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Abstract

Hereditary nonpolyposiscoborectalcarcinoma is a major cancer ma
ceptibifity syndrome known to be caused by inheritance of mutations in at
least four genes such as hMSH2, hMLHJ, hPMSI, and !SPMS2which
encode components of a DNA mismatch repair system. The hMLHJ
genomic locus on chromosome 3p has been cloned and shown to cover @58

kilobases ofgenomic DNA and contain 19 exons. The sequence ofall of the
intron-exon junctions has been determined and used to develop methods
for analyzing each hMLH1 exon for mutations. Using these methods to
analyze a 3p-linked hereditary nonpolyposis coborectal carcinoma kin
dred, we have demonstrated that cancer susceptibifity in this family is due
to the inheritanceof a frameshiftmutationin the hMLHJgene.

Introduction

HNPCC3 is one of the most common cancer susceptibility syn
dromes known in the human population. This syndrome is character
ized by dominant transmission and high penetrance, with colorectal
carcinoma being the predominant neoplasm and extracolonic cancers
representing up to two-fifths of the diagnoses of malignancy (1â€”4).

Recently it has been shown that a significant proportion of HNPCC is
due to inherited mutations in DNA mismatch repair genes (5â€”9).
Tumors in HNPCC patients show a particular form of genetic insta
bility, termed microsatellite instability or replication error, character
istic of a mismatch repair defect (10â€”13). This results in the accumu

lation of length changes in microsatellite and other short-repeat
sequences and possibly also single-base changes due to failure of
correction of mistakes that are made when DNA is replicated (14, 15).
The implication of this observation is that lack of mismatch repair
causes the accumulation of mutations at increased rates in key onco

genes or tumor suppressor genes, e.g., ras, APC, p.53, and DCC, thus
speeding the development of malignancy (6, 7, 10, 16). In addition,
the observation of microsatellite instability in a variety of sporadic
tumors (17â€”24) suggests that somatic mutations or low penetrance

germline mutations causing mismatch repair defects may be the cause
of a significant proportion of many types of sporadic tumors.

Four different DNA mismatch repair genes have been implicated in
HNPCC (5â€”9,25â€”28).These include hMSH2 which maps to chromo
some 2p, hMLHI which maps to chromosome 3p, hPMSJ which maps
to chromosome 2q, and hPMS2 which maps to chromosome â€˜7p.
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hMSH2 encodes a homologue of the bacterial MutS protein known to

recognize mispaired bases in DNA. A combination of linkage and
mutational analysis have indicated that hMSH2 is likely the most
prevalent HNPCC gene, accounting for 50 to 60% of HNPCC (25,
29â€”31).hMLHJ encodes a homologue of the bacterial MutL and yeast
MLH1 proteins and, based on studies of the bacterial and yeast
proteins, is likely to interact with the hMSH2 protein (32). Linkage
studies suggest that hMLHJ is the second most prevalent HNPCC
gene, possibly accounting for 30% of HNPCC (29, 33). hPMSJ and
hPMS2 encode homologues of the bacterial MutL and yeast PMS1

proteins and, based on studies of the yeast protein, are also likely to
interact with both the hMSH2 and hMLH1 proteins (32). hPMSJ and
hPMS2 are thought to account for a minor fraction of HNPCC and

consistent with this, only 1 individual with a germline pmsl mutation

and 1 individual with a germline pms2 mutation were identified
among 40 unrelated individuals with a family history of cancer (8). At
present, it is not known if inherited mutations in one of these four
genes account for all of HNPCC or if inherited mutations in other
DNA repair genes can cause HNPCC.

Much of the present understanding of HNPCC with regard to
prevalence, penetrance of HNPCC causing mutations, and associated
risk of development of different tumors is based on epidemological

studies which are dependent on imperfect clinical criteria for identi
fying HNPCC. These types of studies are subject to some uncertainty
because of lack of knowledge about the genotype of individual
HNPCC family members. With the identification of the genes impli
cated in the majority of HNPCC, it should be possible to develop a
more definitive defmition of HNPCC and answer some of the many
clinical questions about HNPCC. To facilitate this process we de
scribe here the organization of the hMLHJ locus and the development
of methods for detecting mutations in the hMLHJ gene. We also
report linkage to hMLHJ in a large HNPCC kindred which has been
under investigation for over 20 years. Application of the analytical
methods described here has demonstrated that cancer susceptibility in
this family is due to the inheritance of an mlhl frame shift mutation.

Materials and Methods

DNAS, Oligonucbeetides, Cloning, and DNA Analysis. All of the meth
ods for DNA isolation, oligonucleotide synthesis, screening P1 libraries, PCR
and long range PCR to analyze the size of introns, and other types of DNA
analysis including DNA sequencing methods are essentially as previously

described and are not described in detail here (26).
DNASequenceAnalysis.Intron-exonjunctionsequencesweredetermined

by cycle sequence analysis of P1 hMLHI clones using a SequiTherm cycle
sequencing kit (Epicentre Technologies, Madison, WI) followed by compari

son of the resulting sequences with the hMLHJ cDNA sequence (5). All
sequences were verified by amplifying each exon along with flanking intron
sequences and then sequencing the resulting PCR product on an Applied
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STRUCFURE OF Mliii LOCU5 AND ANALYSIS OF HNPCC KINDRED

fixed specimens 31â€”35cycles of PCR were used. Samples were separated by
denaturing PAGE and analyzed on an Applied Biosystems genescanner using

672 Genescan software. The precise order of the markers used is unclear. The
following order, from telomeric to centromeric, is compatible with published
maps (36, 37): D3S1007, D3S1561, D3S1611, D3S1298, D3S1029, D3S1 100,
Not73, and D3S1076.

Linkage analysis was performed using the LINKAGE package (38), assum

ing that susceptibility was due to a rare dominant gene with a lifetime
penetrance for either bowel or endometrial cancer of 0.90. For this analysis,
only these two cancers were considered to define the syndrome; all other
cancers were ignored. Two-point analyses were conducted between the
HNPCC phenotype and each marker in turn, as well as a multipoint analysis
involving D3S1561, D3S1611, and D3S1298 and the occurrence of the spe
cific hMLHJ mutation in each family member. Haplotypes for the eight
markers were constructed so as to minimize the number of required recombi

nation events.
Mutational AnalySis. Mutational analysis of individual family members

was performed by DNA sequence analysis as previously described (6, 26)
using a multiplex PCR method to amplify groups of exons and then reamplify
individual exons from the multiplex amplification products so that they could
be sequenced with a standard sequencing primer (26). The entire hMLHJ gene
from one affected family member was sequenced to detect mutations using
template DNA isolated from a blood sample. Then additional family members
were analyzed by DNA sequencing for the presence or absence of the detected
mutation. Mutational data and haplotypes are reported so as to preserve the

confidentiality of the family and prevent analysis of the status of unaffected
individuals from the published data.

Results

Structure of the hMLHJ Genomic Locus. The genomic region
encoding the human MLHJ gene was cloned by screening a P1 library
using PCR primers that amplified N-terminal hMLHJ coding se
quence from genomic DNA. The resulting clones were rescreened
with PCR primers that either amplified 3'-nontranslated hMLHJ se
quence or hMLHJ exon 3 from genomic DNA. Four clones were
obtained: two that contained the whole gene and two that contained

only N-terminal sequences. These clones were characterized by DNA
sequencing and PCR to determine the sequence of the intron-exon

junctions, the lengths of individual introns, and which portions of the
hMLHJ gene were present in individual clones. Using this analysis,

P15263,1')1296(s,.@145)

Fig. 1. Diagram of the organization of the MUll locus and MUll containing genomic
clones. Boxes containing numbers 1 to 19, individual MLIII exons. The size of each exon
is given below each exon and size of each intron is given above the region between
individual pairs of exons. Lines below the gene, each of the individual P1 clones obtained.
Each clone is labeled with an identification number and the identification number of each
exon containedin the clone. The presenceof the indicatedexons was determinedeither
by direct sequence analysis or by PCR with the exon-specific primers listed in Table 1
using each clone as template.

Biosystems 373 DNA sequencer (Foster City, CA). When the PCR products

were to be sequenced with Taq DNA polymerase and Dye Terminators, they
were purified using Qiagen QlAquick-spin PCR purification kits (Qiagen Inc.,
Chatsworth, CA). PCR products synthesized with one M13 forward sequenc
ing primer labeled primer and one biotinylated primer (Table 1) were captured
on magnetic beads (Dynal A. S., Oslo, Norway) and sequenced with Sequenase
and M13 forward dye primers using solid-phase sequencing methods (34) on
an Applied Biosystems 373 DNA sequencer using protocols and kits obtained
from Applied Biosystems.

Genetic Linkage Analysis. DNA from family members was typed for up
to eight microsatellite markers in the region of interest. Initially, the markers
D3S1029, D3S1007, and D3S1076 (35) and Not73 and D3S1100 (kindly
provided by A. Lindblom) were typed. Analysis was performed according to
the protocol of Lindblom et a!. (33) with the following modifications: an
annealing temperature of 55Â°Cwas used for all markers except D3S1007
where the annealing temperature was 60Â°Cand the extension step at 72Â°C
during each PCR cycle was omitted.

Following the precise localization of hMLHJ, further analysis was per
formed with an intragenic marker, D3S1611, and two closely flanking markers,
D3S1561and D3S1298(9). These three markerswere fluorescentlylabeled
and coamplified in a single 20-pi PCR. Each reaction contained approximately
50 ng genomicDNA, 30 pmol D3S1561primers, 10 pmol D3S1611and
D3S1298 primers, PCR buffer containing 1.5 mM MgCl2, 200 @MdATP,
dCFP, dGTP, and d'ITP, and 1-5 units Taq DNA polymerase. Twenty-two

cycles of amplification were carried out as described above using an annealing
temperature of 61Â°C. For DNA derived from parafin-embedded, formalin
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Fig. 2. Sequenceof the intronicregionflankingeachMUll exon. The nucleotidesequencefromtheflankingPCRprimersite (see Table 1 forprimers)upto the intron-exonjunction
is given in upper-case letters in each case except for two places: exon 1 where the sequence is given up to the 5' end of the mRNA sequence, and exon 19 where only the sequence
from the stop codon to the primer site is given. Underlined, primer recognition sites for the first-stage primers. To aid in the location of the exons within the MUll cDNA sequence
(5), the first 5',3 nucleotides of each exon and the last 3',3 nucleotides of each exon are given in lower-case letters except for exon 1, where the entire 5' untranslated mRNA sequence
and the first 3 translated nucleotides are given. Numbers in parentheses between the intron sequences are the nucleotide coordinates of the exon sequences or cDNA sequences assuming
the A of the ATG is nucleotidenumber1. Additionalintronsequence has been determinedin many cases and is availableon request.
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STRUCFURE OF Mliii LOCUS AND ANALYSIS OF HNPCC KINDRED

Table 1 hMLH1 exon ampl@ficationprimer?

First-stage amplification primerâ€•

@eai1

tl-18442 5 â€¢AGOCACTOAGGTOA'FNOC
C-19 109 5 â€¢TCGTAGCCC'I'rAAO'I'GAOC

Exon 2

11-19689 5 â€¢AATATG?ACM'rAOAGTAQ'FFG
C-19688 5 â€¢CaOAGAMQOTCC1'GAcTC

Exon 3

N-19687 5 â€˜AOAGM'N'OOW.ATGAGTAAC
C-19786 Sâ€¢ACAATOTCATCA@GGAOO

Exon 4

16-18492 5 â€Ã.A.cc'N'rccc'rrTGGTGAOC
C-18421 5 â€¢GXI'TAC?C3'GanACCTAGGC

Exon 5

11-18313 5 â€˜GA'I'X'T'IVTC'ITl'TCCCCT'FOGO@ ,
C-18179 S â€˜CAAACMAOCTTCAACAAT'N'AC

@con6

5-18318 5 â€˜000FN'FA'I'I'FTCAAGTACTTCTM'G Â°.â€œ@â€˜Â°â€˜@@
C-18317 5 â€˜OCrCA.GCAACTO'FI'CAATOTATGAGC

Exon 7

5-19009 5â€¢CTAOTGTGTOT'NTrGGC
C-19135 S â€¢CATAACCTTATCTCCACC

@ccn 8

N-18197 5 ,CTCAGCCA'I@3AGACAAPAAA'rCC@ â€¢
C-18924 5 OO5'FccCAAATAA@DTGATOG

ncon 9

N-18765 S â€¢C@MQCDFCAGAAWTC
C-18198 5 â€¢CTGT000TGTTTCCD3TGAGTOG

Exon 10

N-18305 S â€¢CATGAC'I9â€•NTCTGAATG'I'ACACC c â€¢
C-18306 S OAGc3AGAOCCTGATanAACATC?C

Exon 11

N-18182 5 â€˜OOGC'rrrrrcTccccc'rccc C â€¢
C-19041 5'AAAATCTOGGCTCTCACO

C
Exon 12

N-18S79 S AM'MTACCTCAThC?ACC N-20546
C-18178 5 â€˜OTTFFA.TTACAGAATAAAGGAGG C-20002

N-19829
Câ€”19385

Exon 13

5-1842 0 5 â€˜?GCAACCCACAAM'l?FOGC N-19300 5 â€˜TGTAAAACOACOOCCAOTAACCCACAAAA'N'TOGCTAAG
C-18443 5 â€˜C'Fr'rCTccA!I'rPcCAAMCC c-19078 Â°5 â€¢TCTCCA!1'I'TCCAAAACcDrO

Exon 14

N-1902 8 5@ TOOTOS'C'PC?AGTTCTGO N-19456 Â°5â€¢TGTCIVI'AGTTCTOOTQC
C-18897 5 â€¢CATI'GTTQ?AOTAOC'I'CTOC C-19472 5@ TGTAAAACGACGGCCAGflOT'NTAGThGCTCTGCTI'G

Ex@ 3.5

5-19025 5 â€¢CCCATTTG?CCCAACTOG N-19697
C-18575 ScoGTcAQrmaAATGTcAG c-19466

Exon 16

N-18184 Sâ€˜CATPTOGkTOCTCCOâ€¢I@rkAAGc N-19296
C-18314 S â€˜CACC@OGCTGOAAM'1'TTA'FI'TO C- 19047

Exon 17

N-18429 S â€¢GCAAAOGCACTOGAOAMTt300 N-i 9298 5 â€˜TGTAACGACGOCcAGTAoGcAcroo@c@'prjcjcj@@
C-18315 5 â€¢CCC?CCAGCACACATOCATGTACCG C- 19080 *5 â€¢TCCAGCACACATGCATGTACCGAAAT

Exon 18

N-18444 S â€˜TAAGTAG?CTGTGATCTCCO N-194 3 6 â€¢5GTAGTCTGTOA7c1'ccGTT'r
C-18581 S â€¢M'CTATGAOO@rCCTGTCC C-19473. 5 â€˜TGTAAAACGACOGCCAOTTATGAOG'I'CCTOTCCTAG

Exon 19

N-18638 S @oAcACCAa'rG'rATGPTGG N-19447@ S ACCAc5'GTM@roooA7'G
C-18637 5 â€¢O@AAaGMoAAcacxrccc C-193 30 5 â€¢TGTAAAACGACGOCCWNAAACAAGAACACATCCCACA

a@ sequence reads 5â€”3'. Primer identification numbers are listed before each primer sequence. N, primer on the 5' side of the exon. C, primer on the 3' side of the exon. @,the

5' nucleotide is biotinylated. The sequence 5'-TGTAAAACGACGGCCAGT at the 5' end of the nonbiotinylated nested primers is the sequence of the standard M13-21 forward
sequencing primer and is not homologous to hMLHJ. Some alternate primers have been devised and are available on request.

b Exons 1-7, 10, 13,and 16â€”19 can be specifically amplified in PCR containing either 1.5 or 3 nmo MgCl2. Exons 11 and 14 can only be specifically amplified in PCR containing

1.5 mM MgCI2 and exons 8, 9, 12, and 15 can only be specifically amplified in PCR containing 3 mi@oMgCI2.

C Exon 12 does not always amplify well due to the 5' mOron sequence. The second-stage amplification primers have been designed so that exon 12 is reamplified in two halves.

The 20546 + 20002 primer set amplifies the N-terminal half and this set is somewhat less efficient in PCR because of the unusual sequence in the 5' intron. The primer set 19829 +
19835 amplifies the C-terminal half and is more efficient in PCR. An alternative to primer 20546 is primer 20545 5'-lTIl'AATACAGACTTFGC; however, this primer is not ideal
as it is complementary to the 5' intron-exon junction and does not allow analysis of these sequences.
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5 â€¢TOTAAAACGACOGCCACTAAGC'1'TC@GAATCTCTFFT
*5 â€¢TGGOTOS9'TCCTGTGACTOOATT

*5 GAGAOCCTGA?AGAACATCTON'G

Second-stageamplificationprimer

5 â€¢@T@AAAcGACooCCAoâ€¢I@cTGAoGTGATToGCToAA
*5 â€¢TAQ@CCTTAAGTGA0CCCO

S â€˜TOTAAAACGACGGCCAGPS'ACM'MOAOTAOTTOCAGA
â€˜Sâ€˜AGO?CCI@3ACTCTTCCATO

5 , TOTAAAACGACOGCCAG'N'@GGAAAAmAGTAACATGATF
* 5 â€¢TGTCATCACAOGAOGATAT

Sâ€¢@VTAWCOACGGCCAGV@'PFCCCN'TGOTON3GTOA
*5 â€˜TACI'CTOAGACCTAGGCCCA

â€¢5â€¢ACAM.ocâ€¢rrCAACAM'rTACTCT

*5 â€¢CAOCAACN7'I'CAATGTATGAOCACT

5 â€¢TGTA@ACGACOGCCAGCTG@@PIT1'GGCAAC
* 5 â€¢AACCTrATCTCCACCAGC

Nâ€”19295
Câ€”19446

Nâ€”18685
Câ€”19067

N-18687
Câ€”19068

N-19294
Câ€”19077

N- 3.9303.
C-19046

Nâ€”19711
Câ€”19079

Nâ€”19293
Câ€”19435

Nâ€”19329
Câ€”19450

Nâ€”19608
Câ€”19449

Nâ€”19297
C-19081

Nâ€”19486
Câ€”19455 *5 â€¢

* 5 â€¢C@IW1'TCTOAOTCTCTCC

5 . TGTAAAACGACOGCCAGTOTF1'OCTCAG@GGCTGC

* S GA100DFCOTACAGATTCCCG

5 â€¢ @TA@CGACOGCCAOT@AD1ACAGMT)@AGOAGGTAO

*5 â€¢k1'â€¢FrOTCccAACTGGTâ€¢rGTA
5 â€¢

5 â€¢To'rAAAACGACGOCCAGTT'FOGATGcTCCGTTAAAGC.r'rG
.5 â€¢CCOGC@OAAATPFrkrr'rGc@G
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STRUClVRE OF MLHl LOCUS AND ANALYSIS OF HNPCC KINDRED 

rdr 

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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STRUC11JRE OF Mull LOCUS AND ANALYSIS OF HNPCC KINDRED

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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5TRUCTURE OF Mliii LOCUS AND ANALYSIS OF HNPCC KINDRED

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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