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Background: Human MUC1 is overexpressed and abnormally glycosylated in adenocarcinomas, correlating with inflam-
mation and tumor growth.
Results: MUC1 activates NF-�B in tumors and, in complex with NF-�B p65, migrates to the nucleus, where it promotes
transcription of proinflammatory cytokines.
Conclusion:MUC1 is an important mediator of tumor-induced inflammation.
Significance: Targeting the MUC1-p65 complex could reduce inflammation and inhibit tumor growth.

MUC1 is a transmembrane glycoprotein abnormally ex-
pressed in all stages of development of human adenocarcino-
mas. Overexpression and hypoglycosylation of MUC1 in cancer
cells compared with normal epithelial cells are likely to alter its
function and affect the behavior of cancer cells. The extracellu-
lar domain, specifically the highly O-glycosylated VNTR (vari-
able number of tandem repeats) region, plays an important role
in cell-cell communication; however, we show here that it also
participates intracellularly in activation of the NF-�B pathway.
Transfection of MUC1� tumor cells with cDNA encoding
MUC1 with 22 tandem repeats (MUC1/22TR) or two tandem
repeats (MUC1/2TR) or two isoforms that lack theVNTRregion
(MUC1/ZandMUC1/Y) showed that thehighest expression lev-
els of NF-�B family members correlated with the presence of
VNTR and the highest number of tandem repeats. Because
expression ofMUC1withVNTRon tumorswas previously asso-
ciated with chemotactic activity for cells of the innate immune
system, we investigated the influence of MUC1 expression on
the NF-�B-dependent transcriptional regulation of proinflam-
matory cytokines. ChIP and real-time PCR experiments revealed
that MUC1/22TR up-regulated IL-6 and TNF-� expression by
binding to theirpromoter regions inaNF-�Bp65-dependentman-
ner in bothMUC1-transfected and human breast cancer cells that
express endogenous MUC1. This newly detected complex of
MUC1 and p65 is a novel mechanism that tumors can use to pro-
mote inflammation and cancer development.

MUC1 (mucin 1) is a transmembrane glycoprotein normally
expressed at low levels, polarized to the apical surface of epithe-
lial cells. In most adenocarcinomas and inflammatory diseases
of epithelial tissues, MUC1 is overexpressed and unpolarized.
MUC1 consists of a large extracellular subunit containing a
VNTR (variable number of tandem repeats) region composed
of 20–200 tandem repeat (TR)2 units of 20 amino acids (rich in
prolines and O-glycosylated serines and threonines), a trans-
membrane domain, and a cytoplasmic tail (CT). On normal
epithelia, MUC1 VNTR is extensivelyO-glycosylated with long
branched glycans, whereas on tumor cells, it is markedly hypo-
glycosylatedwith simpler and shorter glycan chains. Changes in
glycosylation affect many functions of MUC1 (1–3). Of partic-
ular interest was the observation that aberrant glycosylation of
MUC1 stimulates its endocytosis and intracellular accumula-
tion (4), whichwe hypothesizedmight also alter its role in intra-
cellular signaling in cancer cells.
The cytoplasmic tail of MUC1 (MUC1.CT) was reported to

be involved in intracellular signal transduction by association
with several protein partners and modulation of their function
(5). Specific examples are associations with 1) ErbB growth fac-
tor receptor tyrosine kinases, thus enhancing ErbB1 signaling
in breast cancer cells (6); 2) �-catenin, thus increasing its cyto-
plasmic and nuclear levels by inhibiting glycogen synthase
kinase 3�-mediated phosphorylation and degradation (7); and
3) estrogen receptor �, thus stimulating estrogen receptor
�-mediated transcription by binding directly to the estrogen
receptor � DNA-binding domain (8). Moreover, MUC1.CT
was shown to modulate the activity of the NF-�B pathway in
breast cancer cells by interacting with and activating I�B kinase
(IKK) family members and NF-�B p65 (9, 10). Much of this
work was done by engineering MUC1.CT on an unrelated
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transmembrane protein. Although these studies confirmed the
signaling properties of MUC1.CT, the fact that MUC1.CT is
identical in normal and tumor cells makes it difficult to define
the role, if any, of this signaling in cancer. The greatest differ-
ence in MUC1 between normal and tumor cells is in its local-
ization pattern and the glycosylation state of the VNTR region,
which increases the accessibility of the peptide backbone to
other proteins and changes its three-dimensional structure (11,
12), thus potentially affecting protein-protein interactions and
intracellular signaling.
Here, we report the interaction of the full-lengthMUC1mol-

ecule, including the VNTR-containing extracellular domain,
with theNF-�Bpathway,which is activated in a large number of
cancers and plays a role as a pivotal link between cancer and
inflammation through its ability to up-regulate expression of
tumor-promoting cytokines such as IL-6 and TNF-�. For the
first time, we show that the extracellular domain of MUC1
localizes in the nucleus, promoting the expression of proin-
flammatory cytokines in tumors through a newly identified
complex of full-length MUC1 and p65.

EXPERIMENTAL PROCEDURES

Cell Culture—The RMA mouse T cell lymphoma cell line
was grown inCellgro�DMEM(Mediatech, Inc., Herndon,VA),
whereas the DM6 human melanoma cell line and the MCF-7
and MDA-MB-231 human breast cancer cell lines were grown
in Cellgro� RPMI 1640 medium (Mediatech, Inc.). Both
DMEM and RPMI 1640 medium were supplemented with 10%
heat-inactivated fetal bovine serum, 100 units/ml penicillin,
100 �g/ml streptomycin, and 2 mmol/liter L-glutamine. MCF-
10A cells were cultured in MEGM� supplemented with 52
�g/ml bovine pituitary extract, 0.5 �g/ml hydrocortisone, 10
ng/ml human EGF, and 5 �g/ml insulin (MEGM� BulletKit,
Lonza,Walkersville, MD).MEGMwas also supplemented with
100 ng/ml cholera toxin (Sigma). As an activating signal, RMA
cells were treated with 10 �g/ml concanavalin A (ConA;
Sigma), whereas human cells were treated with 20 ng/ml
TNF-� (R&D Systems,Minneapolis, MN). 10 �M BAY 11-7085
(Calbiochem) was used to inhibit the NF-�B pathway.
Plasmids and Transfection—We utilized the pcDNA3 core

plasmid (Invitrogen), into which we inserted MUC1 cDNA
containing either 2 or 22 tandem repeats (MUC1/2TR and
MUC1/22TR) or one of two short isoforms (MUC1/Y or
MUC1/Z). Transfection was performed with LipofectamineTM
2000 (Invitrogen) according to themanufacturer’s instructions.
Stable expressionwas achieved by selection in up to 1000�g/ml
G418 (Sigma).
Subcutaneous Tumor Growth—C57BL/6 mice were pur-

chased fromThe Jackson Laboratory (BarHarbor,ME). Tumor
growth analysis was performed on subcutaneously implanted
1 � 105 RMA-MUC1/22TR and RMA-MUC1/Y cells or
untransfected RMA control cells in 0.15 ml of PBS, 3 weeks
after inoculation.
Western Blotting and Immunoprecipitation—Total cell pro-

teins were extracted using radioimmune precipitation assay
buffer (150 mM NaCl, 0.5 sodium deoxycholate, 0.1% SDS, 50
mMTris-HCl, and 1%Nonidet P-40) with commercial protease
inhibitors (Complete protease inhibitor mixture, Roche

Applied Science) and phosphatase inhibitors (Phosphatase
Inhibitor Cocktail 2, Sigma).
Fractionated proteins were obtained using cytoplasmic lysis

buffer (50mMHEPES (pH 7.5), 150mMNaCl, 1%TritonX-100,
1.5 mM MgCl2, 10 mM EGTA (pH 7.5), and 10% glycerol) and
nuclear lysis buffer (20mMHEPES (pH 8), 0.1 mM EDTA, 5mM

MgCl2, 0.5 NaCl, 20% glycerol, and 1% Nonidet P-40). Nuclear
DNA-bound proteins were isolated using a subcellular protein
fractionation kit (Thermo Scientific, Rockford, IL) following
themanufacturer’s instructions. This was accomplished by first
gently collecting protein from the nucleus and then collecting
the protein-chromatin complexes. These complexes were
treated with micrococcal nuclease, which released chromatin-
associated protein into the supernatant.
50 �g of protein from lysates was used for Western blotting,

and 500 �g was used for immunoprecipitation. The following
antibodies were employed: anti-I�B�, anti-IKK�, anti-C23
(nucleolin), and anti-actin (Santa Cruz Biotechnology, Santa
Cruz, CA) for Western blotting; anti-NF-�B p65 (Santa Cruz
Biotechnology) for Western blotting and immunoprecipita-
tion; anti-phospho-IKK�, anti-phospho-I�B�, and anti-phos-
pho-NF-�B p65 Ser-276 (Cell Signaling Technology, Beverly,
MA) forWestern blotting; and anti-MUC1 3C6 (a gift fromDr.
Hilgers, Free University, Brussels, Belgium) and anti-MUC1
Ab5 (Fitzgerald, Concord, MA) for Western blotting and
immunoprecipitation.
For immunoprecipitation, protein lysates were first pre-

cleared with protein G-Sepharose beads (Sigma) for 3 h at 4 °C
and then incubated with primary antibody at 4 °C for 16 h. The
immune complexes were precipitated for 2 h at 4 °C with pro-
tein G-Sepharose 4B. In control samples, the primary Ab was
substitutedwith control IgG (rabbit ormouse depending on the
source of the primary Abs). Immunoprecipitates were washed
four times with radioimmune precipitation assay buffer con-
taining 0.5 M NaCl and 2% SDS and three times with PBS and
then resuspended in Laemmli buffer.
The proteins were separated on a precast 4–20% polyacryl-

amide gel (Bio-Rad) and immunoblotted, and the reactivity was
detected with horseradish peroxidase-conjugated secondary
antibody and chemiluminescence (PerkinElmer Life Sciences).
The intensity of signals was determined by densitometric scan-
ning (Kodak Image Station 4000MM).
Quantitative Real-time PCR—Total RNA was isolated using

an RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions. A total of 2 �g of RNA was reverse-transcribed
using a SuperScript first strand kit (Invitrogen). A total of 3�l of
RT products was used to amplify IL-6, IFN-�, TNF-�, IL-2, and
GAPDH as an internal control. Real-time PCR was performed
using a SYBR Green PCR kit (Qiagen) and a StepOnePlus real-
time PCR system (Applied Biosystems). The sequence of each
primer is shown in supplemental Table S1.
Changes in the mRNA content relative to GAPDH mRNA

were determined using the threshold cycle (CT) method (ABI
User Bulletin 2, Applied Biosystems) to calculate changes inCT
and, ultimately, -fold and percent changes. An averageCT value
for each RNA was obtained for replicate reactions.
Chromatin Immunoprecipitation—Cells were subjected to

chromatin immunoprecipitation based on EZ-ChIP protocol
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17-371 (Millipore). Briefly, treatment with 1% formaldehyde
was used for cross-linking, and cell lysate was collected and
sonicated to shear DNA. Soluble chromatin was rotated for 2 h
at 4 °C with 60 �l of protein A-agarose-salmon sperm DNA
(Millipore). Precleared lysate was incubated overnight at 4 °C
with 4 �g of anti-MUC1 antibody Ab5 or 3C6. The antibody-
protein-DNA complexes were precipitated with 60 �l of pro-
tein A-agarose beads at 4 °C for 2 h. Complexes were eluted in
elution buffer (0.1 mMNaHCO3 and 1% SDS) before reversal of
cross-links overnight at 65 °C under high salt conditions (0.5 M

NaCl). After proteinase K (Sigma) digestion, DNA was
extracted in 25:24:1 phenol/chloroform/isoamyl alcohol and
precipitated overnight in ethanol at�20 °C, andDNAwas then
eluted in Tris/EDTA buffer. The presence of IL-2, IFN-�, IL-6,
and TNF-� gene promoter sequences in immunoprecipitated
DNA was identified by 34 cycles of PCR using the primer
sequences listed in supplemental Table S2. In control samples,
primary antibody was replaced with non-immune IgG. All
experiments were repeated at least three times. For re-ChIP
assays, complexes from the primary chromatin immunopre-
cipitation were eluted with 10 mM dithiothreitol, diluted in re-
ChIP buffer, and re-immunoprecipitated with anti-p65
antibody.
Interleukin Detection by ELISA—Subconfluent mouse cells

were left untreated or were treated for 24 h with 10 �M BAY
11-7085 and/or 10 �g/ml ConA for 24 h. Human cells were
treated for 24 h with 10 �M BAY 11-7085 and/or 20 ng/ml
TNF-� for 2 h. After that, the cells were counted, and the con-
ditioned medium was collected. Mouse IL-6 and TNF-� con-
centrations in the conditioned medium were measured using a
mouse or human ELISA kit (BD Biosciences). A phospho-I�B�
ELISA kit was purchased from Cell Signaling Technology. The
standard curve was done using 0, 15.6, 31.2, 62.5, 125, 250, 500,
1000, and 2000 pg/ml interleukin. Interleukin concentrations
detected in the conditioned medium were within the range of
the standard curve. The concentrations are expressed as pico-
grams/ml per 1 � 105 cells. All points were done in triplicate,
and the experiments were repeated three times.
FlowCytometry Analysis—Todetect intracellularMUC1 and

p65, cells were fixed and permeabilized with BD Cytofix/Cy-
topermTM buffer (BD Bioscience) for 20 min on ice, washed,
and resuspended in staining buffer (2% fetal bovine serum in
PBS). Cells were stained with Armenian hamster Ab5 antibody
or rabbit anti-phospho-p65 monoclonal antibody (Cell Signal-
ing Technology) for 1 h at 4 °C, followed by phycoerythrin-
conjugated anti-hamster or Alexa Fluor 488-conjugated anti-
rabbit secondary antibody (Invitrogen). Cells were analyzed on
a BD Biosciences LSR II flow cytometer running FACSDiva
software.
Immunofluorescence Confocal Microscopy—Cells were

grown on a 4-well Millcell EZ SLIDE (Millipore) and treated with
TNF-� or left untreated. Cells were fixed with 4% paraformal-
dehyde for 20 min and permeabilized in 0.1% Triton X-100 for
20 min. The fixed cells were incubated with FITC-labeled
mouse anti-human MUC1 antibody CD227 or anti-MUC1
antibody VU4H5 (Santa Cruz Biotechnology) for 2 h at room
temperature and the latter followed by Cy3-labeled secondary

anti-mouse antibody (Invitrogen). Nuclei were stained with
mounting medium for fluorescence with DAPI (Vector Labs).
Statistical Analysis—The correlationswere evaluated by Stu-

dent’s t test. p values �0.05 were considered statistically
significant.

RESULTS

Extracellular Domain of MUC1 Interacts with p65 and
Enhances the NF-�B Pathway—To assess whether the extracel-
lular domain of MUC1 affects NF-�B signaling, we used four
different isoforms of MUC1 schematically represented in Fig.
1A: full-length MUC1 containing the VNTR region composed
of either 22 (MUC1/22TR) or 2 (MUC1/2TR) tandem repeats
and two short forms (MUC1/Y and MUC1/Z) that completely
lack the VNTR segment. MUC1/22TR, MUC1/2TR, and
MUC1/Z were proteolytically cleaved soon after their synthe-
sis, generating two subunits, � (containing the VNTR region)
and � (composed primarily of the cytoplasmic tail), whereas
MUC1/Y lacks the cleavage site, resulting in a single protein.
These four MUC1 isoforms were stably transfected into the
mouse tumor cell line RMA (T cell lymphoma) and into the
human melanoma cell line DM6, which do not express MUC1.
Flow cytometry analysis showed that MUC1 was expressed in
80–90% of the transfected cells (Fig. 1B).
After stimulation with ConA for 24 h to activate RMA cells,

total proteins were extracted from RMA-MUC1/22TR and
RMA-MUC1/Y cells and from the untransfected parental con-
trol. We analyzed the expression levels of I�B�, phospho-I�B�
(Ser-32/Ser-36), and phospho-IKK� (Ser-181) proteins by
Western blotting (Fig. 2A). Phospho-IKK� and phospho-I�B�
were significantly increased in both RMA-MUC1/22TR and
RMA-MUC1/Y cells compared with untransfected cells. As a
consequence, unphosphorylated I�B� levels were drastically
reduced. The presence of VNTR appeared to contribute to
stronger activation in RMA-MUC1/22TR cells compared with
RMA-MUC1/Y cells. The levels of phospho-I�B� protein were
also tested by ELISA so that the results could be better quanti-
fied. They confirmed that the levels of phospho-I�B� increased
by 2-fold in RMA-MUC1/22TR cells compared with untrans-
fected cells and by 1.5-fold comparedwith RMA-MUC1/Y cells
(supplemental Fig. S1A). Similarly, phospho-NF-�B p65 levels
in the nucleus were higher in RMA-MUC1/22TR cells com-
pared with RMA-MUC1/Y and untransfected cells (Fig. 2A).

We performed the same experiments with the DM6 human
melanoma cell line stably transfected with MUC1/22TR,
MUC1/Y, or MUC1/Z (Fig. 1A). We activated DM6 cells with
TNF-� for 2 h and tested the abundance of cytosolic I�B�,
phospho-I�B� (Ser-32/Ser-36), phospho-IKK� (Ser-181), and
nuclear phospho-p65 (Ser-276) (Fig. 2A). Our results show that
transfection with VNTR-containing MUC1/22TR increased
significantly cytosolic IKK�, phospho-I�B�, and nuclear phos-
pho-p65 proteins levels compared with DM6 cells transfected
with the MUC1/Z and MUC1/Y isoforms lacking VNTR.
The effect of MUC1 on enhancing phospho-p65 expression

was confirmed also by flow cytometry. Full-length MUC1/
22TR induced phospho-p65 expression by 3.7- and 2.7-fold
compared with untransfected RMA and RMA-MUC1/Y,
respectively (supplemental Fig. S1B). In DM6 cells, MUC1/
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22TR increased phospho-p65 expression by 4.4-fold compared
with untransfected cells and by 1.7- and 2.2-fold comparedwith
DM6-MUC1/Y and DM6-MUC1/Z cells, respectively (supple-
mental Fig. S1C).

We next investigatedwhether theremight be a physical asso-
ciation between NF-�B p65 and MUC1 and whether there was
a difference in binding affinity between NF-�B p65 and differ-
ent MUC1 isoforms. Upon stimulation with ConA, proteins
from RMA-MUC1/22TR, RMA-MUC1/Y, and untransfected
RMA cells were immunoprecipitatedwith anti-p65 antibody or
a control IgG antibody. The immunoprecipitated proteins were
resolved on the gel and immunoblotted with anti-MUC1 anti-
bodyAb5,which recognizes the cytoplasmic tail.We found that
MUC1 coprecipitated with NF-�B p65 (Fig. 2B) and that
MUC1/22TR interacted more strongly with NF-�B p65 com-
pared with MUC1 isoforms lacking the extracellular domain.
The same experiment was performed using proteins extracted
fromDM6-MUC1/22TR, DM6-MUC1/Y, DM6-MUC1/Z, and
DM6 cells (Fig. 2B), and the same results were obtained. These
data indicate that full-length MUC1/22TR not only induced a
higher expression of p65 but also showed stronger binding to
p65 compared with the shorter forms. These results were con-
firmed in experiments in which anti-MUC1 precipitates were
immunoblotted with phospho-p65 (Fig. 2C). To determine
whether the extracellular domain (in particular, the VNTR

region) is still part of the MUC1 molecule that interacts with
NF-�B p65, the phospho-p65 proteins were immunoblotted
with anti-MUC1 antibody 3C6, which is specific for the VNTR
region (13). We found that the full-length MUC1 containing
the VNTR region bound NF-�B p65 in both RMA and DM6
cells (Fig. 2B).

To assess whether the length of the VNTR region in partic-
ular influences NF-�B activation, DM6 cells were stably trans-
fected with MUC1 containing two tandem repeats, generating
the DM6-MUC1/2TR cell line, and these cells were compared
with the DM6-MUC1/22TR cell line. Western blotting (Fig.
3A) and ELISA (Fig. 3B) revealed higher phospho-I�B� and
phospho-p65 levels in DM6-MUC1/22TR cells compared
DM6-MUC1/2TR and untransfectedDM6 cells.We also tested
whether the number of tandem repeats influences the interac-
tion between p65 and MUC1. Total protein extracts from
DM6-MUC1/22TR, DM6-MUC1/2TR, and DM6 cells were
immunoprecipitated with anti-p65 antibody and then immu-
noblotted with anti-MUC1.CT antibody Ab5 and anti-MUC1
VNTR antibody 3C6. MUC1/22TR showed a stronger associa-
tion with p65 compared with MUC1/2TR (Fig. 3C). Although
NF-�B activation had been previously ascribed to MUC1.CT,
our results above show that a higher number of tandem repeats
increases activation efficiency and point to the VNTR region as

FIGURE 1. MUC1 isoforms and MUC1 expression in transfected cells. A, schematic of MUC1 isoforms used for transfection: MUC1/22TR, containing 22
tandem repeats in the VNTR region; MUC1/2TR, containing two tandem repeats; MUC1/Y and MUC1/Z, which lack the VNTR region. MUC1/22TR, MUC1/2TR,
and MUC1/Z are composed of two noncovalently linked subunits, � and �. MUC1/Y is expressed as a single protein. All forms have the same C-terminal region
(black boxes) composed of the transmembrane domain and the cytoplasmic tail recognized by anti-MUC1 antibody Ab5, but they differ in the N-terminal
region (white boxes). The VNTR region is recognized by antibodies 3C6 and VU4H5 (hypoglycosylated VNTR). B, flow cytometry analysis showing MUC1
expression in transfected cells as detected by antibody Ab5.
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the important region in the extracellular domain with a similar
NF-�B-stimulating activity.
MUC1-p65 Complex Is Found on the IL-2, IL-6, IFN-�, and

TNF-� Promoters in Vitro and in Vivo—The association of
MUC1with p65 suggested that this could be a transcriptionally
active complex. Because we and others had shown previously
that MUC1 has proinflammatory activity (14–16) and because
NF-�B is one of the most important transcriptional activators
of proinflammatory cytokine genes in the cancer microenvi-
ronment, we investigated whether the MUC1-p65 complex
might be responsible for transcriptional regulation of inflam-
matory cytokines.
After ConA stimulation, RMA-MUC1/22TR and RMA cells

were subjected to subcellular fractionation, and nuclear pro-
teins bound to chromatin were isolated as a separate fraction
from total soluble nuclear proteins as described under “Exper-
imental Procedures.” Chromatin-bound nuclear proteins were
immunoblotted with anti-MUC1.CT antibody Ab5 and anti-
MUC1 VNTR antibody 3C6. Surprisingly, considering the size
of full-length MUC1 with 22 tandem repeats, we found the
entire molecule included in the VNTR region interacting with
chromatin (Fig. 4A).
To further confirm this association, we performed a ChIP

assay. Chromatinwas precipitated fromConA-activated RMA-
MUC1/22TR and RMA cells with anti-MUC1.CT antibody
Ab5. MUC1-DNA complexes were isolated, and the promoter
regions containing the consensus NF-�B-binding sites
(GGGRNNYYCC, where R is purine, Y is pyrimidine, and N is
any base) of IL-2 (�206 to �195, GGGATTTCACC) (17),
the non-canonical �B site of IFN-� (�278 to �268,

FIGURE 2. MUC1 transfection into RMA and DM6 cell lines induces NF-�B activation and interaction with p65. A, RMA cells (left) were transfected
with MUC1/22TR (RMA-MUC1/22TR) or MUC1/Y (RMA-MUC1/Y) or left untransfected (RMA) and stimulated with ConA. DM6 cells (right) were transfected
with MUC1/22TR (DM6-MUC1/22TR), MUC1/Y (DM6-MUC1/Y), or MUC1/Z (DM6-MUC1/Z) or left untransfected (DM6) and stimulated with TNF-�.
Expression of indicated proteins was assessed by Western blotting. Protein loading was controlled by reprobing membranes for the expression of actin
and nucleolin (C23) as indicated. B, lysates from RMA-MUC1/22TR, RMA-MUC1/Y, DM6-MUC1/22TR, DM6-MUC1/Y, and DM6-MUC1/Z cells were immu-
noprecipitated (IP) with anti-p65 Ab or a control (Cont) IgG as described under “Experimental Procedures” and immunoblotted with anti-MUC1.CT
antibody Ab5 and anti-MUC1 VNTR antibody 3C6. C, whole cell lysates from DM6-MUC1/22TR, DM6-MUC1/Y, and DM6-MUC1/Z cells were immunopre-
cipitated with antibody Ab5 or control IgG as described under “Experimental Procedures.” The precipitates were immunoblotted with anti-phospho-
p65 antibody.

FIGURE 3. VNTR region enhances NF-�B pathway activation. DM6, DM6-
MUC1/2TR, and DM6-MUC1/22TR cells were activated with TNF-�, and the
levels of the indicated proteins were evaluated by Western blotting (A)
and ELISA (B). *, statistically significant difference (p � 0.05). C, whole cell
lysates (WCL) from DM6-MUC1/22TR and DM6-MUC1/2TR cells were
immunoblotted with anti-MUC1 antibody 3C6 as a positive control (upper)
or immunoprecipitated (IP) with anti-p65 antibody and immunoblotted
for MUC1 with anti-MUC1 VNTR antibody 3C6 (middle) or anti-MUC1.CT
antibody Ab5 (lower).
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AAAAATTTCC) (18), IL-6 (�75 to �63, GGGATTTTCC)
(19), and two NF-�B consensus sites (�B2, �657 to �638,
GTGAATTCCC; and �B3,�510 to�488, GGGGCTTTCC) of
TNF-� (20) were amplified by PCR (Fig. 4B) using the primers
listed in supplemental Table S2. Additionally, we performed a
re-ChIP assay to verify thatMUC1 associated with the cytokine
promoters was simultaneously associated with NF-�B p65. As
shown in Fig. 4C, all four promoters displayed MUC1-p65 co-
occupancy in RMA-MUC1/22TR cells.
We also confirmedMUC1 interactionwith the cytokine pro-

moters during tumor growth in vivo. 1 � 105 RMA-MUC1/
22TR and RMA-MUC1/Y (no VNTR) cells were subcutane-
ously injected into mice (as described under “Experimental
Procedures), and after 3 weeks of growth, tumors were har-
vested, and ChIP assay was performed using anti-MUC1.CT
antibody Ab5. Greater MUC1 occupancy of the IL-2, IFN-�,
IL-6, and TNF-� promoters was observed in the RMA-MUC1/
22TR tumors compared with RMA-MUC1/Y tumors (Fig. 4D).
These data are in agreement with ourWestern blot results (Fig.
2), indicating that the extracellular VNTR region of MUC1 is
important in either facilitating MUC1-p65 complex formation
or its binding to the promoter DNA.
MUC1 Stimulates Pro-inflammatory Cytokine Expression in

a p65-dependent Manner—To confirm the ability of MUC1 to
activate the transcriptional activity of interleukins via NF-�B
activation, we activated RMA-MUC1/22TR and RMA cells
with ConA in the presence or absence of BAY 11-7085, an
inhibitor of I�B phosphorylation and consequently of p65
nuclear translocation. In the presence of BAY 11-7085, I�B�

and p65 phosphorylation was inhibited, whereas MUC1 pro-
tein levels remained unchanged (Fig. 5A). Interleukin RNA lev-
els were measured by quantitative real-time PCR (Fig. 5B). Rel-
ative to untransfected RMA, there was a significant increase in
the mRNAs of IFN-� (1.5-fold), IL-6 (5-fold), and IL-2 and
TNF-� (3-fold each), whereas in the presence of BAY 11-7085,
MUC1-stimulated expression of IL-2, IFN-�, and TNF-� was
completely abolished, and IL-6 expression was reduced by 50%
(Fig. 5B). By ELISA, we measured significantly increased levels
of secreted IL-2 (8-fold), IFN-� (1.5-fold), IL-6 (4-fold), and
TNF-� (5-fold), which could be partially reduced by BAY
11-7085 treatment (Fig. 5C).
DM6 cells do not make all of the abovementioned cytokines,

so we tested the effect of MUC1 on IL-6 expression in DM6-
MUC1/22TR cells compared with untransfected cells and acti-
vated or not with TNF-�. We found that DM6-MUC1/22TR
cells expressed significantly higher levels of IL-6 comparedwith
MUC1� DM6 cells (supplemental Fig. S2).
EndogenousMUC1 in Breast Cancer Cells Interacts with IL-6

and TNF-� Promoters—The results described above were
obtained fromMUC1-transfected cells, and thus, we wanted to
confirm that endogenousMUC1 would have a similar effect on
inflammatory cytokine expression in human cancer.We exam-
ined its interaction with interleukin promoters in two human
breast cancer cell lines (MCF-7 and MDA-MB-231) and in the
untransformed epithelial cell line MCF-10A, all of which
express MUC1 on the membrane and in the cytosol (Fig. 6A).
None of these cells make IL-2 and IFN-�, but we found that
MCF-7 and MDA-MB-231 cells produced TNF-� and IL-6

FIGURE 4. MUC1 and p65 colocalize on cytokine gene promoters. A, nuclear DNA-bound proteins were isolated as described under “Experimental Proce-
dures” and immunoblotted with anti-MUC1 antibodies Ab5 and 3C6. Nucleolin (C23) was included as a loading control. B, ChIP assay. Soluble chromatin was
immunoprecipitated with anti-MUC1.CT antibody Ab5 or control IgG (NegC) and analyzed for �B consensus sites of promoters for the indicated cytokines. C,
re-ChIP assay. Soluble chromatin was first immunoprecipitated with anti-MUC1.CT antibody Ab5 and then re-immunoprecipitated with anti-p65 antibody. D,
in vivo ChIP assay. Soluble chromatin from tumor tissue was immunoprecipitated with anti-MUC1.CT Ab5 or control IgG and analyzed for �B consensus sites on
promoters of the indicated cytokines.
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FIGURE 6. MUC1 modulates the transcriptional activity of IL-6 and TNF-� in breast cancer cell lines. A, cells were fixed and stained with FITC-labeled
mouse anti-human MUC1 antibody CD227 (green). Nuclei were stained with DAPI (blue) B, real-time PCR measurement of mRNA levels of the indicated
interleukins in breast cancer cell lines. Interleukin mRNA levels are relative to the increase in GAPDH mRNA in the same samples � S.D. of three independent
experiments. *, p � 0.05. C, ChIP assay. Soluble chromatin from the indicated cell lines was immunoprecipitated with anti-MUC1.CT antibody Ab5 or control IgG
(N.C.) and analyzed for indicated the �B consensus sites.

FIGURE 5. Negative effect of p65 inhibitor on MUC1-mediated activation of cytokine expression. A, RMA and RMA-MUC1/22TR cells were activated with
ConA, and RMA-MUC1/22TR cells were either treated (�BAY) or not with BAY 11-7085 as described under “Experimental Procedures.” Total cell proteins were
blotted with the indicated antibodies. Actin was used as a loading control. B, real-time PCR. The graphs represent the increase in cytokine mRNAs relative to the
increase in GAPDH mRNA in the same sample � S.D. of three independent experiments. *, p � 0.05. C, concentrations of secreted interleukins were measured
by ELISA. *, statistically significant difference (p � 0.05).
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mRNAs (Fig. 6B). Thus, we investigated MUC1 binding to
human IL-6 and TNF-� promoters. ChIP with anti-MUC1.CT
antibody Ab5 revealed that, upon TNF-� stimulation, elevated
binding ofMUC1occurred at theNF-�Bconsensus site (�75 to
�63) of the IL-6 promoter in MDA-MB-231 cells, whereas low
abundance was found inMCF-7 cell lines (Fig. 6C). The human
TNF-� promoter contains multiple NF-�B-like consensus
sites, and we analyzed three of them: TNF-1, containing �B1
(�873 to �864); TNF-2, containing �B2 (�627 to �618) and
�B2a (�598 to �589); and TNF-3, containing �B3 (�98 to
�89) (21). Our results reveal that MUC1 did not bind the
TNF-1 region, but strong bindingwas noted at TNF-3 inMDA-
MB-231 cells and a lower abundance at TNF-2 in MDA-MB-
231 and MCF-7 cells. MUC1 did not interact with the TNF-�
and IL-6 promoters in the untransformed MCF-10A cells (Fig.
6C).We then investigatedwhether the nativeMUC1 that inter-
acts with cytokine promoters contains the VNTR region. Pre-
cipitation of chromatin from MDA-MB-231, MCF-7, and
MCF-10A cells was performed with anti-MUC1 antibody 3C6,
and we found that, as was the case in transfected cells (Fig. 4A),
both the cytoplasmic tail and the extracellular VNTR region
were found associated with the promoters (Fig. 7A). However,
this association was drastically reduced when the NF-�B path-
way was inhibited by BAY 11-7085 treatment (Fig. 7A).
MCF-10A,MDA-MB-231 andMCF-7 cells were also stained

with antibody VU4H5, which binds the tandem repeat units of
the hypoglycosylated tumor form of MUC1. Fluorescence
imaging showed a low abundance of MUC1 in the cytosol and

its absence in the nucleus in MCF-10A cells (Fig. 7B). Interest-
ingly, the hypoglycosylated form of MUC1, which is highly
expressed in MDA-MB-231 cells, showed nuclear localization
following TNF-� stimulation (Fig. 7B). Similar results were
found in MCF-7 cells (data not show).

DISCUSSION

In the past decade, the importance of chronic inflammation
within the tumor microenvironment has been correlated with
increased invasiveness and poor prognosis in many types of
cancer. We propose that abnormal expression of MUC1 (over-
expression and hypoglycosylation of the VNTR region), known
to occur early in cancer development, activates production of
proinflammatory cytokines by tumor cells, leading to their
accumulation in the tumor microenvironment and chronic
inflammation, favoring tumor progression.
Using a mouse lymphoma cell line and a human melanoma

cell line activated with ConA or TNF-�, respectively, both nat-
urally negative for MUC1 expression, we observed that trans-
fection with full-length MUC1 and two short MUC1 isoforms
lacking theVNTR region in the extracellular domain resulted in
activation of the NF-�B pathway. Our results reveal that full-
lengthMUC1 induced the highest expression of phospho-I�B�
andNF-�B p65 compared with the short isoforms. This implies
that the VNTR-containing extracellular domain participates
actively in intracellular signaling. In MUC1-expressing RMA
cells, we detected formation of the novel MUC1-p65 complex,
which bound to interleukin promoters containing �B consen-

FIGURE 7. MUC1 containing the VNTR region interacts with cytokine promoters in a p65-dependent manner in breast cancer cells. A, cells were
activated with TNF-� with or without BAY 11-7085 or left untreated. Soluble chromatin was immunoprecipitated with anti-MUC1 antibody 3C6 and analyzed
for the indicated �B consensus sites. B, MCF-10A and MDA-MB-231 cells were activated with TNF-� or left untreated, fixed, and stained with anti-MUC1
antibody 4H5 (red). Nuclei were stained with DAPI (blue).
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sus sites and, in particular, the IL-2, IFN-�, TNF-�, and IL-6
promoters. Subsequent analysis of the RNA and protein levels
of these interleukins revealed that full-length MUC1 induced
their transcriptional activity. Importantly, interaction with the
IL-6 and TNF-� promoters was also observed for endogenous
MUC1 in the human breast cancer cell linesMDA-MB-231 and
MCF-7 but not in untransformed MCF-10A cells. IL-6 and
TNF-� are considered to be protumor cytokines involved in
inflammatory pathways that promote tumorigenesis. As critical
mediators of the inflammatory response, IL-6 and TNF-� pro-
vide amolecular link between chronic inflammation and tumor
progression (22). In a previous report, our laboratory showed
that the proinflammatory cytokines IL-6 andTNF-� character-
ize the microenvironment of MUC1 tumors and that unglyco-
sylated epitopes in the tandem repeat region of MUC1 are
potent chemoattractants for circulating immature myeloid
dendritic cells and are able to subvert their immunostimulatory
function (23).
To understand whether association with NF-�B p65 is

required forMUC1-induced interleukin expression, we treated
cells with BAY 11-7085, an inhibitor of I�B� phosphorylation.
MUC1-induced IL-6 expression was reduced by 50%, and
expression of IL-2, IFN-�, and TNF-� was completely abol-
ished (Fig. 5). BAY 11-7085 also reduced MUC1 occupancy on
the promoters (Fig. 7A).MUC1 contains no knownDNA-bind-
ing motif, and thus, its action depends on other DNA-binding
proteins.We still do not know the specificMUC1 sequence that
interacts with p65, but our results point to the VNTR region in
the extracellular domain as important for cytokine regulation.
In cells expressing MUC1 containing the VNTR region, cyto-
kine transcription was significantly increased compared with
cells expressing a short MUC1 isoform lacking the VNTR
region.
In normal cells, the VNTR region is extensively glycosylated

with long, branched,O-linked carbohydrate chains, whereas in
malignant cells, glycosylation is consistently altered, yielding a
MUC1 molecule that is hypoglycosylated and that carries pri-
marily short glycans. We propose that tumor-specific short
O-glycans or no glycans on the tandem repeats of the VNTR
region reduce the size of the molecule and its three-dimen-
sional configuration, allowing its binding to transcriptional
coactivators such as p65 and trafficking to the nucleus. This is
not expected to occur in normal epithelial cells, whereMUC1 is
strictly polarized to the luminal surface, and long, branched
oligosaccharides conceal the VNTR protein and increase tre-
mendously the size of the molecule. Our data also show that
degradation and/or cleavage of MUC1 is not required for
NF-�B activation and interleukin induction (Fig. 2, 3, and 7).
Endocytosis and intracellular accumulation of full-length
MUC1 without its degradation or cleavage have been reported

in tumor cells (4, 24), and here, we associated this process with
a specific function. The ability of MUC1 to induce proinflam-
matory cytokines and the specificity that this activity might
have for cancer cells versus normal cells are important findings
that could explain the mechanism by which MUC1 promotes
tumor progression.
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