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Abstract

p53 and the prostate-cancer-susceptibility gene RNASEL are tumour suppressor genes involved in apoptosis. We have
previously reported that the common, functionally different variants Arg72Pro in p53 and Argd62Gln in RNASEL are
associated with the age of disease onset of colorectal cancer in Lynch syndrome patients. To assess the combined effect
of both variants, we screened 246 unrelated Lynch syndrome patients with a pathogenic germline mutation either in
MSH2 (n=138) or in MLHI (n=108) and colorectal cancer as first tumour, and 245 healthy controls. The global log
rank test revealed significant differences in the age of disease onset for the genotypes of each variant (p =0.0176 for
p53 and p = 0.0358 for RNASEL) and for the combined genotypes of both variants (p = 0.0174). The highest difference
in median age of disease onset was seen between homozygotes for the wild-types in both genes (42 years [range 22-75])
and homozygotes for the variant alleles in both genes (30 years [range 26-47]). A multivariate Cox regression model indi-
cated that only the p53 and RNASEL genotypes had a significant influence on age of disease onset (p = 0.016 for p53 and
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p =0.014 for RNASEL) in an additive mode of inheritance, and that the effects of both variants are purely additive, which
supports the notion that the p53 and RNaseL pathways do not interact. These findings may be relevant for preventive

strategies in Lynch syndrome.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Lynch syndrome, also named hereditary nonpo-
lyposis colorectal cancer (HNPCC), is one of the
most common cancer susceptibility syndromes, with
an autosomal dominant mode of inheritance.
HNPCC is mostly caused by germline mutations
in the DNA mismatch repair (MMR) genes
MSH2 and MLH] [1], and is characterised by highly
microsatellite-unstable (MSI-H) tumours [2]. Muta-
tion carriers are at high risk for developing colorec-
tal carcinomas (CRC), as well as extracolonic
neoplasias [3,4]. Therefore, a specific surveillance
program is recommended. In addition to an incom-
plete penetrance of about 80% for CRC and to the
broad tumour spectrum, a wide variety of age of
disease onset (AO, ranging from 16 to 90 years)
has been described [5], suggesting the existence of
modifying genetic or environmental factors.

Several studies have assessed whether or not the
common p53 sequence variant Arg72Pro is involved
in the development of cancer. Since both alleles differ
in their susceptibility to degradation by human pap-
illoma virus (HPV) E6 protein [6], the association
between these alleles and cancer risk has been studied
in cervical cancer and other tumours, with controver-
sial results [6-10]. Recently, it has been shown that
the variants at codon 72 of p53 are functionally dis-
tinct in vitro, whereby the Arg72 variant induces
apoptosis at least five times more efficiently than
the Pro72 variant [11]. Studies in the M LH-deficient
colorectal cancer cell line HCT-116 and in knock-out
mice provided evidence for a cooperation between
the MMR system and p53 in tumourigenesis [12—
15]. We have shown that the p53 Arg72Pro sequence
variant was significantly associated with AO in 167
unrelated HNPCC patients with pathogenic MMR
germline mutations and CRC as first tumour mani-
festation. In contrast, no association between p53
genotype and AO was found in 126 patients with
sporadic microsatellite-stable CRC, supporting the
notion of cooperation between the MMR system
and p53 in tumourigenesis in humans [16].

RNASEL encodes an ubiquitously expressed
endoribonuclease acting in the interferon regulated
2'-5'-linked oligoadenylates (2-5A) system. The
2-5A/RNase L-pathway is implicated in mediating
apoptosis in response to either viral infections or
several other external stimuli [17-20], and has been
suggested as a tumour suppressor gene [17-19,21].
Recently, two different germline mutations in RN A-
SEL (E265X and M11) have been shown to cosegre-
gate in two hereditary prostate cancer families.
Tumour tissue from carriers of the E265X mutation
showed loss of the wild-type RNASEL allele [21]. A
third inactivating RNASEL germline mutation
(c.471_474delAAAG) was found in Ashkenazi with
prostate cancer [22]. Another variant, Arg462Gln,
was found to be associated with both hereditary
[23] and sporadic prostate cancer. Heterozygotes
had about 1.5-fold increased risk, and glutamine
homozygotes had more than double the risk of
developing prostate cancer [24]. Furthermore, the
variants at codon 462 were shown to be functionally
distinct in vitro, whereby the glutamine variant had
a 3-fold decrease in enzyme activity compared to the
arginine variant [20,24], and was deficient in causing
apoptosis in response to 2-5A, suggesting that this
variant allows tumour cells to escape a potent apop-
totic pathway [20]. A possible role for this sequence
variant in any of the other common neoplasias was
inferred [19]. Notably, other studies did not find any
association between RNASEL Argd62Gln and pros-
tate cancer risk [25-27]. Recently, we have shown a
significant association between the RNASEL
Argd62Gln sequence variant and AO in 251 unrelated
HNPCC patients with pathogenic germline muta-
tions in MSH2 or MLHI and CRC as the first
tumour manifestation [28].

To assess the effect of the combination of both
sequence variants (i.e., Arg72Pro of p53 and
Argd62GIn in RNASEL) on the phenotype of
HNPCC, we analysed 246 unrelated HNPCC
patients with pathogenic germline mutations in
MSH?2 or MLHI and CRC as the first tumour man-
ifestation and 245 healthy controls.
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2. Patients and methods
2.1. Patients

We have studied 246 unrelated HNPCC patients (151
male and 95 female) consecutively registered and analysed
at the clinical centres of the German HNPCC Consortium
in Bonn, Dresden, Munich-Regensburg, Heidelberg,
Duesseldorf, and Bochum. Each centre gathered patients
both locally and in the extended surroundings. Two hun-
dred and forty patients met Bethesda criteria [29], while five
of these met the revised Bethesda criteria [30]. One patient
did not meet any of the revised Bethesda criteria. He suf-
fered from colon cancer at age 62 and his brother was
affected with colon cancer at age 53. To avoid possible
familial or genetic factors inducing a correlation in family
members (besides the p53 and RNASEL genotype), we
have included only one member per family. All 246 individ-
uals studied were the nominal probands in their respective
family. Microsatellite analyses and immunohistochemistry
(IHC) analyses of mismatch repair protein expression of
MSH2 and MLH1 were performed as screening method
if tumour material was available. Aberrant findings such
as MSI-H or lost or reduced expression of at least one
MMR protein in THC led to mutation screening. In
patients who fulfilled Amsterdam I/II criteria [31] but
tumour material was not available, mutation screening in
MSH?2 and MLH1 was performed. Inclusion criteria, clin-
ical and molecular data of our registry, microsatellite anal-
ysis, IHC, and mutation screening are described in detail
elsewhere [32-34]. All patients described here were carriers
of germline mutations in either MSH2 (138 patients) or
MLHI (108 patients), predicted to be pathogenic due to
their nature as protein truncating small insertions/dele-
tions, large genomic rearrangements, nonsense or splice
site mutations. To control for the false inclusion of non-
pathogenic missense mutations in MSH2 and MLHI, we
completely excluded carriers of missense mutations. The
first tumour manifestation in all 246 patients was a colorec-
tal carcinoma revealed by medical history and histopathol-
ogical examination. AO was defined as the time of
histological tumour diagnosis. All patients gave written
informed consent for study participation. 245 anonymous
healthy blood donors from the Dresden Regional Blood
Centre served as controls. The compiled data analysis of
the patients and the controls is summarised in Table 1.

Tumours of 208 patients were MSI-H and two were
microsatellite-stable (MSS), while in 36 cases tumour
material was unavailable or could not be assessed. IHC
revealed loss of MLHI1 protein expression alone in the
tumour cells in 73 patients, loss of MSH2 expression
alone in 99 cases, and loss of both MMR proteins in
one patient. In tumours of 19 patients no loss of MMR
protein expression could be detected, whilst in 54 patients
tumour material was unavailable or could not be assessed
(Table 2).

Table 1
Compiled data analysis of the patients and controls

MMR mutation Healthy

carrier controls
All 246 245
Gender
Male 151 113
Female 95 132
MMR gene mutated
MSH2 138
MLHI 108

Median age [years] of onset of 38 (13-75)
CRC (range)

36 (18-65)°

Criterion
Amsterdam I/11%7 139
Bethesda® 2 6
Bethesda 2 and 4 11
Bethesda 2, 3 and 4 37
Bethesda 2, 3, 4 and 7 2
Bethesda 2, 4 and 7 3
Bethesda 3 1
Bethesda 3 and 4 18
Bethesda 3, 4 and 7 2
Bethesda 4 21
None 6°
& Age.

® Five of these met the revised Bethesda criteria [30].

Table 2

Results of microsatellite analyses (MSI) and immunohistochem-
istry of 246 HNPCC patients in relationship to the location of the
MMR gene mutation

MSI Immunohistochemistry n Mutation
MLHI MSH?2 MLH1 (n) MSH?2 (n)

MSI-H Neg Pos 68 68

MSI-H Neg Neg 1 1

MSI-H Neg n.r.? 1 1

MSI-H Pos Neg 95 95

MSI-H Pos Pos 14 10 4

MSI-H Pos n.r. 3 3

MSI-H n.r. Neg 1 1

MSI-H n.r. Pos 1

MSI-H nur. n.r. 24 11 13

MSS Pos Pos 1 1

MSS n.r. n.r. 1 1

n.r. Neg Pos 4 4

n.r. Pos Neg 3 3

n.r. n.r. n.r. 29 11 18

All 246 108 138

% nr.,, no results available because tumour material was
unavailable (most cases) or investigations were without conclu-
sive results.
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The results concerning the individual role of each
sequence variant of a part of the 246 patients described
here were published previously [16,28]. This study was
approved by the respective local ethics committee in each
of the participating centres.

2.2. Genotyping of p53 p.Arg72Pro and RNASEL
p.Arg462 Gin sequence variations

Genotyping of sequence variation in both genes was
performed on genomic DNA isolated from peripheral
blood leukocytes as previously described [16,28].

Briefly, for genotyping of p53 codon 72 PCR-amplifica-
tion (7ag-polymerase, Perkin-Elmer Applied Biosystems,
Weiterstadt, Germany) of exon 4 of p53 using primers 5'-
TGAGGACCTGGTCCTCTGAC-3' and 5-AGAGGAA
TCCCAAAGTTCCA-3' [35], was performed. We used sin-
gle base sequencing of PCR-products using the Thermo
Sequenase Fluorescent Cycle Sequencing kit and Automated
Laser Fluorescence (A.L.F.express) sequencing devices
(both Amersham Pharmacia Biotech, Freiburg, Germany)
as described by Kristensen et al. [36] in 491 samples.
Sequencing was performed with the Cy5-labeled antisense
primer 5'-ATACGGCCAGGCATTGAAGT-3' [35] using
reagents including only cytosine, guanine or both as dide-
soxynucleotide from the Thermo Sequenase Fluorescent
Cycle Sequencing kit. Results were confirmed in 390
samples by digestion of PCR-products with endonucle-
ase BstUl (restriction site: 5'...CGVCG...3, 3'...
CGLACG...5"), which specifically cleaves the allele coding
for Arg72 (CGC) but not the allele coding for Pro72
(CCCQ). Fragments were analysed on an agarose gel. Another
81 samples were confirmed by direct Sanger sequencing on
an ABI 3730 DNA Analyser (Applied Biosystems). PCR
was performed using the primers described above.
Sequencing was performed with the reverse primer using
ABI PRISM® BigDye® Terminator Cycle Sequencing
Ready Reaction Kit with AmpliTaq® DNA Polymerase
v3.0 and v3.1 (Applied Biosystems). After an initial dena-
turation step at 95 °C for 1 min, amplification was per-
formed using 30 cycles of denaturation (96 °C for 10 s),
annealing (52 °C for 5 s), and extension (60 °C for 3 min).
Sequences were analysed with the ABI PRISM® AB DNA
Sequencing Analysis Software v 5.1.1 (Applied Biosystems).

Genotyping of RNASEL codon 462 of all 491 samples
was performed by use of a LightCycler™ (Roche Diagnos-
tics). Briefly, for PCR amplification we used 5'-
TGTGTGTGTCACCCTC-3" and 5-TGGGGACTCAC
CTATTAAG-3' as forward and reverse primers. The
sequence of the anchor probe was 5-GGACAAGTG
TAGTTCTTGAACAGCCTTAAAT X-3', labeled with
fluorescein, and the sequence of the sensor probe, labeled
with LC-Red 640, was 5°-LCRed 640-AGATGACAG
GACATTTCGGGC P-3'. For PCR the LightCycler-Fast-
Start DNA Master Hybridization Probes Kit (Roche
Diagnostics) was used. After an initial denaturation step

at 95 °C for 10 min, amplification was performed using
32 cycles of denaturation (94 °C for 5s), annealing
(58 °C for 20 s) and extension (72 °C for 15 s). After ampli-
fication was completed, a final melting curve was recorded.
Initially, the probe was cooled down to 40 °C at 20 °C/s
and then slowly heated (0.2 °C/s) until a temperature of
90 °C was reached. Fifty-three of all 491 genotyped probes
were randomly chosen and LightCycler results were con-
firmed using direct Sanger sequencing as described by
genotyping of p53. PCR was performed using the primers
described above and sequencing was performed with the
reverse primer.

2.3. Statistical methods

The age of onset of the first colorectal cancer was ana-
lysed by the Kaplan—Meier (product-limit) method. The
log rank test was applied to compare the age of onset
between genotype groups. A global comparison across all
three groups in each single gene (i.e., p53 and RNASEL)
and across all nine possible combinations of genotypes from
both genes was performed. Multivariate Cox regression
analysis was used to assess the effect of several covariates
(MSH2 or MLHI germline mutation, gender, p53 and
RNASEL genotype) on age of onset. The hazard function
in this model was defined as /() = ho(t)exp(B,G + B.S +
B3RA + B4PA + BSRD + BGPD + ﬁ7RAPA). “G” is an indi-
cator variable for the location of the MMR gene defect (cod-
ed as 1 for MLHI and 2 for MSH?2). “S” represents an
indicator variable for gender (coded as 1 for male and 2
for female). “R” represents the genotypes at codon 462
of RNASEL (i.e., being 0 for the Arg/Arg, 1 for the Arg/
Gln and 2 for the GIn/Gln genotype) which is a measure
for the additivity of alleles. “P5” represents the genotypes
at codon 72 of p53 (i.e., being 0 for the Arg/Arg, 1 for the
Arg/Pro and 2 for the Pro/Pro genotype) which is a measure
for the additivity of alleles. “Rp” and “Pp” measures depar-
ture from additivity (i.e., dominance) and is coded as 1 for
the Arg/Gln genotype and as 0 for the Arg/Arg and Gln/
Gln genotypes in RNASEL, and as 1 for the Arg/Pro geno-
type and as 0 for the Arg/Arg and Pro/Pro genotypesin p53,
respectively. The product “RaPA” allows for a possible
interaction between the two genes. The x> test and Fisher’s
exact test were used to evaluate the homogeneity of geno-
type frequency distributions among patients and controls.
Genotype frequencies in all groups were cross-checked with
the Hardy—Weinberg expectations also by means of the x>
test. p-Values below 0.05 were considered significant. The
statistical software package SPSS 10.0.7 was used for all sta-
tistical data analyses.

3. Results
We did not observe any significant differences in fre-

quency of genotypes among patients and controls (Table 3),
neither in the p53 Arg72Pro variant (p = 0.991, %> test)
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nor in the RNASEL Argd62Gln variant (p = 0.912, »*
test). Genotype frequencies in both genes in patients and
controls were in accordance with those previously reported
in Caucasians [9,10,23,24]. No significant deviations from
the Hardy—Weinberg equilibrium were noted. Table 4
shows the distribution on the nine possible combinations
between the two variants analysed in patients and controls,
which was in accordance with those previously expected
from the frequencies of both single genotypes in patients
(p =0.574, Fisher’s exact test) as well as in controls
(p = 0.157, Fisher’s exact test). No significant differences
in the combinations of both genotypes among patients
and controls were observed (p = 0.649, Fisher’s exact test).

In all 246 patients the median age of onset was 38 years
(range 13-75). The median AO was 39 years (range 13-75,
95% confidence interval 37-41) for p53 Arg/Arg, 35 years
(range 17-67, 95% confidence interval 32-38) for p53
Arg/Pro, and 33 years (range 26-48, 95% confidence inter-
val 29-37) for p53 Pro/Pro individuals. For the RNASEL
Argd62Gln variation the median age of onset was 40 years
(range 17-75, 95% confidence interval 37-43) for patients
with Arg/Arg genotype, 37 years (range 13-69, 95% confi-
dence interval 34-40) for Arg/Gln, and 34 years (range
20-49, 95% confidence interval 32-36) for those with Gln/
Gln genotype (Table 3). In a global comparison, the age
of onset was significantly different between the three p53-
genotypes (p =0.0176, log rank) as well as between the
three RNASEL-genotypes (p =0.0358, log rank; see
Fig. 1 above and middle: Kaplan—Meier analysis).

The median AO with range and 95% confidence interval
for the nine possible combinations between the Arg72Pro
variant in p53 and the Argd62Gln variant in RNASEL in
patients and controls is also shown in Table 4. The differ-
ence in median AO among homozygous carriers of the
wild-types (42 years) and homozygous carriers of the vari-
ant alleles (30 years) in both genes was 12 years. In the glob-
al comparison, the age of onset was significantly associated
with the combination of genotypes of both genes (p =
0.0174, log rank; see Fig. 1 bottom: Kaplan—Meier analysis).

Multivariate Cox regression analysis showed that the
mutated MMR gene (i.e., MSH2 or MLHI) and gender
were not significant predictors of AO (covariate “G” for
MMR gene, hazard ratio 0.952 [95% confidence interval
0.735-1.233], p = 0.711; covariate “S” for gender, hazard
ratio 0.863 [95% confidence interval 0.664-1.123],
p = 0.274). However, the genotype of Argd62Gln variant
of RNASEL was a significant predictor of AO (covariate
“RA”, hazard ratio 1.855 [95% confidence interval 1.133—
3.038], p =0.014) as well as the genotype of Arg72Pro
variant of p53 (covariate “P,”, hazard ratio 2.247 [95%
confidence interval 1.166-4.328], p = 0.016), whilst no sig-
nificant deviation from additivity was noted in both genes
(covariate “Rp” for RNASEL, hazard ratio 0.883 [95%
confidence interval 0.674-1.157], p = 0.368, and covariate
“Pp” for p53, hazard ratio 0.911 [95% confidence interval
0.647-1.282], p = 0.592, respectively). Thus, the sequence

¢ Global log rank test (Kaplan—Meier analysis).

495% Confidence interval in years.
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Table 4

Distribution of the combination of p53 Arg72Pro and RNASEL Arg462Gln sequence variant among cases and controls and median age of

disease onset of the patients with range and 95% confidence intervals

Genotype Controls (n = 245) Patients (n = 246) Median AO

p53 RNASEL n (%) n (%) years (range; 95% CI)
Arg/Arg Arg/Arg 49 (20.0) 60 (24.4) 42 (22-75; 39-45)
Arg/Arg Arg/Gln 76 (31.0) 74 (30.1) 37 (13-69; 34-40)
Arg/Arg GIn/Gln 25(10.2) 18 (7.3) 36 (21-48; 32-40)
Arg/Pro Arg/Arg 35(14.3) 25(10.2) 39 (17-59; 32-46)
Arg/Pro Arg/Gln 35 (14.3) 41 (16.6) 35 (18-67; 32-38)
Arg/Pro GIn/GlIn 8(3.2) 11 (4.5) 32 (20-49; 29-35)
Pro/Pro Arg/Arg 3(1.2) 5(2.0) 32 (27-34; 21-43)
Pro/Pro Arg/Gln 11 (4.5) 8 (3.3) 33 (26-48; 21-45)
Pro/Pro GIn/Gln 3 (1.3) 4 (1.6) 30 (26-47; 23-37)

AO, median age of onset of colorectal cancer in patients (years); CI, confidence interval.

variants in both genes were significantly associated with
AO in a dose-dependent manner. The effect of covariate
“RaPA” which indicates a possible interaction between
the two genes, was not significant (hazard ratio 0.770
[95% confidence interval 0.566-1.047], p =0.095), thus
suggesting that the combined effect of both variants is
purely additive, without interaction.

4. Discussion

We hereby show the influence of two common,
functionally different sequence variants (i.e., Arg72-
Pro in the tumour suppressor gene p53 and
Arg462Gln in the prostate cancer susceptibility gene
RNASEL) on the age of onset of colorectal cancer
in HNPCC patients who carry pathogenic MSH?2
or MLHI germline mutations, demonstrating that
there is a purely additive effect between these vari-
ants. Previously, we have shown in two independent
studies that both variants are significantly associat-
ed with AO in HNPCC patients in a dose-dependent
manner [16,28].

The AO is not only of clinical importance per se,
but also because young AO is associated with a
poorer 5-year survival in patients with highly micro-
satellite-unstable colorectal cancers [37]. There are
only few other modifying genetic factors reported
in association with AO in HNPCC, such as the
mutant status of NAT27 [38], and a common vari-
ant (¢.G870A) in the cyclin DI gene [39]; yet, these
data could not be corroborated by our findings
and those of others [40,41].

p53 and RNASEL are tumour suppressor genes
involved in apoptosis [17-19,21,42,43]. Therefore,
we hypothesise that different apoptotic potentials

of the p53 and RNASEL variants modify the disease
phenotype, in which the wild-types (i.e., Arg72 in
p53 and Argd62 in RNASEL) mediate the destruc-
tion of emerging tumours more efficiently than the
variants. Accordingly, Pro72 in p53 and GIn462 in
RNASEL have been shown to mediate a reduced
apoptotic capacity or fail to induce apoptosis in
response to 2-5A activation, respectively [11,20].
Consequently, more ‘“‘attempts’” may be required
for a successful tumour-initiation in carriers of the
wild-type alleles than in those carrying the variant
alleles. Because patients with HNPCC have a high
life-long probability of developing synchronous
and/or metachronous tumours, or both [4], more
abortive tumour-initiating events would result in a
later clinical manifestation [16,28].

We did not record any significant differences in
genotype frequencies between patients and controls,
neither in the p53 Arg72Pro variant nor in the RNA-
SEL Argd62Gln variant nor in the combination of
both genotypes, suggesting that both variants have
no role in tumour initiation. However, we noted a
significant association between genotypes and AO
for each variant alone as well as for the combination
of both genotypes. Whereas the differences in medi-
an AO between homozygous carriers of the wild-
type and homozygous carriers of the variant allele
in each gene alone was six years, the difference in
median AO was 12 years between homozygotes for
the wild-types and homozygotes for the variant
alleles in both genes.

Although both genes (i.e., p53 and RNASEL) act
in independent pathways and are tumour suppres-
sor genes inducing apoptosis, a mutual interaction
between both genes has not been demonstrated in
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Fig. 1. Age of onset of the first CRC in patients with pathogenic MMR germline mutations and different genotypes of the p53 ¢.215G>C
(p.Arg72Pro) and RNASEL c.1385G>A (p.Argd62Gln) sequence variant (n = 246). Above, Kaplan—Meier analysis with genotypes of the
p53 Arg72Pro sequence variant as grouping variable: The AO was significantly different among the three genotype groups in the global
comparison (p =0.0176, log rank). Middle: Kaplan—-Meier analysis with genotypes of the RNASEL Argd62Gln sequence variant as
grouping variable — the AO was significantly different among the three genotype groups in the global comparison (p = 0.0358, log rank).
Bottom: Kaplan—Meier analysis with combinations of genotypes of the p53 Arg72Pro and RNASEL Argd62Gln sequence variant as
grouping variable — The age of onset was significantly different among the nine combinations in the global comparison (p = 0.0174, log
rank). W, wild-type (i.e., p53 Arg72, RNASEL Argd62); p, polymorphic variant (i.e., p53 Pro72, RNASEL GIn462).
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an experimental setting. Applying the multivariate
Cox regression model, we show that the effect of
the variants in both genes is purely additive without
interaction, suggesting that there is no interaction
between the p53- and Rnase L-pathways.

In conclusion, we report the combined additive
effect of two modifying genes on the AO of the phe-
notype caused by pathogenic germline mutations in
MSH2 or MHLI in HNPCC patients. p53
Arg72GIn and RNASEL Arg462Gln sequence vari-
ants, together with other modifying factors and
additional exogenous and genetic factors may con-
tribute to a more detailed tumour risk assessment
in MMR gene mutation carriers. The knowledge
of the age of onset of disease in individual carriers
of pathogenic MMR germline mutations may have
an impact on preventive strategies, including the
age of first surveillance, surveillance intervals, and
age of preventive surgery.
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