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background

 

Germ-line mutations in the mismatch-repair genes 

 

MLH1, MSH2, MSH6,

 

 and 

 

PMS2

 

 lead
to the development of the Lynch syndrome (hereditary nonpolyposis colorectal cancer),
conferring a strong susceptibility to cancer. We assessed the frequency of such muta-
tions in patients with colorectal cancer and examined strategies for molecular screen-
ing to identify patients with the syndrome.

 

methods

 

Patients with a new diagnosis of colorectal adenocarcinoma at the major hospitals in
metropolitan Columbus, Ohio, were eligible for the study. Genotyping of the tumor for
microsatellite instability was the primary screening method. Among patients whose
screening results were positive for microsatellite instability, we searched for germ-line
mutations in the 

 

MLH1, MSH2, MSH6,

 

 and 

 

PMS2

 

 genes with the use of immunohisto-
chemical staining for mismatch-repair proteins, genomic sequencing, and deletion stud-
ies. Family members of carriers of the mutations were counseled, and those found to
be at risk were offered mutation testing.

 

results

 

Of 1066 patients enrolled in the study, 208 (19.5 percent) had microsatellite instabil-
ity, and 23 of these patients had a mutation causing the Lynch syndrome (2.2 percent).
Among the 23 probands with the Lynch syndrome, 10 were more than 50 years of age
and 5 did not meet the Amsterdam criteria or the Bethesda guidelines for the diagnosis
of hereditary nonpolyposis colorectal cancer (including the use of age and family his-
tory to identify patients at high risk for the Lynch syndrome). Genotyping for microsat-
ellite instability alone and immunohistochemical analysis alone each failed to identify
two probands. In the families of 21 of the probands, 117 persons at risk were tested,
and of these, 52 had Lynch syndrome mutations and 65 did not.

 

conclusions

 

Routine molecular screening of patients with colorectal adenocarcinoma for the Lynch
syndrome identified mutations in patients and their family members that otherwise
would not have been detected. These data suggest that the effectiveness of screening
with immunohistochemical analysis of the mismatch-repair proteins would be similar
to that of the more complex strategy of genotyping for microsatellite instability.
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arge-scale screening for germ-

 

line mutations that lead to the onset of dis-
ease in adulthood is becoming increasingly

possible owing to technical advances. Even when
screening is technically feasible, however, it does
not necessarily follow that it is desirable.

 

1

 

 Issues
that affect screening include the accuracy, sensi-
tivity, and specificity of the test, the benefit to the
patient, the possibly negative ramifications of the
results, and the cost.

 

2

 

 One disease discussed as a
plausible candidate for screening is the Lynch syn-
drome (hereditary nonpolyposis colorectal cancer).

 

1

 

The Lynch syndrome is caused mainly by muta-
tions in the DNA mismatch-repair genes 

 

MLH1,
MSH2, MSH6,

 

 and 

 

PMS2. 

 

Heterozygosity for a muta-
tion results in susceptibility to the cancer. The Lynch
syndrome can be identified on the basis of age at
onset and the characteristics of the family history
that fulfill the Amsterdam criteria for the diagno-
sis of hereditary nonpolyposis colorectal cancer.

 

3,4

 

The less stringent Bethesda guidelines for this di-
agnosis have been proposed to help select patients
for molecular testing.

 

5,6

 

 Even among persons at-
tending clinics for those at high risk for cancer, the
sensitivity of the criteria is only 40 to 80 percent,

 

7

 

and among unselected patients with colorectal can-
cer, the sensitivity is 50 percent or less.

 

8,9

 

 There-
fore, the strategies for diagnosing the Lynch syn-
drome need to be improved.

One possible improvement that has been sug-
gested is based on the presence of a germ-line mu-
tation in a mismatch-repair gene. However, because
searching for mutations in the four mismatch-repair
genes is difficult and expensive, molecular pre-
screening for microsatellite instability of the pa-
tient’s tumor has been performed. Microsatellite
instability is a hallmark of the Lynch syndrome,

 

10

 

occurring in more than 90 percent of tumors.

 

11

 

 Mi-
crosatellite-instability status is commonly deter-
mined by analysis of five genetic markers.

 

12

 

 
Aside from prescreening for the Lynch syn-

drome, testing for microsatellite instability is im-
portant because of its prognostic and possible ther-
apeutic implications. Patients with colorectal cancer
whose tumors have high-frequency microsatellite
instability have a more favorable prognosis, inde-
pendently of stage at diagnosis, than do patients
without microsatellite instability.

 

13

 

 Moreover, ac-
cording to recent reports, patients with high-fre-
quency microsatellite instability do not benefit from
adjuvant chemotherapy with fluorouracil.

 

13,14

 

 Con-
sequently, there is a need to determine the status

of microsatellite instability in large series of pa-
tients with colorectal cancer.

We undertook this study with two aims. The first
was to determine the proportion of patients with
colorectal cancer who have the Lynch syndrome
and the feasibility of molecular screening for the
syndrome through the study of unselected patients
with newly diagnosed colorectal cancer. The sec-
ond was to compare the effectiveness of two differ-
ent techniques to prescreen for mismatch-repair
deficiency, genotyping for microsatellite instability
and immunohistochemical analysis.

 

patients

 

We enrolled 1066 patients with newly diagnosed
adenocarcinoma of the colorectum, regardless of
age or the presence or absence of a family history
of cancer, at six participating hospitals. These hos-
pitals perform the vast majority of operations for
colorectal cancer or suspected colorectal cancer in
the Columbus, Ohio, metropolitan area (popula-
tion, 1.5 million). The research protocol and con-
sent form were approved by the institutional review
board at each participating hospital, and all patients
provided written informed consent. A family med-
ical history, a blood sample of 10 to 20 ml, and a tis-
sue specimen were obtained from each patient.

 

samples

 

DNA and RNA were extracted from the EDTA-pre-
served blood samples with the use of standard
methods. The histologic features of the tumor were
reevaluated by analysis of the paraffin-embedded
tissue block, and an area containing tumor cells
was marked on the block. The proportion of tumor
cells in the material used for the extraction of DNA
exceeded 50 percent in 95 percent of the cases and
exceeded 40 percent in the remaining cases. In ad-
dition, an area containing no tumor cells (i.e., nor-
mal tissue) was marked on the block. Material from
the tumor and normal tissue was obtained by micro-
dissection.

 

microsatellite instability

 

To determine the microsatellite instability of the
tumor, we ascertained the genotypes using five or
six polymorphic markers (BAT25, BAT26, D2S123,
D5S346, and D18S69 or D17S250 or both) in tumor
tissue and unaffected tissue. Results of testing for
microsatellite instability were considered positive

l

methods
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when an allele was present in the tumor but not in
the unaffected tissue. High-frequency microsatel-
lite instability was defined as instability shown by
two or more markers, and low-frequency microsat-
ellite instability as instability shown by only one
marker; if none of the markers showed instability,
the result was considered to be negative.

 

 

 

immunohistochemical staining

 

Immunoperoxidase staining was performed on for-
malin-fixed tissue.

 

15

 

 The primary antibodies used
were MLH1 (1:10 dilution, Pharmingen), MSH2
(1:200, Oncogene Research Products), MSH6 or
GTBP (1:300, Transduction Laboratories), and
PMS2 (C20) (1:400, Santa Cruz Biotechnology).

 

detection of mutations

 

To search for germ-line mutations, DNA (obtained
from blood or normal colon tissue) was directly
sequenced with the use of primers described pre-
viously.

 

8,16,17

 

 The sequencing of the 

 

MLH1, MSH2,

 

and 

 

MSH6

 

 genes covered the promoter regions
(

 

MLH1

 

 and 

 

MSH2

 

 only), exons, and the intronic re-
gions adjacent to all splice sites. For 

 

PMS2,

 

 conver-
sion to haploidy (GMP Genetics) and Western blot
analysis were used in addition to sequencing.

 

15

 

 In
search of potentially missed sequence changes, a
proprietary method (Ambry Test, Ambry Genet-
ics) was applied to 150 randomly chosen patients
among the 208 patients with microsatellite insta-
bility. This method included a scan for mutations
in all exons and exon–intron junctions of the 

 

MSH2

 

and 

 

MLH1

 

 genes with the use of temporal tempera-
ture gradient electrophoresis, after which suspect
regions were sequenced. All disease-causing muta-
tions, but no additional ones, were confirmed with
the use of this technique. We used multiplex liga-
tion-dependent probe amplification (MLPA) (MRC-
Holland) to search for large deletions in the 

 

MLH1

 

and 

 

MSH2

 

 genes.

 

18,19

 

Missense changes in the mismatch-repair genes
are common and often pose a formidable problem
of interpretation,

 

20,21

 

 because these changes do not
necessarily affect the function of the protein. To de-
termine the clinical significance of these changes,
we relied on multiple lines of evidence and exper-
iments (described in the Supplementary Appendix,
available with the full text of this article at www.
nejm.org). When we obtained no clear indication
of the pathogenicity of a missense change or of a
neutral mutation, we classified it as a variant of un-
certain significance for the purpose of this study.
However, probands and family members were care-

fully counseled with regard to the uncertainty of the
interpretation and to its consequences.

 

methylation of the promoter region
of 

 

mlh1

 

A region in the 5' part of the promoter region (i.e.,
the H region) was studied for methylation with the
use of the methylation-specific polymerase chain
reaction.

 

22

 

 Another region closer to exon 1 (i.e., the
D region) was studied with the use of combined
bisulfite restriction analysis.

 

23,24

 

analytic strategy

 

Of the 1066 tumors analyzed for microsatellite
instability, only 208 that were considered positive
were scrutinized further (Fig. 1). All tumors consid-
ered positive underwent sequencing of the 

 

MLH1,
MSH2,

 

 and 

 

MSH6

 

 genes, MLPA deletion analysis of

 

MLH1

 

 and 

 

MSH2,

 

 immunohistochemical analysis
for the four mismatch-repair proteins, and methyla-
tion analysis of the 

 

MLH1

 

 promoter region. Select-
ed tumors that showed the presence of the MLH1
protein and the absence of the PMS2 protein were
analyzed for mutations in the 

 

PMS2

 

 gene (Table 1
in the Supplementary Appendix).

In addition, in an effort to identify tumors defi-
cient in mismatch-repair proteins that had not been
found in the analysis for microsatellite instability,
tumors that were negative for microsatellite insta-
bility from patients who were at high risk for the
Lynch syndrome were studied with the use of im-
munohistochemical analysis for the MLH1, MSH2,
and MSH6 proteins. Of the 858 tumors negative
for microsatellite instability, 109 were selected for
these additional studies, because the patients were
at high risk on the basis of one or more of the fol-
lowing criteria: a diagnosis of colorectal cancer be-
fore the age of 50 years, a diagnosis of synchronous
or metachronous colorectal or endometrial cancer,
and the presence of a first-degree relative with co-
lorectal or endometrial cancer diagnosed at any age.
Of the 109 patients, 5 patients (4.6 percent) had an
abnormal result on immunohistochemical analy-
sis and therefore underwent both a second micro-
satellite-instability analysis and sequencing of the
suspect gene. In four of these five patients, the tu-
mors were extremely mucinous, and two of these
four tumors had high-frequency microsatellite in-
stability when a different area of the tumor with
higher cellularity was studied. In these two patients,
germ-line mutations were found. We describe these
two cases as missed by the analysis for microsatel-
lite instability.
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patients

 

From April 1999 through August 2004, 1581 pa-
tients were enrolled in the study. At the time of the
data analysis, 1066 of these patients had under-
gone molecular evaluation. The mean age among

these patients was 62.9 years; 90 percent report-
ed that they were white, and 8 percent reported
that they were black, percentages that reflected
those in the 2000 report of the U.S. Census Bureau
for Ohio.

 

25

 

 Slightly less than half the patients (45
percent) were female.

The study included patients who were seen by

results

 

Figure 1. Analytic Strategy of the Study and Numbers of Patients for Each Analysis.

 

IHC denotes immunohistochemical, MSI microsatellite instability, and MLPA multiplex ligation-dependent probe ampli-
fication.

MSI genotyping of 1066 unselected patients
with newly diagnosed colorectal cancer

Germ-line mutations found in probands, 23

Probands counseled, 21
Family members identified as at risk

and tested for mutations, 117
Positive for mutations, 52
Negative for mutations, 65

Positive for germ-line mutations:
Probands, 23
Relatives, 52
Total, 75

High-frequency MSI, 135
Low-frequency, 73

Total with MSI, 208
Negative for MSI, 858 No further action, 749

Mutation analysis by
sequencing of MLH1,

MSH2, and MSH6;
deletion analysis by 
MLPA; mutations

found, 19

IHC analysis of 3 proteins
in high-risk patients, 109

Mutation analysis for
PMS2 in selected

patients; mutations
found, 2

Mutation analysis;
mutations found, 2

IHC abnormalities, 5

IHC analysis of 4 proteins,
methylation analysis of 
MLH1 promoter region
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approximately 110 physicians. Only 144 patients
who were approached declined to participate in the
study, with a range of 23 to 70 patients declining at
each of the sites. The main reasons given for de-
clining to participate were lack of interest, no fam-
ily members who were at risk, not wanting to “wor-

ry about genetics” or involve family members, and
concern about putting insurance coverage at risk.

 

microsatellite instability

 

High-frequency microsatellite instability was de-
tected in 135 of the 1066 tumors analyzed (12.7

 

* The mean age of the patients was 50.4 years, and the median age was 46 years.
† Data on the Amsterdam criteria for a diagnosis of hereditary nonpolyposis colorectal cancer are from Vasen et al.,

 

3,4

 

 and data on the Bethesda 
guidelines for this diagnosis are from Rodriguez-Bigas et al.

 

5

 

 and Umar et al.

 

6

 

‡ Abbreviations are in accordance with the current nomenclature.

 

26

 

 The letter “c” indicates that the numbering starts with the first nucleotide 
of the complementary DNA.

§ The letter “p” refers to the numbering of the amino acids in the protein.
¶The results of testing for microsatellite instability were originally found to be negative but showed high-frequency status when the test was re-

peated on a different area of the tumor after an abnormal immunohistochemical finding.

 

¿ No protein from the affected allele was detected on Western blot analysis of a haploid converted clone.

 

15

 

Table 1. Characteristics of 23 Patients with Colorectal Cancer and Deleterious Mutations in a Mismatch-Repair Gene.

Patient 
No. Sex Age*

 Site of 
Colon Cancer 

Criteria Met 
(First-Degree

Relatives Only)† 
Microsatellite-

Instability Status Gene Nucleotide Change‡ Mutation§

 

Amsterdam
Criteria

Bethesda
Criteria

 

yr
no. of positive markers/

total no. of markers

 

1 F 52 Descending Yes Yes 4/5¶

 

MLH1

 

c.298C>T p.Arg100X

2 F 46 Ascending No Yes 5/5

 

MLH1

 

c.790+1G>A Skip exon 9

3 M 39 Rectosigmoid No Yes 5/5

 

MLH1

 

c.1192C>T p.Gln398X

4 F 46 Ascending No Yes 4/5

 

MLH1

 

c.1489delC p.Arg497GlufsX11

5 F 47 Ascending No Yes 5/5

 

MLH1

 

c.1778_1779delCA p.Pro593ArgfsX16

6 F 38 Cecum No Yes 2/6

 

MSH2

 

c.425C>G p.Ser142X

7 M 45 Rectosigmoid No Yes 4/5

 

MSH2

 

c.586delC p.Pro196GlnfsX18

8 F 63 Rectum and 
sigmoid

No Yes 5/5

 

MSH2

 

c.942+3A>T Skip exon 5

9 M 58 Transverse and 
rectosigmoid

Yes Yes 4/6

 

MSH2

 

c.942+3A>T Skip exon 5

10 M 34 Ascending No Yes 4/5¶

 

MSH2

 

c.942+3A>T Skip exon 5

11 M 41 Cecum No Yes 5/5

 

MSH2

 

c.942+3A>T Skip exon 5

12 F 33 Transverse and 
cecum

No Yes 4/5

 

MSH2

 

c.942+3A>T Skip exon 5

13 M 51 Cecum No No 4/5

 

MSH2

 

c.1147C>T p.Arg383X

14 M 70 Rectum No Yes 4/6

 

MSH2

 

c.1906G>C p.Ala636Pro

15 M 57 Splenic flexure No No 5/5

 

MSH2

 

c.2648dupA p.Ile883AsnfsX16

16 M 45 Transverse No Yes 4/5

 

MSH2

 

g.26399108_26483640
del84533 (NT_022184)

Deletion of exons 
1–7

17 M 33 Ascending No Yes 5/5

 

MSH2

 

g.26488048_26491055
del3008 (NT_022184)

Deletion of exon 8

18 F 46 Transverse Yes Yes 4/5

 

MSH2

 

g.26446264-? _26514134+? 
(NT_022184)

Deletion of exons 
1–11

19 M 87 Rectum No Yes 3/5

 

MSH6

 

c.3155_3156delAG p.Glu1052ValfsX13

20 M 67 Ascending No No 2/5

 

MSH6

 

c.3261delC p.Phe1088SerfsX2

21 M 56 Sigmoid No No 4/5

 

MSH6

 

c.3956_3959delAAGC p.Ala1320GlufsX6

22 M 82 Sigmoid No No 5/5

 

PMS2

 

Unknown

 

—¿

 

23 M 23 Transverse No Yes 4/5

 

PMS2

 

c.2192_2196delTAACT p.Leu731CysfsX3
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percent), and low-frequency microsatellite instabil-
ity was detected in 73 tumors (6.8 percent). No mu-
tations were found in patients whose tumors had
low-frequency microsatellite instability.

 

immunohistochemical analysis

 

Immunohistochemical analysis had an excellent
sensitivity for the detection of tumors with high-
frequency microsatellite instability: 123 of 132 tu-
mors that showed high-frequency microsatellite
instability (3 analyses failed because of insufficient
tumor material on the slides) also showed abnor-
malities on immunohistochemical analysis for at
least one protein (93.2 percent sensitivity; 95 per-
cent confidence interval, 88.9 to 97.4 percent). The
sensitivity of immunohistochemical analysis to pin-
point the affected gene in tumors with deleterious
mutations was high: MSH2 was detected in 11 of
12 tumors, the 

 

MLH1

 

 gene in 4 of 5, MSH6 in 3 of
3, and PMS2 in 2 of 2. In contrast to high-frequency
microsatellite instability, low-frequency microsat-
ellite instability showed rare abnormalities on im-
munohistochemical analysis — staining showed
abnormalities in only 10 of 70 tumors.

 

probands with the lynch syndrome

 

There were 23 probands with a deleterious muta-
tion (Table 1). None of these patients had previ-
ously received a diagnosis of the Lynch syndrome.
Mutations in 

 

MSH2

 

 (13 patients) were more com-
mon than mutations in 

 

MLH1

 

 (5 patients), 

 

MSH6

 

(3 patients), and 

 

PMS2

 

 (2 patients). Five probands
had the A˚T mutation of intron 5 in the donor splice
site of 

 

MSH2,

 

 which is the most commonly recur-
ring mutation in a mismatch-repair gene in hu-
mans.

 

27,28

 

 Six of the patients had had a metachro-
nous tumor when they were younger, and three had
synchronous primary colorectal cancers. Among
the probands, the mean age at diagnosis was 50.4
years (range, 23 to 87). Had testing been limited to
those less than 50 years of age — a commonly ap-
plied criterion

 

6

 

 — 10 of the 23 probands would
not have been detected. Of the 23 probands, 3 ful-
filled the Amsterdam criteria for the diagnosis of
the Lynch syndrome,

 

3,4

 

 and an additional 15 ful-
filled the Bethesda guidelines for testing.

 

5,6

 

 Five of
the 23 probands fulfilled none of these criteria.

 

pedigree analysis and mutational status 
of relatives

 

Of the 23 probands with colorectal cancer and del-
eterious mutations, to date 21 have received ge-

netic counseling. As part of the counseling, each
of the 21 probands was offered confirmation of the
results in our study through testing of a new blood
sample in a laboratory approved according to the
standards of the Clinical Laboratory Improvement
Act. Genetic counseling and testing were offered at
no cost to all relatives who were found to be at risk.
Among a total of 117 relatives who received coun-
seling and testing, test results were positive for the
mutation among 52 relatives and negative among
65 relatives (Table 2). Of the 52 relatives with posi-
tive test results, 14 had had a cancer related to the
Lynch syndrome and 38 were unaffected at the time
of testing (2 of these 38 relatives subsequently re-
ceived a diagnosis of cancer).

 

methylation of the 

 

mlh1

 

 promoter region

 

Although the power of immunohistochemical stain-
ing to detect hereditary nonpolyposis colorectal
cancer is high for the MSH2 and MSH6 proteins,
staining for MLH1 and its heterodimer partner
PMS2 is often lost in sporadic colorectal cancer
due to hypermethylation of the 

 

MLH1

 

 promoter re-
gion.29 Among the 135 tumors with high-frequen-
cy microsatellite instability, 106 showed methyla-
tion of the MLH1 promoter region — the H region,
the D region, or both. None of the 23 patients with
a germ-line mutation, including 7 with mutations
in MLH1 or PMS2, showed methylation in the D re-
gion (described in the Supplementary Appendix).

Our study showed that screening large numbers of
patients with colorectal cancer is feasible, and in
the setting of this clinical trial, screening was well

discussion

* Of the 119 relatives who received counseling and were 
offered testing, 2 chose not to undergo testing.

† Of these 52 relatives, 14 had previously had a cancer re-
lated to the Lynch syndrome and 38 were unaffected at 
the time of testing. None of the 52 relatives had previ-
ously received a diagnosis of the Lynch syndrome.

Table 2. Results of Testing for the Proband’s Mutation 
among Relatives of 21 Probands.

Relationship Tested Positive Negative

First degree 54 25 29

Second degree 22 10 12

Third degree and beyond 41 17 24

Total 117* 52† 65
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received by both patients and medical personnel.
The study showed that at least 23 of the 1066 pa-
tients who underwent testing were found to have
a deleterious mutation in a mismatch-repair gene.
Thus, the proportion of all colorectal cancers that
was due to the Lynch syndrome was at least 2.2 per-
cent. This figure is the highest recorded in the Unit-
ed States and is broadly in accord with the results
of several previous studies,6,8,9,30 whereas others
have reported lower estimates.21,31,32 All numbers,
including ours, are underestimates, because none
of the methods for prescreening and detecting mu-
tations are 100 percent sensitive; in this study, a few
cases might have been missed. Moreover, among

the numerous sequence changes of uncertain in-
terpretation (described in the Supplementary Ap-
pendix), some may well be deleterious.

A striking fact was that among the 23 probands
with the Lynch syndrome, as many as 10 were more
than 50 years of age and only 3 fulfilled the Am-
sterdam criteria for the syndrome. This finding em-
phasizes the need to search for the Lynch syndrome
outside the typical “high-risk” situation. Exten-
sive counseling of 21 of the 23 probands led to the
tracing of pedigrees and family members. Accep-
tance among family members receiving counsel-
ing was excellent, and all but 2 of 119 family mem-
bers at risk who received counseling chose to accept

Figure 2. Proposed Strategy for Screening Patients with Colorectal Cancer for Lynch Syndrome Mutations and Mismatch-
Repair Deficiency.

Sequencing denotes the sequencing of the entire gene and, if necessary, searches for large deletions and other re-
arrangements. IHC denotes immunohistochemical.

Patients with newly diagnosed
colorectal cancer

IHC analyses of MLH1, MSH2,
MSH6, and PMS2 in tumor

Probands with mutations in MSH2, MSH6, MLH1, 
or PMS2, ∼2%

Probands counseled, mutation testing offered
to relatives at risk

Patients and relatives
with newly diagnosed

Lynch syndrome

No staining for MSH2
or MSH6, ∼2%

No staining for MLH1
or PMS2, 15–20%

Staining for all proteins,
 ∼80%

Methylation analysis
of MLH1 promoter

Sequencing of MSH2,
MSH6, or both

Negative for methylation,
<5%

Sequencing of MLH1,
PMS2, or both

Positive for methylation,
10–15%

No further action

No further action
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the offer of testing for the proband’s mutation, for
52 of whom the results of testing were positive.
These people were referred to their own physicians
for high-risk surveillance. Moreover, the results of
testing of 65 family members at risk were negative
for the mutation, and these people were counseled
accordingly.

In the diagnosis of the Lynch syndrome, the
key procedure is the sequencing of the mismatch-
repair genes for mutations, an undertaking that is

demanding and expensive owing not only to labo-
ratory expenses but also to the need for time-con-
suming interpretation of the sequence tracings. Typ-
ically, at least the MLH1, MSH2, and MSH6 genes
need to be sequenced when there is no clue to which
gene is affected. In large-scale screening, perform-
ing this procedure is simply not possible, so pre-
screening for mismatch-repair deficiency is neces-
sary and has been widely practiced with the use of
genotyping for microsatellite instability.5,6,8,12

Both genotyping for microsatellite instability
and immunohistochemical analysis require a pathol-
ogy laboratory and interpretation by experts. Geno-
typing for microsatellite instability requires a mo-
lecular laboratory as well. However, both methods
are much less demanding, together amounting to
perhaps 1/10 of the effort required for sequencing
three genes. Both methods can be used to measure
mismatch-repair deficiency, and, given the similar
costs of the two methods, the choice between them
will depend on such factors as availability and the
sensitivity and specificity of the test. Immunohis-
tochemical analysis as the primary screening meth-
od (Fig. 2) has several advantages over genotyp-
ing for microsatellite instability, in particular the
fact that immunohistochemical analysis is available
as part of routine services in general pathology labo-
ratories (Fig. 3). Limiting the primary screening
method to immunohistochemical analysis would
not require the involvement of a molecular genet-
ics laboratory, nor in 80 percent of cases would a
blood sample need to be obtained. With the use of
the strategy diagrammed in Figure 2, only about 20
percent of patients will need molecular testing, and
well less than 10 percent will need to undergo a
search for mutations, often in just one gene. More-
over, tumors that do not stain for MLH1 will need
to be sequenced for germ-line mutations only if they
do not show methylation. This procedure consti-
tutes a considerable savings of time, effort, and cost
over the method used in this study.

In our study of 1066 patients, the sensitivity and
specificity of genotyping for microsatellite insta-
bility, as opposed to immunohistochemical analy-
sis, to detect the Lynch syndrome could have been
determined only by performing sequencing, geno-
typing for microsatellite instability, and immuno-
histochemical analysis on every sample; but this
was not possible, owing to cost constraints. Never-
theless, our results allow us to conclude that the
sensitivity of immunohistochemical analysis to de-
tect high-frequency microsatellite instability was

Figure 3. Immunohistochemical Staining for Mismatch-Repair Proteins 
in Colorectal Adenocarcinoma.

Panel A shows positive staining for MLH1, Panel B negative staining for MLH1, 
Panel C positive staining for MSH2, Panel D negative staining for MSH2, Pan-
el E positive staining for MSH6, Panel F negative staining for MSH6, Panel G 
positive staining for PMS2, and Panel H negative staining for PMS2.

A B

C D

E F

G H
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appropriate in 123 of 132 samples (93 percent). This
result is in line with that of a large study in which
immunohistochemical analysis had a 100 percent
sensitivity to detect high-frequency microsatellite
instability among 1144 patients with colorectal can-
cer.33 Thus, no great loss in sensitivity will occur if
molecular prescreening for microsatellite instabil-
ity is replaced by immunohistochemical analysis.

With regard to sensitivity to detect the Lynch syn-
drome, our results show that both methods failed
to identify 2 of 23 cases. For the two cases not de-
tected with the use of molecular prescreening for
microsatellite instability, the initial results were
false negative genotyping in DNA obtained from
highly mucinous tumors. For the two cases not de-
tected with the use of immunohistochemical analy-
sis (one with a truncating mutation in MLH1, the
other with a truncating mutation in MSH2), there
was no obvious explanation for the normal-appear-
ing staining of the respective protein. Given that
we could not assess the sensitivity by studying all
patients with both methods, the question remains,
how many patients with the Lynch syndrome may
have been missed among the 749 patients with tu-
mors for which the results of testing for micro-
satellite instability were negative and that did not
undergo immunohistochemical analysis. Only in-
direct evidence can be invoked. For instance, in stud-
ies conducted in Finland, where founder mutations
account for more than 50 percent of all diagnoses
of the Lynch syndrome, 915 patients with colorec-
tal cancer whose test results were negative for mi-
crosatellite instability had no founder mutations
on mutation-specific testing.8,9 We estimate that
in our study at most a very small number of patients
with the Lynch syndrome were missed.

In the United States, the public health perspec-
tive on truly large-scale screening for the Lynch
syndrome can be illustrated as follows. On the ba-
sis of our data, some 2 percent of the 148,000 pa-
tients with newly diagnosed colorectal carcinoma7

are carriers of a mutation for the Lynch syndrome
(2960 carriers), and among the family members
of each proband, 3 more carriers can be detected
(8880 carriers). Thus, the proposed screening pro-
vides an opportunity to diagnose the Lynch syn-
drome in 11,840 persons annually in the United
States. These numbers are only estimates, and the
proposed strategies need to be tested on an even
larger scale than the present study. The proposed
screening does not primarily target unaffected per-
sons; instead, only probands with cancer are tar-
geted. The search for the Lynch syndrome in these
patients may be seen as part of an appropriate clin-
ical workup. The way in which the patient is treated
will be profoundly affected in the presence of a di-
agnosis of the Lynch syndrome. For instance, sub-
total colectomy is generally recommended because
of the high risk of metachronous tumor,34 and life-
long surveillance for colorectal cancer, endome-
trial cancer, and other tumors is indicated.35 A clear
benefit of intensified clinical surveillance is well doc-
umented.36 Testing of family members who are at
risk for the syndrome allows triage according to
the presence or absence of the mutation.

Finally, patients with tumors with high-frequen-
cy microsatellite instability have a better progno-
sis than those with tumors without microsatellite
instability,13 and they may not benefit from fluoro-
uracil-based adjuvant chemotherapy.13,14 Thus, de-
termining the mismatch-repair status (with the use
of genotyping for microsatellite instability or im-
munohistochemical analysis) of all patients with
colorectal cancer has prognostic implications and
may serve as a guide to optimal chemotherapy.
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