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Apical-basal polarity
Epithelial cells are polarized,
with an apical membrane that
faces the external environment
oralumen and is opposite the
basolateral membrane, which
functions in cell—cell
interactions and contacts the
basement membrane.

Glycosylation

The enzymatic process of
attaching oligosaccharides,

for example O-N-
acetylgalactosamine
(O-GalNAC), to the hydroxy
oxygen of serine and threonine
side chains for the generation
of O-linked glycans.

Glycocalyx

A carbohydrate layer on the
surface of cells comprised of
oligosaccharide side chains of
glycoprotein and glycolipid
components in the cell
membrane.

Dana-Farber Cancer Institute,
Harvard Medical School,
Boston, Massachusetts
02115, USA.

e-mail: Donald Kufe@
dfci.harvard.edu
doi:10.1038/nrc2761

Mucins in cancer: function,
prognosis and therapy
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The epithelium is a laterally connected layer of cells with
apical-basal polarity that separates multicellular animals
from the external environment. Most epithelia are sin-
gle cell layers and as such require robust defence mecha-
nisms to maintain the integrity of the epithelial barrier.
Secreted mucins appeared early in metazoan evolution
as part of that defence and further emerged as more
complex transmembrane structures that participate in
the protection, repair and survival of epithelia in verte-
brates. The mucins function in limiting the activation of
inflammatory responses at the interface with the envi-
ronment. Deregulation of mucin production has there-
fore provided an important link between inflammation
and cancer. Moreover, carcinoma cells derived from
epithelia, including those of the breast, prostate, lung
and pancreas, commonly overexpress transmembrane
mucins to exploit their role in promoting growth and
survival. In this context, certain transmembrane mucins
are sufficient to induce transformation and tumours in
animal models, and thereby represent highly attractive
targets for anticancer treatment. Somewhat paradoxi-
cally for what evolved as a protective mechanism for
epithelial cells, transmembrane mucins are also aber-
rantly expressed in malignant haematopoietic cells.
The exploitation of mucin function therefore seems to
be a strikingly common theme for promoting the sur-
vival of diverse human carcinomas and haematologi-
cal malignancies. Importantly for this Review, recent
work has demonstrated that certain mucins are indeed
direct drug targets and that inhibitors of mucin function
block survival and tumorigenicity of human tumours in
experimental models.

Abstract | Epithelia are protected from adverse conditions by a mucous barrier. The secreted
and transmembrane mucins that constitute the mucous barrier are largely unrecognized as
effectors of carcinogenesis. However, both types of mucins are intimately involved in
inflammation and cancer. Moreover, diverse human malignancies overexpress
transmembrane mucins to exploit their role in signalling cell growth and survival. Mucins
have thus been identified as markers of adverse prognosis and as attractive therapeutic
targets. Notably, the findings that certain transmembrane mucins induce transformation and
promote tumour progression have provided the experimental basis for demonstrating that
inhibitors of their function are effective as anti-tumour agents in preclinical models.

Mucin family members

The mucin family includes proteins that contain tandem
repeat structures with a high proportion of prolines,
threonines and serines (which constitute the PTS
domain). Mucins are further defined by extensive
glycosylation of the PTS domain through GalNAc
O-linkages at the threonine and serine residues. The
human mucin (MUC) family consists of members —
designated MUCI1 to MUC21 — that have been sub-
classified into secreted and transmembrane forms.
The secreted mucins (for example, MUC2, MUC5AC,
MUCS5B and MUCS6) form a physical barrier, which
as a mucous gel provides protection for epithelial cells
that line the respiratory and gastrointestinal tracts and
form the ductal surfaces of organs such as the liver,
breast, pancreas and kidney (FIC. 1a). The transmem-
brane mucins (for example, MUC1, MUC4, MUCI13
and MUC16) have a single membrane-spanning region and
contribute to the protective mucous gel through their
ectodomains of O-glycosylated tandem repeats that form
rod-like structures that extend over 100 nm from the cell
surface and beyond the ~10 nm glycocalyx (FIC. 1b).

Secreted mucins. The secreted mucins MUC2,
MUC5AC, MUC5B and MUCE6 are thought to share a
common ancestor with von Willebrand factor (VWF) and
are encoded by a cluster of genes at the chromosomal
locus 11p15 (REFS 1,2) (BOX 1). These secreted mucins
contain, in addition to glycosylated PTS domains, VWE,
VWC or VWD domains and cysteine-knot domains,
which are responsible for dimerization in the endo-
plasmic reticulum. In addition, the secreted mucins
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At a glance

e Epithelial cells form a layer in which an apical surface is exposed to the external
environment and to other forms of stress in ducts in specialized organs. As such,
epithelial cells require robust defence mechanisms to avoid sustaining damage.

* Secreted mucins are highly glycosylated proteins that form a physical barrier, which
protects epithelial cells from stress-induced damage. Transmembrane mucins also
contribute to the physical barrier and transmit growth and survival signals to the
interior of the cell.

* Deregulation of secreted mucin 2 (MUC2) production has provided an important link
between inflammation and cancer. Expression of the transmembrane mucin MUC1 is
upregulated in response to chronic inflammation.

* Aberrant overexpression of transmembrane mucins is associated with diverse human
carcinomas and, somewhat paradoxically, certain haematological malignancies.
Human cancers have exploited the function of these mucins in promoting growth and
survival.

* Overexpression of transmembrane mucins contributes to oncogenesis by promoting
receptor tyrosine kinase signalling, loss of epithelial cell polarity, constitutive
activation of growth and survival pathways (for example, the Wnt-{3-catenin and
nuclear factor-kB pathways), and downregulation of stress-induced death pathways.
* Gene expression profiling and analysis of protein levels have demonstrated that
overexpression of transmembrane mucins is associated with a poor prognosis in
several different types of carcinomas. Circulating levels of the transmembrane
mucins MUC1 and MUC16 are used to monitor the clinical course of patients with
breast and ovarian cancer, respectively.

* Overexpression of the transmembrane mucins in human cancers has made them
highly attractive targets for the development of vaccines, antibodies and drug
inhibitors. Recent work has demonstrated that the MUC1 cytoplasmic domain is a
direct drug target and that inhibition of MUC1 function blocks survival and
tumorigenicity of human breast and prostate cancers in preclinical models.

have sea urchin sperm protein, enterokinase and agrin
(SEA) domains, which are modules of ~120 amino acids
that are widely found in O-glycosylated proteins from
Caenorhabditis elegans to humans®. Among the secreted
mucins, MUC2 has been linked to inflammation and
cancer. MUC2 contains a large centrally located PTS
domain, which is extensively O-glycosylated, and
cysteine-rich domains at the amino- and carboxy-
terminal regions. The MUC2 C-terminal region
contributes to the formation of homodimers in the
endoplasmic reticulum and, following O-glycosylation
in the Golgi, MUC2 forms protease-resistant trim-
ers through disulphide bonds at the N terminus*~.
Functionally, MUC2 suppresses inflammation in the
intestinal tract and thereby inhibits the development
of intestinal tumours®.

Transmembrane mucins. The transmembrane mucins
MUCI1,MUC13 and MUC16 have SEA domains that are
characteristically located between the O-glycosylated
PTS repeats and the transmembrane domain. Unlike
the other transmembrane mucins, MUC1 evolved
from the MUC5B secreted mucin'® (80X 1). MUC1
localizes to the apical membranes of normal secretory
epithelial cells''. With transformation and loss of polar-
ity, MUCI1 is expressed at high levels over the entire

surface of diverse types of carcinoma cells. MUCI is

Von Willebrand factor

VWEF. An adhesive glycoprotein
that functions in attaching
platelets to the vessel wall.

translated as a single polypeptide that undergoes auto-
proteolysis at the SEA domain to form two subunits'>™*.
The MUCI N-terminal subunit (MUCI-N) contains
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highly conserved tandem repeats of 20 amino acids
that are extensively modified by O-linked glycans'>'¢.
Glycosylation of the MUC1-N tandem repeats is
altered in human carcinomas partly as a result of
changes in glycosyltransferase expression in malignant
cells'. Aberrant MUCI glycosylation has been shown
to play a part in the immunosurveillance of cancer'®.
MUCI-N forms a stable non-covalent complex with the
C-terminal transmembrane subunit (MUC1-C) and is
thereby anchored to the surface of the cell. Importantly,
MUCI-N, the mucin component of the heterodimer,
blocks cell-cell and cell-extracellular matrix interac-
tions!”. MUC1-N is released from the cell surface,
leaving MUC1-C as a putative receptor that engages
diverse signalling pathways linked to transformation
and tumour progression®.

Like MUC1, MUCH4 is expressed as two subunits
that form a complex at the cell surface. MUC4 dif-
fers from the other transmembrane mucins in that it
lacks a SEA domain and has domains such as nidogen,
adhesion-associated domain in MUC4 and other
proteins, and VWD in the extracellular region?®'.
MUCH4 also has epidermal growth factor (EGF)-like
domains (BOX 1).

The MUCI13 transmembrane mucin has a domain
structure similar to that of MUC4, with N-terminal
tandem repeats, three EGF-like sequences and a SEA
module (BOX 1). MUC3, MUC12 and MUCI17 also have
EGF-like domains in their extracellular regions®. By
contrast, MUC16 has multiple SEA domains, but no
EGF-like domains, emphasizing the diversity in the evo-
lution and potential function of these proteins (BOX 1).
On the basis of SEA domain sequences, MUCI and
MUCI3 evolved from heparin sulphate proteoglycan 2
and MUCI16 from agrin*. As found for MUC1, aber-
rant expression of MUC4, MUC13 and MUC16 is also
associated with diverse human malignancies.

Mucins and epithelial cell polarity

Epithelial cells form a single cell layer and assume a
unique structure in which an apical surface faces either
the external environment, for example lining the res-
piratory and gastrointestinal tracts, or a lumen lining
ducts in specialized organs. The mucins are secreted
from and/or localized to the apical borders of normal
epithelial cell sheets. However, in response to stress,
there is a loss of polarity that occurs in association
with the activation of a proliferation and survival pro-
gramme®’. With the loss of polarity, apical proteins,
such as the transmembrane mucins, are transiently
repositioned over the entire epithelial cell membrane,
allowing them to interact with cell surface molecules
normally sequestered at the basolateral membrane
(FIC. 2). The epithelial-mesenchymal transition (EMT),
which underlies such epithelial cell plasticity, is induced
by diverse stimuli and can result in cancer cells with
stem cell-like characteristics and aggressive traits?***.
Therefore, in cancer cells with sustained activation of
the EMT, the transmembrane mucins can interact with
otherwise non-apical cell surface molecules, such as the
receptor tyrosine kinases.
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The available evidence indicates that the transmem-
brane mucins can contribute to loss of epithelial cell
polarity. Overexpression of the transmembrane mucins,
as found in human cancers, may therefore promote the
malignant EMT phenotype by disrupting polarity and
cell-cell interactions.

ERBB2

A receptor tyrosine kinase
that functionsasa
heterodimerization partner
with other Erbb family
members. It is overexpressed
in 25-30% of human breast
cancers and is the target of the
monoclonal antibody
trastuzumab (Herceptin).

Tight junctions. Tight junctions regulate cell polarity
by defining the border between the apical and lateral
cell membranes. Tight junctions also prevent intram-
embrane diffusion of cell surface structures localized
to the apical and basolateral domains of the polarized
epithelial cell®. The formation of tight junctions and
the development of cell polarity are dependent on the
partitioning defective PAR3-PAR6-atypical protein
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Figure 1| Secreted and transmembrane mucins form physical barriers that
protect epithelia. a | The secreted mucins are released from the apical membrane to
form a protective gel that limits exposure to commensal bacteria and suppresses the
inflammatory response. The gel also protects the epithelial layer from adverse
conditions, for example exposure to ingested toxins, reactive oxygen species (ROS) and
proteolytic enzymes in the gastrointestinal tract. Mucin 2 (MUC2) is the major secreted
mucin lining the gastrointestinal mucosa. b | The transmembrane mucins are expressed
in the apical cell membrane so that the region containing the glycosylated tandem
proline, threonine and serine (PTS) repeats extends as a rigid structure beyond the
glycocalyx and into the mucous gel. MUC1 and MUC4, and possibly MUC13, are
heterodimers that are translated as single polypeptides and cleaved into amino- and
carboxy-terminal subunits that in turn form a stable non-covalent complex. The
N-terminal mucin subunits containing the PTS repeats are tethered to the cell surface in
a complex with the C-terminal transmembrane subunit. Release of the N-terminal
subunits into the mucous gel leaves the transmembrane subunits as receptors to signal
the presence of inflammation and other forms of stress to the interior of the cell.
Evolution of the secreted mucins to include a transmembrane component thus provided
an additional level of defence to promote the growth, repair and survival of epithelial
cells. MUC16 can also undergo autocleavage; however, it is not known whether MUC16
is expressed as a heterodimeric complex or whether release of the mucin region occurs
after positioning of MUC16 in the apical membrane.

kinase C (aPKC) complex. Loss of tight junction function
is of importance to the epithelial stress response and is
mediated by the ERBB2 (also known as NEU and HER2)
receptor tyrosine kinase?. Activation of ERBB2 disrupts
polarity by associating with PAR6 and aPKC, and blocking
the interaction with PAR3 (REF. 26) (FIC. 3a). Mucins par-
ticipate in ERBB2 activation and can thereby contribute
to the disruption of tight junctions. For example, MUC1
forms complexes with ERBB2 and functions in promoting
heregulin-induced ERBB2 signalling?-** (FIC. 3a).

Like MUCI, MUC4 activates ERBB2, but by
different mechanisms. MUC4 has extracellular EGF-like
domains that are of particular importance to MUC4
function in promoting tumorigenesis. MUC4 associates
with ERBB2 through one of these EGF domains®**!. The
MUC4-ERBB2 interaction sequesters ERBB2 in normal
epithelial cells and thereby segregates it from binding to
ERBB3 (REF. 32). However, with the disruption of tight
junctions and loss of polarity, ERBB2 is accessible for
binding to ERBB3 and other Erbb family members with
resulting activation of ERBB2 signalling. The
functional significance of the MUC4-ERBB2 inter-
action in carcinoma cells is further supported by
the promotion of ERBB2 signalling by MUC4 through the
induction of ERBB2 translocation to the cell surface®,
stabilization of ERBB2 and the activation of downstream
effectors of ERBB2 signalling™. Therefore, overexpres-
sion of MUC1 and MUCH4 in carcinomas can promote
and/or maintain loss of polarity by ERBB2-mediated
disruption of the Par complex.

Adherens junctions. Adherens junctions maintain epi-
thelial morphogenesis and largely consist of cadherin
complexes that participate in interactions between epi-
thelial cells**?*. The role of adherens junctions in con-
necting cells is in contrast to that of tight junctions in
regulating epithelial cell polarity. The cell surface cad-
herin adhesion molecules interact with the cytoplasmic
a-catenin, B-catenin and y-catenin proteins. In epithelial
cells, B-catenin links a-catenin to E-cadherin, and in turn
a-catenin forms homodimers and interacts with the actin
cytoskeleton® (FIC. 3b). As a result, actin filaments form a
network throughout the epithelial layer that is directed
by E-cadherin-catenin complexes that form homo-
typic interactions between cells. The finding that the
MUCI-C cytoplasmic domain binds to f-catenin, and not
a-catenin®, provided the basis for subsequent work on the
functional significance of the interaction. Overexpression
of MUC1 in cancer cells sequesters B-catenin and thereby
disrupts the function of E-cadherin in adherens junc-
tions® (FIG. 3b). The interaction with MUC1 stabilizes
[-catenin and promotes p-catenin-mediated activation
of Wnt target genes***. MUCI thereby integrates the
disruption of adherens junctions with the activation of
the Wnt pathway, which has been linked to growth and
tumorigenesis*'. MUCH4 has also been proposed to seques-
ter B-catenin in MUC4-ERBB2 complexes at the apical
membrane and thereby disrupt adherens junctions®.

In summary, epithelial oncogenesis is associated with
the disruption of polarity and cell-cell interactions. The
transmembrane mucins, particularly MUC1 and MUC4,
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can signal the disruption of tight junctions and adherens
junctions. As a result, these mucins have emerged as
being of potential importance to the EMT in tumour
progression®**2,

Heregulin

The ERBB3 receptor, which
lacks intrinsic kinase activity, is
activated by heregulin (also
known as neuregulin-1), and
ERBB3 in turn forms
heterodimers with other Erbb
family members, such as
ERBB2. Heregulin also
functions as a ligand for the
ERBB4 receptor.

Mucins, inflammation and cancer

MUC2, inflammatory bowel disease and tumorigenesis.
The epithelial lining of the intestinal tract is exposed to
luminal contents that include proteases, bile, ingested

Box 1| Evolution of secreted and transmembrane mucins

Evolution of the secreted mucins

Historically, the mucin (MUC) family members have been classified according to a
common biophysical structure — the glycosylated proline, threonine and serine (PTS)
domain — and not according to their evolution from common ancestral genes.
Nonetheless, the available evidence indicates that the secreted mucins appeared early
in metazoan evolution'®?'** and that the MUC5AC and MUC5B genes evolved from a
common MUC5ACB ancestor, which arose from a progenitor of the MUC2 gene

(see the figure, part a)’. As a later event, MUC1 emerged in part from MUC5B.

MUC1 sequences emerged from MUC5B

MUC1 sequences upstream of its sea urchin sperm protein, enterokinase and agrin (SEA)
domain seem to have evolved from the MUC5B gene (see the figure, part b)*°. In addition,
the MUC1 cytoplasmic domain (MUC1-CD), which is sufficient to induce transformation,
seems to have emerged from MUC5B°. MUC5B has no known role in transformation.
Moreover, MUC5B does not have either the MUC1-CD phosphorylation sites for SRC,
epidermal growth factor receptor, ABL, glycogen synthase kinase 3f and protein
kinase C§ or the B-catenin binding motif, which have been linked to transformation.
These findings have indicated that the MUC1-CD transforming function arose by
diversification after evolution from MUC5B.

Domain structures of the transmembrane mucins

In contrast to the sequences derived from MUC5B, the SEA domain structure of MUC1
emerged from heparin sulphate proteoglycan 2 (HSPG2), an inducer of tumour growth.
The MUC13 SEA domain also seems to have evolved from HSPG2, whereas the MUC16
SEA domains emerged from agrin. MUC4 has no SEA domain, but has a nidogen (NIDO)
domain that evolved from an ancestor common to nidogen and adhesion-
associated domain in MUC4 and other proteins (AMOP) and von Willebrand factor
type D (VWD) domains that originated with SUSD2 (see the figure, part c)?. In contrast
to the other transmembrane mucins, MUC1 homologues are restricted to mammalian
species, and except for the SEA domain, MUC1 has no sequence homology with the
other transmembrane mucins®. CT, C-terminal cysteine knot domain; ED, extracellular
domain; EGF, epidermal growth factor; TIL, trypsin inhibitor-like cysteine-rich domain;
TM, transmembrane domain; TR, tandem repeats. Figure is modified from REF. 10 and
modified, with permission, from REF. 21 © (2006) Elsevier.
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toxins and substantial numbers of commensal bacteria.
For protection, the intestinal epithelium is covered by a
mucous layer, which partly consists of secreted mucins.
This relatively protease-resistant viscous coating pro-
vides a physical barrier that limits damage to the epi-
thelium and attenuates activation of innate and adaptive
immune responses. Evolution of the protective barrier
afforded by these gel-forming mucins has prevailed from
early multicellular animals to humans, emphasizing the
importance of this defence for survival®.

MUC2 is the major component of the two layers of
intestinal mucus***. The outer layer, which contains bac-
teria, is less dense than the inner layer owing to proteo-
lytic cleavage of MUC2. The more densely packed inner
layer is comprised of uncleaved MUC2, is attached to
the epithelium and is free from bacterial colonization®.
Therefore, loss of MUC2 confers a microenvironment
in which bacteria can activate an inflammatory response
at the epithelial surface. Ulcerative colitis is a major
form of idiopathic inflammatory bowel disease (IBD)
that is characterized by marked inflammation, superfi-
cial mucosal ulceration, infiltration of neutrophils and
depletion of goblet cell mucins*. IBD is thought to result
from deregulated responses of the immune system to
bacteria in the commensal flora””. Importantly, chronic
inflammation that is associated with IBD increases the
risk of colon cancer, potentially by promoting a micro-
environment that results in genomic instability*®. The
observation that the extent of disease in patients with
ulcerative colitis is associated with decreases in MUC2
production has suggested that the mucosal barrier is
important to the pathogenesis of this form of IBD*.
In support of a crucial role for MUC2, mice deficient
in MUC2 spontaneously develop inflammation of the
colon and superficial erosions consistent with ulcera-
tive colitis®*. Mice deficient in the anti-inflammatory
cytokine interleukin-10 (II-10) are defective in colonic
MUC2 synthesis and also develop chronic colitis after
colonization with commensal bacteria®. Moreover,
mice deficient in both Muc2 and II-10 develop colitis
that is more severe than that in Muc2”~ mice, indicat-
ing that combined defects in the mucous barrier and
immunoregulation further exacerbate the colitis®. These
findings have collectively supported a model in which
MUC?2 is essential for the protection of the intestinal
epithelium against commensal bacteria and potentially
other environmental factors in the lumen that promote
inflammation.

Loss of MUC2 expression in Muc2~~ mice is asso-
ciated with the increased proliferation and survival of
intestinal epithelial cells in response to increased expo-
sure to luminal contents and induction of inflammation®.
Notably, Muc2”~ mice develop adenomas in the small
and large intestine that progress to invasive adenocar-
cinomas®. Mutations in the adenomatous polyposis coli
(APC) gene promote intestinal tumorigenesis through
aberrant regulation of the Wnt-f-catenin signalling
pathway®’. Muc2”~ mice crossed with mouse models
carrying inactivated Apc'®**"* or ApcM™'* alleles exhibit
increases in intestinal tumour development*. Moreover,
the increased tumour burden in the colon observed in
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Commensal bacteria

The human digestive tract is
normally colonized by ~10'®
bacteria, known as commensal
bacteria, which exist in an
ecosystem without the
activation of innate and
adaptive immune responses,
partly owing to the mucin
barrier.

Goblet cell

A specialized cell with apical
granules in the gastrointestinal
and respiratory tracts that is
dedicated to the production of
secreted mucins, such as
MUC2.

Transmembrane
mucins

Apical membrane

|
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Figure 2 | Epithelial stress response is associated with loss of polarity and repositioning of cell surface
receptors. Epithelial cells are polarized with the separation of the apical and basolateral membranes by specialized tight
junctions between neighbouring cells. In contrast to apical positioning of the transmembrane mucins, certain other cell
surface molecules, for example the receptor tyrosine kinases (RTKs), are restricted to the basolateral membranes. In the
presence of inflammation and other settings that induce damage, there is loss of tight junction integrity and cell polarity.
In turn, the transmembrane mucins are repositioned over the entire cell membrane and interact with RTKs. Loss of polarity
allows epithelial cells to activate a programme of repair and survival’2. Whereas the epithelial stress response is reversible
and polarity is re-established after repair, loss of polarity is irreversible in carcinoma cells. Therefore, mucin 1 (MUC1)
constitutively interacts with diverse RTKs and promotes their downstream signals, thus providing a mechanism by which
carcinoma cells can exploit a physiological stress response for their own growth and survival.

the Muc2-;Apc-mutant mice is similar to that found in
ApcM™ mice that are induced to mount an inflammatory
response™. These studies have led to the conclusion that
Muc2” tumours develop as a result of inflammation,
and that this response complements tumorigenesis in the
mice carrying Apc mutations. Interestingly, the secretory
phospholipase PLA2G2A is expressed in goblet cells and
confers resistance to Muc2”--induced intestinal tum-
origenesis®. PLA2G2A modulates intestinal inflamma-
tion and so, like MUC2, protects the intestinal mucosa.
Collectively, these findings have provided compelling
evidence that MUC2 is important for the prevention of
intestinal inflammation and so tumorigenesis.

MUC?2 is clustered on chromosome 11 with
MUC5AC, MUC5B and MUCS6, which also encode
secreted mucins. However, it is not known whether,
like MUC2, these other secreted mucins protect epi-
thelial cells from inflammation and tumorigenesis. The
role of MUC2 as a tumour suppressor may seem para-
doxical to reports that MUC2 is expressed at increased
levels in certain malignancies, including carcinomas
of the gastrointestinal tract>*. In this regard, MUC2
expression in carcinomas might reflect the origin of
these tumours from cells that normally expressed
MUC2, rather than a role for this mucin in the malig-
nant process itself. MUC?2 is activated by various effec-
tors linked to transformation, for example galectin 3,
AP1 and the forkhead box transcription factors®®e'.
Therefore, increases in MUC2 expression in certain
carcinomas might reflect the activation of these path-
ways. Alternatively, expression of the MUC2, MUC5AC,
MUC5B and MUCS6 gene cluster is also regulated by
epigenetic mechanisms in carcinoma cells®* and could
account for the aberrant expression of MUC2 in certain
carcinomas, as well as of MUCS5B in gastric and breast
cancers®**. Overexpression of MUC2 and other secreted

mucins by human cancers might, through the generation
of a mucous barrier, protect against recognition by anti-
tumour immune effectors and thereby contribute to the
malignant phenotype. In this context, MUC2 could have
a tumour suppressor function in inflammation and con-
tribute to oncogenesis in other settings. Indeed, mucus
hypersecretion has also been linked to bacterial over-
growth and the induction of inflammatory responses
that could promote tumour development®.

MUCI and chronic inflammation. The association of
MUC2 with inflammation and cancer extends to the
transmembrane mucins (FIG. 4). MUCI is also an impor-
tant component of the mucosal barrier that is upregulated
in response to infection with pathogenic bacteria®s.
MUCI1 has been proposed to suppress inflammation
that is induced by pathogenic bacteria®. In other studies,
the II-107- mouse model of IBD (as described above®!)
was crossed with human MUCI-transgenic mice’.
The offspring developed MUCI1-positive IBD with
more pronounced inflammation at an earlier age than
IL-10"" mice, and had a marked increase in colon cancers
compared with the IL-107- mice”.

The findings that MUCI1 suppresses inflamma-
tion on the one hand and promotes the inflammatory
response and cancer on the other hand would seem
to be contradictory. Nonetheless, MUCI expres-
sion is induced by inflammatory cytokines (tumour
necrosis factor-a (TNFa), interferon-y (IFNy) and
IL-6) and, in the absence of IL-10 and a correspond-
ing anti-inflammatory response, deregulation of
MUCI activation could contribute to chronic inflam-
mation and cancer (FIG. 4). In this regard, the activa-
tion of the canonical inhibitor of nuclear factor-xB
kinase-f (IKKp)-nuclear factor-kB (NF-kB) pathway
is a likely mediator of inflammation-induced cancer
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progression’! as MUC1-C activates both IKKB”> and the
NEF-kB family member RELA”. Chronic inflammation
that is induced by other microorganisms has also been
associated with MUCI and the development of can-
cer. For example, Helicobacter pylori infection results in
increased MUCI expression and is a major contributor
to gastric cancer”. MUCI expression is also induced by
the Epstein-Barr virus (EBV) latent membrane protein 1
and may contribute to tumorigenesis that is associated
with chronic EBV infection™.

Helicobacter pylori

A Gram-negative
microorganism that can
colonize the human stomach
despite the low pH. H. pylori
penetrates the gastric mucosal
barrier and attaches to the
gastric epithelium, where it
induces an inflammatory
response.
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Figure 3 | Transmembrane mucins, loss of polarity and disruption of cell-cell
adhesion. a | Tight junctions are dependent on a complex of the PAR6, PAR3 and
atypical protein kinase C (aPKC) proteins. Activation of ERBB2, which is necessary for the
epithelial stress response?, disrupts the interaction of PAR3 with PAR6 and aPKC, and
thereby induces loss of polarity?. In carcinoma cells, mucin 1 (MUC1) interacts with
ERBB2 and other members of the Erbb family, and promotes ERBB2 signalling. In this
setting, constitutive activation of ERBB2 contributes to the irreversible disruption of
tight junctions and the loss of polarity that is associated with transformation. b | In
adherens junctions, B-catenin links a-catenin to E-cadherin and, in turn, a-catenin forms
homodimers and interacts with the actin cytoskeleton. The MUC1 carboxy-terminal
transmembrane subunit (MUC1-C) cytoplasmic domain binds to -catenin and localizes
with it in the nucleus, thus sequestering it away from adherens junctions. In addition,
overexpression of MUC1 is associated with downregulation of E-cadherin expression,
which disrupts adherens junctions. Moreover, B-catenin is sequestered in MUC4-ERBB2
complexes at the apical membrane, which also contributes to the disruption of adherens
junction function. RTK, receptor tyrosine kinase.
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Therefore, MUCI has a role in protection against
inflammation. However, prolonged activation of MUC1
in chronic inflammation that is induced by a deregu-
lated response can lead to exploitation of its growth- and
survival-promoting effects, as well as the development
of cancer (FIC. 4).

Effects of mucins on cellular signalling pathways
The transmembrane mucins, unlike their secreted coun-
terparts, also protect the epithelial cell layer by function-
ing in cellular signalling pathways that promote growth
and survival. Human cancers have exploited these pro-
tective functions by overexpressing the transmembrane
mucins, particularly MUC1 and MUCA4.

MUCI and receptor tyrosine kinase signalling. MUCI
is aberrantly expressed in ~900,000 of the 1.4 million
tumours (carcinomas and certain haematological malig-
nancies) diagnosed each year in the United States, making
MUCI overexpression one of the more common altera-
tions in human cancers. The overexpression of MUC1
can be partly attributed to amplification of the MUCI
locus” and/or auto-inductive loops involving the activa-
tion of the MUCI promoter through NF-«xB and other
transcription factors that are effectors of the inflamma-
tory response (as discussed above)”. As has recently been
reviewed”” and summarized below, much of the more
recent work on MUCI has focused on the MUC1-C
subunit and how it functions as an oncoprotein.

The available evidence indicates that MUCI-C con-
tributes to the malignant phenotype by regulating gene
transcription, blocking stress-induced apoptosis and
necrosis, and attenuating activation of death receptor path-
ways?7778, Other work has demonstrated that the expres-
sion of MUC1-C with point mutations in the cytoplasmic
domain is sufficient to block anchorage-independent
growth and tumorigenicity of carcinoma cells, indicating
that these mutants function as dominant-negative mutants
for transformation®””. The involvement of MUCI in onco-
genesis is further supported by transgenic mouse mod-
els in which MUCI overexpression induces mammary
gland tumorigenesis”. Moreover, transforming growth
factor-a (TGFa)- and EGF receptor (EGFR)-induced
tumorigenesis is attenuated by the downregulation of
MUCI1 (REF. 80). More recent work (described below) has
shown that an inhibitor of MUCI1-C oligomerization is
highly effective in killing MUCI-positive human breast
and prostate cancer cells growing in vitro and as tumour
xenografts in nude mice®"*. Collectively, these findings
have provided compelling support for the importance of
MUCI-C in oncogenesis and the dependence of certain
carcinoma cells on this oncoprotein. In this regard, consti-
tutive activation of MUC1-C in carcinoma cells represents
a selective target when taken in the context of the inacti-
vated apical form of MUC1-C in normal epithelial cells.
Notably, in contrast to many other oncoproteins, there
is no evidence that MUC1-C-induced transformation is
associated with activating mutations.

The MUCI1-C transmembrane subunit is a protein
of 158 amino acids that is sufficient to induce transfor-
mation*®. The MUCI1-C 58-amino-acid extracellular
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Figure 4 | Mucins, chronic inflammation and cancer. In this proposed model of the
association of mucins with chronic inflammation and cancer, the production of
inflammatory cytokines by immune effector cells activates transcription factors, for
example nuclear factor-kB (NF-kB), signal transducer and activator of transcription 1
(STAT1) and STAT3, in epithelial cells. In turn, these transcription factors upregulate
mucin expression to enhance the mucous barrier and protect the epithelial layer.

Mucin 2 (MUC2) limits the inflammatory response at the apical membrane and inhibits
transformation. Upregulation of the MUC1 and MUC4 transmembrane mucins similarly
contributes to the protective barrier and loss of polarity in the epithelial stress response.
Activation of MUC1 is associated with targeting of the MUC1 C-terminal transmembrane
subunit (MUC1-C) to the nucleus, where it promotes a gene programme for proliferation
and survival. Targeting of MUC1-C to the mitochondria also blocks cell death to prevent
loss of the epithelial barrier. However, with chronic inflammation and prolonged
stimulation of this protective response, epithelial cells may become susceptible to the
accumulation of genetic mutations that induce transformation in a setting with
downregulation of pathways that would otherwise protect against oncogenic events.
IL-6, interleukin-6; IFNy, interferon-y; TNFa, tumour necrosis factor-a.

domain contains an aspartic acid residue at position 36
that is modified by N-glycosylation and functions as a
binding site for galectin 3, a B-galactoside-interacting
protein that is upregulated in many cancers* (FIG. 5a).
N-glycosylated MUCI-C contributes to the upregula-
tion of galectin 3 expression and, in turn, galectin 3
serves as an extracellular bridge between MUCI1-C
and EGFR*. The interaction between MUCI1 and
EGFR blocks EGFR degradation and so promotes EGFR
signalling®. MUCI1-C associates with other receptor
tyrosine kinases, including ERBB2-4, fibroblast growth
factor receptor 3 (FGFR3), platelet-derived
growth factor- (PDGFRP) and MET, and participates
in their downstream signalling pathways*” (FIC. 5a).
Notably, constitutive interactions between MUCI and
receptor tyrosine kinases have been identified in car-
cinoma cells and are not expected to occur in normal
epithelial cells, other than in the response to stress with
a transient loss of polarity.

Epstein-Barr virus

EBV. A herpes virus that is
closely associated with the
development of
nasopharyngeal carcinoma,
Burkitt's lymphoma and
Hodgkin's lymphoma. Latent
membrane protein 1 is the
major EBV oncoprotein that
induces MUC1 expression.

The 72-amino-acid MUCI-C cytoplasmic domain
(FIG. 5b) includes a CQC motif adjacent to the transmem-
brane region that is subject to palmitoylation and which
regulates the recycling of MUCI from endosomes to
the cell membrane®. The CQC motif also contributes
to the formation of MUCI1-C oligomers*” and perhaps
heterodimers, although the identity of the binding pro-
tein remains unknown®. In malignant cells, MUC1-C
accumulates in the cytosol following release from the
cell membrane and/or redirection from the endoplasmic
reticulum. Oligomerization of cytoplasmic MUC1-C
is necessary for targeting of MUCI1-C to the nucleus®
and mitochondria®®** (FIC. 5b); this targeting is appar-
ently transient in the response to stress and, by contrast,
constitutive in carcinoma cells”.

The MUCI1-C cytoplasmic domain contains 12 docu-
mented and putative phosphorylation sites, and functions
as a substrate for receptor tyrosine kinases, Src family
kinases, ABL, PKC9, glycogen synthase kinase 33 (GSK3p3)
and ZAP70 (REFS 20,77,90) (FIG. 5b). Phosphorylation
of the MUCI1-C cytoplasmic domain regulates interac-
tions between MUCI-C and the Wnt pathway effector,
B-catenin®*779192. The MUCI1-C cytoplasmic domain
also interacts with p53 and regulates p53-mediated tran-
scription in response to genotoxic stress”. In addition,
MUCI-C activates the NF-«xB pathway through direct
interactions with IKKa, IKKP and RELA”>7. Therefore,
MUCI-C has been implicated in the regulation of the
Wnt-p-catenin, p53 and NF-«B pathways, all of which
are linked to tumour progression.

MUCH4 in survival, growth and invasion pathways.
In experimental models, expression of rat MUC4
is associated with the disruption of cell-cell and
cell-extracellular matrix interactions® and the develop-
ment of metastases”. Cells expressing rat MUC4 exhibit
reduced binding of ERBB2-specific antibodies, such as
trastuzumab (Herceptin), and thus can attenuate the ther-
apeutic effects of these antibodies”. MUC4 also confers
resistance to killing by immune effectors”. In addition,
the suppression of tumour cell apoptosis by MUC4 has
indicated that this mucin contributes to tumour progres-
sion by promoting cell survival®*'®. The effects of MUC4
on conferring resistance to apoptosis are mediated by both
ERBB2-dependent and ERBB2-independent mechanisms,
indicating that MUC4 can promote cell survival through
multiple pathways'®. MUC4 also increases growth, motil-
ity and invasiveness of carcinoma cells'*"'. In concert
with these findings, and like MUCI, overexpression of
MUCH4 in rodent fibroblasts is sufficient to induce trans-
formation and tumorigenicity'®. The 22-amino-acid
MUCH cytoplasmic domain includes 2 serines that are
predicted phosphorylation sites. However, it is not known
whether the MUCH4 cytoplasmic domain is phosphorylated
or whether it participates in cell signalling.

MUCI13 and MUCI6 in oncogenesis. The MUC13
transmembrane mucin has a 69-amino-acid cytoplas-
mic tail that includes 5 potential serine phosphorylation
sites'®, Overexpression of MUC13 has been found
in gastrointestinal'®~” and ovarian'® carcinomas.
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In ovarian cancer cells, overexpression of exogenous
MUCI13 is associated with increases in cell motility,
proliferation and tumorigenesis'®. Overexpression
of MUCI13 has been associated with upregulation of
ERBB2 levels'®. Cell motility that is induced by MUC13
is also mediated, at least in part, by activation of the Jun
N-terminal kinase (JNK) pathway'®.

The ovarian cancer antigen CA125 (REF. 110) was found
— some 20 years after its discovery — to be encoded by
a gene with an amino acid sequence containing tandem
repeats with homology to SEA domains, a transmem-
brane domain and a 31-amino-acid cytoplasmic tail''""'2.
This antigen was designated MUCI6; it is overexpressed
in around 80% of epithelial ovarian cancers'® and is

BCR—-ABL

A fusion protein that results
from the reciprocal
translocation between
chromosome 9 and
chromosome 22 (t(9;22)
(@34;q11)) and is responsible
for the induction of chronic
myelogenous leukaemia.
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Figure 5 | Activation of MUC1-C in stress and transformation. a| The mucin 1
(MUC1) C-terminal transmembrane subunit (MUC1-C) forms complexes with the
epidermal growth factor receptor (EGFR) that are mediated at least in part by galectin 3
(GAL3) lattices. MUC1-C also forms complexes with ERBB2—4 and with other receptor
tyrosine kinases (not shown), although it is not known whether these interactions
require galectin 3. MUC1-C-RTK complexes are transiently formed in non-malignant
epithelial cells in response to inflammatory cytokines and are constitutively

formed in carcinoma cells. MUC1-C oligomers are targeted to the nucleus by an
importin-B-dependent mechanism, where MUC1-C associates with several
transcription factors (TFs)””. MUC1-C thereby promotes the transcription of genes that
encode proteins involved in proliferative and pro-survival signals by affecting the
recruitment of co-activators and co-repressors®*!?> and/or regulating the latency of
transcription factor occupancy”. MUC1-C is also targeted to the mitochondrial outer
membrane by heat shock protein 70 (HSP70) and HSP90, where it blocks stress-induced
loss of the mitochondrial transmembrane potential?®?°% and the induction of cell death
in response to DNA damage, reactive oxygen species, hypoxia and glucose
deprivation?®1°1%3 b | MUC1-C intracellular signalling is mediated in part by
phosphorylation of the cytoplasmic domain, which contains five documented and seven
potential phosphorylation sites (highlighted in orange with known kinases indicated).
The CQC sequence is necessary for oligomerization of MUC1-C and targeting of
MUC1-C to the nucleus and mitochondria, as well as binding of MUC1-C to diverse
effectors, such as nuclear factor-kB’3. Direct targeting of the MUC1-C CQC sequence
with GO-201 induces complete regression of established human breast and prostate
tumour xenografts in mice®'#?. GSK3, glycogen synthase kinase 3p; P, phosphorylation;
PKCS, protein kinase C§; SH2, Src homology 2.
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detectable in the serum of patients with ovarian cancer'®.

MUCI16 binds to mesothelin, a glycophosphatidylinosi-
tol (GPI)-anchored glycoprotein, and has thus been pos-
tulated to confer adhesion of ovarian cancer cells to the
peritoneum'*'>, What is not clearly known is whether
overexpression of MUC16 contributes to the initiation or
progression of ovarian tumorigenesis. The MUCI16 cyto-
plasmic domain contains three potential tyrosine phos-
phorylation sites; however, there is presently no evidence
that MUCI6 is involved in cell signalling.

Mucins and haematological malignancies

The mucins evolved as a protective mechanism for the
apical membranes of epithelial cells. However, and per-
haps paradoxically, MUCI is aberrantly expressed in
haematological malignancies. In this context, MUCI has
been found at high levels in multiple myeloma cells''¢,
lymphomas'” and myeloid leukaemias''®'"®. In human
multiple myeloma cells, MUCI expression is associated
with the amplification of MUCI (REF. 120). In addition,
silencing of MUCI expression in multiple myeloma cells
has supported a role for MUCI in promoting growth and
survival'®. In B cell lymphomas, MUCI is activated by
chromosomal translocation, rearrangement and ampli-
fication'”. The basis for aberrant MUCI expression in
myeloid leukaemias is not presently known, but it is
found in CD34* acute myelogenous leukaemia (AML)
cells'. In chronic myelogenous leukaemia (CML) cells,
MUCI expression is undetectable in CD34* cells from
patients with chronic-phase disease, but is markedly
upregulated in CML blasts''. MUCI stabilizes BCR-ABL
in the CML blasts and contributes to the pathogenesis of
CML by promoting self-renewal and inhibiting differ-
entiation and death'?. Therefore, as in carcinoma cells,
MUCI seems to be important for the growth and survival
of malignant haematopoietic cells. To date, MUC1 is the
only mucin that is functionally associated with haemato-
logical malignancies, indicating that it might be unique
in this regard or that the other mucins have not been the
focus of sufficient research in these disorders.

Mucins in cancer diagnosis and prognosis

MUCI. Early work demonstrating that MUCI is aber-
rantly overexpressed in human breast carcinomas led
to the finding that the MUCI-N subunit is detect-
able at increased levels in the serum of patients with
breast cancer''?>. The measurement of circulating
MUCI-N levels, as determined by the CA15-3 assay
that has been approved by the US Food and Drug
Administration, has been used to monitor the clini-
cal course of patients with breast cancer during treat-
ment and to detect early disease recurrence (TABLE 1).
Numerous studies have examined overexpression of
MUCI1-N as a marker in breast tumours and indi-
cate that aberrant localization to non-apical mem-
branes and the cytosol confers a worse prognosis'®.
More recent work has identified MUC1-C-induced
gene expression patterns that, when applied to
breast and lung cancer databases, predict signifi-
cant decreases in disease-free and overall survival'*.
MUCI1-C associates with oestrogen receptor-a on
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Table 1| Transmembrane mucins in cancer diagnosis, prognosis and therapy

Mucin
MUC1

MUC4

MUC16

Diagnosis and prognosis

* MUC1 (CA15-3) serum assay (approved by the
US FDA) used to monitor clinical course in breast
cancer'?

* Overexpression of MUC1-N is a marker of poor
prognosis in breast cancer'??

* MUC1 expression signatures are markers for poor
prognosis in breast, prostate, lung and thyroid
Cancerslz{lZﬁleS

Overexpression in pancreatic cancer is a marker of
poor prognosis'?

MUC16 (CA125) serum assay (approved by the US
FDA) used to detect early-stage disease and monitor

Therapy

* Vaccines: L-BLP25 (also known as stimuvax)
(Phase I, NSCLC),TG4010 (Phase Ill, NSCLC) and
PANVAC, (Phase Il for various cancers)*#

* Antibodies: DMC209 (against both MUC1-N and
MUC1-C)™®

* Drugs: GO-201 (a direct inhibitor of MUC1-C
function)®® and PMIP (a decoy peptide that
interacts with MUC1-C binding partners)**°

None

Antibodies: cytotoxic drug conjugates**” and

antibodies targeting the MUC16-mesothelin

Tamoxifen

A non-steroidal anti-oestrogen
that targets the oestrogen
receptor and increases
disease-free and overall
survival in breast cancer.

clinical course in ovarian cancer'*

interaction!®®

FDA, Food and Drug Administration; L-BLP25, BLP25 liposome vaccine; MUC1-C, mucin 1 C-terminal transmembrane subunit;
MUC1-N, mucin 1 N-terminal subunit; NSCLC, non-small-cell lung cancer.

oestrogen-responsive promoters, and antagonizes
the inhibitory effects of tamoxifen'?. Related to these
observations, the analysis of two databases derived
from patients with breast cancer who were treated
with adjuvant tamoxifen demonstrated that patients with
a MUC1-C-induced lipid gene signature experience
significant decreases in disease-free and overall sur-
vival'*. Gene expression profiling of human prostate
cancers has also shown that MUCI is upregulated
in subgroups with an increased risk of recurrence'?’
(TABLE 1). As further evidence, comparative genome
hybridization and cDNA microarray analyses of papil-
lary thyroid cancers identified MUCI as an independent
marker of aggressive behaviour and poor survival'?,
Insummary, MUCI expression confers a poor prognosis in
several different types of carcinomas.

MUCH4. Overexpression of MUC4 and loss of restriction
to the apical membrane has been identified in carcino-
mas of the pancreas'?'®, gall bladder', ovary'#>!%,
breast’** and lung'*>'*¢. MUC4 expression is upregulated
in precancerous pancreatic intraepithelial lesions, but to
alesser extent than in pancreatic cancers'”"*. MUC4 has
thus been identified as a potential marker for the diagno-
sis of pancreatic cancer in fine-needle aspirates'* and is
associated with a poor prognosis'® (TABLE 1). Similarly,
detection of MUCA4 correlates with poor outcome in
patients with cholangiocarcinoma and extrahepatic bile
duct carcinomas'®'*!. By contrast, MUC4 overexpres-
sion in ovarian cancer is not a predictor of patient sur-
vival'® The overexpression of MUC4 in lung cancers
has also been used to distinguish these tumours from
malignant mesothelioma'*2. Ongoing work is anticipated
to expand the usefulness of MUC4 in cancer diagno-
sis and prognosis, and as a potential target for cancer
treatment.

MUCI16. MUCI16 has been especially important as a
circulating marker for monitoring the clinical course
of patients with ovarian cancer and for the detection of
early-stage disease. The importance of MUCI16 as
an ovarian cancer biomarker has been summarized
elsewhere'**7'* (TABLE 1).

Mucins as targets for cancer treatment

The aberrant overexpression of the transmembrane
mucins in diverse carcinomas and the identification of
MUCI and MUCH4 as oncogenes have established them
as highly attractive targets for the development of anti-
bodies, vaccines and therapeutic inhibitors (TABLE 1).
However, there are currently no approved agents directed
against MUC1 or the other transmembrane mucins.
Nonetheless, there are important leads suggesting that
MUCI is a promising target for vaccines and that the
MUCI1-C cytoplasmic domain is a direct drug target.

Antibodies. Regarding the MUC1-specific antibodies,
targeting the shed MUCI-N subunit has not proved to
be an effective approach, presumably because of the large
pool of circulating MUCI-N that needs to be overcome
for antibodies to reach the surface of carcinoma cells®.
Another approach has therefore been undertaken to
develop antibodies against the cell-bound MUCI1-C
subunit in the region that interacts with MUCI-N"¢.
Antibodies have also been generated against MUC4
(REF. 103); however, their therapeutic potential is cur-
rently unknown. Although MUCI6 has not been iden-
tified as an oncogene, the overexpression of MUC16
in ovarian cancer cells represents a potential target
for therapeutic antibodies. In this regard, an antibody
against the MUCI16 tandem repeats has been conju-
gated to the cytotoxic auristatins and shown to be active
against human OVCAR-3 ovarian tumour xenografts
in mice'”. In addition, the interaction between MUC16
and mesothelin contributes to the adhesion of ovar-
ian cancer cells to the peritoneum, and this has been
blocked with an antibody against the MUC16 binding
domain on mesothelin. This is a potential therapeutic
approach.

Vaccines. Two vaccines against MUCI are in Phase III
trials. The BLP25 liposome vaccine (L-BLP25, also
known as stimuvax) (Oncothyreon, Merck KGaA,
EMD Serono) is a liposome-based vaccine designed
to induce an immune response against the MUCI1
tandem repeats. In a Phase IIb trial for stage IITb/IV
non-small-cell lung cancer (NSCLC), patients who
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received L-BLP25 had a median survival of 30.6 months
versus 13.3 months for those who did not receive the
vaccine. L-BLP25 is now in Phase III trials for unresect-
able stage III NSCLC and for hormone-sensitive primary
breast cancer. TG4010 (Transgene) is a modified vaccinia
virus expressing MUCI1 and IL-2 that was studied in a
Phase IIb trial for patients with NSCLC who received
the vaccine with chemotherapy. In patients with normal
levels of activated natural killer cells at baseline (approxi-
mately 75%), median survival for the vaccine arm was
17.1 months versus 11.3 months for the control arm
(patients who received chemotherapy alone). TG4010
has been approved for a Phase III trial in patients with
advanced NSCLC. PANVAC (National Cancer Institute)
is another promising vaccinia or fowlpox-based vaccine
expressing MUCI and co-stimulatory molecules that is
now in Phase II trials for several types of carcinomas'*.

Drug inhibitors. MUC1-C has no kinase or enzymatic
activity and so is devoid of a catalytic site that could be
targeted by small molecules. Moreover, disrupting the
interactions between the MUCI-C cytoplasmic domain
and its binding partners poses considerable challenges
that require targeting flat protein surfaces. Nonetheless,
one approach has recently been reported in which a
peptide derived from the MUC1-C cytoplasmic domain
(designated PMIP) has been used as a decoy for binding
to B-catenin and a potential substrate for EGFR and SRC
phosphorylation'®. PMIP treatment is associated with
partial inhibition of human breast cancer cell growth
in vitro and in animal models. Another strategy involves
direct targeting of the MUC1-C CQC motif with a pep-
tide (GO-201) that inhibits MUC1-C oligomerization®'.
Treatment with GO-201 has been associated with the
induction of breast and prostate cancer cell death in vitro
and the complete regression of several breast and pros-
tate tumour xenograft models with little toxicity®"#.
These findings have provided the first evidence that
the MUCI1-C cytoplasmic domain is a direct target for
drug development and that breast and prostate cancer
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cells are indeed dependent on MUCIL for survival and
tumorigenicity. Therefore, targeting oligomerization of
other transmembrane mucins, for example MUC4, could
also represent an effective therapeutic strategy.

Conclusions and perspectives

The development of an epithelial barrier to separate
metazoans from the external environment necessitated
the evolution of defence mechanisms that involve the
secreted and transmembrane mucins. The extensively
glycosylated tandem repeats that are characteristic of the
mucins afford a physical barrier that protects the epi-
thelium from inflammation and other forms of stress.
Deregulation of mucin production, for example of MUC2
in the intestinal tract, contributes to chronic inflamma-
tion and tumorigenesis. In addition to the formation of
a protective barrier, the transmembrane mucins evolved
with the capacity to transduce growth and survival sig-
nals to maintain the integrity of the epithelial layer. As
an integral component of the epithelial stress response,
transmembrane mucins contribute to the disruption of
polarity and cell-cell interactions, and thereby the EMT.
Opverexpression of the MUCI and MUC4 transmembrane
mucins, as found in malignant epithelial cells, is sufficient
to induce transformation and tumorigenicity, indicating
that their function in protecting the epithelium has been
exploited by human carcinomas. The observation that
MUCI is aberrantly expressed in malignant haematopoi-
etic cells has further supported the involvement of this
mucin throughout diverse human cancers. On the basis
of their overexpression in malignant cells, the transmem-
brane mucins have been useful in cancer diagnosis and
prognosis. MUCI has also emerged as a highly attrac-
tive target for the development of vaccines. Importantly,
we now have sufficient information about how MUCI1
induces transformation to provide the basis for the devel-
opment of anticancer agents that inhibit MUCI function.
It is expected that MUC4 and the other transmembrane
mucins will also be identified as direct drug targets with
therapeutic promise.
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