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ABSTRACT

BACKGROUND
The identification of mutations in germ-line DNA mismatch-repair genes at the time
of diagnosis of colorectal cancer is important in the management of the disease.

METHODS

Without preselection and regardless of family history, we recruited 870 patients un-
der the age of 55 years soon after they received a diagnosis of colorectal cancer. We
studied these patients for germ-line mutations in the DNA mismatch-repair genes
MLH1, MSH2, and MSH6 and developed a two-stage model by multivariate logistic
regression for the prediction of the presence of mutations in these genes. Stage 1 of
the model incorporated only clinical variables; stage 2 comprised analysis of the tu-
mor by immunohistochemical staining and tests for microsatellite instability. The
model was validated in an independent population of patients. We analyzed 2938
patient-years of follow-up to determine whether genotype influenced survival.

RESULTS

There were 38 mutations among the 870 participants (4 percent): 15 mutations in
MLHI, 16 in MSH2, and 7 in MSH6. Carrier frequencies in men (6 percent) and women
(3 percent) differed significantly (P<0.04). The addition of immunohistochemical
analysis in stage 2 of the model had a sensitivity of 62 percent and a positive predic-
tive value of 80 percent. There were 35 mutations in the validation series of 155 pa-
tients (23 percent): 19 mutations in MLHI, 13 in MSH2, and 3 in MSH6. The perfor-
mance of the model was robust among a wide range of cutoff probabilities and was
superior to that of the Bethesda and Amsterdam criteria for hereditary nonpolyposis
colorectal cancer. Survival among carriers was not significantly different from that
among noncarriers.

CONCLUSIONS
We devised and validated a method of identifying patients with colorectal cancer who
are carriers of mutations in DNA repair genes. Survival was similar among carriers and
noncarriers.
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ENES RESPONSIBLE FOR SEVERAL AU-

tosomal dominant and recessive colorec-

tal-cancer—susceptibility syndromes have
been mapped and causative mutations charac-
terized.? Most autosomal dominant syndromes
are defined empirically on the basis of family his-
tory and clinical and pathological criteria, such
as the criteria for hereditary nonpolyposis colorec-
tal cancer (also called the Lynch syndrome).># In
clinical practice, however, the use of these ap-
proaches creates a bias against low-penetrance
alleles, small families, nonpaternity or adoption,
and newly arisen mutations. The Lynch syndrome
is caused by inactivating mutations of DNA mis-
match-repair genes (mostly MSH2, MLH1, and
MSHS6),5 but many patients with colorectal can-
cer who have such mutations do not fulfill the em-
pirical criteria for the Lynch syndrome.®® More-
over, about 1 in 3100 people between the ages of
15 and 74 years carries a defective DNA mismatch-
repair gene.® This finding implies that patients
with incident colorectal cancer who fulfill the cri-
teria for the Lynch syndrome do not account for all
mutation carriers. The fact that asymptomatic car-
riers have a substantial risk of colorectal and other
cancers!°12 underscores the importance of identi-
fying these carriers early enough to allow for coun-
seling and surveillance.

Practical and financial constraints often require
initial testing (prescreening) of tumor DNA for
microsatellite instability or immunohistochemical
assessment of tumor sections for DNA mismatch-
repair proteins, or both, before the genotyping
of incident cases of cancer. Prescreening assumes
that microsatellite instability is a consistent fea-
ture of tumors from carriers, but some tumors do
not have microsatellite instability.® Moreover, pre-
screening misses an appreciable number of mu-
tations in DNA repair genes®® and has a relatively
poor positive predictive value.®®13 In addition,
analysis of patients with incident colorectal can-
cers for microsatellite instability and DNA mis-
match-repair proteins* without previous genetic
counseling and explicit consent raises ethical con-
cerns, because patients with tumors that do not
have DNA mismatch-repair proteins and do have
microsatellite instability are likely to carry heri-
table germ-line mutations.

There is inconclusive evidence that the progno-
sis of colorectal cancer among patients with the
Lynch syndrome is better than that among pa-
tients with sporadic cases.’>1” Sporadic colorec-
tal cancers with microsatellite instability have a

better prognosis than do microsatellite-stable spo-
radic tumors,'32° but this difference does not
necessarily apply to tumors with germ-line defects
in DNA mismatch-repair genes.

Mutational analysis of germ-line DNA mis-
match-repair genes without previous testing of the
tumor has not been undertaken in a prospective,
population-based series.?* In this study, we looked
for such mutations without considering the fam-
ily history or the results of tumor testing in a
prospective, population-based series of 870 cases
of early-onset colorectal cancer, a group enriched
for genetically determined disease.®®13:22:23 This
approach allowed us to construct a clinically driv-
en predictive model that aids in the prediction of
carriers of germ-line mutations of DNA mismatch-
repair genes.

METHODS

Beginning January 2, 1999, we identified all pa-
tients in Scotland (population, 5.06 million) who
had received a diagnosis of colorectal cancer be-
fore the age of 55 years. All such patients were
identified soon after the diagnosis and regardless
of family history. After the exclusion of 15 pa-
tients with dominant polyposis syndromes, 1259
patients agreed to undergo genetic counseling and
gave informed written consent for germ-line and
tumor analysis before the end of 2005. The study
population comprised 870 consecutive patients
who received a diagnosis of colorectal cancer be-
tween February 1999 and July 2003 and in whom
mutational analysis and follow-up were complete.
The study population also included 72 percent of
1206 patients with incident cases identified inde-
pendently by the Scottish Cancer Registry. Of these
patients, 80 did not respond to our request, 156
had psychiatric or physical illnesses that preclud-
ed their enrollment in the study, and only 100 pa-
tients declined to participate, which left us with
90 percent compliance overall. The study was ap-
proved by the research ethics committees and Na-
tional Health Service (NHS) management of every
participating hospital.

An invitation to participate in the study was
extended to patients within a few weeks after di-
agnosis to minimize survival bias. Family history
was obtained at the time of the interview, a blood
sample was taken for DNA analysis, and tumor
samples were acquired from NHS pathology de-
partments. The date of disease onset was defined
as the date of the first histologic diagnosis of
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colorectal adenocarcinoma. The cancer history of
patients was obtained by personal interview and
cross-reference of personal identifiers with the
Scottish Cancer Registry. Tumors were staged ac-
cording to Dukes’ classification and tumor—node—
metastasis (TNM) criteria in accordance with rec-
ommendations of the American Joint Committee
on Cancer.

MUTATIONAL ANALYSIS
Germ-line DNA obtained from blood leukocytes
was analyzed for MLH1, MSH2, and MSH6 muta-
tions. Denaturing high-performance liquid chro-
matography analysis (Transgenomic) was used for
11 exons of MSH2 and 16 exons of MLHI. Variants
noted on chromatography were sequenced, as were
MSH2 exons 1, 4, 5, 10, and 13 and MLHI exons
8, 12, and 15 in every sample (ABI 3730 DNA Ana-
lyzer, Applied Biosystems). All 10 MSH6 exons
were sequenced. Sequencing chromatographs were
assessed visually and with the use of Sequencher
software. Mutations were confirmed by reampli-
fication of an independent sample of DNA and re-
sequencing in both directions. MLHI and MSH2
were assessed for deletions by multiplex ligation-
dependent probe amplification (MLPA, MRC-Hol-
land), with products separated on an ABI 3100 xI
Genetic Analyzer (Applied Biosystems) and ana-
lyzed with the use of custom software (available
on the Web site of the United Kingdom Nation-
al Genetics Reference Laboratory at www.ngrl.org.
uk/Manchester/Publications.htm#MLPA).

ANALYSIS OF MICROSATELLITE INSTABILITY
Tumor DNA that had been purified from micro-
dissected 10-um tumor sections (QIAamp DNA
minikit, Qiagen) was subjected to multiplex poly-
merase-chain-reaction assay with the use of
BAT25, BAT26, D2S123, D55346, and D175250
markers?* and compared with control DNA from
blood or normal tissue in the section. Products
were analyzed with the use of ABI PRISM 3100
and Genescan software (Applied Biosystems). Tu-
mors with more than one shifted marker were cat-
egorized as having a high degree of microsatellite
instability, those with one unstable marker were
categorized as having a low degree of microsatel-
lite instability, and those with no instability were
categorized as being microsatellite stable.

IMMUNOHISTOCHEMICAL ANALYSIS
Paraffin-embedded sections that had been stained
with antibodies against MLH1, MSH2, and MSH6

were assessed independently by two microscopists.
If discrepancies could not be resolved, a third pa-
thologist reviewed all slides.

STATISTICAL ANALYSIS
Two-Stage Predictive Model
Univariate analysis of clinical variables by logis-
tic regression identified independently significant
predictors of mutational status. These predictors
were included in multivariate logistic regression
to construct a two-stage model for the prediction
of whether patients carry germ-line mutations of
DNA repair genes on the basis of clinical variables
(see the Supplementary Appendix, available with
the full text of this article at www.nejm.org). The
least significant variables were removed one by one
until all variables remained significant. All vari-
ables (except the age at onset) were included as cat-
egorical variables. The use of automatic stepwise
backward and forward selection criteria, on the
basis of the likelihood ratio and the Wald statistic,
yielded similar results on logistic regression with
SPSS software, so we selected the simplest mod-
el. The final multivariable analysis that estimates
carrier probabilities for stage 1 of the model can
be described by the following equation, which
can be solved electronically at http://www1.hgu.
mrc.au.uk/Softdata/MMRpredict.php?>: Pr/(1—Pr)
=1.39 x 0.894CE x 2 575X x 4, 45LOCATION 3¢  5ISYNIMET 5
46.2(CRCFHL50 o 7 (J4CRCEH250 o 50 3G ECFH

In this equation, Pr is the carrier probability,
and age refers to the age at diagnosis. Male sex
is assigned a value of 1, and female sex a value
of 0. A proximal tumor location is assigned a value
of 1, and a distal location a value of 0. The pres-
ence of a synchronous (SYN) metachronous (MET)
tumor is assigned a value of 1, and the absence of
a SYN/MET tumor is assigned a value of 0. Colo-
rectal-cancer family history (CRCFH) is assigned a
value according to the age of the youngest relative
with the disease, so CRCFH<50 and CRCFH>50
are 1 and 0, respectively, if the youngest relative
is less than 50 years of age and 0 and 1, respec-
tively, if the youngest relative is 50 years of age or
older; the assigned values are 0 and 0 if there are
no affected relatives. The endometrial cancer fam-
ily history (ECFH) is assigned a value of 1 if any
first-degree relative has endometrial cancer.

Stage 1 of the model used exclusively clinical
variables to represent the situation at diagnosis
and identify subgroups enriched for carriers. These
groups then proceeded to stage 2 (analysis of the
tumor for microsatellite instability and immuno-
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