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Background: p40 is a Lactobacillus rhamnosus GG-derived protein.

Results: p40 stimulates ADAM]17 activation and HB-EGF release, which is required for EGF receptor transactivation, preven-
tion of apoptosis, and preservation of barrier function in intestinal epithelial cells.

Conclusion: p40 transactivates the EGF receptor through ADAM17-mediated HB-EGF release in intestinal epithelial cells.
Significance: These results define a mechanism of p40 in modulating intestinal epithelial cell homeostasis.

p40, a Lactobacillus rhamnosus GG (LGG)-derived soluble
protein, ameliorates intestinal injury and colitis, reduces apo-
ptosis, and preserves barrier function by transactivation of the
EGF receptor (EGFR) in intestinal epithelial cells. The aim of
this study is to determine the mechanisms by which p40 trans-
activates the EGFR in intestinal epithelial cells. Here we show
that p40-conditioned medium activates EGFR in young adult
mouse colon epithelial cells and human colonic epithelial cell
line, T84 cells. p40 up-regulates a disintegrin and metallopro-
teinase domain-containing protein 17 (ADAM17) catalytic
activity, and broad spectrum metalloproteinase inhibitors block
EGFR transactivation by p40 in these two cell lines. In
ADAM17-deficient mouse colonic epithelial (ADAM17~/~
MCE) cells, p40 transactivation of EGFR is blocked, but can be
rescued by re-expression with WT ADAM17. Furthermore, p40
stimulates release of heparin binding (HB)-EGF, but not trans-
forming growth factor (TGF)a or amphiregulin, in young adult
mouse colon cells and ADAM17~'~ MCE cells overexpressing
WT ADAM17. Knockdown of HB-EGF expression by siRNA
suppresses p40 effects on transactivating EGFR and Akt, pre-
venting apoptosis, and preserving tight junction function. The

* This work was supported, in whole or in part, by National Institutes
of Health Grants RO1DKO081134 (to F.Y.), RO1DK93697 (to P.J.D),
RO1THL067267 and POTHLO18645 (to E. W. R.),and RO1DK56008, R01DK54993,
and RO1DK066176 (to D. B. P.). This work was also supported by Tianjin
Research Program of Application Foundation and Advanced Technol-
ogy for Young Scientists of China Grant 13JCQNJC10600 (to H. C.) and
core services performed through Vanderbilt University Medical Center
Digestive Disease Research Center supported by National Institutes of
Health Grant P30DK058404.

"To whom correspondence should be addressed: Dept. of Pediatrics,
Division of Gastroenterology, Hepatology, and Nutrition, Vanderbilt
University Medical Center, 2215 Garland Ave., MRB IV, Rm. 1035, Nash-
ville, TN 37232-0696. Tel.: 615-343-5021; Fax: 615-343-5323; E-mail:
fang.yan@vanderbilt.edu.

30742 JOURNAL OF BIOLOGICAL CHEMISTRY

effects of p40 on HB-EGF release and ADAM17 activation in
vivo are examined after administration of p40-containing pec-
tin/zein hydrogel beads to mice. p40 stimulates ADAM17 activ-
ity and EGFR activation in colonic epithelial cells and increases
HB-EGF levels in blood from WT mice, but not from mice with
intestinal epithelial cell-specific ADAM17 deletion. Thus, these
data define a mechanism of a probiotic-derived soluble protein
in modulating intestinal epithelial cell homeostasis through
ADAM17-mediated HB-EGF release, leading to transactivation
of EGFR.

The symbiotic relationship between intestinal microbiota
and the host plays an important role in maintaining human
health, including regulating host metabolism and biosynthetic
pathways, promoting homeostasis, and eliminating toxic sub-
stances (1). Interruption of this relationship has been found in
several pathological conditions, including inflammatory bowel
disease (2). Probiotics are live microorganisms which, when
consumed in adequate amounts as part of food, confer a health
benefit on the host and may serve as a potential alternative
therapy for disease prevention and treatment. Currently, both
clinical and basic research has revealed several distinct cellular
and molecular mechanisms underlying the beneficial effects of
probiotics, including blocking pathogenic bacterial effects, reg-
ulating immune responses, and modulating intestinal epithelial
homeostasis (3-5).

However, there are several concerns regarding the use of via-
ble probiotics. First, it has been a challenge to determine the
bioavailability and efficacy of probiotic bacteria in the gastroin-
testinal tract. In addition, the use of viable probiotic bacteria
raises concerns about biosafety, with several cases of bacteri-
um-associated infections in very young (6) and immuno-com-
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promised patients (7), and the increased risk of mortality in
patients with severe acute pancreatitis (8). In light of these con-
cerns, an alternative approach of probiotic-derived products
has been used to develop novel therapeutic reagents with
improved clinical efficacy.

Lactobacillus rhamnosus GG (LGG)? is a naturally occurring
Gram-positive bacterium originally isolated from the healthy
human intestine (9). LGG is one of the probiotic bacteria used
in clinical trials for treating and/or preventing several diseases,
including ulcerative colitis (10), diarrhea (11, 12), and atopic
dermatitis (13). Our group has purified and cloned a LGG-de-
rived soluble protein, p40, which contains 412 amino acid res-
idues with a calculated molecular mass of 42 kDa (14).
Sequence analysis of p40 revealed that the N terminus of p40
contains an uncharacterized protein domain conserved in bac-
teria, whereas the C-terminal region of p40 exhibits high
homology to a cysteine, histidine-dependent amidohydrolase/
peptidase domain (14). Further characterization of p40 showed
that p40 in Lactobacilllus casei BL23 is located at the bacterial
cell surface, is secreted to the culture media, and is able to
hydrolyze the muropeptides from L. casei cell walls (15),
whereas another study reported that p40 has p-glutamyl-L-lysyl
endopeptidase activity (16, 17).

We have shown that p40 prevents cytokine-induced epithe-
lial damage and apoptosis (14, 18) and hydrogen peroxide dis-
ruption of epithelial barrier function (19) through activation of
EGF receptor (EGFR) and its downstream target, Akt, in intes-
tinal epithelial cells. Furthermore, specific delivery of p40 to the
colon using special hydrogel beads to protect p40 from degra-
dation prevents and treats colonic epithelial cell injury and
inflammation in mouse models of colitis in an EGFR-depen-
dent manner (20).

EGEFR, a member of ErbB family, has an extracellular ligand-
binding domain and an intracellular portion that contains a
tyrosine kinase domain (21, 22). Ligation of EGFR by its soluble
ligands, EGF, heparin-binding (HB)-EGF, transforming growth
factor (TGF)a, or amphiregulin, triggers formation of homo-
and heterodimers with other ErbB family members and auto-
phosphorylation of cytoplasmic tyrosine residues (21, 22).
These phosphorylated amino acids provide docking sites for a
variety of signaling molecules that regulate intracellular signal-
ing networks, such as Akt. Activation of EGFR promotes cell
proliferation, differentiation, migration, and survival (21, 22).
Although EGER is considered a tumor promoter, EGF has
shown therapeutic potential in human ulcerative colitis (23),
and EGFR activation plays a role in ameliorating chronic
inflammation, thus limiting colitis-associated tumorigenesis
(24).

EGER ligands are synthesized as transmembrane precursors,
which are released by a highly regulated process to produce
soluble active ligands. Membrane-bound or uncleavable
ligands impede EGFR activation by preventing dimerization

2The abbreviations used are: LGG, Lactobacillus rhamnosus GG; ADAM17, a
disintegrin and metalloproteinase domain-containing protein 17; EGFR,
epidermal growth factor receptor; HB-EGF, heparin-binding epidermal
growth factor; IEC, intestinal epithelial cell; MCE, mouse colonic epithelial;
PARP, poly(ADP-ribose) polymerase; YAMC, young adult mouse colon.
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(25). A wide variety of pharmacological and physiological stim-
uli, such as ligand-mediated stimulation of G protein-coupled
receptors (26), can trigger EGER ligand shedding and release. A
disintegrin and metalloproteinases (ADAMs) are membrane-
anchored proteases that are able to cleave the extracellular
domains of membrane-bound proteins in a process known as
“ectodomain shedding.” Regulation of ADAM proteolytic
activity is still poorly defined, although recent studies have
demonstrated that intracellular trafficking of ADAM17 (also
termed tumor necrosis factor-a-converting enzyme, TACE) is
critical for its function (27, 28).

Although we have identified the ability of p40 to activate
EGFR (20), the mechanisms underlying this process are
unknown. We show here that p40-stimulated HB-EGF release
is mediated by ADAM17, leading to EGFR activation in intes-
tinal epithelial cells. Our data define a mechanism of probiotic-
derived soluble proteins in modulating intestinal homeostasis.

EXPERIMENTAL PROCEDURES

Cell Culture—T84 cells (ATCC, CCL-248), a human colonic
adenocarcinoma cell line, were cultured in 1:1 mixture of
Ham’s F12 medium and DMEM with 2.5 mm glutamine, 5%
fetal bovine serum (FBS), and 100 units/ml penicillin and strep-
tomycin at 37 °C with 5% CO,,.

A young adult mouse colonic epithelium (YAMC) cell line
was generated using a mouse harboring thermolabile mutation
(tsA58) under the control of an interferon (IFN)-+y-inducible
H-2kb promoter and a temperature-sensitive simian virus 40
large T antigen (Immortomouse) (29). The functional expres-
sion of the SV40 large T antigen is induced by culturing the cells
in vitro in RPMI 1640 medium containing IFNy at a tempera-
ture permissive (33 °C) for function of the tsA58 mutation.
Expression of this gene is required for YAMC cell proliferation.
YAMC cells die when the temperature is raised to the nonper-
missive temperature (37 °C) or when the cells are cultured with-
out IFNy for three passages.

An EGFR™/~ mouse colonic epithelial (MCE) cell line was
generated from the colonic epithelium of EGFR-null mice
crossed to the Immortomouse (30).

YAMC and EGFR™/~ MCE cells were maintained in RPMI
1640 medium supplemented with 5% FBS, 5 units/ml murine
IEN-v, 100 units/ml penicillin and streptomycin, 5 ug/ml insu-
lin, 5 pg/ml transferrin, and 5 ng/ml selenous acid at 33 °C
(permissive condition) with 5% CO.,,.

An ADAM17-deficient MCE (termed ADAM17 /'~ MCE)
cell line was generated from the colonic epithelium of
Adam17°%"2%"_null mice crossed to the Immortomouse (31).
ADAM17 "/~ MCE cells reconstituted to stably express HA-
tagged WT or proteolytically inactive (E>A) ADAM17 mutant
mouse ADAM17 were prepared using the pBM-—ires-PURO
retroviral vector, as described before (31). Empty vector was
used as a control. Transduced cells were cultured in the same
medium as that used for YAMC cells plus 5 ug/ml puromycin at
33 °C with 5% CO,.

Prior to treatment, T84 and YAMC, EGFR™/~ MCE and
ADAM17 /= MCE cells were maintained in serum-starved
medium (F12 medium and DMEM for T84, RPMI 1640
medium (no IFN-vy) for YAMC, a EGFR™/~ MCE and
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ADAM17 "/~ MCE cells) containing 0.5% FBS and 100
units/ml penicillin and streptomycin at 37 °C for 18 h.

Mice and Treatments—All animal experiments were per-
formed according to protocols approved by the Institutional
Animal Care and Use Committees at University of Vanderbilt
and the University of Michigan. Villin-Cre and Adam17""*
mouse strains on a C57BL/6] background have been described
previously (32, 33). Intestinal epithelial cell (IEC)-specific
Adam17-deficient mice (Villin-Cre; Adam17"*, referred to as
IEC-Adam17KO) and genotype controls (Adam17*") were
used in this study. IEC-Adam17KO mice show no overt intes-
tinal phenotype and are a suitable model to study the loss of
ADAM17 signaling within IECs without altering either intesti-
nal function or baseline inflammatory cytokine responses.>

8-10-week old C57BL/6] WT, IEC-Adam17KO, and
Adam17F" mice were gavaged with pectin/zein beads con-
taining p40 or pectin/zein control beads. Preparation of p40-
containing pectin/zein beads was described in our previous
publication (20). Blood was collected before and after p40 treat-
ment. Colonic epithelial cells were isolated from mice at
sacrifice.

Isolation of Colonic Epithelial Cells from Mice—Mouse
colonic epithelial cells were isolated using a modified protocol
(34). The colon was opened and incubated with 0.5 mMm dithio-
threitol and 3 mm EDTA at room temperature for 1.5 h without
shaking. After gently removing the solution, PBS was added to
the colon. Crypts released from the colon by shaking the tube
were washed with PBS and then solubilized in cell lysis buffer,
containing 50 mm Tris-HCI (pH 7.4), 120 mm NaCl, 1% Nonidet
P-40, with protease and phosphatase 1 and 2 inhibitor cocktails
(Sigma-Aldrich). The protein concentration was determined
using a BCA protein assay kit (Pierce Thermo Scientific).

Transient Transfection of HB-EGF siRNA—YAMC cells were
transiently transfected with either 20 nm nontargeting siRNA
or 20 nM mouse HB-EGF siRNA (Santa Cruz Biotechnology) at
80% confluence using Lipofectamine 2000 (Invitrogen) for 6 h,
according to the manufacturer’s instructions. Cells were cul-
tured for 24 h after transfection at 33 °C and then were cultured
under the nonpermissive condition for 18 h before treatment.

Immunocytochemistry—For detecting p40 effects on H,O,-
induced disruption of ZO-1 localization, cells were treated with
H,0, in the presence or absence of p40. Then, cells were fixed
and permeabilized with 2% Triton X-100 in PBS for 5 min at
room temperature followed by treatment with 5% bovine serum
albumin in PBS containing 1% Triton X-100 for 1 h at room
temperature. Slides were then incubated with a rabbit anti-
mouse ZO-1 (Invitrogen) antibody overnight at 4 °C and a Cy3-
labeled goat anti-rabbit IgG (Jackson ImmunoResearch) anti-
body at room temperature for 1 h. Slides were mounted using
Vectashield® mounting medium and observed under fluores-
cence microscopy.

Real-time PCR Analysis—Total RNA was isolated from
YAMC cells using an RNA isolation kit (Qiagen) and was
treated with RNase-free DNase. Reverse transcription was per-
formed using the High Capacity cDNA Reverse Transcription

3Y.Feng et al., unpublished data.
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kit (Applied Biosystems). For Real-time PCRs, 25-ul reactions
were set up by the addition of 1.25 ul of the HB-EGF primer mix
(containing 5 uMm reverse and forward primers) (Mm 00439306,
Applied Biosystems), 5 ul of diluted cDNA template, and 12.5
wl of Tagman Gene Expression Master Mix. Real-time PCR was
performed using the 7300 Real-time PCR System (Applied Bio-
systems). The data were analyzed using the Sequence Detection
System V1.4.0 software. The relative abundance of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA was used
to normalize levels of the mRNAs of HB-EGF. All cDNA sam-
ples were analyzed in triplicate.

ELISA—Cell culture media and mouse sera were collected to
determine EGFR ligand levels, including HB-EGF, TGFa, and
amphiregulin, using the corresponding kits from DuoSet®
ELISA Development System (R&D Systems), according to the
manufacturer’s instructions. The protein concentration of the
cellular lysate was determined using a BCA protein assay kit
(Pierce Thermo Scientific). The indicated ligand concentration
in the cell culture medium was calculated as pg of ligand/mg of
cellular protein. The indicated ligand concentration in serum
was calculated as pg of ligand/ml of serum.

ADAM17 Activity Assay—Cultured human and mouse cell
lines and isolated MCE cells were solubilized in cell lysis buffer
containing 50 mm Tris-HCl (pH 7.4), 120 mm NaCl, and 1%
Nonidet P-40 with protease and phosphatase 1 and 2 inhibitor
mixtures. The protein concentration was determined using a
BCA protein assay kit. ADAM17 activity was detected using a
InnoZyme™ TACE Activity Kit (Calbiochem) according
to the manufacturer’s instructions using recombinant human
ADAM17 as the standard. Although this assay was designed to
detect human ADAMI17 activity, our analysis of ADAM17 '~
MCE cells transduced with WT mouse ADAM17, catalytically
inactive ADAM17 E>A, or vector alone indicated that mouse
ADAM17 could be detected. Importantly, p40 stimulated
ADAMI7 activity in ADAM17 '~ MCE cells expressing WT
mouse ADAM17 but not ADAM17 E>A mutant or vector alone
(see Fig. 2C). Both human and mouse ADAM17 activities were
calculated as ng of recombinant human ADAM17 equivalents/mg
of cellular protein.

Cellular Lysate Preparation and Western Blot Analysis—p40
was purified from LGG culture broth, as described in Ref. 14.
p40 or recombinant murine HB-EGF (Pepro Tech) was used to
treat cells in the presence or absence of the broad spectrum
metalloproteinase inhibitors GM6001 (Millipore) and TAPI-1
(Enzo Life Sciences, Farmingdale, NY), or recombinant murine
TNF (Pepro Tech) and cycloheximide (Sigma-Aldrich). For
preparing total cellular proteins, cell monolayers were rinsed
twice with cold PBS and then scraped into cell lysis buffer. The
cellular suspensions were centrifuged (14,000 X g for 10 min) at
4 °C, and the supernatants were saved. The protein concentra-
tion was determined using a BCA protein assay kit. Cellular
proteins isolated from cultured cells and colonic epithelial cells
were mixed with Laemmli sample buffer and separated by SDS-
polyacrylamide gel electrophoresis for Western blot analysis
using antibodies against total EGFR (Millipore), phospho-
EGEFR (Tyr-1068) (Cell Signaling Technology), phospho-Akt
(Ser-473) (Cell Signaling Technology), total Akt (Cell Signaling
Technology), PARP (which identifies both full-length and
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cleaved PARP) (Cell Signaling Technology), Caspase-3 (which
identifies both full-length and cleaved Caspase-3) (Cell Signal-
ing Technology), ADAM17 (Cell Signaling Technology, 3976),
and B-actin (Sigma-Aldrich).

Statistical Analysis—Statistical significance was determined
by one-way analysis of variance followed by Newman-Keuls
analysis using Prism 5.0 (GraphPad Software, San Diego, CA)
for multiple comparisons and ¢ test for paired samples. A p
value < 0.05 was defined as statistically significant. Data are
presented as mean * S.D.

RESULTS

p40-stimulated ADAM17 Activation Mediates EGFR Trans-
activation in Intestinal Epithelial Cells—Our previous studies
have demonstrated that p40 activates EGFR in intestinal epi-
thelial cells, which is required for decreasing apoptosis and pre-
serving epithelial barrier function in intestinal epithelial cells in
mouse models of colitis (20). However, how EGFR is activated
by p40 is unknown. Stimulation of EGFR ligand release serves
as one of the mechanisms involved in transactivation of EGFR.
Thus, this work was focused on determining whether p40 stim-
ulated intestinal epithelial cells to release EGFR ligands. We
first determined whether p40 stimulates release of any factors
from YAMC and T84 cells to activate EGFR. p40-treated con-
ditioned medium was prepared by collecting cell culture
medium from YAMC and T84 cells treated with p40 for 60 and
120 min. Then the p40-treated conditioned medium was used
to treat cells for 10 min. Because p40 was present in the condi-
tioned medium, we treated YAMC and T84 cells with p40 for 10
min as a control. As reported before (14, 18), p40 treatment for
60 and 120 min, but not 10 min, activated EGFR and Akt. By
contrast, EGFR and Akt were activated in YAMC and T84 cells
treated with p40-conditioned medium for 10 min (Fig. 14).
These data suggest that p40-conditioned medium contains sol-
uble factors required for activation of EGFR in YAMC and T84
cells.

To test whether EGFR ligand release might mediate p40-
induced signaling in intestinal epithelial cells, we used a mono-
clonal antibody, C225, which interacts with the ectodomain of
human EGEFR to block ligand binding (35). C225 inhibited p40
activation of EGFR and Akt in T84 cells (Fig. 1B), indicating that
p40 stimulation of EGFR and Akt phosphorylation requires
ligand binding to EGFR. Because the proteolytic processing of
EGF family members is a regulated event and disintegrin-met-
alloproteinases play a critical role in the release of EGFR ligands
(36, 37), we tested whether broad spectrum metalloproteinase
inhibitors, GM6001 and TAPI-1, could suppress the p40 effect
on EGEFR activation. p40-stimulated EGFR and Akt activation
in T84 and YAMC cells was blocked by treatment of cells with
the combination of these two metalloproteinase inhibitors (Fig.
1B), indicating that metalloproteinase activity is required for
p40-induced signaling. Importantly, EGF-stimulated Akt and
EGER activation was blocked by the EGER ligand-binding anti-
body, but not by metalloproteinase inhibitors, confirming that
metalloproteinase inhibition had not perturbed functional
EGER signaling (Fig. 1B). These data suggest that p40 requires
metalloproteinase activity to release ligands for transactivation
of EGFR in IECs.

OCTOBERT 18,2013 +VOLUME 288+-NUMBER 42

p40 Stimulates EGFR Ligand Release

YAMC

- — - ————y

T84
-

EGFR-
Tyr1068

Total EGFR =a # *~ an @ e» € coaR@Re
P-Akt - L1l L]
Total Akt (i 40 40 9 » D OO
p-actin — — — — — — W opEDEDODED

p40 (min) - 10 60120 - - - 10 60120 - -
60 min-CM - - - - + - - e - e+ -
120 min-CM - - - - - + - e e e e+
B YAMC T84
EGFR-
Tyrioeg T - @ s
Total EGFR “apames G ap ** o & co @ o an on @
P-Akt ' == TR e

TotalAkt'”.'. - oe ke e B
B-actin “.“. e e . e e

pd0 - + - - - I T
EGF--+--+--+..+.-+
MMP . . - + 4+ + . . . -« « - + + +
inhibitors
Anti-EGFR - - - - - - e . T T

FIGURE 1. p40 stimulates ligand release from intestinal epithelial cells to
activate EGFR. A, conditioned medium (CM) was collected from YAMC and
T84 cells treated with p40 (10 ng/ml) for 60 and 120 min. YAMC and T84 cells
were treated with p40 (10 ng/ml) for the indicated times or conditioned
medium for 10 min. B, YAMC and T84 cells were treated with p40 (10 ng/ml)
for 60 min or EGF (10 ng/ml for YAMC and 30 ng/ml for T84 cells) for 5 min in
the presence or absence of 1-h pretreatment with metalloproteinase inhibi-
tors, GM6001 (2.5 um) and TAPI-1 (10 um), or an antibody blocking human EGF
receptor ligand binding (C225, 5 nm). Cellular lysates were collected for West-
ern blot analysis of total EGFR and Akt levels and EGFR (Tyr-1068) and Akt
(Ser-473) phosphorylation. B-Actin protein levels were used as loading con-
trols. Data are representative of at least three separate experiments.

ADAM17 plays an important role in the shedding of HB-
EGF, TGFq, and amphiregulin for activation of EGFR (36, 37).
Thus, we focused on determining whether ADAM17 mediated
p40-regulated EGFR transactivation in intestinal epithelial
cells. p40 stimulated ADAM17 activity in YAMC cells (Fig. 24)
and T84 cells (Fig. 2B) in a time-dependent manner. To further
validate these findings, we examined the effects of p40 treat-
ment on ADAM17 activityin ADAM17 "/~ MCE cells express-
ing either WT ADAM17, catalytically inactive ADAM17 E>A
mutant, or vector alone. p40 stimulated ADAM17 activity only
in ADAM17 '~ MCE cells expressing WT ADAM17 (Fig. 2C).
Next, we tested the requirement of ADAM17 for p40 effects on
EGFR and Akt signaling using the ADAM17 /'~ MCE cells.
Whereas activation of EGFR and Akt by p40 was lost in
ADAM17 "/~ MCE cells transduced with control vector, over-
expression of WT ADAM17 in ADAM17/~ MCE cells res-
cued p40 effects on EGFR and Akt activation (Fig. 34). As a
positive control, EGF activated EGFR and Akt in ADAM17 '~
MCE transduced with control vector (Fig. 3A4).

We have reported that p40 activation of EGFR is required for
inhibition of apoptosis and preservation of epithelial barrier
function in intestinal epithelial cells (20). Thus, we determined
the role of ADAM17 in p40 regulation of these two cellular
responses. We found that p40 prevented TNF and cyclohexim-
ide-induced apoptosis detected by Western blot analysis of
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FIGURE 2. p40 activates ADAM17 in intestinal epithelial cells. YAMC (A),
T84 (B), and ADAM17~/~ (C) MCE cells transduced with WT ADAM, E>A
mutant ADAM17, or vector control were treated with p40 (10 ng/ml) for the
indicated times. Cellular lysates were collected for analysis of ADAM17 pro-
teolytic activity for peptide substrates and protein concentration. Data are
presented as ng of active ADAM17 per mg of cellular protein. ¥, p < 0.05
compared with the control group for each cell line. Error bars, S.D. Data are
quantified from three to five separate experiments.
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cleaved PARP and Caspase-3 in ADAM17 /~ MCE cells
expressing WT ADAM17, but not with control vector (Fig. 3B).
Tight junctions were detected by immunostaining for the tight
junctional protein, ZO-1. H,O,-induced redistribution of this
protein from apical tight junctional complexes to the cytoplas-
mic compartment of epithelial cells was prevented by p40 treat-
ment in ADAM17~/~ MCE cell with WT ADAM17, but not
vector transfection (Fig. 3C). These data suggest that ADAM17
mediates p40 regulatory effects on intestinal epithelial cells.
HB-EGF Release by p40 Mediates Activation of EGER in
Intestinal Epithelial Cells—We next examined which ErbB
ligand released by p40 from YAMC cells is responsible for
transactivation of EGFR. Because we have found that YAMC
cells express endogenous HB-EGF, TGFe, and amphiregulin,
but not EGF,* we focused on detecting these three ligands in the
cell culture medium isolated from p40 treated YAMC cells by
ELISA. p40 treatment increased HB-EGF levels in cell culture
medium of YAMC cells (Fig. 44). To gain additional insights
into p40-mediated HB-EGF release, we examined the effects of
p40 treatment on EGFR™/~ MCE cells in which released HB-
EGF will accumulate in the conditioned medium due to the lack
ofligand binding to and consumption by EGFRs. We found that
the basal level of HB-EGF and p40-stimulated HB-EGF release
were higher in EGFR ™/~ MCE cells (Fig. 4A). The peak level of
HB-EGF was found in the medium of 1-h p40-treated YAMC
cells, but the HB-EGF level returned to base line by 4 h after p40
treatment, which is consistent with the finding that p40-stim-

4F.Yan, L.Liu,P. J. Dempsey, Y.-H. Tsai, E. W.Raines, C. L. Wilson, H. Cao, Z. Cao,
L. Liu, and D. B. Polk, unpublished data.
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FIGURE 3. ADAM17 mediates p40 effects on intestinal epithelial cells. A,

ADAM17 "~ MCE cells transduced with WT ADAM17 or control vector were
treated with p40 (10 ng/ml) for the indicated times or EGF (10 ng/ml) for 5
min. Cellular lysates were collected for Western blot analysis of total and
phosphorylation levels of EGFR and Akt, and ADAM17 expression. B-Actin
levels were used to control for protein loading. B, ADAM17~/~ MCE cells
transduced with WT ADAM17 or control vector were treated with TNF (100
ng/ml) and cycloheximide (CHX, 1 ng/ml) for 6 hin the presence or absence of
1-h p40 (10 ng/ml) pretreatment. Cellular lysates were collected for Western
blot analysis of full-length and cleaved PARP and Caspase-3. C, cells were
treated with H,0, (40 um) for 4 h in the presence or absence of 1-h pretreat-
ment with p40 (10 ng/ml). ZO-1 distribution was detected by immuno-
staining using a ZO-1 antibody and a Cy3-conjugated secondary antibody
and monitored by fluorescence microscopy. Images shown are representa-
tive of three separate experiments.

ulated EGFR activation occurs 1 h after p40 treatment. How-
ever, in p40-treated EGFR '~ MCE cells, maximal levels of HB-
EGF in conditioned medium were observed 2 h after p40
treatment, which persisted over time, due presumably to the
lack of ligand consumption. Importantly, p40 did not affect
TGFa and amphiregulin shedding in the conditioned medium
of EGFR™'~ MCE cells, suggesting that the effects of p40 were
specific for HB-EGF release (Fig. 4A).

To test whether p40 up-regulates HB-EGF gene expression,
real-time PCR analysis was performed to measure HB-EGF
mRNA levels in YAMC cells treated with p40. p40 did not affect
HB-EGF gene expression in YAMC cells (Fig. 4B). Thus, gene
expression does not contribute to the shedding events
observed. Importantly, we confirmed that p40 stimulated sig-
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nificant HB-EGF release in ADAM17 '~ cells transduced with
WT ADAM17, but not in vector controls (Fig. 4C). These data
suggest that p40 up-regulates HB-EGF release from intestinal
epithelial cells, which is mediated by ADAM17 activation.

We next treated YAMC cells with exogenous HB-EGF to
compare EGFR and Akt activation by HB-EGF released in
response to p40. YAMC cells treated with HB-EGF at 0.25
ng/ml, which is the same concentration of HB-EGF that was
detected in 1-h p40-treated cell culture medium (Fig. 4A4), pro-
duced levels of EGFR and Akt activation similar to that
observed in p40-treated cells (Fig. 4D). However, EGFR activa-
tion by HB-EGF treatment occurred (15 min) earlier than that
by p40 (30 min) (Fig. 4, D and E), indicating that EGFR and Akt
activation was significantly delayed in p40-treated cells.

To determine the requirement of HB-EGF for p40’s action,
the siRNA method was used to knock down HB-EGF expres-
sion in YAMC cells. HB-EGF expression, detected as a protein
band with molecular mass of about 20 kDa by Western blotting,
was suppressed in cells transduced with HB-EGF siRNA, but
not in cells treated with nontargeting siRNA (Fig. 5, A and B).
p40 failed to activate EGFR in cells with knockdown of HB-EGF
expression (Fig. 5, A and B). Next, p40 effects on apoptosis and
preservation of intestinal integrity were examined (20). p40
inhibited TNF and cycloheximide-induced apoptosis, as shown
by the reduction of cleaved PARP and Caspase-3 (Fig. , 5, Cand
D). In addition, the presence of p40 prevented H,O,-induced
disruption of the tight junction complex protein, ZO-1 (Fig.
5E), in YAMC cells transduced with nontargeting siRNA but
not when HB-EGF siRNA was used. These data indicate a
requirement of HB-EGF for p40 effects on EGER signaling and
cellular responses in intestinal epithelial cells.

p40 Stimulates HB-EGF Release and Activates ADAM1I17 in
Intestinal Epithelial Cells in Mice—Our in vitro data indicate
that p40 stimulates HB-EGF release, which is required for p40
activation of EGFR and regulation of intestinal epithelial cellu-
lar responses. To determine whether p40 exerts the same func-
tion in vivo, W'T mice were gavaged with p40 containing pectin/
zein beads, a hydrogel formulation that protects associated
drugs from abundant intestinal enzymes (38, 39). Colonic epi-
thelial cells were isolated from mice for detecting ADAM17
activity. p40 increased ADAM17 activity in colonic epithelial
cells at 6 h after treatment, but this had returned to base line at
24 h after treatment (Fig. 6A). Although it was not possible to
directly measure soluble levels of HB-EGF in the intestine after
p40 treatment, we examined HB-EGF levels in serum. p40
treatment increased the HB-EGF level in sera, with maximal
levels at 6 h, which is coincident with increased ADAM17 activ-
ity at this time point (Fig. 6B). Consistent with the specificity of
p40 for HB-EGF shedding in vitro (Fig. 4A), p40 did not increase
serum levels of TGFa (Fig. 6C) or amphiregulin (Fig. 6D). To
determine whether ADAM17 mediates p40 regulation of HB-
EGF release in vivo, we used mice with ADAM17 specifically
deleted in the intestinal epithelial cells (IEC-Adam17KO).
Their littermates, Adam17™“"" mice, were used as controls.
First, we confirmed that p40 activated EGFR in colonic epithe-
lial cells of Adam17"* but not in IEC-Adam17KO mice (Fig. 7,
A and B). In addition, p40 stimulated ADAM17 activity (Fig.
7C) in the colonic epithelial cells and up-regulated the HB-EGF
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FIGURE 5. p40 regulation of intestinal epithelial cell responses requires HB-EGF. A and C, YAMC cells transduced with HB-EGF or nontargeting siRNA were
treated with p40 (10 ng/ml) for 60 min (A), or TNF (100 ng/ml) and cycloheximide (CHX, 1 ug/ml) (C) for 6 h in the presence or absence of 1-h p40 (10 ng/ml)
pretreatment. Cellular lysates were collected for Western blot analysis of HB-EGF and total and phosphorylation levels of EGFR (A), and full-length and cleaved
PARP and Caspase-3 levels (C). B-Actin blotting was used as the protein loading control. B, the -fold changes of relative densities of EGFR-Tyr-1068 bands shown
in A were determined as described in Fig. 4E. D, the relative densities of cleaved PARP and cleaved Caspase-3 bands shown in C were determined by comparing
densities of cleaved PARP and Caspase-3 with that of total PARP and Caspase-3, respectively. The relative density of bands from the untreated group with
nontargeting siRNA transfection was set as 1, and the relative densities of bands from treatment groups were compared with those in the untreated group with
nontargeting siRNA transfection to obtain the -fold changes. E, cells were treated with H,0, (40 um) for 4 h in the presence or absence of 1-h pretreatment of
p40 (10 ng/ml). Cells were immunostained using an anti-ZO-1 antibody and a Cy3-conjugated secondary antibody to detect ZO-1 distribution. Then cells were
mounted and observed under fluorescence microscopy. Images shown are representative of three separate experiments. In Band D, *, p < 0.05 compared with
the untreated group with nontargeting RNA transfection. #, p < 0.05 compared with the TNF/cycloheximide-treated group with nontargeting RNA transfec-
tion. Data are quantified from three separate experiments.

level in sera (Fig. 7D) of Adaml7" “Fl mice but not IEC- release of HB-EGF may serve as the mechanism for transacti-
Adam17KO mice. Thus, these data suggested that p40 activa-  vation of EGFR in intestinal epithelial cells.
tion of ADAM17 in the intestinal epithelial cell plays a role in Our in vivo studies show that p40 increases HB-EGF levels in
release of HB-EGF in vivo. mouse sera. The source of HB-EGF may be intestinal epithelial
cells, but it is also possible that p40 may regulate other cell types
DISCUSSION through direct or indirect effects. However, the evidence that
The discovery of probiotic-derived proteins that regulate P40 fails to up-regulate HB-EGF in sera in IEC-Adam17KO
host homeostasis represents an area of recent progress in pro- ~mice suggests that ADAM17 activity in intestinal epithelial
biotic research. A LGG-derived-soluble protein, p40, has been ~ cells plays a significant role in p40 stimulation of HB-EGF
shown to transactivate EGFR signaling to ameliorate cytokine- ~ production.
induced apoptosis and disruption of epithelial barrier in intes- We have previously reported that the full-length amino acid
tinal epithelial cells in vitro and in mice (20). Results from the sequence of p40 shows no sequence homology to any EGFR
present study indicate that p40 regulation of ADAM17 and its  ligands (14). Consistent with the idea that p40 cannot directly
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FIGURE 6. p40 stimulates the ADAM17 activity in the colonic epithelial
cells and the HB-EGF level in serum in WT mice. C57BL/6J mice were
gavaged with 10 ng of p40 in two pectin/zein beads (each bead contains 5 ug
of p40) or two pectin/zein beads without p40 (control) beads. A, ADAM17
enzyme activity was evaluated from cell lysates of colonic epithelial cells col-
lected from mice with no p40 treatmentand 6 h and 24 h after p40-containing
bead gavage. B-D, ELISAs of sera collected at different times after gavage
were used to evaluate serum levels of HB-EGF (B), TGF« (C), and amphiregulin
(D).In A, *, p < 0.05 compared with the untreated group (n = 5/group).In B, *,
p < 0.05 compared with the control bead treatment group at the same cor-
responding time point. #, p < 0.05 compared with the level before p40 treat-
ment in the same mouse, n = 5/group. Error bars, S.D.

bind to and activate EGFR, we show that exogenous HB-EGF
can stimulate rapid EGFR activation in cultured cells whereas
p40-induced EGEFR activation is markedly delayed. This
delayed EGFR activation may reflect the time needed for p40 to
stimulate ADAM17 activity, a process which may require traf-
ficking of both ADAM17 and HB-EGF to the appropriate cel-
lular compartment to achieve functional substrate processing.
If p40 does increase ADAM17 proteolytic activity, it would be
expected to enhance the shedding of other ADAM17 substrates
such as TNF and other EGFR ligands including TGFa and
amphiregulin. Interestingly, although we found that p40 can
stimulate TNF release in YAMC cells (data not shown), we did
not detect increased release of TGFa or amphiregulin by p40
treatment in YAMC or EGFR™/~ MCE cells. The ability to
detect p40-induced HB-EGF and TNF cleavage, but not TGF«
or amphiregulin processing, could reflect lower expression lev-
els of these ligands as seen in EGFR™/~ MCE cells or alterna-
tively differences in the consumption or fate of specific soluble
EGEFR ligands. It also remains possible that p40 can selectively
enhance processing of specific ADAM17 substrates. In addi-
tion, because TNF can transactivate the EGFR in YAMC cells
(40), we cannot rule out the possibility that released TNF can
contribute to p40-induced EGFR activation. Further investiga-
tions are clearly needed to distinguish between these different
possibilities.

The exact mechanism(s) by which p40 regulates the catalytic
activity of ADAM17 is still unclear. Given the variety of stimuli
that activate ADAM17 and the wide range of ADAM17 sub-
strates, there must be tight control over its enzymatic activity.
At least in the human leukemic cell line THP-1 and a SV40-
transformed kidney cell line COS-7 from African green mon-
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key, the majority of endogenous ADAM17 precursor is local-
ized in the endoplasmic reticulum and Golgi apparatus, and
little mature protein is observed at the plasma membrane (41).

However, it is still unresolved whether the majority of sub-
strate processing by catalytically active ADAM17 occurs at the
cell surface or mainly within an intracellular compartment.
Several reports have shown that phosphorylation at T735 in the
cytoplasmic tail of ADAM17 by either p38 or ERK/MAPK is
important for trafficking and regulation of ADAM17 activity
(42—44). However, we have reported that p40 does not activate
ERK/MAPK and p38 in intestinal epithelial cells (14), suggest-
ing that this is less likely in intestinal epithelial cells. Recent
studies showed that iIRHOM2 is critical for ADAM17 function
and that iRHOM2 is required for the export and maturation of
ADAM17 from the endoplasmic reticulum to the plasma mem-
brane (27, 28). Importantly, the binding of iRHOM2 to
ADAM17 also contributes to innate immunity and pathogen
defense (27). In future studies, we will focus on investigations
into whether p40 directly or indirectly regulates ADAM17
activity and whether these actions involve modulation of acces-
sory binding partners of ADAM17 in intestinal epithelial cells.
In addition, we observe that a high concentration of p40 (100
ng/ml) with an extended incubation time (4 h) results in resid-
ual HB-EGF release and EGFR activation in ADAM17 /'~ MCE
cells. This result suggests that ADAM17 may not be the only
enzyme mediating p40 stimulation of EGFR ligand release. It
will be important therefore to determine whether p40 actions
are specific for ADAM17 or can regulate the activity of other
ADAMs.

Although ADAM17 is ubiquitously present in the human
gastrointestinal tract, its expression and catalytic activity are
increased in ulcerative colitis, and it regulates TNF levels in
rodent models of colitis (45). In mice with trinitrobenzenesul-
fonic acid-induced colitis, ADAM17 activity was elevated,
resulting in concomitant increases in soluble TNF. Treatment
with a broad based hydroxamate inhibitor of metalloproteinases
ameliorated trinitrobenzenesulfonic acid-induced colonic dam-
age and inflammation (46). However, whereas ADAM17 and
other metalloproteinases are targets of drug development for
inflammatory conditions, ADAM17 deficiency in humans leads
to increased intestinal inflammation (47), indicating that this
metalloproteinase may also play important roles in gut home-
ostasis. Importantly, the increased susceptibility of hypomor-
phic ADAM17 mice to DSS-induced colitis has been directly
associated with a loss of ErbB ligand processing and functional
EGFR signaling (48, 49). Our results show that p40 is involved in
activation of ADAM17 in intestinal epithelial cells in vitro and
in mice, thus supporting the notion that p40 may play a role in
protecting the gastrointestinal tract from acute injury-induced
inflammation through ADAM17-mediated production of solu-
ble EGER ligands. Therefore, a better understanding of the
function of ADAM17 in HB-EGF release by p40 may provide
insights into its potential role in intestinal inflammation.

In summary, this is the first report to our knowledge showing
transactivation of EGFR by a probiotic-derived protein through
stimulation of EGFR ligand release in intestinal epithelial cells.
Results from our previous studies show that p40 exerts protec-
tive effects in an experimental colitis mouse model through
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transactivation of the EGFR (20). We now demonstrate that
p40 regulates overlapping signaling and biological cytoprotec-
tive pathways in human and mouse colon cells, suggesting pos-
sibly similar functions in humans and mice.
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