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1. ABSTRACT

Mucins encoded by the MUC genes share
the common feature of having an extensive tandem
repeat region that encompasses a large proportion of
the coding sequence. In many of the genes this
tandem repeat region shows a great dea of alelic
length  variation and recently studies have
demonstrated person to person variation in pattern of
nucleotide or amino-acid changes in the repeat units.
The length and sequence variability will be discussed
in thisreview, aswill itsrole in disease susceptibility.

2. INTRODUCTION

Fourteen human mucin genes have so far
been reported that encode mucin-like glycoproteins
expressed in epithelia and have been given the symbol
MUC (www.hugo-international.org/hugo/).  These
genes do not fall into one simple family. Four located
in a cluster on chromosome 11p15.5 encode classica
secreted gel forming mucins and are clearly related (1).
A further small secreted mucin, is encoded by a single
gene, MUC7, on chromosome 4 (2). Severa others
are membrane bound, some faling in a cluster on
chromosome 7 (3). The MUC genes do however share
an important common feature. They al contain at
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least one extended exonic region of repetitive
sequence, which in most cases comprises 50% or more
of the polypeptide. These domains generally contain
tandemly repeated coding sequence that show, in most
mucins, length polymorphism due to Variation in the
Number of Tandem Repeats (VNTR). Tandem
repeats also occur in the introns of the mucin genes
but probably no more frequently than elsewhere in the
genome.

Repetitive sequences are widely dispersed in the
genome but are usually non-coding. These range from
microsatellites with simple 2-4 base pair repeats to
alpha satellites that are made up of monomers of 171
base pairs, the latter forming blocks of repetitive DNA
often ranging from 100kb to several megabases in
length. The best-characterised repetitive sequences in
the genome are that of the so-called minisatellites.
These sequences consist of long expanses of simple
repeats usually 30 base pairs in length that show high
levels of heterozygosity due to VNTR polymorphism
(4). Thisisthought to have arisen due to high levels
of replication dlippage, recombination and gene
conversion. These minisatellite regions tend to be
clustered towards the telomeric end of the
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Table1l. Chromosomal localisation and details of the different repeat arrays of the MUC genes

Chromosom  Length of tandem Tandem repeat sequence Tandem
elocation repeat unit (amino repeat region
acids) length
variation
MUC1 1921 20 PDTRPAPGSTAPPAHGVSTA 2.8-8kb
MuUC2 11p15.5 23 PTTTPITTTTTVTPTPTPTGTQT 3.3-11.4kb
MUC3A and 7022 17 (in both genes) HSTPSFTSSITTTTETTS 7-15kb,20-50kb
B
MUC4 3029 16 TSSASTGHATPLPVTD 6.5-27kb
MUCS5AC 11p15.5 8 (interrupted) TTSTTSAP 6.6-7.4kb
MUC5B 11p15.5 29 (interrupted) ATGSTATPSSTPGTTHTPPVLTTTATTPT 16kb
MUC6 11p15.5 169 SPFSSTGPMTATSFQTTTTYPTPSHPQTTLPTH ~ 8-13.5kb
VPPFSTSLVTPSTGTVITPTHAQMATSASIHST
PTGTIPPPTTLKATGSTHTAPPMTPTTSGY SQA
HSSTSTAAKTSTSLHSHTSSTHHPEVTPTSTTT
ITPNPTSTGTSTPVAHTTSATSSRLPTPFTTHSP
PTGS
MUC7 4 22 TTAAPPTPSATTPAPPSSSAPG 5/6/8 repeats
MUC8 12g24.3 41 base pairs TSCPRPLQEGTRV or ?
TSCPRPLQEGTPGSRAAHALSRRGHRVHELPT
SSPGGDTGF
MUC9 1p13 15 VGHQSVTPGEKTLTS 4dleles
MUC11 7922 28 SGLSEESTTSHSSPGSTHTTLSPASTTT ?
MUC12 7022 28 SGLSQESTTFHSSPGSTHTTLSPASTTT ?

chromosomes (5). Most of these sequences are non-
coding and the repeat units are not multiples of three.

Coding sequence tandem repeat variation
was first shown for MUC1(6-8) and was demonstrated
by the observation of the same length variation using
different restriction enzymes. The MUCL length
polymorphism could be seen at the DNA, mRNA and
protein levels. It then became clear that this kind of
length variation was a genera feature of the mucin
genes. MUC1, MUC2, MUC3A, MUC3B, MUC4,
MUCS5AC and MUCES6 are all highly polymorphic. In
contrast MUC5B shows very little length variation,
MUC7? only shows two common aleles and MUC9
(recently renamed OV GP1) shows 4 different length
aleles (9, 10). The repeat units vary in size from 8
amino acid residues in MUC5AC to 169 amino acid
residuesin MUC6 (Table 1).

Severa other genes, as well as the mucins,
also contain coding tandem repeat domains. For
example the dopamine D4 receptor gene (DRDA4)
located on chromosome 11p15.5. This receptor shows
length variation in the third cytoplasmic loop of the
protein, relating to an imperfect 48 base pair repeat in
exon 3 (11). The repeats can vary in number between
2 to 10. Different aleles show different drug binding
affinities, which may imply potential differencesin the
efficacy of drug treatment for example clozapine for
schizophrenia (12). There is evidence to suggest that
in some people the variation in this gene may affect
the traits of novelty seeking and alcoholism (13,14). In
addition to the number of repeats, the variation in the
sequence of the repeat region of the DRD4 receptor
has also been studied in detail (11).

The involucrin gene and the salivary proline
rich genes are further examples of a coding sequence
containing repetitive DNA (15,16).
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Also in this category is the apo (a) gene
which produces a protein that is major component of
lipoprotein a (Lp(a)). This gene contains 10 different
plasminogen-like Kringle IV units. One of these units
(Kringle 1V-2) is polymorphic and can range in
number from 2 to 41. The tandem repeat array is
unusual, since intronic sequence as well as exonic
sequence forms a major part of each tandem repeat
unit. The number of Kringle V-2 repeats is inversely
related to the Lp(a) plasma concentration (17). Other
examples are the androgen receptor and the HD gene,
which can cause spinal and bulbar atrophy and
Huntingtons disease respectively (18,19). These genes
contain repetitive sequences but unlike the mucins
these are simple tri-nucleotide repeats.

3. MUCIN POLYMORPHISM

3.1. Membrane bound mucins (MUC1, MUC3A,
MUC3B, MUC4, MUC11, MUC12)

The mucin glycoproteins encoded by these
genes share the property of having a C-termina
membrane-spanning region and are expressed on the
surface of epithelial cells.

3.1.1. MUC1

MUCL1 protein is widely distributed in
normal tissues and is present in many bodily fluids
(e.g. urine) (7). Itisexpressed by most epithelial cells
and also in some other cellse.g. T cells and fibroblasts
(20,21; Swalow DM unpublished). In many early
studies MUCL1 was identified as a cancer antigen to
which many monoclonal antibodies had been raised (22).

Figure 1 shows a diagram of the MUCL
gene. The gene structure is typical of all of the mucin
genes in that there is a large central exon containing a
tandem repesat region. The tandem repesats are 60 base
pairs in length and have a high guanine/cytosine
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Figure 1. Structure of the MUCL gene showing the position of the tandem repeat array and the two flanking
polymorphisms. The positions of the Hinfl sites used for the VNTR analysis are also shown.

content (approximately 80 %) and encode a 20 amino
acid repeat rich in serine, threonine and proline.
Within each repeat unit there is a highly immunogenic
region to which most of the MUC1 antibodies are
directed. The antibody binding site has in many cases
been finely mapped and almost aways overlaps the
amino acid sequence PDTR (proline, aspartic acid,
threonine, arginine).

The VNTR polymorphism of MUCL can be
detected in genomic DNA using a wide range of
restriction enzymes. Arrows indicate the position of
the Hinfl restriction sites used in our laboratory to
study the length polymorphism. The allelic band sizes
with Hinfl range in size from 2.8-8kb and show a
bimodal distribution with modal sizes of 3.75kb and
6.75kb (23,24) (Figure 2). This same polymorphism
is detectable at the RNA level on Northern blots (6)
and on SDS gels using the monoclonal antibodies
directed against the TR region, or lectins (25). Peanut
lectin25 and the monoclonal antibody Cal are the best
tools for showing the polymorphism (8).

A number of other polymorphisms have
been identified. There is a guanine to adenine
transition, 5’ to the tandem repeat region within the
second exon at nucleotide position 3506 (Gen bank
ref. M6110) (Figure 1). This transition is associated
with aternative splicing of the mRNA (26).
Transcripts with an adenine at position 3506 are
spliced to give a product that is 27 nucleotides longer
than the one produced if there is a guanine at position
3506. This leads to variation in the proteolytic
cleavage of the signa peptide giving either a N-
terminal serine for the A allele and a 10 amino acid
longer sequence with an aanine for the G alele (27).
A CA microsatellite has been found in the sixth intron
(28) and alleles with 11, 12 and 13 CA repeats have so
far been identified. Anaysis of the CEPH family
pedigrees has given haplotype information and shown
that there is a high degree of linkage disequilibrium
across this part of the MUC1 gene (28). This means
that individuals with an adenine at nuclectide position
3506 tend to have smaller VNTR aleles and larger
CA repeat alleles but individuals with a guanine at
position 3506 have longer tandem repeat alleles and
smaller CA repeat adleles. The degree of association
aong the MUC1 gene indicates that unequa
reciprocal recombination was not the major method by
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which the length polymorphism of the VNTR region
evolved (28).

3.1.2. MUC3A and MUC3B

Much of the ealy work on MUC3
considered it as a single gene though it is now very
clear that mRNA transcripts can be detected that are
encoded by two separate highly homologous loci in
close proximity, MUC3A and MUC3B (3,29). Each
gene contains a major VNTR domain containing
variable numbers of a 17 amino acid motif. The two
VNTR domains share the same consensus seguence
although in MUC3B there is apparently a more
frequent proline at amino acid position 11 in the repeat
sequence. In the initia reports in which a tandem
repeat probe was used to detect MUC3 it was thought
to occur mainly in the intestine (30). However it is
also expressed in the gall bladder (31,32) and in
hepatocytes (33,34). A recent report suggests that
MUCS3A is expressed in several tissues while MUC3B
in contrast was shown to be restricted to intestine (29).

Southern blot analysis using the restriction
enzyme Pvull and the 51bp tandem repeat probe
shows two polymorphic VNTR domains. One of the
regions varies from 20-48.5kb with the most frequent
alele being 24kb (0.67 heterozygosity in the U.K.
population). The distribution appears to be
multimodal. The other region varies in size from 7-
15kb with a unimodal distribution and a peak at
approximately 12kb (0.51 heterozygosity in the U.K.
population) (23). It is not currently known whether
the larger or smaller set of bands relates to MUC3A or
MUC3B.

MUC3A aso contains a domain of 1kb
tandem repeats (35) though it is not known if this
domain is polymorphic. A large number of SNPs
(Single Nuclectide Polymorphisms) have aso been
reported several of which cause amino acid
substitutions (3,29).

3.1.3. MUC4

MUCA4 is expressed in the trachea, bronchus,
colon and a few other tissues (20). MUC4 shows
more alelic diversity than the other mucin genes with
a very large uninterrupted tandem repeat region with
repeat units of 48bp which can be detected using a
double digest with Pstl and EcoRI (36) or a single
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Figure 2 Southern blot of Hinfl digested genomic
DNA from seven different individuals probed with a
MUCL1 tandem repeat probe (Pum24P). End lanes
contain the Raoul marker (Oncor Appligene) run as a
size standard, sizes as indicated.

digest with Pvull (23). The distribution is bimodal
with length variation of between 6.5kb and 27kb when
digested with Pvull (23). The tandem repeat region
shows a heterozygosity of 0.78 in the U.K. population.
There are aso three minisatellite polymorphisms in
introns. The first is a 15 base pair tandem repeat in
intron 3 varying in length from 1.5-6.5kb (36), the
second a 26-32bp imperfect TR in intron 4 and the
third a 32bp repeat inintron 5 (37).

3.1.4. MUC11 and MUC12

These two genes have only recently been
reported and are found on chromosome 7 in close
proximity to MUC3A and MUC3B (38) suggesting
that there may also be a cluster of geneson 7g22. The
MUC11 and MUC12 clones both contain a TR which
shows a high level of homology, and one has
associated C-terminal  sequences  which  show
homology to the MUC3 membrane spanning domain.
In fact there is little formal evidence that these clones
come from different genes the only indication so far
being that they appear to be differently expressed in
different tissues. So far no variation in the tandem
repeat array has been reported.

32. Ge forming mucins (MUC2, MUCSAC,
MUC5B, MUCS6)

The gel forming mucins are located in a
cluster on chromosome 11p15.51. These proteins
have cysteine rich regions that appear to be involved
in disulphide crosslinking. It is the polymerisation of
these proteins that forms the mucus network.

3.2.1.MUC2

The MUC2 gene contains two tandem repeat
domains, which show no homology to each other. The
main repeat array contains 69 base pair tandem repests.
This region shows length variation with a bimodal
distribution in some populations. In the U.K.
population the majority of individuds have dleles
between 6.5-8kb (when restriction digested with Hinfl)
(23). The mean length of the group of shorter aleleis
around 3.5-4kb. The heterozygosity of this tandem
repeat region in the U.K. population is 0.59.

5’ to the main tandem repeat region there is
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a smaller repetitive region with poorly conserved 48
base pair repeats which is 385 amino acids long and
does not show common length variation (23). The
amino acid repeats vary in size from 7-40 amino acids
but the modal size is 16 amino acids (48 base pairs).
The first repeats (1-9) at the 5 end of the tandem
repeat show high homology with the homology
decreasing as one moves 5’ to 3'. It seems plausible
that this tandem repeat region arose by a series of
duplications 5’ to 3' accounting for the high homology
at the5' end (39).

Within intron 6 of MUC2 there is a
polymorphic minisatellite (D11S150) (Swalow DM,
Pratt WS, Aubert JP and Gum JR unpublished). The
repeat array variesin length between 0.9 and 8kb (40).
The individual repeats are either 33 or 34bp long.

3.2.2. MUC5B

The MUCS5B gene has a particularly large
central exon (41) which contains the tandem repeats
but is complex in structure. It contains a mixture of
domains, which include 7 copies of a cysteine rich
sequence, interspersed with five domains of 87bp
tandem repeats as well as other serine and threonine
rich sequences. Much of the exon is made up of 4
super-repeats. No evidence has been found for person
to person length variation of this region (23).

MUC5B does however show a VNTR
polymorphism in intron G where there is a region
containing a 59bp repeating unit (42). Each repeat
contains an Spl binding site. So far 4 alleles have
been identified containing either 3,5,7 or 8 repeats.

3.2.3. MUC5AC

MUC5AC has a similar tandem repeat
structure to MUCS5B a 24bp tandemly repeated
sequence and interspersed cysteine rich domains (43).
Restriction digestion of the MUCSAC gene with
severa different restriction enzymes shows multiple
aleles. Hinfl digestion yields two classes of alleles: a
and b. However digestion with Pstl gives 4 distinct
alleles (44). The nature of the polymorphism is not yet
known though correspondence of the patterns with
different restriction enzymes suggests at least some
length variation. It could however represent the
presence of absence of awhole ‘ super-repeat unit’ and
perhaps aso polymorphism of restriction sites in the
cysteine rich domains. Using Hinfl digests the
frequency of a and b aleles in the U.K. population is
0.79 and 0.21 respectively (23).

3.2.4. MUC6

This gene has a tandem repeat domain made
up of very large tandem repeat units (169 amino acids,
507bp). Aswith al mucin proteins it is rich in serine,
threonine and proline (45). Redtriction digestion with
Hindlll and EcoRl yields a large band (>>30kb) too big
to be able to detect different sized aleles accurately.
Pwull detects the length polymorphism clearly and
shows the person to person variation. Eleven or more
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distinct aleles have been identified giving a unimodal
distribution with a peak a 10kb. Alleles range in size
from 8-13.5kb. 70% heterozygosity was observed in
the unrelated (European) chromosomes from the CEPH
families (23).

MUC6, MUC2, MUC5AC and MUCS5B are
in close proximity on chromosome 11 in band p15.5
within  400kb (1). However this is a very
recombination rich regionland there is little evidence
of any association between any of the polymorphisms
in these genes (1,44).

3.3. Other mucins
3.3.1. MucC7y

The MUC7 gene has a relatively small
coding sequence of 377 amino acids (2). It does not
apparently undergo disulphide crosslinking. As with
the other mucin tandem repeat regions the 23 amino
acid MUC7 central tandem repeat array is rich in
serine, threonine and proline.  Two common alleles
have been identified with 5 or 6 repeats. The
frequency of the 5 repeat and 6 repeat alelesisin the
UK population is approximately 0.1 and 0.9
respectively (46). A rare 8 repeat alele has also been
identified (1 heterozygote from 202 individuals) (46).

3.3.2.MUC8

Little is known about MUCS8, a gene which
has been reported to map to chromosome 12 (47). Itis
said to contain an imperfect 41 base pair tandem
repeat region, however unlike the other mucin genes
the repeat region comprises of two repeat units of
different lengths (48) which causes a shift in reading
frame.

3.3.3. MUC9 (OVGP1)

MUC9 encodes a protein that is more
commonly referred to as oviductin and has been
mapped to chromosome 1 (10). MUCS9 is a secreted
glycoprotein that is expressed solely by the secretory
epithelial cells of the oviduct. Four length variants
have been identified.

3.3.4.MUC13

MUC13 is the most recent human MUC
gene to be characterised and shows the same domain
organisation as MUC3 and MUCA4. It isasmall mucin
with 10 degenerate tandem repeats rich in the amino
acids serine and threonine (49) and may well not show
VNTR variation (see section 5 below).

3.3.5. Other MUC gene symbols

The gene symbol Mucl0 has been used in
the mouse Mus musculus (Gen bank reference:
20005630 and 6678961) and thus has been reserved in
humans but a human homologue has not been found.
Several other MUC gene symbols have been used but
have now been renamed (eg MUC18, MUC24) and
yet others have been reserved (MUC14-MUCI16), but
no information is at present available for these.
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4. POLYMORPHISM
ASSOCIATION

AND DISEASE

Mucins are expressed at the surface of
epithelia and are also secreted into mucus. They play
arole in protecting and lubricating epithelial surfaces
and are thought to be involved in cell-cell interactions
and signalling. Variation in the length of the coding
region of most of the MUC genes predicts substantial
interallelic differences in the length of the mucin
glycoprotein. Indeed this can be seen directly from
the proteins MUC1, MUC2 and MUCY7 (8,46,50). The
variation will lead to quantitative differences in the
number of carbohydrate side chains and in the case of
the gel forming mucins the distance between the cross
links, which will effect the biophysical properties of
the gel. In the membrane bound mucins this variation
will alter the distance that the mucin protein protrudes
into the lumen. Thus it seems likely that these
differences are not functionaly silent and these

polymorphisms may play a role in disease
susceptibility.
Changes in mucus are frequent in

inflammatory diseases of the epithelia. For example
high levels of secretion of the mucin proteins is a
common factor in asthma and chronic bronchitis,
Crohns disease and cystic fibrosis. In contrast, a thin
mucosal layer is detected in ulcerative colitis (51).

Severa MUC gene specific associations
have so far been reported. For example individuals
with gastric cancer have been shown to have a higher
proportion of short MUC1 alleles compared to a
control population (24). Work from our laboratory
has recently shown that individuals with atopy but not
asthma have a significantly different distribution such
that the group with atopy and no asthma have a shorter
median MUC2 allele length (52). It has aso been
shown that the 5 repeat allele in the MUCY gene is
significantly rarer in atopic asthmatic individuals than
individuals with atopy but no asthma (46). Rare
aleles of the MUC3 with the shorter tandem repeat
bands have been shown to be associated with
ulcerative calitis (53), though the possible mechanism
for this was not obvious. Recently an association has
also been shown, of a non-synonymous polymorphism
at nucleotide position 2557 in MUC3A, encoding a
tyrosine in the cytoplasmic domain with a
predisposition to familial Crohn’s disease (29).

5. VARIATION IN THE SEQUENCE OF THE
TANDEM REPEATS

The tandem repeat region of the mucin
proteinsis very heavily glycosylated and alterations in
the pattern of glycosylation have frequently been
reported in inflammatory disease and cancer (54).

In most of the mucin genes the individual
repeats in the repeat array differ in sequence. These
differences can potentialy alter the extended structure
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Figure 3. Southern blot, probed with Pum24P,
showing a typical forward MVR map. The two lanes
represent two PCR reactions using primers specific
either for the sequence PDTR or PESR. Numbers in
parenthesis indicate repeat number from the 5’ end of
the array. Repeat numbers 3, 4, 11 and 12 are
designated null repeats since they amplify with neither
of the primers due to the presence of a further
nucleotide change ‘under’ the primer.

of the apoprotein and the pattern of glycosylation.
Until recently, the differences in sequence of the
tandem repeats had not been fully investigated, either
across the tandem repeat array or in different people.
Work in our laboratory sequencing the tandem repeat
region of MUCY confirmed repeat specific differences
but little person to person variation was found. Indeed
only one variant was found; an individual with a 5
repeat allele was shown to have an entire duplication
of the first two repeats and a novel 5th repeat
(TR12127) (46). Evidence from clones and restriction
digest of genomic DNA using Tagl have shown that
the repeats of MUC2 vary in sequence across the array
and in different individuals (39, 44). Likewise clone
sequences show repeat sequence differences across the
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array for MUC3, MUC4, MUC5AC, MUC5B, and
MUCES (30, 41, 45, 55, 56).

Using the technique of MVR (ministellite
variant repeat) mapping (57) we have obtained clear
evidence of person to person variation tandem repeat
sequence differences in the MUC1 gene. A typical
map can be seen in Figure 3 using primers designed
around the nuclectide changes described by Siddiqui
and colleagues (58) that agreed with changes found in
our own cDNA clone Pum24P. These nuclectide
changes alter the amino acids PDTR (which comprises
the epitope of many of the monoclonal antibodies) to
PESR. Miiller and colleagues have confirmed the
occurrence of PESR in some tandem repeats at the
amino acid level (59). The importance of these amino
acid changes is not certain but it is possible that the
immunogenicity and/or glycosylation of alleles with
many copies of this motif (PESR) is significantly
atered.  Furthermore there is clear evidence of
polymorphism of other amino acid substitutions which
may be functionally relevant.

This technique can potentially be applied to
the tandem repeat regions of the other MUC genes
though some of the longer alleles may have to be done
in stages. This should help to elucidate person to
person functional and /or glycosylation differences in
the mucins and to understand the evolutionary origin
of the enormous diversity.

6. PERSPECTIVE

Mucins show an enormous diversity of
structures in a single individual as well as substantial
differences between individuals. Genetically
determined polymorphism of the multiple MUC genes
contributes to this variability, adding to that generated
by variation in expression and polymorphism of
glycosyl transferases. This high level of diversity
probably plays an important role in the defence of
epithelial surfaces from microorganisms. It is not
understood why some genes eg. MUC1, MUC2,
MUC4 and MUCS6 show such high levels of variation
while others such as MUC5B and MUC7 show such
little length polymorphism. The mutationa events
presumably result from some kind of non-reciprocal
(28) recombination/gene conversion events brought
about by misadignment of repeat units. The
complicated structure of MUC5B with each super-
repeat having so many parts may assist in correct
alignment and discourage length variation mutations.
Poorly conserved repeats as exist in the short repeat
region of MUC2, seem to have the same effect (39).

It appears that the MUC7 gene is located in
an intron of another gene, and this may place
constraints on the length variation of the tandem
repeat region. This situation is found for the
minisatellite MS205 (D16S309) which is located in
the second intron of a calcium channel (60) and shows
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rather limited length polymorphism (61).

It will be interesting to determine the extent
of person to person tandem repeat sequence variation
in the different mucin genes and how this relates to the
length variation.
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