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MSH2 rearrangements are involved in approximately 10% of hereditary non-polyposis colorectal cancer
(HNPCC) families, and in most of the rearrangements, exon 1 is deleted. We scanned by quantitative multiplex
polymerase chain reaction (PCR) of short fluorescent fragments (QMPSF) 200 kb of genomic sequences
upstream of the MSH2 transcription initiation site in 21 HNPCC families with exon 1 deletions. This QMPSF
scan revealed 12 distinct 50 breakpoints located up to 200 kb upstream of the MSH2 transcription initiation site.
Sequencing analysis of the rearranged allele in 17 families revealed that most of the deletions (15/17) resulted
from homologous Alu-mediated recombination. QMPSF and sequencing analysis in these 21 families led us to
detect the presence of 20 distinct 50 breakpoints. In 14 out of 15 Alu-mediated recombinations, we found, either
within the identical region in which the recombination had probably occurred or in its vicinity, the 26-bp Alu
core sequence containing the recombinogenic Chi-like motif. Compared to the equivalent regions of other
human genes, the MSH2 upstream region was found to contain a high density of Alu repeats (30% within
228 kb and 43% within 50 kb), most of which belong to the old Alu S subfamilies. In conclusion, this study
demonstrates the heterogeneity of the breakpoints within the MSH2 upstream region and reveals the
remarkable density of recombinogenic Alu sequences in this region. Hum Mutat 26(3), 255–261, 2005.
rr 2005 Wiley-Liss, Inc.
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INTRODUCTION

Hereditary non-polyposis colorectal cancer (HNPCC, MIM]
114500), which represents the most common form of inherited
colorectal cancer, results from germline alterations of the
mismatch repair genes, MSH2 (MIM] 120435), MLH1 (MIM]
120436), and MSH6 (MIM] 600678) (for review see Lucci-
Cordisco et al. [2003]). We have previously shown, using
quantitative multiplex polymerase chain reaction (PCR) of short
fluorescent fragments (QMPSF) [Charbonnier et al., 2000; 2002],
that MSH2 rearrangements are involved in at least 10% of the
HNPCC families fulfilling the Amsterdam (AMS) criteria, which
justifies the inclusion of their search in the routine diagnosis of
HNPCC [Charbonnier et al., 2002; Di Fiore et al., 2004]. In most
of the studies, the frequency of MSH2 rearrangements has been
shown to be higher than that of MLH1: we found a genomic
rearrangement of MSH2 in 27 out of 120 (22%) and of MLH1 in
6/86 (7%) HNPCC AMS1 families without point mutations
within MSH2 and MLH1 [Charbonnier et al., 2002]. This

difference in the mutational spectrum of MSH2 and MLH1 was
also documented using multiplex ligation-dependent probe
amplification (MPLA), both by Nakagawa et al. [2003] who
detected, among 70 HNPCC families with MSI positive tumors
and without point mutations, four different MSH2 deletions and a
single case of MLH1 rearrangement, and more recently by Bunyan
et al. [2004], who detected among 122 HNPCC families without
point mutations seven cases of MSH2 deletions and no MLH1
rearrangement. In 52 AMS1 HNPCC families without point
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mutations, Wang et al. [2003] reported similar detection rates of
rearrangements for MSH2 and MLH1 (6/52, 12%), but four
patients harbored the same MLH1 exon 1–10 deletion, potentially
associated to a founder effect, which may have led to an
overestimation of the relative contribution of MLH1 rearrange-
ments in HNPCC.

MSH2 deletions present a remarkable heterogeneity: we
have reported, in 41 HNPCC families, 19 distinct MSH2
exonic deletions, removing exon(s) 1, 1–2, 1–4, 1–6, 1–7,
1–8, 1–11, 1–15, 2, 3, 4–6, 5, 5–6, 7, 7–10, 8, 9–10, 12–13,
and 13–15 [Charbonnier et al., 2002; Di Fiore et al., 2004]
and we have subsequently detected, in 10 other families,
five additional MSH2 deletions removing exons 4, 3–11, 8–16,
9–16, and 11–14. The majority of the MSH2 deletions reported
so far encompass exon 1 [Wang et al., 2003; Taylor et al.,
2003; Nakagawa et al., 2003; Di Fiore et al., 2004; Bunyan et al.,
2004]. QMPSF analysis of the promoter region revealed that, in
these cases, the promoter was either partially or completely deleted
and an initial QMPSF scanning of the MSH2 50 region revealed
the presence of at least seven distinct 50 breakpoints [Di Fiore
et al., 2004]. We have now performed a fine QMPSF analysis of
200 kb of genomic sequences upstream of the MSH2 transcription
initiation site in families with a MSH2 rearrangement removing
exon 1, in order to localize and characterize accurately the 50

breakpoints.

MATERIALSANDMETHODS
Families

This study included 21 families (Fig. 1), 12 of which strictly
fulfilled the AMS criteria (at least three relatives with colorectal
cancer, cancer of the endometrium, small bowel, ureter, or renal
pelvis, one of whom is a first-degree relative of the other two; at
least two successive generations affected; and at least one cancer
diagnosed before age 50 [Vasen et al., 1999]). In each family,
QMPSF analysis of the 16 exons of MSH2 [Charbonnier et al.,
2000] had previously revealed an heterozygous genomic deletion
encompassing exon 1.

QMPSFAnalysis of theMSH250 Region

Short genomic fragments (between 116 and 294 bp) of the
MSH2 promoter and upstream region were PCR amplified, using
31 6-Fam labeled primer pairs (primer sequences are available
upon request), in several multiplex PCRs. Exon 1 and an
additional fragment, corresponding to another gene used as a
control, were systematically included in each multiplex PCR.
Primers were designed in order to have a Tm comprised between
501C and 601C. To clean up DNA before PCR, 1 ml of genomic
DNA (100 ng/ml) was preincubated before PCR with 5 ml of
GenereleaserTM (Bioventure, Inc., Murfreesboro, TN), 15 seconds
at 651C, 15 seconds at 81C, and 45 seconds at 651C, 1 minute 30

FIGURE 1. Localization of the 50 breakpoints ofMSH2 rearrangements removing exon1. Numbers in the upper line indicate the ap-
proximate locations (in kb) of QMPSF amplicons numbered according to the transcription initiation site of MSH2. We have not
included all the QMPSF amplicons used in this study. The box in the upper line delimits the MSH2 promoter region, as de¢ned
by Iwahashi et al. [1998]. Exon 1 of MSH2 and exons 1, 7, and 9 ofTACSTD1 are indicated above this line. Families showing the
same QMPSF pro¢le are boxed: del indicates a deletion detected by QMPSF, whereas 1 indicates an amplicon that is not deleted.
The thirdcolumnshows theaccurate locationof the 50 breakpoint (numbered in kb according to the ¢rst nucleotideof the translation
initiation codon ofMSH2), as determined by sequencing; ND: not determined. Several breakpoints have been previously shown in
Di Fiore et al. [2004].
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seconds at 971C, 30 seconds at 81C, 1 minute 30 seconds at 651C,
30 seconds at 971C, 30 seconds at 651C, then maintained at 41C.
PCRs were performed in a final volume of 25 ml containing 100 ng
of genomic DNA, 0.2–2 mM of each pair of primers, and 1 unit of
Thermoprime plus DNA polymerase (Abgene, Epson, UK). After
electrophoresis for 3 hr on an automated sequencer (Applied
Biosystems, Foster City, CA), data were analyzed using the Gene
scanner Model 672 Fluorescent Fragment Analyzer (Applied
Biosystems). Electropherograms were superimposed to those
generated from control DNAs and the areas of the corresponding
peaks between the different samples were visually compared. In
QMPSF, a 50% reduction of the peak(s) area indicates a
heterozygote deletion of the corresponding genomic fragment
[Charbonnier et al., 2000; 2002; Di Fiore et al., 2004]. Each

positive result was controlled in a second independent fluorescent
multiplex PCR.

Long-Range PCR

In each family, the rearranged allele was PCR-amplified using
the ExpandTM Long Template PCR system from Roche Diag-
nostics (Mannheim, Germany), according to the manufacturer’s
protocol. The PCR consisted of 10 cycles of 10 seconds at 921C,
30 seconds at 651C (with a 11C decrease/cycle), and 10 minutes at
681C followed by 30 cycles of 10 seconds at 921C, 30 seconds at
551C, and 10 minutes and 20 seconds at 681C. Primer sequences
are presented in Table 1.

TABLE 1. PCR Ampli¢cation of the RearrangedAllele in18 HNPCCFamilies Harboring aMSH2Deletion Encompassing Exon1

Family
Deleted
exon(s)

Sense primer Antisense primer
Size of the

ampli¢ed alleleSequence Locationa Sequence Locationa

R2 Exon1 50 aacacatcttctttctcagtatacagtctt 30 ^3265 50 atgccaaataccaatcattc 30 15358 4.0 kb
L7 Exons1^4 50 tatcagaaatggtagtagcttctctaaagg 30 ^3658 50 aaaggttaagggctctgact 30 111221 1.5 kb
P16 Exons1^6 50 tatcagaaatggtagtagcttctctaaagg 30 ^3658 50 accaccaccaactttatgag 30 126836 7 kb
R18 Exons1^6 50 tatcagaaatggtagtagcttctctaaagg 30 ^3658 50 accaccaccaactttatgag 30 126836 2 kb
R14 Exons1^6 50 ccttaaacacctggacttaaggaatttttc 30 �4181 50 accaccaccaactttatgag 30 126836 3 kb
R9 Exons1^7 50 cagataaaggagatgggtgag 30 ^16623 50 agaggagtcacaaaaactgc 30 142398 1.5 kb
P15 Exons1^2 50 atggacctgacagtaaatgg 30 ^23390 50 ggtaaaacacattcctttgg 30 17140 1.5 kb
R1 Exon1 50 acagtgcacttcagaaggag 30 ^26182 50 atgccaaataccaatcattc 30 15358 2.5 kb
R12 Exons1^2 50 agcctttgaaaagcctagtt 30 ^25622 50 ggtaaaacacattcctttgg 30 17140 2 kb
R13 Exons1^2 50 agcctttgaaaagcctagtt 30 ^25622 50 ggtaaaacacattcctttgg 30 17140 1kb
R20 Exons1^2 50 gagaagagcaaaacctgaag 30 ^29332 50 ggtaaaacacattcctttgg 30 17140 2.3 kb
S2 Exons1^7 50 ttctcccgattaggtaaacaga 30 ^36153 50 tttctgcattcacctagtgttg 30 135810 5.5 kb
R10 Exons1^8 50 ttctcccgattaggtaaacaga 30 ^36153 50 tttgtgaactcccttatctgct 30 149729 1kb
S13 Exons1^6 50 gcttctgaattctgagtgatctgta 30 ^48605 50 accaccaccaactttatgag 30 126836 9 kb
PO1 Exon1 50 gcttctgaattctgagtgatctgta 30 ^48605 50 atgccaaataccaatcattc 30 15358 5.5 kb
Li8 Exons1^6 50 attgatttagggaggaacacct 30 ^63116 50 cctttggtccagatatcattaaaag 30 119835 3 kb
S1 Exons1^6 50 ttctaaaagctcaggaccacat 30 ^158866 50 ttttgactcataaagccatcct 30 115653 1.7 kb
LU1 Exons1^7 50 cccaaacagaagtgaagatagc 30 ^203624 50 cttaaggccaatactccctctt 30 131593 11kb

aNumbered according to the ¢rst nucleotide of the translation initiation codon ofMSH2 (build 35.1, NT^022184.14 (26218482^26526582)).

TABLE 2. Description ofMSH2 Genomic Rearrangements Encompassing Exon1

Family
Deleted
exon(s)

Estimated size
of the deletion

50 repeat
elementa

30 repeat
elementa

Tract of sequence
identity

Location of the 26-bp
Alu core sequence

R2c Exon1 4.6 kb Alu Sg Alu Sx 24 bp 66 bp dowstream the breakpointb

L7 Exons1^4 12.6 kb Alu Sg ^ ^ ^
P16 Exons1^6 23.3 kb Alu Sg Alu Sq 11bp 1bpupstream the breakpoint
R18 Exons1^6 27.6 kb Alu Sp Alu Sc 17pb 31bpupstream the breakpoint
R14 Exons1^6 28 kb Alu Sx AluY 31bp at the breakpoint
R9c Exons1^7 57.4 kb Alu Sg/x Alu Sx 21bp 72 bp dowstream the breakpoint
P15 Exons1^2 28.8 kb Alu Sx Alu Sg 22 bp 208 bpupstream the breakpoint
R1 Exon1 28.8 kb Alu Sx Alu Sc 4 bp 43bp dowstream the breakpoint
R12 Exons1^2 30.7 kb Alu Sp Alu Sq/x 19 bp 25 bp dowstream the breakpoint
R13 Exons1^2 31.7 kb AluY Alu Sg 35 bp at the breakpoint
R20 Exons1^2 34 kb L1 Alu Sc ^ ^
S2 Exons1^7 66.5 kb Alu Sp Alu Sp Noned ^
R10 Exons1^8 85 kb Alu Sq AluY 7 bp 31bp dowstream the breakpoint
S13 Exons1^6 65 kb AluY AluY 15 bp 16 bpupstream the breakpoint
Po1 Exon1 49 kb Alu Sp Alu Sx 16 bp at the breakpoint
Li8 Exons1^6 80 kb Alu Sg Alu Sg 29pb 62 pb upstream the breakpoint
S1 Exons1^6 172 kb Alu Sx AluJo 25 bp 16 bpupstream the breakpoint

aIn all cases, theAlu sequences were in the same orientation.
bThe breakpoint was predicted to occur within the sequence identity tract.
cThe rearrangement in this family has partially been described in Charbonnier et al. [2002].
dIn this family, the rearranged allele furthermore contains an insertion; nucleotide sequences alignment suggests that the breakpoint had occurred
within this insertion.
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SequenceAnalysis

After electrophoresis on low-melt agarose gel, PCR products
were purified using the Qiaquick Gel Extraction kit (Qiagen SA,
Courtabeuf, France) and directly sequenced using the Big Dye
V3.0 Terminator Kit (Applied Biosystems) and an automated
sequencer (Applied Biosystems).

Bioinformatics

Alignments of the nucleotidic sequences of the rearranged and
wild-type alleles were achieved using the Clustal algorithm from
BioEdit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Search
for repeat motifs within the MSH2 locus (working draft sequence,
Build 35.1, NT–022184.14 [26218482-26526582]) was performed
using the Repeat Masker Program (http://repeatmasker.genome.
washington.edu). Survey of Alu sequence density for the 50 kb and
5 kb upstream regions of MSH2 gene and of all the 24,336 human
genes annotated in the NCBI GenBank Build 35 (http://
www.ncbi.nlm.nih.gov) was performed using in house PERL-based
computer scripts. The statistic P-values for the differences in Alu

sequence densities between MSH2 and all the human genes were
calculated using Z scores of the Alu density distributions.

RESULTS

We first analyzed by QMPSF the MSH2 promoter region and
a stretch of 200 kb upstream of the transcription initiation site
in 21 HNPCC families harboring different types of exonic
deletions that remove exon 1 (Fig. 1). This analysis of the 50

region was performed using a total of 31 QMPSF amplicons. We
also used QMPSF to delineate the 30 boundary of the breakpoint,
using the specific amplicon for each exon [Charbonnier et al.,
2000] and then appropriate amplicons for the downstream intron.
The QMPSF profiles revealed, among these 21 HNPCC families,
the presence of at least 12 different 50 breakpoints scattered
between –1.6 kb and –202 kb upstream of the transcription
initiation site of MSH2 (Fig. 1). In most of the families (16/21),
the 50 breakpoint was located upstream of the MSH2 promoter
region. In 15 families, the coding region of the TACSTD1 gene
(MIM] 185535), which is located –16 kb upstream of MSH2 and

A)

FIGURE 2. Schematic representation of MSH2 Alu mediated rearrangements involving exon 1. Alignment between the nucleotide
sequences of the normal MSH2 50 region, the deleted allele, the normal intron, and the Alu consensus sequences. The open box
indicates the homologous region in which the recombination has occurred.TheAlu core sequences containing the recombinogenic
Chi-like motif are underlined. A: Representative recombination occurring within the Alu core sequence detected in Family R14
harboring aMSH2 exon 1^6 deletion; 50 region: �3645 to �3330 (numbered from the ¢rst nucleotide of the translation initiation
codon ofMSH2); intron 6: c1076111028 to c1076111385 (NM^000251). B: Representative recombination occurring at the vicinity
of theAlu core sequence detected in Family R12 harboring aMSH2 exons1^2 deletion;50 region: ^24845 to ^24579 (corresponding
to intron 5 of theTACSTD1/EpCAM gene); intron 2: c.3661571to c.3661794.
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encodes the membrane glycoprotein EpCAM involved in homo-
philic adhesion, was either partially or completely deleted (Fig. 1).
On the basis of the QMPSF results, we then designed PCR primers
to amplify the deleted allele and we achieved successful
PCR-amplification of the rearranged allele in 18/21 families
(Table 1). In 17 of these families, we were able to sequence the
rearranged allele and to identify the 50 and 30 breakpoints
(Table 2). Taken together, QMPSF mapping and sequencing
analysis revealed, among the 21 families, the presence of 20
distinct 50 breakpoints (Fig. 1).

Among the 17 families in which we sequenced the deleted
allele, the alignment between the nucleotide sequences of the
normal MSH2 50 region, of the rearranged allele and of the normal
intronic sequences revealed that in 15 cases the rearrangement
had clearly resulted from an homologous Alu mediated recombi-
nation (Table 2). Most of the Alu elements spanning the
breakpoints derived from the Alu S subfamilies (Table 2). In 14
Alu-mediated recombinations, we found, either within the
identical region in which the recombination had probably occurred
(Fig. 2A) or at its vicinity (Fig. 2B) the 26 bp Alu core sequence
(Table 2), containing a part of the prokaryotic Chi sequence
[Rudiger et al., 1995].

Search for Alu repeats within the 228 kb upstream region
of MSH2 revealed that this region contains a remarkably high
density of Alu repeats (252 Alu repeats corresponding to 30.15% of
genomic sequence), the majority belonging to the Alu S
subfamilies (170/252). The Alu density gradually increased
towards the MSH2 gene, the 50-kb and 5-kb upstream regions
containing 43% and 56% of Alu sequences, respectively (Table 3).

DISCUSSION

The recently developed PCR-based methods, QMPSF and
MPLA, which allow easy and reliable detection on a routine basis

of heterozygous genomic deletions and duplications are high-
lighting the contribution of these alterations in numerous genetic
diseases. QMPSF analysis of the MMR genes has previously
allowed us to document the prevalence of MSH2 genomic
deletions in HNPCC families [Charbonnier et al., 2002; Di Fiore
et al., 2004]. In this study, we exploited the power of QMPSF for
scanning previously unexplored regions and mapped the 50

breakpoints of MSH2 deletions encompassing exon 1. We detected
20 different 50 breakpoints located up to 200 kb upstream of the
MSH2 transcription initiation site. In most of the cases (15/21) the
deletion also removed partially or totally the TACSTD1/EpCAM
gene. In agreement with a previous study reporting the detection
of a MSH2 deletion encompassing 47 kb of the 50 region and
including TACSTD1 [Nakagawa et al., 2003], we did not observe
a specific clinical presentation in the HNPCC families harboring a
TACSTD1 deletion. EpCAM is an antigen that is highly expressed
in epithelial carcinomas, suggesting that its activation but not
its inactivation could be associated with oncogenesis [Munz
et al., 2004].

B)

FIGURE 2. (Continued)

TABLE 3. Comparison of theDensity ofAluRepeats Between
the 50 RegionofMSH2 andOtherHumanGenes

50 region MSH2
All human
genesa

228 kbb 30% ^ ^
50 kb 43% 15% Po0.005

Alu S subfamily 34% 10% Po0.0005
5 kb 56% 14% Po0.001

Alu S subfamily 33% 13% Po0.01

aMean Alu sequence density for the equivalent regions of the 24336
human genes annotated in theNCBIGenBankBuild 35.
bUpstreamof the transcription initiation site.
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As previously reported [Charbonnier et al., 2002; Wagner et al.,
2003; Wang et al., 2003; Nakagawa et al., 2003], the great
majority of the MSH2 rearrangements (15/17) was shown to result
from homologous unequal Alu-mediated recombinations, the main
mechanism of genomic deletions observed in Mendelian diseases
[Batzer and Deininger, 2002; Abeysinghe et al., 2003]. The
completion of the human genome sequencing has revealed that
the Alu elements represent 10% of the genome and include 1.2
million copies and that these Alu repeats preferentially accumulate
in gene-rich sequences [Lander et al., 2001; for review see Batzer
and Deininger, 2002]. The present report reveals the remarkable
density of Alu repeats within the 50 region of MSH2 (Table 3). This
density is significantly higher than the mean density of Alu repeats
for the equivalent 50 regions of human genes (Table 3). We had
already underlined the high density of Alu repeats within the
transcribed region MSH2 [Charbonnier et al., 2002]; indeed, the
MSH2 transcribed region (80 kb) contains 101 Alu repeats
corresponding to 33% of genomic sequence, the majority of which
are located within the first eight introns. The density of Alu
repeats within the 50 region explains why, in the majority of the
families harboring a MSH2 rearrangement, exon 1 is deleted.

We observed that most of the 50 region Alu repeats involved in
MSH2 deletions belong to the Alu S subfamilies (Table 2). The
density of Alu S repeats in the MSH2 50 region is significantly
higher than that observed in other human genes (Table 3). The
Alu J and Alu S subfamilies have been defined as the oldest and
intermediate Alu groups [Jurka and Smith, 1988], respectively,
whereas the younger Alu Y group includes the most actively
retrotransposed Alu subfamilies (for review see Jurka [2004]).
Interestingly, in silico analysis of the human genome reveals that
old Alu elements accumulate in the gene-rich regions, particularly
the promoter regions, whereas the location of the new Alu
elements is biased towards intergenic regions (Wang et al.,
submitted). This could explain the predominant role of old Alu
sequences in intragenic recombinations, illustrated by our study,
whereas Alu insertions mostly involve more recent Alu members
[Deininger and Batzer, 1999]. In the Alu-mediated recombinations
that we characterized, the tract’s length of sequence identity, in
which the recombination had probably occurred, varies from 4 to
35 bp. Interestingly, in 14 out of 15 Alu-mediated recombinations
studied, we found the 26 bp core sequence previously associated
with homologous and non-homologous recombination breakpoints
[Rudiger et al., 1995]. This sequence contains the pentanucleotide
CCAGC, corresponding to a part of the prokaryotic Chi sequence
involved in homologous recombination in E. coli [Rudiger et al.,
1995], and may by itself promote DNA exchange and homologous
recombination [Kolomietz et al., 2002].

In conclusion, this study demonstrates the remarkable hetero-
geneity of 50 breakpoints in the MSH2 distributed over 200 kb
upstream of the transcription initiation site, which can be
explained by the high density of MSH2 50 region in recombino-
genic Alu sequences.
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