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Background: p40, a Lactobacillus rhamnosus GG-derived protein, ameliorates intestinal injury and inflammation through
transactivation of the EGF receptor (EGFR).
Results: p40 up-regulates Muc2 gene expression and mucin production in LS174T cells and in mouse colonic epithelium in an
EGFR-dependent manner.
Conclusion: p40 stimulates mucin production through transactivation of EGFR.
Significance: p40-stimulated mucin production may play a role in protecting the intestinal epithelium from injury.

The mucus layer coating the gastrointestinal tract serves as
the first line of intestinal defense against infection and injury.
Probiotics promote mucin production by goblet cells in the
intestine. p40, a Lactobacillus rhamnosus GG-derived soluble
protein, has been shown to transactivate the EGF receptor
(EGFR) in intestinal epithelial cells, which is required for inhi-
bition of apoptosis and preservation of barrier function in the
colon, thereby ameliorating intestinal injury and colitis.
Because activation of EGFR has been shown to up-regulate
mucin production in goblet cells, the purpose of this study was
to investigate the effects and mechanisms of p40 regulation of
mucin production. p40 activated EGFR and its downstream tar-
get, Akt, in a concentration-dependent manner in LS174T cells.
p40 stimulated Muc2 gene expression and mucin production in
LS174T cells, which were abolished by inhibition of EGFR
kinase activity, down-regulation of EGFR expression by EGFR
siRNA transfection, or suppression of Akt activation. Treatment
with p40 increased mucin production in the colonic epithelium,
thus thickening the mucus layer in the colon of wild type, but not
of Egfrwa5 mice, which have a dominant negative mutation in the
EGFR kinase domain. Furthermore, inhibition of mucin-type
O-linked glycosylation suppressed the effect of p40 on increas-
ing mucin production and protecting intestinal epithelial cells
from TNF-induced apoptosis in colon organ culture. Thus,

these results suggest that p40-stimulated activation of EGFR
mediates up-regulation of mucin production, which may con-
tribute to the mechanisms by which p40 protects the intestinal
epithelium from injury.

Mucus plays an important role in protecting epithelial sur-
faces from bacterial and viral assault and mechanical damage in
several systems, such as the gastrointestinal tract (1, 2), the
trachea (3), and the conjunctiva (4). Mucin, a major component
of mucus, is a heavily O-linked glycoprotein produced by goblet
cells. There are two forms of mucins: secreted gel-forming
mucin, the major component of the mucus system (1, 5), and
transmembrane mucin, which may contribute to the formation
of the protective glycocalyx in the intestines and the lungs (6).
The colon and the stomach have a two-layered mucus system:
an inner mucus layer attached to the epithelium and an outer,
unattached, loose mucus layer with MUC2 in the colon and
MUC5AC and MUC6 in the stomach. The small intestine has
one layer of unattached mucus containing MUC2 (7, 8).

The mucus layer coating the gastrointestinal tract serves as
the first line of the intestinal barrier. Qualitative and quantita-
tive abnormalities of mucin gene expression have been found in
several diseases. For example, a defect in the inner mucus layer
that allows bacteria to reach the epithelium has been found in
patients with ulcerative colitis and in mouse models of colitis
(9). In necrotizing enterocolitis, the goblet cell number in the
ileum is decreased (10). Animal studies have revealed that
Muc2-deficient mice develop spontaneous colitis and are sus-
ceptible to experimental colitis because of increased intestinal
permeability and bacterial adhesion to the mucosal cell surface
(11). Thus, mucins play a role in protection of the intestinal
epithelium and in maintaining mucosal homeostasis.

Probiotics have been reported to promote mucus production
to enhance the host’s defense against infection. Lactobacillus
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rhamnosus GG (LGG)3 has been shown to up-regulate Muc2
gene expression in intestinal epithelial cells (12). Furthermore, it
has been demonstrated that LGG and Lactobacillus planetarium
inhibit the adherence of enteropathogenic Escherichia coli to the
intestinal epithelial cells through induction of MUC2 and MUC3
mucin production (13). However, information regarding the
molecular mechanism of probiotic regulation of mucin produc-
tion by goblet cells is limited.

EGFR is a member of the ErbB family that has an extracellular
ligand-binding domain and an intracellular portion that con-
tains a tyrosine kinase domain (14, 15). Binding of EGFR to its
soluble ligands, EGF, heparin-binding (HB)-EGF, transforming
growth factor (TGF)�, or amphiregulin, triggers autophosphor-
ylation of cytoplasmic tyrosine residues (14, 15). These phos-
phorylated amino acids provide docking sites for a variety of
signaling molecules that regulate intracellular signaling net-
works, such as MAPK and Akt. Activation of EGFR promotes
cell proliferation, differentiation, migration, and survival (14,
15). EGFR signaling has also been reported to regulate mucin
production (16).

LGG, a Gram-positive bacterium originally isolated from
healthy human intestine (17), has been used in clinical trials for
treating and/or preventing several diseases, including ulcera-
tive colitis (18), diarrhea (19, 20), and atopic dermatitis (21). We
have previously purified and cloned a LGG-derived soluble pro-
tein, p40, that prevents cytokine-induced epithelial damage and
apoptosis, as well as hydrogen peroxide disruption of the epi-
thelial barrier function through stimulation of EGFR ligand
release, which activates EGFR in intestinal epithelial cells (22–
24). Furthermore, specific delivery of p40 to the colon using
hydrogel beads to protect it from degradation prevents and
treats colonic epithelial cell injury and inflammation in mouse
models of colitis in an EGFR-dependent manner (25).

The purpose of this study is to investigate the effects and
mechanisms of p40 regulation of mucin production. These
studies demonstrate that p40-stimulated mucin production in
LS174T cells and in mouse colonic epithelium is mediated by
EGFR transactivation. Our data define the mechanism by
which p40 protects the intestinal epithelium from injury.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—The LS174T cell line (ATCC
CL-188TM) is a human colon cancer cell line that exhibits char-
acteristics of normal colonic mucosal cells, including microvilli
prominent in secretory cells and the presence of intracytoplas-
mic mucin vacuoles. LS174T cells were maintained in minimal
essential medium supplemented with 10% heat-inactivated
FBS, 1% penicillin and streptomycin at 37 °C in 5% carbon diox-
ide. Prior to all experiments, the cells were serum-starved for
16 –18 h in minimal essential medium containing 0.5% FBS and
100 units/ml penicillin and streptomycin at 37 °C.

p40 was isolated from LGG culture supernatant, as previously
described (23). Cells were treated with p40 or human EGF (Pepro
Tech, Inc.) in the presence or absence of an EGFR tyrosine kinase

inhibitor, AG1478 (Calbiochem), or a phosphoinositide 3-kinase
inhibitor, wortmannin (Calbiochem).

Transient Transfection of siRNA—LS174T cells were tran-
siently transfected with either 75 nM human EGFR siRNA (a set
of four pooled siRNAs; Dharmacon) or 75 nM nontargeting
siRNA using Lipofectamine RNAiMAX reagent (Invitrogen),
according to the manufacturer’s instructions. After a 48 h post-
transfection, the cells were treated with p40 in serum-starved
medium for up to 24 h for MUC2 immunostaining and RNA
isolation for real time PCR assay. Cellular lysates were collected
at the end of the experiment for Western blot analysis to deter-
mine levels of EGFR expression.

Preparation of Cellular Lysates for Western Blot Analysis—
LS174T cells were solubilized in cell lysis buffer containing 1%
Triton X-100, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA,
150 mM NaCl, and a proteinase inhibitor mixture (Sigma-Al-
drich) and incubated for 1 h on ice. The scraped suspensions
were centrifuged at 14,000 rpm for 15 min at 4 °C, and the
protein concentration was determined using a BCA protein
assay kit (Pierce Thermo Scientific). The lysates were mixed
with Laemmli sample buffer, and proteins were separated by
SDS-PAGE for Western blot analysis using anti-total EGFR,
anti-phospho-EGFR 1068, anti-total Akt (Cell Signaling Tech-
nology), anti-phospho-Ser473 Akt (Cell Signaling Technology),
and anti-�-actin (Sigma-Aldrich) antibodies.

Mice and Treatment—Mice were kept on a 12-h light and
12-h dark cycle, and all animal experiments were performed
according to a protocol approved by the Institutional Animal
Care and Use Committee at Vanderbilt University (Nashville,
TN). 6 – 8-week-old C57BL/6 WT and Egfrwa5 (EGFR domi-
nant negative) (26) on C57BL/6J background were gavaged
with p40-containing pectin/zein beads (10 �g of p40/day/
mouse) or control pectin/zein beads without p40 for 4 h or 5
days. The preparation of p40-containing pectin/zein beads was
described in our previous publication (25). Mice without any
treatment were also used as no-treatment controls. After
euthanasia, the colon was collected and opened, and the feces
was removed. Then colon tissues were washed with PBS before
preparation of paraffin-embedded formalin-fixed and Carnoy-
fixed sections and for epithelial cell isolation.

Mouse Colon Organ Culture—Colon explants obtained from
6 – 8-week-old WT C57BL/6 mice were used for the organ cul-
ture, as previously described (23). Briefly, the colon explants
were cultured on NetwellTM inserts in DMEM containing 0.5%
FBS at 37 °C with 5% CO2 for 1 h before treatment with p40,
murine TNF (Pepro Tech, Inc.), benzyl 2-acetamido-2-deoxy-
�-D-galactopyranoside (benzyl-�-GalNAc; EMD Millipore), or
various combinations of these three treatments for 8 h. At the
end of the experiment, colon tissue was fixed in 4% paraformal-
dehyde in PBS at 4 °C overnight before preparing paraffin-em-
bedded tissue sections. Mucosal lysates were prepared in PBS
for a periodic acid-Schiff (PAS) assay.

Isolation of Colonic and Small Intestinal Epithelial Cells from
Mice—Mouse colonic and small intestinal epithelial cells were
isolated using a modified protocol (27). The colon and jejulium
were incubated with 0.5 mM dithiothreitol and 3 mM EDTA at
room temperature for 1.5 h without shaking. After removing
the solution, PBS was added to the tissues. Villi and crypts were

3 The abbreviations used are: LGG, L. rhamnosus GG, benzyl-�-GalNAc, benzyl
2-acetamido-2-deoxy-�-D-galactopyranoside; EGFR, EGF receptor; HB,
heparin-binding; PAS, periodic acid-Schiff.
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released from the tissues by vigorous shaking and then washed
with PBS.

To determine the percentage of epithelial cells in the isolated
cell population, the cells were incubated with a biotin-conju-
gated anti-mouse E-cadherin antibody (E-cadherin is a cell sur-
face marker for epithelial cells) and PE-Cy5-labeled streptavi-
din (BD Biosciences). The cells were then fixed in 0.1%
paraformaldyhyde in PBS and analyzed using multicolor flow
cytometry to determine the percentage of positive cells using a
BD LSRII system (BD Biosciences).

p40 ELISA—LS174T cells and colon and small intestinal epi-
thelial cells isolated from mice were solubilized in 50 mM Tris,
pH 7.5, containing 150 mM NaCl, 1% Triton X-100, and prote-
ase and phosphatase inhibitors. Proteins were coated on a
96-well dish with a flat bottom by incubating 1:10 dilution of
proteins in 0.1 M sodium carbonate, pH 9.5, at 4 °C overnight.
The plate was washed with wash buffer (0.05% Tween 20 in
PBS) and blocked by 10% FBS in PBS for 1 h at room tempera-
ture. Proteins were incubated with a rabbit polyclonal anti-p40
antibody (generated by our group (23)) at 1:500 dilution in PBS
for 2 h at room temperature, followed by a HRP-conjugated
goat anti-rabbit IgG antibody (1:2000 dilution in PBS) for 1 h at
room temperature. The substrate solution, teramethylbenzi-
dine (BD Biosciences) was used to develop the reaction through
incubation for 30 min. This reaction was stopped by 2 N H2SO4.
The OD at 450-nm wavelength was measured. Purified p40 was
used to generate a concentration curve.

PAS Assay—Colon epithelial cells isolated from mice, muco-
sal lysates from colon organ culture, and LS174T cells were
disrupted in PBS using Tissuelyser to obtain soluble proteins.
Protein concentration was determined using a BCA protein
assay kit. Mucous glycoprotein in soluble fractions was mea-
sured as previously reported (28). Briefly, cellular soluble frac-
tions were incubated with 0.1% periodic acid (Sigma-Aldrich)
for 2 h at room temperature. Then the Schiff reagent (Sigma-
Aldrich) was added and incubated for 30 min at room temper-
ature. The OD of the resulting solution at 550 nm wavelength
was taken as a measure of the amount of PAS-positive product
present and compared with a known standard of porcine stom-
ach mucin (Sigma-Aldrich).

Real Time PCR Assay—Total RNA was isolated from LS174T
cells or colonic epithelial cells using an RNA isolation kit (Qia-
gen) and was treated with RNase-free DNase. Reverse tran-
scription was performed using a high capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA). Real
time PCRs were set up by addition of 1.25 �l of the MUC2 (Mm
00439306) primer mix (containing 5 �M of reverse and forward
primers; Applied Biosystems), 5 �l of diluted cDNA template,
and 12.5 �l of TaqMan Gene Expression Master Mix. Real time
PCR was performed using the 7300 real time PCR system
(Applied Biosystems). The data were analyzed using the
Sequence Detection System V1.4.0 software. The relative abun-
dance of GAPDH mRNA was used to normalize levels of the
mRNAs of MUC2. All of the cDNA samples were analyzed in
triplicate.

MUC2 Immunostaining—LS174T cells were fixed in 4%
paraformaldehyde for 15 min at room temperature. Cells were
permeabilized using 2% Triton X-100 for 5 min in PBS at room

temperature and blocked in 5% goat serum in PBS containing
1% Triton X-100 for 1 h at room temperature. Colonic tissue
sections were deparaffinized and treated with an unmasking
antigen solution (Jackson ImmunoResearch). Colonic sections
were blocked using 5% goat serum in PBS for 1 h at room tem-
perature. Tissue sections and cultured cell slides were incu-
bated with an rabbit anti-MUC2 antibody (Santa Cruz Biotech-
nology, Inc.) for 48 h at 4 °C, followed by a FITC-conjugated
(Jackson ImmunoResearch) or HRP-labeled goat anti-rabbit
IgG antibodies at room temperature for 1 h. Slides using the
horseradish peroxidase secondary antibody were developed
using a 3, 3�-diaminobenzidine substrate kit (Vector Laborato-
ries), counterstained with hematoxylin, and observed using
light microscopy. The number of MUC2-positive cells in the
distal colon tissues was determined by counting the absolute
number of positive stained cells in at least 300 colonic crypts for
each mouse. Slides using the FITC-labeled secondary antibody
were mounted using mounting medium with DAPI and
observed using fluorescence microscopy. FITC and DAPI
images were taken from the same field. The thickness of the
colonic attached mucus was determined by measuring the dis-
tance between the epithelial surface and the mucus surface in
20 fields for each mouse.

PAS Staining—LS174T cells were fixed in 4% paraformalde-
hyde at 4 °C overnight and stained using a PAS kit (Sigma-
Aldrich), according to the manufacturer’s instructions. The
PAS-stained slides were counterstained with hematoxylin.

Apoptosis Assay—Apoptosis was detected in colon culture
sections using the ApopTagTM in situ oligo ligation (ISOL) kit
and T4 DNA ligase according to the manufacturer’s guidelines
(23, 25). The number of apoptotic cells was determined by
counting the absolute number of positive stained cells in at least
100 colonic crypts/colonic explant.

Statistical Analysis—Statistical significance for multiple
comparisons in each study was determined by one-way analysis
of variance followed by a Newman-Keuls analysis using Prism
5.0 (GraphPad Software, Inc.). A p value � 0.05 was defined as
statistically significant. The data are presented as means � S.E.

RESULTS

p40 Activates EGFR and Up-regulates Mucin Production in
LS174T Cells—Our previous studies have demonstrated that
p40 transactivates EGFR by stimulating HB-EGF release in
intestinal epithelial cells (24), which is required for prevention
and treatment of experimental colitis in mice (25). However,
whether p40 transactivates EGFR in goblet cells and stimulates
mucin production as a mucosal defense mechanism against
injury and inflammatory assault in then intestinal tract is
unknown. Thus, this work was focused on determining the role
of p40 in activation of EGFR and mucin production in goblet
cells. We treated LS174T cells, a human colon cancer cell line
with characteristics of normal colonic mucosal cells with p40 at
various concentrations and treatment times and analyzed the
phosphorylation state of EGFR and Akt, a known target of
EGFR by Western blot analysis. p40 at concentrations ranging
from 6.25 to 50 ng/ml increased EGFR and Akt phosphoryla-
tion in LS174T cells in a concentration-dependent manner (Fig.
1A). No further increase was observed by p40 at 100 ng/ml,
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indicating that the effects of p40 on stimulation of EGFR acti-
vation in LS174T cells are saturated by the concentrations
higher than 50 ng/ml (Fig. 1A). Furthermore, the time course of
p40-stimulated EGFR and Akt phosphorylation was analyzed.
p40 was able to stimulate EGFR and Akt phosphorylation at
multiple time points. For example, two peaks of EGFR and Akt
phosphorylation were observed: an early peak at 1 h and a later
peak at 24 h after p40 at 50 ng/ml treatment (Fig. 1B). We chose
to use p40 at a concentration of 50 ng/ml for the remainder of
the cell culture studies, based on the dose-response analysis
shown in Fig. 1A.

We next applied a PAS assay to examine the intracellular
mucin level in LS174T cells. p40 treatment of 6.25 to 50 ng/ml
for 24 h increased mucin production in LS174T cells in a con-
centration-dependent manner (Fig. 1C). p40 at 100 ng/ml did
not further increase mucin production (Fig. 1C), which is con-
sistent with the ability of p40 to activate EGFR, and Akt in

LS174T cells is saturated by this concentration. LS174T cells
were also treated with human EGF at 10 and 20 ng/ml for 15
min and 24 h as positive controls for EGFR and Akt activation
(Fig. 1A) and stimulation of mucin production (Fig. 1C),
respectively.

To test whether p40 up-regulates mucin gene expression,
real time PCR analysis was performed to measure the Muc2
mRNA level in LS174T cells, which is a known mucin gene
expressed in goblet cells in the colon (1, 5). p40 up-regulated
Muc2 gene expression in LS174T cells (Fig. 1D). Interest-
ingly, two peaks of increased Muc2 gene expression, an early
peak at 6 h and a later peak at 24 h after p40 treatment, were
found. This evidence is consistent with the two peaks of
EGFR and Akt activation by p40 treatment (Fig. 1B). Thus,
p40 up-regulates mucin gene expression and mucus produc-
tion in LS174T cells, which is associated with p40 activation
of EGFR.

FIGURE 1. p40 stimulates EGFR and Akt phosphorylation and up-regulates Muc2 gene expression and mucin production in LS174T cells. A, cells were
treated with p40 for 1 h at indicated concentrations or EGF at 10 and 20 ng/ml for 15 min. B, cells were treated with p40 at 50 ng/ml for the indicated times.
Cellular lysates were collected for Western blot analysis of total levels of EGFR and Akt and phosphorylation levels of EGFR (Tyr1068) and Akt (Ser473). The �-actin
level was detected as a protein loading control. The relative densities of protein bands on Western blots were determined by comparing the densities of
EGFR-Tyr1068 to total EGFR from the same sample. The relative density of bands from the untreated group was set as 1, and the relative densities of bands from
the treatment groups were compared with those of the untreated group to obtain the fold changes. C, cells were treated with p40 at the indicated concen-
trations or EGF at 10 and 20 ng/ml for 24 h. Total cellular soluble proteins were prepared for a PAS assay. The data are presented as �g of mucin per mg of cellular
protein. D, cells were treated with p40 at 50 ng/ml for the indicated times. RNA was isolated for real time PCR analysis of the Muc2 mRNA level. The Muc2 mRNA
expression level in the control group was set as 1, and mRNA expression levels in treated groups were compared with the control group. The data are quantified
from three to five separate experiments. *, p � 0.05 compared with the control group; #, p � 0.05 compared with the p40 at 12.5 ng/ml treated group; §, p �
0.05 compared with the p40 at 25 ng/ml treated group.
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Blocking EGFR Abolishes the Effects of p40 on Up-regulation
of Mucin Production in LS174T Cells—EGFR signaling has been
linked to mucin production in airway cells (29). To determine
the requirement of EGFR activation for the action of p40 in
mucin production in LS174T cells, two approaches were used
to block EGFR activity: LS174T cells were treated with a EGFR
kinase inhibitor, AG1478, and knockdown EGFR expression in
LS174T cells by siRNA transfection. In addition, wortmannin, a
PI3K kinase inhibitor, was used to inhibit Akt activity. Inhibi-
tion of EGFR kinase activity using AG1478 or Akt activity using
wortmannin significantly blocked p40-stimulated Muc2 gene
expression at 6 and 24 h after treatment (Fig. 2A). These two
inhibitors also blocked mucin production in LS174T cells (Fig.
2B). EGF-stimulated mucin production in LS174T cells was
also suppressed by AG1478 and wortmannin (Fig. 2B). Further-
more, PAS staining and immunostaining using an anti-MUC2
antibody were performed. p40 treatment increased the mucous
glycoprotein level detected by PAS staining (Fig. 2C) and the
MUC2 level detected by immunostaining (Fig. 2D), both of
which were blocked by AG1478 (Fig. 2, C and D).

We next transfected LS174T cells with EGFR siRNA to sup-
press EGFR expression. EGFR expression, detected as a protein
band with molecular mass of 180 kDa by Western blot, was
suppressed in cells transduced with EGFR siRNA, but not in
cells treated with nontargeting siRNA (Fig. 3A). As expected,

p40 activated EGFR in nontargeting siRNA-transfected cells
(Fig. 3A). p40 failed to stimulate Muc2 gene expression after 6-
and 24-h treatment in cells with knockdown of EGFR expres-
sion (Fig. 3B). EGF treatment was used as a control for EGFR
inhibition. EGF-stimulated Muc2 gen expression was blocked
in cells transfected with EGFR siRNA (Fig. 3B). Next, the effects
of p40 and EGF on mucin production were examined. p40 and
EGF stimulated mucin production in LS174T cells transduced
with nontargeting siRNA, but not EGFR siRNA (Fig. 3C). These
data indicate a requirement of EGFR for the stimulatory effects
of p40 on mucin production.

p40 Promotes Mucin Production in Mice, Which Requires
EGFR Kinase Activity—Data from in vitro experiments indicate
that p40 stimulates mucin production, which requires activa-
tion of EGFR. Next, we examined whether p40 exerts the same
function in vivo. We generated pectin/zein beads, a hydrogel
formulation that protects associated drugs from abundant
intestinal enzymes (30, 31), to specifically deliver p40 to the
colon. By using this delivery system, p40 was recovered in the
colon, with a limited amount in the small intestine in mice by
immunostaining 4 h after the administration of 10 �g of p40 in
pectin/zein beads. This treatment has also been shown to acti-
vate EGFR in colon epithelial cells (25). In this experiment, WT
mice were treated with p40 in pectin/zein beads as before (10
�g of p40 for 4 h). Colonic and jejunum epithelial cells were

FIGURE 2. Inhibition of EGFR kinase activity blocks p40-stimulated Muc2 gene expression and mucin production in LS174T cells. The cells were treated
with p40 at 50 ng/ml or EGF (20 ng/ml) for 6 and 24 h in the presence or absence of AG1478 (200 nM) or wortmannin (10 �M). A, RNA was isolated for real time
PCR analysis of the Muc2 mRNA level as described in Fig. 1D. B, total cellular soluble proteins were prepared for a PAS assay as described in Fig. 1C. *, p � 0.05
compared with the control group; #, p � 0.05 compared with the p40-treated group; §, p � 0.05 compared with the EGF-treated group. The data are quantified
from five separate experiments. C, cells were treated as shown above for 24 h and stained with PAS. D, cells were treated as shown above for 24 h for
immunostaining using an anti-MUC2 antibody and a FITC-conjugated secondary antibody and observed under fluorescence microscopy. Green staining
represents MUC2-positive staining. The nuclei were stained by DAPI. In C and D, data are representative of three separate experiments.
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isolated. To determine the percentage of epithelial cells in iso-
lated cells, phenotypic characterization of expression of E-cad-
herin (an epithelial cell marker) in these isolated cells was per-
formed using flow cytometry analysis. The percentage of
E-cadherin-positive staining cells was 91.33 � 4.045% (Fig. 4A),
suggesting that the majority of isolated cell population is epi-
thelial cells.

The amount of p40 delivered to epithelial cells was then
detected using an ELISA method. The levels of p40 in colon and
jejunum epithelial cells isolated from p40-treated mice were
18.87 � 1.48 and 0.19 � 0.04 ng/106 cells, respectively. No p40
was detected in the colon or jejunum epithelial cells isolated
from mice gavaged with control lectin/zein beads (Fig. 4B). The
p40 level in LST174T cells treated with 50 ng/ml p40 for 1 h was
7.89 � 1.46 ng/106, but no p40 was detected in control LS174T
cells (Fig. 4B).

To test the effects of p40 on mucin production in vivo, WT
mice were gavaged with p40-containing pectin/zein beads (10
�g p40/day) or control beads for 5 days. We first examined the
mucin level in colon epithelial cells and found that the mucin
level was significantly increased in colon epithelial cells isolated
from p40-containing bead treated mice, compared with that

from mice with no treatment or treated with control beads (Fig.
5A). Mucin production in the colon was further examined by
measuring the thickness of the attached inner mucus layer by
immunostaining using an anti-MUC2 antibody. It was deter-
mined that p40 treatment significantly increased the thickness
of the inner mucus layer in the WT colon (Fig. 5, B and C).

To determine whether EGFR mediates p40 regulation of
mucin production in vivo, Egfrwa5 mice with a dominant nega-
tive mutation in the EGFR kinase domain (26) were utilized.
The mucus content in colon epithelial cells (Fig. 5A) and the
thickness of the mucus layer in the colon (Fig. 5, B and C), of
Egfrwa5 mice were similar to those in WT mice. Our previous
studies have shown that p40 activated EGFR in colonic epithe-
lial cells of WT, but not Egfrwa5 mice (25). In the present study,
p40 treatment failed to stimulate mucin production in colon
epithelial cells (Fig. 5A) and increased the thickness of the inner
mucus layer in the colon of Egfrwa5 mice (Fig. 5, B and C), com-
pared with those from untreated Egfrwa5 mice.

Next, we examined whether p40 regulates Muc2 gene
expression in vivo. There is no difference in the basal level of
Muc2 gene expression in the colonic epithelial cells in WT
mice, compared with that in Egfrwa5 mice. p40 stimulated Muc2

FIGURE 3. p40 up-regulation of mucin production in LS174T cells requires EGFR. A, cells transduced with siRNA against EGFR or nontargeting siRNA were
treated with p40 (50 ng/ml) for 1 h or EGF (20 ng/ml) for 15 min. Cellular lysates were collected for Western blot analysis of total and phosphorylation levels of
EGFR. The �-actin level was detected as a protein loading control. B, cells were treated with p40 (50 ng/ml) or EGF (20 ng/ml) for the indicated times. RNA was
isolated for real time PCR analysis of the Muc2 mRNA level. The Muc2 mRNA expression level in the control group with nontargeting siRNA transfection was set
as 1, and mRNA expression levels in treated groups were compared with this group. *, p � 0.05 compared with the control group with nontargeting siRNA
transfection. C, cells treated with p40 (50 ng/ml) for 24 h were immunostained using an anti-MUC2 antibody and a FITC-conjugated secondary antibody. The
nuclei were stained by DAPI. The images were observed under fluorescence microscopy. The images shown are representative of three separate experiments.
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gene expression in the colonic epithelial cells of WT, but not
Egfrwa5 mice (Fig. 5D).

Because the number of mucin-producing cells in the colon
was not affected by p40 treatment in either WT or Egfrwa5 mice
(Fig. 5, E and F), these data suggest that p40 transactivation of
EGFR may play a role in promoting mucin production through
stimulation of mucin synthesis in existing cells, but not in
increasing the number of mucin producing cells in vivo.

p40-stimulated Mucin Production Mediates Inhibition of
TNF-induced Epithelial Cell Apoptosis—We have reported that
p40 inhibits TNF-induced apoptosis in intestinal epithelial cells
in vitro and in the colon organ culture in an EGFR-dependent
manner (25). This study further investigated the role of p40-
stimulated mucin production in protection of cytokine-in-
duced apoptosis in the colonic explant culture. The colonic
explants were cultured for 8 h with the treatment of benzyl-�-
GalNAc. Benzyl-�-GalNAc, a specific inhibitor of the glycosyl-
ation of O-glycosidically linked glycoproteins, has been shown
to inhibit mucin production in LS174T cells (32) and in HT-29
cells, another colon tumor cell line (33). p40 stimulated mucin
production in the presence and absence of TNF, which was
inhibited by benzyl-�-GalNAc (Fig. 6A). Consistent with our
previous data (25), p40 inhibited TNF-induced epithelial apo-
ptosis, which was suppressed by benzyl-�-GalNAc (Fig. 6, B
and C). These results indicate that p40-up-regulation of mucin
production mediates its protective effects on the intestinal epi-
thelium against injury and inflammation.

DISCUSSION

One of the mechanisms by which probiotics protect the host
from pathogenic bacterial invasion is through stimulating
mucin gene expression, synthesis, and secretion (34). LGG has
been reported to induce mucin gene expression and production

in cell cultures, including LS174T, Caco2, and HT-29 cells (12,
13, 35). However, how LGG regulates mucin production
remains unclear. To elucidate the mechanisms of probiotic
action, we purified and cloned p40 from LGG culture superna-
tants. p40 has beneficial effects on colon epithelial homeostasis
through activation of EGFR and Akt in intestinal epithelial cells
(23–25). In the present study, we demonstrate that p40 pro-
motes Muc2 gene expression and MUC2 production in LS174T
cells, which requires EGFR activation. We also show that p40
treatment increases Muc2 gene expression, the amount of
mucin in the colon epithelial cells, and the thickness of the
mucus layer in the colon of mice in an EGFR-dependent man-
ner. These results suggest that production of soluble proteins
may serve as a mechanism underlying LGG up-regulation of
mucin production.

EGF was used to treat LS174T cells in this study as a positive
control to study the involvement of EGFR activation in mucin
production. We have reported that EGFR transactivation by
p40 occurs through the release of an EGFR ligand, HB-EGF.
Thus, p40 stimulates a delayed (30 min) and longer period of
EGFR activation (up to 2 h), compared with HB-EGF (15–30
min) (24). This study further showed that p40 stimulated sev-
eral peaks of EGFR activation, which are correlated with
increased Muc2 gene expression at these time points in LS174T
cells. This evidence may result from the accumulation of HB-
EGF released by p40 in the medium at these time points for
activation of EGFR.

The levels of EGFR phosphorylation stimulated by EGF at 10
and 20 ng/ml for 15 min are about 3- and 4-fold, respectively,
compared with those induced by p40 at 50 ng/ml for 1 h in
LS174T cells. However, EGF treatment (10 and 20 ng/ml for
24 h) stimulated mucin production in LS174 cells at a level less
than 2-fold compared with that by p40 at 50 ng/ml for 24 h.
These results may be explained by EGFR kinetics. Following
ligand binding to EGFR, the Cbl ubiquitin ligase, a family of E3
ubiquitin ligases, is tyrosine-phosphorylated by the EGFR
receptor (36) or indirectly through interaction with the adaptor
protein growth factor receptor-bound protein 2 (GRB2). Phos-
phorylated Cbl promotes ubiquitinylation of EGFR at the
plasma membrane (37), which leads to translocation of EGFR to
the endosomal compartment (38). EGFR is subsequently sorted
by incompletely understood mechanisms through distinct ves-
icles for either destruction or recycling to the plasma mem-
brane with the loss of its activity (39, 40). Therefore, EGFR
phosphorylation and activation of its downstream targets by
direct ligand binding is a transient event. p40-stimulated EGFR
phosphorylation is sustained longer than that by EGF and can
stimulate more than one peak of EGFR activation. Thus, the
cumulative effects of EGFR activation by p40 on stimulating its
downstream targets and cellular responses cannot be repro-
duced by the level of EGFR phosphorylation at a specific time
point.

Mucin production is regulated by a variety of stimuli, includ-
ing growth factors, inflammatory cytokines, microbes, micro-
bial products, toxins, and hormones (2). Studies have shown
that EGFR ligands, EGF, and TGF-� up-regulate Muc2 and
Muc5AC through Ras/MAPK/ERK in a lung cancer cell line
(41). In addition to the Ras/MAPK/ERK pathway, PI3K has

FIGURE 4. Detecting the p40 content in intestinal epithelial cells isolated
from mice and in LS174T cells. WT mice were gavaged with 10 �g of p40 in
two pectin/zein beads (each bead contains 5 �g of p40) or two control pectin/
zein beads without p40 for 4 h. Colonic and small intestinal tissues were pre-
pared for isolation of epithelial cells. A, phenotypic characterization of the
isolated cell population from the colon was performed by staining cells using
biotin-labeled anti-mouse E-cadherin and streptavidin-PE-Cy5 and analyzed
by flow cytometry. The gate is shown as the line with double arrowheads. The
percentage of E-cadherin-positive staining cells is shown (n � 5 mice/group).
B, LS174T cells treated with p40 at 50 ng/ml for 1 h and small intestinal (SI),
and colonic epithelial cells isolated from mice were solubilized for an ELISA
assay to detect the intracellular p40 level. Purified p40 protein was used to
generate a concentration curve. The data are presented as ng of p40/106 cells.
*, p � 0.05 compared with the control group (for LS174T cells) or control
bead-treated mice (n � 5 mice/group). The p40 level in LS174T cells is repre-
sentative of three separate experiments.
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been shown to be involved in interleukin-1�-stimulated
expression of the MUC2 gene in NCI-H292 human airway cells
(42). Our results show that p40 stimulates Muc2 gene expres-
sion that is inhibited by down-regulation of EGFR expression
and kinase activity or by inhibition of Akt activation. We have
reported previously that p40 does not have effects on ERK1/2
activation (23). Although inhibition of ERK1/2 activation
down-regulates the basal levels of mucin production in LS174T
cells, p40 still stimulates higher level of mucin production,
compared with that in untreated cells (data not shown). Thus,
these results suggest that the EGFR/Akt pathway mediates the
effects of p40 on the stimulation of mucin production.

Increased synthesis of mucin is frequently coupled with
mucin secretion, but chronic secretion may result in the deple-
tion of mucin in goblet cells (43). Our study suggests that p40
treatment does not deplete mucin from goblet cells because p40
increases the intracellular mucus level in LS174T cells and in
colon epithelial cells in mice, and the number of goblet cells in
mice identified by MUC2 immunostaining is not affected by
p40 treatment. In addition to increasing mucin synthesis (16),

EGF has been shown to regulate mucin secretion (44), indicat-
ing that p40 plays a possible role in mucin secretion.

p40 promotes mucin production but does not affect the
number of goblet cells in the colon in mice, suggesting that p40
may increase mucin synthesis in the existing goblet cells but
does not have significant effects on goblet cell differentiation
and proliferation under the conditions presented in this study.
Notch signaling is required for differentiation and maturation
of intestinal stem cells into goblet cells (45). The SAM pointed
domain Ets factor (SPDEF) transcription factor has been shown
to be downstream of Math1 to promote goblet cell differentia-
tion and hyperplasia and is a major regulator of secretory gene
products such as MUC2 (46, 47). We did not find any significant
effects of p40 on SPDEF gene expression in LS174T cells and in
colonic epithelial cells isolated from mice (data not shown).
However, we cannot rule out the role of p40 in the regulation of
notch signaling for promoting goblet cell differentiation during
development and under disease status.

Clinical studies have revealed evidence regarding the defect
of mucin production in disease development. An association

FIGURE 5. p40 promotes mucin production in the colonic epithelium of WT, but not Egfrwa5 mice. WT and Egfrwa5 mice were gavaged with 10 �g of p40
in two pectin/zein beads or two control pectin/zein beads without p40 for 5 days. A, colonic epithelial cells were isolated, and cellular soluble proteins were
prepared for a PAS assay. The data are presented as �g of mucin per mg of cellular protein. *, p � 0.05 compared with the no-treatment group and control
bead-treated group. B and C, Carnoy-fixed colon sections were immunostained using an anti-MUC2 antibody and a FITC-conjugated secondary antibody. The
slides were mounted using mounting medium containing DAPI to stain nuclei and observed using fluorescence microscopy. FITC and DAPI images were taken
from the same field. The thickness of the attached mucus layer in the proximal colon was determined by measuring the distance between the epithelial surface
and the mucus surface in at least 20 fields for each mouse. D, RNA was prepared from colonic epithelial cells for real time PCR analysis of the Muc2 mRNA level.
The Muc2 mRNA expression level in the no-treatment group of WT mice was set as 1, and mRNA expression levels in other groups were compared with that in
this group. E and F, formalin-fixed colon sections were immunostained using an anti-MUC2 antibody and a HRP-conjugated secondary antibody. The slides
were developed using 3, 3�-diaminobenzidine counterstained with hematoxylin, and observed using light microscopy. The number of MUC2-positive cells in
the distal colonic tissues was determined by counting the absolute number of positive stained cells in at least 300 crypts for each mouse. *, p � 0.05 compared
with the no-treatment group of WT mice (n � 5/group).
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with an alteration of goblet cell response and mucin production
has been found in intestinal infections caused by bacteria,
viruses, and parasites (48). Quantitative and qualitative alter-
ations in mucins are observed in intestinal inflammation in
humans (49). Loss of intestinal core 1-derived O-glycans causes
decreased mucin production and spontaneous colitis in mice
(50). This study further shows that inhibition of p40-stimulted
mucin production by blocking O-linked glycosylation abolishes
the protective effects of p40 on TNF-induced apoptosis. Thus,
regulation of mucin production by probiotics may play a role in
maintaining intestinal mucosal homeostasis.

In addition to the protective roles in the epithelium, mucus
provides binding sites and an energy source for intestinal com-
mensal microbiota. Both commensal and pathogenic bacteria
benefit from their ability to regulate mucin synthesis and/or
secretion in host goblet cells (5, 51). Our finding that p40 stim-
ulates MUC2 production suggests a beneficial effect of p40 on
the intestinal microbial microenvironment. Further investiga-
tions are clearly needed to verify this possibility.

In summary, results from our previous studies show that p40
fulfills protective roles in mouse models of experimental colitis
through transactivation of the EGFR (25). We have further
demonstrated that p40 transactivation of EGFR mediates up-
regulation of mucin production in mice and in human mucus-
producing colon cancer cells. Thus, this finding provides
insights into the mechanisms of the action of p40 in regulation

of intestinal epithelial homeostasis and prevention of intestinal
inflammatory diseases.
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