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Background & Aims: Germline mutations in mismatch
repair genes are associated with hereditary nonpol-
yposis colorectal cancer. A significant proportion of
mutations are nontruncating and associated with a
variability of clinical phenotype and microsatellite in-
stability and with occasional presence of residual pro-
tein in tumor tissue that suggests impaired functional
activity but not total lack of mismatch repair. To
address pathogenic significance and mechanism of
pathogenicity, we studied the functionality of 31 non-
truncating MLH1 mutations found in clinically charac-
terized colorectal cancer families and 3 other varia-
tions listed in a mutation database. Methods:
Mutations constructed by site-directed mutagenesis
were studied for protein expression/stability, subcel-
lular localization, protein-protein interaction, and re-
pair efficiency. The genetic and biochemical data
were correlated with clinical data. Finally, compara-
tive sequence analysis was performed to assess the
value of sequence homology as a tool for predicting
functional results. Results: Altogether, 22 mutations
were pathogenic in more than one assay, 2 variants
were impaired in one assay, and 10 variants acted
like wild-type protein. Twenty of 34 mutations af-
fected the quantity of MLH1 protein, whereas only 15
mainly amino-terminal mutations were defective in an
in vitro repair assay. Comparative sequence analysis
correctly predicted functional studies for 82% of vari-
ants. Conclusions: Pathogenic nontruncating alter-
ations in MLH1 may interfere with different biochem-
ical mechanisms but generally more than one. The

severe biochemical defects are mirrored by pheno-
typic characteristics such as early age at onset and
high microsatellite instability, whereas variants with
no or mild defects in functionality are associated with
variable clinical phenotypes.

Hereditary nonpolyposis colorectal cancer (HNPCC)
is associated with dominantly inherited mutations

in mismatch repair (MMR) genes. Even in the presence
of uniform genetic predisposition, the clinical pheno-
types, age at onset, and tumor spectrum vary signifi-
cantly among families and even among patients from the
same family. Furthermore, most but not all tumors show
lack of the mutated protein and high microsatellite
instability (MSI) in the genome, the hallmarks of
HNPCC tumors. The first international criteria (Amster-
dam I) for the diagnosis of HNPCC were developed in
1991 and required (1) histologically verified colorectal
cancer in 3 or more relatives, one of whom is a first-
degree relative of the other two; (2) colorectal cancer
involving at least 2 generations; and (3) one or more
colorectal cancer cases diagnosed before the age of 50
years.1 However, many putative HNPCC families do not
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fulfill the original criteria; new, less stringent criteria
were developed that incorporate extracolonic cancers,
notably endometrial carcinomas in addition to colorectal
carcinomas (modified Amsterdam criteria, Amsterdam
criteria II).2 Sometimes HNPCC should be considered
even in the absence of a family history of cancer if the
patient is young and has high MSI in tumor tissue
(Bethesda guidelines).3,4 Remarkably, even susceptibility
to sporadic, microsatellite-stable colorectal carcinoma
may be linked to germline variants of MMR genes.5 Such
a wide variety of clinical phenotypes complicates diag-
nostics, counseling, and design of appropriate follow-up
and treatment strategies for individuals carrying the
predisposing mutations. Biologic tools to predict the
pathogenicity of the different mutations would be of
prime clinical importance.

To date, the database of sequence variations found in
HNPCC or putative HNPCC kindreds (http://www.
insight-group.org/) contains information on 448 differ-
ent germline alterations that are likely to be pathogenic
and 108 nonpathogenic alterations, affecting mostly the
MMR genes MLH1 (50%), MSH2 (39%), and MSH6
(7%).6 Germline mutations in the 2 major HNPCC-
associated genes, MLH1 and MSH2, are found in two
thirds of classic HNPCC that fulfill the stringent Am-
sterdam criteria and display MSI in tumor tissue,7 com-
pared with only 8%–47% of the less typical colon cancer
families with late age at onset, atypical tumor spectrum,
and/or lack of MSI.8,9 Despite certain “typical” features,
even the former group does not show a uniform clinical
picture. Instead, the gene involved and the site and type
of mutation seem to have an effect on the phenotype.10–12

In particular, missense mutations leading to single
amino acid substitutions appear to be associated with a
wide range of clinical phenotypes,13 and in many cases
their pathogenicity is difficult to interpret.

To address the pathogenic significance and mechanism
of pathogenicity, we studied 34 nontruncating MLH1
mutations for expression/stability, nuclear localization,
and functionality of the respective mutated protein. We
also assessed how well comparative sequence analysis
using alignments of eukaryotic MLH1 sequences predicts
the results of functional assays. The genetic and bio-
chemical data were then correlated with clinical data.
Characterization of the biochemical defects facilitated the
definition of functional domains of the MLH1 protein
and revealed different mechanisms through which the
pathogenic effects of the mutations were mediated. Our
classification of the investigated variants as either patho-
genic or nonpathogenic based on our in vitro results was
supported by the clinical associations.

Materials and Methods

MLH1 Mutations and HNPCC Families

The present study comprised 27 MLH1 missense mu-
tations and 4 amino acid deletions found in 52 putative
HNPCC families that have been subjected to molecular ge-
netic and clinical studies suitable for prospective genotype-
phenotype analysis. Table 1 shows the mutations and clinical
characteristics of the index patients and their families collected
through an international HNPCC collaboration. Because the
HNPCC families included in the study were found and ana-
lyzed by many research groups, different methods were used
for mutation detection (Table 1). The alterations are scattered
throughout the MLH1 polypeptide but are mainly clustered in
its amino-terminus, which is responsible for adenosine triphos-
phate binding and hydrolysis,14–16 and in the carboxyl-termi-
nus, which contains the region where MLH1 interacts with its
counterparts, PMS2, MLH3, and PMS1 (Figure 1).17–19

Half of the families did not fulfill the Amsterdam criteria.
Mean age at onset of HNPCC-related tumors within the
families varied from 27 to 77 years, and age at onset of index
patients varied from 19 to 76 years. Altogether, 69 verified
mutation carriers have had only colorectal carcinoma(s), 8 had
colorectal carcinoma and endometrial carcinoma, and 5 had
only endometrial carcinoma (data not shown).

MSI phenotypes were high in 38, low in 4, and stable in 2
tumors originating from mutation carriers in different families
(Table 1). Immunohistochemical staining was performed in
tumors from 38 families, and MLH1 protein was lost in 24,
decreased in 3, and present in 11 tumors (Table 1). In 4 tumors
associated with mutations V213M, K618A, and V716M,
MLH1 staining was positive and MSI status was low or stable.

In addition to 31 mutations found in HNPCC families, 3
MLH1 variations listed in the international HNPCC mutation
database (http://www.insight-group.org/) were studied: (1)
I219V, which has been shown to be nonpathogenic in previous
functional assays20–23 and used here as a functional control; (2)
K618T, whose pathogenicity according to previous functional
assays has remained partly unsettled17,20,22,23; and (3) an in-
frame deletion of codons 633–663, comprising exon 17, which
we previously found to be pathogenic12 and used here as a
nonfunctional control. All studies were approved by the insti-
tutional review boards of the collaborating universities or local
ethical committees.

Functional Assays

Site-directed mutagenesis and production of dif-
ferent expression vectors. The MLH1 variants were created
using site-directed mutagenesis as described previously.12,24

All of the primer sequences, polymerase chain reaction (PCR)
parameters, and restriction sites are available from the authors
upon request. In the first PCR, wild-type (WT) MLH1 com-
plementary DNA (cDNA) cloned into pFastBac1 plasmid
(Invitrogen, Carlsbad, CA) was used as template; the fragment
A was created using primer pair forward A (fA) and reverse A
(rA) and the fragment B was with primers fB and rB. In the
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