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Germline mutations in the mismatch repair (MMR) genes MLH1, MSH2, MSH6, or PMS2 can cause Lynch
syndrome. This syndrome, also known as hereditary nonpolyposis colorectal cancer (HNPCC), is an autosomal
dominantly-inherited disorder predominantly characterized by colorectal and endometrial cancer. Truncating MMR
gene mutations generally offer a clear handle for genetic counseling and allow for presymptomatic testing. In contrast,
the clinical implications of most missense mutations and small in-frame deletions detected in patients suspected of
having Lynch syndrome are unclear. We have constructed an online database, the Mismatch Repair Gene
Unclassified Variants Database (www.mmruv.info), for information on the results of functional assays and other
findings that may help in classifying these MMR gene variants. Ideally, such mutations should be clinically classified
by a broad expert panel rather than by the individual database curators. In addition, the different MMR gene mutation
databases could be interlinked or combined to increase user-friendliness and avoid unnecessary overlap between
them. Both activities are presently being organized by the International Society for Gastrointestinal Hereditary
Tumours (InSiGHT; www.insight-group.org). Hum Mutat 29(11), 1337–1341, 2008. rr 2008 Wiley-Liss, Inc.
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INTRODUCTION

Lynch syndrome, also known as hereditary nonpolyposis colorectal
cancer (HNPCC), is an autosomal dominantly-inherited cancer
syndrome and is associated with a strongly increased risk of
developing colorectal and endometrial cancer and, to a lesser extent,
a range of other tumors, including cancer of the small bowel, stomach,
ovaries, renal pelvis, ureter, brain, and sebaceous glands. Germline
mutations in the mismatch repair (MMR) genes MLH1 (MIM]
120436), MSH2 (MIM] 609309), MSH6 (MIM] 600678), or PMS2
(MIM] 600259) can cause Lynch syndrome. Germline mutations of
the MLH3 gene (MIM] 603495), another MMR gene, have been
reported as well, but their contribution to Lynch syndrome is less clear
[Wu et al., 2001; Korhonen et al., 2008]. Lynch syndrome–associated
tumors are characterized by DNA MMR deficiency, which can be
demonstrated by the presence of microsatellite instability (MSI) in the
vast majority of cases. Usually, these tumors have physically or
functionally lost the wild-type allele of the MMR gene mutated in the
germline, which results in absence of immunohistochemical staining
of the MMR protein in question [Lynch et al., 2006].

The detection of truncating MMR gene mutations in patients
suspected of having Lynch syndrome generally offers a good
clinical handle for diagnosis and genetic counseling and allows for
presymptomatic testing in relatives. In contrast, the clinical
implications of most missense mutations and small in-frame
deletions are unclear (unclassified variants [UVs]). A significant
proportion of DNA variations found in Lynch syndrome
(suspected) patients are such UVs: 32%, 18%, and 38% for

MLH1, MSH2, and MSH6, respectively [Peltomäki and Vasen,
2004]. Investigators and the clinicians confronted with these UVs
would be assisted by online resources that store information
on these types of variants [Greenblatt et al., 2008]. MMR variant
databases already exist: the MMR Genes Variant Database
(www.med.mun.ca/MMRvariants) [Woods et al., 2007]; the
Leiden Open source Variation Database (LOVD) format
(chromium.liacs.nl/LOVD2/home.php) [Fokkema et al., 2005];
the International Society for Gastrointestinal Hereditary Tumours
(InSiGHT) mutation database (www.insight-group.org) [Peltomä-
ki and Vasen, 2004]; and the Human Gene Mutation Database
(www.hgmd.cf.ac.uk/ac/index.php) [Stenson et al., 2008] are
probably the most widely consulted for these genes. Their
developers and curators do an impressive job of cataloging
published MMR gene variants, as well as unpublished MMR gene
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variants (depending on the database in question). However, these
databases do not report in great detail the functional aspects and
other findings that may help in clinically classifying these MMR
variants. Therefore, we set out to build an online database, the
Mismatch Repair Gene Unclassified Variants Database
(www.mmruv.info), that particularly focuses on these details.

DATABASE STRUCTURE

We searched the literature published in English through Entrez
PubMed (www.ncbi.nlm.nih.gov/sites/entrez) using sets of keywords
to identify publications on the functional and in silico analyses of
human MMR gene mutations and we selected for missense
mutations and small in-frame deletions. The reference lists of
publications found through this approach were searched for
additional relevant papers. From the selected papers, we extracted
details on the type of mutation and cross-checked this information
whenever possible with the mentioned other MMR gene variant
databases. We subsequently extracted details on observed clinical
phenotype, family history, results of tumor analysis with respect to
MSI testing and immunohistochemical staining for the MMR
proteins, frequency of the variants detected in controls, segregation
of the mutation within the family, evolutionary conservation, type of
functional assays and in silico tests used, and outcome of those
analyses. Only those mutations with reported results of functional
and/or in silico testing were subsequently included in the database.
Variant nomenclature was used as proposed by the Human Variome
Project (report by J. den Dunnen, available at www.hgvs.org/
mutnomen). Reference sequences used were as listed in the
following GenBank (www.ncbi.nlm.nih.gov/GenBank) entries:
NM_000249 for MLH1, NM_000251 for MSH2, NM_000179 for
MSH6, NM_000535 for PMS2, and NM_001040108 for MLH3.
Depending on the information available, the outcome of each of the
functional tests or in silico analyses was labeled with a certain degree
of pathogenicity, ranging from nonpathogenic to pathogenic. This
labeling was given for research purposes only at this stage, using the
interpretation published in the original reports and our expert
opinion rather than any formal algorithm. Because, in our opinion,
unclassified variants should be clinically classified by a broad and
officially recognized expert panel rather than by individual database
curators, we have deliberately not provided an overall pathogenicity
classification for the variants. We refer to the discussion section of
this work for the approach toward such clinical classification. For
each variant, if possible, we constructed a link (URL) to the
corresponding entry in the MMR Genes Variant Database at the
LOVD platform (chromium.liacs.nl/LOVD2/home.php).

The data thus collected were stored first in individual fields in an
offline Microsoft Access (Microsoft, Redmond, WA) relational
database and subsequently ported to a Microsoft SQL Server online
environment. Interfaces for data retrieval by external users and for
editing the database were programmed using ASP.NET (Microsoft).
A copy of our database is presently being converted to the LOVD
format [Fokkema et al., 2005] to test possibilities for linking with
the InSiGHT mutation database and the MMR Genes Variant
Database. which have already been converted to this format, and
also for more easily gaining insight in which gene variants are and
which are not shared between these three databases.

FEATURES

At the time of submission of this work, the database contained
information on 513 variants (308 for MLH1, 180 for MSH2, 15 for
MSH6, 3 for PMS2 and 7 for MLH3). The types of functional

studies and their outcome published for these mutations have
recently been reviewed in detail elsewhere [Ou et al., 2007]. Based
on the functional data, more than one-half of these UVs are
probably pathogenic, underlining the clinical importance of
studying these UVs [Ou et al., 2007].

The database can be searched at www.mmruv.info through a
user interface as shown in Figure 1. The results and print layout
can be sorted in many ways by simply clicking on the column
headers. The number of functional tests and clinical reports are
shown for each of the individual variants. Details can be displayed
by clicking on the ‘‘Show Details’’ button (example shown in Fig.
2). New data can be added to the database by the curators through
a range of editing tools, but also by external users, after a check by
the curators, through a special online form. At the time of
submission of this work, only data from peer-reviewed papers had
been included in our database. The option of data submission by
external users has primarily been developed for researchers that
want to assist us in adding their already published data to our
database. Presently we will not consider including unpublished
data because of the obvious quality control issues. However, we
will consider the inclusion of data on additional mutations that
have been generated by a research group using the exact methods
already reported in one of their peer-reviewed publications. In all
cases, unpublished data will be clearly labeled as such in our
database. Not all laboratories and clinicians may have access to
research groups that perform functional analysis of MMR gene
variants. We have therefore added an option to our website by
which users can request testing for a particular UV. We will contact
these users to discuss details of the mutation and the phenotype,
and the laboratory that could be approached for such testing.

DISCUSSION

We have constructed an online database for information on
functional assays and other findings, including outcome of in silico
testing, that may help in classifying missense variants and small in-
frame deletions of the Lynch syndrome–associated MMR genes.
For genetic counseling and medical management of the families in
which these variants have been detected, it is important that the
pathogenicity of these variants is understood. Classifying these
variants is notoriously difficult as has recently been reviewed and
discussed in an international workshop at the International
Agency for Research on Cancer (IARC) in Lyon [Plon et al.,
2008]. Functional assays may produce contradictory results
[Couch et al., 2008]; segregation may not easily be studied due
to lack of DNA from affected relatives in Lynch syndrome–sus-
pected families [Goldgar et al., 2008]; the number of control
chromosomes analyzed in regionally- or ethnically-matching
populations may be small [Goldgar et al., 2008]; and reported
clinical and tumor phenotypes may lack detail [Hofstra et al.,
2008]. For many MMR gene UVs, data are incomplete [Lucci-
Cordisco et al., 2006].

Before evidence can be weighed and variants classified, data
should be available for that purpose; many challenges exist with
respect to databasing (i.e., the process of storing, managing, and
manipulating large amounts of information/data). Keeping up to
date with published reports requires effective and efficient
literature-mining techniques. For this purpose, we are in contact
with researchers from the Department of Computer Science and
Software Engineering at the National Information and Commu-
nications Technology (ICT) Australia (NICTA), Victoria Research
Laboratory, University of Melbourne (Melbourne, Australia), who
may be able to improve our methods of mining relevant literature.
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Getting unpublished data into a central database is another
challenge. Several incentives should be developed to stimulate
local laboratories or national laboratory professional societies to
submit their data to international online databases; for example,
inclusion as electronic publication in PubMed for mutations
submitted to databases. National, regional, or local legislation and
rules with respect to privacy and medical confidentiality may
prohibit clinicians and DNA laboratories from submitting detailed
phenotypic information on their patients and their families with
UVs or other types of mutations. Another issue is interpreting the
co-occurrence of multiple MMR gene UVs in individual patients.
We and others have observed several of these co-occurrences of
missense mutations in series of patients tested because of
suspected Lynch syndrome. Most information in databases is
listed for single variants, and adjustments should be made to allow
information storage and retrieval for combinations of these
variants. Needless to say, functional analysis of these combinations
of variants is a challenge in itself.

Methods are needed to weigh available evidence in a structured
way. One step in this process would be comparative analysis of the
available evidence. For example, computational methods based on
comparative sequence and or protein structure to classify UVs are
not necessarily in agreement [Tavtigian et al., 2008]. Several
studies have demonstrated that in silico predictions of MLH1 and
MSH2 splicing defects can be unreliable and should be
complemented by in vivo studies (which may even reveal tissue-
dependent splicing) whenever possible [Auclair et al., 2006;

Lastella et al., 2006]. If the in silico predictions are concordant,
however, then predictive value is much improved, as has been
recently been demonstrated by Chan et al. [2007], who compared
the outcome of these type of computational methods with the
outcome of functional analysis for MLH1 and MSH2.

For BRCA1 and BRCA2 variants, Easton et al. [2007] recently
developed an algorithm to predict pathogenicity, which takes into
account personal and family history of cancer, segregation of the
variant in families, co-occurrence with known deleterious
mutations, position of the mutation in functional domains,
evolutionary conservation, and predicted splice-site involvement.
Variants predicted to be pathogenic based on the clinical data also
were likely to have high conservation, and more likely to affect
splicing and to be located in particular protein domains [Easton
et al., 2007]. In another comparative study on BRCA1 mutations,
Lovelock et al. [2007] compared the results from a multifactorial
likelihood analysis incorporating evolutionary conservation, seg-
regation in families, co-occurrence with known pathogenic
mutations, and histopathology with the outcome of functional
analysis. This likelihood analysis was shown to improve classifica-
tion of some variants, whereas conflicting results from functional
analysis were present in others [Lovelock et al., 2007]. Approaches
like these may prove of value in the classification of MMR gene
variants. They may, for example, help in testing and further
developing scoring systems like that of Barnetson et al. [2008],
who recently published a system to classify MLH1, MSH2, and
MSH6 UVs. These authors noted the lack of and contradictory

FIGURE 1. User interface of the searchengineof ourdatabase. Exampleof part of the search results for variants of theMSH2 gene. For
each variant the following details are shown: local database identi¢er (]), gene name, exon and codon number, amino acid change,
DNAchange, predictedproteinchange, numberof functional tests and/or in silico analyses for this variant in thedatabase, numberof
papers in the database reporting on the variant in patients and controls, a link to the details of the tests and clinical reports, and, if
available, a link to the corresponding entry in the MMRGenesVariant Database at the LOVD platform chromium.liacs.nl/LOVD2/
home.php. [Color ¢gure can be viewed in the online issue,which is available at http://www.interscience.wiley.com.]
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results of functional data and discordant in silico predictions of
effects on splicing and protein function of UVs that had been
detected in a large series of colorectal cancer patients. Most of the
weight in their scoring system is attributed to absence of the UVs
in controls, cosegregation of the UV
with disease in families, loss of expression of the relevant MMR
gene, and presence of tumor MSI in the tumor. Ideally, MMR gene
UV mutations should be clinically classified by a broad
expert panel. Such a panel and the professional organization
behind it might also carry more weight in directing additional
research to fill in the data that are needed to classify particular
mutations and possibly apply for funding that is needed to support
that research.

Lynch syndrome is not a rare disorder; with the increasing
availability of mutation analysis, a substantial contribution to the
already known pool of unclassified MMR gene variants can surely
be expected. The need for clinical classification of these variants
will likewise increase. Within the community of the International
Society for Gastrointestinal Hereditary Tumours (InSiGHT;
www.insight-group.org) there is a strong motivation to address
these issues. InSiGHT activities include interconnecting or
integrating the existing MMR gene databases and encouraging
laboratories and clinicians to add unpublished mutations to those
databases. InSiGHT has also recently brought together a group of
experts in its new MMR gene variant interpretation committee
(chair, Prof. Maurizio Genuardi), which aims at reviewing evidence
for variant pathogenicity, working toward a classification algo-
rithm, and ultimately providing clinical classification for each of
the MMR gene UVs. These joint activities also act as a pilot
project of the Human Variome Project (www.humanvariomepro-
ject.org) [Cotton et al., 2007], and their outcome may help those
interested in other disorders and genes to develop their own
strategies of addressing the problem of gene UVs.
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