in humans and its
relevance to colitis. Gut 35:353–359.

Tai EK, Wu WK, Cho CH. 2006. The role of cathelicidins in
inflammation and wound healing. Ulcer Res 33:54–61.

Tai EK, Wu WK, Wong HP, Lam EK, Yu L, Cho CH. 2007. A
new role for cathelicidin in ulcerative colitis in mice. Exp
Biol Med (Maywood) 232:799–808.

Takahashi S, Okabe S. 1998. Roles of extracellular Caþþ
and calmodulin in roxatidine-stimulated secretion and
synthesis of mucus by cultured rabbit gastric mucosal
cells. J Pharmacol Exp Ther 284:37–42.

Takeyama K, Dabbagh K, Jeong Shim J, Dao-Pick T, Ueki
IF, Nadel JA. 2000. Oxidative stress causes mucin
synthesis via transactivation of epidermal growth factor
receptor: Role of neutrophils. J Immunol 164:1546–1552.

Tsai HH, Dwarakanath AD, Hart CA, Milton JD, Rhodes
JM. 1995. Increased faecal mucin sulphatase activity in
ulcerative colitis: A potential target for treatment. Gut
36:570–576.

Tytgat KM, van der Wal JW, Einerhand AW, Buller HA,
Dekker J. 1996. Quantitative analysis of MUC2 synthe-
sis in ulcerative colitis. Biochem Biophys Res Commun
224:397–405.

Van der Sluis M, De Koning BA, De Bruijn AC, Velcich A,
Meijerink JP, Van Goudoever JB, Buller HA, Dekker J,
Van Seuningen I, Renes IB, Einerhand AW. 2006. Muc2-
deficient mice spontaneously develop colitis, indicating
that MUC2 is critical for colonic protection. Gastro-
enterology 131:117–129.

Velcich A, Yang W, Heyer J, Fragale A, Nicholas C, Viani S,
Kucherlapati R, Lipkin M, Yang K, Augenlicht L. 2002.
Colorectal cancer in mice genetically deficient in the
mucin Muc2. Science 295:1726–1729.

Yang YH, Wu WK, Tai EK, Wong HP, Lam EK, So WH,
Shin VY, Cho CH. 2006. The cationic host defense
peptide rCRAMP promotes gastric ulcer healing in rats.
J Pharmacol Exp Ther 318:547–554. Epub 2006 May 2

Zhu X, Price-Schiavi SA, Carraway KL. 2000. Extracellular
regulated kinase (ERK)-dependent regulation of sialo-
mucin complex/rat Muc4 in mammary epithelial cells.
Oncogene 19:4354–4361.

258 Tai et al.


