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We have cloned the Mucl  gene of the mouse, encoding the murine equivalent 
of human episialin (also known as EMA or PEM), a mucin-like glycoprotein that 
is overexpressed in carcinoma cells. The extracellular domain of the mouse 
protein, that mainly consists of tandem repeats, contains 16 repeats of variable 
length and sequence, whereas the human protein usually contains between 30 
and 90 nearly identical repeats. The murine repeats contain more potential O- 
glycan side chains and this may result in a more extended conformation of the 
murine protein. The transmembrane and cytoplasmic domains of the protein 
show about 90% conservation. The promoter region shows many conserved 
regions that could function as transcription factor binding sites. © 1991 Acid .... 
Press, Inc. 

Human episialin (PEM; EMA; DF3 antigen; NPGP; PAS-O; CA15.3 antigen) is 

a large sialoglycoprotein, that is encoded by the MUC1 gene (for reviews, see 

1,2). It is expressed at the apical side of glandular epithelial cells. The amino 

acid sequence of human episialin, as determined from cDNA clones, predicts 

that it is a type I transmembrane protein with a large extracellular domain (3-6). 

The size of the extracellular domain ranges between approximately 1000 and 

2200 amino acids as a result of variations in the number of tandem repeats, 

that each consist of twenty amino acids. Both the repeats and the adjacent 

amino acid sequences contain a large number of serine and threonine residues 

that carry sialylated O-linked glycans, that are typical of mucins. The high 

density of sialylated carbohydrate side chains on mucin molecules restricts the 

flexibility of the protein backbone as a result of steric hindrance between 

adjacent glycans (7). Therefore, mucins are rigid, rod-shaped molecules, that 

project high above the glycocalyx of the cell. Since the extracellular domain of 
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episialin mainly consists of such a large mucin-like domain, its normal function 

probably is to prevent access of macromolecules to the apical cell membrane. 

Expression of episialin at this membrane might also be required for the 

formation and maintenance of the ducts by preventing stable interactions 

between the cells. Recently, our group has shown that overexpression of 

episialin, as occurs on tumor cells, does indeed affect the capacity of cells to 

aggregate (8), suggesting a role of episialin in invasion and metastasis. 

The structural requirements for the functioning of episialin can be assessed by 

sequencing the MUC1 gene of another species. Not only the sequence of the 

transcribed region is of interest, but that of the promoter as well, since many 

human carcinoma cells overproduce mRNA encoding episialin (9), suggesting 

that the overproduction of episialin is caused by increased transcription. The 

identification of conserved elements in the promoter can serve as a first step in 

studying regulation of the gene both in normal and in tumor cells. 

Materials and Methods 

Cloning and sequencing. The mouse episialin gene was isolated from a 
genomic library made from Balb/c spleen DNA, that had been cloned in 
bacteriophage lambda gtlO using partially digested EcoRI fragments (10). This 
library was screened with a 32P-labeled human cDNA clone that encoded the 
majority of the non-repetitive part of the episialin message, but lacked the 
repeats. Hybridization was performed according to standard procedures (11). 
The blots were washed in 2x SSC, 0.1% SDS at 58°C for 1.5 hours. A single 
positive clone was identified containing two EcoRI fragments of 2.1 and 1 1 kb, 
that were separately subcloned in pEMBL18 (12). Relevant parts of these 
subclones were sequenced using the dideoxy chain termination method and the 
Multiwell system (Amersham). The sequence of the entire episialin coding 
region was determined on two strands. Sequence results were analyzed using 
the GCG program (13) and the entire sequence was compared with the 
Genbank database (release 68) using the FastA program (14). 

Generation and amplification of episialin cDNAs. An rnRNA preparation of 
lactating mammary glands was reverse transcribed using AMV reverse 
transcriptase and amplified using the polymerase chain reaction method with 
two pairs of primers, chosen in such a way that all splice junctions were 
spanned by the two resulting PCR products, named A and B. The sequences of 
these primers were: A1 5'gcta agg_a_L~tgttcaccaccaccatg 3', 
A2 5' gccggaattctggcaatagtgctgtggc 3', B1 5'gctaggatccactcagccttcagtgccaag 
3", and B2 5" gccggaattcagaccgccaaagctgccccaa 3". The relative position of 
these primers is shown in Fig. 1. Following digestion with BamHI and EcoRI, 
that recognize the underlined sites, the two PCR fragments were subcloned and 
sequenced. 

Northern and Southern blot analysis. The agarose gels (1%) for separation of 
RNA contained 6.6% formaldehyde. Northern and Southern blots were made, 
hybridized and washed according to standard procedures (1 1). 
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Results 

The structure of the murine episialin gene, 

Following screening of a genomic library with a human episialin cDNA probe, 

a single phage was obtained, that contained two EcoRI fragments of 2,1 and 11 

kb, which were subcloned separately. Nucleotide sequencing of relevant parts 

of these clones showed that the entire murine Mucl  gene and long stretches of 

flanking sequences were present on the 11 kb EcoRI fragment. Subsequently, 

the nucleotide sequences of the promoter region, the coding regions and the 

introns (except parts of intron 6) were determined and compared to the mouse 

genomic sequence (15) and to human sequences (3-6, 16-18). We find few 

discrepancies between the two murine sequences in the regions where they 

overlap, with the notable exception of one additional triplet in repeat 5 in our 

sequence (see below). The entire nucleotide sequence has been deposited in the 

Genbank database (accession numbers M76179 and M77226) and is not shown 

here. Most exon-intron junctions could be predicted on the basis of the strong 

sequence similarity between the mouse and human genes and their location was 

confirmed by sequencing cDNA clones. The coding region is interrupted by six 

introns (Fig. 1), as is the case for human gene. 

The coding sequence. 

Like the human protein, mouse episialin is predicted to be a type I 

transmembrane protein. The level of similarity of the various domains to their 

human counterparts is highly variable (Fig. 2). The extracellular domain of the 

protein is not very conserved, with the exception of some parts between the 

ATG TM TAG 

AI __I 
16 repeats 

exon: 1 2 3 4 5 6 7 

500 bp 

Figure 1. 
Structure of the murine mouse episialin gene. The exons are indicated by horizontal 

bars, the coding regions are shown filled in black, with the exception of the 
repeats present in exon 2 that are depicted by the open blocks. The locations of 
the startcodon (ATG), the transmembrane (TM) domain and the stopcodon 
(TAG) are indicated, as well as the positions and orientations of the PCR 
primers. 
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- - x  7 x 8 x 9 
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I IJlllJ J 
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Human SVSDVPFPFSA SGAGVPOWGZALLV'LVCVLVALAIVTLI/EL/~V IFPA 1208 

Mouse KVNEMQF P P S AQSRPG~ I ALLVLVC ILVALA I VY~VCOCRRKS ~GQLD I FPT 575  

Human RDTYHPMSEYPTYHTHGR~'VPPSSTDRSP]t EKVSAGNGGSSLSYTNPAVAATSANL 1264 
llllllillllliiilrIlll II lllrr llllJl llIlllllll liill 

Mouse QDTYHPMSEYPTYHTHGRYVPPGSTKRS P]t'EEVSAGNGSSSLSYTNP~qVVTTSANL 631 

Figure 2. 
Sequence comparison of the human and murine episialin amino acid 

sequences. Identical amino acid residues in both sequences are connected by 
rods. Eight human repeats are shown and are overlined, and the position of the 
remaining ones is indicated. The mouse repeats are indicated in a similar 
manner. The start of the human repeats is arbitrary, that of the mouse protein 
have been chosen in such a way that there is a maximum number of repeats 
(sixteen). The homology between human and murine sequences in the repetitive 
regions is very low and several other, slightly different alignments might be 
possible. The putative N-linked glycosylation sites and the transmembrane 
region have been indicated as well. Each tenth amino acid in every sequence is 
indicated by a dot, except in the repetitive region. The numbering of the human 
episialin sequence is based on an episialin molecule containing 40 repeats. 

repeats and the t ransmembrane domain. There are ten consensus-sites for N- 

linked glycosylation present in the extracellular domain of murine episialin, some 

of which are located within the repeat region. There are only five sites in the 

human protein, all located C-terminal from this region and their position has 

been conserved in the mouse (Fig. 2). 
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Ninety percent of the residues in the transmembrane domain of episialin are 

conserved. The last two cysteines in this domain are ideally posit ioned at the 

inside of the plasma membrane for the covalent linkage of a fat ty acid residue 

(19), as has been previously proposed for human episialin (3). 

The 69 amino acid cytoplasmic domain of episialin is very well conserved 

between the two species (87%). It is probably involved in the routing of the 

molecule during internalization and subsequent recycling (Litvinov et al., 

submitted), an event that has also been described for ASGP1, a similar mucin in 

the rat (20). Tyrosine residues in the cytoplasmic domain of some 

transmembrane receptors are involved in the process of internalization (21-23) 

and all seven tyrosine residues present in the cytoplasmic tail of episialin are 

conserved. 

The promoter region and the expression pattern. 

The nucleotide sequence of the promoter region of the mouse episialin gene is 

in general conserved wi th respect to its human counterpart (Fig. 3). Detectable 

mRNA levels were present in lactating mammary glands, uterus, lung, and, 

surprisingly, muscle (Fig. 4). Except for this latter tissue, the t issue distr ibut ion 

of murine episialin mRNA is comparable to that of its human counterpart.  The 

size of the episialin message is about 2.5 kb. 

Discussion 

Our current model of the structure of the episialin molecule predicts that  

above a certain level of expression, episialin prevents the interaction between 

molecules on the episialin-producing cell and macromolecules in the immediate 

surroundings of the cell. We would therefore expect that  a large extracellular 

domain and an extended structure, caused by the presence of a large number of 

O-linked glycosylat ion sites, are essential for the funct ion of episialin. However, 

the lower number of repeats in murine episialin indicates that the extracellular 

domain of this protein is much shorter than its human counterpart  and this 

might suggest that  the length of this domain is not crucial. However, it should 

be realized that the murine extracellular domain has a predicted length of 70 nm 

(7) and still extends far above the glycocalyx, which has a thickness of only 10 

nm (7). In addition, high-field NMR studies have established that a single non- 

glycosylated repeat unit of human episialin contains at least one beta turn (24). 

This would predict a zig-zag structure for human episialin and the overall length 

of the molecule would crit ically depend on the bend angle of the turn. Murine 
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Figure 3. 
Episialin mRNA expression in various murine tissues. 20 pg of RNA was used 

in each lane. The gel was a 1% agarose-formaldehyde gel, and the Northern 
blot was probed with a genomic DNA fragment containing exons 5 and 6 of the 
murine episialin gene. 

episialin may therefore adopt a more extended structure as a result of the higher 

density of O-linked glycans or the lower proline content, that both may decrease 

the bend angle. 

The amino acid sequence of the repeats is only poorly conserved, but both 

the murine and human repeats are rich in serine and threonine residues, that 

may serve as O-linked glycosylation sites. There are twice as many of these 

residues in the murine repeats, that number only 16, whereas most human 

alleles contain between 30 and 90 repeat units. The murine repeats are much 

more variable in length and in sequence than the human repeats. The high rate 

of change in the murine repeats, that vary in length between 20 and 22 amino 

acids, is illustrated by the presence of an extra alanine residue in repeat 5. It is 

absent in the sequence of Spicer et al. (15), that shows several additional amino 

acid changes in this region. This suggests that the repetitive domain is evolving 

very rapidly and that the protein backbone merely serves as a scaffold for the 

attachment of O-linked glycans. 

126 



Vol. 181, No. 1, 1991 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
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. . . . . . . .  $p177 .  
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uman t ~ a g g g g g t t g a g c g a ~ t a g a g ~ c t t g t a c c ~ t a c ~ c a g g a a ~ g ~ t ~ g g g a ~ g a g g a ~ g a a g a g g t a g g a g g t a g g g g ~ g ~ t t t g t c a c  726 

I l l  ~ l i l i t i  i l t l  l t l l l I  I ] I I I ] t L I  ] i l l i l l l  ~ltt l  i t l l l l l  l i l t  ; l i i l l l l / ~ l l l | l  ii 
ouse tcataaggttgagtgattggagcccaagtaccctacacaggaatgactgggggggaggag.~gaggaaaa~aataggggaggg~c~Qagtt t tgt tac 757 

Spl?  
. . . . . . . .  I - - >  exont . 
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Figure 4. 
Sequence comparison of the promoter regions of the human and mouse 

genes. The human sequence is a consensus sequence, that is based on all 
available promoter sequences (16; 17; 18; and our own results). However, this 
consensus sequence only starts at position 382 in the human sequence. The 
sequence upstream of this position is mainly based on Lancaster et al. (18). 
However, there are several differences between the sequences of refs. 17 and 
18, the only two remaining sequences covering this region. Possible Spl sites 
that show at least a 9 out of 10 match with the consensus sequence 
(GIr)(GIA)GGCG(G/T)(G/A)(G/A)(C/T~; less favored nucleotides shown in small case 
(27)) have been underlined. The TATAAA-box and the ATG startcodon are 
similarly indicated. A comparison of the complete genes is available upon 
request. 

The f i rst  ten repeats are clearly the result of  a re lat ive ly  recent dupl icat ion 

event  involv ing f ive repeat units. As a result, repeat unit 3 is nearly ident ical  to 

repeat unit 8, whereas the repeats 2 and 4 also show a strong s imi lar i ty ,  both in 

length and in sequence, to repeats f ive units downstream. In v i e w  of these 

results it seems l ikely that  the human repeats, that  are a lmost  identical to one 

another, are the result of a recent expansion of a single repeat type.  Similar 

evo lu t ionary  changes in the repet i t ive domain of  the involucr in gene in pr imates 

have recent ly been documented (25). 
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A proteolytic cleavage event, that occurs in the endoplasmic reticulum, has 

been described for human episialin (8). The two cleavage products remain 

associated, probably via non-covalent interactions (8). The cleavage site has not 

yet been determined exactly, but it should be located between positions 1101 

and 1119 (IKFR...FREG) in human episialin (Fig. 2; 8). This region is relatively 

well conserved in the mouse protein, since most non-identical positions show 

conservative substitutions. Another region of possible functional significance is 

a conserved, relatively hydrophobic region that is bordered by two N-linked 

glycosylation sites and that is characterized by a high number of phenylalanine 

residues (residues 1033-1053 in the human episialin sequence). The 

hydrophobic nature of this part suggests that it might be located on the inside 

of a globular subdomain of this otherwise highly elongated protein or that it is 

shielded in some other way from the hydrophilic environment, e.g. by 

interacting with the cleaved carboxyl-terminal domain or with another protein. 

The promoter region of the episialin gene shows a relatively high level of 

conservation between the two species. The TATAAA-box, that serves as the 

binding site for transcription factor TFIID (26), is completely conserved (Fig 3). 

One possible Spl binding site, that consists of a perfect consensus sequence 

(27), is present in both promoters about 80 bp upstream of the TATAAA-box. 

In both promoters, there are several additional motifs present, that contain the 

GGGCGG core binding site of the transcription factor Sp l ,  but that deviate from 

the full-length consensus. There are many additional conserved stretches of 

nucleotides in the promoter region and these might represent other transcription 

factor binding sites. Few of these elements correspond to potential transcription 

factor binding sites identified before (17,18). This underscores the need for 

functional assays to establish the significance of these promoter elements. From 

preliminary experiments using CAT assays we have established that sequences 

that are located more than 250 bp upstream of the transcription start site are 

still of importance for promoter function and this is reflected in the continuing 

high level of homology upstream of this region. However, we have evidence 

that there is another gene not far upstream of the episialin gene, that shows 

some similarities to the gene for human thrombospondin 1 (manuscript in 

preparation in collaboration with Dr. P. Bornstein). It is therefore unclear at the 

moment if conserved elements present far upstream of the episialin gene are 

important for its transcriptional regulation. This should be resolved using the 

CAT assays. 
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