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Fig. 3. P c d i ~  of a HNPCC b l y  dcmastmting linkage to 3p. A, overview of the HNPCC kindred on which linkage analysis was performed. 0, mnlcs; 0, females; oblique line, 
daccas& *. R colorectal aaar; Ira[lshading, canrrr at other site. B, pan of HNPOC kindred illustrating 3p haplotypes for eight mict-osatellite markem used in linkage analysis. Thc 
chromosomal region bcntag Lbe disease gene is shodcd to show its i n h e h c e  through the family. Bmckts. inferred haplot- crosses, racambinations. B h k r  or dacks,  where 
the allele could not be determined. Haplolypes in some individuals arc not shown to protect mnfidentiality of unaffected family members. U males; 0. females; oblique line, d d ;  
full shading. c o l o d  k r y s r h o  canat at other site. Undrr each +I, diagnosis and age at diagnosis if affected or current agelage of death if unaffected. BCC, basal 
cell carcinoma; Br, brrra -; CRC, mloreclal carcinoma; Cl, cervical carcinoma; I lung cancer; Ov. ovarian cancer; RP. ca~cinoma of the renal pelvis; SB. carcinoma of the 
smdl bowel. 

we have found lhat the hMLHI gene covers -58 kilobases (not over 20 years ago by Dunstone and Knaggs (39). In their original 
including the promoter region) and contains 19 exons. The organiza- report there were 36 members with mcer, 26 of whom had colorectal 
tion of this gene a d  tht genomic clones obtained are summarized in cancer. This pedigree now extends over six generations with at least 
Fig. 1. The sequences of the intron-exon junctions are presented in 53 members having a confirmed diagnosis of cancer. Haplotype 
Fig. 2 and the sbquenas of primers that are useful for amplifying analysis using two markers (D2S391 and D2S123) tightly linked to 
individual exons are prwcnted in Table 1. MPSH2 (7,30) had previously excluded linkage from this region (40), 

Linkage Analysis h a Large RNPCC IUndred. We have been and so it was a candidate for linkage to the chromosome 3p locus. The 
studying a very large HNPCC family from northeast England. It was segregation of chromosome 3p markers within part of this large 
one of the earliest coIorecta1 cancer families documented, published pedigree is shown in Fig. 3. Whole or part of a common haplotype 
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wild Type

ATTAATGAGCA000ACATQAGGgt acgt aaacg

I N E Q 0 H H intron

H1IIlfllbHbCHbb5flCHl5Ii555IIjC5T@I$Ji@5(

Fig. 4. Analysis of the mutation present in the family illustrated in Fig. 3.
A portion of the sequence chromatograms generated by sequencing exon 13
from one unaffected (top) and one affected (bottom) individual from this
family using Sequenase and dye primers. The DNA sequence and predicted
protein sequence of the wild-type and mutant alleles deduced from this
analysis is illustrated above each sequencing chromatogram. Underlined,
position that is heterozygous for the extra T due to the mutation.

Mutant
+1
ATTAATGAGCAGGGACAT@QAGGgt acgtaaacg

GAOGgtacgtaaacg

I N H Q 0 H *

IHTIRHJ GB 6CR GGGRCRTG@G G@@RCC@NRRCCC

(Fig. 3, shaded) has been inherited by many of the family members
sampled, most of whom have developed a malignancy. Linkage
results for unaffected members at risk of inheriting the disease gene
have been omitted from Fig. 3. Various recombination events narrow
the region of interest to a segment bordered by D3S1561 and
D3S1298. Thus visual analysis of haplotype segregation confirms
linkage to a region of chromosome 3p which includes the hMLHJ
locus. These results are confirmed by formal linkage analysis which
gives a maximum lod score of 3.12 for the marker D3S1561.

Analysis in Kindred Members for hMLHJ Mutations. For pri
mary mutational analysis, all 19 exons of hMLHI were sequenced
with Sequenase and dye primers using template DNA from one
affected individual. Fig. 4 shows sequencing chromatograms gener
ated by sequencing exon 13 from one affected and one unaffected
family member. The sequencing chromatogram from the affected
family member shows the presence of multiple heterozygous peaks
consistent with the presence of a + 1 T frame shift mutation in one
copy of hMLHJ. This frame shift mutation creates an in-frame stop
codon at codon 519 which is predicted to lead to the synthesis of a
truncated MLH1 protein missing the last 238 amino acids of MLH1.
It also alters an N1aIII recognition sequence which may be useful for
diagnostic purposes within this family. No other significant sequence
change was observed in this individual. Nineteen total members of
this family were then examined by DNA sequencing with Taq po
lymerase and dye terminators and nine individuals were found to be
heterozygous for this + 1 T frame shift mutation. All of the individuals
who had this frame shift mutation are predicted to be gene carriers by
linkage analysis using markers flanking hMLHJ and many of them
have developed cancer. The remaining members of this family who
were examined had the normal sequence and none of these individuals
were predicted to be gene carriers by linkage analysis. Linkage
analysis within this family using the frame shift mutation, D3S1561
and D3S161 1 as markers, and assuming all individuals with colorectal
or endometrial cancer are affected gave a multipoint lod score of 5.70.

Discussion

HNPCC is a common cancer predisposition syndrome which ap
pears to be responsible for a small but significant proportion of some
of the most prevalent types of cancer in the Western world. The recent
demonstration that HNPCC is caused by inherited defects in DNA
mismatch repair has made it possible to directly begin to address a
number of important questions about HNPCC (5â€”9,25â€”28).These
questions include the relative importance of the different HNPCC
genes to cancer prevalence, defming the cancer spectrum caused by
HNPCC, and determining the relationship between specific mutations
and the severity or age of onset of disease. In addition, it should be
possible to resolve the issue of the frequency of germline muta
tions in the mismatch repair genes and determine the relationship
between sporadic cancers and HNPCC. Because of the implica
tions of these questions, there is considerable interest in establish
ing molecular diagnostic methods to address them. In this article
we have described the intron-exon structure of the hMLHJ gene,
which is presently thought to be the second most common HNPCC
causing gene (29, 33). This information will make possible DNA-based
diagnostic methods for detecting mihi mutations using a variety of
clinical samples.

In the studies described here, we have used direct DNA sequencing
on an Applied Biosystems DNA sequencer to detect an mihi frame
shift mutation and follow its segregation in an HNPCC kindred. This
method of mutational analysis is particularly applicable to situations
like that described here where archival samples must be analyzed and
RNA samples are not available. The HNPCC kindred we have ana
lyzed (39) is a particularly large kindred which has been studied for a
number of years and for which a considerable amount of clinical
information has been accumulated. The observation that HNPCC in
this family is due to inheritance of an mliii mutation provides an
opportunity to begin to address issues of penetrance and expressivity
and markers of preclinical disease.
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In our initial analysis of expressivity, it is notable that all family
members with colorectal cancer have inherited the same mihi muta
tion. This has been confirmed, if a DNA sample was available, either
by direct sequence analysis or by haplotype analysis or in the absence
of a sample by showing that a descendent has the mutation and hence
inferring its transmission. We have estimated the risk of colorectal
cancer in gene carriers to be 35% by age 50 years and 80% by age 70
years.4 Analysis of the mutation carrier status of family members who
have developed extracolonic cancers will in the long-term determine
the tumor spectrum of HNPCC. It is evident that one family member
with cancer of the renal pelvis and another with cancer of the small
bowel are mutation carriers while a woman with premenopausal
breast cancer is not. These results would be consistent with the view
that transitional cell carcinomas of the upper renal tract and small
bowel cancers are an integral part of the HNPCC phenotype, but that
breast cancer is not (41). The status of ovarian cancer in the family is
a little unclear: one woman who died at 70 of disseminated intraab
dominal adenocarcinoma was presumed to have ovarian cancer (de
spite normal-sized ovaries) because of a very high CA-125 and a
normal barium enema, and she had not inherited the disease haplotype
(Fig. 3). However, a second woman with histologically proven ovar
ian cancer does have the disease haplotype, suggesting that her cancer
arose as a result of inheriting a susceptibility. Extension of this type
of analysis will, in time, allow an accurate elaboration of the sites at
increased risk of cancer, the definitive estimate of the age-specific
risks of each cancer, and molecular insights into the mechanisms by
which cells which are heterozygous for a mutant hMLHJ allele
develop into tumors.
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