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ABSTRACT

In the inherited syndromes, MUTYH-associated polyposis (MAP) and hereditary
nonpolyposis colorectal cancer (HNPCC), somatic mutations occur due to loss of
the caretaker function that base-repair (BER) and mismatch repair (MMR) genes
have, respectively. Recently, we identified a large branch from a MSH6 HNPCC
family in which 19 family members are heterozygous or compound heterozygous for
MUTYH germ line mutations. MSH6/MUTYH heterozygote mutation carriers display
a predominant HNPCC molecular tumour phenotype, with microsatellite instability
and underrepresentation of G>T transversions. A single unique patient is carrier of the
MSH6 germline mutation and is compound heterozygote for MUTYH. Unexpectedly,
this patient has an extremely mild clinical phenotype with sofar only few adenomas
at age 56. Four out of five adenomas show characteristic G>T transversions in APC
and/or KRAS2, as seen in MUTYH associated polyposis. No second hit of MSH6 is
apparent in any of the adenomas, due to retained MSH6 nuclear expression and a lack
of microsatellite instability. Although this concerns only one case, we argue that the
chance to find an additional one is extremely small and currently a mouse model with
this genotype combination is not available. Moreover, the patients brother who is also
compound heterozygous for MUTYH but lacks the MSH6 germline mutation presented
with a full blown polyposis coli. In conclusion, these data would support the notion
that abrogation of both MSH6 DNA mismatch repair and base repair might be mutually
exclusive in humans.
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INTRODUCTION

Somatic genetic alterations direct the development of colorectal malignancies. In the
majority of cases, such mutations occur in an apparently sporadic context.

In a group of distinct inherited syndromes however, many somatic mutations occur as
a consequence of the loss of caretaker function of the base-repair (BER) or mismatch
repair (MMR) systems in, MUTYH-associated polyposis (MAP) and hereditary
nonpolyposis colorectal cancer (HNPCC), respectively."? Loss of MMR function is also
seen in 15% of sporadic colorectal cancer (CRC) due to promoter methylation.®

BER is a multi-step process that repairs frequently occurring 8-oxo-guanine (8-0xoQG)
DNA lesions.* Until recently inherited deficiencies in the BER pathway had not been
causally linked with any human genetic disorder. However, in 2002 it was discovered
that biallelic mutations in MUTYH (formerly MYH) lead to the autosomal recessive
syndrome exerting adenomatous colorectal polyposis and CRC.' The MMR pathway
consists of a highly conserved set of proteins in humans, which are primarily responsible
for the postreplicative correction of nucleotide mispairs and extra-helical loops. The
MMR system includes hMLH1 and hPMS2, which form a heterodimer (hMutLo) and
hMSH2 and hMSHS6, forming the hMutSa-heterodimer. hMutsSa has been shown to
bind specifically to G*T DNA mismatches, other base-base DNA mismatches and to
1-, 2-or 3 nucleotide insertion— deletion loops.® Germline mutations in one of the MMR
genes underlie the autosomal dominant HNPCC syndrome.

Due to the reduced ability of mutant MUTYH to recognize and repair A/8-oxoG
mismatches, in tumours of MAP patients specific G:C>T:A somatic transversions can
be found in genes such as APC and KRAS2 with an incidence of up to 40 and 60%,
respectively.® In APC the G>T transversions appear to have a preference for G bases
in GAA sequences whereas in KRAS2 a preferential GGT>TGT [c.34G>T, p.Gly12Cys]
transition of codon 12 can be found."”

In MMR deficiency apart from the frameshift mutations in repetitive DNA stretches,
under representation of G>T transversions and possibly preferential G>A somatic
alterations in APC and KRAS2 are found, this in contrast to the G>T transversions in
BER deficiency.®®

Although MUTYH is the most important cellular player in the removal of adenine in an
A/8-0x0G mismatch, also MMR has been shown to play a role since MSH2 and MSH6
are activated upon recognition of 8-oxoG.'"> ' Moreover, it was recently demonstrated
that amino acid residues 232-254 of MUTYH interact with MutsSo via MSH6 and this
interaction stimulates the glycosylase activities of MUTYH."

In order to determine the effect of different combinations of BER and MMR defects we
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studied the branch of a HNPCC family in which MSH6 and MUTYH germline mutations
co-segregate.” Nineteen family members are heterozygous or compound heterozygous
for [c.494A>G, p.Tyr165Cys] and/or [c.1145G>A, p.Gly382Asp] in MUTYH, 11 also
carry a pathogenic MSH6 [c.1784del T, p.Leu595fs] germline mutation. We analysed
the somatic mutation spectrum of APC and KRAS2, microsatellite instability including
MUTYH/OGG1 repeats, MSH2/MSH6 protein expression and studied the clinical
phenotype.

MATERIALS AND METHODS

Patients

We studied a branch of a Dutch HNPCC family in which MSH6 and MUTYH germline
mutations cosegregate (Fig. 1, Table 1).”? Cases were analysed following the medical
ethical guidelines described in the Code Proper Secondary Use of Human Tissue
established by the Dutch Federation of Medical Sciences; http:/www.fmwv.nl/
gedragscode/goedgebruik/code.

Germline mutation analysis

Mutation analysis was performed as described for MSH6 and MUTYH.'®> ' For further
details see http://www.lumc.nl/4080/DNA/MSH6.html and http:// www.lumc.nl/4080/
DNA/MUTYH.html.

DNA isolation

From nine patients 18 tumours were collected. Genomic DNA of normal colon
and colorectal tumour tissue was extracted from paraffin embedded material as
escribed .'®

Microsatellite instability (MSI) analysis
Microsatellite analysis was performed as described.'

APC and KRAS2 somatic mutation analysis

Samples were screened for the presence of mutations in the Mutation Cluster Region
(MCR) codons 1286- 1513 of APC and for mutations in codon 12 and 13 of KRAS2,
by sequencing analysis as described.'® For detection of known HNPCC associated
somatic mutations outside the MCR of APC, eight different primersets for eleven target
sequences were used (Table 2).° PCR is performed under standard conditions (33
cycles with an annealing temperature of 60°C) PCR products were sequenced at the
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4 Fig. 1 Pedigree of a HNPCC family in which MSH6 and
MUTYH germline mutations co-segregate. Abbreviations: C,
colorectal cancer; E, endometrial cancer; U, urinary tract cancer;
P. polyp: B, breast cancer: Or, Oral squamous cell carcinoma:
DM, diabetes mellitus; +, carrier of MSH6 [c.1784delT,
p.Leus9sfs] mutation, — wi MSH6, —/-. MUTYH mutation
negative. Note: The pedigree is slightly different depicted than
the one previously published because of some minor intentional
changes in the latter (i.e. the number of unaffected siblings and
one patient with C32 belonging to the other branch) for privacy
reasons. For further questions the corresponding author can be
contacted [12]

of KRAS2, by sequencing analysis as described [16].
For detection of known HNPCC associated somatic
mutations outside the MCR of APC, eight different
primersets for eleven target sequences were used
(Table 2) [9]. PCR is performed under standard con-
ditions (33 cycles with an annealing temperature of
60°C) PCR products were sequenced at the Leiden
Genome Technology Center (LGTC: http:/fwww.
lgtenl) and analysed with the Mutation Surveyor
software package (Softgenetics, State College, PA).
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Leiden Genome Technology Center (LGTC; http://www. Igtc.nl) and analysed with the
Mutation Surveyor software package (Softgenetics, State College, PA).

Loss of heterozygosity (LOH)

Analysis was done by direct sequencing as described.” PCR was performed on DNA
from paired tumour and normal tissue under standard conditions with primer sets for
[Tyr165Cys] and [Gly382Asp] as described in Table 2.

Microsatellite analysis of MUTYH/OGG1

Analysis of repeats in MUTYH and OGG1 was done by direct sequencing. PCR was
performed under standard conditions with primer sets for 2 (A)5 repeats in the coding
region of MUTYH of which one is known to be located in the binding site of PCNA."®In
the coding region of OGG1, two repeats were tested; a (C)5 and a (T)5 repeat, primers
described in Table 2.

Immunohistochemistry (IHC) of MSH6 and MSH2
Staining of the MMR proteins was done as described.'

RESULTS

The clinical phenotype of the HNPCC family (Fig. 1) in which MSH6 and MUTYH
germline mutations cosegregate is described in Table 1. The molecular characteristics
are summarized in Table 3.

Heterozygous MUTYH [Tyr165Cys] mutation carriers with a wild type MSH6 germline
status

Patient V.5 developed four colon polyps, whereas three other family members; 1V.16,
IV.22 and V.5 show no abnormalities. From patient l1l.7 the tumour status is unknown.
Two polyps (one hyperplastic and one adenoma) from patient (IV.5), displayed a micro-
satellite stable (MSS) phenotype and expressed MSH6 and MSH2. The adenoma
showed a [c.35G>A, p.Gly12Asp] KRAS2 mutation. No APC somatic mutations were
detected (Table 3, category A).

Heterozygous MUTYH [Tyr165Cys] mutation carriers with a MSH6 [c.1784del T,
p.Leu595fs] germline status.
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Five of eight mutation carriers, showed a diverse spectrum of tumour types (Table
3) including colon adenomas (IV.15, 1V.11), a colon and a breast carcinoma (IV.15), a
rectum and a endometrium carcinoma (IV.13), two papillary transitional cell carcinomas
of the renal pelvis (Ill.4, 111.2) and one of the ureter (lIl.2). Three family members V.1,
IV.21, and 11.3 did so far not present with any HNPCC or MAP associated lesion. Five
tumours (a rectum, endometrium, breast renal pelvis papillary transitional cell and
ureter papillary transitional cell carcinoma) of three patients (IV.13, IV.15, 11l.2) are MSI-
High with diminished or abrogated MSH2 staining or abrogation of MSH6 staining
if tested. No KRAS2 and APC somatic mutation was identified in three of the five
tumours. Two tumours however, of patients IV.15 and Ill.4; a colon carcinoma including
its precursor adenoma and a papillary transitional cell carcinoma, showed limited
or no instability, with minor shifts of BAT25 and BAT40. Nonetheless MSH6 staining
was abrogated. Surprisingly only in these latter tumours the typical, MAP associated
[c.34G>T, p.Gly12Cys] KRAS2 mutation was found. In both the colon carcinoma and its
precursor adenoma, a somatic deletion of 13 nucleotides in APC was identified (Table
3, category B).

Table 1 (Pre) malignant tumours in the extended HNPCC family in which MSH6 and MUTYH germline mutations co-segregate

252
Patient  Tumour Age at Age 12-2005 MSH6 MUTYH
diagnosis mutation mutation
1.2 Transitional cell carcinoma right renal 77 ds9 +" [Tyr165Cys]+[=]"
pelvis and transitional cell carcinoma left ureter
13 None 79 FU ends at 86+ [Tyr165Cys]+[=]
1.4 Transitional cell carcinoma renal pelvis 76 93 + [Tyr165Cys]+[=]
L6 Anamnestic carcinoma 40 d40 na na
1.7 Unknown ds4 wi [Tyr165Cys]+[=]
V.4 Transitional cell carcinoma ureter and 59 66 + [-]+[Gly382Asp]
anamnestic 1 polyp of the colon (adenomatous)
V.5 4 Polyps left-sided (adenomatous and hyperplastic) 62 69 wi [Tyr165Cys]+[=]
IV.5a I Hyperplastic polyp 60 68 wi [=]+[Gly382Asp]
V.6 Polyposis coli; > 100 adenomatous polyps 53 al wt [Tyr165Cys] + [Gly382Asp]
V.8 2 Polyps (adenomatous and hyperplastic polyp) 50 58 + [-1+Gly382Asp]
e 5 Adenomas 48 56 + [Tyr165Cys]+[Gly382Asp]
V.11 Tubulovillous adenoma 60 66 + [ Tyr165Cys]+[=]
v.13 Endometrial carcinoma and rectal carcinoma 59 65 + [Tyr165Cys]+[=]
V.14 Breast carcinoma (ductal, invasive) Sl ds2 (£) na na
V.15 Breast carcinoma and colon carcinoma 49 55 + [Tyr165Cys]+[=]
IV.16  None 61 wl [Tyr165Cys]+[=]
V.19 None 59 + wi
V.20 Breast carcinoma +50 dso (x) na na
w21 None 58 + [Tyr165Cys]+[=]
v.22 None 48 wt [Tyr165Cys]|+[=]
V.24 Oral squamous cell carcinoma 48 FU ends at 48 na na
V.1 None 34 + [ Tyr165Cys]+[=]
V.5 None 32 wi [Tyr165Cys]+[=]
V.6 None 30 + wi
V.7 None 30 + wit

Abbreviations: d. death; +, carrier of MSH6 [c.1784delT, p.Leu595fs] mutation: FU, follow up: na, not analysed: wt, wild type

* Obligate carrier
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Table 2 Primers used for HNPCC related APC mutation sereening, MUTYH LOH analysis and MSI analysis in MUTYH and OGGI

Primer APC nucleotide 5-3' forward 5-3' reverse Anncaling
lcmpcru'lun:
Cab and Cal8 731-786 geaaataggeelgegaagla gatgagatgeetigggactt 58
Co8/K39 and Cx7 T8O-860 cccaaggcatctcatcglag tagaccaaticcgegtictc 58
K10 877-930 titgeagatctecaccactg tatgggcageagagetictt 58
Co86 and Co39 923-986 aagaagelclgelgeccata geaticaatcgagggttica 58
Cx10 1901-1966 acclecaaccaacaalcage Igagaaaagcaaaccggagl 58
22-18 1525-1585 atgectecaglicaggaaaa lgtiggealggeagaaataa 58
Co88 1768-1828 gaaaaagaaaccaacticacca tgggageltatcatigaagace 58
Col0 1093-1160 lggacagcaggaalglgtil tiggtcicteticticticatge 38
MUTYH [Tyr165Cys] cecacaggapgtgaatcaact glicetaceetetgecale 60
MUTYH |Gly328Asp] gecaglggcalgaglaacaag cligegelgaagetgetet 60
MUTYH (A)5 repeat clacaaggeetcectectic clgcaclgtigaggetgtgt ]
(PCNA binding site)
MUTYH (A)5 repeat aaglatatgggctggectig caacaaagacaacaaagglaglge 60
OGGI (C)5 repeat aaagglggclgactgeatet ticctcacccagticetly 60
OGGI (T)S repeat ggglcagalaacttagletcatcactt aggaaacclagggagpacace L]

Heterozygous MUTYH [Gly382Asp] mutation carrier with a wild type MSH6 germline
status.

One patient (IV.5a) presented with one hyperplastic polyp, not further molecular
characterized.

Heterozygous MUTYH [Gly382Asp] mutation carriers with a MSH6 [c.1784del T, 253
p.Leub595fs] germline status.

Patient IV.4 showed a transitional cell carcinoma, patient IV.8 showed one low-grade
dysplastic adenoma. The papillary transitional cell carcinoma of 1V.4 tested MSI-High
with abrogation of MSH6 expression. No mutations in KRAS2 or APC were identified. A
low-grade dysplastic adenoma from IV.8 showed a MSS phenotype with retained MSH6
staining. No somatic mutation in KRAS2 was identified. In APC a [c.4475_4476delCC,
p.Ala1492fs] mutation was found (Table 3, category C).

Compound heterozygous MUTYH [Tyr165Cys] + [Gly382Asp] mutation carrier with a
wild type MSH6 germline status.

Patient IV.6 showed a full-blown polyposis phenotype of colorectal adenomas.
In one adenoma the MAP characteristic KRAS2 mutation; [c.34G>T, p.Gly12Cys]
was identified. No somatic mutations were identified in the tested areas of APC. As
expected, the specimen had a MSS phenotype and showed normal protein expression
of MSH2 and MSH6 (Table 3, category D).
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Compound heterozygous MUTYH [Tyr165Cys,Gly382Asp] mutation carrier with a
MSHE6 [c.1784del T, p.Leu595fs] germline status.

The phenotype of patient IV.9 with the triple mutations is remarkably mild. The patient
to date developed five pathologically verified colon adenomas (Table 3) only one with
high-grade dysplasia, the other four are low-grade dysplastic (minimal mucosal changes
have been coagulated during endoscopy). All five tumours from patient (IV.9) showed
a MSS phenotype and retained nuclear expression of MSH6, suggesting the absence
of a second hit in MSH6. Two rectum adenomas lack KRAS2 mutations but carry an
APC [c.4612G>T, p.Glu1538X] somatic mutation (Table 3, category E). One caecum
adenoma carried the MUTYH associated somatic KRAS2 [c.34G>T, p.Gly12Cys]
mutation. This specimen also showed a [c.4618G>T, p.Glu1540X] mutation in APC. A
second caecum adenoma showed a KRAS2 [c.38G>A, p.Gly13Asp] mutation and no
APC somatic mutations (Table 3, category E). Although the [Gly13Asp] alteration is
found in a low frequency in our MUTYH family cohort (data not shown), this mutation
represents the most frequent somatic mutation found in KRAS2 in HNPCC patients
with a MMR mutation.® In all tested specimens neither LOH of MUTYH nor microsatellite
instability, in the tested repeats in MUTYH and OGG1, was detected (Table 3).

DISCUSSION

We identified a branch from a previously described Dutch HNPCC family where
MSH6 and MUTYH germline mutations co-segregate. In order to determine the effect
of different combinations of BER and MMR defects we analysed somatic mutation
spectra of APC and KRAS2, microsatellite instability including MUTYH/OGGH1 repeats,
MSH2/MSH6 protein expression and studied the clinical phenotype.

In this family of the 34 MSH6 [c.1784del T, p.Leu595fs] mutation carriers 11 also carry
a MUTYH mutation, of which one bi-allelic.".The remaining 23 individuals lack MUTYH
mutations, either tested or obligatory negative (not taking in account the possibility of
a “new” MUTYH mutation in this branch, as MUTYH mutations are found in 1-2% of
the general population).” ®

In individuals with a combined defect in MSH6 and MUTYH (heterozygous) a higher
incidence of urothelial cancers was found compared to a MSH6 defect alone (three out
of 10 versus none out of 23, P = 0.022 Fisher exact), suggesting that a single MUTYH
mutation modifies the risk for developing for urothelial cancers in MSH6 mutation

carriers.
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A predominant HNPCC molecular phenotype was observed in tumours from
patients heterozygous for MUTYH and MSH6 defects, which suggest that a second
inactivating somatic hit on MSH6 took place and MMR deficiency is the leading cause
of tumourigenesis in these patients, although in two out of nine tumours the MUTYH
characteristic [c.34G>T] somatic transversion in KRAS2 was observed. Microsatellite
instability seemed less extensive in the latter cases, with MSH6 expression abrogated.
Remarkable is that in one of these two (including the precursor adenoma) a genomic 13
bp APC deletion was found not typical for HNPCC. In cases where no APC alteration
was identified it should be noted that only the major cluster region for somatic
mutations in APC was screened including published hot spots for specific somatic
HNPCC mutations.

Out of eight MSH6 and MUTYH (heterozygous [Tyr165Cys]) mutation carriers two
present with late onset tumours (I11.2, 11l.4). The age of onset in three other cases (IV.15,
VA3, IV.11) is lower with five different tumours (three colon tumours) at an age range of
49-60, the remaining three cases did so far not present with tumours (l11.3, IV.21, V.1).
Croitoru et al. ™® concluded that heterozygote mutation carriers for [Tyr165Cys] have an
increased risk (although not significant) for colorectal cancer (CRC) with an odds ratio
of 2.1.

The relative mild clinical phenotype of patient IV.9, who is compound heterozygous for
MUTYH [Tyr165Cys] and [Gly382Asp] and also carrying the MSH6 germline mutation
might be explained, at least in part, by a selection against MSH6 mismatch repair
deficient cells. Such is in line with Kambara et al. ?° who suggested that BER and DNA
MMR pathways are mutually exclusive implying that cells with abrogation of both
pathways are not viable and undergo apoptosis.

The molecular phenotype of the tumours of this patient occur most likely as a result of
MUTYH dysfunction, while no mismatch repair deficiency seems evident despite the
presence of a germline MSH6 defect. These results are remarkable in view with the
10-6 natural mutation rate in cells, estimated at 1 * 10¢cells per gene, per cell division.
There are 1 * 10" epithelial cells in the colon of which potentially one percent is dividing.
That would imply that every cell division 102 intestinal cells are at risk for a second hit in
MSHS6. In MUTYH compound heterozygotes the mutation rate is increased by a factor
100 (10“ cells are then at risk for a second mutational hit in MSH®6). So far this does not
appear to be the case in the triple mutation case (IV.9). Unfortunately a mouse model
with this genotype combination is not available.

Although the number of cases is low, a striking potentiating effect of a combined
heterozygote MSH6 and MUTYH mutation status is not evident except perhaps for
urothelial tumours. However, recently, a MUTYH mutation combined with non-
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pathogenic (or low penetrant) MSH6E missense mutation is reported to be associated

with an increased cancer risk for colorectal cancer.?' Other combined defects of APC

and MLH1 or MSH2 have been reported to accelerate tumourigenesis (summarized in

22The finding of an unexpectedly mild clinical phenotype in an individual with combined

MUTYH deficiency and a heterozygote pathogenic MSH6 germline mutation should be

seen with caution considering the variable expression of MAP and HNPCC in general.

The molecular characteristics of the tumours of this patient studied, however, point to

selection against MSH6 abrogation.
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