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Synergistic Stimulation of MUC1 Expression in
Normal Breast Epithelia and Breast Cancer Cells
by Interferon-g and Tumor Necrosis Factor-a

Errin L. Lagow and Daniel D. Carson*

Department of Biological Sciences, The University of Delaware, Newark, Delaware 19716

Abstract The MUC1 gene encodes a transmembrane mucin glycoprotein that is overexpressed in human breast
cancers. Persistent stimulation by proinflammatory cytokines may contribute to increased MUC1 transcription by tumor
cells. We demonstrate that MUC1 expression in T47D breast cancer cells and normal human mammary epithelial cells
(HMEC) is enhanced by tumor necrosis factor-a (TNF-a) in the presence of interferon-g (IFN-g). MUC1 responsiveness to
these cytokineswasmodest in T47Dcells and robustly induced inHMEC. Transient transfection of T47Dcellswithmutant
MUC1 promoter constructs revealed that a kB site at�589/�580 and the STAT-binding element at�503/�495 andwere
required for cooperative stimulation byTNF-a and IFN-g. Binding ofNFkBp65 to theMUC1kB sitewas inducedbyTNF-a
treatment, as demonstrated by electrophoretic mobility shift assay. Specific mutation of the kB site prevented binding of
NFkB p65 and blocked TNF-a stimulation ofMUC1 promoter activity. Collectively, these studies demonstrate synergistic
stimulation of MUC1 expression by TNF-a and IFN-g that is mediated by independent actions of NFkB p65 and STAT1a
upon kB and STAT sites, respectively, in the MUC1 promoter. Strong induction of MUC1 expression by these pro-
inflammatory cytokines is clearly evident in normal mammary epithelium. In contrast, breast tumor cells appear to
override normal regulatory responses via as yet undefined cis-elements. J. Cell. Biochem. 86: 759–772, 2002.
� 2002 Wiley-Liss, Inc.
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The full-length product of theMUC1 gene is a
large type I transmembranemucin glycoprotein
primarily expressed on the apical surfaces of
many mammalian simple epithelial cells that
line ducts or glands [as reviewed inGendler and
Spicer, 1995; Lagow et al., 1999; Hanisch and
Muller, 2000], although MUC1 expression by
nonepithelial cells including hematopoietic
cells [Dent et al., 1999], T cells [Agrawal et al.,
1998a], andmale germcells [Frankeet al., 2001]
also has been reported. Proposed functions for
MUC1 include modulation of cell adhesion,

signal transduction, lubrication and hydration
of epithelial surfaces, and protection of epithe-
lial surfaces from infection [Gendler and Spicer,
1995; Lagow et al., 1999; Hanisch and Muller,
2000]. In human breast cancers, regulation of
MUC1 expression differs between breast tumor
cells and adjacent normal epithelial cells via
aberrant glycosylation, cellular distribution,
and mRNA splicing; however, the molecular
control of any of these events is not well under-
stood [Girling et al., 1989; Hilkens et al., 1992;
Zrihan-Licht et al., 1994; Brockhausen et al.,
1995]. MUC1 is greatly overexpressed in many
epithelial-derived cancers including those of
breast, ovary, andpancreas [GendlerandSpicer,
1995]. Overexpression of MUC1 in human
breast cancers is frequently due to increased
transcription [Hareuveni et al., 1990], possibly
as a result of chromosomal rearrangement or
gene duplication [Gendler et al., 1990; Bieche
and Lidereau, 1997; Waltz et al., 1998].

Normal expression of MUC1 is under the
control of steroid hormones in the mammary
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gland, although these responses appear to be
indirect [Parry et al., 1992; Zhou et al., 1998].
Expression of MUC1, a constituent of milk, in
normal human and mouse mammary epithelial
cells is low in virgin glands but increases from
mid-pregnancy to lactation [Burchell et al.,
1987; Parry et al., 1992]. The development of
mice transgenic forhumanMUC1,antigenically
distinct from the endogenousmousehomologue,
has brought to light the genomic requirements
for expression and regulation of MUC1 in both
normal breast andmammary tumors. The smal-
lest transgene utilized to date that displayed
expected epithelial-specific expression and reg-
ulation of MUC1, including increased expres-
sion in mammary tumors, utilized 1.4 kb of
50-flanking sequence upstream of MUC1 cDNA,
implying that introns and 30-flanking sequence
do not participate in transcriptional control
[Graham et al., 2001].

A consistent observation among several
MUC1-expressing cancer cell lines is the re-
quirementof sequencesbetween�600and�400
for maximal expression [Abe and Kufe, 1993;
Kovarik et al., 1993]. The importance of this
region is supported by the finding that the
internal sequence�598/�485 enhancedactivity
of a heterologous promoter more than tenfold in
MCF7 breast cancer cells [Abe and Kufe, 1993;
Kovarik et al., 1993]. Located within this tran-
scriptionally important region of the MUC1
promoter are a potential binding site for the
transcription factorNFkB (nuclear factorkappa
B) at �589/�580, overlapping with a putative
AP-3 (activator protein 3) element [Abe and
Kufe, 1993], and a STAT (signal transducer and
activator of transcription) binding element at
�503/�495. MUC1 regulation by cytokines and
peptide hormones that signal through NFkB
and STAT transcription factors is well-docu-
mented [Tran et al., 1988; Parry et al., 1992;
Clark et al., 1994; Lagow and Carson, 1999;
Grunberg et al., 2000; Lagow and Carson, 2000;
Gaemers et al., 2001], and evidence suggests
that persistent cytokine stimulation may con-
tribute to the increased transcription of MUC1
observed very frequently in breast cancers.
The STAT-binding element at �503/�495 was
shown to mediate interferon-g (IFN-g) respon-
siveness of the MUC1 gene in a breast cancer
cell line, T47D, and specific mutation of the site
reduced MUC1 promoter activity, suggesting
its involvement in constitutive and stimulated
MUC1 expression in these cells [Lagow and

Carson, 1999; Gaemers et al., 2001]. However,
nuclear extracts from unstimulated T47D cells
did not react with the STAT-binding element,
indicating that the high level of MUC1 tran-
scription observed in these cells is not due to
constitutive activation of this single cis-acting
promoter element. Furthermore, IFN-g stim-
ulation ofMUC1 promoter activity did not tran-
slate into increased MUC1 expression in T47D
cells. Therefore, we examined normal mam-
mary epithelial cells to determine whether the
mechanism for IFN-g stimulation of MUC1
expression is conserved or is specific to tumor
cells. Importantly, several proinflammatory
cytokines including IFN-g and tumor necrosis
factor-a (TNF-a) are produced by lymphocytes
associated with mucin-expressing breast
tumors [Vitolo et al., 1992, 1993]. Therefore,
overexpression of MUC1 may be at least par-
tially the result of a combination of stimulatory
factors acting upon multiple regulatory ele-
ments. For this reason, we investigated the
role of the potential kB site at �589/�580, in
the context of the STAT-binding element, in
transcriptional regulation of MUC1 by TNF-a
and IFN-g.

METHODS

Cell Culture

T47D human breast ductal carcinoma cells
(ATCC, Manassas, VA) were maintained in
DMEM supplemented with 10% (v/v) fetal
bovine serum, 100 U/ml penicillin, and 100 mg/
ml streptomycin (Life Technologies, Gaithers-
burg, MD). Human mammary epithelial cells,
or HMEC (Clonetics, San Diego, CA), were
maintained in the recommended mammary
epithelial growth medium (MEGM) containing
10 ng/ml recombinant human EGF, 5 mg/ml
insulin, 0.5 mg/ml hydrocortisone, 50 mg/ml
gentamicin, 50 ng/ml amphotericin B, and
13 mg/ml bovine pituitary extract (Clonetics).

Generation of Mutant
Promoter Constructs

Agenomic fragment consisting of the 50 flank-
ing sequence of the MUC1 gene from �1,406
to þ33 was a generous gift from Dr. Sandra
Gendler (Mayo Clinic, Scottsdale, AZ). The
1.4MUC construct used in these studies pre-
viously was made by cloning this fragment into
pGL3basic luciferase reporter vector (Promega,
Madison, WI). PCR was used to generate 50
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deletion mutants of 1.4MUC, and inserts con-
sisting of MUC1 promoter fragments�604/þ33
and�487/þ33 were cloned into pGL3basic. The
pGL3-TK plasmid was constructed by cloning
the BglII/HindIII fragment of pRL-TK (Pro-
mega), containing the HSV-TK promoter, into
pGL3basic. Single-stranded oligos (Sigma-
Genosys, The Woodlands, TX) encompassing
�518/�480 of MUC1 gene sequence were
annealed and cloned into pGL3-TK for analysis
of theSTAT-binding site. Sequence of theSTAT-
binding site in the native insert: 50-TTCCGG-
GAA-30; in the mutated insert: 50-ccCCGGG-
AA-30 (mutated nucleotides in lowercase). The
�604/�468 MUC1 promoter segment, contain-
ing the STAT-binding site and a potential kB
site, was amplified by PCR and cloned into
pGL3-TK. All positive clones were confirmed by
sequencing.

Site-Directed Mutagenesis

Recombinant PCR, as described by Kovarik
et al. [1993], was used to generate specific
mutations in the potential kB site at �589/
�580 and in the STAT-binding site at �503/
�495 in the MUC1 promoter using the 1.4MUC
construct as a template. The native sequence of
the potential kB site in the sense strand is 50-
GGAAAGTCCG-30, and the mutated sequence
is 50-GGcccGTCCG-30. The native sequence of
the STAT-binding site is 50-TTCCGGGAA-30,
and themutated sequence is 50-ccCCGGGAA-30.
Recombinant products containing one of the
abovemutationswere used to replace the native
sequence in the 1.4MUC construct.

Transient Transfections and
Reporter Assays

Transient transfections were performed
using LipofectAMINE reagent (Life Technolo-
gies) in a 6-well plate format according to the
manufacturer’s instructions. Two micrograms
of pGL3basic-based plasmid and 0.25 mg of pRL-
TK plasmid were used per well. For co-transfec-
tion of 1.4MUCwith STAT1 plasmids, a total of
3.25mgDNAwereusedperwell: 2mgof 1.4MUC,
0.25mgpRL-TK, and1mg of expressionplasmids
for humanSTAT1a, STAT1b, or vector. STAT1a
and STAT1b expression plasmids were gifts
from Dr. Ulrike Schindler (Tularik, Inc., South
San Francisco, CA). Following transfection,
cells were given fresh medium with 5% (v/v)
fetal bovine serum in the presence or absence of

the following: 200 U/ml recombinant human
IFN-g (Roche, Indianapolis, IN), 25 ng/ml re-
combinant human TNF-a (Roche), or 10 ng/ml
recombinant human IL-1b (Roche). Normal
rabbit serum (NRS) was purchased from
Calbiochem-Behring (LaJolla, CA), and poly-
clonal rabbit-anti-human IFN-gwas purchased
from BioSource (Camarillo, CA). Luciferase
assays were performed using the Dual-Lucifer-
ase Assay Kit (Promega) according to the
manufacturer’s instructions and a Dynex MLX
Microplate Luminometer (Dynex Technologies,
Chantilly, VA). Reporter activity was expressed
as the ratio of firefly luciferase activity (pGL3-
based plasmids) to Renilla luciferase activity
(pRL-TK). Statistical analyses were perform-
ed using GraphPad InStat software (GraphPad
InStat version 3.00 for Windows 95, GraphPad
Software, San Diego California USA, www.
graphpad.com), employing one-way ANOVA
and the Tukey–Kramer multiple comparisons
test.

Northern Blot Analysis

T47D cells were plated in 6-well plates and
maintained as described until cells reached
confluence. Confluent cells were serum-starved
for 24hprior to treatment. For treatment, T47D
cells were cultured inmedium containing 5% (v/
v) fetal bovine serum � 200 U/ml IFN-g and/or
25 ng/ml TNF-a. The same treatments were
administered to HMEC in MEGM, but using
50 ng/ml TNF-a. Total RNA was isolated using
the RNeasy kit (Qiagen, Valencia, CA), and
Northern blot analysis was performed on total
RNA (6 mg/lane for T47DRNAand10 mg/lane for
HMEC RNA) using the NorthernMax-Gly kit
(Ambion, Austin, TX) according to the manu-
facturer’s instructions. The cDNA probe used
for detection of MUC1 mRNA was a 436-bp RT-
PCR product that encompasses parts of exons 6
and 7, encoding the cytoplasmic tail. A cDNA
probe for human 18S ribosomal RNA (ATCC)
was used as a load control. Probes were non-
isotopically labeled using the BrightStar
Psoralen-Biotin kit (Ambion), and hybridiza-
tion signals were detected using the BrightStar
BioDetect kit (Ambion). Blots were exposed
to X-ray film, and signal intensities were
quantified using the Alpha Imager 1D-Multi
function (Alpha Innotech, San Leandro, CA).
Blots were stripped between probings with
boiling 0.1% (w/v) SDS in water, then stored
at 48C.
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Western Blot Analysis

Cell treatments and sample prepara-
tion. T47D cells were seeded into 24-well
plates and maintained as described until cells
reachedconfluence.Confluent cellswere serum-
starved for 24 h, then cultured in serum-free
medium � 200 U/ml IFN-g and/or 25 ng/ml
TNF-a. The same treatments were adminis-
tered to HMEC in MEGM. Cells were solubi-
lizedwithsampleextractionbuffer [SEB;0.05M
Tris pH 7, 8 M urea, 1% (w/v) SDS, 0.01% (v/v)
phenylmethylsulfonylfluoride (PMSF), 1% (v/v)
b-mercaptoethanol], and protein concentration
was determined by the method of Lowry et al.,
[1951]. Culture supernatants were centrifuged
briefly at 48C, 10,000g, to pellet any cell debris.
Supernatants were precipitated overnight at
48C using 50 mg of fetal bovine serum protein as
carrier. Resulting pellets were rinsed with ace-
tone and resuspended in 25 ml SEB and 25 ml
Laemmli sample buffer (LSB, [Laemmli, 1970]).
Forty percent of each sample of precipitated
culture supernatant protein and10mg (T47D) or
50 mg (HMEC) of each sample of cell-associated
protein were analyzed. Each sample of cell-
associated protein was brought up to a final
volume of 25 ml with SEB and LSB at 1:1 (v/v).
Before loading, samples were heated at 958C
for 2 min, and 1 ml of bromophenol blue (1% v/v
in water) was added to each for visual
tracking.

SDS–PAGE and detection of MUC1 pro-
tein. Proteins were separated by SDS–PAGE
using a 4.5% (w/v) Laemmli stacking gel
[Laemmli, 1970] and a 10% (w/v) Porzio and
Pearson resolving gel [Porzio and Pearson,
1977] under constant current. Separated pro-
teins were transferred to Schleicher & Schuell
Protran nitrocellulose (Intermountain Scienti-
fic, Kaysville, UT) at 48C. Nitrocellulose blots
were blocked at 48C in phosphate-buffered
saline plus 0.1% (v/v) Tween-20 (Sigma) con-
taining3% (w/v) bovine serumalbumin (Sigma).
Primary antibody 214D4 (kindly provided by
Dr. John Hilkens of The Netherlands Cancer
Institute, Amsterdam, The Netherlands), a
mouse monoclonal specific for a tandem repeat
epitope in the extracellular domain of MUC1
[Wesseling et al., 1995], was added directly
to the blocking solution to a final dilution of
1:10,000. In a comparison of 214D4with several
other antibodies directed toward the MUC1
tandem repeats (BC3 [Xing et al., 1989], DF3

[Perey et al., 1992], HMFG1, HMFG2 [Taylor-
Papadimitriou et al., 1981; Burchell et al.,
1983], and SM3 [Burchell et al., 1987]), 214D4
reacted more strongly and consistently in Wes-
tern blots thanany other antibody in a variety of
samples (J. Julian, unpublished observations).
Therefore, the 214D4 antibody was used in
routine analyses. Following overnight incu-
bation at 48C, blots were rinsed at room
temperature three times, 5 min each, in phos-
phate-buffered saline plus 0.1% (v/v) Tween-20.
For detection, blotswere incubated for 2hat 48C
with horseradish peroxidase-conjugated sheep-
anti-mouse IgG (Jackson ImmunoResearch,
West Grove, PA) at a final dilution of 1:200,000
in blocking solution. After three 5 min rinses at
room temperature in phosphate-buffered saline
plus 0.1% (v/v) Tween-20, ECL detection was
carried out using the SuperSignal West Dura
Extended Duration Substrate (Pierce, Rock-
ford, IL) according to the manufacturer’s
instructions. Blots were exposed to X-ray film,
and signal intensities were quantitated using
the Alpha Imager 1D-Multi function (Alpha
Innotech).

Nuclear Extract Preparation

Three to four confluent T150 flasks were used
for each treatment and nuclear extract prepara-
tion. Prior to treatment, T47D cellswere serum-
starved for 24 h. T47D and HMEC cells were
untreated or treated for 15 min with 200 U/ml
IFN-g� 25 ng/ml TNF-a. Nuclear extracts were
prepared as described by Dignam et al., [1983]
with minor modifications. The following pro-
tease and phosphatase inhibitors, along with
1mMDTT, were added to the PBS/5mMEDTA
(used for detaching cells), hypotonic buffer, and
nuclear extraction buffer just before use: 1 mM
Na3VO4, 1 mM NaF, 1 mM Na2MoO4, 5 mg/ml
aprotinin, 1 mg/ml pepstatin A, and 1 mM
PMSF. Cellular lysis was achieved using final
concentrations of 0.1% or 0.5% (v/v) NP-40 for
T47D cells and HMEC, respectively. Nuclear
extracts were collected and dialyzed in Slide-
A-Lyzer MINI dialysis units (Pierce) for 4 h
against 250 ml dialysis buffer, changing
buffer once. Dialyzed nuclear extracts were
flash-frozen in dry ice/ethanol and stored in
usable aliquots at �808C. Protein concentra-
tion was determined by the method of Lowry
et al., [1951]. Nuclear extracts of at least
5 mg protein/ml concentration were used for
EMSA.
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Electrophoretic Mobility Shift Assay (EMSA)
and Supershift Assay

EMSA and supershift assays for analysis of
the MUC1 promoter STAT-binding element at
�503/�495 were carried out using the STAT1a
NuShift kit (Geneka Biotechnology, Montreal,
Canada) according to the manufacturer’s in-
structions. Oligonucleotide probes for STAT1a
EMSA included the MUC1 promoter potential
STAT-binding site flanked by additional native
sequence (�513/�485; 50GGTGGGGCTA[TTC-
CGGGAA]GTGGTGGGGG30; Sigma-Genosys)
and a positive control STAT-inducible element
(SIE) (50GTCGACAT-[TTCCCGTAA]ATCGTC-
GA30; provided with kit). Corresponding mu-
tant oligos used in competition assays included
a mutant MUC1 potential STAT-binding site
(50GGTGGGGCTA[ccCCGGGAA]GTGGTGGG-
GG30) and a provided mutant SIE (50GTC-
GACAT-[aTagCGTAA]ATCGTCGA30) (mutat-
ed nucleotides in lowercase). Double-stranded
oligos were prepared by combining equal parts
sense and antisense oligos, boiling for 5 min,
and cooling to room temperature overnight to
anneal.Wild-type oligos were end-labeled using
g32P-ATP (NEN Life Science Products, Boston,
MA) and T4 polynucleotide kinase (Roche).
Unlabeled wild-type and mutant competitor
oligos were used in a 100-fold molar excess over
labeled probe. Five micrograms of T47D or
HMEC nuclear extract protein were used in
each reaction. Nuclear extracts from IFN-a-
treated U-937 cells were provided as a positive
control. For supershift assays, nuclear extracts
were preincubated with NRS (Calbiochem-
Behring) or rabbit polyclonal STAT1a antibody
(Geneka Biotechnology). EMSA analysis of the
MUC1 promoter potential kB site at�589/�580
was carried out using the NFkB/Rel family
NuShift kit (Geneka Biotechnology) according
to the manufacturer’s instructions. Oligonu-
cleotide probes and competitors for NFkB/Rel
EMSA included the MUC1 promoter potential
kB site flanked by additional native sequence
(MUCkB; �599/�570; 50-CCAGGCTGCT[GG-
AAAGTCCG]GCTGGGGCGG-30); the corre-
sponding mutant, mMUCkB (50-CCAGGCTG-
CT[GGcccGTCCG]GCTGGGGCGG-30; Sigma-
Genosys); a provided control binding site for
NFkB p65 and c-Rel, Rel (50-AGCTT[GG-
GGTATTTCC]AGCCG-30); the corresponding
mutant, mRel (50-AGCTT[GGcaTAggTCC]A-
GCCG-30); a provided control binding site for

NFkB p50, NFkB (50-GCCATGG[GGGGAT-
CCC]CGAAGTCC-30); and the corresponding
mutant, mNFkB (50-GCCATGG[GccGATCCC]-
CGAAGTCC-30). For supershift assays, nuclear
extracts were preincubated with NRS or a
rabbit polyclonal antibody to c-Rel, NFkB p65,
or NFkB p50 (Geneka Biotechnology).

RESULTS

TNF-a Greatly Enhances MUC1 Transcriptional
Activity in the Presence of IFN-g

A segment of 50 flanking sequence of the
human MUC1 gene from �1,406 to þ33 was
used in transient transfection assays to study
responsiveness to IFN-g, IL-1b, or TNF-a in
T47Dcells.Amodest but significant stimulation
of reporter activity (2.5- to 5-fold) was observed
in cells treated independently with IL-1b, TNF-
a, or IFN-g compared with untreated cells
(Fig. 1). Reporter activity of cells treated with
IL-1b and TNF-a in combination was not
significantly different from that in cells treated
with each cytokine singly, although combined
treatment with IL-1b and IFN-g resulted in
additive stimulation of MUC1 promoter activ-
ity.Most notably, a robust stimulation ofMUC1
promoter activity (>15-fold) was observed in
cells treatedwith TNF-a in the presence of IFN-
g. The apparent synergy of TNF-a and IFN-g
upon MUC1 promoter activity was not signifi-
cantly enhanced by IL-1b. Similar treatments
hadno effect on reporter activity of anunrelated
promoter (for the thymidine kinase (TK) gene)
in the same vector (data not shown). In tran-
sient transfections of T47D cells with the
1.4MUC promoter treated with various concen-
trations of either TNF-a or IFN-g, maximal
stimulation of MUC1 transcriptional activity
was observed in the presence of 25 ng/ml TNF-a
and 200 U/ml IFN-g (data not shown). MUC1
promoter responsiveness to TNF-a and IFN-g,
singly and in combination, was observed within
3 h of treatment, reaching a peak at 24 h (data
not shown). For these reasons, 25 ng/ml TNF-a
and 200 U/ml IFN-g were used to treat T47D
cells for 24 h in all subsequent transient trans-
fections for promoter construct evaluation.
Northern blot analysis was performed on RNA
from T47D cells to determine whether the
changes in promoter activity translated into in-
creases in steady-state levels of MUC1 mRNA.
Two differently sized transcripts were observed
as a result of allelic polymorphism in the VNTR
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domain (Fig. 2A). Treatment of the cells with
TNF-a alone did not noticeably affect the
steady-state level of MUC1 mRNA from either
allele, and IFN-g alone resulted in a mild
(approximately 50%) increase in the steady-
state level of MUC1mRNA (Fig. 2B). Combined
treatment with TNF-a and IFN-g increased the
level of MUC1 mRNA by 2- to 2.5-fold, a
significantly greater increase than with IFN-g
alone but less than predicted by reporter activ-
ity in transfected cells. Despite these apparent
changes in MUC1 mRNA in response to TNF-a
and IFN-g, similar changes in the level ofMUC1
protein were not evident (data not shown).

The high basal level of MUC1 expressed in
T47D cells, along with variability inMUC1 pro-
moter responsiveness to IFN-g in other epithe-
lial cancer cell lines (data not shown), prompted
us to examine cytokine responsiveness in nor-
mal breast epithelial cells.HMEC, isolated from
normal breast tissue and having a finite life
span in culture, were treated with TNF-a and
IFN-g, independently and in combination for up
to 48 h. Northern blot analysis of HMEC total
RNA indicated that MUC1 mRNA was not
detectable in either untreated cells or cells
treated with TNF-a alone (Fig. 3A). However,
transcription of MUC1 was induced by IFN-g

alone, and this induction of expression was
further enhanced by TNF-a. The effects of these
treatments onMUC1 expression were observed
within 12 h (data not shown). Comparison of the
combined signals of both transcripts indicates
that the apparent TNF-a-induced enhancement
of the steady-state level ofMUC1mRNA in IFN-
g-treated cells is twofold, although when com-
pared to untreated cells, the overall increase in
MUC1 mRNA is essentially infinite. Separate
analyses revealed that the level of the larger,
less abundant transcript in IFN-g-treated cells
was increased fourfold by TNF-a, as compared
to a 50% increase in the smaller transcript
(Fig. 3B). Western blot analysis of HMEC total

Fig. 1. MUC1 promoter response to proinflammatory cyto-
kines. T47D cells were transiently transfected with control
plasmid (pGL3basic) or 1.4 kbMUC1-luciferase (1.4MUC). Cells
transfected with 1.4MUC were treated with the indicated
cytokines for 24 h (IL-1b, 10 ng/ml; TNF-a, 25 ng/ml; IFN-g,
200 U/ml). Promoter activity was determined as described in
Methods and is expressed as the ratio of firefly luciferase activity
(pGL3 plasmids) to the activity of the co-transfected internal
control, Renilla luciferase. Error bars reflect results of at least two
experiments performed in duplicate �SEM. ***P<0.001 versus
1.4MUC in untreated cells by ANOVA and Tukey–Kramer
multiple comparisons test.

Fig. 2. Northern blot analysis of MUC1 mRNA in T47D cells
cultured in the presence or absence of IFN-g and/or TNF-a.
Following a 24 h serum starvation, T47D cells were treated with
200U/ml IFN-g and/or 25 ng/ml TNF-a in the presence of 5% (v/
v) serum for 24 h. (A) Total RNA was extracted and analyzed
(6 mg/lane) for MUC1mRNA as described in Methods. (B) Signal
intensities were quantified using the 1D-Multi function of an
Alpha Imager and normalized to that of the larger MUC1
transcript in untreated cells. *P<0.05, **P<0.01, ***P<0.001
versus signal of transcript in non-treated (NT) cells.
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cellular protein demonstrated induction of
MUC1 expression in response to IFN-g alone
that was further enhanced by co-treatment of
the cells with TNF-a (Fig. 4A). MUC1 protein
levels were increased by TNF-a at least 2.5-fold
over that observed in cells treated with IFN-g
alone (Fig. 4B). After prolonged exposure, in-
duction of MUC1 by TNF-a alone was also
detectable (data not shown).

The Mechanism of IFN-g Stimulation of MUC1
Expression is Conserved Between Breast Cancer

Cells and Normal Mammary Epithelia

We determined that the cis-acting element
required for stimulation of the MUC1 promoter

by IFN-g in T47D cells was the STAT-binding
element at �503/�495, and this finding was
independently confirmed [Lagow and Carson,
1999; Gaemers et al., 2001]. However, IFN-g
responsiveness of MUC1 at the level of tran-
script differed greatly between T47D cells and
HMEC. For this reason, we examined HMEC to
determine whether STAT1a also mediated in-
duction ofMUC1 expression by IFN-g in normal
breast epithelial cells using electrophoretic
mobility shift assays (Fig. 5). A 29-bp double-
stranded oligonucleotide encompassing the
STAT-binding element from the MUC1 pro-
moter (�513/�485) and a control SIE oligonu-
cleotide were used to probe nuclear extracts
prepared fromuntreatedHMEC andT47D cells
or cells treated with 200 U/ml IFN-g for 15 min.
No complexes were observed with nuclear
extracts from untreated HMEC or T47D cells
(lanes 1 and 7); however, incubation of the
MUC1 or SIE probe with extracts from IFN-g-
treated cells or control extracts resulted in
distinct protein–DNA complexes that migrated

Fig. 3. MUC1mRNA inHMEC cultured in the presence of IFN-
g and/or TNF-a. HMECwere treatedwith 200 U/ml IFN-g and/or
50 ng/ml TNF-a for the indicated times. (A) Total RNA was
extracted and analyzed (10 mg/lane) for MUC1 mRNA or 18S
ribosomal RNA as described in Methods. (B) Signal intensities
were quantified using the 1D-Multi function of an Alpha Imager
and normalized to the larger MUC1 transcript in IFN-g-treated
cells. *P¼0.0200versus signal of transcript in IFN-g-treatedcells
by unpaired t-test.

Fig. 4. Western blot analysis of MUC1 inHMEC cultured in the
presence of IFN-g and/or TNF-a. HMECwere treatedwith 200U/
ml IFN-g and/or 50 ng/ml TNF-a for 48 h. (A) Total cellular
protein (50 mg/lane) was analyzed for changes in MUC1
expression using the 214D4 antibody. The migration position
of myosin (202 kDa) is indicated by the arrow. (B) Signal
intensities of cell-associated MUC1 were quantified using the
1D-Multi function of an Alpha Imager and normalized to that in
IFN-g-treated cells. ***P¼0.0004 versus MUC1 signal in IFN-g-
treated cells by unpaired t-test.
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similarly (lanes 2, 8, and 13). Inclusion of excess
unlabeled wild-type oligonucleotide in the bind-
ing reaction completely prevented complex
formation, demonstrating specificity of the
bound factor(s) for the STAT-binding element
(lanes 3 and 9). Unlabeled mutant oligonucleo-
tide did not affect complex formation (lanes 4
and 10). Pre-incubation of nuclear extracts with
a rabbit polyclonal STAT1a antibody, but not
NRS, further retarded the mobility of the
complex observed with extracts from IFN-g-
treated cells, demonstrating that STAT1awas a
component of the complex in the cancer cell line
and in normal mammary epithelia (lanes 5, 6,
11, and 12).

Transcriptional Synergy by IFN-g and
TNF-a Requires the kB Site at �589/�580
and the STAT-Binding Site at �503/�495

in the MUC1 Promoter

We assessed the requirement of cis-acting
elements in the MUC1 promoter for mediating
synergistic responses to IFN-g and TNF-a,
initially employing deletion analyses and tran-
sient transfection assays (Fig. 6). The�604/þ33
construct retained the full synergistic response
to IFN-g and TNF-a, indicating that the cis-
acting elements necessary for this response
were present. Deletion to �570, excluding a

potential kB site at �589/�580, but retaining
the STAT-binding site at �503/�495, reduced
basal promoter activity by 60%. The response of
the�570 construct to IFN-gwas approximately
fivefold over that in untreated cells; however,
TNF-a responsiveness was eliminated. Addi-
tionally, themagnitude of the response to IFN-g
in the presence of TNF-a was not significantly
greater thanwith IFN-g alone. Further deletion
to �487/þ33 eliminated both TNF-a and IFN-g
responsiveness as well as 75–80% of the basal
promoter activity. Specific mutation of the
STAT-binding element at�503/�495 abolished
IFN-g responsiveness and prevented IFN-g/
TNF-a synergy; however, a three to fourfold
response to TNF-a alone was retained, similar
in degree to that observed with the intact 1.4 kb
promoter. Likewise, specific mutation of the kB
site at �589/�580 eliminated TNF-a respon-
siveness, but retained a five to sixfold response
to IFN-g, and promoter activity in the presence
of both TNF-a and IFN-g was not greater than
with IFN-g alone. Furthermore, specific muta-
tion of either the STAT site or the kB site reduc-
ed basal MUC1 promoter activity by 45–50%.

Fig. 5. Electrophoretic mobility shift assay of the MUC1
promoter STAT-binding element and nuclear extracts from
T47D and HMEC cells. A 29-bp end-labeled fragment of the
MUC1 promoter (�513/�485) or a control STAT-inducible
element (SIE) was incubatedwith 5 mg of T47D or HMEC nuclear
protein. The SIE probe was also incubated with positive control
nuclear protein from IFN-a-treated U937 cells. Unlabeled wild-
type (wt) or mutated (mut) fragments were added at a 100-fold
molar excess compared to labeled probes. For supershift
analysis, rabbit polyclonal anti-STAT1a or normal rabbit serum
(NRS) was preincubatedwith nuclear proteins before addition of
probe (1�105 cpm/reaction).

Fig. 6. Synergistic responseof theMUC1promoter to IFN-g and
TNF-a requires akB site at�589/�580and the STAT-binding site
at �503/�495. T47D cells were transiently transfected with the
full-lengthMUC1 promoter construct, 1.4MUC, or the indicated
mutant constructs and subsequently treatedwith 200U/ml IFN-g
and/or 25 ng/ml TNF-a for 24 h. All promoter activities were
normalized to that of 1.4MUCinuntreated cells. Error bars reflect
results of at least two experiments performed in triplicate� SEM.
*P<0.05, ***P<0.001 vs. activity in non-treated (NT) cells by
ANOVA and Tukey–Kramer multiple comparisons test.
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Heterologous promoters containing a wild-
type or mutant STAT-binding element (�518/
�480) upstream of the TK promoter were also
used in transient transfections of T47D cells to
assess the response to TNF-a and IFN-g (Fig. 7).

The construct containing a wild-type STAT-
binding element displayed no responsiveness to
TNF-a alone, and in cells treatedwith both IFN-
g and TNF-a, the promoter activity was not
significantly greater than with IFN-g alone.
Inclusion of additional 50 sequence in the �604/
�468 construct, containing both the potential
kBsite at�589/�580and theSTAT-binding site
at �503/�495, not only conferred responsive-
ness to TNF-a alone upon the TK promoter, but
also a synergistic response to TNF-a and IFN-g.
As expected, specific mutation of the STAT-
binding site completely abolished responsive-
ness to IFN-g, and activity of this construct was
not affected by TNF-a.

TNF-a Induces Binding of NFkB to
the MUC1 Promoter kB Site

Weassessed function of the putativekBsite in
TNF-a regulation of MUC1 transcription using
electrophoretic mobility shift assays. MUC1
promoter sequence from�599 to�570was used
to probe nuclear extracts from T47D cells that
were treated for 15 min with 25 ng/ml TNF-a in
the presence or absence of 200 U/ml IFN-g
(Fig. 8). Several complexes of different mobili-
ties were observed and were numbered in order
of slowest to fastest mobility. Complex 1 (C1)
was observed with all T47D nuclear extracts
tested, regardless of treatment; however, C2
and C3 were specifically formed with nuclear
extracts from T47D cells that had been treat-
ed with TNF-a (Fig. 8A; lanes 3 and 4). The

Fig. 7. TheMUC1promoter STAT-binding element is necessary
but not sufficient for transcriptional synergy by IFN-g and TNF-a.
Fragments of the MUC1 promoter (�518/�480) containing a
wild-type (TTCCGGGAA) or mutated (ccCCGGGAA) STAT-
binding element, and a fragment containing both the STAT-
binding element and a potential kB site (�604/�468), upstream
of theTKpromoter inpGL3basicwere transfected intoT47Dcells
treated with 200 U/ml IFN-g and/or 25 ng/ml TNF-a for 24 h.
Construct activities were normalized to that of the vector, pGL3-
TK, in untreated cells. Error bars reflect results of at least two
experiments performed in triplicate �SEM. ***P<0.001 versus
activity in non-treated (NT) cells by ANOVA and Tukey–Kramer
multiple comparisons test.

Fig. 8. Electrophoretic mobility shift assay of the MUC1
promoter potential kB site and nuclear extracts from T47D cells.
(A) A 30-bp end-labeled fragment of theMUC1 promoter (�599/
�570) was incubated with 5 mg of nuclear extract protein from
T47D cells treated with or without 25 ng/ml TNF-a �200 U/ml
IFN-g for 15 min. (B) Unlabeled wild-type or mutant (m) oligo-

nucleotides were added at a 100-fold molar excess compared to
labeled probe in competition assays as described inMethods. For
supershift analysis, nuclear extractswere preincubatedwithNRS
or rabbit polyclonal antibodies to NFkB p50, NFkB p65, or c-Rel
for 20 min before addition of probe (>1� 105 cpm/reaction).
Observed complexes were labeled as C1–C3.
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intensities of C2 and C3 were similar in re-
actions containing nuclear extracts from cells
treatedwithTNF-a in thepresence orabsence of
IFN-g, indicating that the bound factor(s) were
not induced to bind differently upon the addi-
tion of IFN-g. In competition assays, excess
unlabeled MUCkB, but not a corresponding
mutant sequence, mMUCkB, completely abol-
ishedC1, C2, andC3, althougha very faint band
was still observedmigrating slightly faster than
C3 (Fig. 8B, lanes 2, 3, 16, and 17). Excess
unlabeled Rel control oligonucleotide (a binding
site for c-Rel and NFkB p65), but not a cor-
responding mutated sequence, competed simi-
larly (lanes 4, 5, 18, and 19); however, neither
excess unlabeled NFkB control (a binding site
for NFkB p50) nor its mutated control, com-
peted for binding (lanes 6, 7, 20, and 21).

Supershift assays were performed with a
series of antibodies specific for several NFkB/
Rel familymembers to determine the identity of
the bound factor(s). Preincubation of nuclear
extracts with NRS did not affect the mobility of
any of the complexes, but did yield a nonspecific
band of slower mobility than C1 (Fig. 8B, lanes
10 and 24). Antibodies for NFkB p50 (NFkB1)
and c-Rel did not retard the mobility of any
complex (lanes 11, 13, 25, and 27); however, in
addition to generating the nonspecific band
observed with NRS, antiserum for NFkB p65
(RelA) partially shifted C1 and completely
shifted C2 and C3, identifying p65 as a compo-
nent of these complexes (lanes 12 and 26).

DISCUSSION

Studies of MUC1 transcriptional regulation
so far have relied heavily on the use of trans-
formed cell lines. Breast and pancreatic cancer
cell lines in which MUC1 promoter analyses
have been conducted overexpress MUC1, indi-
cating gene regulation gone awry. WhileMUC1
promoter studies in cancer cell lines are infor-
mative, comparison with normal, untransform-
ed cells areneeded toprovide insight as towhere
regulatory aberrations may occur. We have de-
monstrated that MUC1 expression is amplified
by TNF-a in the presence of IFN-g, modestly in
T47D breast cancer cells and robustly in normal
HMEC. At the transcriptional level, this reg-
ulation requires the independent actions of
STAT1a and NFkB on their respective binding
sites at�503/�495and�589/�580 in theMUC1
promoter. Given that the binding ofNFkB to the

MUC1 kB site was not enhanced by the addition
of IFN-g to the TNF-a treatment, the transcrip-
tional synergy appears not to be mediated by
cooperative binding of these transcription fac-
tors. In addition, the MUC1 STAT-binding site
did not compete out any complexes formed by
the MUC1 kB site incubated with nuclear
extracts from IFN-g/TNF-a-treated cells, and
an antibody for STAT1a did not affect any of the
complexes (data not shown), demonstrating
that the synergy ismediatedby the independent
actions of STAT1aandNFkBon their respective
sites in the MUC1 promoter and subsequent
cooperative action of these factors upon basal
transcription elements.

We found that the steady-state levels of
MUC1 mRNA in T47D cells treated with IFN-g
in the presence or absence of TNF-a did not
reflect promoter activity as measured in tran-
sient transfection assays. Several factors might
potentially account for these discrepancies.
Despite the fact that overexpression of MUC1
in mammary tumors was observed using the
same 1.4 kb MUC1 promoter [Graham et al.,
2001], additional regulatory elements present
in the endogenous MUC1 gene may account for
the high basal level ofMUC1expressed byT47D
cells. Therefore, activity of the 1.4 kb MUC1
promoter in T47D cellsmay be considerably less
than that of the endogenous promoter so that
the basal level of promoter activity appears to be
lower, allowing for greater apparent stimula-
tion by proinflammatory cytokines. Conversely,
further stimulation ofMUC1 expressionmay be
dependent on the basal level of transcription in
the cell line being studied. In this regard, T47D
cells have been reported to express very high
basal levels of MUC1 relative to other breast
cancer cell lines examined [Walsh et al., 1999].

In contrast to the modest cytokine respon-
siveness of MUC1 in T47D cells, robust induc-
tion of expression was observed in the normal
mammary epithelial cells treated with IFN-g
alone or in combination with TNF-a, resulting
from transcriptional stimulation. However, we
noted that the degree of MUC1 induction in
HMEC by IFN-g alone appeared to increase
with increasing passage number of the cells. In
earlier passage HMEC, the difference in MUC1
protein level in cells treated with IFN-g alone
versus IFN-g and TNF-a was more pronounced
relative to the difference in the level of tran-
script, suggesting the potential involvement of
post-transcriptional mechanisms in addition to
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transcriptional mechanisms in normal cells.
Several mechanisms for IFN-g/TNF-a synergy
have been reported, including cross-regulation
of receptors, enhancement of STAT1 activity by
TNF-a, cooperation between STAT1a or IRF-1
and NFkB, and IFN-g augmentation of NFkB
activation via rapid IkB degradation [Sanceau
et al., 1995; Cheshire and Baldwin, 1997;
Ohmori et al., 1997; Lee et al., 2000]. Augmen-
tation of NFkB or STAT binding falls within the
realm of transcriptional control and would be
most likely be detectable in gel shift assays.
MUC1 mRNA was detectable in HMEC after
12 h of treatment with IFN-g alone or in com-
bination with TNF-a, and although earlier
timepoints were not examined in these cells,
increased promoter activity was observed
within 3 h of treatment in T47D cells. In this
respect, synthesis of additional factors thatmay
participate in the regulation is unlikely. The
discrepancy between the level of MUC1 protein
and mRNA observed in early passage HMEC
treated with TNF-a and IFN-g might be ex-
plained by increased protein stability as a result
of increased translation or decreased degrada-
tion. Factors potentially affecting the rate of
degradation may include post-translational
modification, such as phosphorylation or glyco-
sylation, or association with other proteins.
Treatment of primary cultures of rat mammary
epithelial cells or a rat mammary carcinoma
cell line, 13,762, with TGFb1 results in differ-
ences in post-transcriptional regulation of ano-
her transmembrane mucin, SMC/Muc4 [Price-
Schiavi et al., 1998]. Thus, post-transcriptional
regulationmaymodulate expression ofmultiple
mucins.
Glycosylation of MUC1 also is regulated and

can vary within a tissue [Aplin et al., 1998;
Hanisch and Muller, 2000]. Whether this post-
translational modification of MUC1 is affected
by the cytokine treatments described has not
yet been addressed. The apparent difference in
MUC1 protein levels in HMEC treated with
IFN-g alone versus IFN-g and TNF-a might
reflect differential recognition by the 214D4
antibody; however, this would be true only if
a particular treatment induced a glycoform
switch, i.e., IFN-g and TNF-a treatment to-
gether producing an underglycosylated, more
recognizable, form of MUC1 in contrast to
treatment with IFN-g alone. Comparison of
214D4 with other antibodies directed toward
the MUC1 tandem repeats [Xing et al., 1989],

DF3 [Perey et al., 1992], HMFG1, HMFG2
[Taylor-Papadimitriou et al., 1981; Burchell
et al., 1983], and SM3 [Burchell et al., 1987]
indicated that unlike most, 214D4 appears to
recognize MUC1 protein independently of gly-
cosylation state (J. Julian, unpublished obser-
vations).

At first glance, the STAT-binding element at
�503/�495 appeared to be important for con-
stitutive as well as stimulated MUC1 expres-
sion, as specific mutation of this element
reduced promoter activity by 40–50% in T47D
cells [Lagow and Carson, 1999; Gaemers et al.,
2001]. Nonetheless, the STAT element did not
bind components of nuclear extracts from
unstimulated T47D cells in gel shift assays.
Furthermore, unpublished studies conducted
in our lab demonstrated that MUC1 expression
was unchanged by overexpression of STAT1a in
T47D cells, indicating that the high basal level
of MUC1 expression in T47D cells was not
accounted for by the action of this factor upon
the STAT-binding element. Conversely, the kB
element may be involved in constitutive activa-
tion of the MUC1 promoter. Regardless of
treatment, a prominent complex was observed
in gel shift assays of the MUC1 kB site and
nuclear extracts from T47D cells. Constitu-
tively active NFkB has been reported in some
non-epithelial, normal cell types [May and
Ghosh, 1997], although NFkB DNA-binding
activity is more often induced. Studies of the
MUC1 kB site in normal mammary epithelial
cells are currently underway to determine
whether constitutive activation of this element
is a normal feature of MUC1 transcriptional
regulation. When analyzing nuclear extracts
from T47D cells, the constitutive complex of
slowest mobility (C1) was specifically compet-
ed by excess unlabeled wild-type but not the
mutated MUC1 kB site, indicating binding
specificity. An antibody to NFkB p65 partially
shifted complex C1 in addition to the complete
shift of induced complexes C2 and C3, indicat-
ing that p65 may participate in both basal
and TNF-g-stimulated MUC1 transcription.
Besides forming homodimers, NFkB p65 has
been shown to formheterodimerswith c-Rel and
p50 [MayandGhosh,1997];however, supershift
assays did not indicate involvement of these
factors in the constitutive or TNF-a-induced
complexes. As C1 was not an induced complex,
additional assays with antibodies for other
NFkB/Rel family members were not performed.
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Overexpression of MUC1 is a common char-
acteristic of many human epithelial-derived
cancers including those of the breast, ovary,
and pancreas, and malignant transformation is
associated with abnormal regulation of MUC1
expression at multiple levels [Abe and Kufe,
1990; Gendler et al., 1990; Bieche andLidereau,
1997; Waltz et al., 1998]. In contrast to the
apically-restricted, highly glycosylated mole-
cule observed in normal luminal epithelial cells,
MUC1 in tumor cells is expressed over the
entire plasma membrane [Hilkens et al., 1992],
accumulates in the cytoplasm [Peterson et al.,
1990; Rahn et al., 2001], and is drastically
underglycosylated and antigenically distinct in
tumor cells [Girling et al., 1989], so that
humoral and cell-mediated immune responses
are elicited; however, these responses are often
insufficient to destroy the tumor cells [Jerome
et al., 1991; van de Wiel-van Kemenade et al.,
1993; Kotera et al., 1994]. The demonstration
thatMUC1 expressed by cancer cells inhibits T-
cell proliferation or activation may provide a
mechanistic explanation for the ineffectiveness
of the immune response [Gimmi et al., 1996;
Agrawal et al., 1998b; Chan et al., 1999, 2000].
In this context, persistent cytokine stimulation
of breast tumor cells may result in a positive
feedback loop promoting tumor cell survival
through overexpression of MUC1.

In conclusion, we report that TNF-a amplifies
MUC1 expression in IFN-g-treated breast can-
cer cells and to amuch greater degree in normal
mammary epithelial cells. At the transcrip-
tional level, we show that this concerted regu-
lation requires the independent actions ofNFkB
p65 and STAT1a upon their respective bind-
ing sites at �589/�580 and �503/�495 in the
MUC1 promoter. Additionally, our findings in-
dicate that post-transcriptional mechanisms
alsomay be involved in TNF-a/IFN-g regulation
of MUC1 expression in the normal cells. The
discrepancy between MUC1 promoter activity
and expression in T47D cells treatedwith IFN-g
in the presence or absence of TNF-a suggests
that elements outside of the 1.4 kb 50 flanking
region override these normal controls in tumor
cells.

ACKNOWLEDGMENTS

We thank Dr. Mary C. Farach-Carson for
editing,andAmanthaThathiah,JoAnneJulian,
Joel Bergh, Dr. Jeffrey Kiefer, and Melissa

Brayman for critical reading of thismanuscript.
Many thanks go to Dianna Willis for consulta-
tion regarding nuclear extract preps and
EMSA, JoAnne Julian for assistance with
Western blot analyses, and Xinhui Zhou for
construction of the 1.4MUC reporter plasmid.
We also wish to thank to Dr. Norman Karin,
Dr. Laurie Owen-Schaub, Dr. Warren Liao, Dr.
Bradley McIntyre, Dr. Mary M. DeSouza, Dr.
Margaret French, and Dr. David Hoke for
helpful discussion. We greatly appreciate the
generosity of Dr. John Hilkens for providing
the MUC1 antibody probe used in this study,
Dr. Ulrike Schindler for providing STAT1
expression plasmids, and Dr. Sandra Gendler
for providing the 1.4 kb MUC1 promoter. We
gratefully acknowledge the secretarial assis-
tance of Sharron Kingston and graphic con-
tributions of Margie Barrett. This work was
supportedbyNIHgrantHD29963 toDDC,DOD
DAMD17-00-1-0525 to DDC, and NIH training
grant 2T32 HD07325-16 to EL.

REFERENCES

Abe M, Kufe D. 1990. Transcriptional regulation of DF3
gene expression in humanMCF-7 breast carcinoma cells.
J Cell Physiol 143:226–231.

Abe M, Kufe D. 1993. Characterization of cis-acting
elements regulating transcription of the human DF3
breast carcinoma-associated antigen (MUC1) gene. Proc
Natl Acad Sci USA 90:282–286.

Agrawal B, Krantz MJ, Parker J, Longenecker BM. 1998a.
Expression of MUC1 mucin on activated human T cells:
Implications for a role of MUC1 in normal immune
regulation. Cancer Res 58:4079–4081.

Agrawal B, Krantz MJ, Reddish MA, Longenecker BM.
1998b. Cancer-associated MUC1 mucin inhibits human
T-cell proliferation, which is reversible by IL-2. Nat Med
4:43–49.

Aplin JD, Hey NA, Graham RA. 1998. Human endometrial
MUC1 carries keratan sulfate: Characteristic glycoforms
in the luminal epithelium at receptivity. Glycobiology
8:269–276.

Bieche I, Lidereau R. 1997. A gene dosage effect is res-
ponsible for high overexpression of the MUC1 gene ob-
served in human breast tumors. Cancer Genet Cytogenet
98:75–80.

Brockhausen I, Yang JM, Burchell J, Whitehouse C,
Taylor-Papadimitriou J. 1995. Mechanisms underlying
aberrant glycosylation of MUC1 mucin in breast cancer
cells. Eur J Biochem 233:607–617.

Burchell J, Durbin H, Taylor-Papadimitriou J. 1983. Com-
plexity of expression of antigenic determinants, recog-
nized by monoclonal antibodies HMFG-1 and HMFG-2,
in normal and malignant human mammary epithelial
cells. J Immunol 131:508–513.

Burchell J, Gendler S, Taylor-Papadimitriou J, Girling A,
Lewis A, Millis R, Lamport D. 1987. Development and
characterization of breast cancer reactive monoclonal

770 Lagow and Carson



antibodies directed to the core protein of the human milk
mucin. Cancer Res 47:5476–5482.

Chan AK, Lockhart DC, von Bernstorff W, Spanjaard RA,
Joo HG, Eberlein TJ, Goedegebuure PS. 1999. Soluble
MUC1 secreted by human epithelial cancer cells med-
iates immune suppression by blocking T-cell activation.
Int J Cancer 82:721–726.

Chen D, Koido S, Li Y, Gendler S, Gong J. 2000. T cell
suppression as a mechanism for tolerance to MUC1
antigen in MUC1 transgenic mice. Breast Cancer Res
Treat 60:107–115.

Cheshire JL, Baldwin AS, Jr. 1997. Synergistic activation
of NF-kappaB by tumor necrosis factor alpha and gamma
interferon via enhanced I kappaB alpha degradation and
de novo I kappaB beta degradation. Mol Cell Biol 17:
6746–6754.

Clark S, McGuckin MA, Hurst T, Ward BG. 1994. Effect of
interferon-gamma and TNF-alpha on MUC1 mucin
expression in ovarian carcinoma cell lines. Dis Markers
12:43–50.

Dent GA, Civalier CJ, Brecher ME, Bentley SA. 1999.
MUC1 expression in hematopoietic tissues. Am J Clin
Pathol 111:741–747.

Dignam JD, Lebovitz RM, Roeder RG. 1983. Accurate
transcription initiation by RNA polymerase II in a
soluble extract from isolated mammalian nuclei. Nucleic
Acids Res 11:1475–1489.

Franke FE, Kraus S, Eiermann C, Pauls K, Lalani EN,
Bergmann M. 2001. MUC1 in normal and impaired
spermatogenesis. Mol Hum Reprod 7:505–512.

Gaemers IC, Vos HL, Volders HH, van der Valk SW,
Hilkens J. 2001. A stat-responsive element in the pro-
moter of the episialin/MUC1 gene is involved in its
overexpression in carcinoma cells. J Biol Chem 276:
6191–6199.

Gendler SJ, Spicer AP. 1995. Epithelial mucin genes. Annu
Rev Physiol 57:607–634.

Gendler SJ, Cohen EP, Craston A, Duhig T, Johnstone G,
Barnes D. 1990. The locus of the polymorphic epithelial
mucin (PEM) tumour antigen on chromosome 1q21
shows a high frequency of alteration in primary human
breast tumours. Int J Cancer 45:431–435.

Gimmi CD, Morrison BW, Mainprice BA, Gribben JG,
Boussiotis VA, FreemanGJ, Park SY,WatanabeM, Gong
J, Hayes DF, Kufe DW, Nadler LM. 1996. Breast cancer-
associated antigen, DF3/MUC1, induces apoptosis of
activated human T cells. Nat Med 2:1367–1370.

Girling A, Bartkova J, Burchell J, Gendler S, Gillett C,
Taylor-Papadimitriou J. 1989. A core protein epitope of
the polymorphic epithelial mucin detected by the mono-
clonal antibody SM-3 is selectively exposed in a range of
primary carcinomas. Int J Cancer 43:1072–1076.

Graham RA, Morris JR, Cohen EP, Taylor-Papadimitriou
J. 2001. Up-regulation of MUC1 in mammary tumors
generated in a double-transgenic mouse expressing
human MUC1 cDNA, under the control of 1.4-kb 50

MUC1 promoter sequence and the middle T oncogene,
expressed from the MMTV promoter. Int J Cancer 92:
382–387.

Grunberg E, Eckert K, Karsten U, Maurer HR. 2000.
Effects of differentiation inducers on cell phenotypes of
cultured nontransformed and immortalized mammary
epithelial cells: A comparative immunocytochemical anal-
ysis. Tumour Biol 21:211–223.

Hanisch FG, Muller S. 2000. MUC1: The polymorphic
appearance of a humanmucin. Glycobiology 10:439–449.

Hareuveni M, Tsarfaty I, Zaretsky J, Kotkes P, Horev J,
Zrihan S, Weiss M, Green S, Lathe R, Keydar I. et al.
1990. A transcribed gene, containing a variable number
of tandem repeats, codes for a human epithelial tumor
antigen. cDNA cloning, expression of the transfected
gene and over-expression in breast cancer tissue. Eur J
Biochem 189:475–486.

Hilkens J, Ligtenberg MJ, Vos HL, Litvinov SV. 1992. Cell
membrane-associated mucins and their adhesion-mod-
ulating property. Trends Biochem Sci 17:359–363.

Jerome KR, Barnd DL, Bendt KM, Boyer CM, Taylor-
Papadimitriou J, McKenzie IF, Bast RC, Jr, Finn OJ.
1991. Cytotoxic T-lymphocytes derived from patients
with breast adenocarcinoma recognize an epitope present
on the protein core of a mucin molecule preferentially
expressed by malignant cells. Cancer Res 51:2908–2916.

Kotera Y, Fontenot JD, Pecher G, Metzgar RS, Finn OJ.
1994. Humoral immunity against a tandem repeat
epitope of human mucin MUC-1 in sera from breast,
pancreatic, and colon cancer patients. Cancer Res 54:
2856–2860.

Kovarik A, Peat N, Wilson D, Gendler SJ, Taylor-
Papadimitriou J. 1993. Analysis of the tissue-specific
promoter of the MUC1 gene. J Biol Chem 268:9917–
9926.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680–685.

Lagow E, Carson DD. 1999. Regulation of MUC1 transcrip-
tion by IFNg. Mol Biol Cell 11S:831.

Lagow E, Carson DD. 2000. Regulation of MUC1 expres-
sion by interferon-g and tumor necrosis factor-a in a
human breast cancer cell line, T47D. Mol Biol Cell 11S:
555.

Lagow E, DeSouza MM, Carson DD. 1999. Mammalian
reproductive tract mucins. Hum Reprod Update 5:280–
292.

Lee AH, Hong JH, Seo YS. 2000. Tumour necrosis factor-
alpha and interferon-gamma synergistically activate the
RANTES promoter through nuclear factor kappaB and
interferon regulatory factor 1 (IRF-1) transcription fac-
tors. Biochem J 350 Pt 1:131–138.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. 1951.
Protein measurement with the Folin phenol reagent. J
Biol Chem 193:265–275.

May MJ, Ghosh S. 1997. Rel/NF-kappa B and I kappa B
proteins: An overview. Semin Cancer Biol 8:63–73.

Ohmori Y, Schreiber RD, Hamilton TA. 1997. Synergy
between interferon-gamma and tumor necrosis factor-
alpha in transcriptional activation is mediated by
cooperation between signal transducer and activator of
transcription 1 and nuclear factor kappaB. J Biol Chem
272:14899–14907.

Parry G, Li J, Stubbs J, Bissell MJ, Schmidhauser C, Spicer
AP, Gendler SJ. 1992. Studies of Muc-1 mucin expression
and polarity in the mouse mammary gland demonstrate
developmental regulation of Muc-1 glycosylation and
establish the hormonal basis for mRNA expression. J Cell
Sci 101:191–199.

Perey L, Hayes DF, Maimonis P, Abe M, O’Hara C, Kufe
DW. 1992. Tumor selective reactivity of a monoclonal
antibody prepared against a recombinant peptide derived

Cytokine Regulation of MUC1 Expression 771



from the DF3 human breast carcinoma-associated anti-
gen. Cancer Res 52:2563–2568.

Peterson JA, Zava DT, Duwe AK, Blank EW, Battifora H,
Ceriani RL. 1990. Biochemical and histological charac-
terization of antigens preferentially expressed on the
surface and cytoplasm of breast carcinoma cells identified
by monoclonal antibodies against the human milk fat
globule. Hybridoma 9:221–235.

Porzio MA, Pearson AM. 1977. Improved resolution of
myofibrillar proteins with sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis. Biochim Biophys Acta
490:27–34.

Price-Schiavi SA, Carraway CA, Fregien N, Carraway KL.
1998. Post-transcriptional regulation of a milk mem-
brane protein, the sialomucin complex (Ascites sialogly-
coprotein (ASGP)-1/ASGP-2, rat muc4), by transforming
growth factor beta. J Biol Chem 273:35228–35237.

Rahn JJ, Dabbagh L, Pasdar M, Hugh JC. 2001. The
importance ofMUC1 cellular localization in patients with
breast carcinoma. Cancer 91:1973–1982.

Sanceau J, Kaisho T, Hirano T, Wietzerbin J. 1995.
Triggering of the human interleukin-6 gene by inter-
feron-gamma and tumor necrosis factor-alpha in mono-
cytic cells involves cooperation between interferon regu-
latory factor-1, NF kappa B, and Sp1 transcription
factors. J Biol Chem 270:27920–27931.

Taylor-Papadimitriou J, Peterson JA, Arklie J, Burchell J,
Ceriani RL, Bodmer WF. 1981. Monoclonal antibodies to
epithelium-specific components of the human milk fat
globule membrane: Production and reaction with cells in
culture. Int J Cancer 28:17–21.

Tran R, Hand PH, Greiner JW, Pestka S, Schlom J. 1988.
Enhancement of surface antigen expression on human
breast carcinoma cells by recombinant human interfer-
ons. J Interferon Res 8:75–88.

van de Wiel-van Kemenade E, Ligtenberg MJ, de Boer AJ,
Buijs F, Vos HL, Melief CJ, Hilkens J, Figdor CG. 1993.

Episialin (MUC1) inhibits cytotoxic lymphocyte–target
cell interaction. J Immunol 151:767–776.

Vitolo D, Zerbe T, Kanbour A, Dahl C, Herberman RB,
Whiteside TL. 1992. Expression of mRNA for cytokines in
tumor-infiltrating mononuclear cells in ovarian adeno-
carcinoma and invasive breast cancer. Int J Cancer 51:
573–580.

Vitolo D, Kanbour A, Johnson JT, Herberman RB, White-
side TL. 1993. In situ hybridisation for cytokine gene
transcripts in the solid tumour microenvironment. Eur J
Cancer 3:371–377.

Walsh MD, Luckie SM, Cummings MC, Antalis TM,
McGuckin MA. 1999. Heterogeneity of MUC1 expression
by human breast carcinoma cell lines in vivo and in vitro.
Breast Cancer Res Treat 58:255–266.

Waltz MR, Pandelidis SM, Pratt W, Barnes D, Swallow
DM, Gendler SJ, Cohen EP. 1998. Amicrosatellite within
the MUC1 locus at 1q21 is altered in the neoplastic cells
of breast cancer patients. Cancer Genet Cytogenet 100:
63–67.

Wesseling J, van der Valk SW, Vos HL, Sonnenberg A,
Hilkens J. 1995. Episialin (MUC1) overexpression inhi-
bits integrin-mediated cell adhesion to extracellular
matrix components. J Cell Biol 129:255–265.

Xing PX, Tjandra JJ, Stacker SA, Teh JG, Thompson CH,
McLaughlin PJ, McKenzie IF. 1989. Monoclonal anti-
bodies reactive with mucin expressed in breast cancer.
Immunol Cell Biol 67:183–195.

Zhou X, DeSouza MM, Julian J, Gendler SJ, Carson DD.
1998. Estrogen receptor does not directly regulate the
murine Muc-1 promoter. Mol Cell Endocrinol 143:65–
78.

Zrihan-Licht S, Vos HL, Baruch A, Elroy-Stein O, Sagiv D,
Keydar I, Hilkens J, Wreschner DH. 1994. Characteriza-
tion and molecular cloning of a novel MUC1 protein,
devoid of tandem repeats, expressed in human breast
cancer tissue. Eur J Biochem 224:787–795.

772 Lagow and Carson


