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ABSTRACT

Background Germ-line mutations in DNA mis-
match-repair genes (MSH2, MLH1, PMS1, PMS2, and
MSHG6) cause susceptibility to hereditary nonpolypo-
sis colorectal cancer. We assessed the prevalence of
MSH2 and MLH1 mutations in families suspected of
having hereditary nonpolyposis colorectal cancer
and evaluated whether clinical findings can predict
the outcome of genetic testing.

Methods We used denaturing gradient gel electro-
phoresis to identify MSH2 and MLH1 mutations in
184 kindreds with familial clustering of colorectal
cancer or other cancers associated with hereditary
nonpolyposis colorectal cancer. Information on the
site of cancer, the age at diagnosis, and the number
of affected family members was obtained from all
families.

Results Mutations of MSH2 or MLH1 were found
in 47 of the 184 kindreds (26 percent). Clinical factors
associated with these mutations were early age at
diagnosis of colorectal cancer, the occurrence in the
kindred of endometrial cancer or tumors of the small
intestine, a higher number of family members with co-
lorectal or endometrial cancer, the presence of mul-
tiple colorectal cancers or both colorectal and en-
dometrial cancers in a single family member, and
fulfillment of the Amsterdam criteria for the diagno-
sis of hereditary nonpolyposis colorectal cancer (at
least three family members in two or more succes-
sive generations must have colorectal cancer, one of
whom is a first-degree relative of the other two; can-
cer must be diagnosed before the age of 50 in at
least one family member; and familial adenomatous
polyposis must be ruled out). Multivariate analysis
showed that a younger age at diagnosis of colorectal
cancer, fulfillment of the Amsterdam criteria, and the
presence of endometrial cancer in the kindred were
independent predictors of germ-line mutations of
MSH2 or MLH1. These results were used to devise a
logistic model for estimating the likelihood of a muta-
tion in MSH2 and MLH1.

Conclusions Assessment of clinical findings can
improve the rate of detection of mutations of DNA
mismatch-repair genes in families suspected of hav-
ing hereditary nonpolyposis colorectal cancer. (N Engl
J Med 1998;339:511-8.)
©1998, Massachusetts Medical Society.

HE lifetime risk of colorectal cancer
among whites in the Western world is ap-
proximately 4 percent. The cause of colo-
rectal cancer is multifactorial, involving he-
reditary susceptibility, environmental factors, and
somatic genetic changes during tumor progression.!
A family history of colorectal cancer is a clinically
significant risk factor and may be found in up to 15
percent of all patients with colorectal cancer.2 He-
reditary nonpolyposis colorectal cancer, or the Lynch
syndrome, is the most common type of familial co-
lorectal cancer and is thought to account for 1 to
5 percent of all cases of the disease.3* Members of
families with hereditary nonpolyposis colorectal can-
cer are also at risk for tumors at other sites, includ-
ing the endometrium, stomach, small intestine, brain,
hepatobiliary system, urinary tract, and ovary.2* In
addition, multiple synchronous or metachronous can-
cers develop in about 30 percent of the patients.25
Hereditary nonpolyposis colorectal cancer is caused
by germ-line mutations in one of five DNA mis-
match-repair genes: MSH2,6 MLH1,”8 PMS1, PMS2,°
and MSHG6 (also known as GTBP).1o11 Of the 126
germ-line mutations reported to date, almost all have
been found in MSH2 and MLHI; only 3 have been
reported in PMSI and PMS2.12 Recently, two germ-
line mutations have been found in MSH6.191! Inac-
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tivation of any one of these genes causes widespread
genomic instability characterized by the expansion
or contraction of short, repeated sequences of DNA
(microsatellites).1315 This phenomenon, known as mi-
crosatellite instability, is thought to be responsible
for the rapid accumulation of somatic mutations in
oncogenes and tumor-suppressor genes that have
crucial roles in the initiation and progression of tu-
mors.16-18

In a recent study of the risk of cancer in 19 fami-
lies with hereditary nonpolyposis colorectal cancer
diagnosed by mutation analysis, we found that the
inheritance of a mutated copy of MSH2 or MLH1 is
associated with an 80 percent risk of colorectal can-
cer by the age of 80 years, as compared with a risk
of about 4 percent in the general population. Female
members of such families also have a 40 to 50 per-
cent risk of endometrial cancer, as compared with a
risk of less than 2 percent in the general population.
Moreover, carriers of an MSH2 mutation have a
higher risk of extracolonic cancers than carriers of an
MLHI mutation.!® A study of mutation carriers iden-
tified among patients with an early onset of colorec-
tal cancer confirmed the high risk of endometrial
cancer in female family members and found that
males had a higher risk of colorectal cancer than fe-
males; the risk of colorectal cancer among female
carriers was only 30 percent.20

In 1990, the International Collaborative Group
on Hereditary Nonpolyposis Colorectal Cancer pro-
posed a set of clinical diagnostic criteria (later termed
the Amsterdam criteria) to provide uniformity in
collaborative studies. For families to be classified as
having hereditary nonpolyposis colorectal cancer, at
least three members in at least two successive gener-
ations must have colorectal cancer, with at least one
case diagnosed before the age of 50 years; one of the
affected members should be a first-degree relative of
the other two; and familial adenomatous polyposis
should be ruled out.?! Germ-line mutations of MSH2
and MLH1 occur with approximately equal frequen-
cy in kindreds who meet the Amsterdam criteria (ap-
proximately 25 percent in each case),22?” whereas
such mutations were found in only 10 percent of the
kindreds that did not meet the criteria.28:2?

The detection of pathogenic mutations in families
with hereditary nonpolyposis colorectal cancer has
made presymptomatic diagnosis possible in persons
who may be at risk. Screening for mutations, how-
ever, is time consuming and expensive because of
the heterogeneity of the mutations in DNA mis-
match-repair genes.!2252629 Moreover, the number
of kindreds with an apparent familial clustering of
this common cancer is potentially high. Little is
known about the clinical risk factors that best predict
the presence of MSH2 or MLHI mutations.28:30 To
address this issue, we used denaturing gradient gel
electrophoresis (DGGE) with guanosine and cytidine
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extensions (GC clamping)3-32 to analyze the MSH2
and MLHI genes in 184 unrelated kindreds with
familial clustering of colorectal and other cancers.
Using logistic-regression analysis, we devised a meth-
od for evaluating the probability of an MSH2 or an
MLHI mutation that is based on several risk factors.

METHODS

Subjects

A total of 184 kindreds participated in the study. The results of
mutation analysis and assessments of the risk of cancer in some
of these families have been reported previously.19:25.26.29 Sixty-seven
families were recruited through the Foundation for the Detection
of Hereditary Tumors in the Netherlands. These kindreds were
referred to the foundation from all parts of the Netherlands be-
cause they were suspected of having an inherited form of colorectal
cancer. Another 56 Dutch families and 56 Norwegian families
were enrolled by clinicians or clinical genetics centers. Also in-
cluded were three Italian families, one Danish family, and one
Czech family. Members of these families attended the clinics be-
cause of concern about familial risk factors for colorectal cancer.

Data on family history were collected by genetic fieldworkers
or clinical geneticists. Pedigrees were traced backward and later-
ally as far as possible. In addition, information was collected on
the type, site, and number of cancers; the age at diagnosis; and
the pathological characteristics of the individual tumors in each
of the affected persons. The pedigrees of most families included
at least three generations. Eighty-seven percent of the cases of
cancer were confirmed by medical or pathology reports or both.

All participating family members gave informed consent, and
when their blood samples were collected, they were informed of
the possibility of genetic counseling if a pathogenic mutation was
identified. The protocol for presymptomatic testing of DNA used
by the Dutch clinical genetics centers usually involves three ses-
sions. The issues discussed during the first session include the rea-
sons for DNA testing, the clinical features of hereditary nonpoly-
posis colorectal cancer, the mode of inheritance of the syndrome,
and the DNA-testing procedure. In session 2, the consequences
of the test results and the options for treatment in the case of a
positive result are discussed, and blood samples are taken. The re-
sults of the DNA test are disclosed during session 3. All sessions
are conducted by a clinical geneticist with the support of a psy-
chologist or a social worker who is also responsible for the
patient’s follow-up.

Ninety-two families met the Amsterdam criteria for hereditary
nonpolyposis colorectal cancer. Among the 92 kindreds that did
not meet the criteria, the majority (48 kindreds) had fewer than
the minimal number of three family members with colorectal
cancer. In 17 families, colorectal cancer was diagnosed in all af-
fected patients after the age of 50 years, in 11 families only one
generation was affected, and in 6 families the affected patients
were not first-degree relatives. In the remaining 10 families more
than one of the criteria were not met.

Mutation Analysis

Isolation of genomic DNA, amplification with the polymerase
chain reaction (PCR), mutation analysis with DGGE, and deter-
mination of the nucleotide sequences were performed as previ-
ously described.25:26.29.33 In short, the general strategy was to am-
plify by PCR each of the 16 exons of MSH2 and 19 exons of
MLHI in a single affected member in each family and to analyze
these products by GC-clamped DGGE.3? Exons with altered pat-
terns of migration on DGGE were sequenced to determine the
molecular nature of the variant. When variants were detected, the
investigations were extended, when possible, to the rest of the fam-
ily to verify the segregation of the nucleotide change with the dis-
case phenotype.25.26.29
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Statistical Analysis

We used univariate and multivariate analyses to examine possi-
ble associations between specific clinical features and the presence
of an MSH2 or MLHI mutation. For univariate analysis, the Pear-
son chi-square test was used to identity associations. The follow-
ing variables were examined within each kindred: the mean age
at diagnosis of colorectal cancer, whether or not the Amsterdam
criteria were met, the number of family members with colorectal
cancer, the number with endometrial cancer, the presence of a pa-
tient with other cancers related to hereditary nonpolyposis colo-
rectal cancer, and the presence of a patient with multiple synchro-
nous or metachronous cancers in a family. All these variables were
also used in the multivariate analysis. Using logistic regression
with backward selection, we calculated the logarithm of the odds
of having a deleterious mutation as a linear function of the vari-
ables that were significant in the multivariate analysis. To deter-
mine the probability of an MSH2 or MLHI mutation (p), we
used the following equation:

log (p/1+p)=a+B,V,+B,V,+ . . . +BVy,
where V|, V,,and . . . Vi are the variables being considered and
a, By, By, and . . . B, are the usual weighted regression values

estimated from the data. Eleven of the 184 families were excluded
from these analyses, 6 because of the presence of missense muta-
tions of unknown clinical significance and 5 because data relative
to the age at diagnosis were not available.

RESULTS
Mutation Analysis

A total of 47 disease-causing mutations were iden-
tified in 184 families (26 percent). Of these mutations
19 were in MSH2 and 28 in MLHI. Tables 1, 2, 3,
and 4 show the frequency of mutations in MSH2
and MLH]I according to the number of patients
with colorectal or endometrial cancer in a kindred,
the average age at diagnosis of all colorectal cancers,
the number of family members with multiple cancers,
and the types of extracolonic cancers, respectively.
In addition, six missense mutations of unknown
clinical significance were found. Three of these mu-
tations were in MSH2 (Ala-Thr at codon 305,
Phe - Val at codon 447, and Ala - Thr at codon 834),
and three were in MLHI (Gln- Lys at codon 62,
Asn - Ser at codon 64, and Val - Met at codon 716).
Although these mutations were not found in 100
control subjects (including 50 with polyposis), the
results of an examination of the cosegregation of the
alterations with the disease phenotype were incon-
clusive. Therefore, we decided to exclude these mis-
sense mutations from the statistical analyses.

Statistical Analysis

In the univariate analysis, several factors were
strongly associated with the presence of mutations
in MSH2 or MLH1: younger age at diagnosis of co-
lorectal cancer (P<<0.001), fulfillment of the Am-
sterdam criteria (P<<0.001), a higher number of pa-
tients with colorectal cancer in a family (P<<0.001),
the presence of endometrial cancer (P<<0.001), a
higher number of patients with endometrial cancer
in a family (P<<0.001), the presence of small-bowel
cancer (P<<0.05), the presence of multiple colorectal

TABLE 1. FREQUENCY OF MSH2 AND MLHI1 MUTATIONS
ACCORDING TO THE NUMBER OF PATIENTS WITH CANCER
WITHIN A FAMILY.

No. oF PATIENTS AMSTERDAM AMSTERDAM

wITH CANCER CRITERIA MET CRITERIA NoT MET
NO. OF  NO. (%) WITH NO. OF  NO. (%) WITH
FAMILIES ~ MUTATIONS FAMILIES ~ MUTATIONS
Colorectal cancer
1 0 0 16 1(6)
0 0 37 2 (5)
3 20 9 (45) 21 1(5)
4 17 6 (35) 9 1(11)
5 18 7 (39) 6 1(17)
6 14 6 (43) 3 0
7 10 7 (70) 0 0
3 4 1 (25) 0 0
9 3 1 (33) 0 0
10 3 2 (67) 0 0
11 1 0 0 0
12 2 2 (100) 0 0
Total 92 41 (45) 92 6 (7)
Endometrial cancer
0 58 17 (29) 65 1(2)
1 15 9 (60) 21 5(24)
2 9 7 (78) 4 0
3 6 4 (67) 1 0
4 2 2 (100) 1 0
5 1 1 (100) 0 0
6 1 1 (100) 0 0

TABLE 2. FREQUENCY OF MSH2 AND MLH1 MUTATIONS
ACCORDING TO THE AVERAGE AGE AT DIAGNOSIS
OF COLORECTAL CANCER OF ALL PATIENTS WITHIN A FAMILY.*

AVERAGE AGE
AT DIAGNOSIS OF
CoLORECTAL CANCER (YR)

AMSTERDAM
CRITERIA NoT MET

AMSTERDAM
CRITERIA MET

NO. OF  NO. (%) WITH
FAMILIES ~ MUTATIONS

NO. OF
FAMILIES

NO. (%) WITH
MUTATIONS

<35 5 4 (80) 6 1(17)
35-39 13 9 (69) 2 (29)
40-44 21 14 (67) 8 0
45-49 20 9 (45) 16 1(6)
50-54 15 3 (20) 12 2(17)
55-59 13 2 (15) 14 0

=60 5 0 24 0
Total 92 41 (45) 87¢ 6 (7)

*The mean age at diagnosis of colorectal cancer was 42 years in the fam-
ilies with deleterious mutations that met the Amsterdam criteria and 44
years in families with mutations that did not meet the Amsterdam criteria;
the respective ages in the families without mutations were 50 and 54 years.

tFive families for which data on the age at diagnosis were not available
were excluded.

cancers in a single member of a family (P<<0.001),
and the presence of concomitant colorectal and en-
dometrial cancer in a patient (P<<0.001) (Table 5).
No significant association was found between MSH?2
or MLHI mutations and tumors of the stomach,
brain, urinary tract, ovary, or hepatobiliary system
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TABLE 3. FREQUENCY OF MSH2 AND MLHI1 MUTATIONS
IN FAMILIES WITH SYNCHRONOUS AND METACHRONOUS CANCERS.

AMSTERDAM
CRrITERIA NoT MET

AMSTERDAM

No. oF PATIENTS CRITERIA MET
NO. OF NO. (%) WITH
FAMILIES MUTATIONS

NO. OF NO. (%) WITH
FAMILIES MUTATIONS

Multiple colorectal cancers
in a single patient

0 62 22 (35) 75 3(4)
1 18 9 (50) 11 1(9)
2 7 5(71) 6 2 (33)
3 5 5 (100) 0 0
Total 92 41 (45) 92 6 (7)
Concomitant colorectal and

endometrial cancer in a

single patient
0 78 28 (36) 83 5(6)
1 9 8 (89) 8 1(12)
2 2 2 (100) 1 0
3 3 3 (100) 0 0

Concomitant colorectal

cancer and an associ-

ated cancer in a single

patient*®
0 73 31 (42) 86 6(7)
1 15 8 (53) 6 0
2 3 1(33) 0 0
3 0 0 0 0
4 1 1 (100) 0 0

*Associated cancers were cancers of the stomach, small intestine, brain,
urinary tract, ovary, and the hepatobiliary system.

TABLE 4. FREQUENCY OF MSH2 AND MLHI1 MUTATIONS
ACCORDING TO THE TYPES OF EXTRACOLONIC CANCERS
WITHIN A FAMILY.

AMSTERDAM AMSTERDAM
CANCER SITE CRITERIA MET CRITERIA NoT MET
WITH WITHOUT WITH ~ WITHOUT

CANCER CANCER CANCER  CANCER

no. of families (% with mutation)

Endometrium 34 (71) 58 (29) 31 (16) 61 (2)
Stomach 16 (63) 76 (41) 13 (0) 79 (8)
Small bowel 8(75) 84 (42) 2(0) 90 (7)
Brain 10 (60) 82 (43) 3(0) 89(7)
Urinary tract 12 (58) 80 (43) 10 (0) 82 (7)
Ovary 12 (50) 80 (44) 13 (8) 79 (6)
Hepatobiliary system 6(33) 86 (45) 6(0) 86(7)

or with the presence in a single family member of
concomitant colorectal cancer and a tumor related
to hereditary nonpolyposis colorectal cancer.

In the multivariate analysis, only a younger age
at diagnosis of colorectal cancer within a family
(P<<0.001), fulfillment of the Amsterdam criteria
(P<0.001), and the presence of endometrial cancer
(P<<0.001) were independent risk factors (Table 5).
Therefore, we analyzed the probability of detecting
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a deleterious mutation in MSH2 or MLH1 using lo-
gistic regression as a function of the mean age at di-
agnosis of colorectal cancer in a family, the presence
or absence of endometrial cancer, and fulfillment or
nonfulfillment of the Amsterdam criteria. The re-
sults, expressed as the log odds ratios and their 95
percent confidence intervals, are shown in Figure 1.

Given these results, we calculated the predicted
probability of detecting MSH2 or MLHI mutations
in individual families (p) with the following equation:

p=ct/(1+eh),
where e is the exponential function and L is the log
odds. Using the equation described in the Methods
section, we calculated the log odds ratios with the
following formula:

L=14+[-01]V,+1.7 V,+2.4 V,,

where V| is the mean age at diagnosis of colorectal
cancer of all affected members of a family; V, equals
1 it at least one member of the family has endome-
trial cancer and equals 0 otherwise; and V; equals 1 if
the family meets the Amsterdam criteria and equals
0 otherwise (Table 5). For example, the estimated
probability of detecting a deleterious mutation in a
family that met the Amsterdam criteria and in which
the mean age at the diagnosis of colorectal cancer
was 40 years is 48 percent (95 percent confidence in-
terval, 31 to 65 percent). If this family also includes
a patient with endometrial cancer, then the estimated
probability is 83 percent (95 percent confidence in-
terval, 68 to 92 percent). The optimal use of the equa-
tion requires a detailed family history and knowledge
of all cases of cancer in the family.

To assess which variables are significant predictive
factors in the absence of the Amsterdam criteria, we
repeated the multivariate analysis after excluding
these criteria. In this case, a younger age at the di-
agnosis of colorectal cancer and a higher number of
patients with colorectal or endometrial cancer are
independent risk factors. The predicted probability
of detecting MSH2 or MLHI mutations in individ-
ual families can be calculated with the other coetfi-
cients reported in Table 5.

DISCUSSION

A recent review of 126 different mutations of
DNA mismatch-repair genes from 202 kindreds
with hereditary nonpolyposis colorectal cancer!? con-
firmed that MSH2 and MLH are responsible for the
majority of cases of hereditary nonpolyposis colo-
rectal cancer. The mutations are scattered along the
coding regions of both genes, with some clustering
in exon 12 of MSH?2 and exon 16 of MLH1. The ma-
jority of MSHZ2 mutations are chain-terminating,
whereas both nonsense and missense mutations are
found in MLHI. The heterogeneity of the MSH2
and MLHI mutations implies that both genes need
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TABLE 5. RESULTS OF UNIVARIATE AND MULTIVARIATE ANALYSES.

MULTIVARIATE ANALYSIS,

VARIABLE INCLUSION OF AMSTERDAM CRITERIA BACKWARD SELECTION
UNIVARIATE MULTIVARIATE INCLUSION OF EXCLUSION OF
ANALYSIS ANALYSIS AMSTERDAM CRITERIA AMSTERDAM CRITERIA
log odds ratio +SE

Age at diagnosis of colorectal cancer within a —0.11x0.02* —0.12+0.03* —0.10£0.03* —0.09£0.05¢
family (for each year of increasing age)

Fulfillment of Amsterdam criteria 2.47+0.47* 2.78+0.75* 2.45*0.54*

No. of patients with colorectal cancer in a family 0.37+0.08* —0.09+0.54 Eliminated 0.27+0.11*
(for each additional affected member)

Endometrial cancer in at least one family member 1.69+0.36* 1.05+0.82 1.66*0.46* Eliminated

No. of patients with endometrial cancer in a 0.86+0.19* 0.28+0.53 Eliminated 0.75+0.23%
family (for each additional affected member)

Small-bowel cancer in at least one family member 1.44+0.60t 0.86+0.95 Eliminated Eliminated

Stomach cancer in at least one family member 0.22+0.21 —0.26£0.40 Eliminated Eliminated

Brain tumor in at least one family member 0.47+0.46 -0.43+0.71 Eliminated Eliminated

Urinary tract cancer in at least one family member 0.30+0.29 —0.19+0.42 Eliminated Eliminated

Ovarian cancer in at least one family member 0.05+0.37 0.19+0.53 Eliminated Eliminated

Hepatobiliary-system cancer in at least one —0.16+0.45 —0.82+0.93 Eliminated Eliminated
family member

Multiple colorectal cancers in a single patient 1.37+0.37* —0.21£0.62 Eliminated Eliminated

Concomitant colorectal cancer and endometrial 1.75£0.47* 1.10£0.90 Eliminated Eliminated
cancer in a single patient

Constant () 2.39x1.61 1.43+1.37 1.83+1.22
*P<0.001. 1P<0.05. 1P<0.01.

No Endometrial Cancer

c 1.0
o 0.91 — Amsterdam criteria met
© 0.8
i) N === Amsterdam criteria
§ not met
“
o
>
=
=
@®©
el
2
o
80
Mean Age at Diagnosis of Colorectal
A Cancer within a Family (yr)

Endometrial Cancer

Probability of Mutation

Mean Age at Diagnosis of Colorectal
B Cancer within a Family (yr)

Figure 1. Estimated Probability of a Deleterious MSH2 or MLH1 Mutation as a Function of the Mean Age at Diagnosis of Colorectal
Cancer within a Family and Whether the Amsterdam Criteria Were Met in Families with No Members with Endometrial Cancer
(Panel A) and in Families with at Least One Member with Endometrial Cancer (Panel B).

Values are the log odds ratios; the thin lines indicate the 95 percent confidence intervals.

to be screened exon by exon for an accurate molec-
ular diagnosis of hereditary nonpolyposis colorectal
cancer. Such an approach is laborious and expensive.
Screening costs might be reduced if clinical factors
that predict the outcome of genetic testing could be
identified.

In the present study, we found that an carly age
of onset of colorectal cancer, fulfillment of the Am-

sterdam criteria, and the presence in a kindred of a
patient with cancer of the endometrium or small
bowel, multiple colorectal cancers, or both colorectal
and endometrial cancer are strong predictive factors
for the presence of MSH2 or MLHI mutations. For
example, if a kindred that met the Amsterdam criteria
(mutation-detection rate, 45 percent) also included
one patient with endometrial cancer, then the ob-
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Clinical characteristics of family

Mean age at diagnosis of colorectal cancer
Fulfillment of Amsterdam criteria

Presence of endometrial cancer

I

Logistic model

/\

Probability of detecting
a mutation <20%

Probability of detecting
a mutation =20%

| Microsatellite-instability analysis |

MSH2 and MLH1

N

mutation analysis

Negative results:
no mutation analysis

Positive results:
mutation analysis

Figure 2. Strategy of Molecular Analysis in Families Suspected of Having Hereditary Nonpolyposis

Colorectal Cancer.

served rate of detection increases to 71 percent. And,
in a family that met the Amsterdam criteria and had
one member with both colorectal and endometrial
cancer, the likelihood of finding the disease-causing
germ-line mutation rises to about 90 percent. Multi-
variate analysis indicated that only a younger age at
diagnosis, fulfillment of the Amsterdam criteria, and
the presence of endometrial cancer are independent
predictive variables. If the Amsterdam criteria are ex-
cluded as a variable in the analysis, a younger age at
diagnosis of colorectal cancer and a higher number
of patients in the kindred with colorectal or en-
dometrial cancer become independent risk factors.
Our logistic model can be used to estimate the
probability of detecting a germ-line mutation on the
basis of the clinical features of a kindred with familial
clustering of colorectal cancer and other tumors re-
lated to hereditary nonpolyposis colorectal cancer.
The probability of finding an MSH2 or MLHI mu-
tation can be deduced from Figure 1 or calculated
with the use of simple software available at the Web
site of the International Collaborative Group on He-
reditary Nonpolyposis Colorectal Cancer (http://
www.nfdht.nl). If the predicted probability is low, one
might consider performing microsatellite-instability
analysis of the DNA of the colon tumor, which gives
an indication of whether there is a mutation of a
mismatch-repair gene. Patients with positive results
can then undergo mutation analysis. Since the cost
of microsatellite-instability analysis is about half that
of mutation analysis, this type of analysis will be
more cost effective than primary mutation analysis as
a first step only if the expected proportion of pa-
tients with tumors with microsatellite instability is
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less than 50 percent. Our preliminary data, which are
based on a limited number of tumor samples, indi-
cate that most colorectal tumors from kindreds with
hereditary nonpolyposis colorectal cancer that meet
the Amsterdam criteria show microsatellite instability,
whereas the opposite is true for tumors from families
that do not meet the Amsterdam criteria.?® Moreover,
recent studies203¢ showed that 57 percent of colo-
rectal cancers that were diagnosed in a patient before
the age of 35 years had microsatellite instability and
that a germ-line mutation was detected in 25 percent
of all cases. These observations suggest that the pro-
portion of patients with tumors with microsatellite
instability will drop below 50 percent when the
probability of a mutation is less than 20 percent. In
these cases, microsatellite-instability analysis of tumor
DNA should be considered as a first diagnostic step.
Figure 2 illustrates our recommended strategy.
Aaltonen et al.* evaluated the frequency of hered-
itary nonpolyposis colorectal cancer in Finland by
screening colorectal tumors from 509 patients for
microsatellite instability and by performing mutation
analysis of the tumors with positive results. Tumors
from 63 patients showed microsatellite instability,
and 10 of these patients had a germ-line mutation of
MSH2 or MLHI. Nine of the 10 patients had a first-
degree relative with colorectal or endometrial cancer,
7 were under 50 years of age, and 4 had had colo-
rectal or endometrial cancer previously. The authors
recommended microsatellite-instability analysis for all
patients with colorectal cancer who meet one or
more of the following criteria: a family history of co-
lorectal or endometrial cancer, an age at diagnosis of
less than 50 years, and a history of multiple colorectal
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or endometrial cancers. We suggest calculating the
probability of finding a mutation with our model
when clinical and family data are available and select-
ing patients for either microsatellite-instability analysis
or mutation analysis on the basis of the outcome.

Our series of 184 families included 17 families in
which no MSH2 or MLHI mutations were found.
These families met all the Amsterdam criteria except
one: a diagnosis of colorectal cancer before the age
of 50 years. Earlier studies of similar kindreds with a
late onset of colorectal cancer revealed phenotypic
differences between these families and those with
classic hereditary nonpolyposis colorectal cancer: a
predilection for tumors in the left colon, the absence
of extracolonic cancers, and a relatively high ratio of
adenomas to colorectal cancer.?536 Tests for microsat-
ellite instability in the colorectal tumors of these pa-
tients were negative.3¢ These findings suggest that
such families may represent a separate genetic entity.
Recently, Laken et al. reported an unusual mutation
in the APC gene that is responsible for familial clus-
tering of late-onset colorectal cancer among Ashke-
nazi Jews.3” Moreover, the clinical picture character-
istic of attenuated familial adenomatous polyposis3®
(later onset and fewer polyps than in typical familial
adenomatous polyposis) could easily be misinterpret-
ed as that of hereditary nonpolyposis colorectal cancer.
Similar atypical APC mutations may also be respon-
sible for a proportion of cases in the 17 families in
our study.

The Amsterdam criteria were established to help
ensure the uniformity of collaborative studies of he-
reditary nonpolyposis colorectal cancer.! The high
rate at which mutations were detected among kin-
dreds that meet these criteria and the low percent-
age of mutations in families that do not confirmed
the value of these criteria in selecting patients for
screening for mutations of mismatch-repair genes.?’
However, the Amsterdam criteria have been criti-
cized as being too stringent and for excluding extra-
colonic cancers known to be associated with hered-
itary nonpolyposis colorectal cancer. Moreover, it is
obviously harder for small families to fulfill the cri-
teria. Our study shows that endometrial cancer and,
to a lesser extent, tumors of the small bowel are im-
portant predictive risk factors. These findings sug-
gest that the Amsterdam criteria should be modified
to include these extracolonic cancers.

In conclusion, we detected mutations in DNA mis-
match-repair genes in a minority (26 percent) of 184
kindreds with familial clustering of colorectal cancers
suggestive of hereditary nonpolyposis colorectal can-
cer. Using logistic-regression analysis, we devised a
simple method for calculating the likelihood of de-
tecting MSH2 or MLHI germ-line mutations. The
majority of the kindreds we studied are representa-
tive of families that are often referred to clinical ge-
neticists for evaluation of the risk of hereditary colo-

rectal cancer. An accurate estimate of the probability
of MSH2 or MLHI mutations in these families will
not only allow a cost-effective strategy for molecular
analyses but also help clinicians counsel such families.

This work is dedicated to the memory of Dr. P. Meera Khan.
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