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A novel MSH2 germline mutation in homozygous state in two brothers with
colorectal cancers diagnosed at the age of 11 and 12 years
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Hereditary nonpolyposis colorectal cancer syndrome (HNPCC) is caused by
heterozygous germline mutations in DNA mismatch repair genes (MMR), (MSH2,
MLH1, MSH6 and PMS2) and it is inherited in an autosomal dominant pattern
with high penetrance. Several patients have been reported carrying bi-allelic
MMR gene mutations and whose phenotype resembled a syndrome with
childhood malignancies including hematological malignancies, brain and
colorectal tumors. This phenotype is similar to the tumor spectrum of MMR
knockout mice. Herein we describe two brothers of healthy consanguineous
parents from Pakistan, who had developed two and three colorectal cancers at
the ages of 11 and 12 years, respectively, and less than 30 polyps. Tumor
specimens were microsatellite instable (MSI-H), and expression of MSH2 and
MSH6 was lost. Mutation analyses of DNA samples from both patients revealed a
novel homozygous ¢.2006-5T>A mutation in intron 12 of the MSH2 gene. This
phenotype of the brothers is unusual as they did not develop hematological
malignancies nor brain tumors at an older age of presentation than other
patients with homozygous MSH2 mutations. The milder phenotype may be due

to the expression of low amounts of MSH2 protein with reduced activity.
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INTRODUCTION

Hereditary non-polyposis colorectal cancer (HNPCC) is the most common form of
hereditary colorectal cancer (for review see [Lynch and de la Chapelle, 2003]).
Germline mutations in one of the DNA mismatch repair (MMR) genes, MSH2 or, and
less frequently in the genes MSH6, PMS2 or MLH3 cause the syndrome in the vast
majority of cases [Aaltonen et al., 1998; Evans et al., 1997; Salovaara et al., 2000; Wu
et al., 2001]. Patients who are heterozygous for a MMR gene mutation are prone to
develop colorectal cancers, and a broad spectrum of malignancies outside the
intestinal tract at an average age of ~45 years [Lynch and de la Chapelle, 2003].

Colorectal cancer in childhood is very rare. Recently, HNPCC families have been
reported with family members sharing homozygous or compound heterozygous
mutations in MMR genes [Bougeard et al., 2003; De Rosa et al., 2000; Hedge et al.,
2005; Gallinger et al., 2004; Menko et al., 2004; Ricciardone et al., 1999; Trimbath et
al., 2001; Vilkki et al., 2001; Wang et al., 1999; Whiteside et al., 2002]. The tumor
spectrum in these families comprises hematological malignancies, brain tumors and
gastrointestinal tumors, which resembles the phenotype of MSH2 knockout mouse
models [Edelmann and Edelmann, 2004].

Herein we report the unusual phenotype of two brothers aged 11 and 12 years old,
diagnosed with multiple colorectal cancers and polyps suggestive of a familial
adenomatous polyposis coli (FAP), who carry a novel homozygous mutation in the

MSHZ2 gene (c.2006-5T>A). Further examinations of these children were negative for
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hematological malignancies or brain tumors, suggesting that a homozygous MSHZ2
mutation may cause a milder phenotype than previously recognized.
MATERIAL AND METHODS
Patient data

The 11-year-old patient was admitted to the clinic due to abdominal pain and
hematochezia. Further examinations revealed multiple polyps in the duodenum, colon
and rectum (high-grade and carcinoma in-situ tubulous adenoma) as well as one
cancer at the left flexure of the colon. Additionally, the patient showed multiple café-au-
lait spots.

Physical examination, upper endoscopy and colonoscopy of the parents and the 6-
year-old brother were negative, whereas in the 12-year-old brother we found three
carcinomas (ascending colon, descending colon and rectum) as well as multiple polyps
in the colon (less than ten), two polyps in the duodenum and multiple café-au-lait
spots. The surgical therapy consisted of a colectomy and a mucosal proctectomy with
ileoanal anastomosis (J-pouch) in both brothers. The massive polyp at the papilla of
Vater and the duodenal tumors were removed endoscopically.

Family history documented that the parents from Pakistan were consanguineous. An
11-month-old brother was too young to undergo colonoscopy, but ultrasound
examination of the abdomen was negative for tumors. The family was given genetic
counseling and written informed consent was obtained for molecular diagnostics. The

study was approved by the local ethics committee of the University of Dresden.
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Microsatellite analysis and Immunohistochemistry
Microsatellite instability in tumor tissue was analyzed by applying the reference marker
panel for the evaluation of microsatellite instability (MSI) in colorectal cancer (BAT25,
BAT26, D2S123, D5S346, and D17S250) of the National Cancer Institute/International
Collaborative Group on HNPCC (NCI/ICG-HNPCC) [Boland et al., 1998].
Immunohistochemical staining was performed for MLH1, PMS2, MSH2 and MSH6 on
5-pum-thick, formalin-fixed, paraffin-embedded sections from tumors of the patients as
described previously [Plaschke et al., 2002].
Mutation analysis

Mutation analysis of the coding exons of MSH2 (16 exons) and flanking introns was
conducted by polymerase chain reaction (PCR) amplifications and DNA sequencing.
DNA was extracted from EDTA-anticoagulated peripheral blood by using a standard
salting-out method [Miller et al., 1988]. PCR reactions were performed in a total
volume of 12.5 pl, containing 50 ng DNA, 200 mmol of each dNTP, 1 to 2 mmol MgCl,,
10 pmol of each primer and 0.4 U Taq polymerase (Genecraft, Minster, Germany).
PCR was performed in a Biometra thermal cycler (Whatman, Géttingen, Germany).
After two initial cycles at 6 °C and 3 °C above the annealing temperature (56 °C), 28
cycles of 95 °C (30 sec), annealing temperature (30 sec) and 72 °C (30 sec) were run.

DNA samples of each exon of the MSH2 gene were sequenced using the BigDye
cycle sequencing Kit (Applied Biosystems, Darmstadt, Germany) as described in the
manufacturer’s instructions on an automated ABI PRISM 377 DNA Sequencer (Applied
Biosystems, Darmstadt, Germany). Mutation nomenclature is according to [den

Dunnen and Antonarakis, 2001].
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To investigate alternative splicing, mMRNA was isolated from peripheral blood
leukocytes and cDNA was synthesized using a RT-PCR assay as described elsewhere
[Jagiello et al., 2003]. Primers amplifying exon 13 of the cDNA and the adjacent
sequence of exons 12 and 14 were applied and PCR reaction was performed in a total
volume of 25 ul under the same conditions as described above. 5 pl of each PCR
product were separated on 2.5% agarose gels in 1x TBE buffer (30 min, 200 V) and
visualized using ethidium bromide.

The gel image was loaded using Genetools software (Synoptics, Cambridge,
England) and the quantity of DNA was analyzed after manual adjustment. In addition,
cDNA bands were cut out of the gel and were sequenced as described above.

To analyze the structural impact of the mutation we used Modeller [Martin-Renom et
al., 2000] to generate various models of MSH2 with a valine preceding the conserved
“P-loop” nucleotide binding motif. Models were chosen based on Modellers objective
function and their quality was checked using ANOLEA force field [Melo and Feytmans,
1997].

RESULTS

Microsatellite analysis of one tumor specimen of each patient revealed a MSI-H
status, where 5/5 markers showed additional bands compared to the corresponding
normal tissue specimens (data not shown). Immunohistochemistry did not detect
expression of MSH2 and MSH6 in the tumor and surrounding normal tissue (data not
shown). FAP was excluded by APC gene analysis (data not shown).

Mutation analyses showed a ¢.2006-5T>A transversion in intron 12 of the MSHZ2

gene in both alleles of both patients. In addition, the brothers carried the homozygous
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C allele of the ¢.2006-6T>C polymorphism. The parents and their 6-year and 11-
month-old children carried the disease-causing allele in a heterozygous state. Since
this mutation has not been described previously, we investigated whether it results in
alternative splicing of the MSH2 transcript. RT-PCR and agarose gel electrophoresis of
the cDNAs obtained from both affected brothers revealed the existence of two MSHZ2
transcripts of different lengths. Sequence analysis showed skipping of exon 13 in the
shorter fragment, which is predicted to result in a frameshift, and creation of a
premature stop codon at position 676, thus producing a truncated protein. The ¢.2006-
5T>A substitution in intron 12 apparently creates an aberrant splice site (AG). This
splice site mutation causes the insertion of the last three intronic bases TAG at position
2006 of the cDNA into the transcript and is predicted to result in the insertion of the
additional amino acid valine into the protein. Semi-quantitative analysis of the cDNA of
both brothers revealed that roughly two thirds of the transcript had skipped exon 13,
while the transcript that included exon 13 comprised about one third of the MSH2
transcripts and included the TAG insert, which is predicted to result in the insertion of
valine into the protein. We detected no wild type cDNA sequences in the affected
brothers.
DISCUSSION

Colorectal cancer at young age is rare, and in addition to family history, is a sign that
the malignancy may be familial [Umar et al., 2004]. The median age of diagnosis of
colorectal cancers in patients with FAP is 35 years, and ten years later in patients with
HNPCC [Lynch and de al Chapelle, 2003]. The mode of inheritance of both FAP and

HNPCC is autosomal dominant with high penetrance. Only a few reports on young
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patients with MMR gene mutations exist [Bougeard et al., 2003; De Rosa et al., 2000;
Gallinger et al., 2004; Menko et al., 2004; Ricciardone et al., 1999; Trimbath et al.,
2001; Vilkki et al., 2001; Wang et al., 1999; Whiteside et al., 2002]. Notably, these
patients are homozygotes or compound heterozygotes for mutations in the MSH2,
MLH1, MSH6 or PMS2 genes. In contrast to patients who are heterozygous for MMR
gene mutation, their phenotype is different since they develop primarily hematological
malignancies and brain tumors, and less frequently gastrointestinal tumors. This is in
part similar to the Muir-Torre and Turcot syndromes [Cohen et al., 1992; Hamilton et
al.,, 1995] and resembles the phenotype of MMR knockout mice [Edelmann and
Edelmann, 2004]. Interestingly, there are great differences in the age of disease onset
in patients carrying bi-allelic mutations of different MMR genes. For example, the
median age at diagnosis of tumors is 5 years (range 1-22 years) in bi-allelic MLH1
mutation carriers, 8 years (range 5-12 years) in MSH6 mutation carriers and 13.5
years (range 4-24 years) in PMS2 mutation carriers.

Bi-allelic mutations in MSHZ2 have been described in three patients of two families
[Bougeard et al., 2003; Whiteside et al., 2002]. In contrast to the patients described
here, these were remarkably young. One patient presented with T-lymphocyte acute
lymphatic leukemia at the age of 24 months and in a second family two siblings died of
a T cell mediastinal lymphoma and temporal glioblastoma at ages 15 months and 4
years, respectively. No gastrointestinal tumors were reported. Both children from the
second family carried an EX1_6del and a c.454delA of MSHZ2, which were predicted to
result in truncated proteins. The 11-month-old patient from family 1 carried a

homozygous IVS10-1G>A splice site mutation of MSH2, which results in skipping of
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exon 11 and exon 12 and a truncated protein. The mutation reported here results in
two transcripts. The more abundant cDNA species lacks exon 13 and is predicted to
code for a truncated protein. Notably, low amounts of aberrant exon 13 skipping have
been described in persons carrying homozygous wild type alleles of MSH2 [Mori et al.,
1997; Xia et al., 1996]. The less abundant cDNA species had the ¢.2005_2006insTAG,
which predicts p.T668_G669insV.This sequence is part of the highly conserved
nucleotide-binding motif GPNMGGKS (residues 669-676) in MSH2 which forms a P-
loop and marks the ATP-binding site [Obmolova et al., 2000].

Remarkably, the phenotype of the two brothers differs from reported phenotypes as
the patients reported here did not develop hematological malignancies and brain
tumors and were much older than the three previously described patients. Although not
detectable by immunohistochemistry, the expression of low amounts of variant MSH2
protein containing the p.T668_G669insV mutation should to be assumed, based on the
cDNA species that we detected. We hypothesize that there is a residual activity of this
variant MSH2 protein, which results in a milder phenotype. To analyze the functional
impact of the mutation, we used homology modeling based on the similar three-
dimensional structures of MutS proteins from Thermus aquaticus and E. coli by
requiring the essential solvent accessibility of the P-loop. It indeed suggests an
outcome that does not appear to directly affect the active site. The inserted valine
takes the position of the last residue in the beta-strand preceding the conserved P-loop
(threonine in the wild type). As a consequence, the entire beta-strand is shifted by one
hydrogen bond. This effectively inserts an amino acid on the other side of the protein

(away from the active site) and does not interfere with nucleotide binding. This may
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explain the distinct phenotype in the patients when compared to other patients with

mutations in this gene.
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