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ABSTRACT: Signaling mucins are an emerging group of cell adhesion receptors that activate mitogen-activated
protein kinase (MAPK) pathways at the level of RAS/RHO. Recent discoveries on several fronts, including in the
model eukaryote budding yeast, have broadened our understanding of this family of signaling molecules. Progress
in characterizing three signaling mucins, MUC1, Muc4, and Msb2, points to a surprising degree of functional
overlap in the regulation and mechanism-of-activation of these molecules. The prevailing new insight is one of
receptor activation by proteolytic cleavage that closely mirrors the developmental signaling factor, Notch. The
unexpected parallels between signaling mucins and Notch spark new questions about mucin activation and provoke
a double take at this fledgling class of signaling adhesion molecule.
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1. INTRODUCTION

A. Signaling Mucins as MAPK
Regulatory Proteins

Although mucins have been extensively studied
for more than 70 years, only in the last decade
have clues to their signaling nature come to light.
Signaling mucins constitute a subset of the mucin
family of proteins, which are glycosylated cell
adhesion molecules (CAMs) distinguished by a
variable number of O-glycosylated tandem re-
peats.>? Signaling mucins are distinguished from
other mucin members by their cytoplasmic do-
main, which is connected to the external portion
of the molecule by an integral-membrane motif,
and which interfaces with cytosolic signal trans-
duction machinery. Signaling mucins are there-
fore multifaceted molecules that not only provide
the cell with adhesive functions but also connect
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to intracellular signaling and polarity machinery
to provide the cell with information about —and
a responsiveness to—its extracellular contacts.
Signaling mucins activate signal transduction
pathways at the level of small GTPases.*® Small
GTPases cycle between their active GTP-bound
state and an inactive GDP-bound state. To facili-
tate this transition are activating guanine nucleo-
tide exchange factors (GEFs)*!? and inactivating
GTPase-activating proteins (GAPs).!* RAS is the
prototypical member of the small GTPase family
that initiates a global cellular response by activa-
tion of multiple signaling cascades.'? Like RAS,
RAS homology (RHO) GTPases govern multiple
aspects of cellular behavior.”® A well-studied mem-
ber of the RHO GTPase family is Cdc42, which
is a regulator of cell polarity' and signal trans-
duction.® Whereas RAS connects directly to
adenylate cyclase to induce production of the sec-
ond messenger cyclic adenosine monophosphate

CAM, cell adhesion molecule; EGF, epidermal growth factor; ERa, estrogen receptor alpha; ErbB, epidermal
growth factor receptor B; ERK, extracellular signal-regulated kinase; GSK3-f, glycogen synthase kinase 3-beta;
MAPK, mitogen-activated protein kinase; PAK, p21-activated kinase; RHO, RAS homology; SEA, sperm
protein, enterokinase, and agrin; SH2, Src-Homology 2; SH3, Src-Homology 3.
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(cAMP),'7 Cdc42 associates with p21-activated
kinases (PAKs) to induce kinase activation.'®2
Both RAS and RHO typically connect to ca-
nonical mitogen-activated protein kinase (MAPK)
cascades.?! MAPK cascades act in three-tiered phos-
phorelay systems—MAP kinase kinase kinases
(MAPKs) phosphorylate and activate MAP kinase
kinases (MAPK,s), which in turn activate MAPKs.
MAPK activation triggers phosphorylation and
activation of transcription factors that initiate a
transcriptional response.” In addition, MAPK cas-
cade components influence cell polarity and cell-
cycle progression by phosphorylation of specific
target proteins. In this way, signaling mucins are
capable of initiating a broad-based cellular response.
Several recent reviews discuss signaling mu-
cins.”®2 In this review, we compare signaling
mucin function of the two well-characterized
mammalian mucins (MUC1 and Muc4) to a newly
characterized signaling mucin from the versatile
model eukaryote budding yeast Saccharomyces
cerevisiae (Msb2). Recent discoveries demonstrate
that signaling mucins are activated by multiple
cleavage events, likening their activation to that
of the Notch receptor and other protease-activated
receptors. Further exploration of signaling mucin
regulation and function using new approaches and
model systems will synergize progress toward un-
derstanding this important class of signaling CAM.

B. The Quandary of Specificity in
MAPK Pathways

To fully appreciate the functional role of signaling
mucins, it is necessary to discuss the issue of
specificity in reference to MAPK pathways. Re-
cent advances in the frontiers of genomics and
proteomics indicate that signaling molecules, rather
than acting in strictly linear pathways, function in
web-like protein interaction networks.#** Many
signaling proteins, including RAS and MAPK
components, are in fact general factors that func-
tion in multiple pathways in the same cell. De-
pending on the occasion, RAS can activate one
MAPK pathway in a given setting and a second
MAPK pathway in a different setting.”> How a
cell keeps the signals straight is a remarkable
achievement that is poorly understood.?® This
puzzle manifests itself in human disease because
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inappropriate signaling between pathways, com-
monly referred to as cross talk, is responsible for
a host of diseases. Many human cancers, for ex-
ample, can be attributed to unregulated MAPK
activity originating at the level of RAS/RHO.”

Issues related to MAPK specificity are brought
into sharp focus by examining the MAPK pathways
in yeast. Of the five MAPK pathways in yeast,
three exhibit extensive sharing of components (Fig.
1). For example, Cdc42, its PAK Ste20, and the
MAPK, Stell are required to activate all three
MAPK pathways (Fig. 1). Each of the pathways
senses a different stimulus and induces a distinct
response, resulting in the transcriptional induction
of nonoverlapping target genes that leads to forma-
tion of a distinct cell type (Fig. 1). One of the ways
a specific response is achieved is through scaffolding
proteins. Scaffolding molecules bind to and recruit
general factors to function with pathway-specific
activators.? In yeast, two scaffolding proteins at the
level of the MAPK have been identified. The
scaffold for the mating pathway, Ste5, directs the
general MAPK; Ste11 and MAPK, Ste7 to differ-
entially activate the mating pathway MAPK Fus3
(Fig. 1).2 The scaffolding protein for the high
osmolarity glycerol response (HOG) pathway, Pbs2,
is also the MAPK, for the HOG pathway. Pbs2
induces Ste11 to function with the HOG pathway
MAPK Hog1 (Fig. 1).% Similar regulation pre-
sumably occurs at other points along the signaling
cascade, such as at the level of Cdc42 (Fig. 1). Issues
related to MAPK specificity are undoubtedly equally
convoluted in mammalian systems, wherein a
plethora of additional factors regulate spatial, tem-
poral, and developmental aspects of cellular behav-
ior. Because the signaling molecules that constitute
these pathways are highly conserved throughout
eukaryotes,*-32 insights into pathway regulation in
yeast are likely to pertain to mammalian signaling
pathways as well.

Il. MEMBERS OF THE SIGNALING
MUCIN FAMILY

A. The Prototypical Signaling
Mucin MUC1

Much of what we know about signaling mucins
comes from extensive studies on the MUC1 pro-

Critical Reviews™ in Eukaryotic Gene Expression

]



Pathway Filamentous Growth ~ HOG Mating
Receptor Msb?2 / Shol Shlol Ste2/3
| +
GTPase Cdc42 Cde42 Cdc42
PAK Ste20 Ste20 Ste20
| i ! '
MAPK, Stell Stell Stell
MAPK; Ste7 Pbs2 Stes / Ste7
MAPK Kssl Hogl Fus3
! 4 l .L
Txn Factor Tecl / Stel2 Hotl Stel2
+ 4 y !
Targets FG Targets HOG Targets  Mating Targets
Morphology % %’ gb

FIGURE 1. Signaling pathway specificity in yeast. At left is a reference pathway composed of a receptor, GTPase,
and mitogen-activated protein kinase (MAPK) cascade. Such signaling modules are functionally conserved through-
out eukaryotes. At right are three MAPK pathways that use overlapping and pathway-specific components. Most of
the proteins (in black) are required in multiple pathways. Proteins specific for the filamentous growth pathway (red),
the high osmolarity glycerol response (HOG) pathway (green), and the mating pathway (blue) are also shown.
Pathway-specific proteins recruit general factors such that the appropriate target genes are expressed (Targets), and
the correct morphology is achieved (sketches of cells). Characterizing mechanisms related to “sharing” components
in a model organism provides a framework for understanding specificity.

tein. Before the signaling nature of MUC1 was
uncovered, its central role as a diagnostic cancer
marker was established, which led to cloning and
characterization of the adhesive properties of the
protein.® Initial results, suggesting that MUC1
might also function as a signaling molecule,* were
corroborated when the cytoplasmic tail of MUCT,
which shows sequence similarity with cytokine re-
ceptors, was shown to be phosphorylated on tyro-
sine residues.*> On the heels of this discovery was
the fact that phosphorylated MUC1 associates with
the adaptor protein Grb2, and that MUC1-Grb2
and Sos, the guanine nucleotide exchange factor for
RAS, form a complex (Fig. 2).3 MUC1 also asso-
ciates with the epidermal growth factor receptor
(ErbB) further connecting MUC1 to the RAS
pathway. 373 As RAS initiates signaling of the
MEK-ERK MAPK pathway, as well as other sig-
naling pathways, these findings firmly place MUC1
at the head of a global signaling cascade.”
These pioneering advances led to an explo-
sion of findings that connect MUC1 to multiple
intracellular signaling pathways (Fig. 2). Primarily,
a connection between MUC1 has been estab-
lished with components of the Wnt pathway, a
developmental signaling pathway in metazoans.*

MUCT1 connects to the Wnt pathway through
interactions with B-catenin,* a molecule typi-
cally found associated with the cytoplasmic do-
mains of the cadherin family of CAMs in
intercellular junctions*? that also serves as a po-
tent activator of Wnt* (Fig. 2). The cytoplasmic
domain of MUCI also interacts with another
member of the Wnt pathway, glycogen synthase
kinase 3-f3 (GSK3-B).** Competition for MUC1
by GSK3-f and B-catenin is regulated by the
kinase c-Src. Src phosphorylates the cytoplasmic
domain of MUC1 to inhibit GSK3-f interaction
and promote the P-catenin interaction.” The
range of pathways influenced by MUCT is pre-
sumably greater than its role in the RAS and
Wnat pathways: MUC1 has recently been con-
nected to the NF-xB pathway*® and to the tumor
suppressor p53.*” Paradoxically, MUC1 mutants
lacking Tyrs in the cytoplasmic tail show en-
hanced signaling in the ERK MAPK pathway
but are defective for NF-kB pathway activity.
This inexplicable result underscores the com-
plexities of MUC1 regulation.

The connection between MUC1 and Wt led
to the mechanistic breakthrough that the cyto-
plasmic domain of MUCT functions in the nucleus



of the cell.*#%0 MUC1’s cytoplasmic tail localizes
to the nucleus and co-immunoprecipitates with
B-catenin*152 to mediate Wnt pathway target
gene expression.”> MUC1 also binds to the tran-
scription factor estrogen receptor alpha (ERa).*
The cytoplasmic tail of MUC1 stabilizes ERat by
blocking its ubiquitination. Chromatin immuno-
precipitation assays further demonstrate that
MUCT1 activates ERa by promoting promoter
occupancy and stimulating recruitment of ERa
coactivators’® (Fig. 2). Moreover, the cytoplasmic
tail of MUCT1 has been identified in other cellular
locales. MUCT influences the expression of genes
that inhibit apoptosis,*>>* and consistent with
this role, the cytoplasmic portion of MUCT is
found in the mitochondria.’’

The exciting discovery that the cytoplasmic
domain of MUCT1 is released from the plasma
membrane mechanistically connects signaling
mucins with other receptors that undergo regu-
lated cleavage, like Notch. Notch controls cell
fate during development.”® The Notch protein is

a single-pass cell-surface molecule that contains
a glycosylated repeating motif of multiple epi-
dermal growth factor (EGF)-like domains (Fig.
3).5%60 Notch is processed by cleavage at multiple
sites in the extracellular domain, including upon
binding to its ligand Delta. Activation leads to
additional processing of the cytoplasmic tail,
where it dissociates from the plasma membrane,
enters the nucleus, and collaborates with tran-
scription factors such as CSL to induce develop-
mental regulatory genes®! (Fig. 3). Side-by-side
comparison between Notch and MUC1 high-
lights their common topology, glycosylation, and
repeat structure, as well as the common mecha-
nism of cleavage in the extracellular and cyto-
plasmic potions of the proteins (Fig. 3). Unlike
Notch, MUC1 may not play a primary role in
development, as MUC1 knockout mice are vi-
able.’” Nonetheless, the parallels between these
signaling systems are quite striking and suggest
a common theme in the mechanism of activation
between these receptors.
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FIGURE 2. Comparison of the three established mucin-dependent signaling pathways. The three characterized
signaling mucins in the context of their cognate pathways are shown. At left is a reference pathway. Multiple arrows
refer to the RAS-independent functions of MUC1, which has been identified. It is unclear whether Muc4 directly
associates with Grb2, or whether activation proceeds through the ErbB2-Grb interaction. Several MUC1 (ErbB,
NF-kB, ¢-Src) and Muc4 (neuregluin-f) effectors and interacting proteins are not shown, and the direct connections
between Muc4 and RAF and Msb2 and Cdc42 are not shown.
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FIGURE 3. Comparison of Notch and MUC1 activation. Both Notch and MUC1 are cell-surface transmembrane
glycoproteins containing tandem repeat motifs. Both proteins are processed in the extracellular and cytoplasmic
domains (arrows). The cytoplasmic domains of both proteins are shown entering the nucleus, where they associate
with transcription factors to induce a cellular response. Notch is processed at multiple sites in the extracellular

domain, as denoted by multiple arrows.

B. A Portrait in Contrast: Muc4

Insights into the signaling role of Muc4 have
benefited largely from characterization of its rat
homolog (sialomucin complex [SMC] or ASGP-1
and ASGP-2).626 Muc4 is a transmembrane mucin
implicated in the protection of epithelia by anti-
adhesive functions and tumor metastasis in a va-
riety of cancers. Muc4 is also a signaling molecule.
Muc4 serves as an intramembrane ligand for the
receptor tyrosine kinase ErbB2 (ErbB2/HER2/
Neu) (Fig. 2). Muc4 promotes phosphorylation of
ErbB2, and induces a differentiated state by acti-
vation of the cell-cycle inhibitor, p27 (kip).** Like
MUC1, Muc4 activation induces recruitment of
Grb2, in this case through ErbB2, which leads to
activation of RAS and a p38-dependent MAPK
pathway®* (Fig. 2). More recently, Muc4 has been
shown to bypass RAS by directly stimulating the
activity of the Raf-1 kinase, a RAS pathway
effector,®® resulting in activation of the ERK
pathway (Fig. 2).

Additional progress has been made in the
relationship between Muc4 and the extracellular
growth factor neuregluin-f. Muc4 promotes
neuregluin-f-dependent Tyr phosphorylation of
ErbB2.” How this is accomplished is not entirely
clear, although it appears to function through the
phosphatidylinositol 3-kinase (PI3 kinase) path-
way.?” Indeed, multiple mechanisms may be at
play in this context, as Muc4 likely influences
ErbB2 localization (see below), ErbB2 retention
at the plasma membrane, and neuregluin binding
at the cell surface.®” Therefore, Muc4 may influ-
ence cellular signaling by a multiplicity of func-
tions, a subset of which connects like MUCI1 to
the RAS pathway.

C. Msb2: The Yeast Signaling Mucin

The discovery and characterization of a mucin
member in budding yeast has expanded our un-
derstanding of this class of signaling molecule.



The yeast mucin, called Msb2, is a member of the
mucin family of proteins, by virtue of its tandem
repeats, its highly glycosylated ectodomain, and
the presence of a cytoplasmic tail. Msb2 functions
not in the RAS pathway, but in the Cdc42-
dependent MAPK pathway that induces fila-
mentous growth.®*7! The filamentous growth
pathway is a typical MAPK pathway composed of
Cdc42, PAK Ste20,1%20 and the MAPK cascade
that controls the activity of two transcription
factors (Fig. 2).6%72 Cells lacking Msb2 are defec-
tive for MAPK activity and defective for filamen-
tous growth.

Msb2 connects to two proteins at the head of
the filamentous growth pathway (Fig. 2). One of
these is called Sho1,” which operates at the head
of two MAPK pathways: the filamentous growth
and the HOG pathway (Fig. 1).747 The HOG
pathway controls the response to salt or osmotic
stress, and Shol was identified initially as an
osmosensor.”*’® Shol contains four transmem-
brane domains and is a member of the tetraspan
family of signaling molecules, which includes the
dystroglycan™3%" and immunological CD828!%2
receptors. Shol also contains a cytoplasmic Src-
Homology 3 (SH3) domain®#* that directs the
protein to the HOG pathway by binding to the
MAPK, Pbs2.73% In addition to Shol, Msb2
also interacts with Cdc42 (Fig. 2). Msb2 does not
appear to have a function in the Mating path-
way®® and plays only a minor role in the HOG
pathway.®” Therefore, it is likely that Msb2 pro-
motes Shol and Cdc42 function in the filamen-
tous growth pathway and may serve as a cell-
surface scaffold.

A surprising finding that has come out of
Msb2 characterization is that deletion of the mucin
domain of the protein (Msb2Am«<in) results in
MAPK pathway activation. This provocative re-
sult suggests that mucin repeats of Msb2 function
in an inhibitory manner. Several other findings
corroborate this result. First, Msb2 lacking its
mucin domain induces phenotypes consistent with
an activated MAPK pathway, particularly induc-
tion of pathway-specific transcriptional reporters
and hyperpolarized growth. Second, deletions of
progressively larger regions that include the mucin
domain also induce hyperactivity. Finally, defects
in glycosylation of Msb2 activate the protein.
Notably, mucin repeat regions are known to be

heavily modified by O-linked glycosylation.? The
fact that the mucin homology domain functions
in an inhibitory capacity might be a general fea-
ture of signaling mucins.

Comparison of the three signaling mucin path-
ways reveals the common theme of small GTPase
activation at the cell surface (Fig. 2). RAS or
RHO activation leads to MAPK activation in all
three systems (Fig. 2). At least for MUC1, cell-
surface activation leads to the activation of mul-
tiple pathways. This property is likely to pertain to
Muc4 and Msb2 as well. In the following sections,
we discuss regulatory commonalities between sig-
naling mucins. By comparing the three proteins—
MUC1, Muc4, and Msb2—a common picture
emerges of how mucin receptors become activated.
Examining the molecules in direct contrast also
points out gaps in our understanding of particular
members of the family.

Ill. COMMON PROPERTIES OF THE
SIGNALING MUCIN FAMILY

A. Posttranslational Processing

Mammalian signaling mucins undergo posttrans-
lational processing in the endoplasmic reticulum
that results in shedding of the glycosylated
ectodomain of the protein at the cell surface.?®%
The protease responsible for cleavage, and the
consequences of cleavage on mucin function have
until recently remained elusive. A recent advance
has been the identification of an autocleavage
domain in MUC1 and other heavily O-glycosylated
membrane-spanning proteins.’>*? The auto-
cleavage domain or Sperm protein, Enterokinase,
and Agrin (SEA) module is a highly conserved
domain based on its secondary structure (f-o-B-p-
o)’! and limited sequence homology.” Specifi-
cally, MUC1 undergoes autocleavage at a conserved
GSVVV motif.?*?! Although the discovery of a
SEA domain answers important questions related
to mucin processing, posttranslational modifica-
tion of mucins must occur through multiple mecha-
nisms. For example, processing of MUC1 must
also occur at the cytoplasmic-transmembrane do-
main interface because the cytoplasmic tail of
MUC1 also functions as a cytosolic signaling
molecule.’* In addition, Muc4 does not appear to



undergo autocleavage but rather an enzyme-
dependent cleavage at low pH at a GD-PH se-
quence.” The enzyme that cleaves Muc4 has not
been identified.

Recent work in our laboratory has demon-
strated that the glycosylated extracellular domain
of Msb2 is secreted from the cell (Vadaie and
Cullen, unpublished work). This result indicates
that Msb2, like mammalian mucins, is modified
by cleavage. Msb2 does not have the characteristic
secondary structure of SEA domains® assessed by
the programs PROF and NORS,* nor does it
show amino acid sequence similarity to SEA do-
mains from human MUC1.”” Msb2 also does not
contain a GD-PH sequence. To identify the pro-
tease required for cleavage of Msb2, we undertook
a proteomics approach. A collection of yeast mu-
tants, each defective for a specific protease, was
examined from a complete collection of 4800
nonessential yeast mutants.”® Using this approach,
we identified a family of aspartyl proteases re-
quired for processing of Msb2 (Vadaie and Cullen,
unpublished work). These proteases, called
yapsins,’” are GPI-anchored proteases that cleave
at monobasic residues. At this point, it is not clear
whether cleavage of Msb2 occurs in the endoplas-
mic reticulum or at the cell surface, as yapsins
function at both cellular locations.

Might secreted aspartyl proteases cleave mam-
malian mucins? Secreted aspartyl proteases are
found in mammalian cells.'® Like signaling
mucins, aspartyl proteases are transcriptional tar-
gets of MAPK pathways'®! and diagnostic mark-
ers for several tumor types.'?1% For example,
Cathepsin D is overexpressed and hypersecreted in
breast cancer cells!® and serves as a marker for
poor prognosis in breast cancer'® and glioma
patients.'® The functional connections between
signaling mucins and aspartyl proteases indicate
the possibility that aspartyl proteases might pro-
cess mammalian mucins.

The discovery that Msb2 is cleaved by yapsins
introduces another insight into mucin regulation.
As the glycosylated ectodomain of Msb2 is inhibi-
tory to MAPK activation,® cleavage of Msb2 may
induce the MAPK activation function of the pro-
tein. This finding strengthens ties to protease-
dependent activation of receptors Notch'?%1% and
other similarly regulated receptors, like protease-
activated receptors (PARs).1”? Cleavage-dependent

activation of mammalian mucins that are proteo-
lytically processed'!? may be a common mechanism

shared by signaling mucins.

B. Signaling Mucins and Cell Polarity

Signaling mucins are secreted proteins typically
found on the apical face of epithelial cells. At
these sites are also concentrated signaling pro-
teins including small GTPases and their regula-
tors.!'! MUC1, which is secreted from glandular
cells, is highly polarized on several types of epi-
thelial cells.!'2-** n addition, MUC1 becomes
depolarized in cancer cells.''!1¢ The apical dis-
tribution of MUC1 is not controlled by tight
junctions between cells but occurs as a result of
cytoplasmic cytoskeletal organization.'’® Para-
doxically, it has been postulated that MUC1’s
cytoplasmic tail is not required for apical target-
ing."* Consistent with this finding, targeting
sequences in the MUC1 extracellular domain
have been identified that specify the protein to
apical surfaces.'” Whether MUC1’s polarized
location along these surfaces contributes to its
signaling function remains unclear.

Muc4 is also localized to polarized sites. In a
series of elegant studies, a function for Muc4 has
been elucidated that connects polarized growth to
pathway specification.5>¢7118 Primarily, Muc4 ex-
pression induces the relocalization of ErbB2 to the
apical membrane from its resting location at
adherens junctions. Muc4 also promotes retention
of ErbB2 at the cell surface.®” Intriguingly, Muc4
does not alter the localization of ErbB2’s hetero-
dimerization partner, ErbB3. This interesting
result suggests a mechanism whereby the two
receptors are functionally separated. Polarized
ErbB2 leads to differential activation of the p38/
Akt MAPK pathway, but not the Erk or JNK
pathways. The ability of Muc4 to segregate ErbB
receptors to alter downstream signaling cascades
in polarized epithelial cells suggests a mechanism
of MAPK specification.®

Like MUC1 and Muc4, Msb2 is a polarized
molecule. Msb2 activation of the filamentous
growth pathway results in the reorganization of
polarity to promote a distal-pole mode of budding
that results in the formation of a filament. Msb2,
Cdc42, and the MAPK pathway are required for

~ A~



establishing the distal-pole budding pattern.1%20.
7086 Although the mechanism by which this is
accomplished is largely a mystery, bud-site-selec-
tion proteins’? have been identified that are re-
quired for the change in polarity, including the
distal-pole landmark, Bud8, which is required for
the MAPK-dependent change in cell polarity
during filamentous growth.120

We have recently shown that Msb2, which is
itself localized to polarized sites,® induces the
polarization of Shol and the GEF for Cdc42 to
the distal pole (Vadaie and Cullen, unpublished
data). We also found that Sho1 associates with the
Cdc42 GEF and Bud8 (Vadaie and Cullen, un-
published data). Polarized localization of the GEF
results in localized activation of Cdc42,'?! provid-
ing an explanation for the reorganization of cell
polarity in this system.

C. Signaling Mucin Gene Expression and
Positive-Feedback Loops

Signaling mucin genes share a common mode of
regulation in that their expression is induced by
positive-feedback loops. Such autofeedback is par-
ticularly striking in cancer cells, wherein MUC1
and Muc4 are highly expressed and serve as diag-
nostic surface markers. In the case of MUC1, the
MUC1 gene is induced by ERa.122128 Ag the
MUC1 cytoplasmic tail binds to and stabilizes
ERa,* MUCT1 has the capacity to directly induce
its own expression. Likewise, the MUC1 gene is
induced by a number of other transcription factors
that function as targets of signaling cascades, in-
cluding MZF-1, DbpA,'? Sp1,3%and GATA3.13!
Of course, the MUC1 promoter is complex and is
subject to negative regulation, for example, by
ErbB2 activation.'3? MUC1 expression, therefore,
is autoinducible and controlled by multiple positive
(and negative) feedback loops.

Muc4 is an activator of ERK, and the Muc4
gene is induced by the ERK pathway, initiating a
positive-feedback loop.'3* The Muc4 gene is spe-
cifically induced by the Ets family member of
transcription factors, PEA3,"34135 which acts in
synergy with c-Jun and Spl to transactivate the
proximal region of the Muc4 promoter.!3 As
PEA3 is a target of the RAS and MEK1 pathway,
itis likely that Muc4 influences its own expression
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by this mechanism.'* PEA2 also attenuates ErbB2
expression, and because Muc4 and ErbB2 are
interacting partners, in this instance, such regula-
tion may lead to homeostasis.’** The Muc4 gene
is upregulated by NF-xB,!% although Muc4 has
not been shown to function in this pathway. Muc4
expression is also influenced by GATAS, "7 which
may point to a connection between MUC1 and
Muc4 expression by members of the GATA fam-
ily of transactivator proteins, which have the con-
sensus sequence (A/T)GATA(A/G) and share a
steroid hormone-receptor superfamily C4 zinc-
finger DNA-binding motif.*® Likewise, both genes
are induced by Sp1.130:134

Like its mammalian counterparts, the MSB2
gene is autoinduced. The MSB2 gene is a tran-
scriptional target of the MAPK pathway that
induces filamentous growth. Indeed, Msb2 was
discovered as a component of the filamentous
growth pathway by DNA microarray analysis, in
which MSB2 was identified as a prominently
induced target gene.®® The MSB2 gene has two
consensus sites for the transcription factor Ste12.%6
Consensus sites were also identified for the tran-
scription factor Tec1,'® a member of the TEA/
ATTS family of transcriptional regulators.”? Both
of these transcription factors are components of
the filamentous growth pathway.'*® Confirma-
tion that expression of MSB2 is induced by the
MAPK pathway was assessed by a transcriptional
reporter.® Positive-feedback loops constitute an
elemental mechanism of signal amplification.
The fact that signaling mucins are transcrip-
tional targets of the pathways in which they
operate dictates a central role for these molecules
in pathway regulation.

D. Signaling Mucins and Disease

Signaling mucins in mammalian cells contribute
to cancer through multiple mechanisms.'*! At one
level their antiadhesion properties alter the cell
surface of tumor cells to promote metastasis.® At
another level, mucin-dependent MAPK activa-
tion stimulates cell proliferation and unregulated
cellular behaviors. Other mechanisms have also
been attributed to the augmentation of cancers by
signaling mucins. For example, the ectodomain of
MUCT1 acts as a ligand for T cells that suppresses
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their proliferation and the immune response
against cancer cells, 142143

Mucin genes, MUC1 and Muc4, are tran-
scriptionally upregulated in many tumors (eg,
ovarian, prostate, breast, and pancreatic), making
these molecules diagnostic markers for cancer cells.
Indeed, MUC1 expression is induced by Epstein-
Barr virus, which commonly leads to tumor for-
mation.** As such, a number of therapies,
especially immunotherapies, have been designed
with signaling mucins in mind.}*%7 A compel-
ling series of findings have recently shown that
downregulation of MUC1 by RNA interference
leads to inhibition of cell proliferation and colony
formation,®1% as well as a decrease in the level
of the EGF receptor, itself a MAPK regulatory
protein and cancer marker.!* A recent approach
on the drawing board is to target the cytoplasmic
tail of MUCT1 directly.'® The global and complex
functioning of signaling mucins should be a con-
sideration in developing strategies for cancer
therapy. For example, it remains unclear if target-
ing MUCI1 does not stimulate its signaling func-
tion. Moreover, as signaling mucins are paradoxical
molecules with respect to their cell adhesion and
signaling functions,”! a clear understanding of
the effects of targeting these proteins is necessary
for therapeutic approaches to be successful.

Signaling mucins also function at the host-
pathogen boundary. MUCI1 serves as a point of
entry for the bacterial pathogen Pseudomonas
aeruginosa.? In addition, MUC1 activates its
cognate MAPK pathway in response to
P. aeruginosa infection.'>® Moreover, MUC1 ap-
pears to antagonize clearance of P. aeruginosa,
based on MUC1 knockout mouse data.’™* The
discovery of signaling mucins in fungi suggests
that fungal signaling mucins also play a role in
pathogenesis. Msb2 has orthologs in pathogenic
fungal species, including the fungal pathogen
Candida albicans. The C. albicans Msb2 homolog
is likely a cell-surface molecule, which may di-
rectly influence the early stages of virulence,
including attachment and penetration into host
tissue. Moreover, if the C. albicans Msb2 ho-
molog functions in a signaling capacity, then
morphogenetic alterations in cell signaling and
polarity, which are dependent on Cdc42 and the
filamentation MAPK pathway,!55156 will also be
governed by mucin function.

IV. CONCLUSIONS AND
FUTURE DIRECTIONS

The three characterized signaling mucins (MUCI,
Muc4, and Msb2) share a common blueprint for
function (Fig. 4). In particular, they are single pass
cell-surface glycoproteins with a cytoplasmic do-
main that connects to regulators of the small
GTPase family of proteins. In addition, they are
modified by posttranslational processing into in-
tegral-membrane and secreted forms. Moreover,
the processed cytoplasmic form represents the
activated version of the signaling molecule (Fig.
4). This blueprint of a signaling mucin suggests
several areas for future exploration.

First, understanding how mucins contribute
to specificity in terms of signaling pathway func-
tion is a chiefissue related to human health. Cross
talk between MAPK pathways induces pathway
activation that in mammalian cells causes can-
cer.?® If mammalian mucins, like Msb2, contrib-
ute to pathway specification or despecification in
cancer cells, then understanding the mechanistic
underpinnings of such regulation is crucial to
determining the role these molecules actually play
in signaling pathway regulation. A particularly
pressing question, for example, is whether Muc4
and Msb2, like MUC1, have cytoplasmic tails that
act as transcriptional facilitators in the nucleus,
and if so, which factors serve as their interacting
partners. If this proves to be the case, then speci-
fication at the level of individual transcription
factors might provide a general mode for pathway
specification by signaling mucins.

Second, it is relevant to determine if the
mucin domains of MUC1 and Muc4 have inhibi-
tory roles in signaling. If so, mutation of mucin
domains may cause pathway activation and con-
tribute to cancer progression in mammalian cells.
The sequence similarity of mucin tandem repeats
makes them highly susceptible to recombination-
mediated deletion, as can occur for Msb2.% More-
over, if as for Msb2,% the hyperactivity is dominant,
then unregulated pathway activation in mucin-
deleted receptors may be prevalent among human
cancers. Variability in the number of tandem
repeats has functional consequences on mucin
function,’” contributing to diseases such as
asthma,’®® human infertility,’® and cancer.!®’
Individual differences in response to mucin target-
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FIGURE 4. Generalized model for signaling mucin activation. The ectodomain of the mucin is cleaved (open arrow)
and secreted from the cell. The cleaved polypeptide (Mucin*) is the active form of the receptor that activates other
cell-surface molecules (Co-Receptor). A 4-pass co-receptor is shown (like Sho1); ErbB2 is a single-pass receptor. The
cytoplasmic tail of Mucin* also activates effector proteins and guanine nucleotide exchange factors (GEFs) to initiate
RAS/RHO activation. These signaling events culminate in mitogen-activated protein kinase (MAPK) pathway
activation, as well as activation of multiple effector pathways.

ing for immunotherapy has also been attributed to
variability within the repeat region.’®! Indeed,
underglycosylated MUCT1 has been identified in
association with human tumors,'*? and versions of
Muc4 containing different numbers of repeats in
the mucin homology domain induce differences in
cell-contact dependent behavior.% Whether vari-
ability in the repeat region influences cell adhe-
sion or cellular behavior as a consequence of altered
MAPK activity is an open question.

Finally, the ligands that mucin ectodomains
sense remains poorly understood. MUC1 has been
shown to interact with the intercellular adhesion
molecule,! and this interaction results in the ini-
tiation of an internal calcium signal.® It has also
been postulated that MUC1 senses mechanical
shear at the plasma membrane, possibly by contact
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with other cells or the extracellular matrix.”* Muc4
has been reported to interface with neuregluin-f
and potentiate ErbB2-ErbB3 dimerization and
activation.®” More recently, Muc4 has been shown
to function in a reversal of contact inhibition,
which may contribute to its ability to promote
invasiveness. Precisely how Muc4 senses other
cells to mediate this response remains to be deter-
mined. Msb2 activates a signaling pathway that is
controlled by nutrient limitation,*® although it is
not clear that Msb2 is a nutrient sensor.
Determining the role of signaling mucins in
other genetically tractable model organisms will
be a fertile area of future investigations. For
example, a MUC1 homolog has been identified in
the nematode Caenorhabditis elegans, which con-
tains a SEA domain as well as a tyrosine-rich
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cytoplasmic tail.”” Although a function is yet to be
ascribed to this molecule, it will be instructive to
determine whether this ortholog is secreted, and
if the cytoplasmic domain connects to RAS/RHO-
driven MAPK pathways.

A. Concluding Remarks

Although it is clear that mucins are receptors that
operate at the head of RAS/RHO MAPK path-
ways, the mechanisms by which these proteins
function has only recently come to light. A
possible explanation for why these molecules
have been underrepresented may be perception;
the slippery reputation of molecules that contrib-
ute to mucus formation may be hard to shake.
Another is that mucins have widely different
functional roles in cell adhesion, making gener-
alizations about their adhesive or antiadhesive
functions appear paradoxical. Nonetheless, their
central roles in cell adhesion, signaling, and
disease, coupled with new mechanistic insights
coming in part from model systems, makes sig-
naling mucins a heavyweight contender in the
arena of receptor signaling.
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