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In various mammalian species, an isoform of serum amyloid
A is secreted at high concentrations into colostrum. A conserved
four-amino-acid motif (TFLK) is contained within the first eight
N-terminal amino acid residues of this mammary-associated
serum amyloid A isoform 3 (M-SAA3). Peptides derived from
the bovine N-terminal amino acid sequence of M-SAA3 were
produced and added to cell culture medium of HT29 cells to
study the effects on intestinal mucin gene expression. HT29 cells
were grown to enhance expression of either MUC2 or MUC3
intestinal mucins. After incubation, total RNA was isolated for
Northern blot analyses using MUC2 or MUC3 mucin cDNA
probes. Signals were detected by autoradiography with mRNA
levels expressed relative to 28S rRNA. The 10-mer peptides
containing the intact TFLK-motif or a TFLK 4-mer peptide
increased MUC3 mRNA expression compared with control cells
(p � 0.05). There was no effect of these peptides on MUC2
mRNA expression. Cells that were incubated with 10-mer N-
terminal derived peptides containing a scrambled TFLK motif,
with all 10 amino acid residues scrambled or derived from a

C-terminal region of M-SAA3, did not show increased MUC3
expression. Inhibition of enteropathogenic Escherichia coli strain
E2348/69 adhesion to HT29 cells grown to enhance MUC3
expression was reduced by a similar amount when either peptides
containing the intact TFLK motif or probiotic microbes were
added to cell culture medium compared with control cells.
M-SAA3 is a bioactive peptide secreted into colostrums that can
up-regulate mucin expression and thereby may enhance innate
protective mechanisms that limit access of deleterious microbes
to intestinal mucosal epithelial cells in the postparturition period.
(Pediatr Res 53: 137–142, 2003)

Abbreviations
SAA, serum amyloid A
SAA3, serum amyloid A isoform 3
A-SAA, acute phase serum amyloid A
M-SAA3, mammary-associated serum amyloid A isoform 3
EPEC, enteropathogenic Escherichia coli
CFU, colony forming units

After birth, the cells lining the intestinal tract of newborns
are exposed to a wide variety of matter and organisms not
present in amniotic fluid. Luminal contents have been shown to
have the capacity to alter the functioning of the host organism.
For instance, noninfectious bacteria are capable of modulating
expression of the genes of the intestinal epithelial cells asso-
ciated with maturation, nutrient absorption, and components of
innate protection (1, 2). Similarly, food components such as
colostrum can facilitate the successful transition of the mam-

malian neonate to extrauterine life (3). Colostrum breast milk
is one of the first nutrients newborns are administered. Co-
lostrum is a complex source of nutrients, immune factors, and
bioactive substances that enhances immune, endocrine, and
metabolic function, in addition to factors that mediate cell
growth and/or differentiation of the intestine (3, 4). Montagne
et al. (5) demonstrated that calves fed a diet containing co-
lostrum increased ileal mucin flow compared with those on
control diets containing skim milk or fresh whole cow’s milk
enriched with lactose. Mucins are complex glycoprotein mol-
ecules that are a component of inducible innate defenses
produced by intestinal epithelial cells (6). Mucins have a
number of biologic functions, including limiting access of
enteropathogens to epithelial cells (2, 7, 8). A number of mucin
genes have been described, including MUC3, which is the
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major small intestinal mucin, and MUC2, which is the major
secreted mucin of the colon (9, 10).

We have discovered a SAA3 isoform secreted at high levels
into bovine, equine, and ovine colostrum and at lesser levels
into milk 4 d post parturition (11). SAA proteins are tradition-
ally referred to in relationship to their cytokine-induced hepatic
production and in relationship to their increased blood concen-
tration during infection and/or inflammation, but their true
function remains largely unknown (12). Extrahepatic expres-
sion of SAA isoforms has been demonstrated in a variety of
tissues. In most mammals, SAA3 appears to be the predomi-
nant SAA isoform expressed extrahepatically (13–16). In hu-
mans, the four members of the SAA protein gene family are
clustered on human chromosome 11p15.1 and predicted sizes
of the proteins are 12–19 kD (17). To date, human SAA3
mRNA has not been detected (18).

N-terminal sequencing of M-SAA3 has revealed a unique
four-amino-acid motif (TFLK), contained within the first eight
amino acid residues, that is conserved in the three mammalian
species studied (11). This sequence has not been reported to be
present in any of the hepatically derived serum amyloid A
(A-SAA) isoforms, and M-SAA3 has not been detected in
blood (11). Because colostrum has been reported to increase
ileal mucin flow, we examined whether bovine-based M-SAA3
10-mer peptides containing the conserved TFLK peptide motif
were capable of inducing MUC3 mucin expression and the
impact of modulation on the capability of an intestinal patho-
gen to adhere to epithelial cells using an in vitro bioassay.

MATERIALS AND METHODS

Cell growth conditions. HT29 cells (American Type Culture
Collection, Rockville, MD, U.S.A.) were grown in McCoy’s 5a
medium (Modified, Invitrogen, Carlsbad, CA, U.S.A.). Some
HT29 cells were progressively transferred from the original
glucose-containing cell culture medium to a glucose-free,
5-mM galactose-containing McCoy’s 5a culture medium to
increase MUC3 mRNA expression and reduce MUC2 mRNA
expression (19). Culture medium was supplemented with 10%
heat-inactivated qualified FBS (Invitrogen) and an antibiotic/
antimycotic mixture (100 U/mL penicillin G, 100 mg/mL
streptomycin sulfate, and 0.25 mg/mL amphotericin B, Invitro-
gen). Cell cultures were grown at 37°C in a humidified atmo-
sphere with 5% CO2. Cells were passaged after washing with
Earle’s balanced salt solution (Invitrogen) using trypsin-EDTA
(Invitrogen).

Peptide synthesis. Peptides (Table 1) were synthesized by
using solid-phase methods on a Model 430A synthesizer (Ap-

plied Biosystems, Foster City, CA, U.S.A.) by Sam Sanderson,
Eppley Institute for Research in Cancer and Allied Sciences,
University of Nebraska Medical Center, Omaha, NE. Synthe-
ses were performed on a 0.25-mmol scale on a Wang resin
using the N-(9-fluoenyl)methoxycarbonyl (Fmoc) synthetic
scheme. Peptides were purified by analytical and preparative
HPLC columns packed with C18-bonded silica gel and were
characterized by amino acid compositional analysis and mass
spectrometry. The details of these methods have been previ-
ously reported (20).

Alteration in mucin mRNA expression. HT29 cells were
grown to 85% confluence in culture flasks in either glucose-
containing culture medium or glucose-free, galactose-
containing medium. Synthetic peptides were added to culture
medium for a 1-h incubation period at 37°C in a humidified
atmosphere with 5% CO2.

Total RNA was isolated from the cells using the guanidine
isothiocyanate– cesium chloride cushion ultracentrifugation
technique as previously described but with modifications to
minimize mRNA shearing (19, 21). RNA was stored in 0.3 M
sodium acetate, pH 6.0, with 2.5 volumes of ethanol at �70°C.
Northern blots were performed by subjecting 20 �g of RNA to
electrophoresis on 1.2% agarose gels containing 0.66 M form-
aldehyde and ethidium bromide to visualize RNA. Transfer of
RNA to nitrocellulose membranes was accomplished via cap-
illary blotting. Probe hybridization was carried out at 42°C for
18 h using either a cDNA probe to the tandem repeat region of
MUC2 (clone SMUC41) or MUC3 (clone SIB124), kindly
provided by Drs. James Gum and Young Kim (19). Signals
corresponding to MUC2 or MUC3 were detected by Phospho-
rImager autoradiography (Molecular Dynamics, Sunnyvale,
CA, U.S.A.) and were quantified by area integration using
ImageQuant software (version 3.3; Molecular Dynamics).
Amounts of 28S rRNA loaded onto agarose/formaldehyde gels
used for Northern blots were measured using a Computing
Densitometer with ImageQuant software (version 3.3; Molec-
ular Dynamics) from photographic negatives (Type 665 film;
Polaroid, Cambridge, MA, U.S.A.) of these gels taken under
UV light. Comparison of changes in mucin expression could
then be assessed relative to 28S rRNA levels.

Bacteria and growth conditions. EPEC strain E2348/69
(serotype O127:H6) was originally isolated during an outbreak
of infantile diarrhea (22) and kindly provided by Dr. James
Kaper, Center for Vaccine Development, Baltimore, MD. This
EPEC strain was maintained on trypticase soy agar slants
(Becton-Dickenson Microbiology Systems, Cockeysville, MD)
at 4°C. Stock cultures of Lactobacillus rhamnosus strain GG

Table 1. Synthetic peptide sequences

Peptide Name Peptide sequence Description

1 Bovine N-terminal peptide MWGTFLKEAG Bovine M-SAA3 N-terminal 10-mer peptide
2 Lapine N-terminal peptide WLTTFLKEAG Lapine SAA3 N-terminal 10-mer peptide
3 Conserved motif TFLK Conserved 4-mer peptide motif found in all M-SAA3 of bovine, ovine and

equine sources
4 Limited scramble MWGLTKFEAG Bovine M-SAA3 N-terminal 10-mer peptide with the TFLK motif scrambled
5 Total scramble GKFAWEGMTL Bovine M-SAA3 N-terminal 10-mer peptide all scrambled
6 C-terminal DDAQRGPQA Bovine M-SAA3 C-terminal 10-mer peptide conserved in all SAA
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(American Type Culture Collection 53103) originally isolated
from stool specimens of healthy humans (23) were maintained
on MRS agar (Difco Laboratories, Detroit, MI, U.S.A.) at 4°C.
This Lactobacillus strain is one of a number of Lactobacillus
species that has been previously been demonstrated to colonize
human intestinal tract after oral administration (24).

Bacteria were grown overnight at 37°C in static nonaerated
Penassay broth (EPEC; Difco) or MRS broth (L. rhamnosus;
Difco). Bacteria were harvested by centrifugation at 2500 � g
for 15 min at 20°C in a GPR centrifuge (Beckman Coulter,
Inc., Fullerton, CA). After two washes in sterile, pH 7.4
Dulbecco’s PBS (Invitrogen) at 25°C, bacteria were resus-
pended in PBS, pH7.4. Quantification of bacterial suspensions
was determined using a standard curve of CFU on MacConkey
agar (Difco) or MRS agar (Difco) relative to visible absorbance
(600 nm; Spectronic Genesys 5 spectrophotometer, Rochester,
NY, U.S.A.).

In vitro EPEC inhibition assay. Alterations in the adher-
ence to HT29 cells, grown to enhance MUC3 expression by
growing in a galactose-containing cell culture medium, was
determined using an in vitro assay previously described (7).
Briefly, HT29 cells were suspended in antibiotic-free culture
medium and transferred to individual wells of a 12-well poly-
styrene tray (Fisher Scientific, Pittsburgh, PA, U.S.A.). Cells
were grown to near confluence and washed (three times) with
sterile, 37°C Hanks’ balanced salt solution (Invitrogen) to
remove culture medium and nonattached cells. Wells received
either 109 CFU of L. rhamnosus strain GG or 10-mer peptides
based on bovine N-terminal M-SAA3 that contained intact
TFLK-motif (peptide 1, Table 1) or with the TFLK-motif
scrambled (peptide 4, Table 1) at a concentration of 50 �g/mL
cell culture medium. The peptides or bacteria were added 1 h
before the addition of 106 CFU of EPEC E2348/69. After a 3-h
incubation at 37°C, cells were washed four times with Dulbec-
co’s PBS (pH 7.4, 37°C) to remove nonadherent bacteria. Cells
with adherent bacteria were released from polystyrene wells
using 0.1 mL of trypsin-EDTA. After 10 min, ice-cold sterile
PBS was added to each well and the well contents were
agitated to dissociate epithelial cells. Serial dilutions of adher-
ent bacteria were plated onto MacConkey agar and incubated
overnight at 37°C for subsequent quantification by counting
CFU. All experiments were run in triplicate.

Statistical methods. Group data were expressed as means �
SEM (SE). Analyses between multiple groups were determined
using one-factor ANOVA with 95% confidence intervals.
Posthoc ANOVA analyses were determined by Fisher’s pro-
tected least-significant difference using StatView software
(version 5.0.1; SAS Institute Inc., Cary, NC, U.S.A.).

RESULTS

Alteration in MUC3 mRNA expression. Because the small
intestine was the likely location where ingested peptides found
in colostrum would effect changes, alterations in the expression
of MUC3 mucins were evaluated first. As shown in Figure 1,
there was a concentration-dependent increase of MUC3 mRNA
expression by the enterocytes after the addition of bovine
M-SAA3 10-mer N-terminal peptide to a maximum of about

2.5-fold greater than baseline MUC3 mRNA expression at 50
�g/mL but a decrease in MUC3 expression with the addition of
peptides at a concentration of 100 �g/mL.

In other experiments, the incubation time of the peptide with
the cells was shortened to 30 min and extended to 90 min.
MUC3 mRNA expression was not any greater for the length-
ened incubation period.

Comparison of TFLK-containing peptides in modulating
MUC3 mRNA expression. Peptides were synthesized based on
the deduced N-terminal 10-mer sequence reported for rabbit
SAA3 (25). As can be seen in Table 1, the carboxyl side of the
TFLK motif is the same for the bovine and lapine SAA3,
whereas the N-terminal side of the motif is not. Additionally,
we also tested just the 4-mer TFLK peptide added into culture
medium at a concentration of 50 �g/mL. After a 30-min
incubation period, total RNA was collected for analysis of
MUC3 mRNA expression levels. As shown in Figure 2, there
was increased MUC3 mRNA expression by HT29 cells incu-
bated with all the various peptides compared with expression
of MUC3 mRNA by control HT29 cells without peptides

Figure 1. Relative MUC3 mRNA expression levels after incubation of HT29
cells with bovine-based M-SAA3 synthetic peptide (see Table 1 for peptide
descriptions). (A) Mean values (� SE) for MUC3 mRNA signal quantified
from phosphor screen autoradiographies were normalized relative to the 28S
rRNA loaded on agarose gels. Results are expressed as a percentage of control
values for cells with no synthetic peptide added and are from a minimum of
seven separate experiments. *p � 0.05 vs other concentrations. (B) Northern
blot of one of the experiments with 20 �g of total RNA from HT29 cells grown
in galactose-containing cell culture medium to enhance MUC3 mRNA expres-
sion and incubated with different concentrations of bovine-based M-SAA3
peptides. The blot was hybridized with a MUC3 cDNA probe.

139M-SAA3 AND MUC3 MUCIN



added (ANOVA, p � 0.05). The bovine-based peptides in-
duced approximately a two-fold increase in MUC3 mRNA
expression compared with controls. The lapine-based peptides
increased expression about 2.5-fold. Interestingly, the 4-mer
TFLK peptide increased MUC3 mRNA mucin expression
more than three-fold relative to control levels of MUC3 mRNA
expression.

Specificity of conserved M-SAA3 TFLK motif and MUC3
mRNA expression. Various peptides were synthesized and
tested to evaluate the specificity of the TFLK motif to effect
modulation of intestinal epithelial cell MUC3 mucin gene
expression. As shown in Table 1, these included scrambling the
four residues of the TFLK motif but keeping the three flanking
residues identical (limited scramble) to the bovine-based N-
terminal deduced sequence, scrambling all 10 amino acid
residues of bovine-based M-SAA3 10-mer peptide (total
scramble) and a 10-mer peptide deduced from the C-terminal
side of the M-SAA3 protein (C-terminal). Peptides were added
at a concentration of 50 �g/mL of cell culture medium for the
HT29 cells grown to enhance MUC3 expression in glucose-
free, galactose-containing medium. As shown in Figure 3,
there was no difference in the MUC3 mRNA expression levels
between cells incubated with peptides containing the scram-
bled TFLK motif, the scrambled 10-mer, the conserved C-
terminal peptide, and control cells that had not been incubated
with any synthetic peptide. Expression levels were all less than
cells incubated with the intact 10-mer bovine-based M-SAA3
(p � 0.05).

To determine the specificity of the MUC3 mucin gene
response, we also evaluated whether MUC2 mRNA expression

in HT29 cells grown in glucose-containing cell culture medium
was modified by these synthetic peptides. There were no
differences in MUC2 mRNA expression levels between control
cells and cells incubated with any of the peptides including the
10-mer bovine-based M-SAA3 (p � 0.05, data not shown).

Inhibition of EPEC adherence. In experiments using the in
vitro adherence assay (Fig. 4), both the addition of M-SAA3-
based 10-mer peptides containing the intact TFLK motif and
probiotic bacteria to the cell culture media of MUC3-producing
HT29 cells decreased adherence of EPEC relative to untreated
control cells (p � 0.05). In contrast, adding a 10-mer peptide
without an intact TFLK motif did not alter EPEC adherence to
HT29 cells compared with controls (p � 0.05).

DISCUSSION

Colostrum is known to supply both nutrients and agents that
can affect growth, development, immunologic, neurologic or
epithelial cell function of the gastrointestinal tract (26). In this
report, we demonstrate specific alteration in expression of
MUC3 mucins by peptides derived from a novel protein iso-
lated from the colostrum of mammals (11). The level of
increased expression of mucins is sufficient to inhibit entero-
pathogen binding in the EPEC adherence bioassay. Our current
results confirm previous results showing eukaryotic gene ex-
pression may be modified by luminal contents that are nor-
mally located in the lumen of the intestinal tract in contact with
mucosal epithelial cells such as nonpathogenic prokaryotic
organisms (2). We extend these results by showing bioactive
peptides that may be present in lumen through ingestion of
food products also may affect intestinal epithelial cell gene
expression by showing these peptides can also up-regulate
MUC3 expression. That small intestinal mucin expression may
be up-regulated by multiple mechanisms suggests an important

Figure 2. MUC3 mRNA expression levels after incubation of HT29 cells
with synthetic peptides containing the TFLK motif. (See Table 1 for peptide
descriptions.) Mean values (� SE) are of MUC3 mRNA signal that are
normalized to 28S rRNA levels loaded onto gels used for Northern blots.
Results are expressed as percentage of controls without synthetic peptide
added and represent seven separate experiments. *p � 0.05 vs controls.

Figure 3. MUC3 mRNA expression levels after incubation of HT29 cells
with 10-mer M-SAA3-based peptide sequences. Mean values (� SE) are
MUC3 mRNA signal that are normalized to 28S rRNA levels loaded onto gels
used for Northern blots. Results are expressed as percentage of controls
without synthetic peptide added and represent six separate experiments. *p �
0.05 vs other peptides and controls without peptides added.
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role of mucins to the intestinal mucosa. To detect MUC3
expression, a cDNA probe to the tandem repeat region of the
molecule was used. Recently, the existence of a second MUC3
gene has been proposed (27, 28). Both human MUC3 genes,
now called MUC3A and MUC3B, show such significant sim-
ilarity that the cDNA probe used in these studies would
recognize transcripts from both genes (27).

For these studies, we used the HT29 cell line. Although
MUC3 mucin mRNA expression has been demonstrated in a
number of cell lines, the MUC3 expression levels are low in
those cell lines in comparison with MUC2 expression levels
(29). The HT29 cell line is capable of undergoing reversible
differentiation with the expression of enterocyte-like pheno-
type in a glucose-free, galactose-containing medium (30–32).
In addition, when HT29 cells are transferred from glucose-
containing to glucose-free, galactose-containing cell culture
medium, there is up-regulation of MUC3 with concomitant
reduction in MUC2 mRNA expression (19). This finding
would be consistent with the conclusion HT29 cells differen-
tiate into small intestinal-like cells when transferred to a
galactose-containing medium. Thus, these cells are useful for
studies on selective intestinal expression of MUC2 and MUC3
mucins.

The finding that M-SAA3 could alter mucin expression was
specific to the major small intestinal mucin, namely MUC3
mucins. That is, we did not observe alterations in transcrip-

tional expression of MUC2 mucin, the major secreted mucin of
the large bowel (33). This finding is important because differ-
ent Lactobacillus strains have been shown to up-regulate both
MUC2 and MUC3 mucin gene expression (2). In addition,
co-culture of selective probiotic bacteria with EPEC, like
co-culture of M-SAA3 peptides with EPEC, leads to inhibition
of EPEC adherence to mucin-producing epithelial cells (2).
Specific receptors for various other enteropathogens and vi-
ruses have been identified on mucin molecules (8). Exogenous
mucins added to cell culture media of non-mucin-producing
epithelial cells limits EPEC epithelial cell adherence in a
quantitative manner (2, 7). Mucins have been shown to be the
major component of meconium of newborns that are respon-
sible for inhibition of epithelial cell adhesion of a bacterium
that causes neonatal sepsis and meningitis, namely S-
fimbriated Escherichia coli (34). Prevention of access to the
underlying intestinal epithelial cell can be a process critical in
the postparturition period to the newborn infant as their ac-
quired immune system is relatively ineffective.

In the current study, we evaluated bovine-based M-SAA3
peptides, but the mammary-associated amyloid protein has
been isolated from bovine and other mammalian species co-
lostrum and milk. To date, human SAA3 mRNA has not been
detected in various tissues tested (liver, synovium, fat, lung)
(18). Sequence analysis has shown a single base insertion at
codon 31 leading to a stop signal at codon 43 (18). Taken
together, current opinion is that human SAA3 is a pseudogene,
although efforts are underway to determine whether there is
expression in tissues other than those previously examined.
Interestingly, the 4-mer TFLK and the lapine-based M-SAA3
10-mer peptides were more effective than bovine-based M-
SAA3 10-mer peptides in up-regulation of MUC3 expression
(Fig. 2). Lapine-based M-SAA3 differs from bovine-based
M-SAA3 in the flanking amino acid residues on the carboxyl
side of the TFLK motif showing flanking residues modify the
activity of induction of MUC3 expression.

Bovine-based M-SAA3 is expressed in bovine mammary
epithelial cells (11). Extrahepatic expression of SAA3 has been
demonstrated in the intestines of mice. In the spontaneously
developing colitis of IL-2 deficient (�/�) and IL-2 deficient
(�/�) mice, de Villiers et al. (35) showed that there is
increased mRNA SAA3 expression in the lamina propria cells
of their intestines. In vitro studies have shown intestinal epi-
thelial cells are capable of secretion of SAA in response to
specific sets of cytokines and to glucocorticoids (36). Taken
together with the effects on mucin expression, it suggests that
intestinal expression of SAA3 may have a role in attempting to
limit a chronic inflammatory responses in addition to a role in
limiting access of enteropathogens.

In summary, M-SAA3-based peptides increased MUC3
mRNA expression but did not increase transcription of the
major colonic mucin, MUC2 mucin. The conserved TFLK-
motif was found to be active in modulation of MUC3 mRNA
expression. Modulation of the expression of small intestinal
mucins by bioactive peptides from colostrum may be a mech-
anism whereby innate protective mechanisms of newborns are
quickly enhanced after ingestion of colostrums by newborns

Figure 4. EPEC adherence to HT29 cells. HT29 cells were grown to near
confluence in wells of 12-well polystyrene plates with galactose-containing
cell culture medium to enhance MUC3 mucin expression. Wells of a 12-well
plate received either 109 CFU of L. rhamnosus strain GG, 50 �g/mL of peptide
1 or 4 (see Table 1) or nothing 1 h before the addition of 106 CFU of EPEC
E2348/69. After a 3-h incubation, unbound bacteria were removed and EPEC
adherent to HT29 cells were quantified by CFU determinations on MacConkey
agar. Results are expressed as mean � SE of at least three experiments run in
triplicate. Adherence of EPEC was decreased in wells containing either
M-SAA3-based 10-mer peptides or L. rhamnosus strain GG relative to un-
treated cells (nothing) (p � 0.05, ANOVA).
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and thereby prevent access of enteropathogens to the intestinal
mucosa of newborns after parturition.
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