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No. of patients
Family with cancerNo.

of cases of
colorectal cancerOther tumorsAge

at onset
(yrs)Location

of the
alterationNucleotidechange24

2
63 22 3Pharynx41â€”44 50â€”65726â€”728â€•Deletion

ofCA73

42Endometrium, brain24â€”37626-628â€•Deletion ofTCTC'lTI'142c
3435â€”68ND143
2243â€”54ND160
22Ureter41â€”51ND174
2447â€”72ND1
8923Endometrium42â€”66ND210

2245â€”50ND45
1 42Breast,lungâ€•41-46ND531

34Bladder,kidney33â€”59ND645
22Endometrium44â€”48Introns 12â€”1622.4-kbdeletion699
21Ovary, smallbowel35-65ND756

2224â€”58618â€•AAGâ€”*GCG910c
43Endometrium34â€”54ND1042

31Breast,ovary40â€”68ND1044
55Ovary, endometrium32â€”66Intron 4 splice acceptorsite5'-tagAGC-3'--s5'-tggAGC-3'aCodonb

ND, no mutation wasdetected.C

Family fulfilling the Amsterdam

d Adenocarcinoma.criteria.

HMLHI MUTATIONS IN FAMILIAL COLORECTAL CANCER

Table 1 Clinical data and hMLHJ mutations in l7families with putative HNPCC

BluescriptSK(+) vector(Stratagene),and after bacterialtransformation,in
dividual clones were sequenced.

Sequencing Analysis ofhMLIfl Introns 12 and 16. Introns 12 and 16 of
the hMLHJ gene were amplified from normal genomic DNA using the 64SF
(5' COG OAT CCC GGA GAA GAG AGO ACC TAC @VFCC 3') and JM2
primers (5' COO AAT TCC 0CC ACA TCA OAA TCT TCC CO 3') and the
645l6F (5' COG OAT CCC GAG OCT GAO ATO CU GCA GAC 3') and
645R (5' COO AAT TCC OAT OAA OAT AGO CAG TCC CTC C 3')
primers, respectively. The 64SF and 645l6F primers contain a BamHl restric
tion site, and JM2 and 645R an EcoPJ restriction site (underlined). To amplify
intron 12, we used TaqPlus DNA polymerase from Stratagene and an exten
sion time of 3 mm. PCR products were then cloned into the Bluescript SK(+)
vector, and individual clones were sequenced.

RESULTS

We analyzedthe hMLHJ genein 17 families(Table1) whose
presentation was suggestive of the Lynch syndrome, although only 2
met the complete Amsterdam criteria (25). At the time of the study,
these families included 46 affected subjects, 12 of whom had devel
o_ multiple primary cancers. For each family, we analyzed by
RT-PCR the complete open reading frame of the hMLHI gene in one
affected subject. The use of Pfu polymerase and primers containing a
phosphorothiate linkage, which protects them from the 3'â€”5'exonu
clease activity of the Pfu polymerase (26), allowed us to easily
amplify the entire coding region of hMLHJ (2268 bp), and after a
second-stage amplification, four overlapping segments were sepa
rately and direcily sequenced. These analyses allowed us to detect five

Table 2 Primers usedfor hMLHJ cDNAs amplification and sequencing

Primer Sequenceâ€• Position

MAFSb 5@BamHI OCA TCT AGA COT TFC C'fl@GO-s-C 3C Exon 1
MBRSd 5@EcoRI CCC ACA GTG CAT AAA TAA C-s-C 3?C Exon 19
MA1Fb @,M13R lTf CCT TOG CrC UC TOG 3' Exon 1
MA1Râ€• @,M13-2l TAG TOT CCT AAC ATC AOC 3' Exon 8
MA2Fb 5, M13R UC AGT ACA CAA TOC AGO 3' Exon 7
MA2Râ€• @,Ml3-2l GTC Cr0 GTA OCA AAG ICr GO 3' Exon 12
MBlF@' 5' M13R CTA TOC CCA CCA OAT GG 3' Exon 12
MBlR@' @,M13-2l CGA TAA CCT GAG AAC ACC 3' Exon 15
MB2F@' 5' MI3R TAC CU CTC AAC ACC ACC 3' Exon 14
MB2Râ€• @,M13-2l CAG TGC ATA AAT AAC CAT 3' Exon 19

a Primers containing additional sites: BamHl, COG OAT CCC 0; EcoRI, COG AAT

TCC 0; M13R, CAG OAA ACA OCf ATO ACC; Ml3-2l, TGT AAA ACO ACO 0CC
AGT.

b Sense primer.

C@ phosphorothioate linkage.

d Antisense primer.

distinct alterations of the hMLHJ gene in five unrelated families
(Table 1; Fig. 1).

In family 24, as shown in Fig. 2, we identified a 2-bp deletion
occurring in a CA repeat in exon 19. This deletion, resulting in a stop

codon 15 nucleotides downstream, was confirmed by sequencing
analysis of genomic DNA (data not shown). In family 73, a 7-bp
deletion, resulting in a stop codon 24 nucleotides downstream, was
detected in exon 16 by direct sequencing of the cDNA (Fig. 2) and
confirmed by cloning and sequencing of the mutant cDNA (data not
shown). The proband of family 756 harbored in exon 16 at codon
618 a double base change (AAGâ€”@GCG),and cloning of the cDNAs
showed that the two nucleotides substitutions were located on the
same allele (Fig. 2), resulting, therefore, in a single missense mutation
(Lysâ€”@Ala).In family 1044, sequencing of the hMLHJ cDNA re
vealed a deletion of the first 6 bp (AGCAAG) of exon 5 (data not
shown). The observation of the AG dinucleotide at the end of the
deleted segment, suggesting a mRNA splicing defect, led us to se
quence the intron 4-exon 5 boundary in the affected proband. This
analysis showed (Fig. 2) a mutation of the splice acceptor site of
intron 4 (agâ€”t@gg),which therefore resulted in an activation of the
cryptic site located at the beginning of exon 5. In family 645, elec

trophoresis of the PCR-amplificd hMLHJ cDNAs revealed an aber
rant pattern (Fig. 3a, Lane 1). Amplification of the partial cDNA
between exon 12 and 19 confirmed, in addition to the presence of the
normal cDNA, the presence of two aberrant shorter cDNAs (Fig. 3b,
Lane 1), which were cloned. Sequencing analysis showed that these
abnormal cDNAs correspond to a complete deletion of exons 13â€”16
and exons 13â€”17.To characterize the deletion at the genomic level,
exons 12â€”17were amplified from the genomic DNA of the affected
proband. A 1.4-kb PCR fragment was observed in the affected subject
(Fig. 3b, Lane 3), whereas the normal size of this hMLHJ region is
23.8 kb (10). The sequence revealed that this abnormal genomic PCR
product contained exon 12, the 5' end of intron 12, the 3' end of intron
16, and exon 17. To localize the deletion breakpoint, we completely
sequenced introns 12 (2.8 kb) and 16 (0.8 kb) of the hMLHJ gene
from normal genomic DNA. Analysis of the sequence, using the
BLAST program (National Center for Biotechnology Information),
revealed that intron 12 contained five Mu repeats, whereas intron 16,
as reported previously (14), contained one Alu repeat (Fig. â€˜Ia).
Alignment of the normal intronic sequences to the sequences observed
in family 645 revealed that in this family, the first 570 bp of intron 12
of hMLHJ were fused to the last 670 bp of intron 16 (Fig. 4b). The
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HMLHI MUTATIONS IN FAMILIAL COLORECTAL CANCER

73

756

24

Brain24

Colon31
+1-

645

Fig. I. Partial pedigrees of the families with
hMLHJ mutation (families 24, 73, 645, 756, and
1044). Filled symbols, affected subjects; open sym
bols, asymptomatic individuals; oblique lines, de
ceased; arrow, proband. For each affected subject,
the tumor and age of diagnosis are indicated. +1â€”,
heterozygote hMLHJ mutation. Family 1044,
shaded symbol corresponds to a mucinous border
line ovarian tumor.

Colon58 Rectum 24
+1-

Colon44
+1-

1044

Colon32
+1-

breakpoint (Fig. 4c), which was located within the first Alu repeat of
intron 12 and the Alu repeat of intron 16, involved a 32-bp region
homologous between introns 12 and 16 (94% homology). These data
showed that the 22.4-kb deletion of the hMLHJ gene observed in
family 645 was the result of a homologous Alu-mediated recombina
tion and had induced two aberrant splicings between the donor site of
intron 12 and the acceptor sites of introns 16 and 17.

DISCUSSION

We analyzed by RT-PCR and direct sequencing the hMLHI gene in
17 families with familial colorectal cancer, only two of which com
pletely fulfilled the Amsterdam criteria (24) for HNPCC (at least three
relatives with histologically verified colorectal cancers, one of whom
is a first-degree relative of the other two; at least two successive
generations affected; and at least one of the cases of colorectal cancer
diagnosed before age 50). We found a germline hMLHI alteration in
5 of the 15 families that did not meet the complete criteria at the time
of the study (33%), and this result is in agreement with the recent
report from NystrOm-Lahti et a!. (18), who observed a germline
hMLHJ alteration in 25% of families that only partially fulfilled the
criteria. Although the Amsterdam criteria have allowed the identifi
cation of genuine HNPCC families and therefore the positional don

ing of the mismatch repair genes, these criteria appear in practice, as
discussed previously (1), too stringent. As illustrated by the clinical
presentation of our families with hMLHJ mutation (Fig. 1), these
criteria might take into account the size ofthe family, the development
of extra-colonic cancers such as endometrial cancer, and the devel
opment in the same individual of multiple primary tumors, which is a
strong indicator of a genetic predisposition for cancer. The five
hMLHJ alterations that we describe have not, to our knowledge, been

reported previously. Although the size of the families did not allow us
to perform a cosegregation analysis between these specific mutations
and cancer, we consider that these alterations are probably pathogenic.
The Lys-6l8-Ala mutation, which results from two nucleotide substi
tutions, was not found in 28 unrelated subjects, suggesting that this
variation is not a common polymorphism. Furthermore, the three
lysines present at codons 616â€”618, which correspond to three AAG
repeats, have previously been shown to represent a hot spot for
hMLHJ alteration (1 1, 13, 16, 19, 2 1). The four other mutations that

we reported are also probably pathogenic, because they potentially
result in a truncated hMLH1 protein. Two of these mutations highlight
two mechanisms of hMLHJ deletion. The CA deletion, observed in
family 24, is predicted to result in a truncated protein lacking only the
31 C-terminal amino acids of hMLH1. This CA deletion occurred in
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24

A AT 6 T 6 T 6 A GC 6 C A A

A AT GT 6 N 6 N 6 C NNNG

73

T AT T T CT CT T TG 6 A A A

T ATTN NH NH T T6G NH A

Wild-type TA1TfCTC11TGGAAA
Mutant TA1TGGAAATfGATGA

756
CT 6 A AG A AG A AGG CT

CT 6 A AG A AG 6 CG G CT

Wild-type CTGAAGAAGMGGCT
Mutant CTGAAGAAG@QGGCT

1044

CAT T AG AG CAAGTT

Fig. 2. Detection of hMLHI mutations in families 24, 73, 756, and 1044. Families 24 and 73, sequence of the RT-PCR product;family 756, sequence of the cloned mutant cDNA;
family 1044, sequence of the intron 4-exon 5 boundary amplified from genomic DNA. For each family, the sequence observed in the affected proband (bottom) and the corresponding
control sequence (top) are shown. The sequences correspond to the + strand except for family 24. The nucleotide changes are indicated.

2323 @ir
1929@
1371 @ir

Fig. 3. Detection of a AMLHI22.4-kb deletion in family 645. a, RT-PCR analysis of the complete hMLHI cDNA. hMLHI cDNAs were amplified with the MAFS and MBRS primers
(Table 2) as described in â€œMaterialsand Methods,â€•and 10% of the PCR reaction was loaded on a 1% agarose gel. Marker, molecular weight marker BstEll-digested A; Lane I, patient
645; Lane 2, normal subject; Lane 3, negative control. The predicted size ofthe normal PCR product is 2349 bp. b, amplification ofthe hMLHJ cDNAs between exon 12 and 19 (Lanes
I and 2) using primers MB1F and MBRS (Table 2) and of the genomic DNA between exon 12 and I7 (Lanes 3 and 4) using primers 64SF and 645R (Table 2). Lane 1, patient 645;
Lane 2, nonnal control; Lane 3, patient 645; Lane 4, normal control; Marker, molecular weight marker HaellI-digested FX174. The predicted size of the normal cDNA is I 190 bp.
In patient 645, two other shorter cDNAs were also observed, and sequence analysis revealed that their sizes were 715 and 610 bp. The amplification performed on genomic DNA from
patient645showeda 1.4-kbproduct,whereasno amplificationproductwasdetectedin the normalcontrol.Thefragmentssizes(inbp)of the markersare indicated.

@731

Wild-type AATGTGIGAGCGCAA
Mutant AATGTGAGCGCAAGG

T CAT TNG AG CAAGTT

Wild-type TCA1T@GAGCAAGTT
Mutant TCAU@GAGCAAG1T

a sequence of three CA repeats, and a deletion of two CA repeats
occurring at the same location was reported previously by Papado
poulos et aL (7). Our report confirms that this dinucleotide repeat, like
other di- or trinucleotide repeats characterized within the hMLHJ
open reading frame (7, 13, 16, 19, 21), is a hot spot for deletions. It
is remarkable to notice that this type of alteration, which is supposed
to result from DNA polymerase slippage, will therefore inactivate the

deletion of hMLHJ reported thus far. Recently, a 3.5-kb hMLHJ
deletion resulting from a recombination between one of the six Alu
repeats located in intron 15 and the Alu repeat present in intron 16 has
been detected in Finnish HNPCC families (14). The deletion observed
in family 645 led us to identify new Alu repeats within hMLHJ and
revealed that introns 12 and 16 share a highly homologous 32-bp
sequence. Our report and the report from Nystrom-Lahti et a!. (14)

hMLHJ gene and led to a general instability of repeated sequences. In show that introns of the hMLHJ gene contain numerous Alu repeats,

family 645, we described a 22.4-kb deletion, which is the largest which suggests that large genomic deletions of the hMLHJ gene might

a b
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71 cc'ro@.axrc@AGAGTFCAAGACCAGCCTGA(CCAACATGGTGAAACCCCATCTCTACTAAAAJ4TACAM.AÂ°r@ 40
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71 cc'rcaax@cx AGAGT@rcAx.GAccAGcc'roAIccAAcATGGTGAAACCCCGTCTCTACTAAA TAt@AAA140
II II I liii Ill

71 AC@GGGGTCAGOAG@1@FCAAAACCAGCTGGCCAACATGATGAAACCCCGTCTCTACTAAA TAGAAA140

141 TAGCCAGACGTGGTGGCGCATGC@TAATCCCCGCTACTCGGG@GCTGAGACAGGAGAATGACTTGAA210
I I ((III I I I (I II I 1111$ I

141 â€˜r@.ccc@.GGCG'PGG'PGGC000TACCTGTAATCCAAGCTGCTCAGGAGGCTGACGCAGAAGAATCACTT210

141 A@,TrAGCCAGGco'roGTGGcGGGTAC@TAATCCAAGCTGCTCAGGAGGC@GGCAGAAGAATCACTT210
.@ . . .I____@

HMLHI MUTATIONS IN FAMILIALCOLORECTAL CANCER

a
intron 12

22,4 kb

intron 16.@

12

bFig. 4. Schematic representation of the Alu-mediated recombination
resulting in a hMLHI 22.4-kb deletion in family 645. a, partial repre
sentation of the hMLHI gene. Open boxes correspond to exons and
shaded boxes to the Alu repeats located in introns 12 and 16. The Alu
repeats are all oriented from 5' to 3', and only the Alu repeats 1, 5, and
6 contain left and right arms. b, homologous recombination between the
first Alu repeat located in intron 12 and the Alu repeat located in intron
16. c, alignment between the nucleotide sequences of the normal intron
12 (top line), the recombined region in patient 645 (middle line), and the
normal intron 16 (bottom line). Dotted arrows delimit the Alu left arms,
and solid arrows indicate the beginning of the Alu right arms. The core
sequences are underlined. Box, 32-hp homologue region between introns
12 and 16 in which the recombination had occurred.

12 17

Â°@ /1

intron 12 intron 16

C

1 AcTccc@1tGcCGGG'I'GCTGTGGCTCACACCTAT@CC9@1T1@GGGA@Q@AGGCAGGTGGATCA70

1 ACTCCCTGGCC000TGCTGT GGC'S'CACACCTATAATCCCA GCACI'FTGGGAGGCTGAGGCAGGTGGATCA 70
I ((( ( I ( (I (((I ( I II I

1 AAATTPCC,AGCCGGGTGCGGTGGCTCATGGCTGTAATCCCAGCACT@GGGAGGCTGAGGTGGGCAGATA70
...@.

be frequently involved in hMLHJ inactivation. These observations
have important practical implications, in term of mutations screening.
Screening methods of the mismatch repair genes, which are based on
PCR amplification of genomic DNA, require that the genes be am
plified exon by exon and might not be able to detect large deletions
because only the normal allele will selectively be amplified. Although
RT-PCR requires specific conditions of samples collection and stor
age to prevent mRNA degradation, this approach, as shown by this
study, allows us to amplify in one step the entire open reading frame
of the hMLHI gene. The observation of large deletions within the
hMLI-J1 coding region (this study and Ref. 14) led us to conclude that
RT-PCR analysis might be the most appropriate method for the
detection and characterization of germline hMLHJ alterations.
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