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MUC1 is a large transmembrane glycoprotein overex-
pressed by a majority of carcinomas. High expression of
MUC1 is associated with aggressive tumors, and MUC1 an-
tigen is used as a marker to monitor disease progression in
breast cancer patients. Several lines of evidence strongly
suggest that the overexpression of MUC1 contributes to
cancer progression and metastasis. In this report, we dem-
onstrate that the naturally occurring cancer preventative,
indole-3-carbinol (I3C), inhibits the expression of MUC1 in
breast cancer cells. I3C inhibited both MUC1 mRNA and
protein levels in a dose- and time-dependent manner. This
inhibition was seen in the estrogen responsive MCF-7 cells as
well as unresponsive MDA-MB-468 cells, indicating that the
inhibitory pathway is independent of estrogen receptor.
Gene expression studies using the human MUC1 gene pro-
moter connected to a luciferase reporter demonstrated that
I3C inhibits the transcription of the MUC1 gene. Promoter
deletion studies indicate that the region containing up to 600
bp upstream (�600) of the initiation site is sufficient for
inhibition by I3C. Furthermore, I3C represses the activation
of transcription mediated by the region between �600 and
�450 bp. A putative xenobiotic response element was lo-
cated within this region but the binding of AhR/Arnt het-
erodimer to this site was undetectable by electrophoretic
mobility shift assays. Our results may point to the existence
of a novel pathway of transcriptional inhibition by I3C in
cancer cells as well as a new mechanism of MUC1 gene
inhibition. Our findings might have implications in the use of
I3C as a preventative as well as a therapeutic agent for breast
cancer.
© 2004 Wiley-Liss, Inc.
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MUC1 is overexpressed in the majority of primary and meta-
static breast carcinoma cells. Elevated level of MUC1 protein
seems to favor tumor progression since mice nullizygous for Muc1
develop slower growing tumors,1,2 and conversely fibroblasts sta-
bly transfected with a MUC1 expression vector show anchorage
independent growth and form tumors when injected into mice,
whereas fibroblasts transfected with an empty vector do not.3
MUC1 is a type I transmembrane protein comprised of an extra-
cellular and cytoplasmic subunits. The 2 noncovalently associated
subunits are produced from a single polypeptide chain by prote-
olysis in the endoplasmic reticulum prior to localization on the cell
surface.4,5 The extracellular subunit of MUC1 has a long rigid
structure that interferes with cell adhesion proteins to reduce
cell-cell and cell-matrix adhesion and possibly increases the like-
lihood of metastasis.6,7 It has also been demonstrated that the
extracellular domain of MUC1, when shed into the circulation,
inhibits T-cell proliferation.8,9 The cytoplasmic subunit contains
multiple phosphorylation sites that bind signaling proteins such as
�-catenin, erbB receptors and Grb2.10 Recently, the cytoplasmic
tail of MUC1 was found to colocalize with �-catenin both in the
nucleus as well as at sites of membrane invasion into a collagen
matrix.11 Thus, overexpression of MUC1 seems to accelerate
carcinogenesis via several different mechanisms.

MUC1 mRNA levels can be induced as much as 10-fold in
breast carcinoma cells.12 Evidence from several laboratories indi-
cates that the increased MUC1 mRNA levels are largely mediated
by transcriptional activation.12–14 Promoter analysis studies using
breast cancer cells indicate that the region in between �598 and
�485 bp is important for transcriptional regulation as well as for

high level of transcription of the MUC1 gene in breast cancer
cells.13,14 A signal transducer and activator of transcription
(STAT) as well as a nuclear factor kappa B (NF-�B) response
elements, located within this region, mediate the transcriptional
induction of MUC1 by cytokines.12,15 Other studies have sug-
gested that 2 GC rich regions, 1 in between �576 and �568 and
the other in between �99 and �90 are important for high level of
transcription and epithelial cell-specific expression of MUC1, re-
spectively. The binding of transcription factors Sp1 and Sp3 to the
proximal GC site was demonstrated.14,16 The presence of negative
regulatory elements in the MUC1 gene promoter has also been
reported.17,18

During the course of our study to characterize the transcriptional
regulation of the MUC1 gene, we cloned and sequenced a 2.8
kilobase (kb) 5� flanking region of the human MUC1 gene from
genomic DNA. Computer-based sequence analysis of the MUC1
promoter revealed the presence of the core pentanucleotide se-
quence (GCGTG) of a consensus xenobiotic response element
(XRE) that was 545 bp upstream of the transcription initiation site.
XREs mediate the transcriptional induction of Phase I and II
enzyme encoding genes as well as other genes by a growing list of
exogenous as well as endogenous compounds.19,20 Conversely,
XREs can also mediate the transcriptional inhibition of 17�-
estradiol activated transcription of several genes including cathep-
sin D, c-fos and PS2.20 To determine whether xenobiotics regulate
the expression of the MUC1 gene, we exposed MUC1 expressing
breast cancer cells to I3C, a known activator of the aryl hydrocar-
bon receptor (AhR). When activated, AhR forms a heterodimer
with the aryl hydrocarbon receptor nuclear transporter (Arnt) and
binds to XREs within promoters to regulate gene transcription.19,20

In the studies described here, we characterized the effect of I3C on
MUC1 expression level and investigated the possible mechanism
of this inhibition.

MATERIAL AND METHODS

Cloning of the human MUC1 gene promoter
The human MUC1 gene promoter was cloned from genomic

DNA of an anonymous healthy blood donor. Genomic DNA was
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purified using the DNeasy kit according to the manufacturer’s
recommendations (Qiagen, Valencia, CA). Primer sequences and
base numbering were based on a previously published sequence14

and designed to amplify MUC1 promoter regions in between
nucleotides �2831 to �33, relative to the transcription initiation
site. The forward primer was designed to incorporate a KpnI site
and the reverse primer, a HindIII site. The high fidelity PCR
polymerase, Pfu (Stratagene, La Jolla, CA), was used for ampli-
fication. The primers used were forward: 5�-CTGAGGTACCA-
CAGACCCTTCTCTGGCTCCC-3� and reverse: 5�-CTA-
GAAGCTTGGTGGTGGTGAAATGGGTGGGGAGG-3�. PCR
amplification condition was as follows: initial denaturation at 95°C
for 7 min; 35 cycles of denaturation at 94°C for 1 min, annealing
at 63°C for 45 sec, and extension at 72°C for 3 min 30 sec; and a
final extension at 72°C for 7 min. The PCR product was digested
with KpnI and HindIII and ligated into the KpnI-Hind III sites of
the pGL2-basic luciferase vector (Promega, Madison, WI). The
MUC1 promoter region in between �760 and �349 was cloned
following PCR from genomic DNA using the following primers:
forward: 5�-CTCATGGCGGGCTTCCATCTG-3� and reverse: 5�-
GTCAAGGCCGGCATCCTTGCG-3�. The amplified fragments
were digested with SacI and XmaI and cloned into the SacI-XmaI
site of pBluescript SK- (Stratagene) and then sequenced. Auto-
mated DNA sequencing analysis was performed at the University
of Maryland Biopolymer Core Facility.

MUC1 promoter deletion constructs
MUC1 promoter deletion constructs were created by PCR am-

plification of promoter regions followed by digestion with Kpn I
and Hind III and then insertion of the fragments into the luciferase
reporter vector pGL2-basic (Promega). A DNA fragment corre-
sponding to the MUC1 promoter region from �760 to �33 was
used as template (2 ng/reaction). The forward primer was designed
to incorporate a Kpn I site and the reverse primer, a Hind III site.
The high fidelity PCR polymerase, Pfu (Stratagene), was used for
amplification. The forward primer used to synthesize DM600 was
5�-GGGGTACCCAGGCTGCTGGAAAGTCCGG-3�. The for-
ward primer used to synthesize DM450 was 5�-GGGGTAC-
CTATCCAGCCCTCTTATTTCT-3�. The forward primer used to
synthesize DM300 was 5�-GGGGTACCGTTGCCCTGAG-
GCTAAAACT-3�. The forward primer used to synthesize DM170
was 5�-GGGGTACCTGAGCGATTAGAGCCCTTGT-3�. The re-
verse primer used for all reactions was H30 5�-CCCAAGCTT-
GATTCAGGCAGGCGCTGG-3�. PCR amplification condition
was as follows: initial denaturation at 95°C for 3 min; 35 cycles of
denaturation at 94°C for 40 sec, annealing at 54°C for 40 sec, and
extension at 72°C for 40 sec and a final extension at 72°C for 7
min. The PCR product was digested with Kpn I and Hind III and
ligated into the Kpn I-Hind III sites of the pGL2-basic luciferase
vector (Promega). Automated DNA sequencing analysis was per-
formed at the University of Maryland Biopolymer Core Facility.

Plasmid transfection condition
Deletion constructs were transfected into MCF-7 cells using

Superfect (Qiagen) after optimizing conditions according to the
manufacturer’s recommendations. Briefly, MCF-7 cells were
plated in 24-well plates at 200,000 cells/well 24 hr before trans-
fection. Transfection was carried out by adding a 5:1 (v/w) Super-
Fect /DNA mixture in a final volume of 410 �l/well into the
cultured cells. The DNA sample consisted of 500 ng of reporter
construct and 125 ng of an internal control plasmid, pCMV-�-Gal.
After 3 hr of transfection, the transfection mixture was removed
and replaced with fresh growth media. After incubation for 48 hr
at 37°C, cells were harvested and assayed for luciferase activity.
Luciferase activities were determined using the luciferase assay
system (Promega). The light intensity was measured by a lumi-
nometer (Wallac Victor2, Perkin Elmer, MA). The construct-
specific luciferase activity was normalized based on �-Gal activity
that was used as an internal control. For each construct, at least 2
different DNA preparations were tested and each transfection was
repeated at least 3 times.

Treatment of cells
Breast cancer cell lines MCF-7, T47D and MDA-MB-468 were

obtained from American Type Culture Collection (Manassas, VA)
and grown in DMEM supplemented with 10% FBS and penicillin
and streptomycin (Invitrogen, Carlsbad, CA) in a humidified 5%
CO2 incubator. A 4,000� stock solution of I3C and benzo-
[e]pyrene (BP) (Sigma Chemical Co., St. Louis, MO) was pre-
pared in DMSO. When cells were approximately 70% confluent,
they were treated with media containing various concentrations of
I3C or BP for various time periods as indicated in the figure
legends.

MUC1 protein quantitation
MUC1 protein levels were determined by Western blot analysis

using the CT33 antibody as previously described.21 CT33 was
previously prepared in a rabbit against a synthetic peptide corre-
sponding to the COOH-terminal 17 residues of the MUC1 CT
subunit.21 As a negative control, identical dilutions of pre-bled
normal rabbit serum were substituted for CT33. Horseradish per-
oxidase-conjugated goat anti-rabbit IgG was used (KPL, Gaithers-
burg, MD) as a secondary antibody. The band corresponding to the
CT subunit (25 kDa) was identified by comigration of prestained
protein size markers (Bio-Rad, Richmond, CA) and quantified
with a model GS-700 image densitometer (Bio-Rad). To confirm
equal protein loadings, duplicate gels were stained for 12–16 hr
with 0.25% Coomassie blue (Bio-Rad) and destained with 50%
methanol/10% acetic acid.

MUC1 mRNA quantitation
MUC1, CYP1A1 and GAPDH mRNA levels were determined

by Northern blot analysis as previously described.22. Briefly, total
RNA was isolated from cells using RNeasy (Qiagen) with on-
column DNAse I digestion. Aliquots of RNA (20 �g) were elec-
trophoresed on a 0.66 M formaldehyde/1% agarose gel, transferred
to a Genescreen membrane (NEN, Boston, MA) and hybridized
sequentially with 1 of 3 32P-labeled cDNA probes: a human MUC1
fragment, a CYP1A1 fragment, and a GAPDH fragment. MUC1
and GAPDH mRNA levels were also determined by real time
quantitative-PCR (Q-PCR) assay on the iCycler instrument (Bio-
Rad). For real time PCR analysis, 2 �g of total RNA was con-
verted to cDNA using the Omniscript reverse transcription kit
(Qiagen). An aliquot of 2 �l of cDNA from the RT reaction or
control plasmid was used as template for Q-PCR reactions, which
were carried out in a total volume of 25 �l, using iQ Supermix
(Bio-Rad) with primer and probe concentration of 200 nM. Prim-
ers and probes for Q-PCR were designed using Beacon Designer
(Biosoft International, Palo Alto, CA). The MUC1 forward primer
was 5�-GCAAGAGCACTCCATTCTCAATT-3� and reverse
primer was 5�- TGGCATCAGTCTTGGTGCTATG-3�. The
MUC1 probe had the fluorescent molecule FAM attached at the 5�
end and the black hole quencher-1 (BHQ-1) attached to the 3� end:
5�-Fam-CTCTGCCAGGGCTACCACAACCCC-BHQ-1-3� (IDT,
Coralville, IA). The internal control GAPDH forward primer was
5�-AGCCTCAAGATCATCAGCAATG-3� and the reverse primer
was 5�-GTTGTCATGGATGACCTTGGC-3�. GAPDH probe had
the fluorescent molecule Hex attached at the 5� end and BHQ-1
attached to the 3� end; 5�-Hex-CCTGCACCACCAACTGCT-
TAGCAC-BHQ-1-3�. PCR Cycles (n � 40) consisted of a 30 sec
melt at 95°C, followed by an annealing step at 60°C for 45 sec. All
reactions were performed in triplicate. The threshold cycle (Ct)
was automatically set by the iCycler iQ real time detection system
software. Standard curves for the MUC1 and GAPDH (internal
control) were generated by serial dilution of pCMV vector con-
taining human MUC1 cDNA and pBluescriptSK- vector contain-
ing the human GAPDH cDNA. The levels of human MUC1 and
GAPDH mRNAs were calculated from the standard curves.

Electrophoretic mobility shift assays (EMSA)
Nuclear extract was prepared and electrophoretic mobility shift

assays were performed as described.17 Briefly, cells were washed
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twice with PBS at 4°C and lysed by resuspension in buffer A [10
mM HEPES-KOH, pH 7.8, 1.5 mM MgCl2, 10 mM NaCl, 1 mM
dithiothreitol (DTT), 0.25% Igepal CA-630 and 0.2 mM phenyl-
methylsulfonyl fluoride (PMSF)] on ice for 10 min. Nuclei were
pelleted by centrifugation (1 min at 1,250 RCF), and the superna-
tant was removed. Proteins from nuclei were extracted in buffer B
(20 mM HEPES-KOH, pH 7.8, 25% glycerol, 420 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 1 mM DTT and 0.2 mM PMSF) for
25 min on ice. This mix was then centrifuged at 13,200 RCF for 5
min at 4°C. The supernatant was collected and dialyzed in 500�
volume of buffer C (20 mM HEPES-KOH, pH 7.8, 20% glycerol,
50 mM KCl, 0.2 mM EDTA, 1 mM DTT and 0.2 mM PMSF) for
	3 hr. The probes used for EMSA were prepared as follows:
oligonucleotides corresponding to base pairs �557 to �529, sense
strand: 5-CAGGGTAGAACTGCGTGTGGAACGG and anti-
sense: 5- TGTCCCGTTCCACACGCAGTTCTACC-3� or oligo-
nucleotides representing �108 to �83 region of the MUC1 pro-
moter: sense: 5-GTAGGGGAGGGGGCGGGGTTTTGTCA-3�
and antisense: 5-TGACAAAACCCCGCCCCCTCCCCTAC-3�
was annealed and end labeled with 32P using T4 polynucleotide
kinase. Probes (1 ng) were incubated with nuclear extracts (	10
�g) in reaction buffer containing 10 mM HEPES-KOH, pH 7.8, 2
mM MgCl2, 0.1 mM EDTA, pH 8.0, 60 mM KCl, 10% glycerol
and 2.0 �g poly(dI-dC)-(dI-dC) (Pharmacia, Piscataway, NJ) or
sonicated salmon sperm DNA (1.25 �g) for 20 min at room
temperature. The reaction was then put on ice for 5 min and then
run on a 4.5% polyacrylamide gel at 4°C in 0.25� Tris-borate-
EDTA buffer and 1% glycerol and analyzed by autoradiography.
In some reactions, molar excess of unlabeled oligonucleotide com-
petitor representing a bona fide XRE from rat CYP1A1 promoter
was added to the reactions (XRE-positive control, XREpc). The
sequence of XREpc is as follows: sense strand: 5-CCTC-
CCCCAGCTAGCGTGACAGCACTGGGACCC-3� and anti-
sense: 5-GGGTCCCAGTGCTGTCACGCTAGCTGGGGGAGG-
3�. For supershift EMSA assays, polyclonal antibody against AhR
was added to the reactions (Santa Cruz Biotechnology, Santa Cruz,
CA).

RESULTS

Human MUC1 promoter sequence
We cloned and sequenced a 2.8 kb 5� flanking region of the

human MUC1 gene from genomic DNA. Within the promoter
region of interest for our study, in between �600 and �450, there
were 4 sequence variations when compared to a previously pub-
lished MUC1 promoter sequence14 (Fig. 1). To rule out possible
errors either during PCR amplification or DNA sequencing, we
confirmed our sequence from DNAs isolated from MCF-7, MDA-
MB-468 and T47D cells as well as freshly isolated human periph-
eral blood lymphocytes. Our confirmed sequence of this area
perfectly matched another previously published sequence.13 Com-
puter-based sequence analysis revealed numerous potential tran-
scription factor binding sites in this area, in agreement with an
earlier report.23 In addition, we also detected a potential xenobiotic
response element (XRE; GCGTG) at 545 bp upstream of the
transcription start site.

Effect of I3C on MUC1 protein expression
To determine whether the putative XRE plays a role in the

regulation of MUC1 gene expression, we exposed MUC1 express-
ing cells to indole-3-carbinol (I3C), which has previously been
shown to be an agonist of AhR.19,20 Our results demonstrated that
I3C caused a dose- and time-dependent decrease in MUC1 protein
levels in MCF-7 cells (Fig. 2a). MUC1 level was reduced approx-
imately 60% after 48 hr of incubation with I3C in MCF-7 cells.
This inhibition was also seen in the estrogen receptor negative cell
line MDA-MB-468 in a dose-dependent manner (Fig. 2b), indi-
cating that the inhibition of MUC1 expression by I3C is not
dependent on estrogen receptor.

Effect of I3C on MUC1 mRNA expression
We next determined the effect of I3C on MUC1 mRNA levels.

Breast cancer cells MDA-MB-468 were exposed to I3C and North-
ern blot analysis was performed. The results, as shown in Figure 3,
demonstrated that I3C caused a decrease in MUC1 mRNA levels
as soon as 14 hr after incubation and the level of MUC1 mRNA
continued to decrease until at least 24 hr. After 38 hr of treatment,
the level of mRNA returned to basal level. A similar level of
inhibition of MUC1 mRNA by I3C was also seen in MCF-7 cells
(data not shown). As stated earlier, I3C is an AhR agonist that
induces the expression of a battery of genes including the cyto-
chrome P450 gene, CYP1A1.24 To confirm that I3C induced the
expression of CYP1A1 in MDA-MB-468 cells, we reprobed the
same filter with a human CYP1A1 cDNA probe and the results
showed that I3C caused a rapid and significant increase in
CYP1A1 mRNA (Fig. 3). The filter was then reprobed with
labeled GAPDH cDNA probe to confirm equal RNA loading and
integrity. Having confirmed the inhibitory effect by I3C on MUC1
mRNA level, we then performed a detailed dose-response exper-
iment. As can be seen in Figure 4, the inhibition of MUC1 mRNA
levels by I3C was dose dependent. When MDA-MB-468 cells
were exposed to 25 �M of I3C, MUC1 mRNA levels were
decreased by 36%, while 76% inhibition was evident when cells
were exposed to 100 �M of I3C after 24 hr. Although a greater
level of inhibition of MUC1 was seen at higher concentrations,
cytotoxicity of the cells (cell floating) was noted and thus we used
100 �M of I3C for subsequent experiments. Similar results were
seen in MCF-7 cells (data not shown).

I3C responsive region in MUC1 promoter
To determine whether I3C affects the transcription of the MUC1

gene, we amplified various lengths of the MUC1 promoter using
PCR and then connected them to the luciferase reporter gene (Fig.
5a). These constructs were transfected into MCF-7 cells, which
were then treated with either I3C or vehicle (DMSO) for 48 hr. As
can be seen in Figure 5b, there is a large-fold difference (3.7-fold)
in luciferase activity between DM450 (construct containing 450 bp
upstream of the initiation site) and DM600, confirming the previ-
ous report by others13,14 that this region contains a strong positive
regulatory element. I3C suppressed the promoter activity from all
of these constructs to varying degrees, but its level of suppression
of DM600 was significantly higher as compared to the other
constructs that we tested (72% for DM600 vs. 41%, 44% and 38%
for DM450, DM300 and DM170, respectively). A construct con-
taining only 34 bp upstream of the transcriptional initiation site
was not inhibited by I3C (data not shown). These results suggest
that I3C primarily inhibits the high level of transcription mediated
by the region in between �600 and �450 although it also inhibits
transcription mediated by downstream regions to a lesser degree.

Since it has been reported that the consensus XRE core se-
quence (GCGTG) in conjunction with the AhR/Arnt heterodimer
can inhibit gene expression, we wanted to determine whether the
AhR/Arnt heterodimer can bind to the putative XRE in the MUC1
promoter. We performed EMSA using nuclear extracts prepared
from DMSO or I3C treated MCF-7 cells. MCF-7 cells were treated
with either DMSO or I3C (100 �M) for 12 or 24 hr, and then
nuclear extracts were prepared. These nuclear extracts were then

FIGURE 1 – Nucleotide sequence of the MUC1 promoter between
�600 and �450. Bases different from the previously published se-
quence14 are underlined. The putative XRE is in boldface. The num-
bering from bases �450 to �557 is identical to that of Kovarik et al.13

with the insertion of a T nucleotide at position �558. The sequence
was confirmed by analysis of at least 2 clones each from freshly
isolated peripheral blood lymphocytes and the breast cancer cell lines
MCF-7, MDA-MB-468 and T47D.
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incubated with radioactively labeled annealed oligonucleotides
corresponding to MUC1 promoter region from �557 to �529,
which includes the putative XRE (MUC1-pXRE). Our results
demonstrate that a protein or a protein complex found in MCF-7
cells binds specifically to this MUC1 promoter region (band A in
Fig. 6a). Although unlabeled MUC1-pXRE competed away the
protein(s) responsible for band A, a competitor corresponding to a
bona fide XRE from the rat CYP1A1 promoter (XREpc) did not.
The band seen above band A seems to be nonspecific. When the
pattern and intensities of the bands that result from nuclear extracts
of MCF-7 cells treated with DMSO or I3C were compared, no
differences were observed (Fig. 6b). If the activated AhR/Arnt
heterodimer binds to this site, we would expect to see an appear-

ance of a new band when nuclear extract from I3C treated vs.
DMSO treated cells were used. We also performed a “supershift”
experiment where a polyclonal antibody against AhR was added to
the binding reaction. The inclusion of the antibody did not result in
a shift of band A or any other changes. Taken together, these
results suggest that the AhR/Arnt heterodimer does not bind to the
putative XRE located in the MUC1 promoter site. The same results
were seen with nuclear extracts prepared from DMSO or I3C
treated MCF-7 cells (data not shown).

Since it has been shown that Sp1 plays an important role in the
transcription of the MUC1 gene16 and furthermore that I3C can
cause a decrease in the binding of Sp1 to promoters,25 we tested
whether I3C treatment would alter the binding of the Sp1 to a
cognate site of the MUC1 promoter, which has previously been

FIGURE 2 – I3C inhibits MUC1 protein expression. MCF-7 or MDA-MB-468 cells were treated with I3C and 20 �g of cell lysate protein
analyzed by Western blotting as described in the Material and Methods. (a) MCF-7 cells treated for the indicated times with DMSO control or
100 �M of I3C. (b) MDA-MB-468 cells treated with the indicated concentrations of I3C for 48 hr. The positions of protein size markers are
shown on the left in kDa.

FIGURE 3 – I3C inhibits MUC1 mRNA expression. MDA-MB-468
cells were treated with DMSO or 100 �M of I3C for the indicated
times, total RNA was isolated and MUC1 mRNA detected by Northern
blotting as described in the Material and Methods. The blot was
stripped and reprobed for GAPDH and CYP1A1 mRNAs.

FIGURE 4 – I3C inhibits MUC1 mRNA expression in a dose-depen-
dent manner. MDA-MB-468 cells were treated with the indicated
concentrations of I3C for 24 hr, total RNA was isolated and MUC1
and GAPDH mRNAs were quantified by real-time PCR. The bars
illustrate the ratio of the level of MUC1 mRNA divided by that of
GAPDH mRNA.
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shown to bind Sp1 and to be important for transcription.16 Oligo-
nucleotides representing the promoter region of the MUC1 gene
from �108 to �83 were radiolabeled and incubated with nuclear
extract prepared from DMSO, I3C-treated MDA-MB-468 cells or
MCF-7 cells. As shown in Figure 7, the intensities of the bands
representing bound Sp1 were not altered, indicating that I3C
treatment did not alter the binding of Sp1 to the �108 to �83
region.

DISCUSSION

In this report, we demonstrate that the cancer preventative,
indole-3-carbinol, inhibits the expression of the cancer marker
MUC1 in breast cancer cells. I3C is a secondary plant metabolite
produced in Brassica vegetables such as cabbage, cauliflower,
broccoli and Brussels sprouts. Numerous studies have demon-
strated its antitumor activities in animal models for carcinogene-
sis.26,27 MUC1 protein as well as mRNA levels decreased in a
dose- and time-dependent manner when cells were exposed to I3C.

Transfection data indicates that I3C caused a reduction in the
transcription of the MUC1 gene. Furthermore, I3C repressed the
transcriptional activation caused by the region of the MUC1 pro-
moter in between �600 and �450.

Our MUC1 promoter sequence, as well as that published by Abe
and Kufe,13 contains a potential XRE (GCGTG) at �545. We
initially wanted to determine whether this element was involved in
the regulation of MUC1 gene expression by exogenous compounds
because it was well known that XREs mediate the regulation of
gene expression by exogenous as well as endogenous compounds
by binding the activated AhR/Arnt heterodimer. Our results, how-
ever, indicated that although I3C did inhibit the transcription of the
MUC1 gene, this inhibition may not involve the binding of the
AhR/Arnt to this site. This conclusion is supported by the follow-
ing evidence. First, the binding of the AhR/Arnt heterodimer to
this site was not detected using EMSA experiments. Second,
transcriptional inhibition via the XRE typically involves transcrip-
tion activated by 17�-estradiol. Several groups have reported that
transcription of the MUC1 gene is not directly regulated by estro-
gen receptor.28,29 And third, the inhibition of MUC1 was also seen
in the estrogen receptor negative cell line MDA-MB-468. Our
finding that benzo(e)pyrene, another AhR activator, also inhibits
MUC1 expression (Fig. 8), suggests that the inhibition of MUC1
transcription by I3C involves activation of AhR. In this regard, it
has been reported that AhR can repress E2F dependent transcrip-
tion by binding to the retinoblastoma protein independent of the
XRE and Arnt.30 A search of the MUC1 promoter for E2F binding
sites, however, resulted in several weak matches.

It has been reported that I3C inhibited the transcription of the
cyclin-dependent kinase (CDK6) gene in MCF-7 cells. Treatment
of MCF-7 cells with I3C resulted in a reduction of binding of the
Sp1 transcription factor to a region of the CDK6 gene promoter,
suggesting the involvement of Sp1 in I3C-induced inhibition of
transcription.25,31 Since it has been reported that Sp1 activates
transcription of the MUC1 gene,16 we wanted to determine
whether I3C treatment alters the binding of Sp1 to its cognate site
on the MUC1 promoter (�108 to �83). Our results indicate that
I3C did not alter the binding of Sp1 to this region of the MUC1
gene promoter. Therefore, it seems that the mechanism of MUC1
transcriptional repression by I3C is distinct from that of CDK6
gene inhibition. Another group has reported that I3C did not
repress Sp1 mediated transcriptional activation but rather selec-
tively repressed estrogen receptor-
 mediated transcriptional ac-
tivity in breast cancer cells.32

Several laboratories have reported that the region of the MUC1
promoter in between �600 and �450 has a strong transcriptional

FIGURE 5 – I3C inhibits transcription from the MUC1 gene pro-
moter. (a) Schematic diagram of MUC1 promoter fragments connected
to the luciferase reporter gene. (b) MCF-7 cells were transiently
transfected with the various MUC1 promoter/reporter constructs, the
cells treated with DMSO or 100 �M I3C for 48 hr and luciferase
activity determined in cell lysates as described in the Material and
Methods. Bars illustrate the ratio of MUC1 promoter luciferase activity
units normalized to �-galactosidase activity units. Values represent the
mean � S.E.M. of 4 replicates. The difference in activities between
DMSO- and I3C-treated cells expressing deletion mutants DM7-1 and
DM7-3 was statistically significant (p � 0.05).

FIGURE 6 – Binding of nuclear proteins to
the MUC1 promoter region from �557 to
�529. Nuclear extracts from MCF-7 cells
treated with 100 �M of I3C (a,b) or DMSO
(b) were analyzed by EMSA using a 32P-
labeled probe encompassing nucleotides
�557 to �529 of the MUC1 promoter as
described in the Material and Methods. The
position of the labeled probe complexed with
the nuclear protein(s) is indicated on the left
by A. The specificity of this band was deter-
mined by competition with 2 unlabeled oligo-
nucletotides. One was the unlabeled oligonu-
cleotide that was used as probe called MUC1-
pXRE (�557 to �529) and the other a bona
fide XRE from the rat CYP1A1 gene promoter
(XREpc). Equal amounts of DMSO and I3C
treated MCF-7 nuclear extracts (10 �g) were
used. Figure 6a indicates that a potential nu-
clear protein(s) binds to the MUC1 promoter
region from �557 to �529. However, the
binding of the protein is not altered by I3C
treatment (Fig. 6b).
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activation site and that it is responsible for the overexpression of
the MUC1 gene in carcinoma cells.13,14 Our results confirm these
earlier findings as construct DM600 shows a 3.7-fold greater level
of transcription than DM450. Our transfection results indicate that
I3C inhibits the transcriptional activation mediated by this region.
Three possible mechanisms may account for this inhibition. First,
I3C may inhibit the binding or activity of a transcription factor that
binds in between �600 and �450. This is an interesting possibility
because it is precisely this region that confers overexpression of
the MUC1 gene in breast cancer cells. This finding suggests that
I3C may modulate the inappropriate overexpression of genes in
cancer cells by targeting a transcription factor responsible for the
overexpression. A second possible mechanism is that I3C acts on
a factor that binds downstream of �450, which then leads to the
repression of the transcriptional activation mediated by the region
in between �600 and �450. Alternatively, I3C may function in a
bipartite manner, inhibiting both a factor downstream of �450 and
a factor binding between �600 and �450. Our preliminary results
indicate that 4 proteins bind to this region specifically in MCF-7

nuclear extracts. These 4 proteins may be targets for I3C action
either by inhibiting binding or causing post-translational modifi-
cation to decrease their ability to trans-activate MUC1 transcrip-
tion. Indeed, Wegner et al.33 reported that tyrosine kinase inhibi-
tors can reduce Muc1 transcription level, suggesting that the
activity of protein(s) involved in the transcription of the MUC1
gene may be regulated by phosphorylation. Our laboratory is
currently performing experiments to test this possibility.

In summary, we have demonstrated that the naturally occur-
ring compound, indole-3-carbinol, inhibits the transcription of
the MUC1 gene in breast cancer cells. The inhibitory effect of
I3C on MUC1 expression was seen also in the estrogen unre-
sponsive MDA-MB-468 cells, indicating that this pathway is
independent of the estrogenic pathway. Our results indicate that
I3C inhibits the transcription of the MUC1 gene by repressing
the activation of transcription mediated by the region in be-
tween �600 and �450 of the MUC1 promoter. However, this
inhibition does not seem to be mediated by the binding of
Ahr/Arnt heterodimer to the XRE consensus core site at �545
of the MUC1 promoter. Instead, our EMSA studies demonstrate
the specific binding of a protein or protein complex to this
region. The role of this protein(s) in the transcription of the
MUC1 gene is unknown at this time. Treatment of MDA-MB-
468 cells with Benzo(e)pyrene also resulted in the decrease of
MUC1 mRNA levels. Taken together, these results seem to
suggest that the repression of the MUC1 gene by I3C involves
the activation of the AhR and point to the existence of a novel
AhR dependent pathway of I3C repression. The elucidation of
the molecular pathway involved in the repression of gene ex-
pression by I3C may be important for understanding the anti-
cancer activities of I3C. Using the MUC1 gene as a model
system, experiments to understand the molecular mechanism of
gene inhibition by I3C is currently underway in our laboratory.
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FIGURE 7 – I3C treatment of MCF-7 cells does not increase binding
of the nuclear factor Sp1 to the MUC1 promoter. Nuclear extracts from
MCF-7 cells treated with DMSO or 100 �M of I3C were analyzed by
EMSA using a 32P-labeled probe encompassing nucleotides �108 to
�83 of the MUC1 promoter as described in the Material and Methods.
The bands marked A and B correspond to Sp1 complexed with the
labeled probe as previously reported (see text).

FIGURE 8 – Benzo(e)pyrene inhibits MUC1 mRNA expression.
MDA-MB-468 cells were treated with 10 �M of Benzo(e)pyrene or
DMSO for either 6 or 24 hr, total RNA was isolated and MUC1,
mRNA detected by Northern blotting as described in the Material and
Methods. The blot was stripped and reprobed for GAPDH and
CYP1A1 mRNAs.
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