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Abstract
Introduction—An intronic germline mutation in the MSH2 gene, A→T at nt942+3,
interferes with the exon 5 donor splicing
mechanism leading to a mRNA lacking
exon 5. This mutation causes typical
hereditary non-polyposis colorectal cancer (HNPCC) and has been observed in
numerous probands and families world
wide. Recurrent mutations either arise
repeatedly de novo or emanate from
ancestral founding mutational events. The
A→T mutation had previously been shown
to be enriched in the population of
Newfoundland where most families
shared a founder mutation. In contrast, in
England, haplotypes failed to suggest a
founder eVect. If the absence of a founder
eVect could be proven world wide, the frequent de novo occurrence of the mutation
would constitute an unexplored predisposition.
Methods—We studied 10 families from
England, Italy, Hong Kong, and Japan with
a battery of intragenic and flanking polymorphic single nucleotide and microsatellite markers.
Results—Haplotype sharing was not apparent, even within the European and
Asian kindreds. Our marker panel was
suYcient to detect a major mutation arising within the past several thousand
generations.
Discussion—As a more ancient founder is
implausible, we conclude that the A→T
mutation at nt942+3 of MSH2 occurs de
novo with a relatively high frequency. We
hypothesise that it arises as a consequence
of misalignment at replication or recombination caused by a repeat of 26 adenines,
of which the mutated A is the first. It is by
far the most common recurrent de novo
germline mutation yet to be detected in a
human mismatch repair gene, accounting
for 11% of all known pathogenic MSH2
mutations.
(J Med Genet 2000;37:646–652)
Keywords: MSH2; recurrent mutation; splice donor site
of exon 5; founder mutation

The large “C” family from Newfoundland that
allowed hereditary non-polyposis colorectal
cancer (HNPCC) to be mapped to the short
arm of chromosome 21 was subsequently
shown to have an in frame cDNA deletion of
MSH2 comprising nucleotides 265-314.2
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Later, the genomic abnormality was identified
as an exon 5 splice donor site mutation
comprising an A→T change at the third nucleotide of the intron, abbreviated MSH2 IVS5+3
A→T or A→T at nt942+3, and the same
mutation was identified in two further North
American HNPCC kindreds.3 Subsequently,
when four out of 33 kindreds in eastern
England were found to have it,4 a founding
mutational event in an Anglo-Saxon ancestor
appeared plausible. It was later shown that as
many as 11 out of 41 HNPCC kindreds in
Newfoundland had the same mutation, constituting 27% of all known HNPCC families.5 In
1999, an in depth study of haplotypes in
kindreds with the mutation from Newfoundland, England, and the USA was undertaken to
determine its origin.5 That study concluded
that in Newfoundland, eight families out of 11
studied had identical haplotypes, suggesting a
single founding event. As Newfoundland began
to be settled as recently as 1610, this finding
was consistent with the observed conserved
haplotype extending over a large region of 10
cM. In contrast, no clear evidence of haplotype
sharing was observed among three US and five
English families, prompting the suggestion that
the mutation was unlikely to be the result of a
world wide ancestral event.5
The rationale for undertaking the present
investigation was that the same mutation began
to be reported frequently in Europe and
Asia.3 6–14 By early 2000, a total of 114 diVerent
germline mutations of MSH2 had been listed
in the HNPCC database (www.nfdht.nl), and
the A→T at nt942+3 was frequently observed.
Indeed, considering both the database and the
publications cited above, it is by far the most
commonly reported MSH2 germline mutation.
It currently accounts for 11% of all MSH2
germline mutations reported in the HNPCC
database. If this were an ancestral mutation
that occurred on several continents including
Asia, its origin would have to be quite ancient.
It follows that, as a result, the putative
conserved and shared haplotype would only
comprise a very small chromosomal region.
Well known examples of conserved ancestral
haplotypes occurring world wide include the
region around the â globin gene on chromosomes with the Glu→Val missense mutation in
codon 6 leading to sickle cell disease,15 and the
region of the CFTR gene on chromosomes with
the ÄF508 mutation responsible for cystic
fibrosis.16 In both cases the mutation occurs
world wide and accounts for a major proportion of the respective disease chromosomes.
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Characteristics of subjects studied
Identification

Relationship

A→T at nt942+3

Italy (Milan 1)

1560
1561
1581
1587
1729
2883
2417
2517
2719
2412
3045
1
2
3
4
5
1
2
1
2
3
1
2
3
4
5
1
2
3
4
5
6
Reg 41
Reg 49
Reg 99
ST99
ST114
ST115
2496
1826
2497
2498

Son
Daughter
Son
Mother
Son
Daughter
Sister
Cousin
Cousin
Brother
Daughter of 2412
Father
Child
Child
Child
Child
Sib
Sib
Sib
Sib
Sib
Mother
Daughter
Daughter
Daughter
Son
Mother
Daughter
Daughter
Daughter
Distant relative
Distant relative
Sib
Sib
Sib
Daughter
Sib
Father
Grandmother
Son
Grandson
Grandson

Yes
No
Yes
No
No
No
No
No
Yes
Yes
Yes
Yes
No
No
No
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
No
Yes
No
Yes
No
No
Yes
No
Yes
No
Yes
No
Yes

Italy (Milan 2)

Italy (Modena)

England family 1
England family 2
England family 3

England family 4

Hong Kong 1
Hong Kong 2
Japan

Allele sharing at flanking marker loci can be
used to estimate the number of generations
since founding, provided that the genetic or
physical distance between the mutation and
marker loci is known.17 18 Indeed, using this
strategy, the age of the ÄF508 mutation in
CFTR was tentatively determined as some
54 000 years or over 2000 generations.16 By
analogy, if the A→T at nt942+3 mutation of
MSH2 were an ancient founding mutation that
occurs world wide, the shared haplotype would
be predicted to be quite small.
If it could be convincingly shown that the
A→T at nt942+3 mutation was not inherited
from one or a few common ancestors, it would
constitute an interesting repeated de novo
occurrence in need of an explanation. The
present study was designed to settle the
question by revisiting previous marker and
haplotype data by studying the inheritance of
several polymorphic markers inside and immediately adjacent to the MSH2 gene in patients
and families with the mutation.
Materials and methods
PATIENTS

DNA from the blood of 42 members of 10
families with the A→T at nt942+3 mutation
was obtained through clinics in Europe and
Asia (three Italian, four English, two Hong
Kong, and one Japanese). The Italian families
from Milan were ascertained through the
Hereditary Colorectal Tumor Registry of the
National Cancer Institute of Milan, Italy. The
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MARKER IDENTIFICATION AND MAPPING

Intragenic single nucleotide polymorphisms
(SNPs) were identified using the web site of the
International Collaborative Group on Hereditary Non-Polyposis Colon Cancer at
www.nfdht.nl/database/msh2-poly.htm. Three
SNPs were identified as likely to be informative,
each with allele frequencies at the lesser allele of
greater than 20% (c→g at 211+9, t→a at
1511-9, g→a at 1661+12). In addition, six microsatellites within or near MSH2 were identified.
Of these, the three tetranucleotide repeat microsatellites are intragenic and mapped relative to
the exons, while the remaining three dinucleotide repeat microsatellites (CA) have not been
precisely mapped, but have been sequenced on a
BAC containing the MSH2 gene. These three
CA repeat sequences are within 70 kb of MSH2.
Parametric methods for assessing linkage disequilibrium depend on genomic sequence position, but many introns of MSH2 have not yet
been fully sequenced. We used cross_match version 0.990315 (P Green, unpublished data,
www.phrap.org) to compare MSH2 mRNA and
DNA (accession number AC009600), and to
obtain relative genomic positions for the markers where possible. These markers were typed in
all available family members. Another set of 16
SNPs were identified for study, but based on
published reports are thought to be relatively
uninformative. Nonetheless, a fortunate pairing
of a disease allele with a low frequency marker
allele may provide powerful evidence for linkage
disequilibrium. These SNPs were thus typed for
two subjects in each kindred, in either parent
child pairs (seven kindreds) or sib pairs (three
kindreds) to determine if further typing was
warranted. All 16 markers were homozygous for
the major allele in allele typed subjects and thus
were not informative for this study.
MOLECULAR GENETIC ANALYSIS

SNP sequencing
Single nucleotide polymorphisms were genotyped by direct sequencing of genomic PCR
products. PCR reactions were done in 25 µl
volumes with 100 nmol/l of each of the respective PCR primers (table 2), 25 ng of genomic
DNA, 100 µmol/l of each dNTP, 1.0 U Amplitaq Gold DNA polymerase (Perkin-Elmer,
Norwalk, CT), 10 mmol/l pH 8.3 Tris-HCl, 50
mmol/l KCl, and 2 mmol/l MgCl2. PCR
fragments were purified using the Exonuclease
I/Shrimp Alkaline Phosphatase PCR Product
Presequencing Kit (USB-Amersham Life Science). After purification according to the
manufacturer’s protocol, 2 µl of the PCR products were sequenced using the BigDye Terminator AmpliTaq FS Cycle Sequencing Kit (PE
Biosystems, Foster City, CA). The method for
sequencing has been previously described.19
Microsatellite analysis
The primers used are listed in table 2. Amplifications were done in 15 µl PCR reaction
volumes. Concentrations of the following
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Family

characteristics of the kindreds are shown in
table 1. All families satisfied the Amsterdam
criteria for HNPCC families.
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HAPLOTYPE ANALYSIS AND CONTROL HAPLOTYPES

Haplotype analysis was performed in each kindred using the GENEHUNTER linkage
program,20 augmented by inspection and direct
Bayesian calculation. In each kindred the haplotype associated with disease was identified
and any additional unambiguous haplotypes
were used to form a control sample. The use of
control haplotypes within the same kindreds
can be important to reduce biases owing to
Table 2

population stratification,21 and the use of external control genotypes would require the
assumption of linkage equilibrium in order to
construct haplotype frequencies.
STATISTICAL ANALYSIS

Markers were examined individually for evidence of allelic association with disease. In
most instances, a unique allele could be identified as in phase with the disease mutation.
Otherwise, both alleles in a genotype were
included as disease alleles, which does not
aVect the type I error in the analysis. Allelic
association with disease was assessed by
Fisher’s exact test. Additional multipoint linkage disequilibrium analyses were performed,
using the SNP data alone and in combination
with the microsatellite data. One of these
analyses was a non-parametric test in which
haplotypes of varying widths were examined
for association with disease. For each haplotype
of a fixed width, a chi-square test was
performed on the contingency table of haplotype by disease status,22 and the maximum
value of the statistic over all haplotype widths

Single nucleotide polymorphic markers used

SNP

Primers

+9 of 3' end of exon 1
c→g at 211+9
−9 of 5' end of exon 10
t→a at 1511-9
+12 of 3' end of exon 10
g→a at 1661+12
+3 of 3' end of exon 5
A→T at nt942+3
Exon 2 codon 113
AAG→AAA
Exon 2 codon 110
A→G at 329
Exon 2 codon 96
G→A at 287
Exon 3 codon 133
C→T at 399
Exon 3 codon 153
C→T at 459
Exon 6 codon 322
G→A at 965
Exon 6 codon 328
GCC→GCT
−10 of 5' end of exon 7
t→c at 1077-10
+49 of 3' end of exon 7
c→a at 1276+49
Exon 11 codon 556
T→C at 1666
Exon 11 codon 579
A→G at 1737
Exon 11 codon 585
TCT→TCC
Exon 12 codon 596
A→G at 1787
−6 of 5' end of exon 13
t→c at 2006-6
Exon 13 codon 713
G→C at 2139
Exon 13 codon 718
A→G at 2154
Microsatellites
TTTA repeat

Fw GACCGGGGCGACTTCTATAC
Rev CACTCCGTGATCACAAGTTCAG
Fw AAACTAACATTCATAAGGGAGTTAAGG
Rev CCAAACTGTGCACTGGAATC
Fw TGTAAGGAAGAAAAAGTCCTTCG
Rev GAAAGCTTGACTCTTACCTGATGAC
Fw TGTAAAACGACGGCCAGTGTGGTATAGAAATCTTCGATTTTT
Rev CAGGAAACAGCTATGACCAATCAACATTTTTAACCCTTTT
Fw TGTAAAACGACGGCCAGTGTCCAGCTAATACAGTGCTTG
Rev CAGGAAACAGCTATGACCCACATTTTTATTTTTCTACTCTTAA
Fw TGTAAAACGACGGCCAGTGTCCAGCTAATACAGTGCTTG
Rev CAGGAAACAGCTATGACCCACATTTTTATTTTTCTACTCTTAA
Fw TGTAAAACGACGGCCAGTGTCCAGCTAATACAGTGCTTG
Rev CAGGAAACAGCTATGACCCACATTTTTATTTTTCTACTCTTAA
FwTGTAAAACGACGGCCAGTAAAGTATGTTCAAGAGTTTGTTAAATTTTT
Rev CAGGAAACAGCTATGACCCTTTCCTAGGCCTGGAATCTC
FwTGTAAAACGACGGCCAGTAAAGTATGTTCAAGAGTTTGTTAAATTTTT
Rev CAGGAAACAGCTATGACCCTTTCCTAGGCCTGGAATCTC
Fw TGTAAAACGACGGCCAGTTTTTCACTAATGAGCTTGCCATTCTT
Rev CAGGAAACAGCTATGACCGGTAACTGCAGGTTACATAAAACTAACGA
Fw TGTAAAACGACGGCCAGTTTTTCACTAATGAGCTTGCCATTCTT
Rev CAGGAAACAGCTATGACCGGTAACTGCAGGTTACATAAAACTAACGA
Fw TGTAAAACGACGGCCAGTCGACTTAGTTGAGACTTACGTGC
Rev CAGGAAACAGCTATGACCTTTATGAGGACAGCACATTGC
Fw TGTAAAACGACGGCCAGTCGACTTAGTTGAGACTTACGTGC
Rev CAGGAAACAGCTATGACCTTTATGAGGACAGCACATTGC
Fw TGTAAAACGACGGCCAGTCATTGCTTCTAGTACACATTT
Rev CAGGAAACAGCTATGACCCAGGTGACATTCAGAACATTA
Fw TGTAAAACGACGGCCAGTCATTGCTTCTAGTACACATTT
Rev CAGGAAACAGCTATGACCCAGGTGACATTCAGAACATTA
Fw TGTAAAACGACGGCCAGTCATTGCTTCTAGTACACATTT
Rev CAGGAAACAGCTATGACCCAGGTGACATTCAGAACATTA
Fw TGTAAAACGACGGCCAGTTCAGTATTCCTGTGTACATTT
Rev CAGGAAACAGCTATGACCTTACCCCCACAAAGCCCAA
Fw TGTAAAACGACGGCCAGTGTAGCAGAAAGAAGTTTAAAACTTGC
Rev CAGGAAACAGCTATGACCGGACAGAGACATACATTTCTATCTTC
Fw TGTAAAACGACGGCCAGTGTAGCAGAAAGAAGTTTAAAACTTGC
Rev CAGGAAACAGCTATGACCGGACAGAGACATACATTTCTATCTTC
Fw TGTAAAACGACGGCCAGTGTAGCAGAAAGAAGTTTAAAACTTGC
Rev CAGGAAACAGCTATGACCGGACAGAGACATACATTTCTATCTTC
Primers
Fw FAM-GAGGATGGCCACAAATTAGC*
Rev ACCAGGGAGTCAGAGTTTGC
Fw NED-TGGTGTAGGCAGCCATGTATC*
Rev CCTCTGCCTAGGAAAACCAG
Fw HEX-TGAGTATTGCTCTCTTGCTATCTTG*
Rev AGAGCCGTAATCACTCAATGTG
Fw FAM-TCACCCCAGCCAGACTCTAAG*
Rev GTTTCTTCAGATTTTTATTGAGAACCTACCAGG
Fw FAM-TGTTGGACTCCGCAGGATTG*
Rev GTTTCTTTAGGTGTATGTAGTAGAGGGCAAGC
Fw HEX-GTCTCTCTCTGTGTGTCTTTCTGCC*
Rev GTTTCTTGCCAACTGGTTCCATTTGACC

TTTG repeat
TAAA repeat
CA repeat 1
CA repeat 2
CA repeat 3

*FAM, NED, and HEX are fluorescent labels tagged onto the 5' end of the custom primers.
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reagents were used: 1 µl of each 8 µmol/l primer
(the 5' primer is fluorescently labelled), 10 ng
of genomic DNA, and 8 µl of HotStarTaq Master Mix (Qiagen). The following thermal
cycling profile was used: one cycle of 95°C for
12 minutes, followed by 35 cycles of 95°C for
10 seconds, 55°C for 15 seconds, and 72°C for
30 seconds, followed by one final extension of
72°C for 30 minutes, followed by a soak at 4°C.
Respective PCR reactions for each marker were
pooled together and loaded onto the PE377
automated sequencer. Allele sizing and calling
was done using Genotyper software (PE
Biosystems).

De novo recurrent germline mutation in MSH2
Table 3
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Distribution of alleles and tests for evidence of linkage disequilibrium at individual marker loci
CA repeat(3) (p=0.72)

Allele 1

Allele 2

Allele 3

Allele 4

Allele 1

Allele 2

Allele 3

Allele 4

Disease
Control

4
3

0
2

3
2

7
14

10
11

0
2

4
7

0
1

Markers

Allele 1

Allele 2

Allele 3

Allele 4

Allele 6

Allele 1

Allele 2

Disease
Control

1
0

2
4

4
10

4
4

0
1

11
15

3
6

CA repeat(1) (p=0.55)

SNP (213+9) (p=0.71)
Allele 5
3
2

TTTA repeat (p=0.28)

TTTG repeat (p=0.49)

Markers

Allele 1

Allele 2

Allele 3

Allele 4

Allele 1

Allele 2

Allele 3

Allele 4

Disease
Control

2
5

7
11

1
4

4
1

3
1

5
9

6
9

0
2

SNP (1512−9) (p=1)

SNP (1662+12) (p=0.73)

TAAA repeat (p=0.67)

Markers

Allele 1

Allele 2

Allele 1

Allele 2

Allele 1

Allele 2

Allele 3

Allele 4

Allele 5

Disease
Control

12
19

2
2

9
11

5
10

1
0

6
7

2
2

3
6

2
6

p values calculated by Fisher’s exact test.

was recorded. Overall significance was assessed
by generating 1000 random permutations of
the status (disease v control) of the haplotypes
to create an empirical null distribution for the
overall statistic. In addition, the program
DISMULT23 was used to assess the evidence
for linkage disequilibrium. Because three of the
markers are not precisely mapped and because
SNPs are thought to have a much lower mutation rate than microsatellites, five separate
multipoint analyses were performed: (1) all
markers used, unmapped markers placed 5' of
MSH2, (2) all markers used, unmapped markers placed 3' of MSH2, (3) using the six
mapped markers only, (4) using the unmapped
markers only, and (5) using SNPs only.
Results
In the 10 families, as we expected, there was at
most one recombination in the markers in any
of the kindreds, based on a 5' placement of the
unmapped markers to MSH2. Table 3 presents
the disease allelic association evidence at each
marker locus. None of the markers shows even
marginally significant association with disease.
Allelic association with disease can be detected
more powerfully based on identification of
ancestral founder haplotypes, rather than relying on individual marker genotypes.24 In seven
of the kindreds the identification of the disease
haplotype was unambiguous, because at least
two generations of probands were typed or a
suYcient number of aVected sibs were typed.
In two of the remaining kindreds (England 2
and Hong Kong 1), the phase of one of the
mapped markers could not be known with certainty, and the disease haplotype was chosen
according to an approximation to the maximum posterior probability.20 In another kindred (England 1), the phases of two of the
mapped markers were uncertain, and no
reconstruction was attempted. However, this
kindred was informative for haplotype analysis
using SNPs alone. Analyses performed without
these last three kindreds do not alter the
conclusions of our study.
Table 4 describes the haplotypes observed in
the kindreds. Ambiguous haplotypes for the
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unmapped markers are left blank. None of the
five multipoint linkage disequilibrium analyses
described in Methods was significant on these
data. Using our non-parametric analysis, empirical p values ranged from 0.21 to 0.96. Both
the DISMULT program and the p value
approximation suggested by Terwilliger23
yielded p values all in excess of 0.9. The lack of
association with disease is apparent from tables
3 and 4. Using simple formulae describing
decay of linkage disequilibrium,24 we can
explore the plausibility of a world wide founding event. From tables 3 and 4, we can rule out
founding events within the past few thousand
generations as responsible for the majority of
A→T at nt942+3 mutations. For example,
three of the markers are within about 20 kb of
the mutation site, and historical recombinations over such an interval would occur at a rate
of only about 10% in 500 generations, assuming the average correspondence 1 cM = 1 Mb.
Thus, such a major haplotype would be apparent in at least the European kindreds. A major
ancestral haplotype arising 2000 generations
(approximately 50 000 years) ago would still be
apparent in 45% of chromosomes at a distance
of up to 40 kb. A single even more ancient
founding event might fail to be recognised as
such, because of recombinations between the
mutation and the nearest markers. However,
we deem it likely that such an ancient single
ancestral mutation would still give rise to more
recent founding haplotypes that would be
apparent in subpopulations of more recent lineage. Again, we see no such evidence from our
data, but we cannot entirely rule out an ancient
founding event giving rise to multiple derived
haplotypes.
The mutation rates of SNPs are thought to
be much lower than of microsatellites, in the
order of 10-9 per meiosis,25 and we analysed the
data using the SNP haplotypes alone. The second and third SNPs are separated by only 160
base pairs and are thus sensitive for detecting
linkage disequilibrium, because recombinations between the two SNPs will be exceedingly
rare. Thus these SNPs may be treated as a

J Med Genet: first published as 10.1136/jmg.37.9.646 on 1 September 2000. Downloaded from http://jmg.bmj.com/ on May 26, 2022 by guest. Protected by copyright.

CA repeat(2) (p=0.40)
Markers
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Haplotypes
Control haplotypes

Family

Mapped
markers

Unmapped
markers

Mapped
markers

Unmapped
markers

Italy (Milan 1)

142122

116

416
415
414

Italy (Milan 2)

141112

416

113115
112114
122122
132112
133114
122112
133123
112115
122112
111225
122112
132112
123113
223124
122112
123124
223124
223124
224124
223125
243124

Italy (Modena)

112215

414

England 2* England 3

123113
132112

311

England 4

213224

135

Hong Kong 1*

143113

Hong Kong 2
Japan

223125
121112

434
413

415
415
436
134
133
223
414
234
435
414
314
417
434
444

Disease and control haplotypes were identified as described in Methods. The mapped markers are
SNP 1 (+9 3' exon 1, C to G), microsatellite 6890, microsatellite 36974, SNP 2 (−9 5' exon 10, A
to T), SNP 3 (+12 3' exon 10, G to A), and microsatellite 62153. The unmapped markers are
microsatellites CA(2), CA(3), and CA(1), in the order they appear on the MSH2 BAC. CA(3) is
approximately 20 kb from CA(2), and the set of unmapped markers is thought to be approximately
70 kb upstream from the 5' end of MSH2. SNP alleles are coded 1 or 2, with 2 being the less frequent allele. The A→T at nt942+3 mutation lies between the second and third of the mapped
markers, at +3 3' of exon 5. Haplotype reconstruction was not reliable for family England 1, but
this family is included in tables 3 and 5.
*Reconstructed haplotypes.

Table 5
SNP
haplotypes
111
112
121
122
212
222

SNP haplotypes
Disease haplotype source

No disease

No control

1 Italian, 3 English, 1 Hong Kong, 1 Japanese
1 Italian
1 Italian

6
1
1
0
1
1

13
2
0
1
6
0

1 Hong Kong
1 English

p=0.38, Fisher’s exact test.

single, more informative locus. Table 5 shows
the SNP haplotypes alone and the corresponding families. Again there is no overall evidence
of association with disease.
Discussion
The HNPCC Mutation Database (www.nfdht
.nl) currently lists a total of 281 diVerent
germline mutations believed to be responsible
for HNPCC. The listing is not complete but
does reflect our present understanding of the
mutation spectrum. Nevertheless, there are
several good reasons to predict that the
spectrum will change. First, the methods used
to detect mutations have diVerent sensitivities
for diVerent types of mutations. For example,
hard to detect deletions are not uncommon.26 27
Also, the absence of gene transcript owing to
genetic changes not detectable by current routine methods may account for a sizeable
proportion of all mutations.27 Additionally,
HNPCC may result from mutations in genes
that have not yet been identified. Finally, as
population based studies are becoming feasible, mismatch repair gene mutations are being
detected in aVected subjects that do not belong
to large families or are entirely “sporadic”.28
Mutations ascertained in this way may have a
diVerent spectrum.

www.jmedgenet.com
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Disease haplotypes

Despite the above shortcomings, the mutations listed in the database and relevant publications can be relied on to some extent to
assess the existence of recurrent mutations.
Among a total of 114 diVerent germline mutations reported in MSH2, the great majority
have been seen only once (in one patient or
kindred). Some 16 have been seen in two to
four patients or kindreds, often from the same
country. Most likely, all of these represent relatively close genealogical kinships so that the
mutation is derived from a not too distant
common ancestor. The same may or may not
be true of the AAT deletion at codon 596 in
exon 12 that has been reported on at least
seven diVerent occasions.
Among the 114 mutations of MSH2 is the
A→T change at nt942+3 of the splice donor
site of exon 5, which appears world wide. It has
been reported in over 20 patients or families
not counting the ones in Newfoundland.4 5 As
it appears to occur in virtually all populations
that have been extensively studied so far,6–9 we
wished to exclude the possibility that present
day mutation carriers might descend from a
distant common ancestor. The alternative
hypothesis that the mutation arises de novo
with a relatively high frequency appeared more
likely in view of our previous studies.4 5 If this
hypothesis could be proven correct, it would
suggest the existence of a hitherto unexplored
mechanism that predisposes to this particular
change.
Our results lend full support to the hypothesis that the mutation has arisen de novo on
multiple occasions. This does not by any means
invalidate our previous findings in Newfoundland patients. In the Newfoundland study,
eight of 11 families share a mutation associated
haplotype of some 10 cM in length. Such an
extensive shared haplotype is fully compatible
with a single major founding event in Newfoundland, the mutation having been introduced by an early settler some time after 1610,
that is, less than 15 to 20 generations ago. In
contrast, we found no evidence of a shared
haplotype in English or Italian families even
with a battery of intragenic SNP and microsatellite markers that we calculate would not sustain more than a few historical recombinations
in 500 to 2000 generations. Moreover, three
Asian families also did not show evidence of
haplotype sharing. It should perhaps be
mentioned that even with several intragenic
markers studied in 10 diVerent kindreds,
formal exclusion of haplotype sharing in occasional kindreds cannot be claimed, because
many marker alleles in mutation associated
haplotypes are also the most common alleles in
control haplotypes. For example, focusing on
the three intragenic SNPs, the haplotype 111
on the disease chromosome is shared by as
many as six families, whereas other haplotypes
are seen in the remaining four families.
However, in control chromosomes, the 111
haplotype is seen 13 times whereas other haplotypes occur nine times (table 5). Thus, a p
value of 0.38 suggests no diVerence between
these two distributions. This analysis therefore
strongly suggests the absence of a shared
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Do mutational hotspots occur in MLH1 as
well? Among 161 diVerent mutations described in the database, two stand out as being
highly recurrent; however, both have so far
been seen exclusively in ethnic Finns. Extensive haplotype analyses have shown that both
represent ancient founder mutations enriched
in the Finnish population.24 35 Two further
mutations have been seen more than just a few
times. A change of C→T in codon 117 of exon
4 has been seen at least seven times, and a
deletion of AAG in codon 616 of exon 16 has
been reported in some 13 families world wide.
If these turn out to arise recurrently de novo,
they may be additional examples, albeit not as
prevalent, of true mutational hotspots of
unknown causation.
The overall significance of recurring mutations is at least twofold.36 First, in populations
where certain mutations are so enriched (by a
founder aVect) that they account for a high
proportion of all mutations, they have obvious
diagnostic implications. This is the case with
the present mutation in Newfoundland (27%
of all HNPCC) and the two prevalent MLH1
mutations in Finland (>50% of all HNPCC).
Second, mutations such as the present one that
arise spontaneously de novo probably result
from a predisposition of either environmental
or genetic nature or both. Currently these cannot be distinguished, but by eventually elucidating the mechanisms in detail, clues to their
prevention may emerge.
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prove it. Nevertheless, we consider our data to
be strong because we were able to analyse not
only these three intragenic SNPs, which have
only moderately informative allele frequencies,
but also six microsatellite polymorphisms
which are highly informative. All our results
suggest that the mutation recurs de novo.
What is the mechanism that strongly predisposes the A nucleotide in position 942+3 to
become a T instead? We assume that the
change seen in germline tissue occurs in meiosis, which makes it relatively unlikely to be the
result of environmental influence other than
ionising radiation. We have no reason to implicate ionising radiation; however, to exclude
such an eVect may be diYcult. Instead, we are
inclined to consider whether the DNA sequence itself in the immediate vicinity of the
aVected nucleotide might contribute to the
risk. That a high risk is indeed present not only
in meiosis but also in mitosis is evident from
one pertinent previous observation. One of us
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