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Abstract
The MUC1 oncoprotein is aberrantly expressed in human multiple myeloma cells by mechanisms
that are not understood. Moreover, the functional role of MUC1 in multiple myeloma is not
known. The present studies demonstrate that the MUC1 gene locus is amplified in multiple
myeloma cell lines and in primary cells from patients. The KMS28PE multiple myeloma cell line,
which was found to have MUC1 gene amplification, was stably silenced for MUC1 using different
siRNAs. Silencing MUC1 was associated with a decrease in nuclear ß-catenin levels, consistent
with the function of MUC1 in stabilizing ß-catenin. MUC1 is also known to activate the
IKKß→NF-κB pathway and KMS28PE cells silenced for MUC1 were found to have
downregulation of IKKß and IκBα phosphorylation, and decreased nuclear targeting of NF-κB
p65. The results also demonstrate that MUC1: i) contributes to KMS28PE cell proliferation, and
ii) protects against apoptosis and loss of self-renewal in the response to melphalan and
dexamethasone. These findings indicate that MUC1 activates the ß-catenin and NF-κB pathways
in multiple myeloma cells and contributes to their growth and survival.
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Introduction
The canonical Wnt pathway regulates cytoplasmic levels of ß-catenin and is of importance
to tumorigenesis (1). Glycogen synthase kinase 3ß (GSK3ß) in a complex with the
adenomatous polyposis coli (APC) protein and axin targets ß-catenin for ubiquitination and
degradation. Downregulation of GSK3ß by Wnt signaling increases levels of ß-catenin,
promotes the formation of ß-catenin complexes with the Tcf/Lef family of transcription
factors and thereby activates Wnt target genes (2,3). The Wnt pathway is constitutively
activated in human multiple myeloma cells by an unclear mechanism that does not appear to
involve: i) loss of APC or axin function, or ii) activating ß-catenin mutations (4,5). Aberrant
expression of ß-catenin in multiple myeloma as compared to normal progenitor cells is
associated with increased proliferation (4). Moreover, disruption of the ß-catenin/Tcf
transcription complex reduces growth and survival of multiple myeloma cells (6). These
findings and those obtained with agents that disrupt ß-catenin/Tcf-mediated transcription
(7,8) have indicated that the Wnt/ß-catenin pathway is of importance to the pathogenesis of
multiple myeloma.
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The classical nuclear factor-κB (NF-κB) pathway is also constitutively activated in multiple
myeloma cells by mechanisms that are not clearly understood (9,10). NF-κB p65 is
sequestered in the cytosol by binding to IκBα (11,12). The IκB kinase ß (IKKß) in a
complex with IKKγ is necessary and sufficient for phosphorylation and thereby degradation
of IκBα. In turn, NF-κB p65 is released for nuclear targeting and activation of NF-κB-
dependent genes. Importantly, inhibition of constitutive NF-κB activation in multiple
myeloma cells with agents that block IKKß is associated with loss of proliferation and death
(13–16). These findings have indicated that, as found for the Wnt/ß-catenin pathway, the
multiple myeloma cell phenotype is dependent on NF-κB signaling.

The MUC1 heterodimeric transmembrane protein is aberrantly expressed by human multiple
myeloma cells (17–23). The extracellular MUC1 N-terminal subunit (MUC1-N) contains
variable numbers of 20 amino acid tandem repeats that are modified by O-glycosylation
(24,25). The transmembrane MUC1 C-terminal subunit (MUC1-C) consists of a 58 amino
acid extracellular region and a 72 amino acid cytoplasmic tail (26). MUC1-C accumulates in
the cytoplasm of multiple myeloma cells and is targeted to the nucleus (27). Studies in
multiple myeloma and other cell types have demonstrated that the MUC1 cytoplasmic
domain (MUC1-CD) binds to ß-catenin (27–29) and stabilizes ß-catenin by blocking
function of the destruction complex (30). Recent work has further shown that MUC1-C
plays a role in constitutive activation of the IKKß-NF-κB p65 pathway (31). In addition,
other studies have demonstrated that MUC1 induces transformation (30,32). However, it is
not known whether MUC1 has similar functions in multiple myeloma cells.

The present studies demonstrate that the MUC1 locus is amplified in multiple myeloma cell
lines and primary cells. The results also demonstrate that overexpression of MUC1
contributes to: i) constitutive activation of the ß-catenin and NF-κB pathways, and ii) growth
and survival of multiple myeloma cells.

Materials and methods
Cell culture

Human multiple myeloma cell lines were cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS; Mediatech, Herndon, VA), 100 U/ml
penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine (ATCC, Manasses, VA). Cells
were treated with melphalan and dexamethasone (Sigma, St. Louis, MO).

Primary multiple myeloma cells
Bone marrow mononuclear cells from patients with multiple myeloma were CD138-
enriched using anti-CD138 magnetic microbeads (Miltenyi Biotec, Auburn, CA). The
resulting populations were >95% CD138+ cells.

Quantitative real-time PCR
Quantification of MUC1, TRIM46, THBS3 and GAPDH gene copy number was performed
on genomic DNA using primer pairs with TaqMan probes or SYBR Green (Table I) and the
ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA).
Relative gene copy number was determined using the comparative Ct method with GAPDH
as the internal control.

Immunoblot analysis
Whole cell lysates (WCL), and nuclear and cytoplasmic fractions were prepared as
previously described (30,31,33). Soluble proteins were subjected to immunoblot analysis
with anti-MUC1-C (LabVision, Fremont, CA), anti-ß-actin (Sigma), anti-ß-catenin (BD
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Biosciences, San Jose, CA), anti-lamin B (Calbiochem, San Diego, CA), anti-IκBα, anti-NF-
κB p65 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-IκBα, anti-phospho-
IKKß, anti-IKKß (Cell Signaling Technology, Danvers, MA). Reactivity was detected with
horseradish peroxidase-conjugated second antibodies and chemiluminescence (ECL Plus;
GE Healthcare Biosciences, Piscataway, NJ).

Silencing of MUC1 expression
The BLOCK-iT Target Screening System (Invitrogen, Carlsbad, CA) was used to generate
siRNAs that target two different MUC1 sequences (#1: AAGGTACCATCAATGTCCACG;
and #2: AAGTTC AGTGCCCAGCTCTAC) or a control sequence (CR: CGCT
TACCGATTCAGAATGG). The siRNA cassettes were transferred to pLenti4/BLOCK-iT-
DEST by LR recombination for generation of lentiviral vectors. Cells were infected with the
lentiviruses at a multiplicity of infection of 5 in the presence of 8 μg/ml polybrene. Cell
clones were selected in methylcellulose semi-solid medium containing 200 μg/ml zeocin and
assayed for downregulation of MUC1 by immunoblotting.

Apoptosis assays
Cells were fixed with 70% ethanol and incubated in PBS containing 20 ng/ml RNase
(Roche, Indianapolis, IN) for 60 min at 37°C. Cells were then stained with 2.5 μg/ml
propidium iodide for 30 min at room temperature in the dark. DNA content was then
analyzed by flow cytometry. The percentage of cells with sub-G1 DNA was determined by
the Modfit LT Program (Verity Software, Topsham, ME).

Colony formation assays
Cells were seeded at 5,000 per well of a 6-well plate containing 0.4% methylcellulose in
RPMI-1640 medium supplemented with 10% heat-inactivated FBS. Colonies were counted
at 28 days under a stereomicroscope.

Results and Discussion
Amplification of the MUC1 locus in multiple myeloma cells

MUC1 is detectable in multiple myeloma cell lines and primary cells from patients, but not
in CD34+ hematopoietic progenitor cells (17–23). Little, however, is known about the
mechanisms responsible for MUC1 expression in multiple myeloma cells. Although subsets
of B cell lymphomas have amplification of the MUC1 gene (34), there are no reports of
alterations of the MUC1 locus in multiple myeloma cells. MUC1 gene copy number in
multiple myeloma cells was assessed by quantitative real-time PCR amplification of a 70-bp
fragment located outside the tandem repeat region. GAPDH was used as a reference gene
with amplification of a 93-bp fragment. Copy number ratios for MUC1 as compared to
GAPDH were determined for 21 multiple myeloma cell lines (Table II). Eleven of the
multiple myeloma cell lines had ≤2 and were scored as not having significant amplification
of the MUC1 locus (Table II). By contrast, 10 multiple myeloma cell lines had ratios
ranging from 3 to 5 (Table II). Thus, 48% of the multiple myeloma cell lines exhibited a >2-
fold increase in MUC1 copy number. Amplification of MUC1 as found in NCIH929 and
KMS28PE cells was associated with an increase in MUC1-C expression as compared to that
in U266 and RPMI8226 cells with a single MUC1 copy number (Fig. 1A). The MUC1 locus
is flanked by the TRIM46 and THBS3 genes (Fig. 1B). To determine if increases in MUC1
copy number are associated with amplification of this region, we studied TRIM46 and
THBS3 in NCIH929 and KMS28PE cells. The results show that amplification of MUC1 is
associated with increases in TRIM46 copy number and, to a lesser extent, THBS3, indicating
that the regions flanking MUC1 are also subject to amplification (Fig. 1C). Amplification of
the MUC1 locus (>2-fold) was also identified in 14 of 21 (66%) samples obtained from
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multiple myeloma patients (Table II) and was associated with varying increases in TRIM46
and THBS3 gene copy number (Fig. 1C). These findings indicate that aberrant expression of
MUC1 in multiple myeloma cells can be attributed, at least in part, to amplification of the
MUC1 locus.

Silencing MUC1 in KMS28PE cells attenuates activation of the ß-catenin pathway and
decreases cell growth

To assess the functional contribution of MUC1 amplification and over-expression to the
multiple myeloma cell phenotype, we infected the KMS28PE cells with a lentivirus
expressing a siRNA that targets the MUC1 sequence 5'-AAGGTACCATC
AATGTCCACG-3' (MUC1siRNA#1) in MUC1-C. Compared to KMS28PE cells infected
with a lentivirus expressing a control siRNA (CsiRNA), MUC1-C levels were down-
regulated by MUC1siRNA#1 (Fig. 2A). To avoid potential off-target effects, we also
infected KMS28PE cells with a lentivirus expressing a siRNA that targets a different MUC1
sequence (5'-AAGTTCAGTGCCCAGCTCTAC-3'; MUC1siRNA#2) in MUC1-N.
Downregulation of MUC1-C was similar with the two MUC1siRNAs (Fig. 2A), consistent
with a single MUC1 transcript encoding both MUC1-N and MUC1-C. The MUC1-C subunit
stabilizes ß-catenin and contributes to activation of the Wnt pathway (28–30). In concert
with this function, silencing MUC1-C in KMS28PE cells was associated with
downregulation of nuclear ß-catenin levels (Fig. 2B). Silencing MUC1 had no apparent
effect on growth of KMS28PE cells in 10% FBS (Fig. 2C). However, proliferation of the
KMS28PE/MUC1siRNA cells was significantly decreased in the presence of 2% FBS (Fig.
2D). These findings indicate that silencing MUC1-C is associated with decreased: i)
activation of ß-catenin and: ii) growth in the presence of low serum.

Silencing MUC1 in multiple myeloma cells attenuates NF-κB activation
Recent work has demonstrated that MUC1-C binds directly to IKKß and confers constitutive
activation of the NF-κB pathway in carcinoma cells (31). The NF-κB pathway is also
activated in multiple myeloma cells (13–15,35). Consistent with these findings, NF-κB p65
was detectable in nuclear lysates of KMS28PE cells (Fig. 3A). Notably, however, silencing
MUC1 decreased nuclear levels of NF-κB p65 (Fig. 3A). The results also demonstrate that
silencing MUC1 decreases phospho-IKKß levels (Fig. 3B), supporting a role for MUC1 in
IKKß activation. Moreover, phosphorylation of IκBα was decreased in KMS28PE cells
silenced for MUC1 (Fig. 3C). These findings indicate that, as found in carcinoma cells (31),
MUC1 contributes to activation of the IKKß→ NF-κB pathway in KMS28PE cells.

Silencing MUC1 sensitizes KMS28PE cells to melphalan and dexamethasone
To determine if silencing MUC1 affects death drug-induced apoptosis, KMS28PE/CsiRNA
and KMS28PE/MUC1siRNA cells were treated with melphalan and then monitored for sub-
G1 DNA content. In concert with the effects of MUC1-C on NF-κB activation, the results
show that silencing MUC1 sensitizes cells to melphalan-induced apoptosis (Fig. 4A).
Silencing MUC1 also increased the apoptotic response of KMS28PE cells to dexamethasone
(Fig. 4A). These results were confirmed in repetitive experiments with cells expressing
MUC1siRNA#1 and MUC1siRNA#2 (Fig. 4B). To further assess the effects of silencing
MUC1, the KMS28PE cells were treated with melphalan and then assayed for colony
formation. The results demonstrate that silencing MUC1 increases melphalan-induced loss
of self-renewal (Fig. 4C). Dexamethasone-induced decreases in self-renewal were also
potentiated by silencing MUC1 (Fig. 4C). These findings thus demonstrate that MUC1
blocks induction of apoptosis and protects against loss of self-renewal capacity in the
response to melphalan and dexamethasone.
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Role of MUC1 expression in multiple myeloma cells
MUC1-C interacts with diverse signaling molecules that include growth factor receptors
(36,37), kinases (c-Src, c-Abl, Bcr, Lyn, PKCδ, IKKß) (27,38–41) and transcription factors
(ß-catenin, p53) (30,42). The available evidence indicates that MUC1-C functions as a
chaperone that holds client proteins in certain configurations that affect stability or activity
(30,42,43). In multiple myeloma cells, constitutive activation of the Wnt/ß-catenin and NF-
κB pathways has been identified as being of importance to the malignant phenotype. The
present results demonstrate that expression of MUC1 in multiple myeloma cells contributes
to nuclear targeting of ß-catenin. MUC1 expression was also associated with activation of
IKKß, phosphorylation of IκBα and targeting of NF-κB p65 to the nucleus. Notably, recent
work has demonstrated that mutations in the NF-κB pathway are frequently associated with
its constitutive activation in multiple myeloma cells (16,44). Thus, further studies will be
needed to assess involvement of MUC1 in multiple myeloma cells with activating mutations
of the NF-κB pathway. In concert with findings that blocking the Wnt/ß-catenin (4,6–8) or
NF-κB (13–16) pathways affects growth and survival of multiple myeloma cells, our results
using KMS28PE cells indicate that silencing MUC1 has similar effects. In this context,
MUC1 expression was associated with increased proliferation in low serum concentrations,
indicating that MUC1 can protect against growth factor deprivation. Moreover, MUC1
protected against the induction of cell death in response to melphalan and dexamethasone.
These findings thus indicate that MUC1 activates the ß-catenin and NF-κB pathways in
multiple myeloma cells and contributes to their growth and survival.
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Figure 1.
Amplification of the MUC1 locus in multiple myeloma cells. A, Whole cell lysates from the
indicated multiple myeloma cell lines were immunoblotted with anti-MUC1-C and anti-ß-
actin. B, Location of the TRIM46, MUC1 and THBS3 genes in chromosome 1. C, Copy
number for TRIM46 (open bars), MUC1 (shaded bars) and THBS3 (solid bars) in the
KMS28PE and NCIH929 cell lines and primary multiple myeloma cells.
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Figure 2.
Effects of silencing MUC1 on proliferation of KMS28PE cells. A, Lysates from KMS28PE
cells stably infected with lentiviruses expressing the control siRNA (A and B clones),
MUC1siRNA#1 or MUC1siRNA#2 were immunoblotted with anti-MUC1-C and anti-ß-
actin. B, Nuclear lysates from the indicated KMS28PE cells were immunoblotted with anti-
ß-catenin and, as controls for loading and purity, with antibodies against nuclear lamin B
and cytosolic IκBα. Whole cell lysate (WCL) was used as a control for IκBα. C and D,
Proliferation of the KMS28PE cell clones CsiRNA-A (solid circles), CsiRNA-B (solid
squares), MUC1siRNA#1 (open circles) and MUC1siRNA#2 (open squares) in 10% (C) and
2% (D) FBS.
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Figure 3.
Constitutive activation of the IKKß→NF-κB pathway in KMS28PE cells is attenuated by
silencing MUC1. A, Nuclear fractions from the indicated cells were immunoblotted with
anti-NF-κB p65 and antibodies against nuclear lamin B and cytosolic IκBα. B, Whole cell
lysates were immunoblotted with anti-phospho-IKKß and anti-IKKß. C, Cytosolic fractions
were blotted with anti-phospho-IκBα and anti-IκBα.
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Figure 4.
Silencing MUC1 sensitizes to melphalan- and dexamethasone-induced death. A, The
indicated KMS28PE cells were treated with 4 μM melphalan or 50 μM dexamethasone for
72 h, stained with propidium iodide and assayed for sub-G1 DNA content by flow
cytometry. The percentage of cells with sub-G1 DNA is indicated in each panel. B, The
percentage of apoptotic cells with sub-G1 DNA is expressed as the mean ± SD obtained
from three experiments for the indicated control (open bars), melphalan-treated (solid-bars)
and dexamethasone-treated (shaded bars) cells. C, The indicated KMS28PE cells were
treated with 4 μM melphalan or 50 μM dexamethasone for 24 h and then seeded in 0.4%
methycellulose/RPMI-1640 medium with 10% FBS. Colonies were counted at 28 days. The
results are expressed as the colony number (mean ± SD for three experiments).
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Table II

MUC1 gene copy number in cell lines and primary cells.

Cell lines Primary cells

Multiple myeloma cell line MUC1 copy no. Multiple myeloma Bone marrow MUC1 copy no.

U266 1 1 4

RPMI-8226 1 2 6

INA6 1 3 2

KMS-38 1 4 3

KMS-12-PE 1 5 3

KMS-12-BM 1 6 14

OCIMY-5 1 7 4

L363 2 8 3

Korpas 620 2 9 1

KMM-1 2 10 2

ARK 2 11 3

S6B45 3 12 3

MM1.S 3 13 3

SK-MM-1 3 14 4

H11112 3 15 2

LP1 3 16 3

OCIMY-7 3 17 3

KMS-18 3 18 3

XG1 3 19 2

KMS28PE 4 20 2

NCIH929 5 21 2

MUC1 gene copy number per haploid genome was determined using GAPDH as the internal control.
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