Mismatch repair genes in Lynch syndrome: a review

Genes de reparo de DNA na sindrome de Lynch: uma revisao

Felipe Cavalcanti Camneiro da Silva', Mev Dominguez Valentin®, Fabio de Oliveira Ferreira?, Dirce Maria Carraro®, Benedito Mauro Rossi?

Research Center, Hospital AC Camargo, Sao Paulo, Brazil

KEY WORDS:

Lynch syndrome.
Hereditary nonpolyposis
colorectal cancer.

DNA repair.

Mutation.

Cancer.

PALAVRAS-CHAVE:
Sindrome de Lynch.

Cancer colorretal hereditério
sem polipose.

Reparo de DNA.

Mutac&o.

Cancer.

ABSTRACT

Lynch syndrome represents 1-7% of all cases of colorectal cancer and is an autosomal-dominant inherited cancer predisposition syndrome caused by
germline mutations in deoxyribonucleic acid (DNA) mismatch repair genes. Since the discovery of the major human genes with DNA mismatch repair
function, mutations in five of them have been correlated with susceptibility to Lynch syndrome: mutS homolog 2 (MSH2); mutL homolog 1 (MLH1); mutS
homolog 6 (MSH6); postmeiotic segregation increased 2 (PMS2); and postmeiotic segregation increased 1 (PMS1). It has been proposed that one
additional mismatch repair gene, mutL homolog 3 (MLH3), also plays a role in Lynch syndrome predisposition, but the clinical significance of mutations
in this gene is less clear. According to the InSiGHT database (International Society for Gastrointestinal Hereditary Tumors), approximately 500 different LS-
associated mismatch repair gene mutations are known, primarily involving MLH1 (50%) and MSH2 (40%), while others account for 10%. Much progress
has been made in understanding the molecular basis of Lynch Syndrome. Molecular characterization will be the most accurate way of defining Lynch
syndrome and will provide predictive information of greater accuracy regarding the risks of colon and extracolonic cancer and enable optimal cancer

surveillance regimens.

RESUMO

A sindrome de Lynch representa de 1-7% de todos os casos de cancer colorretal. E uma sindrome de heranca autossémica dominante que predispde
ao cancer e é causada por mutagdes nos genes de reparo de acido desoxirribonucléico (DNA). Desde a descoberta dos principais genes com fungao de
reparo de DNA, mutacdes nos genes MSH2, MLH1, MSH6, PMS2 e PMS1 estéo relacionadas com a susceptibilidade a sindrome de Lynch. Outro gene,
MLH3, tem sido proposto como tendo papel na predisposi¢éo a sindrome de Lynch, porém mutagdes de significancia clinica nesse gene nao séo claras.
De acordo com o banco de dados InSiGHT (International Society for Gastrointestinal Hereditary Tumors), aproximadamente 500 diferentes mutacdes
associadas a sindrome de Lynch sdo conhecidas, envolvendo primeiramente MLH1 (50%), MSH2 (40%) e outros (10%). Grandes progressos tém
ocorrido para nosso entendimento das bases moleculares da sindrome de Lynch. A caracterizagdo molecular serd a forma mais precisa para definirmos
a sindrome de Lynch e ird fornecer informagdes preditivas mais precisas sobre o risco de cancer colorretal e extra-colonico, além de permitir regimes
otimizados de manejo.
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INTRODUCTION

Lynch syndrome represents 1-7% of all cases of colorectal cancer.

It is an autosomal-dominant syndrome with high penetrance (about
85%), characterized by an accelerated process of carcinogenesis due to
mismatch repair gene mutations." Lynch syndrome I (hereditary site-
specific nonpolyposis colonic cancer, LSI) is characterized by inherited
susceptibility to nonpolyposis colorectal carcinoma with an early age of
onset, predilection for the proximal colon and multiple primary col-
orectal cancer. Lynch syndrome II (cancer family syndrome, LSII) has
these features, but it is also associated with extracolonic cancer, particu-
larly endometrial carcinoma (EC).*°

Vasen et al. reported on the efforts of the International Collabor-
ative Group on hereditary nonpolyposis colorectal cancer (ICG-HN-
PCC) and the establishment of a set of selection criteria for families
with Lynch syndrome (Amsterdam Criteria I):® 1) at least three rela-
tives need to have histologically verified colorectal cancer; 2) one needs
to be a first-degree relative of the other two; 3) at least two successive
generations need to be affected; 4) at least one of the relatives with col-
orectal cancer needs to have received the diagnosis before the age of
50 years; and 5) familial adenomatous polyposis needs to have been
ruled out. Different primary sites have been described in families with a
possible diagnosis of Lynch syndrome: endometrium, stomach, ovaries,
small bowel, ureter, renal pelvis, brain and hepatobiliary tract. Among
the tumors at these sites, endometrial, ureteral, renal pelvic and small
bowel cancers present the highest relative risk, and are therefore the
most specific for Lynch syndrome. At the 1998 meeting, agreement was
reached that these extracolonic tumors should be included, and a set of
new clinical criteria was then proposed (Amsterdam Criteria II, ACII)
(Chart 1).

The major genes involved are mutL homolog 1 (MLH1I), mutS ho-
molog 2 (MSH2), postmeiotic segregation increased 1 (PMSI), post-
meiotic segregation increased 2 (PMS2), mutS homolog 6 (MSH6) and
mutL homolog 3 (MLH3).”® Germline abnormalities in MLHI and
MSH?2 genes are found in more than 90% of HNPCC mutation carri-
ers.” According to Papp et al., there are more than 500 different patho-
genic mutations: 50% relating to MLHI, 40% to MSH2 and 10% dis-
tributed among the others."

Lynch syndrome individuals have an adenoma-carcinoma ratio of
1:1, while in the general population, it is 30:1. It is believed that all of
the untreated polyps in mutation carriers will suffer malignant transfor-
mation, such that the risk of colorectal cancer is from 60% to 70% at
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the age of 70 years and 80% at 85 years.

HISTORY OF MISMATCH REPAIR GENES

The primary function of the DNA repair system is to eliminate the

mismatch of base-base insertions and deletions that appear as a conse-
quence of DNA polymerase errors during deoxyribonucleic acid (DNA)
synthesis. Mismatch repair genes present several functions relating to
genetic stabilization, such as correcting errors in DNA synthesis (Fig-
ure 1), ensuring fidelity of genetic recombination or participating in the

initial steps of apoptotic responses to different classes of DNA damage.

The first studies on mismatch repair genes were developed in Es-
cherichia coli (E. coli), in which the repair of the mismatch is charac-
terized by absence of adenine methylation at the d(GATC) site within
the newly synthesized DNA. Thus, the function of the hemimethylated
d(GATC) strand signal in E. coli mismatch repair is to provide a nick on
the unmethylated strand, which serves as the actual signal that directs
the reaction.” The sign that directs the correction of the replication er-
ror in eukaryotes still has not been defined but, similarly, a strand-spe-
cific cut or nick is sufficient to address the repair in extracts of mammal
cells. This discovery, coupled with the observation that mismatch repair
is more efficient on the lagging strand at the replication fork, suggests
that the DNA termini that occur as natural intermediates during the
replication (3’ terminus on the leading strand; 3" and 5 termini on the
lagging strand) may suffice as strand signals to direct the correction of
DNA biosynthetic errors in eukaryotic cells.'*

The homo-oligomers responsible for initiating repairs on mismatch-
es in E. coli are MutS and MutL. MutS is responsible for recognizing the
mismatch and recruiting MutL to the mismatch location, thus starting
the downstream activities.'*'* Mammal cells possess activity by two ho-
mologous MutS that work as heterodimers, in which MutSo. is formed
by the MSH2-MSHG complex and MutSP by MSH2-MSH3.'® Pelto-
maki® identified six homologues to MutS in eukaryotic cells.

The MSH2-MSHG complex represents 80% to 90% of the cellular
level of MSH2 and its function is to recognize the mismatch of base-
base insertions and deletions, to contain one or two unpaired nucle-
otides, but it is also capable of recognizing large deletions and insertions
(Figure 1)."7 It is believed that the protein MSHG is the subunit respon-
sible for recognizing the mismatch.™

The MSH2-MSH3 complex is responsible for recognizing and re-
pairing insertions and deletions from two to eight nucleotides (Figure 1).
Experimental studies have not demonstrated any association with Lynch

syndrome,'*?

although the MSH3 gene presents frequent somatic mu-
tations in tumors and its inactivation can increase the potential conse-
quences of mutations in other mismatch repair genes.

Eukaryotic cells also present three complex homologues to MutL
of E. coli: MLHI-PMS2 (MutLo)), MLHI-PMSI (MutLB) and MLHI-
MLH3 (MutLy). MutLo is the most active of these complexes in hu-

mans and supports repairs initiated by the MutS complex."* The MutLf

Chart 1. Amsterdam criteria | and I

Amsterdam criteria |

At least three relatives need to have histologically verified colorectal cancer (CRC)

One needs to be a first-degree relative of the other two

At least two successive generations need to be affected

At least one of the relatives with CRC needs to have received the diagnosis before age 50
Familial adenomatous polyposis needs to have been ruled out

Amsterdam criteria Il

At least three relatives need to have a cancer associated with hereditary nonpolyposis
colorectal cancer (colorectal, endometrial, stomach, ovary, ureter or renal-pelvis, brain,
small bowel, hepatobilliary tract, or skin [sebaceous tumors])

One needs to be a first-degree relative of the other two

At least two successive generations need to be affected

At least one of the relatives with CRC needs to have received the diagnosis before age 50
Familial adenomatous polyposis should have been ruled out in any relative with
colorectal cancer

Tumors should be verified whenever possible




A
deletion
5 G AAAAAAAA CACACACACA
3 T TTTTTTTT GTGTGTGTGT
mismatch insertion GT

T

hMSH2 hMSH2 hMSH2

hMLH1  hMSH6 hMLH1  hMSH3 hMLH1  hMSH3

hPMS2 5 hMLH3 hPMS2

i I

e -

Vo < |

. I

1 |

v « ¥
5 A AAAAAAAA CACACACACA 3
3 T TTTTTTTIT GTGTGTGTGT 5

Figure 1. A model for mismatch repair. The top strand of the heteroduplex
contains three anomalies that are resolved by the mismatch repair gene
system: a base-base mispair, a single-nucleotide insertion loop in the

top (primer) strand and a two-nucleotide deletion loop in the bottom
(template) strand. All three are targeted by the MSH2/MSH6-MLH1/PMS2
repair complex to give the product shown at the bottom of the figure. In all
cases, the repair process is directed by a strand discontinuity (a nick) on
the primer strand. The guanine-thymine mispair is corrected to adenine-
thymine; the adenine stretch was shortened by one repeat unit and the
sequence of cytosine-adenine dinucleotide repeats was extended by one.
In the absence of MSH6, the two insertions/deletions are targeted by the
MSH2/MSH3-MLH1/PMS2 complex. The putative MSH2/MSH3-MLH1/
MLH3 complex is predicted (from yeast studies) to address a subset of
insertion/deletion. Figure adapted from Jiricny.*’

complex has already been isolated; however, its involvement in DNA re-
pair has not been demonstrated. Nor has the involvement of MLH3 in

the development of colorectal tumors.*!

MISMATCH REPAIR GENES
IN LYNCH SYNDROME

The clinical understanding of Lynch syndrome has been comple-

mented by the great progress in molecular genetics. The first molecular
characterization of these tumors was at the beginning of the 1990s, with
the characterization of microsatellite instability.”? Patients with Lynch
syndrome were found to present variations in the number of repetitions
in microsatellite units, caused by the flow in the correction system of
mismatch repair genes.

For Lynch syndrome to be defined molecularly, a defect inherited
in the mismatch repair genes needs to be demonstrated. Thus, germline
mutations in at least one of the repair genes can be found in more than

80% of the individuals with Lynch syndrome.?

The MLHI gene (MIM#1204306) is located in chromosome 3p21,
with nineteen exons of 57.36 Kb. Today, more than 250 different ger-
mline mutations have been identified and MLH] is the most impor-
tant gene in this syndrome.* Several researchers have identified muta-
tions in this gene, and its presence varies with the geographical area. In
Lynch syndrome families reported in European and North American
countries, stomach cancer is uncommon. In Asian countries such as Ja-
pan and Korea,” and in Brazil,® however, very high incidence of stom-
ach carcinoma has been reported. Unfortunately, there are no studies in
these countries showing the relative risk of developing stomach cancer
in people with mutated mismatch repair gene.

The main types of mutations found in these genes are missense,
nonsense, frameshift and splice junction mutations, which can easily be

detected by automatic sequencing.?*?’

The MSH2 gene (MIM#120435) is in chromosome 2p16, with six-
teen exons of 80.10 Kb.?® MSH2 and MLH]I are responsible, together,
for more than 64% of the cases of germline mutations in HNPCC.*#%

The MLHG6 (MIM#600678) gene is in chromosome 2p15, with 10
exons. Recently, germline mutations in this gene were recognized as a
frequent cause of atypical Lynch syndrome (i.e. not fulfilling the Am-
sterdam criteria). The first studies on mutations in the MLHG gene in-
dicated that the clinical phenotype of affected families differed from
that of individuals with the classical Lynch syndrome caused by muta-
tions in MLHI and MSH?2. Its penetrance seems to be lower, although
endometrial cancer is probably the most important clinical manifesta-
tion in women who carry a mutation in MLH6. Moreover, mutations
in MLHG have a low incidence of microsatellite instability and prefer-
entially occur in mononucleotide sequences.***

The PMSI(MIM#600258) and PMS2 (MIM#600259) genes are
located in the chromosomes 2q31-q33 and 7p22, with 16 Kb and 15
exons, respectively. According to data in the literature, they account for
5% of all cases of Lynch syndrome.* Although the PMS2 gene is crucial
in the repair system, mutations have rarely been reported in the etiology
of the Lynch syndrome, or in Turcot syndrome (one of the variants of
Lynch syndrome).* Controversies exist regarding the mechanism through

which PMS2 and PMSI may act to predispose towards cancer.”

ABNORMALITIES IN MISMATCH
REPAIR GENES IN LYNCH SYNDROME

Rossi et al.’® evaluated 25 Brazilian families with suspicions of

Lynch syndrome. They found that 10 of them (40%) had mutations in
the MLH1I and MSH2 genes: eight in MLHI (80%) and two in MSH2
(20%). There were five missense, one nonsense, three frameshift and
one splice defect. Lynch et al.¥” identified mutations in 18 out of 56 in-
dividuals (32.1%).

In 1994, Nicolaides et al.? were the first to suggest what the princi-
pal role of the PMSI and PMS2 genes in Lynch syndrome was. In two
unrelated families, they identified an in-frame deletion and a nonsense
mutation in PMSI and PMS2, respectively.
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One year later, in 1995, Hamilton et al.* mapped fourteen Ameri-

can and Canadian families with Turcot syndrome and found that one



child presented a germline mutation that was heterozygous for PMS2,
with wide-ranging microsatellite instability in their normal cells. In
1997, Miyaki et al.* reported a missense mutation in PMS2 in a child
with Turcot syndrome whose family did not have any history of this
syndrome, although the child’s father carried the same mutation, albeit
without cancer.

In 2000, De Rosa et al.*! found two missense mutations in PMS2
in a patient with Turcot syndrome without any family history. In this
study, the patient was young and the mutations were inherited from
both his father and his mother, who were heterozygous for PMS2. In-
terestingly, although both the parents and another five members of the
family were heterozygous for one of the mutations, none of them pre-
sented any increased predisposition towards cancer. This discovery led
the researchers to make the interpretation that biallelic inactivation of
the PMS2 gene would be needed in order to produce predisposition
towards cancer, thereby confirming the idea of the two-hit model pro-
posed by Knudson.”

More recently, Nakagawa et al.** found another seven mutations on
the PMS2 gene, through discovering a gene homologous to PMS2, also
located in chromosome 7p22-23, very close to it. This gene was named
PMS2CL and it presented 97% similarity with PMS2. This homologue
has many similarities with the area in which the PMS2 protein inter-
acts with the MLH]I protein to form the MLHI1-PMS2 complex. It is
formed by the COOH terminus and is capable of generating false un-
mutated alleles (wild-type alleles). According to data from the National
Center for Biotechnology Information, there are at least 13 sequences
homologous to PMS2, in different areas. Nakagawa et al.® also stated
that the presence of the PMS2CL gene hinders the detection of frame-
shift mutations in automatic sequencing. Furthermore, they stated that
the small number of mutations in exons 1 to 5 of PMS2 may be due to
the existence of other homologous areas. This suggests that mutations
in PMS2 may be much more common than hitherto thought. The great
number of homologues may have greatly decreased the ability to detect
mutations in PMS2.

A recent study by Hendriks et al.® identified seven mutations in
PMS2, including four genomic rearrangements and three point mu-
tations. Among these seven individuals, six presented an autosomal-
dominant inheritance pattern. This strongly indicates that heterozygous
PMS2 can predispose towards cancer, i.e. contrary to the findings of De

Rosa et al.*!

Genomic rearrangements

With the discovery of multiplex ligation-dependent probe ampli-
fication (MLPA), it became possible to recognize, surprisingly, that a
great proportion of the mutations resulting from genomic rearrange-
ments of one or several exons deletions affected the MLHI and MSH2
genes.*

Ainsworth et al.® found a significant rate of genomic rearrange-
ments in 10 out of 67 English individuals (15%), with five different

1.4 evaluated 16 related Swiss indi-

types of rearrangements. Zhang et a
viduals with suspected Lynch syndrome who did not present germline
mutations in the MLHI and MSH2 genes, and they found that five of

them (31%) had different genomic deletions.

According to Pistorius et al.,”” genomic rearrangements represent a
significant proportion of all pathogenic mutations in mismatch repair
genes in patients with Lynch syndrome. Many studies have demonstrat-
ed that genomic rearrangements represent 15% to 55% of all mutations
in mismatch repair genes.*>* Pistorius et al.¥ found fourteen genom-
ic rearrangements, in 85 individuals (16.5%), of which four were in
MLH]I and another ten in MSH2.

Abnormalities in the mismatch repair gene promoter

Despite much research on genetic abnormalities in the coding re-
gions of the mismatch repair genes in Lynch syndrome cases, the genetic
abnormalities in the promoter of these genes have been poorly investi-
gated. Recent studies have been defining and characterizing germline
mutations in the central area of the promoters of these genes. Shin et
al.>> evaluated 141 Korean patients with Lynch syndrome and found
three new mutations in the promoter area of MSH2. These were all in
individuals in whom no germline mutations had been detected. These
mutations in the promoter significantly decreased its activity, thus af-
fecting the initiation of the transcription site and the binding site of the
transcriptional factor, and resulting in a new DNA-protein complex.
These results are indicative that mutations in MSH2 promoter are re-
sponsible for the initial tumor-forming process in a minority of Lynch

syndrome cases.

Epigenetic changes

Gazzoli et al.*® demonstrated that 60% to 90% of CpG islands are
methylated in the cytosine residue in the human genome, although ar-
eas rich in CG without methylation are frequently associated with ac-
tive genes. Epigenetic changes in the human genome may affect the cy-
tosine as well as the chromatin structure.””*® The cytosine residue can
acquire a methyl group on its fifth carbon atom, and this occurs on the
strand contrary to the palindromic sequence of CpG. In the great ma-
jority of expressed genes, the CpG islands are found in the promoter.
When methylation takes place, the transcription factors cannot link at
the promoter area, thereby inhibiting transcription, and consequently
the gene is silenced.

Studies have been demonstrating that hypermethylation of MLH1,
also known as epimutation, is not limited to neoplastic cells. In certain
patients, hypermethylation of a single allele originates during germina-
tion and is distributed throughout the somatic cells.>

Although germline mutations in genes are transmitted faithfully
across the generations in a Mendelian pattern, epimutations do not in-
volve changes to the DNA sequence. They are relatively unstable, be-
cause of the process of epigenetic reprogramming in germline cells.
Hitchins et al.*! evaluated 24 patients with colorectal or endometrial
cancer that began before the age of 50 years, presenting microsatellite
instability but without germline mutations in mismatch repair genes.
They found that two patients presented a typical germline epimutation
in MLH]I, with all their somatic cells hemimethylated. A son of one
of these patients presented partial methylation of MLHI; however, the
analysis of his spermatozoids did not demonstrate any methylation pro-
file in that gene. In the other patient, even though she had passed on her

haplotype to one of her children, no evidence of methylation was found,



probably due to reversion during gametogenesis. These results suggest
that incomplete reversion of the epimutation occurred, with the possi-
bility that the donated allele might have greater susceptibility towards
undergoing subsequent somatic methylation in the next generation.

Hitchins et al.,** in a previous study, evaluated 160 individuals with
a suspicion of Lynch syndrome. They found that one female patient
presented hemimethylation in MLHI, and that allele was inherited
from her mother. Thus, these results make it possible that epigenetic
error may appear more frequently during oogenesis or may be main-
tained more strongly during this process. This hypothesis could be con-
firmed by the reversion of the epimutation in the patient’s son. How-
ever, paternal inheritance cannot be ruled out, considering that Suter
et al.** found the presence of methylation in the spermatozoids of one
son of a carrier patient, albeit in a low proportion (< 1%).

So far, those observations suggest that hypermethylation associ-
ated with silencing of MLHI represents an alternative to the two-hit

model .58

GENOTYPE-PHENOTYPE CORRELATION

stomach and ovaries, compared with individuals with mutations in
MLH]I. Beck et al.”” suggested that families with cancer that did not
fulfill the requirements of the Amsterdam criteria, but that carried ger-
mline mutations, mostly presented missense mutations that resulted in
less severe structural changes to the coded proteins, thereby reducing the

aggressiveness of the disease.

CONCLUSION

Great progress has been achieved over the last few years with regard

to better molecular characterization of Lynch syndrome. Together with
continuous improvement in study methods, this has been supplying a
great variety of tumor marker candidates of clinical importance. There-
fore, genetic tests for germline mutations in mismatch repair genes not
only make it possible to identify families with Lynch syndrome, but
also are of great importance for surveillance and management of high-

risk patients.

REFERENCES

Even in the absence of typical clinical characterization, there need
to be criteria for directing the search for inherited conditions. Hence,
correct interpretation of the spectrum of extracolonic tumors in Lynch
syndrome cases acquires great importance. The frequent new molecu-
lar findings have been of great importance for better defining the gen-
otype-phenotype correlation and thus the spectrum of extracolonic tu-
mors in such cases.

For Lynch syndrome cases, many molecular tools are available for
investigating genetic changes. Detection of microsatellite instability is
one of the most used techniques among colorectal cancer patients. Pa-
tients with microsatellite instability indirectly show abnormalities in
mismatch repair genes that cause protein deficiencies and loss of repair.
Detection of germline mutations by DNA sequencing is the gold stan-
dard method but this is expensive and can be replaced by dHPLC as pri-
or screening for mutations because of its lower cost. The disadvantage
of dHPLC is that it cannot detect the correct position of the mutation
and, therefore, subsequent use of DNA sequencing may be necessary. In
centers without advanced molecular laboratories, diagnosis and research
on colorectal cancer cases routinely relies on interpretation of protein
expression detected by immunohistochemistry. This technique may be
very useful for detecting loss of protein expression from mismatch re-
pair genes, although missense mutations may be very difficult to detect,
because some of this mutations do not cause loss of expression, but can
affect function.

A comparison between families with germline mutations in MLHI
or MSH2 and families with mutations in MLHG6 showed that the latter
presented later onset of colorectal cancer (at the age of 54 years, versus
44 years for the MLH1 and MSH2 cases). The women in the MLHG
group presented a low risk of developing colorectal cancer (30% up to
the age of 71 years), but a high risk of developing endometrial cancer
(71% up to the age of 71 years).>¢4

Other studies have demonstrated that individuals with mutations

in MSH? have a higher risk of developing cancer in the urinary tract,

1. Lynch HT, Smyrk TC, Watson P, et al. Genetics, natural history, tumor spectrum, and pa-
thology of hereditary nonpolyposis colorectal cancer: an update review. Gastroenterology.
1993;104(5):1535-49.

2. Marra G, Boland CR. Hereditary nonpolyposis colorectal cancer: the syndrome, the genes,
and historical perspectives. J Natl Cancer Inst. 1995;87(15):1114-25.

3. Lynch HT, SmyrkT, Lynch J. An update of HNPCC (Lynch syndrome). Cancer Genet Cytogenet.
1997;93(1):84-99.

4. Jass JR. Hereditary Non-Polyposis Colorectal Cancer: the rise and fall of a confusing term.
World J Gastroenterol. 2006;12(31):4943-50.

5. Lynch HT, Watson P, Kriegler M, et al. Differential diagnosis of hereditary nonpolypo-
sis colorectal cancer (Lynch syndrome | and Lynch syndrome II). Dis Colon Rectum.
1988;31(5):372-7.

6.  Vasen HF, Mecklin JB Khan PM, Lynch HT. The International Collaborative Group on Heredita-
ry Non-Polyposis Colorectal Cancer (ICG-HNPCC). Dis Colon Rectum. 1991;34(5):424-5.

7. Vasen HF, Watson P, Mecklin JP, Lynch HT. New clinical criteria for hereditary nonpolyposis
colorectal cancer (HNPCC, Lynch syndrome) proposed by the International Collaborative
group on HNPCC. Gastroenterology. 1999;116(6):1453-6.

8.  Peltomdki P, Vasen HF. Mutations predisposing to hereditary nonpolyposis colorectal cancer:
database and results of a collaborative study. The International Collaborative Group on
Hereditary Nonpolyposis Colorectal Cancer. Gastroenterology. 1997;113(4):1146-58.

9. de la Chapelle A.The incidence of Lynch syndrome. Fam Cancer. 2005;4(3):233-7.

10. Papp J, Kovacs ME, Olah E. Germline MLH1 and MSH2 mutational spectrum including fre-
quent large genomic aberrations in Hungarian hereditary non-polyposis colorectal cancer
families: implications for genetic testing. World J Gastroenterol. 2007;13(19):2727-32.

11. Hendriks YM, de Jong AE, Morreau H, et al. Diagnostic approach and management of Lynch
syndrome (hereditary nonpolyposis colorectal carcinoma): a guide for clinicians. CA Cancer
J Clin. 2006;56(4):213-25.

12.  Alonso A, Moreno S, Valiente A, Artigas M, Pérez-Juana A, Ramos-Arroyo MA. Mecanismos ge-
néticos en la predisposicion hereditaria al cancer colorrectal. [Genetic mechanisms in the
hereditary predisposition to colorectal cancer]. An Sist Sanit Navar. 2006;29(1):59-76.

13. lyer RR, Pluciennik A, Burdett V, Modrich PL. DNA mismatch repair: functions and mechanis-
ms. Chem Rev. 2006;106(2):302-23.

14. Modrich P Mechanisms in eukaryotic mismatch repair. J Biol Chem. 2006;281(41):
30305-9.

15.  Peltoméki P Lynch syndrome genes. Fam Cancer. 2005;4(3):227-32.

16. Kolodner RD, Marsischky GT. Eukaryotic DNA mismatch repair. Curr Opin Genet Dev.
1999;9(1):89-96.

17. Jiricny J. Mediating mismatch repair. Nat Genet. 2000;24(1):6-8.

18. laccarino |, Marra G, Palombo F, Jiricny J. h(MSH2 and hMSH6 play distinct roles in mis-
match binding and contribute differently to the ATPase activity of hMutSalpha. EMBO J.
1998;17(9):2677-86.

19. Huang J, Kuismanen SA, LiuT, et al. MSH6 and MSH3 are rarely involved in genetic predis-
position to nonpolypotic colon cancer. Cancer Res. 2001;61(4):1619-23.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Ohmiya N, Matsumoto S, Yamamoto H, Baranovskaya S, Malkhosyan SR, Perucho M. Ger-
mline and somatic mutations in hMSH6 and hMSH3 in gastrointestinal cancers of the
microsatellite mutator phonotype. Gene. 2001;272(1-2):301-13.

Loukola A, Vilkki S, Singh J, Launonen V, Aaltonen LA. Germline and somatic mutation analy-
sis of MLH3 in MSI-positive colorectal cancer. Am J Pathol. 2000;157(2):347-52.
Thibodeau SN, Bren G, Schaid D. Microsatellite instability in cancer of the proximal colon.
Science. 1993;260(5109):816-9.

Peltomaki P Role of DNA mismatch repair defects in the pathogenesis of human cancer. J
Clin Oncol. 2003;21(6):1174-9.

Peltomaki P, Vasen H. Mutations associated with HNPCC predisposition -- Update of ICG-
HNPCC/INSiGHT mutation database. Dis Markers. 2004;20(4-5):269-76.

Park YJ, Shin KH, Park JG. Risk of gastric cancer in hereditary nonpolyposis colorectal cancer
in Korea. Clin Cancer Res. 2000;6(8):2994-8.

Oliveira Ferreira F, Napoli Ferreira CC, Rossi BM, et al. Frequency of extra-colonic tumors in
hereditary nonpolyposis colorectal cancer (HNPCC) and familial colorectal cancer (FCC)
Brazilian families: An analysis by a Brazilian Hereditary Colorectal Cancer Institutional Re-
gistry. Fam Cancer. 2004;3(1):41-7.

Grady WM. Molecular basis for subdividing hereditary colon cancer? Gut. 2005;54(12):
1676-8.

Liu B, Parsons R, Papadopoulos N, et al. Analysis of mismatch repair genes in hereditary
non-polyposis colorectal cancer patients. Nat Med. 1996;2(2):169-74.

Wijnen J, Khan PD, Vasen H, et al. Hereditary nonpolyposis colorectal cancer families not
complying with the Amsterdam criteria show extremely low frequency of mismatch-repair-
gene mutations. Am J Hum Genet. 1997;61(2):329-35.

Wu Y, Berends MJ, Mensink RG, et al. Association of hereditary nonpolyposis colorectal
cancer-related tumors displaying low microsatellite instability with MSH6 germline muta-
tions. Am J Hum Genet. 1999;65(5):1291-8.

Wijnen J, de Leeuw W, Vasen H, et al. Familial endometrial cancer in female carriers of MSH6
germline mutations. Nat Genet. 1999;23(2):142-4.

Akiyama M, Sato H,YamadaT, et al. Germ-line mutation of the h(MSH6/GTBP gene in an atypi-
cal hereditary nonpolyposis colorectal cancer kindred. Cancer Res. 1997;57(18):3920-3.
Plaschke J, Kruppa C, Tischler R, et al. Sequence analysis of the mismatch repair gene
hMSHG in the germline of patients with familial and sporadic colorectal cancer. Int J Cancer.
2000;85(5):606-13.

Kolodner RD, Tytell JD, Schmeits JL, et al. Germ-line msh6 mutations in colorectal cancer
families. Cancer Res. 1999;59(20):5068-74.

Nakagawa H, Lockman JC, Frankel WL, et al. Mismatch repair gene PMS2: disease-causing
germline mutations are frequent in patients whose tumors stain negative for PMS2 pro-
tein, but paralogous genes obscure mutation detection and interpretation. Cancer Res.
2004,64(14):4721-7.

Rossi BM, Lopes A, Oliveira Ferreira F, et al. h(MLH1 and hMSH2 gene mutation in Brazi-
lian families with suspected hereditary nonpolyposis colorectal cancer. Ann Surg Oncol.
2002;9(6):555-61.

Lynch HT, Watson P, Shaw TG, et al. Clinical impact of molecular genetic diagnosis, genetic
counseling, and management of hereditary cancer. Part I: Studies of cancer in families.
Cancer. 1999;86(11 Suppl):2449-56.

Nicolaides NC, Papadopoulos N, Liu B, et al. Mutations of two PMS homologues in heredi-
tary nonpolyposis colon cancer. Nature. 1994;371(6492):75-80.

Hamilton SR, Liu B, Parsons RE, et al. The molecular basis of Turcot’s syndrome. N Engl J
Med. 1995;332(13):839-7.

Miyaki M, Nishio J, Konishi M, et al. Drastic genetic instability of tumors and normal tissues
in Turcot syndrome. Oncogene. 1997;15(23):2877-81.

De Rosa M, Fasano C, Panariello L, et al. Evidence for a recessive inheritance of Turcot’s
syndrome caused by compound heterozygous mutations within the PMS2 gene. Oncogene.
2000;19(13):1719-23.

Knudson AG. Antioncogenes and human cancer. Proc Natl Acad Sci U S A. 1993;90(23):
10914-21.

Hendriks YM, Jagmohan-Changur S, van der Klift HM, et al. Heterozygous mutations in PMS2
cause hereditary nonpolyposis colorectal carcinoma (Lynch syndrome). Gastroenterology.
2006;130(2):312-22.

Nakagawa H, Hampel H, de la Chapelle A. Identification and characterization of genomic
rearrangements of MSH2 and MLH1 in Lynch syndrome (HNPCC) by novel techniques. Hum
Mutat. 2003;22(3):258.

Ainsworth PJ, Koscinski D, Fraser BP, Stuart JA. Family cancer histories predictive of a high
risk of hereditary non-polyposis colorectal cancer associate significantly with a genomic
rearrangement in hMSH2 or hMLH1. Clin Genet. 2004;66(3):183-8.

Zhang J, Lindroos A, Ollila S, et al. Gene conversion is a frequent mechanism of inactiva-
tion of the wild-type allele in cancers from MLH1/MSH2 deletion carriers. Cancer Res.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

2006;66(2):659-64.

Pistorius S, Gorgens H, Plaschke J, et al. Genomic rearrangements in MSH2, MLH1 or MSH6
are rare in HNPCC patients carrying point mutations. Cancer Lett. 2007;248(1):89-95.
Baudhuin LM, Ferber MJ, Winters JL, et al. Characterization of hMLH1 and hMSH2 gene
dosage alterations in Lynch syndrome patients. Gastroenterology. 2005;129(3):846-54.
Bunyan DJ, Eccles DM, Sillibourne J, et al. Dosage analysis of cancer predisposition genes
by multiplex ligation-dependent probe amplification. Br J Cancer. 2004;91(6):1155-9.
Grabowski M, Mueller-Koch Y, Grasbon-Frod! E, et al. Deletions account for 17% of patho-
genic germline alterations in MLH1 and MSH2 in hereditary nonpolyposis colorectal cancer
(HNPCC) families. Genet Test. 2005;9(2):138-46.

Wang Y, Friedl W, Lamberti C, et al. Hereditary nonpolyposis colorectal cancer: fre-
quent occurrence of large genomic deletions in MSH2 and MLH1 genes. Int J Cancer.
2003;103(5):636-41.

Wagner A, Barrows A, Wijnen JT, et al. Molecular analysis of hereditary nonpolyposis colo-
rectal cancer in the United States: high mutation detection rate among clinically selected
families and characterization of an American founder genomic deletion of the MSH2 gene.
Am J Hum Genet. 2003;72(5):1088-100.

Gille JJ, Hogervorst FB, Pals G, et al. Genomic deletions of MSH2 and MLH1 in co-
lorectal cancer families detected by a novel mutation detection approach. Br J Cancer.
2002;87(8):892-7.

Wijnen J, van der Klift H, Vasen H, et al. MSH2 genomic deletions are a frequent cause of
HNPCC. Nat Genet. 1998;20(4):326-8.

Shin KH, Shin JH, Kim JH, Park JG. Mutational analysis of promoters of mismatch repair
genes hMSH2 and hMLH1 in hereditary nonpolyposis colorectal cancer and early onset
colorectal cancer patients: identification of three novel germ-line mutations in promoter of
the hMSH2 gene. Cancer Res. 2002;62(1):38-42.

Gazzoli |, Loda M, Garber J, Syngal S, Kolodner RD. A hereditary nonpolyposis colorectal
carcinoma case associated with hypermethylation of the MLH1 gene in normal tissue and
loss of heterozygosity of the unmethylated allele in the resulting microsatellite instability-
high tumor. Cancer Res. 2002;62(14):3925-8.

Tate PH, Bird AP Effects of DNA methylation on DNA-binding proteins and gene expression.
Curr Opin Genet Dev. 1993;3(2):226-31.

Rountree MR, Bachman KE, Herman JG, Baylin SB. DNA methylation, chromatin inheritance,
and cancer. Oncogene. 2001;20(24):3156-65.

Miyakura Y, Sugano K, Akasu T, et al. Extensive but hemiallelic methylation of the hMLH1
promoter region in early-onset sporadic colon cancers with microsatellite instability. Clin
Gastroenterol Hepatol. 2004;2(2):147-56.

Suter CM, Martin DI, Ward RL. Germline epimutation of MLH1 in individuals with multiple
cancers. Nat Genet. 2004;36(5):497-501.

Hitchins MP, Wong JJ, Suthers G, et al. Inheritance of a cancer-associated MLH1 germ-line
epimutation. N Engl J Med. 2007;356(7):697-705.

Hitchins M, Williams R, Cheong K, et al. MLH1 germline epimutations as a factor in heredi-
tary nonpolyposis colorectal cancer. Gastroenterology. 2005;129(5):1392-9.

Lynch HT, de la Chapelle A. Genetic susceptibility to non-polyposis colorectal cancer. ] Med
Genet. 1999;36(11):801-18.

Hendriks YM, Wagner A, Morreau H, et al. Cancer risk in hereditary nonpolyposis colorectal
cancer due to MSH6 mutations: impact on counseling and surveillance. Gastroenterology.
2004;127(1):17-25.

Beck NE, Tomlinson IR, Homfray T, Hodgson SV, Harocopos CJ, Bodmer WF. Genetic testing is
important in families with a history suggestive of hereditary non-polyposis colorectal cancer
even if the Amsterdam criteria are not fulfilled. Br J Surg. 1997;84(2):233-7.

Acknowledgements: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq)

Sources of funding: Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq) - grant number: 408833/2006-8

Conflicts of interest: Not declared

Date of first submission: April 14,2008

Last received: December 7, 2008

Accepted: December 9, 2008

Address for correspondence:

Felipe Cavalcanti Carneiro da Silva

Centro de Pesquisa Hospital A C Camargo

Rua Professor Antonio Prudente, 211 — Liberdade

Séao Paulo (SP) — Brasil — CEP 01509-010

Tel. (+55 11) 2189-5000 — Fax. (+55 11) 3277-7720
E-mail: felipe.silva@hcancer.org.br



