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Abstract The highly heterogeneous epithelial mucins show
considerable inter-individual variability attributable to al-
lelic variations in their tandem repeat (TR) peptide domains.
Most mucins are known to show variations in repeat num-
ber but variation in the sequence of the individual TRs is
not as well characterised. Here, we have studied variation
in the immunodominant PDTR motif in the TR domain of
the membrane-associated “cancer” mucin MUC1 by using
the Minisatellite Variant Repeat-Polymerase chain reaction
(MVR-PCR) technique. We have fully or partially mapped
two nucleotide changes that encode two amino-acid changes,
PDTR to PESR, across the arrays of 149 alleles. A total of
103 different maps was obtained when these changes alone
were considered and additional variations were also ob-
served. Most maps showed blocks of PDTR repeats inter-
spersed with PESR repeats, although these were possibly
more irregular in the longer alleles that also tended to have
more PESR repeats. This variability has potential func-
tional consequences and possible implications for some
individuals with respect to the efficacy of immune target-
ting and immune therapy.

Introduction

In mammals, internal epithelial tracts are protected from
sheer and abrasion and from invasion by pathogens by a
highly heterogeneous mucous layer. The major proteins of
this mucus are highly glycosylated glycoproteins known
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as mucins and some 16 MUC genes have been identified
to date (http://www.gene.ucl.ac.uk/nomenclature/). Some
of these glycoproteins are true secreted mucins and some
are, at least in part, membrane-associated. However, all share
the common feature of containing a large serine-rich and
threonine-rich domain that usually contains tandemly re-
peated DNA and protein sequences (Fowler et al. 2001).
In most cases, this tandem repeat (TR) region exhibits
length polymorphism attributable to variation in the num-
ber of TRs (VNTR), which is directly reflected in the length
of the protein. Several studies suggest that variation in TR
length is associated with susceptibility to inflammatory
disease of the epithelia (Kirkbride et al. 2001; Kyo et al.
1999; Vinall et al. 2000a, 2002).

Another less well-characterised source of mucin vari-
ability is the inter-repeat differences in nucleotide and
amino acid sequence. Such differences have been reported
in the initial cloning of MUC2, MUC3, MUC4, MUC5AC,
MUCSB, MUC6 and MUC7 and, in the case of MUC2,
there is evidence that these repeat sequence variations are
genetically variable (Toribara et al. 1991). In this investi-
gation, we have examined the TR region of MUCI, the gene
for a membrane-associated mucin, well known for many
years because of its aberrant expression in tumours (Tay-
lor-Papadimitriou et al. 1999). The protein was originally
detected by the many monoclonal antibodies that recog-
nise the TR domain of this protein (Price et al. 1998).

MUC] shows extensive TR polymorphism with alleles
ranging in repeat number from about 20 to 125 and en-
coding polypeptides that range in size (M,), before glyco-
sylation, from about 90,000 to more than 450,000. The
distribution of allele length is bimodal with modes at ap-
proximately 40 and 80 repeat units (as calculated from
Hinfl fragment sizes). Because of this bimodality, the al-
leles can be readily subdivided into two classes, short (S)
and long (L). In addition to the VNTR variation, two poly-
morphisms have been identified that flank the tandem re-
peat region: a single-nucleotide polymorphism (SNP) in
exon 2 (g.3506G—A, numbering according to the MUC1
genomic sequence (g) Genbank no. M61170) and a CA mi-
crosatellite polymorphism in intron 6 (g.6003(CA)11-14,
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Genbank no. M61170). Previous studies have shown a high
level of linkage disequilibrium between these two flank-
ing markers and TR length (Pratt et al. 1996). The com-
mon haplotypes are 3506A/VNTRS/CA12 or 13 and 3506G/
VNTRL/CALL.

In early studies, the TRs of the MUC! gene were thought
to be identical across the array, with the exception of three
poorly conserved repeats at the 5’ side of the array and
two at the 3’ side (Gendler et al. 1990). However, some
published cDNA sequences (Siddiqui et al. 1988), unpub-
lished evidence from a cDNA clone (Pum24P; Yonezawa
et al. 1991), a genomic clone isolated in our own labora-
tory (PUMGRep; Pratt et al. 1996), and much more recent
protein work by Miiller and colleagues (1999) have shown
several nucleotide and amino acid substitutions in the TR
region of the MUCI gene.

In this investigation, we have examined the allelic dif-
ferences in nucleotide sequence variations in the TRs of
the MUC! gene that alter the consensus motif PDTR to
PESR. These particular changes were chosen because the
PDTR sequence is in the most immunogenic part of the
MUC! TR units and overlaps the epitopes to which many
MUCI1 monoclonal antibodies bind (Price et al. 1998) and
which are targets for immunotherapy. The two amino-acid
substitutions are caused by two nucleotide changes that
we have detected by using the Minisatellite Variant Repeat-
Polymerase chain reaction technique (MVR-PCR; Jeffreys
et al. 1991) with repeat specific primers that cover both
the changes.

While this work was in progress, a similar study was
reported by Englemann and colleagues (2001). Unlike these
authors, we have separated the alleles of MUC/, succeeded
in reading across the entire TR array of shorter alleles and
haplotyped them with respect to the flanking markers.

Table 1 Oligonucleotide primer names and sequences. Position
with respect to the tandem repeat (7R) domain is shown. The arti-
ficial “TAG” sequence is also shown and is added to the 5’ side

Material and methods
Population tested

Samples tested were obtained, with informed consent, from 94 in-
dividuals (51 female, 43 male), 86 of whom were UK residents of
European extraction, with eight from elsewhere, (age range: 21—
82 years), and comprised healthy laboratory volunteers and pa-
tients and controls from our ongoing ethically approved MUC
polymorphism and disease association studies (Vinall et al. 2000a,
2002). The samples were selected on the basis of the quality of the
DNA and, in some cases, because of allele length homozygosity.
They were unselected with respect to disease status.

DNA preparation

Blood DNA was prepared as previously described by using the
Puregene DNA extraction kit (Flowgen, Leicestershire, UK; Vinall
et al. 2000Db).

Allele length polymorphism

Southern blot analysis of genomic DNA digested with Hinfl (New
England Biolabs, Beverly, Mass.) and probing with the MUCI/ TR
cDNA probe PUM24P were used to determine Hinfl allele lengths
as previously described (Vinall et al. 2000b). The number of re-
peats in the conserved TR array was calculated by subtracting the
sum of the two flanking sequences located between the Hinfl sites
and the beginning and end of the conserved array, namely a total of
1.446 kb. This value obtained was then divided by 60, the length of
each repeat unit and was accurate to *1 repeat.

PCR technique

All oligonucleotide primers (Table 1) were purchased from PE Ap-
plied Biosystems (Warrington). A Techne Genius “Phoenix” PCR
machine (Helena Biosciences, Cambridge) with a heated lid was
used for the reactions.

Isolating single alleles

Single alleles were isolated by PCR across the TR region (Jeffreys
et al. 1990); 100-150ng genomic DNA was used as template for

(underlined) of the TAG containing MUCI primers (PCR poly-
merase chain reaction, MVR minisatellite variant repeat, SNP sin-
gle-nucleotide polymorphism)

Position Purpose Orientation Name Sequence
5’of TR Long PCR Sense Exon 2S 5’AAGGAGACTTCGGCTACCCAGZ3’

Forward MVR

Gel slice assay
5’of TR Gel slice assay Antisense Exon 2AS 5’CTGGGACCGAGGTGACATCC3’

SNP detection
5’of TR Allele-specific Sense ExonA2S 5’CTAAACCCGCAACAGTTGTTACAY’
5’of TR Allele-specific sense ExonG2S 5’CTAAACCCGCAACAGTTGTTACG?’
5’of TR SNP detection Sense AGS 5’CCTAAACCCGCAACAGTTGTTAC3’
3’of TR Long PCR Antisense MUCIE2AS 5’TGTGCACCAGAGTAGAAGCTGA3’

Reverse MVR
TR Forward MVR Antisense GTAG 5’TCATGCGTCCATGGTCCGGAAGCCCGGGGCCGGCCTGGTG3
TR Forward MVR Antisense CTAG 5’TCATGCGTCCATGGTCCGGAAGCCCGGGGCCGGCCTGCTC?’
TR Reverse MVR Sense GTAGS 5’TCATGCGTCCATGGTCCGGATGTCACCTCGGCCCCGGAGAG3’
TR Reverse MVR Sense CTAGS 5’TCATGCGTCCATGGTCCGGATGTCACCTCGGCCCCGGACACS’
None MVR - TAG 5’TCATGCGTCCATGGTCCGGA3’




the PCR, each reaction taking place in a 7-pl volume and contain-
ing 5% glycerol (v/v), 45mM TRIS (added at pHS8.8), 2.7mM
TRIS (added unbuffered), 11 mM ammonium sulphate, 4.5 mM
MgCl,, 6.7 mM 2-mercaptoethanol, 4.4 uM EDTA pH 8.0, 1 mM
dNTPs, 113 pg/ml bovine serum albumin, and oligonucleotide
primers, Exon2S and MUCI1E2AS (at a concentration 0.25 uM and
0.25 U, respectively; Dynazyme EXT, Finnzyme, GRI Research,
Braintree, UK). Reactions were subjected to an initial denaturation
of 96°C for 1 min 30 for 1 cycle and then cycled at 96°C for 40's,
60°C for 30 s and 68°C for 3 min for 22 cycles.

The entire 7-pl PCR product was subjected to electrophoresis in
a 14-cm 1% agarose gel in TBE (1XTBE solution =0.088 M TRIS,
0.088 M boric acid, 0.002M EDTA pH 8.2-8.4) at 2.1 V/cm for 20 h.
A 2-ug aliquot of Kbladder (Gibco BRL, Rockville, USA) was
used as a size marker. After electrophoresis, the gels were stained
with 0.055 pg/ml ethidium bromide in TBE. The bands were visu-
alised at 400-500nm by using a Dark Reader Transilluminator
(Clare Chemical Research, Denver, USA) to prevent UV damage.
The positions of the bands, which were not visible to the naked
eye, were deduced in relation to the position of the molecular
weight markers. Gel slices were cut out, placed in an Eppendorf
tube, crushed with a pipette tip after addition of 50 pl sonicated
herring sperm DNA (5 ug/ml), frozen at —70°C, thawed at room
temperature (3X) to release the DNA, and then centrifuged at
11,290 g for 2 min.

PCR for testing gel slices

To check the concentration of DNA extracted, a test PCR was con-
ducted on the gel slice extract by using primers Exon2S and
Exon2AS (Table 1).

MVR-PCR of the PDTR to PESR nucleotide changes

MVR-PCR was performed in a 7-pl volume by using 0.7 ul (~40 pg)
single-allele PCR product DNA or 0.3 ul (~100 ng) genomic DNA.
Each reaction contained 5% glycerol (v/v), 41 mM TRIS (added
buffered at pH 8.8), 2.7 mM TRIS (added unbuffered), 10 mM am-
monium sulphate, 4 mM MgCl,, 6 mM 2-mercaptoethanol, 4 uM
EDTA pH8.0, 0.25U Tag DNA polymerase in storage buffer A
(Promega, Southampton), oligonucleotide primers and 0.007 U Pfu
DNA polymerase (Promega). TAG and external flanking primers
(MUCI1E2AS or Exon2S) were at a concentration of 0.25 uM, with
repeat specific primers at 5SnM or 7nM as indicated. For the for-
ward MVR, one reaction contained primers Exon2S, TAG and the
repeat-specific GTAG (at 5nM) and the other reaction contained
primers Exon2S, TAG and CTAG (at 5nM). For the reverse reac-
tion, one PCR contained primers MUC1E2AS, TAG and CTAGS
(at 7nM) and the other reaction contained primers MUCI1E2AS,

Fig.1 Southern blot analysis of R
MUCI showing allelic variability -
and calculated repeat numbers corre-

sponding to modal allele lengths. -
Lanes R Raoul molecular weight mark- T4
ers, lane C control genomic DNA
sample, lane S mix of two control ge-
nomic DNA samples of known allele
length run in every experiment as ad-
ditional size standards
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TAG and GTAGS (at 7nM). It should be noted that these primers
have several mismatches with the poorly conserved TRs that flank
the main array and that are seen in each of the published MUC! se-
quences, so that the maps begin in the conserved array.

All MVR-PCRs were subjected to an initial denaturation at
96°C for 1 min 30s; reactions were then cycled at 96°C for 40,
66°C for 30s and 70°C for 2 min 30s for 22 cycles.

The entire 7-ul PCR product was electrophoresed thorough a
22-cm 2% TBE agarose gel for 24 h at 2.5 V/cm for the forward
maps. The reverse MVR-PCR products were electrophoresed for
the first 6 h at 2.5 V/cm and then at 1.8 V/cm for the remaining 18 h.
An aliquot of 2 ug Kb ladder and 0.8 pig Raoul Marker (Quantum
Appligene, Harefield, Middlesex) were run as size standards.

Gels were then subjected to standard Southern blotting (Vinall
et al. 2000b).

Haplotypes

The Exon 2 marker (g.3506G—A, Genbank no. M61170) was de-
termined by PCR with the primers Exon2S and GAS (Table 1), fol-
lowed by digestion with the restriction enzyme A/wNI and electro-
phoretic separation of the products. Haplotypes were determined
in doubly heterozygous individuals by using the long PCR proto-
col described above, but with the allele-specific sense primers
ExonA2S and ExonG2S (Table 1). Bands were detected by Southern
blot analysis and sized by comparison with the bands of the Raoul
molecular weight marker.

Results

Figure 1 shows the allele length variability of MUC]I to-
gether with the calculated number of conserved TRs. In
particular, the positions of the bands corresponding to the
modal sizes are indicated. Figure2 shows the consensus
sequence of an MUC! TR unit with the nucleotide changes
under investigation in this study being marked above.

In the initial experiments, genomic DNA samples were
used to construct diploid maps. Figure 3 shows a map
from an individual homozygous for both allele length and
MVR map. The two left-hand lanes represent a forward
MVR map and the two right-hand lanes represent a reverse
map. The presence of bands in lane G indicates the “con-
sensus” sequence, which encodes PDTR, and bands in lane
C indicate the alternate sequence (PESR). The map shows

- -

80 repeats

..
L .._ 40 repeats
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Fig.2 MUCI consensus repeat sequence showing the nucleotide
changes that convert PDTR to PESR and the nucleotide change re-
sponsible for the null repeats. The start of the repeating unit is se-
lected here to allow clear depiction of the position of the two TR-
specific primers used for MVR (arrows)

37 repeat units. In the forward map, repeats 3, 4 and 12
amplify with neither of the repeat-specific primers and are
designated as “null” repeats. Sequencing of a genomic clone
(PumGRep) shows that there is a synonymous guanine to
cytosine transversion present in some G (PDTR) repeats
located underneath the CTAG and GTAG primers, at 10 nu-
cleotides from their 3’ end (Fig. 2). In long runs, the GTAGS
primer used in the reverse MVR map bind to these for-
ward map null repeats (data not shown), supporting the

Fig.3 Complete homozygous MVR map. The forward and re-
verse reactions are shown together with the fully interpreted map.
G Consensus PESR repeat, C PESR repeat
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notion that they are all consensus repeats with respect to
the PDTR sequence.

The MVR patterns obtained were reproducible and
shown to be a characteristic of the studied individual. The
presence of bands at the same position in both tracks indi-
cated map heterozygosity (data not shown). Diploid maps
of parents and five children of family 104 from the Centre
d’Etude du Polymorphisme Humain were tested; the pres-
ence or absence of bands and the deduced allelic maps
were consistent with Mendelian inheritance.

More powerful information was obtained by construct-
ing single-allele maps, by using size-separated alleles as the
source of MVR template. Figure 4 shows examples and il-
lustrates the large amount of inter-allelic variability of the
TR region with respect to the “PDTR” consensus repeats
and “PESR” alternative repeats for both the forward and
reverse MVR maps. All individuals studied had one or two
copies of the “null” repeat at positions 3 and 4 counted from
the 5” end of the array and zero, one or two “null” repeats
at positions 11 and 12.

Reverse MVR
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Fig.4A, B Examples of single-allele MVR reactions. A Four for-
ward MVR maps from differently sized alleles. B Four reverse
MVR maps from differently sized alleles. Arrows (below) Lanes
containing the consensus PDTR repeats. The adjacent lanes to the
right represent the alternative PESR repeats of the same allele.
Numbers (right) Number of repeats from the 5’ end (A) or 3’ end
(B) of the TR array, grey spots positions at which the null repeats
occur

Fig.5 MVR PDTR/PESR maps shown diagrammatically. All eight
maps that have been found more than once are included, together
with a selection of eight of the unique alleles. Left Number of alle-
les found with the particular map (No), the repeat number (Rep),
the S/L classification and haplotype (G/A) with respect to the exon
2 2.3506G—A SNP. All of the maps shown were found in individ-
uals of northern European origin, although the map of 36 repeats
represented five times was only found once in a European, the four
other alleles being found in two homozygous individuals of Japa-
nese origin, the Japanese being a population in which short alleles
are very frequent (Ando et al. 1998). Dark grey squares PDTR re-
peats, white squares PESR repeats, pale grey squares unmapped
regions
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In total, 119 complete and 30 partial MUC alleles were
mapped for the PDTR/PESR substitutions. For the pur-
pose of these comparisons, the “null” repeats were consid-
ered as consensus repeats. A total of 103 different maps
was obtained, examples of which are shown in Fig.5.
Some maps were found several times but it is interesting to
note that the large group of 26 identical 37 repeat alleles
showed four different patterns with respect to the 5’ null
repeats (data not shown). The diploid map shown in Fig. 3
is from one of these individuals, who is also homozygous
for the null repeat substitutions. The Hinfl size of this al-
lele is 3.7 kb which falls within the modal size range for
short alleles (3.5—4.0kb, 34-42 repeat units). Several of
the other short allele maps differ by only one or two re-
peats from this more frequent map.

Inspection of the short allele MVR maps showed that
most carried blocks of five to nine PDTR repeats inter-
spersed with two or three PESR repeats. The short alleles
could be grouped into classes, which differed with respect
to the number of blocks. Although most of the maps of the
longer alleles were incomplete, they clearly also had a
block structure; however, the blocks tended to contain
fewer PDTR repeats and there seemed to be more alterna-
tive PESR repeats. In almost all cases, the long alleles had
a cluster of three (rather than two) alternative repeats at
repeat numbers 9, 10 and 11 from the 5’ end. In addition,
they generally had ten consensus repeats at the 3’ end of
the array compared with the nine consensus repeats seen
in the short alleles.

Figure 5 also shows the allelic status for the Exon2
2.3506G—A SNP for each of the MVR alleles. It is note-
worthy that some of the S G alleles show the three alter-
native repeats at position9, 10 and 11 from the 5’ end, as
is more usually found in the long alleles. Others show ten
consensus repeats at the 3” end of the TR array, which is
also more commonly found in the long alleles.

Discussion

In this study, we have shown, by selecting only two
nucleotide changes in the MUC! repeat unit, that there is
considerable sequence diversity. Some TR arrays carry more
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than 40% of these alternate repeats, which encode PESR
rather than PDTR. The high frequency of PESR repeats
present in some alleles has implications as to antibody in-
teractions in the context of both antigen detection and can-
cer immune therapy, since the PDTR motif overlaps the most
immunogenic part of the TR domain and the epitopes
recognised by most of the monoclonal antibodies used in
diagnostic assays and immune targetting (Price et al.
1998). Experiments are needed to determine the quantita-
tive effect of PESR substitutions on the binding of MUC1
TR mAbs to normal and cancer MUC1 mucin, since this
might influence the sensitivity and specificity of diagnos-
tic assays for tumour detection. The sequence variations
may also affect innate or induced immune responses to
aberrantly expressed MUCI.

The nucleotide changes mapped here represent only a
fraction of the true allelic variability of this gene. We, like
Engelmann and colleagues (2001), have seen, amongst
others, changes in the amino acid at position 17 of the se-
quence shown in Fig.2 but, so far, these changes have
only been mapped in a few alleles. Many of these changes
will clearly have an impact on TR domain peptide struc-
ture and glycosylation (Irimura et al. 1999) and this may
lead to differences in micro-organism interaction, such as
the binding of Helicobacter pylori to LeP carbohydrate
structure (Boren et al. 1993). The T of PDTR has been
shown to be glycosylated (Hanisch et al. 2001) and the
glycosylation of the PESR variants is probably somewhat
different. All this diversity provides enormous flexibility
for a molecule that lies at the interface between the organ-
ism and the environment and that plays a role in defence
(Irimura et al. 1999; Kardon et al. 1999) and signalling
(Zrihan-Licht et al. 1994).

Previous studies have shown a higher frequency of
short MUC1 alleles in patients with gastric cancer and also
in patients with H. pylori gastritis (Carvalho et al. 1997;
Silva et al. 2001; Vinall et al. 2002). MUCI is also aber-
rantly expressed in H. pylori gastritis (Vinall et al. 2002),
showing high intra-cellular expression but loss of detec-
tion of the TR domain on the apical surface. One hypoth-
esis to explain these findings is that H. pylori interacts
with MUCI (to a different extent in different alleles) and
that this directly or indirectly affects H. pylori colonisa-
tion and progression to gastric cancer. It will thus be im-
portant to determine whether particular kinds of short al-
leles are more frequent or underrepresented in patients
with gastritis.

It is interesting to speculate as to the evolutionary ori-
gins of the variations in the repeat array. Examination of the
pattern of blocks of repeats gives the impression that the
5’ end is more conserved than the 3’ end, suggesting po-
larity of the mutational events as has been observed for
other MVR maps (May et al. 1996). The longer alleles prob-
ably arose from the shorter ones by a series of duplications,
together with gene conversion events that led to the spread
of the mutation that resulted in the PDTR to PESR change.
Examination of the TR array of five chimpanzees by MVR
PCR showed that the repeat number was much smaller,
varying from 9 to 18, and no PESR repeats were detected.
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