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Abstract. The mucin (MUC) family consists of secreted and
membrane-bound forms. The transmembrane mucin 1 (MUC1)
is a heterodimer that is aberrantly overexpressed by diverse
human carcinomas and certain hematologic malignancies.
The MUC1 N-terminal (MUC1-N) and C-terminal (MUC1-C)
subunits are generated by autocleavage within a SEA domain.
The MUCI cytoplasmic domain (MUCI1-CD) located down-
stream of the SEA domain is sufficient for the induction of
anchorage-independent growth and tumorigenicity; however,
no information is available regarding the origin of these
transforming sequences. Previous work demonstrated that,
except for the SEA domain, MUCT has no sequence homology
with other membrane-bound mucins. The present results
demonstrate that MUC1-CD evolved from repeat regions in
the MUCSB secreted mucin. We also show that MUC1
sequences upstream to the SEA domain emerged from
MUCSB. These findings indicate that both the MUCI-N and
MUCI1-C subunits evolved from secreted gel-forming mucins
and that the MUC1-CD oncogenic function emerged by
diversification after evolution from MUC5B.

Introduction

The mucin-type glycoproteins are classified by the presence
of tandem repeat structures that contain a high proportion of
prolines, threonines and serines and are extensively modified
by O-glycosylation (Human Genome Organization Gene
Nomenclature Committee; http://www .hugo-international.
org/hugo/). The human MUC family consists of 20 members
that have been subclassified as secreted and membrane-
bound forms (1). The secreted mucins (i.e., MUC2, MUC3,
MUCSAC, MUC5B and MUC6) form a physical gel barrier
that protects epithelial cells lining the respiratory and gastro-
intestinal tracts and the ductal surfaces of specialized organs
such as the liver, pancreas and kidney. The membrane-bound
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mucins (i.e., MUCI, MUC3, MUC4, MUC12, MUC13,
MUCI16 and MUCI17) also contribute to formation of the
protective mucous gel through ectodomains of O-glycosylated
tandem repeats that extend from the apical cell surface. The
membrane-bound mucins typically have a sea urchin sperm
protein, enterokinase and agrin (SEA) domain that resides
between the glycosylated ectodomain and the transmembrane
domain. Autoproteolysis of the MUC1 SEA domain results
in the formation of an N-terminal ectodomain and a C-terminal
transmembrane subunit that in turn form a stable non-covalent
heterodimer (2-4).

MUCT localizes to the apical borders of normal secretory
epithelial cells (5). However, with transformation and loss
of polarity, MUCI is expressed at high levels over the entire
surface and in the cytosol of carcinoma cells (5). Importantly,
overexpression of MUC1 induces transformation (6) and
resistance to stress-induced apoptosis (7-12). The MUCI1
N-terminal ectodomain (MUC1-N) contains variable numbers
of highly glycosylated 20 amino acid tandem repeats (13,14).
The MUCI1 C-terminal subunit (MUC1-C) consists of a 58
amino acid extracellular domain, a 28 amino acid trans-
membrane domain and a 72 amino acid cytoplasmic tail (15).
MUCI-C is targeted to the nucleus (6,10,16-18) and mito-
chondria (8,19). In addition, MUC1-C stabilizes the Wnt
effector, B-catenin, through direct binding of the MUCI1-C
cytoplasmic domain (MUC1-CD) and the B-catenin Arm
repeats (20). Overexpression of MUC1-CD is sufficient for
the induction of transformation and the interaction between
MUCI1-CD and B-catenin is in part responsible for this
response (20). Other studies have demonstrated that
MUCI1-CD functions as a substrate for glycogen synthase 38
(21), c-Src (22), protein kinase C8 (23) and c-Abl (12). These
findings have indicated that, in contrast to the N-terminal
mucin-type ectodomain, MUCI1-C transduces signals from the
cell membrane to the interior of the cell that confer growth
and survival responses. The available evidence indicates
that MUC1-CD functions like a chaperone that holds client
proteins in configurations that dictate activity (10,18,20).

The MUC family members have been grouped according
to a biophysical structure rather than having evolved from
common ancestral genes (24). In this regard, a recent analysis
has shown that MUC1 homologs are restricted to mammalian
species (25). In addition, with the exception of a SEA domain,
MUCTI has no homology with the other membrane-bound
mucins (25). Based on the overexpression of MUCT in diverse
human malignancies and the importance of MUC1-CD to
transformation, the present studies have addressed the evolution
of these sequences. The results demonstrate that MUC1-CD
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Figure 1. MUC1 SEA domain contains divergent sequences that form the MUCI1-C extracellular domain. A, Schema depicting the MUC1 SEA domain with a
conserved region of 68 amino acids and a divergent region of 54 amino acids. B, Autoproteolysis of the MUC1 SEA domain between Gly and Ser in the
GSVVYV motif results in formation of the MUC1-C subunit with an extracellular domain (ED) that includes SVVV and 54 divergent amino acids. TM,
transmembrane domain. CD, cytoplasmic domain. C, Alignment of the SEA domains of MUCI and the indicated transmembrane mucins. The consensus amino
acids of the SEA domain are shaded. The arrow denotes the MUCI autocleavage site. The divergent MUCI sequences are shaded.

and part of MUCI-N originated from the secreted MUC5B
gel-forming mucin.

Materials and methods

Sequence information was retrieved for MUCI1, MUC3,
MUCI12,MUC13, MUC16 and MUC17 mucins from GenBank
(26) and the domain annotations were carried out using
SMART (Simple Modular Architecture Research Tool) (27).
The search for homologs of MUCI domains was performed
using BLAST (Basic Local Alignment Search Tool) (28).
The search for homologs of MUCI-CD was also carried out
using BLAST against the human non-redundant (NR) protein
database. Multiple sequence alignments were created using
ClustalW (29) and gaps were removed if present in >50% of
species. Visualization and manual adjustments to any mis-

alignments were made using Bioedit (http://www.mbio.ncsu.
edu/BioEdit/bioedit.html). Phylogenetic trees were constructed
using the parsimony method implemented in the protpars
program. Bootstrap values were calculated using the seqboot
program. Both protpars and seqboot are available in Phylip

(30). The trees were visualized using the TreeView program
(31).

Results

MUCI SEA domain contains a divergent carboxy-terminal
region. The SEA domain is a ~120 amino acid module that is
found in proteins from Caenorhabditis elegans to humans
(32). SEA modules in all proteins have significant sequence
similarity within the initial ~80 amino acids (32). An additional
~40 amino acids that separate the conserved region from
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downstream modules have been included in SEA domain
alignments (32). For example, the MUC1 SEA domain includes
a 68 amino acid conserved region and an additional 54 amino
acids (Fig. 1A). The MUCI protein is cleaved between
glycine and serine in a GSVVYV motif within the SEA domain
(3,33). This autoproteolytic process generates the MUC1
C-terminal subunit (MUC1-C), which consists of a 58 amino
acid extracellular domain (MUC1-C/ED), a 28 amino acid
transmembrane domain and a 72 amino acid cytoplasmic
domain (Fig. 1B). Analysis of the MUC1-C/ED sequences
with other proteins containing SEA domains, including the
human mucins, demonstrated similarity of consensus sequences
highlighted at positions 21, 30, 33-34 and 47 (Fig. 1C). By
contrast, there was little similarity after the GSVVV auto-
cleavage site (Fig. 1C).

MUCI cytoplasmic domain evolved from the MUCS5B gel-
Sforming mucin. MUC1-C includes a 72 amino acid cytoplasmic
domain (MUC1-CD). A BLAST search demonstrated that
MUCI1-CD has homologous regions with: i) the secreted
MUCS5B mucin; ii) the RNA binding motif protein, Y chromo-
some, family 2, member B isoform (RY2B_HUMAN)
(34); iii) v-maf musculoaponeurotic fibrosarcoma oncogene
homolog B (MAFB) (35); iv) the ankyrin repeat and sterile
alpha motif domain containing 3 protein (ANKS3) (36), v) the
kin of IRRE-like 1 protein (KIRREL) (37); vi) neural
precursor cell expressed, developmentally down-regulated 9
(NEDD9Y) (38); and vii) insulin receptor substrate 2 (IRS2)
(39). Construction of a phylogenetic tree with the putative
homologs revealed that MUC1-CD is most closely related to
MUCSB as supported by strong bootstrap values (Fig. 2A).
To further ascertain the relationship between MUC1-CD and
MUCS5B, a BLAST search was performed using MUC1-CD
as a query against the mammalian MUC proteins. MUC5B
was identified as the closest match. In addition, the MUC2
and MUC6 proteins, which are ancestors of MUC5B, were
also identified as matches. Construction of a phylogenetic
tree confirmed: i) the close association of MUC1-CD and
MUCS5B; and ii) evolution of MUCS5B from MUC2 and
MUCE6 (Fig. 2B).

MUCI-CD emerged from tandem repeat regions in MUCSB.
MUCSB contains irregular Ser-, Thr- and Pro-rich tandem
repeats of 29 amino acids in domains designated RI-RV (40).
This mucin-type region is interrupted four times by sequences
that are repeated and distinct from the RI-RV tandems (40).
MUCSB also contains four von Willebrand factor type D
(VWD) domains (Fig. 3A). Sequences related to MUC1-CD
were identified in a region located between the third and fourth
VWD domains (Fig. 3A). Four repetitive domains beginning at
amino acids 2181, 2710, 3408 and 3937 exhibited significant
alignments with MUC1-CD (Fig. 3B). Construction of a phylo-
genetic tree demonstrated that the MUC5B(3408-3447)
repeat is most closely related to MUC1-CD as compared to
the other three repeats (Fig. 3C). These findings indicate that
MUCI-CD evolved from MUCS5B.

MUCI-N sequences also evolved from the secreted mucins. The
MUCS5B locus is clustered on chromosome 11p15.5 with
genes encoding the secreted MUC6, MUC2 and MUC5AC
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Figure 2. MUCI cytoplasmic domain is closely related to MUC5B. A, A
phylogenetic tree was constructed by the parsimony method using amino
acid sequence alignment of MUCI-CD and its putative human homologs,
including MUCS5B, RNA binding motif protein, Y chromosome, family 2,
member B isoform 1 (RY2B_HUMAN), v-maf musculoaponeurotic fibro-
sarcoma oncogene homolog B (MAFB), the ankyrin repeat and sterile alpha
motif domain containing 3 protein (ANKS3), the kin of IRRE like 1 protein
(KIRREL), neural precursor cell expressed, developmentally down-
regulated 9 (NEDD9) and insulin receptor substrate 2 (IRS2). The number
represent the percent bootstrap value that supports branching. B, A
phylogenetic tree was constructed by the parsimony method using amino
acid sequence alignment of MUC1-CD with MUC5B, MUC2 and MUC6 in
different species. The numbers represent the percent bootstrap values that
support branching.

secreted mucins (41). Based on genomic organization,
sequence similarities and their ordering on chromosome 11,
the evidence indicates that these four genes evolved from a
common progenitor (42,43). Whereas MUC1-CD is related
to MUCS5B and its ancestors MUC2 and MUC6, we asked
if MUCI1-N also evolved from these gel-forming mucins. A
BLAST search with MUCI1-N against the human NR dataset
identified MUC5B, MUC2 and MUCS6. Significant similarity
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Figure 3. MUCI1 cytoplasmic domain evolved from repeat structures in
MUCSB. A, Domain structure of the MUC5B mucin was analyzed using
MUC5B(3937) SMART. The regions 2181-2220, 2710-2749, 3408-3447 and 3937-3976 are
highlighted. VWD, von Willebrand factor type D. PFAM:TIL, trypsin
inhibitor-like cysteine-rich domain. VWC, von Willebrand factor type C.
CT, c-terminal cysteine knot domain. B, Alignment of MUCI-CD and the
indicated regions from MUC5B. C, A phylogenetic tree was constructed by
the parsimony method using amino acid sequence alignment of MUC1-CD
and the indicated regions from MUCS5B. The numbers represent the percent
MUC5B(3408) bootstrap values that support branching.
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was identified between MUC5B(2941-3212) and the region
of MUCI1-N between the tandem repeats and the SEA
domain (Fig. 4A and B). Construction of a phylogenetic
tree demonstrated that the sequences related to MUC1-N are
repeated 6 times throughout MUCS5B (Fig. 4C). Moreover,
the related sequences are shared with repeats in MUC2 and
MUCS6 (Fig. 4C), supporting their emergence from a common
progenitor. The phylogenetic tree demonstrated that the
MUC5B(2941-3212) sequences are most closely related to
MUCI-N (Fig. 4C). These findings indicate that regions in
both MUCI1-N and MUCI1-C evolved from the secreted gel-
forming MUCS5B mucin.

Discussion

Evolution of the MUC family. The MUC family of mucins
consists of the secreted and membrane-bound forms. MUCI1
is a membrane-bound mucin that is aberrantly overexpressed
in diverse malignancies (5). Estimates indicate that ~800,000
of the 1.4 million tumors diagnosed annually in the US

overexpress MUCI. Recent studies have demonstrated that
the overexpression of MUCT induces transformation (6) and
that the oncogenic sequences reside in the MUC1 C-terminal
subunit (20,44). However, no information is available regarding
the origin of the MUCI1-C extracellular and cytoplasmic
domains. The mucins are classified in the same family based
on the presence of an extensively O-glycosylated tandem
repeat structure, rather than a common genetic origin (24).
Thus, with the exception of the SEA domain, MUCI has
no sequence similarity with the other membrane-bound
mucins (25). The present results extend these observations by
demonstrating that sequences downstream of the MUC1 SEA
domain G|SVVV autocleavage site are unrelated to those
found in other SEA domain containing proteins. The SEA
domain has been described as a ~120 amino acid module,
based on the sea urchin sperm protein, enterokinase and
agrin in which it was first identified (32). A phase 1 intron at
the end of a preceding module has been used to define the
beginning of the SEA domain. In MUCI1, the SEA module
extends for 122 amino acids (32). After autocleavage of
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Figure 4. MUCI-N is also related to MUC5B. A, Schema depicting the location of MUC5B(2941-3212) and the related sequence in MUC1-N. TR, tandem
repeats. B, Alignment of MUC1-N sequence with MUCSB regions. C, A phylogenetic tree was constructed by the parsimony method using amino acid sequence
alignment of MUC1-N, MUCS5B and its related proteins, MUC6 and MUC?2. The numbers represent the percent bootstrap values that support branching.
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MUCI, a conserved region of the SEA domain (64 amino
acids) is located at the carboxy-terminus of MUC1-N (Fig. 5A).
By contrast, the divergent sequences following the SVVV
motif are located in the extracellular domain of the MUCI1-C
subunit (Fig. 5A). These findings indicated that the MUC1
region between the conserved SEA domain sequences and
the transmembrane domain diverged from corresponding
regions in other SEA domain containing proteins.

MUCI-C cytoplasmic domain evolved from MUCS5B. The
MUCI1-CD binds to B-catenin and increases B-catenin levels
by blocking its degradation (20). Moreover, MUC1-CD is
sufficient to induce transformation by a mechanism that is at
least in part dependent on the interaction with -catenin (20).
The present results indicate that MUCI-CD is most closely
related to repeat regions found in the secreted MUCS5B mucin.
Notably, these repeats are not found in the other gel-forming
mucins. MUCS5B is aberrantly expressed in human gastric
and breast cancers (45,46). However, a functional role for
MUCSB in transformation is not known. Moreover, previous
work has shown that MUC1-CD is phosphorylated on Thr-41,
Ser-44, Tyr-46 and Tyr-60 by PKC8, GSK38, c-Src and c-Abl,
respectively (12,21-23). Significantly, none of these phospho-
rylation sites is present in the MUCS5B repeats (Fig. 3B).
The MUCI1-CD SSLS motif (amino acids 56-59), which is
important for binding to B-catenin and transformation (20.47),
is also not conserved in the MUCSB repeats (Fig. 3B). In
addition, the essential tyrosines located in the putative
MUCI1-CD immunoreceptor tyrosine-based activation motif
(ITAM; amino acids 8-23) (48) and the immunoreceptor
tyrosine-based inhibitory motif (ITIM; amino acids 44-49)
are not present in the MUCS5B repeats. These findings
indicate that the MUCI1-CD oncogenic function arose by
diversification after evolution from MUCS5B.

MUCI-N also evolved in part from secreted mucins. Our
previous work showed that the conserved region of the
MUCI SEA domain emerged from the basement membrane-
specific heparin sulphate proteoglycan core protein precursor
(HSPG) and clustered with the SEA domains of MUC13,
MUC3, MUCI12 and MUCI17 (25). Otherwise, MUC1 has no
homology with the membrane-bound mucins (25). Moreover,
recent work has indicated that, in contrast to the secreted
gel-forming mucins, the transmembrane mucins are a more
recent development in evolution (49). The present results
demonstrate that the MUCI-N region between the tandem
repeats and the SEA domain evolved from the secreted
MUCS5B, MUC2 and MUC6 mucins that cluster on chromo-
some 11. Notably, the MUCI1-N sequences are most closely
related to those in MUCS5B. The present results further
demonstrate that MUCS5B, and not MUC6 or MUC2, contains
repeat structures related to the MUCI cytoplasmic domain.
The MUCS5B repeat (amino acids 3408-3447) is most closely
related to MUC1-CD and is just downstream to the MUC5B
region with homology to MUCI1-N (Fig. 5A). Thus, sequences
in both MUCI1-N and MUCI1-C appear to have emerged from
adjacent regions in MUCS5B (Fig. 5A). Other work has
supported the evolution of the MUC5AC and MUCS5B genes
from a common MUCS5ACB ancestor (Fig. 5B), which in turn
arose from a progenitor of the MUC6 and MUC?2 genes (43).

DURAISAMY et al: MUC1 ONCOGENIC SEQUENCES EVOLVED FROM MUCS5B

The present findings indicate that MUC1 evolved in part
from MUCSB (Fig. 5B) and thereby this lineage of the
secreted gel-forming mucins.
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