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Purpose: Although Lynch syndrome is characterized by marked genetic
heterogeneity, some specific mutations are observed at high frequency in
well-defined populations or ethnic groups due to founder effects.Methods:
Genomic breakpoint identification, haplotype analysis, and mutation age
determination were performed in 14 unrelated patients and 95 family
members presenting the sameMLH1 exonic rearrangement, among a series
of 84 Lynch syndrome families with germline mutations inMLH1,MSH2,
or MSH6. Results: All 14 probands harbored an identical deletion, com-
prising exons 17–19 of the MLH1 gene and exons 26–29 of the LRRFIP2
gene, corresponding to the MLH1 mutation c.1896 � 280_oLRRFIP2:
c.1750-678del. This mutation represents 17% of all deleterious mismatch
repair mutations in our series. Haplotype analysis showed a conserved
region of approximately 1 Mb, and the mutation age was estimated to be
283 � 78 years. All 14 families are originated from the Porto district
countryside. Conclusion: We have identified a novel MLH1 exonic
rearrangement that is a common founder mutation in Lynch syn-
drome families, indicating that screening for this rearrangement as a
first step may be cost-effective during genetic testing of Lynch
syndrome suspects of Portuguese ancestry, especially those originat-
ing from the Porto district. Genet Med 2011:13(10):895–902.
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Lynch syndrome is a highly penetrant, autosomal dominant
disease characterized by early-onset colorectal cancer (CRC)

and extracolonic tumors of the endometrium, stomach, small

bowel, ureter, renal pelvis, ovary, and hepatobiliary tract.1 Fam-
ilies are usually selected for genetic testing using the Amster-
dam criteria or the Bethesda guidelines.2,3 Although the former
are rather specific and allow selection of families for direct
germline mutation analysis, the latter have higher sensitivity but
lower specificity and require a prescreening by microsatellite
instability analysis or immunohistochemistry for mismatch re-
pair (MMR) proteins in tumor tissue.4,5

The genetic defect underlying Lynch syndrome is a germline
mutation in one of the fourMMR genesMLH1,MSH2,MSH6, and
PMS2.6 Approximately 85% of the mutations described are found
inMSH2 andMLH1, withMSH6 and PMS2 mutations accounting
for the remaining 10% and 5%, respectively (International Collab-
orative Group on HNPCC Mutation Database, http://www.insight-
group.org). The mutational spectrum of Lynch syndrome includes
mainly point mutations, small insertions, and deletions, as well as
changes affecting splice sites. However, the use of new techniques
allowed the discovery that a significant proportion of pathogenic
alterations are large genomic rearrangements, in most cases single
or multiexonic deletions or duplications inactivating MLH1 or
MSH2.7 Based on the October 2009 Human Gene Mutation data-
base, MLH1 and MSH2 exonic deletions/duplications represented
21% of all reported mutations.8

Although Lynch syndrome can be originated by many dif-
ferent mutations located throughout the four relevant MMR
genes, specific mutations are observed at high frequency in
well-defined populations or ethnic groups due to founder ef-
fects. For example, founder mutations have been identified in
Lynch syndrome families from China, the United States, Italy,
and among Ashkenazi Jews.9–12 The identification of founder
mutations facilitates the molecular diagnosis of Lynch syn-
drome by making cost-effective mutational analysis to specific
gene regions before full screening of all MMR genes. We herein
present a novel MLH1 exonic rearrangement that is a founder
mutation in Portuguese Lynch syndrome families.

MATERIALS AND METHODS

Patients, samples, and DNA extraction
This study includes 14 Lynch syndrome families presenting

the same MLH1 exonic rearrangement, from a total series of 84
families with pathogenic MLH1, MSH2, or MSH6 germline
mutations (data not shown), all of which have been identified by
routine genetic diagnosis during the period of 1997 to 2009 at
the Genetics Department of the Portuguese Oncology Institute,
Porto, Portugal, after genetic counseling and informed consent.
Seven families were followed up at the Portuguese Oncology
Institute, six at the S. João Hospital, and one at the Padre
Américo Hospital, all located in the Porto district. Nine of the
14 families fulfilled the Amsterdam criteria, whereas the re-
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maining presented the Bethesda criteria for genetic testing.
After written informed consent, DNA was isolated from periph-
eral blood samples from the 14 index individuals and subse-
quently from 95 family members, using the salt–chloroform
extraction method.13 The geographic origin of these families
was inferred from the birthplace of the oldest carrier or of the
oldest affected family member most likely to be a carrier.

Microsatellite instability and MMR
immunohistochemical analyses

In all nine families that fulfilled the Amsterdam criteria and
in three of the five cases presenting the Bethesda criteria (be-
cause tumor sample was not available), MMR mutation screen-
ing was performed directly from the blood sample of the index
case. In the remaining two families with Bethesda criteria and
available tumor sample, microsatellite instability and MMR
immunohistochemical analyses were performed in the carci-
noma sample of one index case and on a tubulovillous adenoma
from the second index case. Additionally, MLH1 immunoex-
pression was assessed in four additional carcinomas from three
families with Amsterdam criteria (one index case from one family,
one index case and one affected relative from a second family, and
one affected relative from a third family).

Microsatellite instability evaluation was performed using the
Bethesda panel of markers (BAT25, BAT26, D2S123, D5S346,
and D17S250) and the 1997 National Cancer Institute guide-
lines. Polymerase chain reaction (PCR) was carried out as
previously described using fluorescence-labeled primers.14

Fragments were analyzed for length variations on an ABI Prism
310 DNA sequencer (Applied Biosystems, Foster City, CA),
and allele sizes were determined using Genemapper software
(version 3.7, Applied Biosystems). The results were indepen-
dently scored by two observers, and a second round of analyses
confirmed the results.

Assessment of MLH1, MSH2, MSH6, and PMS2 immuno-
expression was performed as described previously.15

Screening for MLH1 and MSH2 germline alterations
The 14 index individuals had initially been screened for

mutations in MLH1 and MSH2 coding exons (except the accep-
tor splice site ofMLH1 exon 12,MSH2 exon 1, and the acceptor
splice site of MSH2 exon 5) by denaturing gradient gel electro-
phoresis (DGGE), using primers and conditions as described by
Ingeny (The Netherlands) and Wu et al.16 Fragments with
abnormal DGGE patterns and the acceptor splice site of MLH1
exon 12, MSH2 exon 1, and the acceptor splice site of MSH2
exon 5 were analyzed by direct sequencing in an ABI PRISM
310 automatic sequencer using Big Dye Terminator Chemistry
(Applied Biosystems), according to the manufacturer’s recom-
mendations. The 14 index cases and the 95 family members
reported in this study were then screened for MSH2 and MLH1
exonic deletions and duplications by multiplex ligation-depen-
dent probe amplification (MLPA), according to the instructions
of the SALSAMLPA P003 and P248 MLH1/MSH2 kits (MRC-
Holland, Amsterdam).

Genomic breakpoint identification
The strategy for breakpoint identification was based on the

heterozygosity status information obtained from a set of mic-
rosatellite (including the ones used in the haplotype studies, see
later) and single-nucleotide polymorphism (SNP) markers (Fig.,
Supplemental Digital Content 1, http://links.lww.com/GIM/A182).
Subsequently, primers were designed spanning the putative
breakpoints, and long-range PCR was carried out using the

Expand Long Template PCR System (Roche Diagnostics, Mann-
heim, Germany), using conditions recommended by the manufac-
turer. PCR fragments containing the suspected weight were se-
quenced with BigDye Terminator cycle sequencing chemistry on
an ABI PRISM 310 automatic sequencer (Applied Biosystems),
according to the manufacturer’s recommendations.

The deletion nomenclature is in agreement with the rules
recommended by the Human Genome Variation Society
(www.hgvs.org/mutnomen). Genomic breakpoint locations
are given using the reference sequences NM_000249 and
NM_006309 for MLH1 and LRRFIP2, respectively.

Design of mutation-specific assay
After breakpoint identification, we designed a single-nucleotide

primer extension assay to detect thisMLH1 rearrangement. First, a
three-primer PCR selective amplification was developed in which
the mutated allele is amplified with primers MLH1-INT16F
5�-AAATTGATGAGGTGTGACAGCCATTCT-3� (forward) and
LRRFIP2-INT25R 5�-AAGGACAGCTGGGGAAGCCA-3� (re-
verse) and the normal allele with the same forward primer and the
reverse primer MLH1-INT16R 5�-GGCCTGCAGGGATTCG-
GCTC-3�. PCR reactions were performed in a 20 �L reaction
containing 30–50 ng of DNA, 2 �L of 10x Taq reaction buffer, 1.5
�L of MgCl2 (1.875 mM), 1 �L of deoxynucleoside triphosphate
mix (250 �M deoxythymidine triphosphate, 250 �M dexyadenos-
ine triphosphate, 250 �M deoxyguanosine triphosphate, and 250
�M deoxycytidine triphosphate, Applied Biosystems), 0.2
pmol/�L of primer MLH1-INT16F, 0.1 pmol/�L of primers
LRRFIP2-INT25R and MLH1-INT16R, and 0.75 units of Taq
DNA polymerase (Fermentas). After a 95°C preincubation step for
10 minutes, PCR was performed in a total of 35 cycles using the
following conditions: 95°C denaturation for 30 seconds, annealing
at 58°C for 45 seconds, and extension at 72°C during 45 seconds,
followed by 10 minutes of final extension at 72°C.

After PCR, we performed a multiplexed nucleotide primer
extension reaction using dye label terminators (SNaPshot kit,
Applied Biosystems). The primers were designed in the forward
direction, with one annealing immediately 5� to the first nucle-
otide of the breakpoint region questioning both the wild-type
and the mutated alleles (BKP1F 5�-GAGGTAGAAGTTG-
CAGTGA-3�) and the second (BKP2-WTF 5�-GACTGACG-
TAGAAGTTGCAGTGAGC-3�) and the third primers (BKP2-
MTF 5�-GACTGACGTAGAAGTTGCAGTGACC-3�) being
specific to the wild-type and mutated alleles, respectively, and
questioning the third nucleotide of the breakpoint region (Fig.,
Supplemental Digital Content 2, http://links.lww.com/GIM/A183).
The multiplex primers were designed to be of different lengths
using a nonhomologous PolydGACT tail at the 5� end, so that
they could be distinguished by size during capillary electropho-
resis separation. The SNaPshot reaction was performed with 3,
2, and 1 pmol/�L of primers BKP1F, BKP2-WTF, and BKP2-
MTF, respectively.

Analysis of breakpoints sequence context
Breakpoints were defined as a set of coordinates on the

genome spanning the genomic sequence of the deletion. Bioin-
formatics analyses were carried out to analyze the genomic
context of the region. Using the RepeatMasker software, low-
complexity DNA sequences and interspersed repeats were
searched in both MLH1 intron 16 and LRRFIP2 intron 25.

Microsatellite and SNP typing
A total of 14 probands and 95 family members were genotyped

for polymorphic microsatellite markers flanking MLH1, namely
D3S1609, D3S1612, D3S1561, TR89812, D3S1611, TR100328,

Pinheiro et al. Genetics IN Medicine • Volume 13, Number 10, October 2011

896 © 2011 Lippincott Williams & Wilkins

http://links.lww.com/GIM/A182
www.hgvs.org/mutnomen
http://links.lww.com/GIM/A183


D3S1298, D3S3527, and D3S3522. The order of the markers, the
consensus repeat, and the distances relative to each other and to
MLH1 are shown in Fig., Supplemental Digital Content 1, http://
links.lww.com/GIM/A182. The physical distances of the genetic
markers were derived from National Center for Biotechnology
Information Map Viewer (http://www.ncbi.nlm.nih.gov/projects/
mapview/). The consensus pattern was obtained with the software
Tandem Repeats Finder (http://www.tandem.bu.edu/). The primer
sequences for the amplification of the markers were derived from

the Human Genome database (http://www.gdb.org), except for two
new markers (TR89812 and TR100328) that were designed with
the Primer express software. All nine markers were assayed by
PCR using fluorescently end-labeled primers. PCR products were
run on an ABI PRISM 310 Genetic Analyzer together with the
fluorescence labeled DNA fragment size standard TAMRA (Ap-
plied Biosystems). Genotyping of two intragenic SNP located
withinMLH1 exon 8 (c.655A�G) and intron 14 (c.1668-19A�G)
was performed by DGGE.

Fig. 1. Molecular characterization of the MLH1 c.1896 � 280_oLRRFIP2:c.1750-678del mutation. A, Capillary electro-
phoresis pattern from one case (blue) presenting a signal reduction of approximately 50% for exons 17, 18, and 19 of
MLH1 gene (arrows) compared with a normal control (green) detected by MLPA using the SALSA MLPA P003 kit (upper
panel) and the kit P248 MLH1/MSH2 (lower panel), the latter showing also a signal reduction for LRRFIP2 exon 26
(arrows). B, Long-range PCR with primers spanning the putative breakpoints revealed a 741 bp fragment (arrow) in the
cases with the MLH1 mutation (Lane 1). Lane 2 shows a negative case. NTC is a nontemplate control and MW refers to
100 bp DNA standard. C, Sequence electrophorogram of the 741 bp PCR fragment showing the breakpoint region of the
mutated allele. D, Scheme representing the MLH1 c.1896 � 280_oLRRFIP2:c.1750-678del mutation found in all index
cases, with the breakpoint downstream of MLH1 exon 16 and upstream of LRRFIP2 exon 25.
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SNP markers were used to obtain a haplotype spanning
approximately 2.6 Mb encompassing the region between
TR89812 and D3S3527 microsatellite markers, where the
first recombinant and/or mutational events were observed. To
capture most of the genetic variation in this region and to
avoid redundant SNP markers (i.e., markers in strong linkage
disequilibrium), we performed Tag-SNP, namely Tagger Mul-
timarker, using International HapMap Project CEPH (Utah res-
idents with ancestry from northern and western Europe) popu-
lation data (www.hapmap.org). We developed SNaPshot assays
for 19 SNP markers by multiplexed nucleotide primer extension
reaction using dye label terminators (Applied Biosystems). The
primers for multiplex amplification and single base extension (Table,
Supplemental Digital Content 3, http://links.lww.com/GIM/A184)
were designed using the online Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). AutoDimer
(www.cstl.nist.gov/strbase/NIJ/AutoDimer.htm) was used to
test for potential hairpin structures and primer dimer problems.
The 19 SNPs were PCR amplified in four multiplex reactions
with amplicon lengths between 101 bp and 381 bp. Amplifica-
tion was carried out in a 9700 Thermocycler (Applied Biosys-
tems). After a 95°C preincubation step for 5 minutes, PCR was
performed in a total of 35 cycles using the following conditions:
95°C denaturation for 30 seconds, annealing at 55°C for 30
seconds, and extension at 72°C during 30 seconds, followed by
10 minutes of final extension at 72°C. The multiplex SNaPshot
reaction and capillary electrophoresis were done following the
manufacturer’s protocol (Applied Biosystems).

Haplotype construction and estimation of
mutation age

Haplotype construction was performed manually based on
the genotypes obtained from index cases and family members.
We estimated the age of the mutation from the variation accu-
mulated in their ancestral haplotypes, as described by Martins et
al.17 This method takes into account both recombination (c) and
mutation (�) rates in the generation of variation. The probability
of change per generation (�) is given by � � 1 � ([1 � c] [1 � �]),
and the average of mutation and recombination events (�)
equals �t, where t is the number of generations. The recombi-
nation rate (c) was estimated from the physical distance be-
tween the two most distant markers (D3S1609 and D3S3522)
using a conversion factor calculated in Rutgers Map Interpola-
tor (http://compgen.rutgers.edu/old/map-interpolator/). The es-
timate of average mutation rate used was 7.8 � 10�4 for
dinucleotides markers.18

RESULTS

Identification of a novel MLH1 exonic rearrangement
Analysis of the constitutional blood-derived DNA by MLPA

in the 14 index cases reported herein revealed a reduction of the
peak signal for exons 17, 18, and 19 of MLH1 of approximately
50% compared with normal controls, suggesting a heterozygous
genomic deletion of these exons (Fig. 1A). Subsequent analysis
with a MLPA confirmation kit revealed that exon 26 of the
LRRFIP2 gene downstream of MLH1 was also deleted in all 14
cases (Fig. 1A). This MLH1 c.1897-?_2271�?del (HGVS,
NM_000249: initiating codon � 1) mutation is present in ap-
proximately 17% (14/84) of all Lynch syndrome families with
pathogenic mutations identified at the Genetics Department of
Portuguese Oncology Institute of Porto (unpublished data).

Genomic breakpoint identification
The MLH1 c.1897-?_2271�?del (HGVS, NM_000249: ini-

tiating codon � 1) mutation was fully characterized on the
nucleotide level. After long-range PCR with primers spanning
the putative breakpoints, a 741 bp fragment appeared in the
cases with the MLH1 mutation (Fig. 1B). Sequence analysis of
this PCR product revealed the breakpoint region in the mutated
allele (Fig. 1C). All 14 probands harbored an identical 11,627
bp deletion, comprising exons 17, 18, and 19 of the MLH1 gene
and exons 26, 27, 28, and 29 of the adjacent LRRFIP2 gene
(Fig. 1D). The 5� and 3� breakpoints were located 280 bp
downstream of MLH1 exon 16 and 678 upstream of LRRFIP2
exon 25, respectively. Therefore, the full description of the
MLH1 mutation is c.1896 � 280_oLRRFIP2:c.1750-678del
(HGVS, NM_000249: initiating codon � 1).

Mutation-specific detection
Genomic DNA amplification by the three-primer set in the cases

presenting theMLH1 deletion resulted in two fragments of 533 bp
and 551 bp from the wild-type and mutated alleles, respectively,
whereas in the negative cases only the 533 bp fragment from the
wild-type allele appears (Fig., Supplemental Digital Content 2,
http://links.lww.com/GIM/A183). After multiplexed nucleotide
primer extension reaction, the positive cases present the wild-type
(G) and the mutant (C) nucleotides with the BKP1F primer and the
wild-type (C) and the mutant (A) nucleotides with the BKP2-WTF
and BKP2-MTF primers, respectively (Fig., Supplemental Digital
Content 2, http://links.lww.com/GIM/A183). The negative cases
only present the wild-type G and C nucleotides (Fig., Supplemental
Digital Content 2, http://links.lww.com/GIM/A183). The SNaP-
shot reaction was performed on all 14 index cases and in 20
negative cases previously analyzed by direct sequencing, and all
the cases were concordant.

Breakpoints sequence analysis
The genomic sequences flanking the deletion breakpoints in

MLH1 intron 16 and LRRFIP2 intron 25 were analyzed for
low-complexity DNA sequences and interspersed repeats, and
one AluSx repeat and one AluSc repeat, respectively, were
found at the breakpoints.

Fig. 2. Representative image of MLH1 immunostain:
stromal cells show distinct nuclear immunoreactivity,
whereas adenocarcinoma cells (right side) are negative.
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Fig. 3. Simplified pedigrees of the 10 informative families and haplotype results (A to J). The order of the microsatellite and
SNP markers is D3S1609, D3S1612, D3S1561, TR89812, c.655A�G, D3S1611, c.1668-19A�G, TR100328, D3S1298,
D3S3527, and D3S3522 (from top to bottom), and the alleles that segregate with the mutation are underlined. Unaffected
individuals are indicated with open symbols, patients affected with colorectal cancer with black symbols, and breast cancer is
represented by striped circles. The oblique line indicates that the patient is deceased. Plus and minus signals represent family
members with and without the MLH1 c.1896 � 280_oLRRFIP2:c.1750-678del mutation, respectively.
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MMR immunohistochemical and microsatellite
instability analyses

All five carcinomas and the tubulovillous adenoma studied
by immunohistochemistry showed absence of MLH1 expres-
sion (Fig. 2). Additionally, both the carcinoma and the tubulo-
villous adenoma of the two index cases with Bethesda criteria
showed high microsatellite instability (all five markers pre-
sented instability).

Ancestral STR-based haplotypes and age estimate
Eight different haplotypes were phased for 10 of the 14

families. The results of the haplotype analyses for the 10 infor-
mative families are shown in Figure 3, and the most parsimo-
nious relationships among flanking haplotypes are presented as
a phylogenetic network in Figure 4. The probability of mutation
versus recombination was evaluated considering the number of
stepwise mutations required and intermediate haplotypes ob-
served. In the 10 informative families, SNP haplotypes were
constructed to establish whether a specific microsatellite was
different from the consensus because of a recombination event
rather than a mutation (Fig., Supplemental Digital Content 4,
http://links.lww.com/GIM/A185).

Haplotype analysis of the 10 informative families revealed a
conserved region of approximately 1 Mb. Based on the mutation
and recombination events observed in microsatellite haplotypes
and assuming a generation time of 25 years, the age estimate for
the MLH1 mutation c.1896 � 280_oLRRFIP2:c.1750-678del
(HGVS, NM_000249: initiating codon � 1) is 283 � 78 years
(Table 1).

The geographic origins of the MLH1 mutation positive fam-
ilies are shown in Figure 5, all being originated from the district
of Porto, Portugal, but away from the most densely populated
areas (the city of Porto or surrounding cities). The remaining 70

Lynch families identified at our institution have a much disperse
geographic origin from the entire North and Center of Portugal.

Clinicopathologic associations
CRC was the most frequent malignancy (73%) observed in

the families presenting the MLH1 exonic rearrangement re-
ported herein, followed by stomach (7%) and endometrial can-
cer (5%). The median age of diagnosis of CRC was 44 years.
Seven patients presented metachronous and one patient pre-
sented synchronous colorectal carcinomas. The histomorpho-
logical study of all five colorectal carcinomas that could be
evaluated were adenocarcinomas (one poorly and four moder-
ately to well differentiated), and mucinous production was
observed in three of the carcinomas. Three of the five carcino-
mas were located in the right colon.

DISCUSSION

The novel MLH1 mutation c.1896 � 280_oLRRFIP2:
c.1750-678del that we report herein was identified in 14 Portu-
guese Lynch syndrome families, representing approximately
17% (14/84) of all deleterious MMR mutations and approxi-
mately 41% (14/34) of the MLH1 mutations detected at the
Genetics Department of Portuguese Oncology Institute of Porto
(unpublished data). All the families presenting this mutation
have their origin in a small geographic area in the north of
Portugal, comprising several counties in the periphery of the
Porto district. At least 20% (17/84) of all Lynch syndrome
families with a pathogenic mutation identified at our institution

Fig. 4. Phylogenetic network showing the most parsimo-
nious relationships among flanking short tandem repeat-
based haplotypes in families carrying the MLH1 c.1896 �
280_oLRRFIP2:c.1750-678del mutation. Circle and line
sizes are proportional to the number of families and step-
wise mutations, respectively, and diamonds indicate re-
combination events.

Table 1 Age estimation of the ancestral MLH1 c.1896 �
280_oLRRFIP2:c.1750-678del mutation

Haplotypea
Families,

no.
Mutation
steps, no. Age � �, yb

H1: 253–208–248–170–260–
192–198–108–112

3 0 283 � 78

H2: 253–208–248–170–260–
192–198–94–108

1 1

H3: 257–208–248–170–260–
192–198–94–108

1 2

H4: 261–218–248–170–260–
192–198–94–108

1 2

H5: 257–218–226–170–260–
192–198–108–112

1 1

H6: 253–204–248–170–260–
192–198–108–112

1 2

H7: 253–204–248–170–260–
192–198–106–108

1 3

H8: 253–208–248–172–260–
192–198–104–110

1 2

10 13
aThe nine microsatellite markers used were D3S1609, D3S1612, D3S1561,
TR89812, D3S1611, TR100328, D3S1298, D3S3527, and D3S3522 (from left to
right). The ancestral haplotype in which the MLH1 c.1896 � 280_oLRRFIP2:
c.1750-678del mutation probably occurred is indicated in bold.
bThe recombination rate (c) was based on the physical distance between the two
most distant markers (10848.9 kilobases; c � 0.108672 cM) using a conversion
factor calculated in Rutgers Map Interpolator. The estimated probability of mu-
tation per generation and per haplotype was 0.00702 (as nine dinucleotide short
tandem repeats were studied).
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have their origin from other regions of Portugal, and none of the
14 families with this MLH1 rearrangement originated from the
most densely populated areas of Porto district. Furthermore,
none of the previous publications on Portuguese Lynch families
mostly from South Portugal reported this exonic rearrange-
ment.19,20 These data indicate that our finding of this mutation
in 14 families from the Porto district is not explained by referral
bias. In other countries, the deletion of exons 17–19 of the
MLH1 gene has been reported in one Lynch syndrome family
from Taiwan21 and another from France.22 However, none of
these studies described the genomic breakpoints or deletion of
LRRFIP2 exon 26 (detectable by the MLPA P248 MLH1/
MSH2 kit), so one can assume that the genomic rearrangement
reported herein is novel. In fact, it has recently been shown that
the breakpoints of the MLH1 rearrangement reported in the
Lynch syndrome family from Taiwan21 are different from the
ones we describe in this study (Dr. Ling-Ling Hsieh, Chang
Gung University, Taiwan, personal communication, 2010).

Haplotype analysis by microsatellite and SNP markers flank-
ing the MLH1 gene in the 10 informative families revealed a
conserved region of approximately 1 Mb, indicating that these
families indeed share a common ancestor. Based on the muta-
tion and recombination events observed in microsatellite hap-
lotypes and assuming a generation time of 25 years, the origin
of this mutation could be traced back to the beginning of the
18th century. This relatively young age is in agreement with the
confined geographic origin of the 14 families bearing theMLH1
c.1896 � 280_oLRRFIP2:c.1750-678del mutation. Further-
more, the same exact breakpoint was identified in each of the
families, which is also a strong indicator of a common origin.
The available data, therefore, indicates that this is a novel
exonic rearrangement involving deletion of the last three exons
of MLH1 and the last four exons of the contiguous LRRFIP2
gene, being a frequent founder mutation in Lynch families
originated from the Porto district in North Portugal.

Several studies have shown that genomic deletions and du-
plications in the MSH2 or MLH1 genes are a frequent cause of
Lynch syndrome.7,9,23–27 Wijnen et al.25 reported a frequency of
6.5% of MSH2 deletions in Lynch families from a Dutch pop-

ulation. More recently, large MMR gene rearrangements have
been reported in 11–15% of Lynch syndrome families in
France,26 The Netherlands,7 and Germany,27 in all instances
most commonly in MSH2. The higher frequency of large
genomic rearrangements inMSH2 is presumably due to a higher
Alu density (34.2% on average).26 Alu repeats are short inter-
spersed elements whose transposition has been repeatedly im-
plicated in genetic variability and heritable disorders, including
Lynch syndrome and hereditary breast/ovarian cancer.27,28 In
theMLH1 gene, Alu-mediated exonic deletions have previously
been reported mainly associated with a founder effect, as the
deletion of exon16 represents approximately 50% of all MLH1
mutations in the Finnish population.23 This Finnish founder
mutation, a 3.5 kb MLH1 deletion, resulted from a recombina-
tion event between two Alu repeats located in introns 15 and
16.23 Mauillon et al.24 also observed a deletion of exons 13–16
of the MLH1 gene, caused by a recombination event between
two Alu repeats located in introns 12 and 16. As we found Alu
repeats around the breakpoints of both MLH1 intron 16 and
LRRFIP2 intron 25, Alu-mediated homologous recombination
might also have been involved in the origin of the Portuguese
founder exonic rearrangement that we report in this study.

The MLH1 protein forms a heterodimer with MLH3, PMS2,
or PMS1 and recruits other DNA repair proteins to the MMR
complex for the excision and repair of DNA.29 The MLH1
exons deleted in the rearrangement that we describe (exons
17–19) code for the MLH3, PMS2, or PMS1-binding domain.
The carcinoma and the adenoma analyzed for microsatellite
status presented high instability, which is indicative of MMR
deficiency. Moreover, all the tumors evaluated for MMR im-
munoexpression lacked MLH1 protein expression, demonstrat-
ing that this large rearrangement leads to loss of protein. On the
other hand, this rearrangement affects also the adjacent LRRFIP2
gene, causing deletion of the last four exons (26–29). LRRFIP2
was recently identified as a modulator of the Wingless-type
mouse mammary tumor virus integration site family (Wnt)
signaling pathway.30 LRRFIP2 interacts with disheveled (Dvl)
to increase the cellular abundance of �-catenin and activates
LEF/TCF-dependent gene transcription of Wnt target genes. It
presents a coiled-coil domain at its carboxyl terminus and a
serine-rich region at the amino terminus.31 Liu et al.30 analyzed
the molecular function of LRRFIP2 with a series of deleted
mutants and observed that the activity of LRRFIP2 was severely
reduced after truncation of either the carboxyl terminus or the
amino terminus, indicating that both domains are required for its
function. These authors also demonstrated that a mutant form of
LRRFIP2 containing only the amino terminus acts as a domi-
nant negative form and abolishes the activities of both LRRFIP2
and Dvl.30 The LRRFIP2 exons deleted in the rearrangement we
here present code for the LRRFIP2 coiled-coil domain at its
carboxyl terminus. If this rearrangement results in a truncated
protein that exerts a dominant negative effect on the wild-type
LRRFIP2, this would result in decreased �-catenin levels,
which is the opposite of what is found in most CRCs. Further
studies are warranted to clarify the role of this LRRFIP2 germ-
line mutation, if any, in the context of Lynch syndrome. On the
other hand, our 14 Lynch syndrome families show typical
features of this disease, such as predominance of right colon
carcinomas, early onset, high microsatellite instability, and lack
of MLH1 expression in tumor tissue, thereby indicating that the
relevant genetic defect underlying Lynch syndrome in these
families is the inactivation of MLH1 gene through this large
exonic rearrangement.

Because of the high frequency of the MLH1 c.1896 �
280_oLRRFIP2:c.1750-678del mutation in our population, we

Fig. 5. Geographic origin of the families with the MLH1
c.1896 � 280_oLRRFIP2:c.1750-678del germline muta-
tion in Portugal. Black circles and the number within rep-
resent the families and its frequency. All families are orig-
inated from a small region of the district of Porto
(shadowed region at the right) but not from the city of
Porto itself, which is located as indicated by the white
circle.
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developed a mutation-specific assay to screen for this mutation
quickly and inexpensively, which involves a three-primer PCR-
specific amplification assay followed by a single-nucleotide
primer extension reaction. Although the MLPA technique al-
lows identification of the deletion of MLH1 exons 17, 18, and
19 while screening for all MLH1 and MSH2 exonic rearrange-
ments, it requires another methodology to fully characterize this
specific mutation. Using our approach, the breakpoint region of
the MLH1 and LRRFIP2 deletion is interrogated in a single,
multiplex reaction, providing two independent assessments of
the mutation in question. This mutation-specific assay is a faster
and less expensive method for the detection of this rearrange-
ment as it involves only a standard PCR followed by a SNaP-
shot reaction. In addition, this method is highly flexible, and
more mutations can be added to the multiplex reaction.

In conclusion, we have identified a novel MLH1 exonic
rearrangement that is a common founder mutation in Lynch
syndrome families originated from the Porto district in North
Portugal. This rearrangement corresponds to a large deletion
involving MLH1 exons 17–19 and LRRFIP2 exons 26–29,
which has presumably resulted from homologous recombina-
tion between two Alu sequences present in introns 16 and 25 of
the genes MLH1 and LRRFIP2, respectively. The high propor-
tion of the MLH1 c.1896 � 280_oLRRFIP2:c.1750-678del mu-
tation indicates that screening for this rearrangement as a first
step may be cost-effective during genetic testing of Lynch
syndrome suspects of Portuguese ancestry, especially those
originating from the Porto district.
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