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A new class of colorectal cancer gene

Colorectal cancer (CRC) is curable if diagnosed at an early
stage and thus identification of subjects and families who
have an inherited predisposition to the disease is import-
ant.

Hereditary colorectal cancer is estimated to account for
up to 15% of all colorectal cancer cases.' There are two
comparatively common syndromes where an inherited pre-
disposition to CRC is evident and which are inherited as
an autosomal dominant. In familial adenomatous poly-
posis (FAP), which accounts for about 1% of CRC, there
is a clear phenotypic marker (that is, polyposis) and also
the APC gene responsible has been isolated.2-5 The APC
gene is a tumour suppressor gene and, in one study, 67%
ofFAP patients were shown to have germline mutations of
this gene.6 Thus, screening for FAP is comparatively easy
and can be performed both phenotypically and genetically.
The second, and much commoner, class of inherited
CRC, however, causes more problems.

Hereditary non-polyposis colorectal cancer (HNPCC)7
accounts for between 5 and 15% of CRC.1 A predisposi-
tion to CRC is inherited as an autosomal dominant but
extracolonic tumours are also common in some families.
Screening for this more common form of inherited CRC is
difficult because there are no reliable phenotypic markers
and diagnosis has relied on family history. A definite diag-
nosis ofHNPCC can only be given if, in a family, there are
three or more relatives in at least two generations with
CRC, and one or more patients diagnosed before the age
of 50.7 There are several problems with using family
history as a diagnostic tool in CRC: CRC is a common
disease and thus there may be chance clustering ofCRC in
families, and the risk of CRC probably has an environ-
mental component, including diet, and of course family
members may share similar environments. On the other
hand, some HNPCC families could be missed if there is
insufficient family history data. A genetic marker, as with
the APC gene for FAP, was clearly needed to identify
HNPCC sufferers who have an inherited predisposition to
CRC but who will show no phenotypic signs until a

tumour has developed.
Thus, the search for the HNPCC gene began some

years ago, and the tumour suppressor genes and oncogenes
that were already known to be of importance in sporadic
CRC were the obvious starting point. The DCC (deleted
in colorectal cancer) gene was excluded as the HNPCC
gene.78 No linkage was found between HNPCCG and the

APC/MCC region (chromosome 5), 7 9the retinoblastoma
locus (chromosome 13),7 or the p53 gene locus (chromo-
some 17).7 Lynch et al'0 looked for germline p53 muta-
tions in HNPCC tumours by sequencing and found none.
There was no significant difference between HNPCC and
sporadic CRC tumours in terms of the frequency of
Kirsten ras mutations (codon 12 or 13), p53 overexpres-
sion, or APC gene mutation." l
Then Peltomaki et al12 reported their study of two large

HNPCC kindreds. They had searched the genome for
gene linkage using microsatellite markers (DNA sequences
that contain short repeat motifs that exhibit length
polymorphisms)'3 14 and, after analysis of 345 sites, tight
linkage between a site on chromosome 2 and tumour for-
mation in both families was identified. The group then
studied a further 14 smaller HNPCC kindreds" using the
same chromosome 2 marker. Linkage to chromosome 2
was not shown in all these families, possibly because either
some pedigrees were too small or sporadic cases may have
affected linkage, or because ofgenetic heterogeneity. It was
proposed that this finding of chromosome 2-linked
HNPCC kindreds would facilitate the identification of
affected members ofHNPCC families, by linkage analysis,
so that they could be monitored to ensure early detection
of tumours.

Allele loss of the chromosome 2 marker did not occur in
any of 14 HNPCC tumours and in only one of 46 sporadic
CRC tumours."l Thus the chromosome 2 gene is probably
not a classic tumour suppressor gene as these are charac-
teristically associated with a high frequency of allele loss in
the region of the gene. During the allele loss studies, how-
ever, where each patient's normal and tumour DNA are
analysed, an unusual pattern of changes was seen in many
of the HNPCC tumours.' 1 Using polymorphic microsatel-
lites as allele markers to assess the sizes of the alleles in the
normal DNA, reproducible changes in the expected allele
sizes were seen in the corresponding tumour DNA. This
resulted in the appearance of extra allele bands in the
tumour DNA compared with the DNA from normal tissue
(a phenomenon now known as microsatellite instability).
Using six dinucleotide and one trinucleotide repeat
markers, on five different chromosomes, microsatellite
instability was found at all of these sites in at least one
HNPCC tumour.11 Overall, 11 of 14 HNPCC tumours
exhibited size shifts with at least two of seven markers; the
other three tumours showed no size changes.
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Extracolonic tumours can also occur in HNPCC
families and in one HNPCC ovarian tumour studied six
of seven microsatellite markers exhibited instability in the
tumour DNA.'1 Endometrial carcinomas are one of the
common extracolonic tumour types seen in some
HNPCC families and it has been reported that
microsatellite instability was seen in 75% (three of four)
of HNPCC endometrial tumours, compared with 14%
(five of 36) of sporadic endometrial tumours, when using
dinucleotide repeat markers.15 Again, the chromosome 2
marker did not undergo allele loss in any endometrial
tumour. 5

Microsatellite instability has also been found in sporadic
CRC tumours but at a much lower incidence than in
HNPCC tumours (six of 46 sporadic tumours showed
allele size changes with at least two markers). l1
Interestingly, the six sporadic cases that showed size shifts
displayed biological features in common with HNPCC
tumours (most commonly right sided and diploid or near
diploid) although the family histories did not meet
HNPCC criteria.11
Thibodeau et al 16 had also seen microsatellite instability

when using dinucleotide repeat markers on sporadic
colorectal tumour DNA. Using four markers, each on a
different chromosome, they saw differences between
normal and tumour DNA in 25 of 90 (28%) tumours,
noting both minor changes (typically two base pairs) and
'substantial' changes in allele size, which the group
suggested may be due to repeat expansion or deletion. The
tumours that showed substantial changes in allele size were
more likely to have changes at multiple loci. The group
found significant correlations between the cases with
microsatellite instability and right sided tumours, but also
the tumours with changes at multiple loci correlated with
an increase in overall survival. An inverse correlation was
seen between the tumours with substantial shifts and allele
loss on 5q, 17p, and 18q, and this led the group to suggest
that there may be a subset of colorectal tumours, which,
instead of displaying allele loss, could have arisen through
an alternative mechanism.

Ionov et a117 also detected somatic deletions in simple
repeat sequences in 16 of 137 (12%) of sporadic colorectal
tumours. A correlation was found between the tumours that
showed changes and right sided location. An inverse corre-
lation was found between the tumours with changes and
mutations in p53 and Kirsten ras, and also with cases that
had metastases at diagnosis. They also detected changes in
adenomas, which suggests that these changes occurred
before, or soon after, the neoplastic process began.
What could explain such shifts in allele size? It was

proposed that these novel changes in the tumour DNA
were caused by errors in DNA replication during tumour
development.11 As changes seemed to occur at many sites
in the genome, it showed widespread genetic instability,
which could non-specifically cause mutations in a wide
range of genes.
The description of this frequent novel change in

colorectal tumours showed that a new class of colorectal
cancer gene, to add to the oncogene and tumour sup-
pressor gene classes that have been widely studied, had
been uncovered, which may have a role in maintaining
replication fidelity.
The tight linkage of HNPCC to a location on chromo-

some 2, coupled with the high frequency of microsatellite
instability in HNPCC tumours, led to the proposal that
mutations in a chromosome 2 gene were responsible for
the widespread loss of replication fidelity."1 Thus the
search for the gene responsible on chromosome 2 began.
A group studying the yeast genome gave the chromo-

some 2 gene searchers an idea as to the type of gene that

could fit the bill. Studies on yeast DNA had shown that
destabilisation of simple repeat sequences may be due to
mutations in DNA mismatch repair genes whereby replica-
tion errors are not repaired.18 This led the group to suggest
that the instability of simple repeat sequences seen in
colorectal tumours could be due to either an increased
frequency of replication errors or a decreased efficiency of
mismatch repair.

Surprisingly rapidly, two human genes, one from
chromosome 2p (hMSH2) and the other from chromo-
some 3p (hMLH1), were cloned.19-22 These genes are
homologous to bacterial genes, the products of which
participate in the repair of mismatched DNA bases.
Mismatches can occur spontaneously due to the misincor-
poration of bases during DNA replication, or can be
induced by physical damage to DNA. The mismatch
repair pathway is also known to correct DNA loops, which
can form during the replication of DNA that contains
repeated sequences.23 If the DNA template becomes
dissociated from the strand that is being synthesised then
repeated sequences may not reassociate correctly as there
will be many sites of homology in that region. This is
known as 'slipped mispairing'.24 If a mismatch repair gene
were to become mutated then mismatched bases would
either not be repaired or would be repaired less efficiently.
Thus mutations would presumably accumulate. DNA that
contains reiterated bases causes particular problems
during replication. If slipped mispairing occurs then the
mismatched loops would not be corrected and so deletions
and insertions in the repeat region would occur. This
would account for the microsatellite instability seen in
some tumour DNA.
Germline mutations in HNPCC patients have been

found in the hMSH2 and hMLH1 genes19-22 and it has
been estimated that the mutations in these genes account
for 90% of HNPCC families. The DNA from non-
tumour tissue ofHNPCC patients seems to be unaffected
by microsatellite instability even when the corresponding
tumour displays microsatellite instability. This would
suggest that the germline mutation in a DNA mismatch
repair gene is recessive and a second somatic mutation is
required before any deleterious effect is noted.
Presumably when both copies of a mismatch repair gene
are inactivated mutations will accumulate rapidly with
each round of DNA replication. Also any DNA damage
induced by physical agents will become fixed in the
genome.
The cloning of the genes that cause HNPCC should now

allow the identification of subjects and their relatives
affected by this inherited predisposition to colorectal, and
sometimes other forms of, cancer. Analysis of the hMSH2
and hMLH1 genes to assess mutations, and also the size of
their protein products, could form the basis of a screening
assay so that affected subjects can be identified and offered
close clinical surveillance. In addition, when using
microsatellite markers, the detection of microsatellite insta-
bility in supposedly sporadic colorectal tumours could be an
indication that there is a hereditary element to these cases or
somatic mutations in these genes.

Centre for Cancer Research,
University of Leeds,
Leeds LS2 9J7T

The Centre for Digestive Diseases,
United Leeds Teaching Hospitals NHS Trust,
Leeds LSI 3EX

LYNN CAWKWELL

PHILIP QUIRKE

Correspondence to: L Cawkwell

ADDENDUM-Nicholaides et a125 have recently identified two further human
mismatch repair genes. These are hPMS 1 and hPMS2 on chromosomes 2q and
7p respectively.
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