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Abstract
Background—We recently identified MUC1 as a target driving selection for 1q21 amplification
and validated it as an independent marker of aggressive behavior in thyroid cancer (TC). The aims
of this study were to determine if TC cell lines retain MUC1 expression patterns seen in primary
tumors, assess the role of MUC1 in tumor maintenance and develop a virally delivered anti-MUC1
RNAi that is effective in decreasing MUC1 expression in vitro.

Methods—Fifteen TC cell lines were screened for MUC1 protein expression. Cell lines with
varying MUC1 protein levels were treated with anti-MUC1 monoclonal antibody to assess cell
viability. A recombinant retroviral short hairpin RNAi (shRNA) delivery system against MUC1 was
developed. Efficacy and optimal dosing of shRNA against MUC1 was determined.

Results—MUC1 expression patterns in TC cell lines were found to be similar to that seen in primary
tumors. Treatment with anti-MUC1 antibody resulted in a significant decrease in cell viability in
MUC1 over-expressing cell lines. MUC1-779 RNAi construct showed excellent infection efficiency
and reproducible silencing.

Conclusions—These data offer functional evidence implicating MUC1 over-expression as a key
molecular event in the pathogenesis of aggressive TC. Retrovirally delivered anti-MUC1 RNAi is
effective in silencing MUC1 and merits further investigation to establish therapeutic efficacy and
safety in anticipation of potential clinical application.

Introduction
Papillary thyroid carcinoma (PTC) accounts for over 80% of all thyroid malignancies and is
usually associated with an excellent prognosis (1). However, 10-15% of cases can display
aggressive behavior, hallmarked by early metastasis and increased mortality (2). As a result,
the optimal management of thyroid cancer is dependent on the assessment of the malignant
potential of the individual tumor at presentation. In this regard, clinicopathological variables
are not universally predictive of tumor behavior. Caldas et al. suggest that the first step in
rationally treating a disease is to correctly classify the disease, intimating a role for molecular
markers in disease classification (3).
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Clinical and genetic evidence suggest that PTC represents a continuum of disease, progressing
from indolent classical (cPTC) to aggressive tall cell variant (TCV) to poorly differentiated
thyroid carcinoma (PDTC) and finally anaplastic thyroid carcinoma (ATC). In this regard, it
has been observed that PDTC or ATC can develop as a recurrence months or years after the
treatment of cPTC. This has reinforced the progression hypothesis by providing a
clinicopathologic bridge between cPTC and ATC (4). Understanding the genetic mechanisms
controlling thyroid tumor progression can provide valuable prognostic markers and potential
therapeutic targets.

We have previously demonstrated that increasing genomic complexity underlies the
histopathological progression of cPTC to ATC (5). More specifically, a comparison of genomic
differences between cPTC and TCV revealed a recurrent amplification at 1q21 that was unique
to aggressive variants. We identified MUC1 as a gene driving selection for 1q21 amplification
based on cDNA microarray screening. This association was validated by real-time PCR and
immunohistochemical analyses in independent patient cohorts. Moreover, MUC1
amplification and over-expression in PTC was found to be an independent prognostic factor
even after controlling for confounding variables by multivariate analysis (6).

MUC1 is a transmembrane epithelial cell surface glycoprotein. It belongs to the family of mucin
proteins which are expressed by various epithelial cell types. Mucins are multifaceted
glycoproteins that provide lubrication of epithelial cell surfaces, prevent tissue dehydration,
protect cells from proteolytic degradation and constitute a barrier against infection (7). They
have a central role in maintaining homeostasis and promoting cell survival. Cell surface
associated mucins, such as MUC1, are bound to cells by an integral transmembrane domain
and have relatively short cytoplasmic tails that associate with cytoskeletal elements, cytosolic
adaptor proteins and/or participate in signal transduction. They may serve as cell surface
receptors and sensors and conduct signals in response to external stimuli that lead to
coordinated cellular responses that include proliferation, differentiation, apoptosis or secretion
of specialized cellular products (8). Cancer cells might use mucins in much the same way as
normal epithelia, for protection from adverse growth conditions and to control the local
microenvironment during invasion and metastasis.

MUC1 is over-expressed and aberrantly glycosylated in almost all human adenocarcinomas,
including >90% of breast, ovarian, pancreatic, colorectal, lung, prostate and gastric carcinomas
and has been implicated in their pathogenesis (9-18). MUC1 expression has also been
demonstrated in nonepithelial cancer cell lines, such as astrocytoma, melanoma and
neuroblastoma, as well as hematological malignancies such as multiple myeloma and some B-
cell non-Hodgkin lymphomas (19-22). Interestingly this comprises >50% of all cancers in
humans. MUC1 is ubiquitously expressed over the entire cell membrane in cancer cells, while
it is restricted to only the apical surface in normal epithelial cells (23).

In normal tissues MUC1 is heavily glycosylated, thus hiding potential antigenic peptides which
could serve as tumor targets. In neoplastic tissue, MUC1 is aberrantly underglycosylated,
revealing epitopes and permitting the immune system to access the peptide core of MUC1.
This feature can help differentiate tumor cells from normal cells and allow for better targeting
strategies (23). Based on this factor, monoclonal antibody therapy seems like the obvious
choice, however, it has been fraught with limitations which complicate advancement to human
use. The approach has serious practical limitations, such as, poor efficacy and specificity, and
a limiting immune response. RNA interference (RNAi) may be free of such limitations.
Introduction of siRNA (short interfering RNA) with sequence homology to a target gene can
specifically silence its cellular expression at the post-transcriptional level (24,25). RNAi has
been proven effective in mitigating oncogenesis induced by point mutation or translocation,
but its efficacy for targeting over-expressed genes has not been previously reported (26,27).
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Additionally, it has been suggested that retrovirally delivered RNAi can provide stable, long
term silencing of the target gene (26).

The objectives of this study were to determine if thyroid cancer cell lines retain MUC1
expression patterns seen in primary tumors, provide direct experimental evidence to establish
MUC1 as a therapeutic target in thyroid cancer and develop a virally delivered anti-MUC1
RNAi that is effective in decreasing MUC1 expression for potential therapeutic application.

Materials and Methods
Cell Culture

Human thyroid carcinoma cell lines ARO, FRO, WRO, and NPA were gifts from Dr. Fagin,
University of Cincinnati. These cells were grown in RPMI+non-essential amino acids+10%
fetal calf serum (FCS) with 100U/ml penicillin G and 100ug/ml streptomycin sulphate. Cell
lines KAT4, KAT5, KAT10 and KAT 18 were kind gifts from Dr. Kenneth Ain, University
of Kentucky. These cells were grown in RPMI+non-essential amino acids+1mM sodium
pyruvate+10% FCS with 100U/ml penicillin G and 100ug/ml streptomycin sulphate with no
phenol red. Cell lines BHP2-7, BHP10-3, BHP7-13, and BHP18-21 were kind gifts from Dr.
J. Hershman, UCLA. These cells were grown in RPMI+non-essential amino acids+10% FCS
with 100U/ml penicillin G and 100ug/ml streptomycin sulphate. Thyroid cancer cell lines
8305C, 8505C and KHM-5M were purchased from Japan Health Sciences Foundation. 8305C
and 8505C were grown in Eagle’s minimal essential medium with 10% FCS with 100U/ml
penicillin G and 100ug/ml streptomycin sulphate. KHM-5M was grown in RPMI+10% FCS
with 100U/ml penicillin G and 100ug/ml streptomycin sulphate. Cells were maintained in a
5% CO2-95% air humidified incubator at 37°C.

MUC1 protein quantification
MUC1 protein levels were determined by Western blot analysis. Whole cell lysates were
prepared following manufacturer’s protocols (Pierce Biotechnology, Rockford, Illinois). A
mouse monoclonal antibody (mAb) directed against the APDTR motif of the core peptide
region of MUC1 was used (VU4H5, Santa Cruz Biotechnology, Inc.) for Western blots at a
concentration of 1:200 following standard protocols. The immunocomplexes were detected
with horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence
(ECL, Amersham Biosciences, Piscataway, NJ). Beta-actin protein levels were measured as
internal loading controls.

Cell viability assessment
Three MUC1 expressing (KAT4, KAT5, KAT10) and 1 non-expressing control cell line
(KAT18) were chosen for cell viability assessment. 1.5x104 cells were plated in standard 96
well plates and allowed to adhere for 24 hours. The cells were then exposed to increasing
concentrations of anti-MUC1 mAb, VU4H5, (1X-0.01ng/μl, 10X-0.1ng/μl, 100X-1.0ng/μl),
and were treated for 72 hours. After treatment, the cells were incubated in solution containing
MTT (3,[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) at a concentration of 0.4
mg/ml for 4 hours. MTT values were measured on a MicroELISA reader (Dynatech
Laboratories) at OD570. Cell viability was calculated relative to the control group (28).

Generation of recombinant retroviral vectors expressing MUC1 and Null short hairpin RNA
Several custom shRNA constructs, targeting different MUC1 mRNA regions, were developed
using standard 3-dimensional computer prediction models for designing short hairpins for
RNAi based suppression of gene expression (Oligoengine, Inc.) MUC1-745 and MUC1-779
were the two shRNA oligonucleotides selected for our experiments (Figure 1). Both
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oligonucleotides maximally conformed to accepted design strategies for shRNA based
targeting. The shRNA oligonucleotides were designed to contain a sense strand of 19
nucleotides of MUC1 followed by a short spacer (ttcaagaga), the reverse complement of the
sense strand, and five thymidines as an RNA polymerase III transcriptional stop signal. The
constructs have a GC richness of 30-50%. The target sequence is at least 75 bases downstream
of the start codon. The 19 nucleotides do not contain a stretch of four or more adenines or
thymidines. MUC1-745 (5′-
gatccccGCACTCCATTCTCAATTCCttcaagagaGGAATTGAGAATGGAGTGCttttta-3′)
targets region 745-763 and MUC1-779 targets region 779-797 (5′-gatcccc
TACTCCTACCACCCTTGCCttcaagagaGGCAAGGGTGGTAGGAGTAttttta-3′). Forward
and reverse oligonucleotides for each target were annealed and ligated into the HindIII-BglII
site of pSUPER-retro-neo-GFP. This is a recombinant retroviral vector driving shRNA
expression (Oligoengine, Inc.). It is under the control of a RNA-polymerase III promoter and
a fused neomycin/eGFP expression cassette driven by a PGK promoter. MUC1-Null, a
nonspecific scrambled oligonucleotide (5′-
gatccccCGTCTACCTACACTCCCTCttcaagagaGAGGGAGTGTAGGTAGACGttttta-3′)
was also designed and ligated into pSUPER-retro-neo-GFP as a control retroviral null vector.
The constructs were compared for efficacy in reducing MUC1 protein level.

Production of RNAi and Null virus
Virus was produced by transient cotransfection of Phoenix-Ampho, a stable high-titer
producing 293T cell sub-line (Nolan lab, Stanford University), with the recombinant pSUPER
retroviral constructs (MUC1-745, MUC1-779, MUC1-Null) and the pCL-Ampho packaging
vector (29,30,31). The transfection cocktail was prepared by bubbling in 2X Hepes buffered
saline (pH 7.05) to an equal volume of DNA/CaCl2 solution. Retroviral titer estimation was
done by FACS analysis of virus infected NIH-3T3 cells (32). Phoenix-Ampho cells, when
plated at 3.0 × 106 cells/10-cm dish, produced the highest viral titer (>105 iu/ml) (33). The
amphotropic retroviral supernatant, harboring either the recombinant RNAi construct or the
null vector, was collected after 48 hours and used to infect KAT4 (MUC1 over-expressing
thyroid cancer cell line). KAT4 cells were triply-infected with 3cc of infective cocktail every
6 hours (MOI 1) for 24 hours. Flow Cytometry (BD Vantage) was used to sterile-sort
transduced eGFP-containing cells for expansion in cell culture.

Statistical analysis
All analyses were performed using JMP4 statistical software (SAS Institute Inc., Cary, NC).
Statistical significance was defined as a two tailed p-value less than or equal to 0.05. Qualitative
and quantitative non-parametric comparisons were performed using Fisher’s exact test and the
Mann-Whitney U-test respectively.

Results
MUC1 protein expression

Fifteen human thyroid cancer cell lines were screened for MUC1 protein expression: 6
anaplastic (ARO, KAT4, KAT18, 8305C, 8505C, KHM-5M), 4 aggressive papillary (BHP2-7,
BHP10-3, BHP7-13, BHP18-21), 3 papillary (KAT5, KAT10, NPA) and two follicular (WRO,
FRO) thyroid carcinoma cell lines (Table 1). Similar to expression patterns in primary tumors,
increased MUC1 expression was found in aggressive thyroid cancer cell lines but not in other
papillary and follicular thyroid cancer cell lines. Increased MUC1 protein levels were found
in aggressive thyroid cancer cell lines (8505C, KAT4, ARO, BHP2-7, BHP10-3, BHP7-13,
BHP18-21). Low level of MUC1 protein expression was seen in papillary thyroid cancer cell
lines KAT5 and KAT10 (Figure 2). MUC1 protein level was not detectable in papillary thyroid
cancer cell line NPA and follicular thyroid cancer cell lines WRO, FRO.
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Effect of anti-MUC1 antibody
To determine the role of MUC1 on the biological behavior of thyroid cancer, we targeted
MUC1 expression using an anti-MUC1 monoclonal antibody. TC cell lines with varying levels
of MUC1 expression (KAT4, KAT5, KAT10, and KAT18) were treated with anti-MUC1 mAb
at increasing concentrations. Cell viability was measured 72 hours after exposure to the
antibody using the MTT assay (Figure 3). Antibody treatment resulted in a significant decrease
in cell viability in MUC1-expressing cell lines (KAT4-p<0.02, KAT5-p<0.0001, KAT10-
p<0.005). Conversely, no significant change in viability was seen in KAT18, a cell line with
no detectable MUC1 expression.

RNAi based MUC1 suppression
Retrovirus with shRNA against MUC1 or a scrambled construct was produced at high titers
by transfection of Phoenix-Ampho packaging cells with our shRNA plasmid constructs. The
derived retrovirus containing our constructs was replication-incompetent, therefore allowing
for only one round of infection. Both the MUC1-779 RNAi and MUC1-745 RNAi constructs
showed high transfection efficiency into Phoenix-Ampho cells (Figure 4). The virus showed
high infective capacity as determined by flow cytometric sorting for eGFP expression of target
cells. Of the combinations and dosing tested, three serial infections 6 hours apart with virus
carrying the MUC1-779 shRNA uniformly resulted in MUC1 protein suppression as assessed
by Western blotting. MUC1-Null infected cells continued to express baseline MUC1 protein
levels (Figure 5).

Discussion
One of the great challenges of cancer genetics is the identification of critical molecular events
driving cancer behavior from a background of random events that have little effect on cancer
pathogenesis. We have previously demonstrated that MUC1 is a prognostic marker in thyroid
cancer, whose expression is increased consequent to gene amplification (6). However, given
the degenerate nature of gene amplification, several genes can be co-amplified and even over-
expressed in a single amplified region. Accordingly, direct functional evidence is required to
establish any gene as an amplification target.

First, we established that MUC1 expression patterns in primary thyroid tumors are maintained
in thyroid cancer cell lines. Accordingly, these cell lines were felt to be a representative model
for the analysis of the functional role of MUC1 in thyroid cancer. We demonstrated that
targeting MUC1 with monoclonal antibody showed selective effect on cell viability that was
limited to MUC1 expressing cell lines, suggesting an exaggerated requirement for MUC1 in
these lines. Several lines of investigations have shown that critical genetic events maybe an
"Achilles heal" and therefore targets for cancer therapy. This concept termed oncogene
addiction has been promulgated based on animal, as well as, human studies (34). Combined,
our work suggests that MUC1 plays a critical role in thyroid cancer behavior and establishes
it as a therapeutic target in thyroid cancer.

Although the precise role of MUC1 in epithelial cell function and cancer pathogenesis is not
well defined, it is clear that its function is highly complex. The expression of MUC1 on the
cell surface of glandular epithelial cells suggests a role in responding to the luminal
environment (35). The extracellular domain of MUC1 has been shown to act as a ligand for
intracellular adhesion molecule-1 (ICAM-1) and selectins (36). In malignancy MUC1 looses
its polarized expression, redistributes and is expressed on the whole cell surface. This
redistribution shields other cell surface molecules from their ligands and interferes with integrin
mediated adhesion to the extracellular matrix and with cadherin mediated cell-cell adhesion.
Increased MUC1 expression thereby promotes cellular dissociation and oncogenic progression
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(37,38,39). MUC1 up-regulation also protects tumor cells from immune recognition and
destruction by the cellular arm of the immune system. Moreover, it has been shown to inhibit
human T-cell proliferation, thereby contributing to cancer propagated immunosuppression
(40). There is emerging evidence that MUC1 may also contribute to the regulation of
differentiation and proliferation of tumor cells. The cytoplasmic tail of MUC1 can bind and
signal through β-catenin and the mitogen-activated protein kinase (MAPK) pathways. Recent
evidence shows that a fragment of the cytoplasmic tail of MUC1 can be transported to the
nucleus in association with β-catenin, raising the possibility that MUC1 might directly
influence the transcriptional co-activator status of β-catenin, which in turn has been shown to
regulate several genes that are related to cell proliferation and differentiation (41,42,43). MUC1
has also been characterized as an oncoprotein, causing cellular transformation resulting in
increased anchorage-independent growth and tumor xenograft formation (44). These multiple
properties make MUC1 an attractive therapeutic target.

Our results showed a graded decrease in cell viability in MUC1 expressing thyroid cancer cell
lines with exposure to increasing concentrations of anti-MUC1 antibody. Conversely, cells
with minimal MUC1 expression, showed no change in their viability. Anti-MUC1 antibodies
potentially protect against tumor progression and metastasis by binding to MUC1 expressing
tumor cells, capping MUC1 on the cell surface and restoring cell-cell interaction. MUC1
antibodies have also been shown to counteract immunosuppressive effects and result in cell-
mediated cytotoxicity (45,46). We believe that by binding with the MUC1 extracellular
domain, the antibody may disrupt the intracellular signaling function of MUC1. The
cytoplasmic tail of MUC1 has been shown to promote the malignant phenotype by being
transported to the nucleus in association with β-catenin (44,47). MUC1 has also been shown
to activate both the phosphoinositide 3-kinase (PI3K)/Akt and BCL-xL pathways by
functioning as a coreceptor for the ErbB family of growth factor receptors. Over-expression
of MUC1 could therefore aberrantly stimulate ErbB receptor mediated activation of PI3K and
Akt (48). Furthermore, localization of the cytoplasmic domain of MUC1 to the mitochondria
is associated with attenuation of the apoptotic response (49). Recent studies have also shown
that MUC1 suppresses the p53-dependent apoptotic response (50). This provides a mechanistic
basis for an anti-apoptotic phenotype of MUC1 expressing cells. MUC1 can block apoptosis
by different mechanisms that are dependent on cell context. Activation of these anti-apoptotic
signals may contribute to MUC1 induced transformation. Antibody treatment of the cells
expressing MUC1 may block some of the intracellular anti-apoptotic signaling, thus restoring
normal cell cycle function and death, however further confirmatory studies still need to be
performed.

To better understand the functional role of MUC1 in thyroid cancer progression and to explore
novel therapeutic strategies we established a recombinant retroviral RNAi system to stably
suppress MUC1 protein expression. We chose a retroviral delivery system for several reasons:
simple derivation, genomic flexibility, and most importantly, long-term transgene expression
and stable transmission to daughter cells because of host genomic integration (51). Because of
these advantages, recombinant retroviruses are presently the most commonly employed viral
vectors in human gene therapy trials (52). The clinical applicability of currently available
retroviral delivery systems is however hampered by both low attainable viral titers and the
replication incompetency of the engineered virions. To rectify these problems, we attempted
to boost our RNAi retrovirus titers by utilizing Phoenix-Ampho, a stable high-titer producer
293T sub-line. With three serial infections, followed by eGFP positive cell sorting, we have
been able to demonstrate stable MUC1 suppression in cell lines over-expressing MUC1. In
vitro and in vivo assays are being applied to study the tumorogenic properties of MUC1
suppressed cells when compared to their unsuppressed parent cell line. This will hopefully
provide us with better functional insight of the role of MUC1 in thyroid cancer.
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RNAi appears promising as a new category of nucleic acid therapeutics which may be
combined with more conventional therapies for treating a variety of cancers including those
caused by over-expression of a normal gene. Cioca et al. provided evidence to suggest that
RNAi of c-raf and bcl-2 genes may augment the efficacy of chemotherapy in myeloid leukemia
(53). Before in vivo cancer gene therapy becomes a reality a number of problems must be
overcome. Target specificity for transgene delivery and/or expression is a major concern and
the focus of intense investigation and development. The need for improved viral vector systems
continues to fuel intense research activity. Replication competent viruses have many
advantages over replication defective viruses for cancer therapy applications. With replication
competent viruses, the RNAi vector distribution can increase over time and the maximum dose
benefit is greater, since progeny virions can infect adjacent cells. With replication incompetent
systems, the initial infection is the final therapeutic benefit. Furthermore, replication competent
systems allow for a two pronged therapeutic strategy: oncolysis by viral replication and the
effect of the RNAi transgene. The combination may reduce the risk of tumor cell resistance
(54).

In summary, MUC1 over-expression has been shown to be a poor prognosticator in papillary
thyroid carcinoma. We provide the first functional evidence of the role of MUC1 in thyroid
cancer. We developed an RNAi based MUC1 suppression model to help better delineate the
role of MUC1 in thyroid cancer progression and potentially serve as a new therapeutic targeting
strategy for aggressive thyroid carcinomas.
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Fig 1.
An example of the secondary structure of MUC1 with the target region for MUC1-779 RNAi
and MUC1-745, shown in red.
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Fig 2.
Representative protein expression of MUC1 in 4 different thyroid cancer cells.
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Fig 3.
Targeting MUC1 using anti-MUC1 antibody resulted in cell growth inhibition in MUC1
expressing cell lines, suggesting that MUC1 may serve as a potential therapeutic target.
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Fig 4.
Phoenix-Ampho cells transfected with our MUC1-RNA1 containing plasmid. Green
fluourescence represents positively transfected cells.
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Fig 5.
Western blot showing MUC1 protein suppression of high MUC1 expressing KAT4 thyroid
cancer cell line. MUC1-779 RNAi construct worked best in stably suppressing MUC1 protein
expression.
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Table 1
MUC1 protein expression levels in thyroid cancer cell lines.

Thyroid Cancer Cell Lines MUC1 protein expression

ARO +++
KAT4 +++
8505C ++
8305C -
KHM-5M -
KAT18 -
BHP2-7 +++
BHP10-3 +++
BHP7-13 +++
BHP18-21 +++
KAT5 +
KAT10 ++
NPA -
WRO -
FRO -

+++ high MUC1 protein expression

++ moderate MUC1 protein expression

+ low MUC1 protein expression

- no detectable MUC1 protein expression
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