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inhibit bacteria adherence.
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(Bacl(ground: A tetrameric branched peptide (BP) containing a TFLK motif was designed to induce MUC3 expression and
Results: TFLK-containing 10-mer BP induced MUCS3 expression and dramatically inhibited bacteria adherence to the HT-29-

Conclusion: This peptide acts through transcriptional mechanisms.
Significance: This peptide has potential therapeutic value against gastrointestinal infection.
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We investigated whether a synthetic tetrameric branched
peptide based on the conserved TFLK motif from mammary-
associated serum amyloid A3 (M-SAA3) is more efficient than
the monomeric peptide at up-regulating MUC3 expression and
examined the possible mechanism(s) and biological significance
of this process. We used standard solid-phase methods to syn-
thesize a tetrameric branched peptide (sequence GWLTFL-
KAAG) containinga trilysine core, termed the TFLK-containing
10-mer BP. The aberrant expression of transcription factors was
analyzed using a transcription factor protein/DNA array. MUC3
and relevant transcription factors were detected using real-time
PCR and/or Western blots. The luciferase assay, EMSA, and
ChIP assays were used to analyze the activity of the human
MUC3 promoter. The bacterial adherence assay was used to
evaluate the in vitro inhibition of enteropathogenic Escherichia
coli or enterohemorrhage E. coli serotype O157:H7 (EHEC
0157:H7) adherence to HT-29-Gal cells after treatment with
the TFLK-containing 10-mer BP. In HT-29-Gal cells, the TFLK-
containing 10-mer BP induced higher levels of MUC3 expres-
sion than the M-SAA3-derived N-terminal 10-mer monomeric
peptide, and MUC3 expression was activated through transcrip-
tional mechanisms, including the induction of multiple tran-
scription factors and further binding with their cis-elements
between nucleotides —242 and —62 within MUC3 promoter.
Interestingly, the TFLK-containing 10-mer BP dramatically
inhibited enteropathogenic E. coli and EHEC O157:H7 adher-
ence to the HT-29-Gal cells compared with the controls. This
finding suggests a potential therapeutic use for this peptide to
prevent gastrointestinal infection.

* This work was supported by National Natural Science Foundation of China
Grants 30800519 and 81170340.
This article contains supplemental Tables 1-5 and Fig. 1.

"To whom correspondence may be addressed. Tel.: 8623-68754124; Fax:
86-23-65410853; E-mail: pengzhh@yahoo.com.cn.

2To whom correspondence may be addressed. Tel.: 8623-68754124; Fax:
86-23-65410853; E-mail: rongquanw@hotmail.com.

SN

FEBRUARY 22,2013 VOLUME 288-NUMBER 8

Mucosal surfaces are protected against xenobiotics and patho-
genic microorganisms by a variety of innate and adaptive mecha-
nisms. For example, mucins prevent the noxious interaction of the
epithelial cells with microbial pathogens and toxic chemicals by
providing a physicochemical barrier through specific mucin-mi-
croorganism interactions and cell-signaling regulation (1, 2). By
limiting the adherence or invasion of microorganisms to the epi-
thelial cell surface, mucin effectively hampers the ability of the
bacteria and viruses to colonize and invade the cells, blocks the
spread of the pathogens along the mucosal surfaces, and limits
the amount of microbial-produced toxins that reaches the muco-
sal cells (3). Intestinal mucins provide protection against the
adherence of enteric pathogens by steric hindrance or through
specific bacterial or viral binding domains. The attachment of
microbes to intestinal mucins depends on the composition and
quantity of mucins expressed and secreted and on the motility and
fluid flow of the intestinal tract (4). If the rate of pathogenic micro-
bial adherence and colonization exceeds the rate of removal, dis-
ease is a likely result. These events contribute to the development
of localized intestinal necrosis that promotes further growth and
the translocation of pathogenic microbes that can lead to shock,
sepsis, and sometimes death. Human MUC3 and rodent Muc3 are
membrane-bound mucins that are moderately expressed in the
colon but are found abundantly in both goblet cells and entero-
cytes in the small intestine (5). MUC3 binds numerous entero-
pathogenic bacteria and viruses and prevents their attachment to
the intestinal cell surfaces (4). Recombinant Muc3 and recombi-
nant human MUC17 mucins stimulate cell migration in human
colon cell lines and protect cells from apoptosis (6, 7). Although
known inducers of MUC3 expression are limited, a previous in
vitro study demonstrated that co-incubation of the probiotic bac-
teria Lactobacillus spp. with human intestinal epithelial cells
induced MUC3 expression and inhibited enteropathogenic Esch-
erichia coli (EPEC)? adherence (8, 9).

3 The abbreviations used are: EPEC, enteropathogenic E. coli; M-SAA3, mam-
mary-associated serum amyloid A3; BP, branched peptide; TSS, transcrip-
tion start sites; TF, transcription factor.
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Numerous studies have shown that compared with formula-
fed infants, infants fed colostrum are ~7-10 times less likely to
suffer gastrointestinal diseases (10, 11). Colostrum is a complex
source of nutrients, immune factors, and bioactive substances
that facilitates the successful transition of the mammalian neo-
nate to extrauterine life (12, 13). However, despite the consid-
erable number of studies investigating the stimulatory and
inhibitory effects of colostrum, the numerous colostrum com-
ponents and the underlying mechanisms that benefit the neo-
nate are unknown.

In vitro studies demonstrated that the human mammary-
associated serum amyloid A3 (M-SAA3)-derived N-terminal
peptide increased MUCS3 transcriptional expression in human
intestinal epithelial cells and decreased EPEC adherence to
these cells (14-16). M-SAA3 is secreted at highly elevated lev-
els in colostrum. Each of these colostrum-derived M-SAA3
proteins contains a conserved TFLK motif positioned within
the first eight residues of the N terminus regardless of the spe-
cies. This TFLK motif has not been reported for any serum-
derived serum amyloid A isoform in mammals and appears to
be in part responsible for the bioactivity that results in the up-
regulation of MUC3 transcriptional expression by human
intestinal cells. The discovery of elevated M-SAA3 levels in the
colostrum and the reduction of gastrointestinal diseases in
infants fed colostrum implies a possible role for M-SAA3 in
promoting the health of the neonate.

Recently, multimeric peptides have been described in the lit-
erature as an obvious solution to increase peptide size and affin-
ity while maintaining the original amino acid sequence (17-19),
and this approach is a key strategy to increase recognition sur-
faces and/or stability. Increasing the peptide size also increases
the difficulty of identifying peptides with high affinity and
selectivity; however, multimeric peptides comprising simple
branched structures and a short arm may offer an optimal com-
promise between molecular size and the ease of preparation,
yield, and purity of the final product. This strategy of combina-
torial chemistry prompted us to explore whether the multi-
meric branched peptide based on the conserved TFLK motif
from M-SAA3 induces increased expression of MUC3 in intes-
tinal epithelial cells and exerted a more significant effect.

In this study we demonstrate that compared with the
M-SAA3-derived N-terminal 10-mer monomeric peptide con-
taining the TFLK motif (residues 1-10, sequence GWLTFL-
KAAG), the TFLK-containing 10-mer BP stimulates higher lev-
els of human MUCS3 expression in intestinal epithelial cells and
dramatically inhibits the adherence of EPEC and EHEC O157:
H7. Furthermore, we explored the mechanism(s) of transcrip-
tional regulation of human MUC3 mucin by the TFLK-contain-
ing 10-mer BP in HT-29-Gal cells.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—In this study the 10-mer branched pep-
tide based on the conserved TFLK motif from M-SAA3
(referred as TFLK-containing 10-mer BP) was synthesized
using the solid phase method at the Chinese Peptide Company
(Hangzhou, China). The introduction of three symmetrically
protected lysines into the peptide produces a trilysine core that
is required for producing tetramerically branched peptides.
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This method utilizes standard solid-phase methods and an
Applied Biosystems (Foster City, CA) Model 430A synthesizer.
The syntheses were performed on a 0.25-mmol scale on a Wang
resin using the Fmoc (N-(9-fluoenyl) methoxycarbonyl) syn-
thetic scheme. The peptides were purified using analytical and
preparative HPLC columns packed with C18-bonded silica gel
and were characterized using amino acid compositional analy-
sis and mass spectrometry. The M-SAA3-derived N-terminal
10-mer monomeric peptide was synthesized simultaneously
and used as a control.

Cell Line and Culture—To examine MUC3 expression, the
human intestinal epithelial cell line HT-29 (ATCC) was cul-
tured in glucose-free McCoy’s 5a medium (Invitrogen). The
culture medium was supplemented with 5 mm galactose, 10%
heat-inactivated qualified FBS, 100 units/ml penicillin G, 100
mg/ml streptomycin sulfate, and 0.25 mg/ml amphotericin B
(Invitrogen). The glucose-free and galactose-substituted cell
culture medium induces the differentiation of the HT-29 cells,
referred to as HT-29-Gal cells (a mature and differentiated
form of the HT-29 cell line) (20, 21). The synthetic branched
peptide was added to the HT-29-Gal cells in culture for 0.5, 1, or
3 h. The cultures were incubated at 37 °C in a humidified atmo-
sphere with 5% CO,. The cells were passaged after the release of
the adherent cells using trypsin-EDTA (Invitrogen).

Real-time PCR Analysis—The HT-29 cells were grown to
85% confluency in culture flasks containing either glucose-con-
taining culture medium or the glucose-free galactose-contain-
ing medium. The synthetic branched peptides were added to
the culture medium and incubated for 1 h at 37 °C in a humid-
ified atmosphere with 5% CO,. The total RNA was isolated
from the cells using TRIzol (TaKaRa Biotechnology Co. Ltd.,
Dalian, China). The RNA was subjected to real-time PCR or was
stored at 70 °C. The mRNA was reversed-transcribed into
¢DNA using the PrimeScript RT reagent kit (TaKaRa Biotech-
nology Co. Ltd., Dalian, China). To determine the -fold changes
in the expression of each gene, real-time PCR was performed
using the first strand cDNA, the forward and reverse primers
(supplemental Table 1), and the SYBR premix Ex Taq™ Gree-
nll (Takara, Japan). The alteration of the MUC3 mRNA was
quantified using real time PCR (CFX 96, Bio-Rad). The reaction
and signal detection were measured using the Bio-Rad CFX
manager software (Bio-Rad). The expression levels were calcu-
lated as the relative expression ratio compared with the expres-
sion levels of the control B-actin and GAPDH genes. The real-
time PCRs were performed independently in triplicate.

Western Blotting—The cell pellets or nuclear proteins were
extracted using NE-PER nuclear and cytoplasmic extraction
reagents (Thermo Scientific Pierce Protein Research Products),
lysed in SDS sample buffer, and subjected to SDS/PAGE (7.5 or
8% gels). Next, the proteins were transferred to PVDF mem-
branes (Millipore, Bedford, MA). The membranes were
blocked for 1 h in 5% nonfat dry milk in TBST (TBS containing
0.05% Tween 20) and hybridized at 4 °C overnight in TBST
containing the following primary antibodies: anti-MUC3
(1:6000, Abcam, Cambridge, UK), anti-Sp1l (1:1500), anti-
CDX2 (1:1500), anti-CREBI (1:1000), or anti-USF1 (1:1500)
(the anti-Sp1, anti-CDX2, anti-CREB1, and anti-USF1 antibod-
ies were from Santa Cruz Biotechnology Inc). Lamin Bl and
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GAPDH were detected using the anti-lamin B1 (1:5000) and
anti-GAPDH antibodies (1:5000) (Santa Cruz Biotechnology
Inc.) and were used as the internal controls. The membranes
were washed 3 times in TBST for 5 min each, and the secondary
detection was performed using 1:50,000 dilutions of HRP-con-
jugated goat anti-rabbit or goat anti-mouse antibodies. The
membranes were washed 3 times for 10 min each. The blots
were processed using the SuperWest Pico chemiluminescent
reagent (Pierce) and analyzed using ChemiDox™ XRS™ with
Image Lab™ software.

Transfections and Luciferase Assays—Fragments of the
MUC3 5'-flanking sequence were amplified using PCR and
cloned into the luciferase reporter vector, pGL3-Basic (Pro-
mega, Madison, W1). Briefly, primers with containing Xhol and
HindIII adapters were used to amplify the MUC3 promoter
sequence from intestinal tissue DNA. The primer pairs used to
produce each promoter fragment are listed in supplemental
Table 2. The products were ligated into the pGL3-Basic vector
that was digested with Xhol and HindIIL The 5’ serial deletions
of the 1499-bp MUC3 promoter region were generated using
the Erase-ABase system (Promega) in accordance with the
manufacturer’s recommendations. The plasmids for the tran-
sient transfections were purified using the EndoFree Plasmid
Maxi kit (Qiagen, Valencia, CA). The day before the transfec-
tion, the cells were plated on 24-well plates at a density of 5 X
10* cells per well. The MUC3 promoter-luciferase constructs
were transfected into the cells using Lipofectamine™ 2000
(Invitrogen). To normalize for the transfection efficiency, the
cells were simultaneously cotransfected with a pRL-TK vector
expressing the Renilla luciferase enzyme (pRL, Promega). The
cells were harvested after 24 h, and the luciferase activity was
measured using the Dual-Luciferase Reporter Assay System
(Promega) using a single sample luminometer. The cells were
also transfected with the pRL-TK vector, and the MUC3 activ-
ity is presented as the percentage of the pGL3-control activity.
For the synthetic branched peptide stimulation, the cells were
exposed to the peptide at a concentration of 50 wg/ml for 1 h,
12 h after transfection, and the stimulation was repeated three
times. The differences between the untreated cells and the syn-
thetic branched peptide-treated cells were determined using
Student’s £ test.

Transcription Factor (TF) Protein/DNA Array—The protein/
DNA array (Combo Array, Panomics/Affymetrix) was per-
formed at the Shanghai KANCHENG Biochip Company
(Shanghai, China) in accordance with the protocols recom-
mended for the protein/DNA array system. The nuclear pro-
tein extracts were semi-quantitatively assayed by measuring the
DNA binding activity of 345 TFs. The nuclear protein extracts
were prepared from the HT-29-Gal cells, and the HT-29-Gal
cells were treated with the TFLK-containing 10-mer BP as pre-
viously described (22). Briefly, 5 ug of nuclear protein pooled
from four HT-29-Gal cell extracts or from four TFLK-contain-
ing 10-mer BP-treated HT-29-Gal cell extracts were used for
binding to a mixture of biotin-labeled TF-specific DNA probes
in solution. The unbound DNA probes were washed away, and
the TF-bound probes were denatured and hybridized to the
array membrane. After the addition of streptavidin-HRP, sig-
nals were generated using enhanced chemiluminescence (ECL)
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and exposure to Hyperfilm ECL (Amersham Biosciences). Var-
ious exposure times were used to generate signals over a large
dynamic range. The signal intensities were quantified using a
Bio-Rad calibrated GS-800 scanner and the Quantity One soft-
ware. Only the non-saturated signals were used for further
analysis. The TF binding activity was considered significant
when at least a 2-fold signal difference was observed between
the HT-29-Gal cells and the HT-29-Gal cells treated with the
TFLK-containing 10-mer BP.

Electrophoretic Mobility-shift Assay (EMSA)—The nuclear
protein extract was prepared from the HT-29-Gal cell line. The
following double-stranded DNA probes were used: wild-type
Spl consensus oligonucleotide (5'-ATTCGATCGGGGCGG-
GGCGAGC-3'), wild-type CREB1 consensus oligonucleotide
(5'-AGAGATTGCCTGACGTCAGAGAGCTAG-3'), wild-
type USF-1 consensus oligonucleotide (5'-CACCCGGTC-
ACGTGGCCTACACC-3") (positive control), mutated Spl
oligonucleotide (5'-ATTCGATCGGTTCGGGGCGAGC-3'),
mutated CREBI1 oligonucleotide (5'-AGAGATTGCCTGTG-
GTCAGAGAGCTAG-3'), and the mutated USE-1 oligonu-
cleotide (5'-CACCCGGTCAATTGGCCTACACC-3'). The
probes were purchased from Santa Cruz Biotechnology Inc. An
isotopic EMSA was performed as described previously (23)
using 5 ug of the nuclear cell extracts, 50 ng of the probe, and 1
pg of salmon testes DNA (Sigma) in a 5 X binding reaction
buffer (100 mm Hepes, pH 7.9, 250 mm KCl, 2.5 mm DTT, 0.25
mMm EDTA, 5 mm MgCl,, and 25% glycerol). After 20 min, the
samples were separated on a 10% polyacrylamide gel (39:1 poly-
acrylamide:bisacrylamide) at a constant temperature of 4 °C in
1 X Tris borate-EDTA buffer (45 mA for 4.5 h). Similarly, for
the supershift assay, 8 ng/ul specific antibody (anti-Sp1, anti-
CREB], or anti-USE-1) or the control antibody (anti-ER) was
incubated for 20 min in the HT-29-Gal cell nuclear protein
extracts before the addition of the probes. The samples were
size-separated by electrophoresis on a 10% polyacrylamide
minigel (39:1 polyacrylamide:bisacrylamide) at room tempera-
ture in 0.5 X Tris borate-EDTA buffer.

Chromatin Immunoprecipitation Assay (ChIP)—ChIP assays
were performed using a ChIP assay kit according to the manu-
facturer’s instructions (Upstate Biotechnology, Lake Placid,
NY). Soluble chromatin was prepared from HT-29-Gal cells
treated with or without TFLK-containing 10-mer BP. Chroma-
tin was immunoprecipitated with antibodies against CDX2,
Spl, or CREBI. The final DNA extracts were amplified by PCR
using primer pairs that included a CDX2, Sp1, or CREB1 con-
sensus sequence in the human MUC3 promoter (supplemental
Fig. 1). The primer sequences and the amplified PCR products
that included CDX2 (ChIP1 and ChIP2), CREB1 (ChIP3), and
or Spl (ChIP4) consensus sequence in the MUC3 promoter
were presented in supplemental Table 3.

Bacterial Strains, Growth Conditions, and Bacterial Adher-
ence Assay—For the in vitro inhibition of EPEC or EHEC
0157:H7 (purchased from the Chinese Center for Food Safety
Risk Assessment, Beijing, China) adherence to the HT-29 intes-
tinal cells and the HT-29-Gal cells, the cells were grown to near
confluence in glucose-free, galactose-containing McCoy’s 5a
culture medium in 12-well tissue culture plates. The cells were
washed, and the antibiotic-free culture medium containing the
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FIGURE 1. Shown are schematic representations of the M-SAA3-derived N-terminal 10-mer monomeric peptide (A) and the branched polypeptides based on
the TFLK motif (B) and their induction of MUC3 expression in HT-29-Gal cells. TFLK-containing 10-mer BP increased MUC3 mRNA expression levels in HT-29-Gal
cells dose-dependently compared with non-treated HT-29-Gal cells (C). TFLK-containing 10-mer BP (10TFLK-BP) (200 wg/ml) induced MUC3 mRNA expression
levels in HT-29-Gal cells at significantly higher levels than in untreated HT-29-Gal cells (p < 0.01) and in HT-29-Gal cells pretreated with the M-SAA3-derived
N-terminal 10-mer monomeric peptide (10TFLK) (D) (p < 0.01). Western blot experiments demonstrated similar results for MUC3 protein levels, the anti-MUC3
antibody used in the study recognized the epitope that was located at the C-terminal domain of human MUC3 and just after the proteolytic cleavage site
(LRNGSIVV) and can only recognize the cleaved C-terminal fragment of human MUC3, so the molecular weight of MUC3 protein by Western blot was in 96 kDa
(E) (p < 0.01). The M-SAA3-derived N-terminal 10-mer monomeric peptide (10TFLK) did not increase MUC3 protein levels compared with untreated HT-29-Gal
cells (p > 0.05) (E); real-time PCR experiments, however, demonstrated a significant difference between these samples (p < 0.05) (D). * represents a significant

difference (p < 0.05); ** represents a significant difference (p < 0.01).

M-SAA3-derived N-terminal 10-mer monomeric peptide (50
or 200 pg/ml), the TFLK-containing 10-mer BP (50 or 200
png/ml), or no peptide was added 1 h before incubation with the
bacteria. After the 1-h incubation with or without stimulation
with the peptides, the EPEC or EHEC O157:H7 bacteria (10°
colony-forming units in 0.1 ml of PBS, pH 7.4) were added to
each well, and the cells were incubated for an additional 3 h at
37 °C. The cells were washed with chilled PBS 4 times for 5 min
each to remove the non-adherent EPEC or EHEC O157:H7 bac-
teria and to inhibit further growth of the adhering bacteria. The
cells with adherent bacteria were released from the polystyrene
wells using trypsin-EDTA. The bacteria were quantified by
determining the colony-forming units after the plating of serial
dilutions of the bacteria on MacConkey agar (BD Biosciences)
and incubation overnight at 37 °C. The number of viable EPEC
or EHEC O157:H7 bacteria that remained on the TFLK-con-
taining 10-mer BP-treated HT-29-Gal cells was compared with
the number of bacteria adhered to the HT-29-Gal cells not
exposed to peptides or exposed to the M-SAA3-derived N-ter-
minal 10-mer monomeric peptide and HT-29 cells. The indi-
vidual experiments were performed in triplicate, and each
experiment was repeated at least twice.

RESULTS

Schematic Representation of TFLK-containing 10-Mer BP
and M-SAA3-derived N-terminal 10-mer Monomeric Peptide—
The M-SAA3-derived N-terminal 10-mer monomeric peptide
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(residues 1-10, sequence GWLTFLKAAG) is shown in Fig. 14,
and a schematic representation of the tetramerically branched
polypeptide based on the conserved TFLK motif from M-SAA3
(TFLK-containing 10-mer BP) is shown in Fig. 1B. The four
amino acids (the TFLK motif) are underlined and are conserved
within the first eight N-terminal amino acid residues of
M-SAA3.

TFLK-containing 10-Mer-BP Enhances MUC3 Expression in
HT-29-Gal Cells—To determine the ideal concentration of the
TFLK-containing 10-mer BP for the activation of MUC3
expression in the HT-29-Gal cells, we analyzed the MUC3
mRNA levels by real-time PCR in the HT-29-Gal cells stimu-
lated with different concentrations of the TFLK-containing
10-mer BP (50, 100, 200, 400, and 800 ug/ml) and compared it
to the untreated HT-29-Gal cells at three time points (0.5, 1,
and 3 h). We found that 200 pg/ml TFLK-containing 10-mer
BP produced the most efficient stimulation of MUC3 mRNA
expression at the 1-h point (»p < 0.01) (Fig. 1C).

As shown in Fig. 1D, the MUC3 mRNA levels in the HT-29-
Gal cells after stimulation with the TFLK-containing 10-mer
BP for 1 h (200 pg/ml) was significantly higher than the
untreated HT-29-Gal cells (p < 0.01) and the HT-29-Gal cells
stimulated with the M-SAA3-derived N-terminal 10-mer
monomeric peptide (200 pug/ml) (p < 0.01). The MUC3 protein
level in HT-29-Gal cells after stimulation with the TFLK-con-
taining 10-mer BP was significantly higher than in the
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FIGURE 2. Transcriptional regulation of human MUC3 by the TFLK-con-
taining 10-mer BP. A, shown is a schematic representation of the human
MUC3 promoter constructs. The five deletion luciferase constructs that were
generated to identify the sites of transcriptional regulation within the MUC3
promoter responded to the TFLK-containing 10-mer BP (10TFLK-BP).
B, HT-29-Gal cells were transfected with the different luciferase constructs
and treated or not treated with the TFLK-containing 10-mer BP. The cells were
harvested after 48 h, and relative luciferase activity was determined using the
Dual-Luciferase Reporter Assay System on a single sample luminometer. The
data represent the mean = S.E. of three independent experiments. * repre-
sents a significant difference (p < 0.05); ** represents a significant difference
(p < 0.01).

untreated HT-29-Gal cells and the HT-29-Gal cells after stim-
ulation with the M-SAA3-derived N-terminal 10-mer mono-
meric peptide (p < 0.01) (Fig. 1E). There was no significant
difference in the MUC3 protein levels between the untreated
HT-29-Gal cells and the HT-29-Gal cells stimulated with the
M-SAA3-derived N-terminal 10-mer monomeric peptide (p >
0.05) (Fig. 1E).

Characterization of the Human MUC3 Promoter—As shown
in Fig. 2, the human MUC3 promoter region produced a high
luciferase activity in the HT-29-Gal cells in the presence and
absence of the TFLK-containing 10-mer BP. The data indicated
that this region of the human MUC3 promoter (from nucleo-
tides —999 to +57) contains the regulatory elements responsi-
ble for the expression of human MUCS3. To locate the specific
elements involved in MUC3 expression, we generated the fol-
lowing series of truncations of the promoter region: pGL3-M4
(=775 to +57), pGL3-M3 (—623 to +57), pGL2-M2 (—242
to +57), and pGL3-M1 (—62 to +57) (Fig. 2A). Truncation of
the upstream region to within 242 bp of the putative transcrip-
tion start sites (TSS) produced the strongest effect on the lucif-
erase activity; however, further truncation of the upstream
region to within 62 bp of the TSS resulted in a significant loss of
activity, indicating that multiple elements between nucleotides
—242 and —62 contribute to the activity of the promoter (Fig.
2B). The truncation of the upstream region to within 999, 775,
and 623 bp of the TSS produced a modest effect on the pro-
moter activity compared with truncation of the upstream
region to within 242 bp of the TSS. Therefore, multiple ele-
ments between nucleotides —999 and —242 exerted an inhibi-
tory effect on the activity of the promoter (Fig. 2B).
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TFLK-containing 10-mer BP Transcriptionally Activated the
MUC3 Promoter in HT-29-Gal Cells—The TFLK-containing
10-mer BP had a significant effect on increasing the luciferase
activity in HT-29-Gal cells for the promoter truncations
pGL3-M1 (p < 0.05), pGL3-M2 (p < 0.01), pGL3-M4 (p <
0.05), and pGL3-M5 (p < 0.05) (Fig. 2B). The data indicated
that multiple elements between —999 and —775, —775 and
—623, —242 and —62, and —62 and +57 contributed to the
activity of the human MUC3 promoter when stimulated with
TFLK-containing 10-mer BP in the HT-29-Gal cells.

Transcriptomic Responses to the TFLK-containing 10-Mer BP—
The Protein/DNA Combo array analyzing the transcriptomic
changes in the HT-29-Gal cells in response to the TFLK-con-
taining 10-mer BP indicated the transcription factors (81 in
total) that were up-regulated 2.0-fold in the TFLK-containing
10-mer BP-treated HT-29-Gal cells versus the untreated
HT-29-Gal cells are shown in supplemental Table 4. The tran-
scription factors (12 in total) that were down-regulated 2.0-fold
in the TFLK-containing 10-mer BP-treated HT-29-Gal cells
versus the untreated HT-29-Gal cells are shown in supplemen-
tal Table 5. The 11 transcription factors, AP-1, GAS/ISRE,
Pbx1, AP-2, GATA, CREBI1, USF-1, RIPE3al, Pax3, Spl and
PRDII-BF1, were up-regulated 10-fold.

Analysis of MUC3 Promoter Indicating That Sp1, CREBI, and
CDX2 Might Be Responsible for the Up-regulation of MUC3—
The genomic region flanking the MUC3 promoter (from —999
to +57) containing the consensus sequences for possible TF-
binding sites predicted using TFSEARCH (Version 1.3) are
depicted in supplemental Fig. 1. These elements, including
CREBI, Nkx-2, CDX2, SRY, 8E, HSF2, C/EBP, GATA, Sox5,
HFH-2, AML-1a, CDXA, c-Rel, IK-2/3, HNF-3b, Oct-1,
MZE-1, Tst-1, N-Myc, USF, and Spl, are present in the pro-
moter region (from —999 to +57) of the human MUCS3 gene.

We focused on the Sp1l, CREB1, USF1, and CDX2 elements
for because the Sp1, CREB1, and USF1 cis-elements are located
between —242 and —64 of the TSS of MUC3 and were signifi-
cantly induced after stimulation with the TFLK-containing
10-mer BP and because CDX2 is critical for the development of
the intestinal epithelium (24 -27).

TFLK-containing 10-mer BP Activates CDX2, CREBI, Spl1,
and USF1 in HT-29-Gal Cells Accompanied by the Up-regula-
tion of MUC3—The mRNA levels of CDX2, CREBI, Sp1, and
USF1 quantified by real-time PCR analysis were significantly
increased (3.2-, 2.3-, 4.4-, and 3.0-fold, respectively) in the
HT-29-Gal cells after stimulation with the TFLK-containing
10-mer BP compared with the untreated HT-29-Gal cells (p <
0.05) in concordance with the increased MUC3 mRNA level
(5.5-fold) (p < 0.05) (Fig. 3A). The Western blots detected sig-
nificant increases in the CDX2, CREBI, Sp1, and USF1 nuclear
protein levels in the HT-29-Gal cells after stimulation with the
TFLK-containing 10-mer BP compared with the untreated
HT-29 cells (p < 0.05 or p < 0.01) and the untreated HT-29-Gal
cells (p < 0.05) (Fig. 3, Band C).

Transcription Factors Spl, CREBI, and CDX2 Binding to the
MUC3 Promoter Increased in HT-29-Gal Cells Treated with
TFLK-containing 10-mer BP—The Spl, CREB1, and CDX2
transcription factors were induced in the HT-29-Gal cells after
stimulation with the TFLK-containing 10-mer BP (USF1 was
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FIGURE 3. Expression of multiple transcription factors after stimulation
with the TFLK-containing 10-mer BP. The mRNA levels of CDX2, CREB1, SP1,
USF1, and MUC3 in HT-29-Gal cells treated with the TFLK-containing 10-mer
BP (7T0TFLK BP) (200 wg/ml), untreated HT-29-Gal cells, and untreated HT-29
cells were determined using real-time PCR (A). The protein levels of CDX2,
CREB1, SP1, and USF1 in HT-29-Gal cells treated with the TFLK-containing
10-mer BP (T0TFLK BP) (200 wg/ml), untreated HT-29-Gal cells, and untreated
HT-29 cells were determined using Western blotting (B). The protein levels of
each transcription factor relative to the nuclear protein internal control, lamin
B1, in three independent experiments, are shown in panel C. * represents a
significant difference (p < 0.05); ** represents a significant difference (p <
0.01).

not included in this experiment because of the lack of a suitable
antibody). It is unknown whether the transcription factors play
arole in the up-regulation of the human MUCS3 gene in HT-29-
Gal cells stimulated with the TFLK-containing 10-mer BP. To
investigate whether there were changes in the binding of these
transcription activators to the human MUC3 promoter, we per-
formed EMSA using the nuclear protein extracts from the
HT-29-Gal cells with or without treatment with the TFLK-con-
taining 10-mer BP and from HT-29 cells. The binding of Sp1,
CDX2, and CREB1 to the human MUC3 promoter increased
significantly, 18.5-, 19.9- and 17.4-fold, respectively, in the
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HT-29-Gal cells treated with the TFLK-containing 10-mer BP
compared with the untreated HT-29 cells, and 6.4-, 5.5- and
1.7-fold, respectively, compared with the untreated HT-29-Gal
cells (Fig. 4A). The binding of the transcription factors to the
human MUC3 promoter was specific, as confirmed by the
mutation and supershift EMSA experiments (Fig. 4, B and C).

ChIP Assays Indicated Sp1, CREBI, and CDX2 Binding to the
MUC3 Promoter and Sp1l and CREBI Binding to the MUC3
Promoter Increased in HT-29-Gal Cells Treated with TFLK-
containing 10-mer BP—To determine if CDX2, Spl, and
CREB1 can bind directly to the potential sites in the human
MUC3 promoter and their bindings increased due to TFLK-
containing 10-mer BP treatment in HT-29-Gal cells, we per-
formed ChIP. As shown in Fig. 54, two CDX2, one CREB1, and
one Spl potential binding site were located in the proximal
promoter of the human MUC3 gene. The binding of these tran-
scription factors in their consensus sites within the MUC3 pro-
moter was exactly present when compared with the negative
controls. The binding of CDX2 to its potential sites was not
increased in HT-29-Gal cells after treatment with TFLK-con-
taining 10-mer BP; however, the binding of CREB1 and Sp1 to
their potential sites was increased in HT-29-Gal cells after
treatment with TFLK-containing 10-mer BP compared with
untreated HT-29-Gal cells (Fig. 5B).

TFLK-containing 10-Mer BP Significantly Inhibited the
Adherence of EPEC and 0157 EHEC O157:H7 to HT-29-Gal
Cells—To evaluate the effect of the TFLK-containing 10-mer
BP on the adherence of E. coli (EPEC) and E. coli (EHEC)
0157:H7 to human intestinal epithelial cells, the TFLK-con-
taining 10-mer BP (50 or 200 ug/ml) or the M-SAA3-derived
N-terminal 10-mer monomeric peptide (50 or 200 ug/ml) were
added to the culture medium of HT-29-Gal or HT-29 cells, and
the effect of the peptides on the adherence of the bacteria was
examined. As shown in Fig. 64, pretreatment of the HT-29-Gal
cells with 200 ug/ml TFLK-containing 10-mer BP produced the
greatest reduction in adherence of the E. coli (EHEC) O157:H7
compared with the untreated HT-29-Gal cells, the HT-29-Gal
cells pretreated with 50 ug/ml TFLK-containing 10-mer BP,
and the HT-29-Gal cells pretreated with 50 or 200 pug/ml of the
M-SAA3-derived N-terminal 10-mer monomeric peptide (p <
0.01). Similarly, pretreatment of the HT-29-Gal cells with 200
pg/ml TFLK-containing 10-mer BP produced the greatest
reduction in the adherence of the E. coli (EPEC) compared with
the untreated HT-29-Gal cells, the HT-29-Gal cells pretreated
with 50 ug/ml TFLK-containing 10-mer BP or 50 ug/ml
M-SAA3-derived N-terminal 10-mer monomeric peptide (p <
0.01), and the HT-29-Gal cells pretreated with 200 ug/ml
M-SAA3-derived N-terminal 10-mer monomeric peptide (p <
0.05) (Fig. 6B). The results suggested that the TFLK-containing
10-mer BP of the N-terminal human serum amyloid A3 is more
efficient than the M-SAA3-derived N-terminal 10-mer mono-
meric peptide at inducing MUC3 expression and leading to the
significant inhibition of E.coli (EPEC) and E. coli (EHEC)
0157:H7 adherence to intestinal epithelial cells.

Comparing the adherence of the E. coli (EPEC) and E. coli
(EHEC) O157:H7 to the HT-29 and HT-29-Gal cells, it was
interesting that the HT-29-Gal cells (a more mature and differ-
entiated form of the HT-29 cell line) exhibited a significant
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FIGURE 4. TFLK-containing 10-mer BP-treated HT-29-Gal cells demonstrate the increased binding activities of Sp1, CREB1, and CDX2 to the MUC3
promoter. Shown are representative EMSAs of the Sp1, CREB1, and CDX2 response elements in the human MUC3 promoter using the nuclear extract from
HT-29 cells (HT-29), HT-29-Gal cells (HT-29-G), and HT-29-Gal cells treated with 200 pg/ml TFLK-containing 10-mer BP (TFLK), the complexes formed with Sp1,
CREB1, or CDX2 probes, and the nuclear extract from HT-29-Gal cells treated with 200 wg/ml TFLK-containing 10-mer BP were more than that formed with Sp1,
CREBT1, or CDX2 probes and the nuclear extracts from non-treated HT-29 cells and untreated HT-29-Gal cells (A). The supershift EMSA was performed to confirm
that the induced Sp1, CREB1, or CDX2 complexes were specific and contained Sp1, CREB1, or CDX2, and the antibodies against Sp1, CREB1, or CDX2 led to the
supershift (marked as an arrow) compared with the relative complexes (B and C). Competitive inhibition using the mutated Sp1, CREB1, or CDX2 probes led to
the failure of complexes forming. The wild types of Sp1, CREB1, or CDX2 probes, antibodies against Sp1, CREB1, or CDX2 (and nonimmune serum, IgG), and
mutants (Sp1 mutation (mSp1); CREB1 mutation (mCREB); CDX2 mutation (mCDX2) were used in the supershift EMSAs are shown.

reduction in the adherence of both the E. coli (EPEC) and E. coli
(EHEC) O157:H7 strains. Therefore, the differentiation of the
intestinal epithelial cells is associated with the adherence of
E. coli (EPEC) or E. coli (EHEC) O157:H7.

DISCUSSION

Based on the study by Mack et al. (14), the M-SAA3 N-ter-
minal 10-mer peptide (GWLTFLKAAG) containing the intact
TFLK-motif increased MUC3 mRNA expression. M-SAA3 is a
constituent of colostrum in humans and other mammalian spe-

SN
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cies and plays a protective gastrointestinal role through the
overexpression of intestinal mucin. It is likely that the presence
of M-SAA3 in human colostrum is one of the reasons why
colostrum-fed infants are ~7-10 times less likely to suffer gas-
trointestinal diseases than formula-fed infants (10). A study by
Domeénech et al. (28) produced the recombinant goat milk
serum amyloid A isoform 3 encompassing the TFLK region and
showed that it was responsible for the up-regulation of mucins
in the intestine; however, the protein did not promote macro-
phage phagocytosis. The experiments ruled out the possibility
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FIGURE 5.CDX2, Sp1, or CREB1 bind to the MUC3 promoter in response to TFLK-containing 10-mer BP treatment. Chromatin was isolated from HT-29-Gal
cells that were either untreated or treated with 200 ug/ml TFLK-containing 10-mer BP. Chromatin was then subjected to immunoprecipitation using antibod-
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promoter (B).

of determining the serum-derived forms of SAA that can
opsonize Gram-negative bacteria facilitating their phagocytosis
by circulating macrophages or intestinal epithelial cells (28).
The exact mechanism of the intact TFLK motif in the M-SAA3-
mediated induction of MUC3 expression and the inhibition of
bacterial adherence remain unknown. Therefore, in our study
we investigated a more efficient design for a polypeptide based
on the conserved TFLK-motif from M-SAA3 that would induce
increased MUC3 mucin expression in the intestinal epithelial
cells and would be a more effective treatment to prevent enteric
pathogen adherence. We also investigated the biological mech-
anism of the induction of human MUC3 expression by the
TFLK-containing 10-mer BP.

Combinatorial chemistry has had a profound effect on the
approach of medical chemists to drug discovery, especially on
the strategies for the synthesis and screening of synthetic pep-
tides developed over the last two decades (29, 30). The linear,
cyclic, multimeric, and branched structures have been used as
scaffolds into which natural or non-natural amino acids have
been inserted to increase the chemical diversity or to achieve a
more rigid conformation and more stable structures (17). Sev-
eral reports have demonstrated that increasing the copy num-
ber of a precursor peptide by multimerization is a simple and
effective way to enhance immunogenicity, affinity, and stability.
It is known that the multimerization of a bioactive monomeric
peptide essentially leads to the multiplication of the interacting
groups/sites of the starting unit but does not create new recog-
nition surfaces. Instead, multimerization provides new mole-
cules with an increased avidity deriving from the multiple iden-
tical and cooperative sites. The tetrameric branched tripeptide
4-23-5 binds to the vascular endothelial growth factor recep-
tor-1 (VEGFR-1) and inhibits the formation of the structures
similar to capillaries that are formed by primary human endo-
thelial cells. The monomeric and dimeric variants were inac-
tive, and the trimeric variants were partially active (31). Pini et
al. (32) report that the tetrabranched peptide based on the non-
natural antimicrobial peptide KKIRVRLSA is a good candidate
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for the development of a new antibacterial drug. Based on the
finding by Mack et al. (16) showing that the M-SAA3 N-termi-
nal 10-mer peptide induces human MUCS3 transcriptional
expression and inhibits EPEC adherence, we generated a syn-
thetic tetrameric structure of branched polylysine based on the
conserved TFLK-motif from M-SAA3 (GWLTFLKAAG). This
tetrameric peptide is more efficient at inducing human MUC3
expression in the HT-29-Gal cells than the M-SAA3-derived
N-terminal 10-mer monomeric peptide at both transcriptional
and protein levels. The results indicated that the synthetic
branched peptide offers the numerous advantages over bio-
therapeutics because it is easier and cheaper to produce, is more
stable, and is generally free of biological contaminants. Further-
more, the tetrameric peptide offers more opportunities for
delivery.

Although the function of the M-SAA3 N-terminal 10-mer
peptide in inducing MUC3 expression and inhibiting EPEC
adherence is clear, the mechanism behind the biological phe-
nomena is not understood. This polypeptide, as an exogenous
stimulator, induces the intestinal epithelial cells to express
MUC3 mucin; however, how it interacts with the cell surface
(possibly through a receptor) and how it transmits activating
signals into the cells are unknown. Remarkably, the results from
the transcription factor protein/DNA array comparing the
HT-29-Gal cells stimulated with the TFLK-containing 10-mer
BP with the untreated HT-29-Gal cells indicated that at least 81
TFs were up-regulated 2.0-fold (supplemental Table 4), and
only 12 TFs were down-regulated 2.0-fold (supplemental Table
5). Our study of the MUC3 promoter and previous studies of
the MUC3 or Muc3 promoters (33, 34) showed that the TFLK-
containing 10-mer BP produced the highest luciferase activity
in HT-29-Gal cells when using the pGL3-M2 construct (Fig. 2);
therefore, the multiple cis-elements in the —242 to —64 region
of the TSS of human MUC3 contribute to the activity of the
human MUC3 promoter. The N-myc, USF1, CREB1, MZF1,
and Sp1 cis-elements were shown to bind to the —242 to —64
region of the human MUC3 TSS. N-myc was not induced by the
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TFLK-containing 10-mer BP (supplemental Table 4); however,
thelevels of USF1, CREB1, and Sp1 increased more than 10-fold
after stimulation with the TFLK-containing 10-mer BP, and the
MZE-1 levels increased only 2.65-fold. The ChIP results in Fig.
5 suggest that the enhanced activity of the pGL3-M2 construct
results in part from enhanced binding of Sp1 and CREBI to the
indicated sites in the proximal promoter. Together the results
from Figs. 2, 4, and 5 suggest a general role for CDX2 in MUC3
up-regulation and a specific role for Spl and CREB1 in MUC3
up-regulation after stimulation with TFLK-containing 10-mer
BP. To our knowledge, this is the first study to report a mech-
anism for the biological function of the TFLK motif.

Notably, the induction of human MUC3 mucin by the TFLK-
containing 10-mer BP led to the dramatic inhibition of EPEC or
EHEC O157:H7 adherence in HT-29-Gal cells. This finding
suggests that the TFLK-containing 10-mer BP has potential
applications for molecular therapeutic approaches in the pre-

FEBRUARY 22,2013 VOLUME 288-NUMBER 8

vention of gastrointestinal infection. Furthermore, the TFLK-
containing 10-mer BP was more efficient at inhibiting adher-
ence of the bacteria than the M-SAA3-derived N-terminal
10-mer monomeric peptide. EPEC is an important cause of
infant diarrhea in developing countries (35). This bacteria pro-
duces a characteristic intestinal histopathological lesion on
enterocytes known as “attaching and effacing” (A/E), and these
two steps are mediated by a type III secretory system. EHEC
0157:H7 causes illnesses ranging from mild diarrhea to severe
diseases such as hemorrhagic colitis and hemolytic uremic syn-
drome (36). EHEC O157:H7, which produces Shiga toxin (Stx),
is the major EHEC O157:H7 serotype responsible for public
health problems worldwide (37). We propose that human
MUCS3 production induced by the TFLK-containing 10-mer BP
improves the intestinal defense mediated by epithelial cells and
thereby protects the host against lethal infection.

Collectively, our results suggest that the TFLK-containing
10-mer BP based on the conserved TFLK-motif from M-SAA3
is a new specific compound design that has potential applica-
tions for clinical uses to prevent gastrointestinal infection
through the multiple transcription factor-mediated up-regula-
tion of human MUC3 mucin.
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