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tract (7). 
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Fredrick S. Leach, Gloria M. Petersen, Stanley R. Hamilton, colon cancer gene, we studied two large 

Albert de la Chapelle,vert Vogelstein? kindreds that met the HNPCC criteria 
described above. Because we were uncer- 

Genetic linkage analysis was used to determine whether a specific chromosomal locus tain that a single gene (father than a 
could be implicated in families with a history of early onset cancer but with no other unique compendium of genes) might be responsible 
features. Close linkage of disease to anonymous microsatellite markers on chromosome for CRC in any individual family, or that 
2 was demonstrated in two large kindreds. The pairwise lod scores for linkage to marker the same gene or genes would be involved 
D2S123 in these kindreds were 6.39 and 1.45 at zero recombination, and multipoint linkage in different families, we hypothesized that 
with flanking markers resulted in lod scores of 6.47 and 6.01. These results prove the families sufficiently large for individual link- 
existence of a genetically determined predisposition to colorectal cancer that has important age analysis might prove critical in gaining 
ramifications for understanding and preventing this disease. statistically significant results. We chose 

two large kindreds with HNPCC, families 
C and J, for detailed analysis (see Fig. 1 for 
pedigrees). The C kindred originated from 

T h e  role of hereditary factors in the etiology are two major forms of CRC predisposition. North America and the J kindred from New 
of common human cancers is of great scien- The first, familial adenomatous polyposis Zealand. The mean age of onset of CRC 
tific and public importance. For colorectal (FAP), is recognizable because affected pa- was 41.1 years (SD = 13.1) and 44.4 years 
cancer (CRC), in particular, there has been tients have several unusual phenotypic fea- (SD = 15.5), respectively. Extracolonic 
much debate about the relative contributions tures, most notably the presence of thou- cancers were observed in both families. 
of heredity and environment in tumorigene- sands of benign tumors lining the entire Two candidate gene regions on chromo- 
sis. It is ironic that one of the earliest descrip- large intestine. FAP accounts for -1% of somes 18 and 5 had already been excluded 
tions of an "inherited cancer" involved hered- CRC cases in the Western world (3) and as contributing to HNPCC in our previous 
itary adenocarcinoma of the colon in a large the APC gene responsible for FAP has studies (8). We therefore began a systemat- 
family (1). Yet 80 years later, there is still no recently been identified (4). A second form ic search through the whole genome, with 
proof that the cancers in these families are due of CRC that shows familial aggregation is highly informative microsatellite markers 
primarily to hereditary factors. One problem hereditary nonpolyposis colorectal cancer (9-1 1). Altogether, 345 microsatellite 
in establishing such proof is that colon cancers (HNPCC) . It is mor,e common than FAP, markers were analyzed before convincing 
are so common in the general population that accounting for 4 to 13% of cll CRC in evidence of linkage was obtained. Marker 
it is difficult to rule out chance clustering and industrial nations (5). It is impossible to D2S 123 [AFM093xh3; ' (1 0) ] showed a 
other nonhereditary factors. Moreover, the reliably distinguish patients with this form highly significant two-point lod score of 
environment, notably diet, has been shown of CRC from "sporadic" cases on physical 6.39 at a recombination fraction (0) of zero 
to play a substantial role in CRC risk (2). examination, as neither have diffuse poly- in family C (Table 1; low-stringency crite- 
Members of an individual family are likely to posis or other unusual stigmata. HNPCC ria). The maximum pairwise lod score for 
share similar environments, further compli- kindreds are commonly defined as those in the J family was 1.45 at 0 = 0.0. There was 
cating definitive analysis. which at least three relatives in two gener- no recombination between HNPCC and 

We searched for evidence of a genetic 
component through linkage analysis. There 

Table 1. Pairwse analysis of linkage between chromosome 2 markers and HNPCC by the MLlNK 
p. Peltomakl, L A, Aaltonen, L. pylkkanen, A, de la program of the LINKAGE program package (13). Sex-averaged lod scores are shown separately for 
Chapelle, Department of Medical Genetics, p . 0  BOX families C and J under two different phenotypic criteria lndlvlduals wlth adenoma Or a single 
21, University of Helsinki, SF-00014 Helsink~, Finland, carcinoma other than that of colon or endometrium were considered to be affected (low stringency) 
P. Sistonen, Department of Medcal Sciences, Univer- or to be of unknown status (high stringency) [see text and (17 ) ] .  Allele frequencies for the markers 
sty of Helsinki and Finnsh Red Cross Blood Transfu- were estimated from individuals marr~ed lnto HNPCC famil~es. 
slon Service, SF-00310 Helsinki, Finland. 
J.-P. Mecklin Department of Surgery, Jyvaskyla Cen- 
tral Hospital, SF-40620 Jyvaskyla Finland. Strin- Lod score (Z) at recombination fractlon (8) of: 
H Jarvnen, Second Department of Surgery, Helsinki Marker Fam- genCy 
Un~versity Central Hospital, SF-00290 Helsinki, Fin- ily cri- zm, 0 
land. teria 0 0.001 0.01 0.05 0.1 0 2 0.3 0 4 . 
J. S. Green, Faculty of Medicine, Memorial Universty 

of St, new found land^ Canada D2S119 C LOW -1.08 -1.02 -0.63 0.1 1 0.42 0.48 0.30 0.1 1 0.50 0.16 
A1 B 3V6. D2S119 C High -0 37 -0.32 -0.04 0 47 0.63 0.55 0.32 0.12 0.64 0.12 
" Jass' Department Of Pathology' University Of D2S119 J Low 1 81 2.07 2.81 3.43 3.47 2 96 2.10 1 00 3.49 0.08 Auckland School of Medlcine Auckland, New 

Zealand D2S119 J High 2.21 2.45 3.07 343 332 2.71 1.86 0.86 3.43 0.05 
J, L, Weber, Marshfield Medical Research Foundation, D2S123 C LOW 6.39 6.38 6 28 5.82 5.21 3 91 2.49 1.04 6 39 O.OC 
Marshfeld, WI 54449 D2S123 C H~gh 5.24 5.23 5.14 4.75 4.25 3.15 1.97 0.79 5.24 0.00 
F. S. Leach G. M. Petersen, S. R.  Hamilton, B D2S123 J Low 1.45 1.44 1.42 1.30 1 .I5 0.83 0.53 0.24 1.45 0.00 
Vogelstein, Departments of Oncology, Pathology, and D2S123 J High 0.85 0 85 0.83 0.75 0.66 0.47 0.30 0.14 0.83 0.00 
E~demiologY~ Johns Hopkns University School of D2S136 C Low -1.47 -1.42 -1.02 -0.06 0.39 0.57 0.39 0.13 0 58 0.1 8 
Medime and Of Public and Hygiene, D2S136 C High -1.03 -0.99 -0 64 0.13 0.45 0.50 0.30 0.09 0 53 0.16 
and Johns Hopklns Hospital' MD 21231' D2S136 J Low 1 .I5 1 .I 5 1.22 1.53 1 66 1.47 1 .OO 0.40 1.66 0.1 1 
*These authors contributed equally to this work D2S136 J High 2.38 2.39 2.43 2.46 2.33 1.84 1.18 0.46 2.47 0.04 
?To whom correspondence should be addressed. 
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D2S123 in either family, suggesting very 
close linkage. With two flanking markers, 
D2S119 (distal to D2S123) and D2S136 
(proximal to D2S123), recombination was 
observed in both families, and the maxi- 
mum pairwise lod scores shown by D2S119 
and D2S136, respectively, were 0.50 at 0 = 
0.16 and 0.58 at 0 = 0.18 for family C and 
3.49 at 0 = 0.08 and 1.66 at 0 = 0.11 for 
family J (Table 1; low-stringency criteria). 

In linkage analysis, individuals with dif- 
ferent neoplasms were classified as follows. 
Colorectal or endometrial carcinomas lthe 
two most common cancers in HNPCC fam- 
ily members (7, 12)]  were considered defin- 
itive manifestations of the disorder. Indi- 
viduals with a colorectal adenoma or with a 
single carcinoma of the ovary, stomach, 
hepatobiliary system, small intestine, kid- 
ney, or ureter were classified as being of 
unknown status (high-stringency analysis) 
or affected (low-stringency analysis). Mul- 

tipoint linkage analysis was carried out sep- 
arately in families C and J by the program 
LINKMAP of the LINKAGE program 
package with the no sex difference option 
(1 3). A fixed map of the markers used was 
constructed from the data available in the 
CEPH database (version 6.0). Flanking 
marker distances to D2S123 were 11 centi- 
morgans (cM) and 14 cM for D2S119 and 
D2S136, respectively. The HNPCC gene 
maps with D2S123, giving a four-point lod 
score of 6.47 in family C and 6.01 in family 
J at zero recombination. 

The physical location of marker D2S123 
has not yet been directly determined. The 
approximate locations for the markers used 
in multipoint linkage analyses were obtained 
from a genome mapping effort including a 
total of 96 markers from chromosome 2. Our 
analysis placed locus D2S123 at a position 5 
cM distal to D2S5, which has been mapped 
to 2p15- 16 by in situ hybridization, linkage, 

and somatic cell hybrid analysis (1 4). Thus, 
the most likely physical location of the 
HNPCC gene is 2p15-16. 

The linkage identified is unequivocal. 
Changes in different parameters had little 
effect on the results. We varied the criteria 
used for classifying individuals as affected or 
unaffected (high versus low stringency) and 
the HNPCC gene frequency (0.001 versus 
0.01 or 0.0005). In the J family, low- 
stringency criteria resulted in an increase in 
the lod scores for D2S123 and a decrease in 
those for D2S136; in family C,  the change 
in stringency did not affect the results (Ta- 
ble 1). Variation of the HNPCC gene 
frequency had almost no influence on the 
lod scores (for example, when we used a 
frequency of 0.01, the maximum lod scores 
for D2S123 were 6.18 in family C and 1.38 
in family J,  both at zero recombination. 

The localization of an HNPCC gene to 
chromosome 2 in kindreds from two differ- 

Family J 

Family C 

v 

Fig. 1. Pedigrees of families J and C. Numbers above the symbols are 
patient identifiers; numbers below the symbols indicate age at tumor pancreas; and Br, breast. Marker alleles were omitted to protect confi- 
diagnosis or age at last observation if unaffected; "U" indicates age dentiality of family members. General symbols: squares, males; circles, 
unknown. If a blood sample was available, the age is underlined. DNA females; all symbols with a diagonal, deceased. Open symbols, no 
samples from most of the spouses were also available but are not neoplasm detected; solid, colorectal or endometrial carcinoma; dotted, 
indicated on the pedigrees. Letters signify the site of the tumor: C, colon other tumor of HNPCC spectrum; horizontal stripes, colorectal adenoma; 
or rectum; E, endometrium; S, stomach; D, duodenum; 0, ovary; P, and diagonal stripes, diagnosis uncertain. 
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ent continents proves the existence of a 
genetically determined form of this disease. 
Many precedents suggest that any gene that 
plays a role in a hereditary form of cancer is 
likely to be involved in a significant number 
of "sporadic" cases of the same tumor type, 
by virtue of somatic mutations, germ line 
alterations, or inherited alterations that are 
poorly penetrant (15). The current study 
lays the groundwork for further mapping, 
isolation, and characterization of the 
HNPCC gene on chron~osome 2, and the 
examination of its role in colorectal and 
other tumors. If, as expected, this gene is 
involved in a significant fraction of familial 
CRC cases, then it is responsible for one of 
the most common forms of heritable disease 
yet identified in humans (5,  16). The study 
of such a gene has obvious implications for 
public health. Most immediately, these re- 
sults make presymptomatic diagnosis of sus- 
ceptibility possible in HNPCC family mem- 
bers and will enable more effective surveil- 
lance programs for the early detection and 
treatment of cancer. 
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Clues to the Pathogenesis of 
Familial Colorectal Cancer 
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Albert de la Chapellel- 
A predisposition to colorectal cancer is shown to be linked to markers on chromosome 2 
in some families. Molecular features of "familial" cancers were compared with those of 
sporadic colon cancers. Neither the familial nor sporadic cancers showed loss of het- 
erozygosityfor chromosome 2 markers, and the incidence of mutations.in KRAS, P53, and 
APC was similar in the two groups of tumors. Most of the familial cancers, however, had 
widespread alterations in short repeated DNA sequences, suggesting that numerous 
replication errors had occurred during tumor development. Thirteen percent of sporadic 
cancers had identical abnormalities and these cancers shared biologic properties with the 
familial cases. These data suggest a mechanism for familial tumorigenesis different from 
that mediated by classic tumor suppressor genes. 

colorectal cancer (CRC) is one of the most 13% of all CRC cases (2). Except for the 
common forms of neo~lasia in industrial rare familial adenomatous oolv~osis (FAP) 

, A  . , 

countries and its incidence is increasing (1) .  syndrome, the molecular basis of the cancers 
Familial forms of CRC account for LID to that arise in these families has not been 

previously studied but is of great interest for 
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Oncolog~, Pathology, surgery, and ~ ~ i d e m i o l o g y ,  cases ( 3 ) .  ln the studies reported here, we 
Johns Hopkins University School of Medicine and 
School of Public Health and Hygiene, and Johns evaluated molecular aspects of tumorigenesis 
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P. Sistonen, Department of Medical Sciences. Unlver- lorectal cancer (HNPCC). This &dy re- 
sity of Helsinki, and Finnish Red Cross Blood Transfu- 
sion Sewice. SF-00310 Helsinki, Finland. vealed surprising findings that are relevant- 
J.-P Mecklin, De~artment of Suraew, Jwaskvla Cen- not only to this familial form of cancer but 
tral Hospital, SF-40620 ~ y v a s k ~ l a ,  Fhl ind. 
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also to individuals with no strong family 
H. Jawinen, Second Department of Surgery, Helsinki 
University Central Hospital, SF-00290 Helsinki, Fin- history of the disease. 
land HNPCC is defined bv the ~resence of . . 
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