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Stellingen behorende bij het proefschrift

Identification of genes other than the hlgh-penetrance genes Involved In colorectal
and/or breast cancer susceptibility.
1.

Het HLA-gebied speelt bij de genetische gevoeligheid voor het ontstaan van
dikkedarmkanker geen rol van betekenis (dlt proefschrift).

2.

In het HLA-gebied ligt een erfelijke factor die betrokken is bij het ontstaan van
borstkanker. Het aantal vrouwen dat borstkanker krijgt mede als gevolg van deze
erfelijke factor is grater dan het aantal vrouwen dat borstkanker krijgt door mutaties
in BRCA 1 en BRCA2 (dlt proefschrift).

3.

Mutaties in het CHEK2 gen zijn op een laagpenetrante manier betrokken bij het
ontstaan van borstkanker en dikkedarmkanker (dlt proefschrift).

4.

Met betrekking tot de genetische gevoeligheid voor het ontstaan van borstkanker is
er geen posltieve interactie tussen het HLA-risicohaplotype en de CHEK2 1 1 OOdeiC
mutatie (dit proefschrift).

5.

Subgroepanalyse kan essentieel zijn bij het onderzoeken van erfelijke factoren (dit
proefschrift).

6.

Het is moellijker om een associatie met een laagpenetrante erfelijke factor ult te
slulten dan deze aan te tonen.

7.

Een schatting op individuele basis van het genetisch bepaalde risico met op grand
daarvan een specifiek screeningsprogramma is met name interessant voor
dikkedarmkanker.

8.

Bij het naar bulten brengen van onderzoeksresultaten in de pers is grate
voorzichtigheid geboden (naar aanleiding van het persbericht dat linkshandige
vrouwen 40% meer kans zouden hebben om borstkanker te krijgen, Ramadhani et
al., BMJ, 2005).

9.

De kleur van het sporttenue is van invloed op de ultkomst van de wedstrijd.

10.

Bij idiopatische mentale retardatie behoort array-CGH van het genoom tot het
aanvullend onderzoek.

11.

De echte sex (biologische vereniging) van je ouders vindt in je eigen lichaam plaats
(gedurende de meiose) (Gerard te Meerman).

12.

De gelukkigste mens is degene die de interessantste gedachten heeft (Timothy
Dwight).

13.

Bij zeggen wat je denkt is het belangrijk het denken niet te vergeten.

14.

In elk proefschrift staan typefouten, echter meestal niet in het eerste woord.

Mirjam de Jong, Groningen, 28 november 2005
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Chapter 1

Introduction
Colorectal cancer and breast cancer are multifactorial diseases, i.e., there are many
factors contributing to their development. 1 ·2 These factors include on the one hand
dietary and lifestyle habits and on the other hand genetic predispositions. Several
high-penetrance genes for cancer are known. For colorectal cancer, the most
important are the APC gene and the mismatch repair genes. 3 For breast cancer,
these are the BRCA1 and BRCA2 genes.4 Apart from these well-defined high
penetrance genes, it is likely that there are other genes that increase the
susceptibility to colorectal cancer and/or breast cancer in a low penetrant manner.
Candidate low-penetrance genes for both colorectal cancer and breast cancer are
tumor suppressor genes, oncogenes, genes involved in metabolic pathways and
genes involved in immune response. Other candidate genes for colorectal cancer are
among others, genes involved in methylation pathways and genes modifying the
colonic microenvironment. For breast cancer other candidate genes are e.g. genes
involved in the estrogen pathway. Low-penetrance variants/mutations in the known
high-penetrance genes might also be relevant in colorectal cancer and breast cancer.
Although less penetrant, low-penetrance genes might play an important role at a
population level, since variants/mutations in these genes are expected to be present
in many individuals. 5 In subjects carrying low-penetrance gene mutations, dietary and
lifestyle habits might especially affect the risk of developing cancer. One subject may
be 1 0-200 times more sensitive than another6 and may therefore develop cancer,
while others at the same level of exposure will not. The identification of important
low-penetrance variants/mutations along with their interaction with environmental
factors would allow specific prevention.
Aim of this thesis
The aim of this thesis is to find variants/mutations that have a causative relation to
colorectal and/or breast cancer, variants/mutations that are in strong linkage
disequilibrium with a colorectal and/or breast cancer causing variant, and genes/loci
that are involved in colorectal cancer and/or breast cancer susceptibility.
Patients and controls
For the studies on colorectal cancer 774 cases and 1 , 0 1 8 controls were included
between December 1 998 and June 2003 and for the studies on breast cancer 1 , 775
cases and 2,328 controls were included between July 1 998 and May 2003. No
selection was performed; cases were included irrespective of family history. All
individuals were Caucasian and were living in the northern parts of the Netherlands.
Breast cancer patients were accrued from six hospitals (the University Medical
Center Groningen, the Medical Centers in Leeuwarden and Harlingen, Ny Smellinghe
in Drachten, Talma Sionsberg in Dokkum and the Anthonius Hospital in Sneek).
Colorectal cancer patients were accrued from seven hospitals (the above-mentioned
and the Martini Hospital in Groningen).
Family members, preferably the parents or a child and the spouse were included in
the study to provide linkage phase and control haplotypes. In one study a second
group of colorectal cancer patients (the "selected" patients) was included (Chapter 4).
These patients participated in another study, on the role of mismatch repair gene
mutations in individuals suspected to have hereditary non-polyposis colorectal
cancer. 7 One of the inclusion criteria was colorectal cancer diagnosed before age 50.
The selected patients were screened for MLH1, MSH2 and MSH6 germline
mutations and patients without an established pathogenic mutation in one of the
mismatch repair genes, were included in the study described in Chapter 4.
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Methods
Genes harboring high-penetrance mutations are best identified by genome-wide
linkage screens. Association studies are the method of choice to study low
penetrance variants.8 For this thesis, candidate genes/regions were selected partly
based on pooled analyses for variants/mutations reported in colorectal and/or breast
cancer studies.
The Haplotype Sharing Statistic was used, in addition to the association analyses, in
the studies in which more than one marker were examined (Chapters 3 and 8).
Haplotype Sharing Statistic has the advantage that it uses extra information on the
length of conserved haplotypes as compared with association analyses.9·10 The
Haplotype Sharing Statistic analyses the length of haplotype similarity and assumes
that haplotype segments of patients from a well-defined founder population are
conserved in the region spanning a disease locus. In contrast, control individuals are
not expected to have conserved haplotypes centered at that particular locus.
Therefore, it is hypothesized that patients display an excess of haplotype sharing. 1 1
Haplotype sharing i s defined a s the number of consecutive overlapping intervals
between haplotypes, as compared to controls. This excess is expected to be
maximal at the marker loci closest to the susceptibility or the disease locus.
Outline of this thesis
The first part, chapters 2 to 6, comprises the colorectal cancer studies and the
second part, Chapters 7 to 9, the breast cancer studies.
In Chapter 2 the published studies on colorectal adenoma and/or cancer
susceptibility variants/mutations were identified and a pooled analysis was performed
for these variants/mutations. This review focuses on genes other than the high
penetrance genes, i.e., the APC gene and the mismatch repair genes.
In Chapter 8, a particular haplotype in the HLA region was found to be associated
with an increased breast cancer risk. Epidemiological studies have shown that breast
cancer and colorectal cancer have several risk factors in common; this could be, at
least in part, because of common hereditary risk factors. 1 2 I n view of the results
obtained in the breast cancer patients, the HLA region was genotyped with 1 4
microsatellite markers and one single nucleotide polymorphism (SNP) i n TNF�. in
germline DNA from colorectal cancer patients and controls. Association analysis and
the Haplotype Sharing Statistic were used to search for differences between patients
and controls. The results of this study are described in Chapter 3.
The CHEK2 gene encodes a checkpoint kinase that plays a crucial role in the DNA
damage response pathway mediating cell cycle arrest and apoptosis. 1 3 The CHEK2
1 1 OOdeiC mutation , first identified as a low-penetrance breast cancer susceptibility
variant, 14• 1 5 reportedly occurs more frequently in families with clustering of breast and
colorectal cancer than in families with clustering of breast cancer only. 12 Hence, the
1 1 00deiC mutation could also play a role in colorectal cancer susceptibility.
Therefore, the 1 1 OOdeiC mutation was genotyped in unselected colorectal cancer
patients and in controls. Also the earlier mentioned selected colorectal cancer
patients diagnosed before age 50 were genotyped . The results of this study are
described in Chapter 4.
MLH3 is one of the mismatch repair genes. Our group found earlier that a variant in
the MLH3 gene, S845G, was identified in 7 out of 327 patients, suspected of
hereditary non-polyposis colorectal cancer, but not fulfilling the Amsterdam criteria,
and in 1 out of 1 88 control subjects. As this variant might play a role in causing
seemingly sporadic colorectal cancer, its prevalence was studied in unselected
colorectal cancer patients by analyzing a small part of exon 1 of the MLH3 gene,
including the S845G variant, in germline DNA of colorectal cancer patients and
controls. The results of this study are described in Chapter 5.
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The deleted in colorectal cancer (DCC) gene encodes a membrane glycoprotein that
is involved in cell differentiation and apoptosis. 16 Minami et al. observed in a small
study, that the DCC Arg201 Gly �olymorphism was more frequent in colorectal cancer
cases compared with controls. 1 To replicate this in a much larger series, the DCC
Arg201 Gly polymorphism was genotyped in colorectal cancer patients and controls.
The results of this study are described in Chapter 6.
In Chapter 7 the published studies for breast cancer susceptibility variants/mutations
were identified and a pooled analysis was performed for these variants/mutations.
This review focuses on genes other than the high-penetrance genes BRCA1 and
BRCA2.
Several studies have suggested involvement of the HLA region in breast cancer
susceptibility. Therefore, in the HLA region, 24 microsatellite markers and markers
for two SNPs in TNFa. and TNF�. were genotyped in germline DNA from breast
cancer patients and controls. Association analyses and the Haplotype Sharing
Statistic were used to search for differences in haplotype sharing between patients
and controls and a risk haplotype was identified. The results of this study are
described in Chapter 8.
CHEK2 was identified by two different groups as a low-penetrance breast cancer
susceptibility gene. 14· 1 5 It was hypothesized that the 1 1 00deiC mutation interacts with
variants/mutations in other breast cancer susceptibility loci. 14 Considering a possible
interaction between the HLA region and CHEK2, the CHEK2 1 1 OOdeiC mutation was
analyzed in the same series of breast cancer patients and controls in which the HLA
breast cancer study was performed, described in Chapter 8. This permits to test
whether there was an interaction between the risk haplotype identified in the HLA
region and the 1 1 OOdeiC mutation, with respect to breast cancer risk. The results of
this study are described in Chapter 9.
In Chapter 10 the results of this thesis are summarized and discussed.
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Low-penetrance genes and their involvement in
colorectal cancer susceptibility
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Graaf3 , Elisabeth G.E. de Vries3 , Rolf H. Sijmons2, Robert M.W. Hofstra2 and Jan H.
Kleibeuker1 •
Departments of 1 Gastroenterology, 2Ciinical Genetics, and 3Medical Oncology,
U niversity Medical Center Groningen, The Netherlands.
Cancer Epidemiol Biomarkers Prev 2002;11:1332-1352.
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Chapter 2

Abstract
This review focuses on low-penetrance genes that are associated with colorectal
adenoma and/or cancer or that are in strong linkage disequilibrium with colorectal
adenoma and/or cancer causing variants. A pooled analysis was performed for 30
polymorphisms in 20 different genes that have been reported in more than one
colorectal adenoma or cancer study. An association with colorectal (CRC) was found
for seven polymorphisms in seven genes reported in more than one study; no
associations were found with colorectal adenoma. Four of the polymorphisms
exhibited an increased CRC risk (GSTT1, NAT2 (phenotype), HRAS1, and ALDH2).
Two others (MTHFR, Tp53 (intron 3)) exhibited a decreased risk. For the TNFa
polymorphism of the TNF-a gene, one allele was associated with an increased risk
(a2 allele) and two other TNFa alleles with decreased risks (a5 and a 1 3 allele). No
association with colorectal adenoma and/or cancer was detected for 23 other
polymorphisms in 1 5 genes. However, of all 30 polymorphisms, only three pooled
analyses had sufficiently large samples to confirm (MTHFR) or to exclude (GSTM1
and NAT2 genotype) the association with a p<0.0026 and a power of 90%.
Eighteen polymorphisms in 1 5 genes were each described in only one study, all with
very small sample sizes. For 1 1 polymorphisms in 1 0 of these genes an association
with colorectal adenoma and/or cancer was found. Only simultaneous genotyping
and combined analysis of different polymorphisms in large numbers of patients and
controls, stratified by ethnicity, gender and tumor localization, and taking relevant
dietary and lifestyle habits into account, will make it possible to describe the exact
relations between polymorphisms and CRC susceptibility with an adequate power.
Introduction
CRC is an important cause of death from cancer in the Western countries. In the
Netherlands, CRC is the second cause of death from malignant disease in women
(after breast cancer) and the third cause of death in men (after lung and prostate
cancer). 1 The genesis of CRC involves a series of steps in which environmental
and/or endogenous carcinogens induce or promote cancer development. These
steps include the activation of oncogenes, such as ras, and inactivation of tumor
suppressor genes, such as APC, Tp53, and DCC, and genes involved in DNA
mismatch repair (MMR).2"5
CRC is a multifactorial disease, i.e. , there are many factors contributing to its
development. These include on the one hand dietary and lifestyle habits and on the
other hand genetic predispositions.
Epidemiological studies indicate that diets high in red meat, diets low in ve�etables
and fiber, obesity and smoking are associated with an increased CRC risk. " 1 1 Diets
high in calcium and folate, and regular physical activity, are associated with a
reduced risk. 8-1 0• 12 However, some of these associations are still controversial.
Genetic syndromes predisposing to CRC include the polyposis syndromes (familial
adenomatous polyposis (FAP), Peutz Jeghers syndrome and juvenile polyposis) and
hereditary nonpolyposis CRC (H NPCC). These syndromes account for only -3% of
all cases1 3-16 and are not responsible for the twofold increased risk in first-degree
relatives of sporadic CRC patients. This increased risk in relatives suggests a mild
genetic predisposition, i.e. , the involvement of low-penetrance genes or gene
variants. Candidates for this are genes involved in metabolic pathways17· 18 or in
methylation, those modifying the colonic microenvironment, oncogenes, tumor
suppressor genes, and genes involved in immune response. Low-penetrance
variants in high-penetrance genes (e.g. , APC, MLH1 or MSH2) might also be
important in sporadic and in familial CRC.
The phenotypes of FAP and HNPCC, with regard to the colonic disease, vary
considerably, not only between families but also within families. 19 ·20 The cause of this
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variation is not known but might at least, in part, be because of additional genetic
factors, i.e., modifier genes.21 Such modifier genes might be the same genes as the
low-penetrance genes involved in sporadic CRC. 19
The allelic differences in low-penetrance genes may account for the wide
interindividual differences in the sensitivity to cancer-inducing or cancer-promoting
compounds. 1 8•22 The increased cancer risk for the individual carrying a variant in one
of these genes is estimated to be small, but the high frequency in the population of
some of these variants suggests that the population attributable risk can be high. 23
This review focuses on low-penetrance genes and gene variants involved in CRC
susceptibility other than possible low-penetrance variants in the APC gene and the
MMR repair genes. The external variables taken into account were ethnicity, gender,
and tumor localization whenever possible. Pooled analyses were performed on all
polymorphisms reported in more than one study. In addition, the sample size
required to detect an association with CRC susceptibility with sufficient power was
addressed.

Methods
Search of published studies
Published studies were traced using the PubMed databases from 1 980 to 2001 (until
September), using the search terms colorectal, adenoma, cancer, risk and
polymorphism(s) to identify candidate genes. For each specific candidate gene, a
separate search was performed. For example, the terms HRAS1 , colorectal,
adenoma, cancer, and risk were used for HRAS1. I n addition, the bibliographies of
studies identified by the electronic searches were used as source. Studies eligible for
our pooled analysis were those that compared genotype or allele frequencies of
candidate genes in colorectal adenoma and cancer cases with healthy controls using
genomic DNA. Only studies describing primary data or data that superseded earlier
work were taken into account.
Pooled analysis
For a better insight in the possible effects of the various genes on CRC susceptibility,
a pooled analysis for each polymorphism was performed. The studies and the results
of the pooled analyses are shown in Table 1 . The allele frequencies were based on
the control individuals. The raw number of cases and controls from comparable
studies were analyzed together. The genotype specific odds ratios (ORs) and 95%
confidence intervals (Cis) were calculated for all studies combined, without
adjustment for external variables. This can result in values that differ from those in
the original article. Whenever possible, a distinction was made between
heterozygous and homozygous carriers of the variant allele. ORs from colonoscopy
or sigmoidoscopy based studies may not be interpretable as relative risks, because
the indication for colonoscopy is often a positive family history for CRC. In these
patients, even when no polyps have been found with colonoscopy, the risk of CRC
can still be increased. Therefore, caution should be taken by extrapolating the
findings in these studies to the general population. No adjustment has been made for
these studies in the pooled analysis. The colonoscopy or sigmoidoscopy based
studies are marked in the tables. Where metabolic polymorphisms were assumed to
be associated with a specific phenotype, a distinction was made between phenotype
and genotype based studies (e. g., CYP2D6 and NAT2). For the genotype studies of
CYP2D6 and NAT2, genotypes were combined according to phenotypic classes.
Also, where possible, separate analyses were performed for the three major ethnic
groups (those being Caucasian, African-American and Asian, Table 1 ), for gender
(Table 2) and for tumor localization (Table 3).
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Table 1. Studi es of genetic polymorphisms (reported in more than one study) and colorectal adenomaand/or cancer nsk for the studies separately and combmed.
Si gnifi cant results are typed in bold.

Polymorph isms

Ethni c ity

Allele frcq.

Type of tumor

Cases (n)

Controls (n)

Rosk group

OR

95% Cl

43

47

WIV

0.45

0.18-1 17

VIV

5 00

0 99-25 3

CYP/AI
ml

(/.bpi RFLP)

Stvaraman et al.n

0.28

Fntsche et al.17

White

Inou et al.11

Asian

lshibe et al.J•
Butler et al.

Whtte

4011

Totalml

0 05

0 39

0 13

101

WIV

1.96

0.66-5.83

CRC

187

101

WIV

1 90

0.92-3.92

CRA

205

220

WIV

0.97

0.64-1.47

VIV

0.75

0 43-1.32

WIV

0.78

0.48-1 27

V/V

0.80

0 21 - 3 0 1

CRC

211

221

0 II

CRC

185

200

V carners

0 84

0.52-1.35

0.28

CRA

279

368

WIV

1.25

0.89-1 75

VIV

I 42

0.87-2.32

WIV

1 00

0.68-1.47

V/V

0.81

0 23-2 82
0 71 1.22

M 1xed

6
Stv araman et al 1

31

Whne

Asian

Kawajtn et al"1

CRA

Mi;w;ed

0 II

m2(A462G)

CRA

CRC

398

322

0.20

CRC

583

521

V camers

0.93

0 20

CRC

85

358

WIV

0.77

0.44-1.33

VIV

1.16

0.41-3,28
0.25-1.75

0 15

CRA

43

47

W/V

0.66

V camers

0.81

0.32-2.05

1.06

0.62-1.81

lshtbe et al.1'

Wh1te

0 09

CRC

212

221

W/V
VIV

1.32

0.35-5.00

Ktss eta1:41

White

010

CRC

163

163

WIV

I 47

0.87-2.49

V camers

1.57

0 93-2.65

WIV

0.85

0.64-1.13

V/V

0 96

0.48-1.95

Mi;w; ed

Totalm2

0.14

CRC

460

742

CYP2D6
L adera et al'u

White

0 06

556

PM

0 72

0.25-2.09

White

CRC

89

Smith et al...

0 19

CRC

115

720

WIV

1 04

0.67-1.61

VIV

I 68

0 74-3 80
0 70-1.37

Butler et al"

Total CYP2D6

Whot<

0.22

CRC

194

200

Vcarners

0 98

White

0 05

CRC

204

1276

PM•

1.16

0.62-2.20

0.20

CRC

309

920

V carriers.-

1.12

0 90-1 40

0 07

CRC

163

163

CYP2EI
GI259C
While

Ktss et al:u

WIV

1.82

1.02-3.22

V carriers

1.91

1.08-3.38

Butler et al.•o

White

0.03

CRC

149

200

V carriers

0.44

0 14-1.38

Total GI259C

While

0 05

CRC

312

363

V carriers

1.53

0 97-2 42

0.08

CRC

153

200

V clllTiers

0 63

0.34-1.18

lntron 6
Butler et al.'''

Wh1te

Null frcq.

GSTMI
Strange et al.''
Zhong ct al16

Whne

0 41

CRC

26

49

Null

Whate

0.42

CRC

196

225

Null

1.78

1.21-2.62

Whne

0.51

CRC

132

200

Null

0.92

0 59-I 43

0 55

CRC

252

577

Null

0.95

0 71-1 28

0.26

CRC

19

23

Null

1.65

0.44-6.17

0 44

CRC

103

126

Null

1.54

0 91-2 60

0 53

CRC

211

221

Null

104

0.72-1.52

0.50

CRC

88

199

Null

0.79

0.48-1.30

0.49

CRC

300

183

Null

I 19

0 77-1.84

CRC

70

Chcnevtx-Trench et al.J''
Deakin et al,.,

Wh1te
ASIill\

Guo et al.14
Katoh et al."'

Aso an

Gerttg et al.61

Whue

Mixed

H arrts ct al.�

Aso an

Lee et al.61

MOISIO et al..,

Wh1te

2.32

0 88-6.14

SlaUcf)' ct a1.6'

Mixed

0.53

CRC

1567

1889

Null

0.94

0.82-1 07

Abdei-Rahman et al "

Wh1te

0.67

CRC

63

45

Null

0,71

0.32-1 58

Gaw ronska-Szklarz el al.61

Wh11e

0.50

CRA

27

145

Null

1.72

0 7�02

CRC

28

145

Null

2.53

1.05-6.12

Welfare et al."
Zhang et al."

Who te

0.51

CRC

196

178

Null

1.07

0 71-1.62

White

0.51

CRC

94

109

Null

0 83

0.48-1.45

Inoue et al.n

Asoao

0.56

CRA

205

220

Null

0.88

0,60-1.29

Ktss et al.u

Whate

0.44

CRC

163

163

Null

I 19

0 77-1.84

Wh1te

0.54

CRC

203

200

Null

0,93

0 63-1.38

Whne

0.59

CRC

206

355

Null

1.29

0 90-1.84

While

0.40

CRC

46

131

Null

1.75

0 89-3,45

0.53

CRA

232

365

Null

0 52

CRC

3945

4818

Null

Buder et al....
Loktionov et al.l'O

Saadat and Saadat
TotoiGSTMI

"

Moxed

I 02

1 00

0.73-1 42
0 92-1 09

Co/orectal cancer

Table 1. Continued
Polymorphisms

Ethnicily

Allele fr<q.

Type of tumor

Cases (n)

Controls (n)

Risk group

White

0.28

CRC

100

155

WN

1.78

I.OS-3.02

VN

1.71

0.62-4.68

WN

0.86

0.50-1.46

VN

1.32

0.57-3.08

WN

1.83

0.99-3.36

V carriers

1.51

0.84-2.72

WN

1.07

0.70-1.65

VN

0.61

0.30-1.25

WN

0 90

0 63-1.30

VN

1.01

0.57-1.80

WN

1.05

0.86-1.29

VN

0.91

0.36-2.31

OR

95'YoCI

GSTPJ
Codon 105
Harries et al.71
Harris et al.'1
Katoh et al.6-t
Welfare et al.61
Loktionovctal.70

Total codon 105

Mixed
Asian
White
Whate
Mixed

0.34
0 14

0.33
0.35
0.31

CRC
CRC
CRC
CRC
CRC

88
103

196
206

693

199
122

178
355
1009

Codon 114
Harris et al.'2
Welfare et al.61

Total codoa I 1 4

Mixed
White
Mixed

0.19
0.08

CRC
CRC
CRC

131

196
327

199

178
377

WN

0.88

0.46-1.68

V carriers

0.93

0.50-1.76

WN

0.99

0.55-1.78

VN

0.18

0.02-1.53

WN

0.95

0.62-1.45

VN

0.45

0.09-2.36

0.68-2.37

Null fr<q.

GS1TJ
Chenevix-Trenchctal.57

0.07

Whne

0.16

CRC

125

148

Null

White

CRC

1.27

0.18

211

509

Null

1.88

1.30-2.72

Asian

0.44

CRC

103

126

Null

1.18

Gertaget al,61

Whne

CRC

0.70-1.99

0.23

209

220

Null

0.69

0.43-1.11
0.39-1.83

Deakmct al.51

Katoh et al.60
Mosaoctal.6-t

Whne

CRC

70

0

Abdci-Rahmanct al...

White

0.41

CRC

59

Null

0.85

Welfare et al."

White

51

0.17

CRC

177

Null

Zhanget at."

177

White

1.21

0.70-2.07

0.20

CRC

100

Null

2.42-11.34

Butler et al.40

4.49

White

0.20

CRC

190

White

200

Null

Loktaonovctal,70

2.18

1.38-3.44

0 15

CRC

206

355

Null

White

1.34

CRC

0.86-2.11

0.31

46

131

Null

Mixed

1.41

0.70-2.84

0.21

CRC

1490

2026

Null

1.37

1.17-1.60

1.18-3.15

Saadatand Saadat"
TotaiGSTTI

94

Fastfroq.

NAT/
Bellet al.11

White

Probst-Hensch et al.1u

0.29

CRC

202

112

Fast

1.92

Mixed

0.50

CRA

Chen etal."

White

441

484

Fast

CRC

1.01

212

221

Fast

0.78-1.31

0.44

Hubbard et al....

White

0.96

0.66-1.44

CRC

260

White

323

Fast

Moisioct al.6-t

0.04

1.36

CRC

0.61-3.04

70

Katoh et al.15

Asian

0.63

CRC

Butlerct al...,.

103

122

Fast

White

CRC

1.04

0,60-1.78

0 19

198

198

Mixed

CRC

10 allele

0.69

0.47-1.00

0 45

587

455

Fast

1.09

0.85-1.40

43

41

Fast

2.48

Total NAT/

NAT2 phenotype

Fast froq.

Langet al.17

Mixed?

0 32

CRC

llettctal.u

White

0.34

CRC

49

86

Fast

2.41

Ladera et al."

1.18-4.95

White

0 42

CRC

109

Fast

Roberts-Thomson et al.9011

96

Whate

1.14

CRA

0.66-1.99

89

110

Fast

II'

0.6-2.1

CRC

110

110

Fast

1.8'

1.0-3.3

CRC

201

223

Fast

1.67

1 . 1 1 -2.46

0.37-2.49

Total NAT2 pbeaotype

Mixed

NA T2 genotype

0.37

1.02-6.03

Fast froq.

Rodnguczctal.'1

Mixed

0.46

CRC

44

28

Fast

Shibuta etal."

Asian

0.96

0.91

CRC

Whote

329

Fast

Bellet al.11

234

0.83

0.48-1.44

0.45

CRC

202

112

Fast

1.12

0 71-1 79

Fast

Spurr et al.'1

Wh1te

Probst-Hensch etal.,..

0.35

CRC

103

96

Mixed

CRA

0.82

0 46-1 48

0.47

441

484

Fast

White

CRC

I 07

0.82-1.38

275

Whate

343

Fast

Welfare et al.91

0.41

0.83

CRC

0.60-1.15

0.43

White

174

Fast

Chen et al.14

174

0.95

CRC

0.62-1.46

0.43

212

221

Fast

0.81

0.55-1.18

Hubbard et al •s

Gal and lcchner91

White

0.40

CRC

114

201

Fast

Leectal.91

Asian

CRC

2.04

0.72

Whole

187

Fast

Slattery et al.61

216

CRC

1.08

0.70-1.67

0.41

1624

1963

Fast

1.07

0.94-1.22

Asian

0.92

CRC

36

1.00

527

633

Fast

0.19-5.32

0.41

CRA

36

Fast

Mixed?

1.09

0.87-1.38

Oda etal."
Potterctal.1*

1.28-3.25

L1

Table I. Contmued
Polymorph isms
Agundez et al.101

Ethnicity

White

Allele freq.

Type of tumor

Case• (n)

Control> (n)

R 1sk group

OR

9So/eCI

0.46

CRC

120

258

Fa>l

I 17

0.76-1.80

Asi an

0 94

CRC

103

122

Fa>t

1.19

0.37-3 88

Butler et ai."'-

White

0.78

CRC

418

400

Fast allele

0 97

0.70-1.35

Total

Mixed

0 44

CRA

968

1117

Fa>l

1.09

0.91-1.29

Mixed

0 49

CRC

3554

4070

Fa>l

I 01

0.93-1.11

White

0 19

CRC

323

205

WN
VN

I 06

0.72-1 56

0 97

0.39-2.43

Katoh et al.15

NAT2ctnotype

NQOJ
C609T
H arth et al''1
L afuente et al

111

Whne
Whne

TotaiC�T

MTHFR

Whne

Ma et a1.1:4

Whne

Chenet al. m
Park et al.m

As1an

Slattery et al.m

Wh1te

Ulric h et al.1�14

Whtte

Wisotzkey et al.m
Lev me et al.uo.

Asi a n
Mixed

TotaiMTHFR

0.20

0.35

0.32

0.43

0.33

0.32

Wh1te?
Mixed

Marugame et al.1, ·

0 20

0.29

0.36

0 32

0.35

CRC

CRC

CRC

CRA

CRC

CRC

CRA

247

570

202

258

200

1467

527

CRC

51

CRA

471

CRA

CRA

CRC

205

1461

2064

296

501

326

713

460

1816

645

510

220

2088

3229

MTR
Whtte

Chen et al.114

Whne

Ma etal.m

APOE
Kervincn et al. 14

1

Whtte

0 19

0 19

0.03

CRA

CRC

CRA

257

356

135

713

476

199

0.18
CRC

Butleret al.'"'

WhJIC

0 08

CRC

122

167

199

200

0 17
Shmomly a et al.1 4:

0 06

CRA

179

220

0 08
TotaiAPOE

M1xed

Whne

0.05

CRA

314

419

0.13
0 06

CRC

289

399

0.17

WN

I 10

0.77-1.58

2.44

1.06-5.64

1.05

0.81-1.36

I 55

0 84-2 88

WN
VN

1.10
0.58

0 76-1.60
0.32 1.06

VN

1.23

0.91-1.67

1.44

0.89-2.34

0.94

0.65-1.36

0.81

0.48-1.38

1.03

0 89-1.19

0.83

0 65-1.05

0.96

0 75-1.22

0.80

0.54-1.20

VN

WN
VN

WN
WN
VN

WN
VN

WN
VN
WN
VN
WN
VN

WN

0.85

0 65-1.11

I 09

0.71-1.67

0.94

0 62-1 42

1.24

0.68-2 26

VN

0,94

0 81-1 08

1.06

0 84-1.33

VN

1.01

0.90-1.14

0.74

0.61-0.89

WN
VN

0 99

0 73-1.34

0 78

0.31-1 98

VN

0.91

0 67-1.24

0.58

0.27-1.25

WN

WN

E2 ollele

1.52

0.70-3 29

E4 allele

0.67

0.43-1.04

E2 ollele

0.83

0.32-2.11

E4 allele

0 70

0 45-1 10

E2 allele

0.77

0 43-1.38

E4 allele

0 81

0.54-1.22

E2 allele

0 87

0 47-1 63

E4 allele

0 93

0 55-I 58

E2 allele

I 09

0.67-1.77

E4 allele

0 73

0.52-1 03

E2 allele

0 83

0 51-1 36

E4 allele

0.76

0 56-1.03

WN
VN

I 78

0 57-5.54

2.67

0.38-18.7

1.02

0.46-2.30

0.97

0 18-5 16

PU.]G]A

C964G

Tomhnson et al.144

Whne?

0..23

CRA

CRC

GI073C
Tomlinson et al. 144

Whtte?

0.08

CRA

CRC

18

55

29

78

53
53

69

69

WN
VN

WN
VN

WN
VN

0 69

0 13 3.53

2.40

0 32-18 0

1.61

0.59-4 35

0.94

0.13-<; 87

Colorectal cancer

Table I. Continued

Ethnicity

Allele freq.

HRASI
Ccccherini-Nelli et al.1sa
Maestri et al. 1 51
Wyllie et al.m
Klingel et al.15J

White
While
While
White

O . o3
0,04

TotaiHRASI

While
White

I keda et al.U7

Asian

Chenevix-Trench el al.57

White

Polymorphisms

Gosse-Brun et al.15"

L-myc

Type of lumor

Cases(n)

Controls (n)

Risk group

OR

9S%CI

CRC
CRC

62
33

Rare alleles
Rare alleles

1.04
1. 17

002

CRC
CRC

46
116

108
51
49

0. 30-3 . 63
0.25-5.39
0.80-19 .5

001

CRC
CRC

143
351

Rare alleles

399

002

0 49

142

CRC

35

0

CRC

118

148

Rare alleles

3 .95
7.29

1.64-32.4

2.67

1.47-4.85

WN
VN

087
1.2 8

0 48-158
0 64-2 55

Rare alleles

Ko et al.u.

Asian

CRC

99

0

Togo et al 159

While

0.54

CRC

63

122

WN
V/V

0 69
0_9 8

0 32-1 so
0 43-2 .22

Total L-myc

Mixed

0.51

CRC

32 4

2 70

WN
VN

0 82
109

0.55-1.23
0 69-1 72

White

0 IS

CRC

ISS

206'

W/V
V/V

0.50
0.49

0. 13-1.95

W/V

0.7 8

0.46-1. 3 1

V/V

1. 68

0. 85-3 . 35

Tp5J
lntron 3 (16-bp dupl)
Sjalander et al.169

0.2�.89

Exon 4 (codon 72 )

Kawajan et al.170
Sjalander et al. 169
Totalexoa 4

Asian

0.35

CRC

84

3 47

White

02
. 9

CRC

ISS

206'

W/V
V/V

1.30
1.2 4

0. 8 3-2 .04
0. 63-2 .45

Mixed

0.3 3

CRC

2 39

553

W/V
V/V

0.9 3
1. 3 4

0. 67-1.29
0.8 3-2 .14

1.09
0.50

0. 67-1. 80
0 13-1.92

lntron 6 (Mspl)

Sjalander et at.'"

White

0 IS

CRC

ISS

206r

W/V
V/V

Whne

0. 30

CRC

64

so

TNFa
TNFa
Honchel et al ""

Gallagher et al.111

While

Whne

TotaiTNFa

2 allele

1.35

0 7 7 2 .3 7

0.05

S allele

077

022-2 75

001

13 allele

2 38

0.2 4-2 3 I

2 allele

2.25

1.59-3.18

00
. 8

S allele

0.27

0.11-11.66

006

13 allele

0.28

0.11-0.74

2 allele

2.02

1.51-2.71

00
, 7

5 allele

0.37

0.18-0.72

0 OS

13 allele

0.36

0.16-0.81

32 8

W/V
V/V

073
o.ss

0 44-1.22
0.06-4 9 6

1.52
083

0.3 6-6 32

0 61

0.07-S 47

0.20

02
. 2

CRC

CRC

Ill

195

208

258

-308

Park et al.u'

Jang et al110
Tolal-308

Asian

0 12

CRC

140

Asian

004

CRC

27

92

W/V

Asian

0 10

CRC

167

420

WN
V/V

0.51-1 3 4

-2 3 8
Jang et al u•

Anan

007

CRC

Whne
White

004
007

CRC
CRC

White

005

White

006

92

HFE
C2 82Y
Alteset al111
Beckman et al.119
MacDonald et

nf.1ta

TotaiC282Y

116
17 3

108
29 4

W/V
WN
V/V

0 68
I 02
0 85

02 3-2 03
0.57-1 82
0 15-4 70

CRC

229

W/V

090
0 85

0 48-1.68

517

22 8
630

W/V

CRC

V/V

0 60

0 11-3 2 8

W/V
V/V

I28
3.21

0 72-2 29
0.61-15.9

0 57-12 6

H63 D
Alles et al. 1 "

AWH2
Yokoyama et al."5
Murata et al1
. 96

Whne

Asian
As1an

0 16

0 19
0 OS

CRC

CRC
CRC

116

46
2 70

108

48 7
12 1

W/V
W/V
V/V

2.80

1.30-6.02

I 01

0. 64-1.59
0. 65-8 .25

2 .32

Chapter 2

T•ble I. Contmued
Polymorplnsms

Echnicny

Allele freq.

Type of tumor

Cases (n)

Controls (n)

Risk group

OR

9 5%CI

TotaiALHD1

Asian

0.07

CRC

316

608

W/V

].Oil

l.IS-4.18

VIV

11.8

].6�.9

WN

1.10

0.80-1 50

V/V

104

0 69-1 56

WN

0.89

0 65-1.21

VIV

0.75

0 50-1.14

W/V

0.72

0.35-1.47

VN

1.12

048-2.64

WIV

0.9 9

0.80-1.23

VIV

0.89

0 66-1.19

W/V

0.9 7

0.71 1.32

V/V

0.9 0

0 59-1.37

VDR

Bsm/
Ingles et al.m4

Mixed

Kim et al.2ow
Spetr et al.,.,
TotaiBsml

0.37
0 43

Whne
Mixed

043
0.40

CRA
CRA
CRC
CRA

373
39 3
59
766

394
406
112

BOll

Fokl
Ingles et al.2014

Mixed

0.40

CRA

373

394

•These studies were not included in the pooled an�tlyRs, because of lack of data. • Pooled anal)"is for phenotype." Pooled 1111.alysas for genotype. 4 Colonoscopy or
sagmoidoscopy based studies. • Adjusted Ors from article. 'Only female controls. 1 All cases were homozygous for the wildtype allele.

A difference in interpretation was made between statistically significant results for
polymorphisms reported in one study and that obtained from a pooled analysis of
several because all of the single studies were small, and the results have to be
replicated. Therefore, the polymorphisms reported in one study are shown in a
separate table (Table 4) and are not described in the results section. This separation
is present also in the Discussion.
Finally, sample sizes required to detect an association with CRC susceptibility with
sufficient power were calculated as described previously. 24

Results
The polymorphisms that were reported in colorectal adenoma and/or cancer patients
and controls in more than one study each are described separately and summarized
in Table 1 , 2 and 3. The polymorphisms reported in only one study are shown in
Table 4.
Metabolic pathway genes
One of the strongest dietary associations with CRC susceptibility reported is that with
diets high in meat. 25•26 For this association, heterocyclic amines (HAAs) formed
during the cooking of meat may be mediators. 27 Like many other chemical
carcinogens, these substances/compounds require metabolic activation in order to
bind to DNA and contribute to cancer causation. I n the case of HAAs, the enzymes
CYP 1 A2, NAT1 and NAT2 mediate this activation.28-30 On the other hand, HAAs can
be detoxified by GST enzymes. 31 Polymorph isms in these genes may affect the
enzyme activity or inducibility. The GST enzymes are also involved in the
detoxification of polycyclic aromatic hydrocarbons (PAHs). 32 PAHs are carcinogens
present in cigarette smoke. PAHs are activated by CYP 1 A1 .33
Cytochrome p450 (CYP) family
Certain substrates, including almost all carcinogens, are metabolically activated by
the cytochrome p450 enz¥ mes, which results in the formation of chemically reactive
mutagenic electrophiles.1 Most prescribed drugs are substrates for one or more
cytochrome p450 isoenzymes. Individual cytochrome p450 isoenzymes have a
unique substrate specificity, although a certain overlap between the enzymes is
present.1 8
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Ta ble 1. Studies of genetic polymorphisms with separate analyses for gcudcr. Signifoc:ant mults
Ethnicity

Allele fr<q.

Type of tumor

Geuder

Genig et al.'1

White

0.53

CRC

Male

Slattery et al.'1

Mixed

0.51

CRC

Male
Female
Male

Polymorphisms

""' typed in bold.

Cases (n)

Control> (n)

Risk group

21 1

221

884

1017

683
40

OR

95%CI

Null

1 .04

0.72-1.52

Null

0.99

0.83- 1 . 1 9

872

Null

0.89

0.72-1 .08

28

Null

0.83

0.29-2.38
0.09-0.99

GSTMJ

0.56
Abdei·Rahman et al."

White

Inoue et ol."

Asian

0.56

CRA

White

0.59

CRC

0.71

CRC

0.72
loktionov et a!.'10

23

2S

Null

0.30

Male

205

220

Null

0.88

0.6<1-1.29

123

237

Null

1.41

0.89-2.22

Male

Female

83

118

Null

1.13

0.64-2.01

Mixed

0.53

CRC

Male

1258

IS03

Null

1 .02

0 88-1 19

Mixed

0.56

CRC

Female

789

lOIS

Null

0.88

0 73- 1 06

0.34

CRC

Male

123

237

WN

0.93

0.58-1.47

VN

I .OS

0.50-2.18

WN

0.82

0.45-I.SO

VN

0.91

0.36-2.3 1

O.SB
TotaiGSTMI

Female

GSTPJ
Codon 105
Lokuonov et al."'

Female

0.38

83

1 18

GSTTJ
Gertig et al.'1

Abdci-Rahman ct al."
Lokdonov ct al.10

White

0.23

CRC

Male

209

220

Null

0.69

0.43-1 . 1 1

White

0.58

CRC

Male

36

36

Null

0.71

0.28-1.81

Female

23

24

Null

0.35

0.09-1.37

Male

1 23

237

Null

1.31

0.74-2.31

Female

83

118

Null

1 .42

0.67-3.00

Male

368

493

Null

0.95

0.68-1.32

Female

106

142

Null

1.04

0.54- 1 .98

0.38
White

0 16

CRC

0.14
0.22

Tot.I GSTTI

CRC

0 18
NAT1 genotype
•s
Hubbard ct at

White

0.3 1'

CRC

0.4 1'
Welf�R ct al."

Wh1tc

0 40

CRC

0 46

Chen et al."

White

0.43

CRC

Slattery et al.'s

While

0 42

CRC

Tot.l NAT1 ceaotypc

0.40
White

0.42

CRC

0.41

Male

140

0.61

0.41-G.98

135

343'
343'

Fast

Female

Fast

1 .03

0.69-1.54

Male

102

102

Fast

1.00

0.57-1 .75

Female

72

72

Fast

0.95

0.49-1.82

Male

212

221

Fast

0.81

0.55-1 18

Male

912

1036

Fast

0 98

0 82- 1 17

Female

712

927

Fast

1.19

0 98-1 45

Male

1 366

1359

0 91

0 78-1 06

Female

919

999

Fast
Fast

1.15

0 96-1 .38

NQOJ

C609T

Lafuente ct al.m

White

0.2o'

CRC

no'

Male

131

Ill

VN

1.73

0.42-7.08

Female

1 16

18S

VN

3.13

1.11-8.70

Male

202

326

WN

1.10

0.76-1.60

VN

0.58

0.32-1.06

WN

1 .23

0.91-1 .67

VN

1 .44

0.89-2.34

WN

1 .04

0.86-1.27

VN

0.79

0.57- 1 . 1 0

WN

1.00

0.8 1 - 1 .25

VN

0.86

0.61-1.22

WN

0.94

0.62-1.42

VN

1 .24

0.68-2.26

WN

1 .06

0.89-1.26

VN

0.73

0.55-0.,

WN

0.99

0.73-1.34

VN

0.78

0.31-1 .98

WN

0.91

0.67- 1 .24

VN

0.58

0.27-1 .25

WN

0.94

O.S0-1.78

VN

2.26

0.48-10.5

WN

1.11

0.57-2.16

VN

1.80

0.1 8-17.9

MTHFR
Mact al.ut

White
White

SlaUety ct al.117

Whtte

0.35

0.32

0.33

CRC

CRA

CRC

TotaiMTHFR

Asian

White

0.36

0.34

Male
Female

0.33

Marugame et al.m

Female

CRA

CRC

Male
Male

258

824

643

205

1026

713

967

849

220

1294

MTR

Chen ct al.'"
Maet al.us

White
White

0 19

0.19

CRA

CRC

Female
Male

257

356

AWHZ

Murata et al.'"

Asian

0.20

0.19

CRC

Male
Female

163

107

713

476

60
61
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Table 1. Contmued

YDR

Polymorphisms

Ethn1c1ty

Allele freq.

Type of tumor

0 43 '

CRA

Gender

CllSCS(n)

Conlrols (n)

Ri.sk group

OR

9 5'Yo CI

0.9 2'

0.58-1 45

B�ml

Kimet al.l�c

•

Based on pat1ents. b No discnmmauon possible for gender

c

Male

215

208

WN
VN

0.7o'

0.3 8-1. 29

Female

178

19 8

WN

0.71'

0.43-1 18

VN

0.714

0 3 7-1 . 3 6

Colonoscopy or sigmoidoscopy based studies. 4 Adjusted ORs for art1cle.

CYP1A 1
The CYP1A1 gene encodes the strongly inducible a �l hydrocarbon hydroxylase
(AHH) enzyme responsible for the activation of PAHs. 3 Differences in xenobiotic
metabolic activity between individuals can be >200fold, even within one family. 34 Two
polymorphisms have been examined in relation to CRC, namely the m1 (Mspl RFLP)
and m2 (A462G, exon 7) polymorphisms. These polymorphisms are in linkage
disequilibrium. 1 8 The functional significance of the m1 polymorphism is unknown,
whereas the m2 polymorphism gives an increased enzymatic activity. 35 This might
result in a higher concentration of activated PAH metabolites.
Pooled analysis for both polymorphisms revealed no association, regardless whether
the studies were analyzed separately or combined. 3642 For the combination of the
two polymorphisms, examined in one study, no association with an increased
colorectal adenoma or cancer risk was found. 3
CYP2D6
The CYP2D6 variant allele is the result of a deletion of a 1 7.5 kb region including the
entire CYP2D6 gene.43 In the Caucasian population, 5% is homozygous for this
mutation, 1 8·44 referred to as poor metabolizers. 1 8 The CYP2D6 gene mutation is
characterized by the inability of homozygous carriers to metabolize specific drugs
(e.g. , debrisoquine, sparteine, and bufuralol). 1 8 The CYP2D6 gene mutation was
examined in one phenotype45 and two genotype studies.40·46 These studies found no
association with CRC either separately or when combined.
CYP2E1
CYP2E1 is an ethanol inducible enzyme, involved in the activation of N
nitrosamines.47 Variant allele carriers (in particular homozygous individual� of a
polymorphism (G1 259C) in the CYP2E1 gene have a higher enzyme level. This
could lead to a faster activation of carcinogens, which may induce CRC. For this
polymorohism and another polymorphism in intron 6, no association was found with
4
CRC. 4D , 2
Glutathione S-transferase (GST) genes
GSTs belong to a superfamily of detoxification enzymes that provide critical defenses
against a large variety of chemical carcinogens and environmental toxins.49·50 HAAs
and PAHs are considered carcinogens that potentially cause CRC in humans and
that are detoxified by GSTs. 31 · 32·51 Foods that are known to induce GST synthesis are
thought to be protective against CRC. 52 Deletion variants that are associated with a
lack of enzyme function occur at the GSTM1 and GSTT1 gene locus. 53 Individuals
homozygous for null deletions in the GSTM1 and/or GSTT1 genes may have an
impaired ability to metabolically eliminate carcinogens and may therefore be at
increased cancer risk. Because GSTM1 is expressed at low levels in the colon, it
seems, however, unlikely that the GSTM1 null genotype predisposes to CRC. 54
GSTP1 is a more obvious candidate for a CRC susceptibility gene as it is present at
high levels in the colon. 31 · 54 For the GSTT1 enzyme there are no data available
concerning the expression in the colon.

Colorectal cancer

GSTM1
Our pooled analvsis for GSTM1 revealed no association with colorectal adenoma or
cancer. 38 ,40.42 . 55-1'1
GSTP1
Two polymorph isms have been described in the GSTP1 gene, one in codon 1 05 and
one in codon 1 1 4. These codons are only -1 kb apart, and the polymorphisms exhibit
strong linkage disequilibrium with each other. 62 The codon 1 1 4 variant allele is only
found in combination with the codon 1 05 variant allele. The codon 1 05 polymorphism
modifies the enzyme's SP-ecific activity. 72 No association with CRC was observed for
both polymorphisms.62•68·70·73·74
GSTT1
The GSTT1 null genotype frequencies show a large variation among racial groups.
Our pooled analysis showed that the GSTT1 null genotype was associated with a
small increase in CRC risk.40•57•58•60•61•64•66•68"71 This overall association was caused by
three strong studies and five studies with a modest non-significant association.
Subgroup analyses for gender and tumor localization revealed no association with
CRC, but these analyses were based on relatively small numbers of cases and
controls as compared with the overall pooled analysis.
Combinations of GSTM1, GSTM3, GSTP1, and GSTT1
One study examined both GSTM1 and GSTM3 polymorphisms. 70 The combined high
risk genotype was associated with an increased risk (OR=2.4, 95% Cl 1 .32-4.3 �. Two
other studies examined the GSTM1 and GSTP1 (codon 1 05) polymortR hisms 62• 5 and
five studies examined the GSTM1 and GSTT1 polymorphisms. 58• 1 •66•68•75 Pooled
analyses showed no associations. In one study, the GSTP1 (codon 1 05) and GSTT1
polymorphisms were studied. 75 Again, no association was observed. There are no
studies available that tested the combination of polymorphisms in three or four
genes.
N-acetyltransferase (NA 7) genes
Epithelial cells of the colonic mucosa express both NAT1 and NAT2 activity, 76·77
although the human colonic epithelium appears to contain 1 00-200-fold more NAT1
than NAT2.16•78·79 Furthermore, the ratio of NAT1 :NAT2 activities show large
interindividual variations. 77 Polymorphic forms of the NAT genes have the potential to
affect an individual's response to carcinogens, thereby influencing cancer risk. There
is linkage disequilibrium between the NA T1 *10 allele and the NA T2*4 allele. 80
NA T1
NA T1 *4 is the most common NA T1 allele and is presumed to be the wildtype,
whereas NA T1*10, present in approximately 30% in populations of European
ancestry, is associated with increased NAT1 activity. 81 NAT1 fast acetylators are
defined as carriers of at least one copy of the NA T1*10 allele. There may be some
misclassification of NA T1*10 alleles because a common test to detect the NA T1*10
allele does not distinguish between NAT1*10 and NAT1*14 or other NAT1 alleles. 82
I n the overall ROOied analysis, no association was found between CRC and the NAT1
fast genotype.64•81 •83-85 Two studies were excluded in the pooledanalyses because of
lack of data on the NAT1*10 allele86 or of raw numbers of genotypes for cases and
controls.40 Tumor localization was taken into account in the one study that showed an
association. 51 Only for distal tumors, the association remained significant.
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NA T2
Different point mutations are present in the NAT2 gene. These mutations (variants)
cause defective NA T2 alleles. NAT2*4 is the wildtype allele. In the Caucasian
population, -60% of the individuals have two defective NA T2 alleles. The NAT2
presumed phenotypes are classified as fast (homozygous and heterozygous NA T2*4
allele carriers) and slow (homozygous variant allele carriers) acetylators. Pooled
analysis revealed an association between CRC and fast acetylatorship87-89 (excluding
one study, that did not provide the raw numbers90 ).
�
The pooled analysis for geno�pe studies65•81 ·84•8 · 91 - 101 (excluding one study that did
not provide the raw numbers ) detected neither an association between colorectal
adenoma or cancer and presumed fast acetylatorship overall, nor in subgroup
analyses for ethnicity, gender, and tumor localization. Thus, whereas the phenotype
studies showed a positive association between fast acetylatorship and CRC, the
genotype studies revealed no association . A possible explanation for these
conflicting results is that some of the negative studies have been carried out in
Japan, with a high proportion of fast acetylators and a low incidence of CRC.
However, when Asian studies were exluded in the pooled analysis, still no
association was detected between the fast NAT2 genotype and CRC (OR=1 .05, 95%
Cl 0.96-1 . 1 4 ). Furthermore, there is some evidence that phenotype study methods
may be influenced by disease or surgery102• 103 by the specificity of substrates used
and by overlapping activi� of NAT1 . The drug tests are also under the influence of
liver and renal functions. 10 Apart from these explanations for the conflicting results, it
may well be that the result for the combined phenotype studies is falsely positive; as
for the genotype studies pooled analysis was performed on a large sample size
(3,554 cancer patients and 4,070 controls) whereas the pooled analysis for the
phenotype studies is based on a small sample size (201 cancer patients and 223
controls).
NA T1 and NA T2 combined
Two studies examined colorectal adenoma and cancer risk for the genotype
combinations of NAT1 and NA T2. 83•84 No association was detected.
NAD(P)H quinone oxidoreductase (NQ01)
NQ01 is a polymorphic enz�me involved in the detoxification of potentially mutagenic
and carcinogenic quinones 1 5 and HAAs. 106 NQ01 also plays a role in the activation
of the potent antioxidant vitamin K. 107 The homozy�ous C609T genotype, which is
associated with non-detectable NQ01 activity, 1 8· 1 09 is found in 2-20% of
individuals. 1 10
The heterozygous genotype was shown to have a threefold decreased NQ01
activity. 1 1 1 Our ftooled analysis, however, showed no association with CRC for this
polymorphism. 1 2· 113 Another olymorphism (Pro 1 87Ser) generates a null allele and
produces no active enzyme. 1 B4 One study, which did not provide the raw numbers,
found this polymorphism in 1 9% of colon cancer patients and in 20% of healthy
controls. 109
Genes involved in methylation
Imbalanced DNA methylation, characterized by genomic hypomethylation 1 1 5• 1 1 6 and
methylation of usually unmethylated CpG sites, 117• 1 1 8 is observed consistently in
colon cancer. 119
The 5,1 0 methylenetetrahydrofolate reductase (MTHFR)- and the methionine
synthase (MTR) enzyme play an important role in folate and methionine metabolism
and are both important for DNA methylation and synthesis. 1 20

Co/OJ-ecta/ cancer

Table 3. Studies of genetic polymorphisnu with separate analyses for tumor Joc.lization. Signiftcant results are typed in bokt.

Polymorphisms
CYPIAI

Ethnicity

Allele fn:q.

Type of
tumor

Asian

0.39

CRA

Loc. of tumor

Cases (n)

Controls (n)

Risk group

OR

9S�o CI

95

220

wrv

0.7 1

0 4 2 1 .20

0 51

0.27-1 1 9

1.28

0 77-2.12

1.91-6.00

(Mspl RFLP)

lnou etal.u

Prox.

vrv

1 10

220

wrv

Prox.

72

225

Null

3.38

Oist.

103

225

Null

1.66

1.04-2.66

Dist.
GSTMJ

Zhong et al. s•

Deakm et al,u

Katoh et al.60

White

0.42

CRC

White

0.51

CRC

Pmx.

34

200

Null

0 87

0 42-1 80

Oist.

98

200

Null

0 94

0 58-I 53

Wh1te

0.55

CRC

Prox.

82

577

Null

0 79

0 50-I 25

Oist.

64

577

Null

1 06

0 63-1 79

Rect.

94

577

Null

I 16

0 75-1 81

Prox.

48

126

Null

I 19

0.6 1-2.31

Oist.

54

126

Null

2.24

1.15-4.36

79

221

Null

0 74

0.44-1 25

Asian

0.44

CRC

Gertig et a1.6 1

White

0.53

CRC

Prox.
Dist.

92

221

Null

1 .26

0.77-2 07

Slattery et at."

Mixed

0.53

CRC

Prox.

763

1889

Null

0.97

0.82- 1 . 1 5

Oist.

765

1 889

Null

0.89

0.7S-- 1 .05

Dist.

18

45

Prox.

59

355

Null

1.30

0.39-4.33

I II

0.63-1 .94

Dist.

147

355

Null

1 .37

0.92-2.05

Prox.

1 1 37

3593

Null

0.88-1 . 1 5

Oist.

1341

3638

Null

1.01

Prox.

59

355

wrv

Abdei-Rahman et nl.66
Loktionov et al.10

While
White

0.67

CRC

0.59

CRC

0.53

TotaiGSTMI

CRC

0.53

Null

1 .03

0.91-1.17

0.77

0.44-1.36

0.38

0 1 1- 1 . 3 1

GSTPJ

Codon lOS
Loktionov et a1.10

White

0.35

CRC

0151

147

355

vrv

wrv
vrv

0 97

0.64-1 47

I 33

0 72-2 45

GSTTJ

Cheoev1x-Trench et ai.H
Deakin et al.

sa

Genig et al.61

Lokuonov et al.10

Total GSTTI

White
White

White
White
White

0 16
0 18

0 23
0 IS
0 18

CRC
CRC

CRC
CRC
CRC

Prox.

31

148

Null

0 37

0 08-1 68

Dist.

94

148

Null

I OJ

0.51-2 10

Prox.

71

509

Null

I SO

0 84-2 68

Dist.

55

509

Null

2.33

1.28-4.24

Rect.

74

509

Null

1.87

1.08-3.23

Prox.

80

220

Null

0 89

0 48-1 66

Oist.

89

220

Null

0 57

0 29- I J O

Prox.

59

355

Null

1 42

0.7 1-2. 86

OisL

147

355

Null

1 .3 1

0 79-2 1 7

Prox.

241

1232

Null

I 16

0 82-1 64

I 10

0 82- 1 .47

Dist.

385

1232

Null

NAT/
Bell et al.11

White

0.29

CRC

NA 77 genotype

Shibuta et al.91

Asian

0 91

CRC

Prox.

67

1 12

Fast

I 52

0 80-2 87

Dist.

120

1 12

Fast

2.17

1.26-3.72

0 52-2 33

Col.

1 16

329

Fast

I 10

Rect.

1 10

329

Fast

0 66

0 34-1 27

Fast

I 02

0 64-1 61

Hubbard el ol "

Whne

0 41

CRC

Prox.

97

343

Oist.

178

343

Fast

0 72

0 49-1 05

Welfare ct al.n

White

0.43

CRC

Prox.

51

174

Fast

0 92

0 49-1 74

Dist.

62

174

Fast

0.89

0.49- 1.61

Rect.

48

1 74

Fast

0.94

0.49- 1.80

Prox.

29

187

Fast

1 .90

0.69-5.24

Dist.

21

187

Fast

1 .27

0.44-3.63

Sigm/Rect.

166

187

Fast

0.97

0.61-1 .54

Prox.

773

1963

Fast

1.11

0.94- 1 . 3 1

Oist.

789

1963

1 .02

0.87-1.21

40

258

Fast

Nonsogm.
Sogm.

41

258

Fast

2.02

0.35-1.39
1.02-4.00

Rect.

39

258

Fast

I ll

0 57 2 1 8

Lee et al."

Asian

0.72

CRC

Slattery et al."

White

0.41

CRC

Agundez ct al. 111

While

0.46

CRC

Fast

0.70

L
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Controls (n)
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OR

9S�o C I

Prox

961

2738

Fast

1.06

0.91 1 .23

Fast

0.98

0.84- 1 . 1 3

1.14

0.74-1 .75

D1st.

1070

2738

Rect.
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2738

Prox.
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1816

Fast

MTHFR

Slattery et al m

While

O.Jl

CRC

D1st.
1
Marugame et al. 1 1

Astan

0 36

CRA

718

1816

WN
VN

1.00

0.83- 1 . 1 9
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o.ss- t 03

WN
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0.92- 1 32

VN
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0 69-1 .24

Prox.

1 14

220

VN

I 04

0 52 2 09

DilL
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220

VN
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Prox.

40

1 99

E2 allele

2.S2

0.97-6.54

E4 allele

0.39

0.1�.93
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0.32

0 04-2 49
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0.35

0.1�.83
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1.12

0.42-3.0 1
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0.91

0.56-1.48

E2 allele

1.12
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0.28-1 49
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0.33- 1.56
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1.1 1
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0.84
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D1st.

205
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WN
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0.62-2.05

WN
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WN
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0 66-1 43

VN
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WN
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VN
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WN

0.72

0.35-1.47

VN
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WN
VN

1.03

0.73-1.45

0.74

0.45-1 .21

WN

0.83

0.52- 1 .32

VN

I 25

0 7 1-2 2 1

HFE

C282Y
MacDonald et al.190

ALDH2
Mur.ua et al.196

Wh1te

ASIDR

0 OS

0.19
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Table 4. Genetic polymorphisms (reported in one study) and their allele frequencies, total number of colorectal lldenoma and cancer cases and controls published, risk
genolypes with their ORs and 9 5%Cis. Significant results are
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For the conttols. no discrimination was possible for gender

Methylenetetrahydrofolate reductase (MTHFR)
A common polymorphism (C677T) in the MTHFR gene is associated with decreased
enzyme activity, 121 lower plasma folate levels, and increased plasma homocysteine
levels. 122• 123 Enzyme activity is 70% lower in homozygous carriers of the variant allele
and 35% in heterozygous carriers than in homozygous carriers of the wildtype
allele. 121 Pooled analysis did not show an association between adenoma risk and the
polymorphism. 124-131 However, for CRC, a decreased risk was observed for
homozygous carriers of the risk allele. Analysis by gender revealed a decreased
cancer risk for both subgroups, although the association reached significance only for
the males (OR=0.70, 95% Cl 0.55-0.9 1 , females OR=0.86, 95% Cl 0 .6 1 - 1 .22).
The lack of association with adenoma risk suggests that the MTHFR enzyme plays a
role in a late stage of colorectal tumorigenesis. Homozygous carriers of the C677T
polymorphism probably represent a subpopulation with increased folate needs. The
homozygous carriers with adequate folate levels seem to be at lower risk for CRC. 132
However, when folate levels are low (because of low intake or depleted by alcohol
consumption), both DNA methylation and DNA synthesis (as a result of disturbances
in nucleotide synthesis� might be impaired among homozygous carriers, resulting in
an increased CRC risk. 32
Methionine synthase (MTR)
The most common polymorphism of this gene (Asp91 9Giy) alters the amino acid
sequence of the protein at a potentially functional site. 133 However, no difference in
biological function has been reported for this polymorphism. Although decreased
risks were found for two studies, one in women with adenomas 134 and one in men
with cancer, 135 statistical significance was not reached.
Colonic microenvironment modifying genes
Apollpoprotein E (APOE)
The APOE enzyme plays a role in the regulation of cholesterol and bile acid
metabolism. 136 APOE also effects immunoregulation and cell proliferation. 137• 138 The
human APOE gene has three common alleles (E2, E3, and E4). I ndividuals with the E4
allele have higher levels of serum total and low densi� lipoprotein cholesterol,
whereas individuals with the E2 allele have lower levels. 139 • 40 I n the pooled analysis,
no association with colorectal adenoma or cancer was discovered. 40• 1 41 •1 42 However,
in subgroup analyses for localization, decreased risks were found for proximal
adenomas and cancer in carriers of the E4 allele.

Colorectal caflcFJr

Secretory phospholipase 2 (PLA2G2A)
The PLA2G2A gene encodes for secretory phospholipase A2., which is involved in
synthesis of prostaglandins. A possible role for PLA2G2A in CRC susceptibility was
revealed by studies in the Min mouse. The Min mouse, with a germline mutation in
the APC gene, is a model for FAP. Mutations in the PLA2G2A gene dramatically
increase the number of intestinal polyps in the Min mouse. Fourteen patients with
FAP and 20 patients with sporadic CRC were screened for PLA2GA2 germline and
somatic mutations. 143 In one sporadic CRC patient, a frameshift germline mutation
was detected. The wildtype allele was somatically lost in the tumor of this patient.
Because this loss of heterozygosity (LOH) did not include a flanking microsatellite
locus (01 8436), the authors concluded that the homozygous loss of the PLA2G2A
gene itself might have contributed to cancer development. This marker was located
telomeric to the PLA2G2A gene, the region centromeric to the gene was not
examined for LOH. Two polymorphisms have been described in the PLA2.G2A gene,
one in exon 1 and one in exon 3. Both polymorphisms are unlikely to have any
functional effect. 144 No association was found in the one study that examined both
polymorphisms. 144
Oncogenes and tumor suppressor genes
HRAS1
The proto-oncogene HRAS1 encodes a protein involved in mitogenic signal
transduction and differentiation. 145 The HRAS1 gene is highly polymorphic in the
human population. 146 It encompasses four exons with a variable number of tandem
repeats (VNTR) region at the 3' end, 147 with four common alleles and dozens of
variants. Each variant is derived from the common allele nearest in size to it. 146
Allele-specific effects have been observed . 149 The available studies for the HRAS1
polymorphism were heterogenous; the number of different HRAS alleles range from
5 or 6 to >20 according to different authors, and this situation makes it difficult to
compare data obtained in different laboratories. However, in most studies there are
four common alleles, and the rest of the alleles are listed as rare. Our pooled
analysis revealed that the rare HRAS1 alleles were associated with a moderately
increased CRC risk. 1 5D-1 54
L-myc
The L-myc gene encodes a DNA-bindin� , nucleus-associated protein that is
sometimes activated late in tumorigenesis. 1 5 A polymo�hism has been described in
this gene, with a large (L) allele and a small (S) allele. 1 5 There is no evidence for the
functional significance of this polymorphism.
No association with CRC was observed, regardless whether the studies were
analyzed separately or combined. 57•1 57-1 59

Tp53
The 1jg53 gene plays a role in the protection against replication of damaged
DNA. 1 • 161 Somatic mutations in the Tp53 gene have been found in many tumor
types , 1 62· 1 63 including CRC. 1 64 Three different Tp53 polymorphisms (i.e. , in i ntron 3,
exon 4, and intron 6) have been studied in CRC patients. All three polymorphisms
exhibit strong linkage disequilibrium with each other. 165 The exon 4 polymorphism
appears to be functionally relevant, because the wildtype allele (Arg) has in vitro a
weaker affinity for several transcription activating factors. 1 66 Although the functional
significance of the intron 3 and intron 6 polymorph isms is unclear, intronic sequences
in Tp53 have been implicated in the regulation of gene expression and in protein
interactions. 1 67• 1 66

In one study, all three polymorphisms were examined 169 and, in another study, only
the exon 4 polymorphism. 170 The only association found with polymorphisms
individually, was with the intron 3 polymorphism. 169 For both heterozygous and
homozygous carriers of the variant allele, a decreased CRC risk was detected,
although only the OR for heterozygous carriers reached significance. 169 The same
study examined all three polymo'fshisms and analyzed the three possible
combinations of two polymorphisms. 1 9 For the haplotype composed of two variant
alleles, decreased CRC risks were detected for all three possible combinations,
although for only one combination, significance was reached (combination intron 3
and exon 4, OR=0.49, 95% Cl 0.28-0.85). For the two haplotypes composed each of
one variant allele and one wildtype allele, increased risks were found for all three
combinations. Two combinations reached significance, i.e. , the combination of intron
3 and exon 4 (OR= 1 . 80, 95% Cl 1 .26-2.58) and that of exon 4 and intron 6
(OR=1 .66, 95% Cl 1 . 1 4-2.42). When the genotypes were combined for all three
polymorphisms, an association was observed for carriers of two variant alleles
(OR= 1 .85, 95% Cl 1 .07-3.22) and three variant alleles (OR=2.44, 95% Cl 1 .4 1 -4.22).
No explanation was given for these conflicting results. One possible explanation is,
that the polymorphisms themselves are nonfunctional but in linkage disequilibrium
with other variants. However, the small sample size of the Tp53 studies might also be
an explanation.

Genes involved in the immune response
Tumor necrosis factor (TNF)-a and TNF-13 play an important role in the inflammatory
response. 171 •172 The TNF cytokines are well known for their cytotoxic and antitumor
activity. However, some of their properties such as enhanced angiogenesis and up
regulation of adhesion molecules could be advantageous for cancer development.
I ncreased serum TN F-a levels have been described in cancer patients, including
those with colon cancer. 173• 174
TNFa
One polymorphism (TNFa) in the vicinity of the TNFa gene has 1 4 different alleles
(a1 -a1 4).
It has been a matter of controversy, whether or not the a2 allele is associated with a
change in TNFa production. The a6 allele was associated with lower TN Fa secretion
from activated monocytes. 175 Two other polymorphisms in the TNFa promoter region
have been described at position -308 (G to A substitution) and -238 (G to A
substitutionr The -308 polymorphism is associated with increased TNFa
production, 76 whereas the functional significance of the -238 polymorphism is
unknown. In the pooled analysis for the TNFa polymorphism, associations with CRC
were detected for the a2, the a5 and the a 1 3 alleles of the TNFa polymorphism. 177• 178
The studies for the -308 and -238 J>olymorphisms revealed no association with CRC
separately or when combined. 179• 1 8
Genes involved in iron metabolism
Experimental, clinical and epidemiological investigations have shown that iron can
influence carcinogenesis. 181 Increased body iron stores have been associated with
an increased colorectal adenoma and cancer risk. 1 82-1 84 A number of genes is
involved in iron metabolism, including the hemochromatosis gene (HFE) and the
transferrin receptor ( TFR) gene.
HFE
Two point mutations (Cys282Tyr and His63Asp) have been detected in the HFE
gene in hereditary hemochromatosis (HH). Over 80% of the HH patients is
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homozygous for the Cys282Tyr mutation. 185 Heterozygous carriers, comprising 1 5%
of the American o�ulation have, on average, increased iron stores as compared
with noncarriers. 1 R· 1 7 In a study of 1 950 HH heterozygotes (parents of HH patients,
genotype unknown) and 1 ,656 controls, an increased CRC risk was detected in
males (OR=1 .28, 95% Cl 1 .07-1 .53) and an increased colorectal adenoma risk in
females (OR=1 .29, 95% Cl 1 .08-1 .53). 1 87 The other studies that examined the
Cys282Tyr genotype found no association with CRC separately or combined. 1 88"190
The study of HH heterozygotes was not included in the pooled analysis because of
the difference in study design. The His63Asp genotype was examined in one of these
studies. 1 88 No association was found .

Other genes
Aldehyde dehydrogenase 2 (ALDH2)
The ALDH2 gene encodes a mitochondrial enzyme responsible for the oxidation of
acetaldehyde that is generated in alcohol metabolism. This is of interest as
acetaldehyde induces cytotoxicity191 and DNA damage192 and enhances folate
deficiency. A polymorphism in codon 487 only prevalent in Asians dramatically
diminishes the enzyme activity. 193 Homozygous carriers of the variant alleles are
highly intolerant to alcohol and, consequently, do almost not drink alcohol. The
tolerance of heterozygous carriers is intermediate. In an alcohol-challenge study,
heterozygous carriers of the variant allele had blood acetaldehyde concentrations
almost six times higher than homozygous carriers of the wildtype allele.194 Our
pooled analysis for this polymorphism revealed increased CRC risks for
heterozygous as well as for homozygous carriers of the risk allele. 195· 1 96
Vitamin D receptor (VDR)
The VDR belongs to the steroid/thyroid receptor family. Apart from the regulation of
calcium metabolism, vitamin D 3 plays an essential role in cell proliferation and
differentiation in several tissues including colonic epithelium. 197 Several
polymorphisms have been described in de VDR gene. The Bsm/ polymorphism is
located in the 3' region of the gene and the Fok/ polymorphism is located in the start
codon. These polymorphisms are not in linkage disequilibrium. 198 The Bsm/
polymorphism a�pears to have phenotypic consequences for calcium and vitamin D
metabolism.199-2 The Fokl polymorphism produces receptor variants differing in size
and activity.202 For both polymorphisms, no association with colorectal adenoma and
cancer was found for the studies separately or when combined. 203-205
Combination of polymorphisms in different genes
N ine combinations of two polymorphisms in different genes were studied. Two of
these combinations, i.e. , the combination CYP1A2 and NA T2 (OR=2.77, 95% Cl
1 .5 1 -5.06), 30 and GSTT1 and NA T2 (OR=2.33, 1 . 1 5-4.72), 68 showed an association
with CRC risk for the combined high risk genotype. However, another study found no
association with CRC risk for the CYP1A2 and NA T2 combination. 206 U nfortunately,
the raw numbers were not provided. For the other combinations, i.e., CYP1A 1 and
GSTM1,38 GSTM1 and NAT1,75 GSTM1 and NA T2,65 GSTP1 and NAT1/5 GSTT1
and NA T1,75 GSTM1 and L-myc,57 and the combination HFE and TFR, 189 no
associations with CRC were found.
One study examined the combination of polymorphisms in three genes, i.e. ,
CYP1A 1 , CYP2E1, and GSTM1. 42 The genotype of the three variant alleles was
associated with an increased CRC risk (OR=4.62, 95% Cl 1 .29-1 6.54 ).

Hereditary nonpolyposis colorectal cancer (HNPCC)
In two studies, the GSTM1 and GSTT1 polymorphisms were examined in HNPCC
patients. 64·207 In the first study, which compared 26 unaffected and 48 cancer affected
HNPCC mutation carriers, neither an association was observed between the null
genotypes (separately or combined null) and the occurrence of cancer, nor with the
age at onset of the tumor or localization of the tumor. 207 In the second study only 1 1 4
affected HNPCC mutation (MLH1 exon 1 6 deletion) carriers were examined and no
unaffected mutation carriers. 64 Both of the null genotypes were associated with a
younger age at onset. Furthermore, the GSTT1 null genotype and the combined null
genotype were associated with a proximal tumor localization.
In the first study, also the NA T2 genotype was examined. 207 An increased CRC risk
was observed for carriers of the slow NA T2 acetylator genotype, whereas no
association was found with age at onset of CRC. The second study also examined
the NA T1 genotype. 64 The NA T1 *10 genotype was associated with a younger age at
onset and with a distal colon tumor localization.
The exon 4 polymorphism in the CCND 1 gene was examined in two studies in
HNPCC mutation carriers. 208•209 I n the first study in 49 affected and 37 unaffected
mutation carriers, patients with the AA or A G genotypes were 2.5 times more likely to
develop CRC at any age than were patients with the GG genotype. 208 Also an
association was observed between variant allele carriers and the age at onset.
However, in another study in 1 46 affected mutation carriers, no association was
found with the age at onset. 209
In a study in 43 affected and 24 unaffected HNPCC mutation carriers, the A TM
1 853N genotype was associated with a higher incidence of CRC and other HNPCC
related cancers (OR=8.90, 95% Cl 1 .08-73.44) but not with a younger age at
diagnosis. 210
Familial adenomatous polyposis (FAP)
The genotypes of 46 mutation carriers and 31 non-carriers from a FAP kindred were
determined at 1 4 microsatellites surrounding the PLA2GA2 locus on chromosome
1 p35-36. 21 1 The development of extracolonic symptoms was associated with one of
the markers. However, this marker (01 82 1 1 ) was far apart (27 eM ) from the
PLA2GA2 locus. In another study, a polymorphism in exon 3 in the PLA2GA2 gene
was associated with relatively severe colonic FAP. 1 44 Two other studies detected no
associations between the PLA2G2A gene and the colonic212 or extracolonic
phenotype213 of FAP.
Discussion
Many studies have shown that polymorphisms in a significant number of genes affect
CRC risk. Recently, Houlston et al. 214 described an analysis similar to ours. Whereas
they studied 21 polymorphisms in 1 5 genes, we studied 48 polymorphisms in 35
genes. Houlston et al. concluded in their review that HRAS1-VNTR, MTHFR variants
and APC variants represent the strongest candidates for low-penetrance
susceptibility alleles identified to date. We also found an increased risk for the first
one and a decreased risk for the second, with similar ORs to the ones they reported .
We did not stud� the APC-1 1 307K polymorphism.
Houlston et al. 2 4 did not find an association for the GSTT1 gene. In contrast, our
pooled analysis revealed a significant association between this gene and CRC,
although the increase in risk we detected was small to moderate. This discrepancy is
probably attributable to the larger sample size that we included in our analysis.
Significant associations were found for three other polymorphisms in our pooled
analysis, namely the intron 3 polymorphism in the Tp53 gene, the TNFa
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polymorphism in the TNFa. gene and the polymorphism in the ALDH2 gene. Houlston
et al. only addressed the Tp53 polymorphism and not the other two.
Furthermore, tumor localization and gender were considered separately in our review
and studies examining the effects of modifier genes in HNPCC and FAP patients
were included.
We examined 30 polymorphisms in 20 different genes, described in more than one
study, whenever possible by pooled analysis. This revealed an association with CRC
for seven polymorphisms in seven genes. As mentioned above, increased CRC risks
were found for the polymorphisms in GSTT1, NA T2 (phenotype), HRAS1, TNF-a. (a2
allele of the TNFa polymorphism) and ALDH2, with PARs ranging from 4 to 37%.
Decreased CRC risks were found for MTHFR, Tp53 (intron 3) and TNF-a. (a5 and
a1 3 allele of the TNFa polymorphism). For most of these polymorphisms, except for
GSTT1 and MTHFR, the pooled analysis was performed on a small number of cases,
ranging from 1 55 to 399, resulting in low statistical power. Because of this, the
associations with CRC are not firm. Much larger sample sizes are needed in order to
confirm or to refute the described associations. For the MTHFR polymorphism, the
pooled analysis was performed on a large sample size (for adenomas 1 ,461 cases
and 2,088 controls, for cancer 2,064 cases and 3,229 controls). Therefore, there is
strong evidence for the decreased CRC risk associated with this polymorphism. For
the GSTT1 polymorphism, the pooled sample size was intermediate (1 ,490 cases
and 2,026 controls).
The pooled analysis for 24 polymorphisms in 1 6 genes, reported in more than one
study, namely CYP1A 1 (m1 and m2), CYP2D6, CYP2E1 (G1 259C and intron 6),
GSTM1, GSTP1 (codon 1 05 and 1 1 4), NA T1, NA T2 (genotype), NQ01, MTR,
APOE, PLA2G2A (exon 1 and 3), L-myc, Tp53 (exon 4 and intron 6), TNF-a. (-308
and -238), HFE (C262Y and H63D) and VDR (Bsml and Fokl) revealed no
association with colorectal adenoma and/or cancer. For the polymorphisms with large
sample sizes, i.e. , GSTM1 and NA T2 (genotype), an association with colorectal
adenoma and cancer can be excluded. For two polymorphisms, i. e., NA T1 and
APOE, with pooled analysis performed on an intermediate sample size, there is
probably no association with colorectal adenoma and cancer, although an
association can not be completely excluded. Indeed, subgroup analysis for
localization for the APOE polymorphism revealed a decreased proximal colorectal
adenoma and cancer risk in carriers of the E4 allele, although the sample size of this
subgroup was small (1 09 proximal adenomas with 4 1 9 controls and 41 proximal
carcinomas with 1 99 controls).
For all other polymorphisms, with small sample sizes ranging from 27 to 862 cases,
an association with colorectal adenoma and cancer is still unknown.
Eighteen oolymorohisms in 1 5 genes, i.e. , CCND 1,215 CYP1A2,30 CYP181,37
CYP2C9,2 16 DCC, 217 Eo h 82,218 ER (Pvu/1 and Xba/1,205 GSTM3,70 mEPHX (exon 3
2
M
and exon 4),219 TFR, 1 TGFB1,220 TNF-�,175 TSER, 21 uPA�22 and XRCC1 (codon
1 94 and codon 399)223 are each described in only one study, all with very small
sample sizes ranging from 31 -206 cases (Table 4). For 1 1 polymorphisms in 1 0 of
these genes an association with colorectal adenoma and/or cancer was found,
whereas no association was found for the other seven polymorphisms in five genes.
To replicate positive studies for polymorphisms described in only one study, a
sample size of roughly four times that of the initial study is needed to conclude from a
positive study that the original effect is likely to be an artifact.24
Five studies examined the role of certain polymorphisms in HNPCC mutation
carriers.64•207-210 Although associations were found, some results were conflicting and
the sample sizes were too small to draw firm conclusions.
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The PLA2G2A gene region (chromosome 1 p35-36) was examined in FAP patients.
Although a modifier gene was likely to exist in the chromosome region 1 p35-36, it
was doubtful whether the PLA2G2A gene itself was this gene.
Because the products of several genes interact (almost half of the reviewed genes
are metabolic pathway genes), interactions between the genes with respect to cancer
risk are likely. For polymorphisms not associated with colorectal adenoma or cancer
when studied separately, an association with colorectal adenoma or cancer is still
possible in combination with other polymorphisms. Nine combinations of two
polymorphisms in different genes were described. For two of these combinations, an
association with CRC was shown with the combined high risk genotypes of CYP1A2
and NA T230 and of GSTT1 and NAT2.68 However, all studies were performed on
small sample sizes, resulting in low statistical power. One study examined the
combination of polymorphisms in three genes, i. e., CYP1A 1 , CYP2E1 and GSTM1.42
The genotype of the three variant alleles was found to be associated with an
increased CRC risk, but again the sample size was small.
With regard to the pooled analyses, some notes have to be made. Most important is
the possibility of publication bias. In general, negative findings might be more difficult
to get published. Another important issue is the pooling of the results of the different
ethnicity groups, because in many studies the ethnicity of subjects is not resorted.
Linkage disequilibrium for certain variants often differs between populations. 24 The
overall risk for all samples may therefore be invalid, when the variant itself is non
functional, but in linkage disequilibrium with some other functional variant. In most
studies, no distinction is made between gender and localization of the tumor. Several
lines of evidence suggest that proximal and distal CRCs may differ at least partly in
their etiology.225•226 Thus, it is possible that different genes play a role in proximal as
compared to distal CRC. This may also be true for women versus men. In our pooled
analysis, external variables like dietary or lifestyle factors are not taken into account.
It is possible or even likely that some of the candidate low-penetrance genes only
contribute to CRC in combination with certain dietary and/or lifestyle factors.
In conclusion, truly reliable judgements on these associations should for most of the
candidate low-penetrance genes be based on much larger numbers of affected and
unaffected subjects than we were able to study with available data from the literature.
Actually, before a study is performed , the sample size required to detect an
association with sufficient power should be calculated. It is important to realize then
that the genetic effect or OR is often overestimated resulting in too small samples
after all.
Only simultaneous genotyping and combined analysis of different polymorphisms in
large numbers of patients and controls, stratified by ethnicity, gender and tumor
localization, and taking relevant dietary and lifestyle habits into account, will make it
possible to describe the exact relations between polymorphisms and CRC
susceptibility with an adequate power.
The ability to identify these genes and to understand their interactions with other
relevant environmental, endogenous, and genetic factors is important. It will help to
identify high-risk individuals for entry into surveillance programs and to reveal
causative factors, allowing more effective prevention strategies, 93 thereby reducing
the morbidity and mortality of CRC.227
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Abstract
Recently, we found a certain haplotype in the HLA class I l l subregion to be
associated with breast cancer. Epidemiological studies have shown that breast
cancer and colorectal cancer (CRC) have several risk factors in common. I n view of
these studies and because polymorphisms located in the HLA I l l region have been
found to be associated with CRC, we wondered whether the same region also is
involved in CRC susceptibility. Therefore, the HLA region was genotyped with 1 4
microsatellite markers i n germline DNA from 643 CRC patients and 841 family-based
controls. Association analyses and the Haplotype Sharing Statistic were used to
search for differences between patients and controls. Subgroup analyses were
performed for gender, age at diagnosis, and localization of the tumor. The Haplotype
Sharing Statistic revealed neither a difference in mean haplotype sharing between all
patients and controls, nor in any of the subgroups. The single allele, genotype and
two-locus association analyses for all patients and for the different subgroups did not
show an association with CRC for the 1 4 microsatellite markers. Also, no association
was observed between the TNF� polymorphism and CRC. In conclusion, no
association was observed between commonly occurring haplotypes and alleles in the
HLA region and CRC risk.
Introduction
Familial adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal cancer
(HNPCC) account for <5% of CRC susceptibility. Germline mutations in genes
causing these cancer syndromes are not responsible for the twofold increased risk in
first-degree relatives of sporadic CRC patients. These risks most likely are caused by
low penetrant CRC susceptibility genes or by low penetrant mutations/variants in one
of the high penetrant CRC genes causing FAP or HNPCC. Lifestyle, dietary habits,
and other exogenous factors are other main determinants for cancer risk. CRC and
breast cancer have several of such exogenous risk factors in common. This could be,
at least in part, because of common hereditary risk factors. 1 Recently, we found the
HLA class I l l subregion to be involved in susceptibility to breast cancer. 2 We
wondered whether a similar association could be present with CRC. Reasons to
suspect this are the reported associations of polymorphisms in the TNFa and TNF�
genes, which are located in the HLA class I l l region, with CRC. 3 Therefore we
studied the HLA region in a large group of unselected CRC patients and controls.
This is the largest study so far investigating the HLA region in germline DNA for CRC
risk. It also is the first study of the HLA region performing subgroup analyses for
gender, age at diagnosis, and localization of the tumor.
Subjects and Methods
Both patients and family-based controls participated in a study designed to detect
CRC susceptibility genes. All participants were Caucasian and were living in the
Northern part of the Netherlands. CRC patients were identified through the cancer
registry of the Comprehensive Cancer Center Northern Netherlands and
subsequently invited to participate in the study by their physician, either in the
outpatient clinic or by a letter. Cases were diagnosed since 1 989 and were included
between December 1 998 and December 2002, irrespective of family history. About
60 percent of the invited subjects consented to participate. A positive family history
for CRC was reported by 30 percent of participants. All DNA-samples and data in this
study were handled anonymously, and individuals were aware that they would not be
informed about individual test results. The Medical Ethical Committees of the
participating hospitals approved the study. All included patients and controls gave
written informed consent.
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Family members, preferably the parents or a child and the spouse were included in
the study to provide linkage phase and control haplotypes. When DNA from parents
was available for phase determination of the alleles, the nontransmitted haplotype
from each parent was used as control.
If DNA was obtained from a child and a spouse, both haplotypes of the spouse were
regarded as controls. In case of one family member (a parent, child or sibling), the
haplotype not present in the patient was used as a control haplotype.
Fourteen microsatellite markers in the HLA region at 6p21 were used for genotyping:
6SL001 , 6SL002, DNRNGCA, RING3CA, D6S2444, G51 1 525, D6S1 666, D6S2670,
TNFA, M ICA, D6S2694, D6S2699, D6S265, and D6S478 (Figure 1 ). 2.4 In addition, a
TNF� polymorphism (intron 1 ) was examined. Subgroup analyses were performed for
gender, age at diagnosis (S50 and >50), and localization of the tumor (right, left, or
rectum). The patient and subgroup characteristics are shown in Table 1 .
After genotyping all individuals for the 1 4 markers, the set of haplotypes present in
patients and the set of the control haplotypes were determined. Single allele,
genotype and two-locus association methods were performed. For these analyses,
the frequencies of the different alleles, genotypes and two-locus haplotypes,
respectively, were compared between patients and controls using a t-test to assess
significant differences.
In addition the Haplotype Sharing Statistic (HSS) was used, because this extracts
different information from the data. 5 The validity of this method has been
demonstrated previously in simulation studies and empirical data. 2•5 The HSS
analyses the length of haplotype similarity and assumes that haplotype segments of
patients from a well-defined founder population are conserved in the region spanning
a disease locus. In contrast, control individuals are not expected to have conserved
haplotypes centered at that particular locus. Therefore, it is hypothesized that
patients display an excess of haplotype sharing.6 Haplotype sharing is defined as the
number of consecutive overlapping intervals between haplotypes as compared with
controls. This excess is expected to be maximal at the marker loci closest to the
susceptibility or disease locus.
As a test of linkage disequilibrium (LD), the D' for multi-allelic markers was used. The
significance of the observed D' value was assessed by randomization. For each
locus, the observed alleles were randomly distributed over the haplotypes. The
significance of the observed D' value was determined by the fraction of 1 000
randomizations that revealed a larger D' value.
For the subgroup analyses, each subgroup was compared with the entire control
group, assuming random mating and no stratification in the population. All P values
were corrected for 70 tests, i.e., 1 4 markers and 5 subgroups, using a Bonferroni
correction. The study design and statistical methods are nearly identical to that of our
study on breast cancer.2

Results and Discussion
A total of 643 patients and 841 family-based controls were studied. The median age
at diagnosis was 65 (range, 25-87) years. All markers proved to be in Hardy
Weinberg equilibrium.
Strong LD was observed in patients and controls for the whole region studied (P
value <0.001 ). The HSS analysis revealed neither a difference in mean haplotype
sharing between all patients and controls nor in any of the subgroups (Table 1 ). The
single allele, genotype, and two-locus association analyses for all patients and for the
different subgroups did not show an association with CRC for the 1 4 microsatellite
markers (Table 1 ). Also, no association was observed between the TNF�
polymorphism and CRC.
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Figure 1: Map of markers and genes in the region constructed according to the published sequence of
4
the HLA region and other available sources (the NCBI and the Celera map). The positions of the
markers used for analysis are indicated above the bar and the genes (in italic) below the bar. The
distances indicated on the scale are in megabases.
Table 1 . Patient and subgroup characteristics.

"
Marker with most significant P value
Number of individuals Association analysis
H88
841
68L002
68L001 (0.94)
643

Family members I controls
Patients
'
Localization of the tumor
right
231
0681 666 (1 .00)
left
207
68L001 (1 .00)
rectal
1 94
68L001 (0.89)
Gender
male
340
0682444 (1 .00)
female
303
68L001 (0.56)
Age at diagnosis
S50
68
MICA (1 .00)
>50
575
68L001 (0. 79)
•p values corrected for 70 tests using a Bonferroni correction
b
Data on localization of the tumor was missing in 1 1 patients

68L002
0682694
068478
68L002
0681 666
68L001
68L002

Co/orectal cancer and HLA

The present study had adequate power to detect an OR of 2 . 0 for dominant
associations and an odds ratio (OR) of 5.0 for recessive ones. To exclude rare
polymorph isms (genotype frequency < 2%) or polymorph isms associated with a
moderate increase in CRC risk (OR between 1 .5-2.0), a much larger sample size
would have been needed. 3 However, variants with a relatively high population
attributable risk are excluded.

Conclusion
No association was observed between commonly occurring haplotypes and alleles in
the HLA region and CRC risk.
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Abstract
The CHEK2 1 1 OOdeiC mutation was recently identified as a low-penetrance breast
cancer susceptibility allele. The mutation occurred more frequently in families with
clustering of breast and colorectal cancers (CRCs) than in families with clustering of
breast cancer only. Hence, the 1 1 OOdeiC mutation could also be a low-penetrance
CRC susceptibility allele. To test this hypothesis, we examined the mutation in 629
unselected CRC cases, 230 controls and 1 05 selected CRC cases diagnosed before
age 50. The mutation was observed in 1 .6% of unselected patients and in 0.3% of
controls (Not significant (NS)). After stratifying unselected patients according to
defined genetic risk (based on age at diagnosis and family history of CRC and
endometrial cancer), the highest frequency was observed in high-risk ( 1 2.5%),
followed by moderate-risk patients (3.3%), and lowest in low-risk patients ( 1 .0%,
Ptrend 0.014 ). In selected patients, 1 .6% carried the mutation (NS). Subgroup
analyses for tumor localization, gender, and age at diagnosis did not reveal an
association with the 1 1 OOdeiC genotype. In addition, a pooled analysis, combining
data of one published study in unselected CRC cases and our study, also did not
reveal an association. In conclusion, the frequency of the 1 1 OOdeiC genotype was
neither significantly increased in unselected CRC patients nor in selected CRC
patients diagnosed before age 50. However, after stratifying unselected CRC
patients according to defined genetic risk, a significant trend of increasing frequency
was observed. Together, the results are consistent with a low-penetrance effect (OR
1 .5-2.0) of the CHEK2 1 1 OOdeiC on CRC risk. Large case-controls studies are
required to clarify the exact role of the CHEK2 1 1 OOdeiC mutation in CRC.
Introduction
CRC (CRC) is one of the leading causes of cancer death in the Western countries. It
is a multifactorial disease, with dietary and lifestyle habits on the one hand, and
hereditary predisposition on the other, as contributing factors. First-degree relatives
of sporadic CRC patients have a twofold increased cancer risk, which cannot be
explained by the known CRC syndromes, that is familial adenomatous polyposis
(FAP), MYH (human homologue of bacterial MutY)-polyposis and hereditary
nonpolyposis CRC (HNPCC). It is likely that low-penetrance alleles/mutations in
several, as-yet-unknown, genes are involved . The CHEK2 gene, recently identified
as a breast cancer susceptibility gene, 1 -3 could also be a candidate gene for CRC
susceptibility.
The CHEK2 gene encodes the human homologue of the Cds1 and RAD53
checkpoint kinases. In response to ionizing radiation-induced DNA damage, CHEK2
is activated by ataxia telangiectasia mutated (ATM) and in turn stabilizes several
substrates including TP53 and BRCA1 by phosphorylation, which leads to cell cycle
arrest, activation of DNA-repair or apoptosis (reviewed by Bartek et a1.).4
An increased genotype frequency of the CHEK2 1 1 OOdeiC mutation was reported in
familial breast cancer cases without BRCA 112 mutations 1 •2 and in unselected breast
cancer cases. 3 The 1 1 00deiC mutation occurred even more frequently in families
with clustering of both breast cancers and CRC compared to families with clustering
of breast cancer only. 5
To evaluate the effect of the 1 1 00deiC mutation on CRC risk, we examined the
CHEK2 1 1 OOdeiC mutation in a large sample of unselected CRC cases, in selected
CRC cases diagnosed before age 50 and in controls.
Patient and methods
CRC patients and controls
Unselected CRC cases (n=629), selected CRC cases (n=1 05) and controls (n=230)
were examined. The unselected CRC patients and controls participated in the
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SCOPE study, which aimed to detect CRC susceptibility genes. The controls were
the spouses of the unselected CRC patients. All participants were Caucasian and
were living in the northern part of the Netherlands. CRC patients were identified
through the cancer registry of the Comprehensive Cancer Center Northern
Netherlands and were subsequently invited to participate in the study by their
physician, either in the outpatient clinic or by letter via mail. Cases were diagnosed
after 1 989 and were included between December 1 998 and December 2002,
regardless of family history or age at diagnosis. About 60% of the invited subjects
consented to participate. Patients completed a questionnaire that included questions
on family history of colorectal and endometrial cancer. A positive family history (first
or second-degree relative) for CRC was reported by 30% of participants. No attempts
were made to confirm cancer diagnoses in relatives.
All DNA-samples and data in this study were handled anonymously and patients
were aware that they would not be informed about individual test results. For the
SCOPE study, the unselected CRC patients were not screened for mutations in the
mismatch-repair (MMR) genes.
To study the 1 1 OOdeiC mutation in different genetic risk groups, the unselected CRC
cases were assigned to high, moderate or low genetic risk groups based on age at
diagnosis and on family history of colorectal and endometrial cancer. Families
fulfilling the modified Amsterdam criteria were labeled high-risk. 6 Patients with an age
at diagnosis before 50 years or at least 2 first- or second-degree relatives with CRC
(on the same side of the family) and not fulfilling the high-risk criteria were labeled
moderate-risk. 7-9 The remaining patients were considered low-risk. Subgroup
analyses were performed for tumor localization (proximal, distal, or rectal), gender,
and age at diagnosis (before and after 50 years of age).
In addition, a pooled analysis was performed for the CHEK2 1 1 OOdeiC mutation and
CRC by combining the data of the one published study that genotyped the mutation
in unselected CRC patients1 0 and data of the unselected CRC patients in the present
study. In the pooled analysis, subgroup analysis was performed for sporadic and
familial CRC cases, with the latter defined by the earlier study as patients with at
least one first-degree relative affected by CRC. 1 0
A second group of CRC patients (the selected patients) was included in this study.
These patients participated in another study on the role of MMR gene mutations in
individuals suspected of having HNPCC. 1 1 One of the inclusion criteria was CRC
diagnosed before the age of 50 years. The selected patients were screened for
MLH1, MSH2 and MSH6 germline mutations, and patients having no observed
pathogenic mutation in one of the MMR genes were included in the present study.
The Medical Ethical Committees of the participating hospitals approved both studies.
All included subjects gave written informed consent.

Genotyping
DNA was extracted from 20 ml EDTA-blood following standard procedures and
stored at -8o·c. PCR primers to amplify the 1 1 OOC/1 1 OOdeiC site were based on the
published gene sequence and chosen with Primer3 software (http://www
genome.wi.mit.edu/cqi- bin/primer/primer3 www. cgi). Primer sequences were
checked for specificity using BLAST (http://www . ncbi. nlm.nih.gov/). The forward
primer was
ATCACCTCCTACCAGTCTGTGC
and
the
reverse
primer
GCAAGTTCAACATTATTCCCTTT. PCR reactions were performed in a volume of 1 0
J.JI, which included -25 ng of DNA. For each polymerase chain reaction (PCR), 0.5
units Taq DNA polymerase (Amersham Pharmacia Biotech, Uppsala, Sweden) were
used to amplify the fragments. Reaction mixtures contained 0.2 mM dNTP (Roche
Diagnostics, Mannheim, Germany), 2.5 mM MgCb, 1 0 mM Tris-HCI (pH 9.0), 50 mM
KCI (Amersham Pharmacia Biotech) and 0.25 J.JM of each primer, with the 5' primer

labeled with fluorochrome 6-FAM (Sigma, Malden, the Netherlands}. Cycling was
performed on a PTC-225 thermal cycler (MJ Research, Waltham, MA) and a
PrimusHT (MWG Biotech, Ebersberg, Germany). A standard protocol was used for
amplification. A 2.3 �I sample of the PCR product was mixed with 2.5 �I MilliQ and
0.2 !JI ET-400R size standard (Amersham Pharmacia Biotech) and separated on a
MegaBACE 1 000 capillary sequencer (Amersham Pharmacia Biotech} according to
the manufacturer's protocol. Results were analyzed using Genetic Profiler, version
1 . 1 (Amersham Pharmacia Biotech). Scoring of the alleles was performed blinded for
status of whether affected.

Statistical methods
Present study
For the genotype association analysis, the frequencies of the genotypes were
compared between patients and controls using the chi-square test or, when one or
more of the expected numbers were smaller than five, a Fisher's exact test. A chi
square trend analysis on the different genetic risk groups was used to test whether
the frequency of heterozygotes increased with genetic risk.
An ANOVA test was performed using age at diagnosis as dependent variable with
the CHEK2 1 1 OOdeiC genotype as factor.
For the subgroup analyses, each subgroup was compared with the entire control
group, assuming random mating and no stratification in the population.
A multiple testing correction was performed for three tests in the unselected patients,
in the selected patients and in the trend analysis and for six tests in the subgroup
analyses, using a Bonferroni correction. The odds ratios (ORs) and 95% confidence
intervals (Cis) were calculated , without adjustment for external variables, also
corrected for three or six tests.
Pooled analysis
We tested the population studied by Kilpivaara et al. 10 and our own group for
homogeneity of the CHEK2 1 1 OOdeiC genotype frequency in order to validate pooling
of the samples by means of the chi-square test with one degree of freedom. Both the
case and control samples were sufficiently homogenous for the CHEK2 1 1 OOdeiC
genotype frequency (P value 0.22 and 0.23 respectively} for pooling to be valid.
Therefore, the raw data from both studies on frequency of the CHEK2 1 1 OOdeiC
genotype were combined. In addition, subgroup analysis was executed for a family
history of CRC, as defined by Kilpivaara et al. 10 A multiple testing correction was
performed using a Bonferroni correction, implying that the reported P values and Cis
were corrected for three independent tests. The ORs and 95% Cis were calculated,
without adjustment for external variables. 1 2
Results
A total of 629 unselected CRC patients, 1 05 selected CRC patients, and 230 controls
were studied. The mean age at diagnosis was 64.5 years (range 25 - 87) in the
unselected patients and 42.4 years (range 20 - 49) in the selected patients.
In the unselected CRC patients, the 1 1 OOdeiC mutation was detected 1 0 times
(1 .6%, Table 1 ). This frequency was not significantly different from that in controls
(0.4%). However, when the patients were stratified according to assumed genetic risk
group (low, moderate or high}, the highest frequency was observed in the high-risk
group (1 of 8, 1 2 .5%), fol lowed by that in the moderate-risk group (4 of 1 23, 3.3%),
with the lowest frequency in the low-risk group (5 of 498, 1 .0%). This trend of
increasing frequency was significant (Ptrend 0.014). When we excluded patients that
fulfilled the criteria for the high-risk group, that is the Amsterdam criteria, because of
a first-degree relative with endometrial cancer, the trend remained significant (Ptrend
0.039).
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Table 1. The CHEK2 1 1 00deiC variant in CRC cases and controls.

Individuals positive for the 1 100deiC
OR
95% Cl
varianU total number of individuals (%)
"
1/230 ·
(0.4%)
1
Controls
Unselected CRC cases
1 0/629
(1 .6%)
3.70
0.30-45.6
"
5/498
(1 .0%)
2.32
0.1 7-32.0
low-risk
"
4/1 23
(3.3%)
7.70
0.53-1 1 2
moderate-risk
1/ a•
(1 3%)
32.7
0.99-1 082
high-risk
b
Selected colorectal cases (<50)"
2/105
(1 .9%)
4.45
0.24-84.0
Abbreviations: OR, odds ratio; Cl, confidence interval. • P�send 0.14 (controls,
low-risk,
moderate-risk,
b
and high-risk, corrected for 3 test using a Bonferroni correction. P value versus controls 0.55
(corrected for 3 tests using a Bonferroni correction). c MMR gene mutation-negative

The subgroup analyses for tumor localization , gender, and age at diagnosis did not
reveal any specific association of CRC with the 1 1 00deiC genotype (Table 2). Also,
no difference in mean age at diagnosis was observed between patients with and
without the 1 1 OOdeiC mutation in both the unselected and the selected CRC cases
(Table 3).
In the 68 unselected patients diagnosed before the age of 50, the mutation was
detected three times (4.4 %, P value versus controls 0.95). In 1 05 selected CRC
cases (all diagnosed before the age 50), two (1 .9%) carried the 1 1 00deiC mutation, a
frequency that was again not significantly different from that in the controls (P value
0.55). Combining all patients diagnosed before the age of 50 (that is 5 of 1 73, 2.9%),
also did not reveal an association with the 1 1 00deiC mutation (P value 0.38).
The pooled analysis (Table 4) did not show a difference in the genotype frequency of
the 1 1 OOdeiC mutation either between unselected CRC patients and controls or
between familial CRC cases and controls.

Discussion
In the present study, the unselected CRC patients showed no increased frequency of
the CHEK2 1 1 OOdeiC genotype compared to controls. However, we observed a trend
of an increasing frequency of the CHEK2 1 1 OOdeiC mutation from controls, via low
and moderate-risk to high-genetic-risk individuals.
There was no association between the 1 1 OOdeiC genotype and tumor localization,
gender or age at diagnosis. The selected CRC patients (diagnosed before the age of
50 years) revealed no increased frequency of the 1 1 00deiC genotype. There also
was no difference in mean age at diagnosis between patients with and without the
1 1 OOdeiC mutation in both the unselected and the selected CRC cases.
So far, three studies have examined the CHEK2 1 1 00deiC mutation in relation to
CRC. 5• 1 0• 1 3 In the first study, by Meijer-Heijboer et al. 5 , the 1 1 00deiC mutation was
analyzed in HNPCC and HNPCC-Iike (two first-degree relatives with CRC, at least
one of which was diagnosed before the age of 50 years) patients. The frequency of
the 1 1 00deiC mutation was somewhat higher in MMR gene mutation carriers (2.4%,
3 of 1 27) and in patients without MMR gene mutations (2.6%, 3 of 1 07) compared
with controls ( 1 . 1 % , 1 8 of 1 ,620), but this difference was not statistically significant (P
value 0.07). In the same study, the 1 1 00deiC mutation was not observed in 95
familial adenomatous polyposis families.5 Kilpivaara et al. 1 0 analyzed 662 CRC
patients. The frequencies of the 1 1 00deiC mutation were 1 .3% (2 of 1 49) in CRC
patients whose disease was considered familial (defined as at least one first-degree
relative with CRC) and 2.9% ( 1 5 of 51 3) in sporadic CRC patients, which were not
higher than the geographically adjusted population frequency of 1 .9%. 1 0

.,,
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Table 2. Unselected CRC cases and subgroup characteristics.

Individuals oositive for the 1 1 OOdeiC varianU
total number of individuals (%)
1 0/629 (1 .6%)

0.89

proximal

3/227 (1 .3%)

0.94

distal

2/201 (1 .0%)

1 .00

rectal

4/190 (2. 1%)

0.70

male

2/331 (0.6%)

1 . 00

female

8/295 (2.7%)

0.41

S50

3/68 (4.4%)

0.95

>50

7/560 (1 .3%)

0.97

Patients

Tumor localization

Gender

Age at diagnosis

P va/ue•

1/230 (0.4%)

Controls

•p values corrected for 6 tests using a Bonferroni correction
Table 3. ANOVA test on the age at diagnosis.

Wildtype CHEK2
Patients
Mean age

P value"

1 1 00deiC genotype
Mean age
Patients

at diagnosis

at diagnosis

All CRC cases

6 1 .4

12

57.5

0.36

Unselected CRC cases

720
6 1 7b

Selected colorectal cases (<SOt

1 03

42.3

2

47.0

0.33

64.5

10

0.19

59.6

• P values corrected for 6 tests using a Bonferroni correction. • Of 2 cases, no age at diagnosis was known.

c

MMR gene mutations-negative

Table 4. Pooled analysis for the CHEK2 1 1 OOdeiC mutation and unselected colorectal cancer patients.

Individuals positive for the 1 1 00deiC mutation I total number of individuals (%)
Kilpivaara et al. 10 Pooled Analysis
P value• b
Present study
Controls

Unselected CRC cases

Familial CRC cases

1/230 (0.4%)

26/1885 (1 .4%)

27/21 1 5 (1 .3%)
27/1291 (2.1%)

4/126 (3.2%)

2/ 149 (1 .3%)

6/ 275 (2.2%)

1 0/629 (1 .6%)

1 7/ 662 (2.6%)

OR

95% Clb

0. 1 8

1 .65

0.86-3. 1 8

0.54

1 .72

0.52-5.72

Abbreviations: OR, odds ratio; Cl, confidence interval. • P values are calculated by either a chi-square test or,
when one or more of the expected values are smaller than 5, a Fisher's exact test. b corrected for 3 tests using a
Bonferroni correction.

In the third study, by Lipton et al. 1 3 , the frequency of the 1 1 OOdeiC mutation was 2%
(3 of 1 49) in multiple (5-1 00) colorectal adenoma patients, compared to 1 . 1 % ( 1 8 of
1 620) in controls, again not significantly different. In the latter study, all patients were
screened for mutations in the APC and MYH and no pathogenic mutations were
detected in those genes. One other study, by Kilpivaara et al. 1 0 , analyzed the
association of CRC with the 1 1 OOdeiC mutation was analyzed in unselected patients.
They also did not find a significant difference between patients and controls in the
frequency of the mutation (reported P value 0.27). Pooling the raw data of that study
with those of our own study again did not reveal a difference between unselected
CRC patients and controls.
With an OR-1 .65 and a low genotype frequency (1 %), a sample size of more than
3,000 cases is needed to detect an association with a power of 90%. 14 Thus, the
pooled sample size of the unselected CRC cases from these studies was still too
small to detect and association . With the present pooled sample size (-1 ,300), an
increased risk with an OR above 2. 1 has been excluded.
Kilpivaara et al. 10 performed subgroup analysis of familial CRC patients (defined as
those having at least one first-degree relative with CRC). The frequency of the
,
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1 1 OOdeiC mutation was 1 .3% (2 of 1 49) in familial CRC patients and 2.9% ( 1 5 of
5 1 3) in sporadic CRC, which was not higher than the geographically adjusted
population frequency of 1 .9%. In our study, 1 26 unselected CRC patients had at least
one first-degree relative with CRC, thereby fulfilling the definition of Kilpivaara et al. 1 0
for familial CRC. Four of these 1 26 carried the 1 1 00deiC mutation . When both
studies were combined, no difference was observed between familial CRC and
controls in genotype frequency of the mutation . Nevertheless, we observed that the
higher the genetic risk of CRC, the more frequent was the 1 1 00deiC mutation ,
suggesting that this mutation has some kind of role as a promoter role or a modifying
effect in colorectal carcinogenesis. To some extent this hypothesis is supported by
the finding of Meijers-Heijboer et al. 5 that the 1 1 00deiC occurred somewhat more
frequently in HNPCC and HNPCC-Iike patients (2.6%, 6 of 234) than in controls
( 1 . 1 %, 1 8 of 1 ,620) (P value 0.07).
We did not collect information from our patients about the prevalence of breast
cancer in their families, so we cannot comment on the association of the combined
familial occurrence of breast and CRC and the 1 1 OOdeiC mutation.
In conclusion , the frequency of the 1 1 00deiC genotype was not significantly
increased either in unselected CRC patients or in CRC patients selected for an age
at diagnosis before 50 years. The pooled analysis showed that an increased risk with
an OR above 2.1 could be excluded. However, after stratifying the unselected CRC
patients according to defined genetic risk, a significant trend of increasing frequency
was observed. Together, the results are consistent with a low-penetrance effect (OR
1 .5-2.0) of the CHEK2 1 1 OOdeiC on CRC risk. Large case-controls studies are
required to clarify the exact role of the CHEK2 1 1 OOdeiC mutation in CRC.
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Abstract
Recently we identified a new variant, S845G, in the MLH3 gene in ?out of 327
patients, suspected of hereditary nonpolyposis colorectal cancer, but not fulfilling the
Amsterdam criteria and in 1 out of 1 88 control subjects. As this variant might play a
role in causing sporadic colorectal cancer (CRC) we analyzed its prevalence in
sporadic CRC patients. We analyzed a small part of exon 1 of the MLH3 gene,
including the S845G variant, in germline DNA of 467 Caucasian sporadic CRC
patients and 497 Caucasian controls. The S845G variant was detected in five
patients and eight controls; the results thus indicate that this variant does not confer
an increased CRC risk. Another variant (P844L) was clearly a polymorphism. Three
other missense variants were rare and the sample size of the study was too small to
conclude whether they were pathogenic. In conclusion, no association was observed
between two MLH3 variants (P844L and S845G) and CRC risk.
Introduction
The DNA mismatch repair system plays a critical role in genomic stability by
correcting errors caused during DNA replication . Germline mutations in mismatch
repair genes (MLH1, MSH2, and MSH6) have been found to be associated with
hereditary non-polyposis CRC (HNPCC) susceptibility.
In 1 2 out of 327 Dutch patients suspected of HNPCC, 1 0 different possibly disease
causing germline MLH3 variants were detected; one frameshift (2578deiA, which
results in a premature stop codon) and nine missense variants. 1 None of these
variants were observed in 1 88 controls; another variant (S845G) was detected seven
times in the patients and once in the controls. None of the families of the patients
carrying this variant fulfilled the revised Amsterdam criteria for HNPCC. 2 Hence, it
was hypothesized that this MLH3 variant might well play a role in causing apparently
sporadic CRC. In the present study, therefore, we analyzed a part of exon 1 ,
including the S845G variant, in DNA of 467 Caucasian sporadic CRC patients and
497 Caucasian controls.
Subjects and methods
Patients and control
The controls were spouses of the CRC patients tested and spouses of breast cancer
patients. Both patients and controls participated in population based studies to detect
low-penetrance genes and gene variants, predisposing to sporadic colorectal or
breast cancer. As of writing, these studies were still conducted in the north of the
Netherlands. Both incident and prevalent cases were included, irrespective of family
history. The patients completed a form regarding their family history of cancer. All
DNA-samples in these studies were handled anonymously and patients were not
informed of individual test results. The Medical Ethical Committees of the
participating hospitals approved both studies. All included subjects gave written
informed consent. In the present study, patients suspected of HNPCC were excluded
using the criteria as described by Berends et al. 3
Mutation analysis
A part of exon 1 (codon 798-901 ), which includes the S845G variant and also the
truncating 2578deiA mutation, was examined by denaturing gradient gel
electrophoresis. 1 All variants were confirmed by direct sequencing. No mutation
analysis was performed on MLH1, MSH2, MSH6 or the other coding sequences of
MLH3.
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Table 1 . Missense variants in exon 1 in 467 CRC patients and 497 controls
Nucleotide Base
Amino acid
Change in Patients
Controls
change
change
polarity
3
2425
A to G
M809V
No
2
3
A to G
S81 7G
2
No
2449
2
T to A
Yes
2451
S817R
0
S845G
No
5
8
A to G
2533
b
•
OR: odds ratio. 95% Cl: 95% confidence interval.

b

"
OR

95% Cl

0.73
1 .62

0.12-4.31
0.27-9.73

0.67

0.22-2.06

Table 2. Genotype distribution of the P844 L polymorphism in CRC patients and controls

Patients
Genotype
Controls
1 34
Pro/Pro (wildtype)
1 45
Pro/Leu (heterozygous)
243
219
Leu/Leu (homozygous)
1 14
1 09
Total
467
497
b
•
OR: odds ratio. 95% Cl: 95% confidence interval.

•
oR
1 .0 (reference)
0.98
1 .13

0.72-1 .31
0.80-1 .61

Results and Discussion
The truncating mutation described by Wu et al. 1 was not found. The S845G variant
however, was detected in five patients and eight controls, thus the results indicate
that this variant does not confer an increased CRC risk (Table 1 ). Four other
missense variants were observed (M809V, S81 7G, S81 7R, and P844L). Three of
these variants were rare; the M809V variant was detected in two patients and three
controls, the S81 7G variant in three patients and two controls, and the S81 7R variant
in two patients and no controls (Table 1 ). For these three variants the sample size of
the study was too small to conclude whether they were pathogenic. The fourth
variant, P844L, was much more frequent; almost half of the patients and controls
were heterozygous carriers of the variant, and nearly one fourth were homozygous
(Table 2). The P844L variant is thus clearly a polymorphism.
A limitation of this study is that only a small part of the MLH3 gene was examined;
variants in other parts of the gene may still be pathogenic.
In conclusion, no association was observed between two MLH3 variants (S845G and
P844L) and CRC risk.
The present study had adequate power to detect an odds ratio (OR) of 1 .5 for
dominant and recessive association for the P844L polymorphism (with a variant allele
frequency of 46%). For the S845G polymorphism (with a variant allele frequency of
1 %), the study had adequate power to detect an OR of 2.5 for a dominant
association. However, to exclude rare polymorphisms (allele frequency < 5%) with a
recessive association, a much larger sample size would be needed.4
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Abstract
In one small study, the DCC Arg201 Gly polymorphism has been observed more
frequently in colorectal cancer (CRC) cases compared with controls. We wondered
whether these results could be replicated in a much larger study. The DCC
Arg201 Gly polymorphism was genotyped in 625 unselected Caucasian CRC patients
and 220 controls. Association analysis was used to search for a difference between
patients and controls. Subgroup analyses were performed for site of tumor, gender,
age at diagnosis, family history of CRC and modified Dukes classification. The
association analyses revealed no difference in Arg201 Gly genotype frequency
between patients and controls, neither overall, nor for different subgroups according
to site of tumor, gender, age at diagnosis, family history of CRC and modified Dukes
classification. In conclusion, no association was observed between the Arg201 Gly
polymorphism of DCC and CRC risk.
Introduction
The deleted in colorectal cancer (DCC) gene encodes a membrane glycoprotein that
is involved in cell differentiation and apoptosis (Review by Chen et al f The DCC
gene is located on chromosome 1 8q21 , a region frequently altered in colorectal
tumors. From Japan, an increased CRC risk has been reported for homozygous
carriers of the DCC Arg201 Gly allele. 2 That study was performed in 1 1 6 CRC cases
and 30 controls, thus a small study. We wondered whether we could replicate these
findings in a much larger study.
Subjects and Methods
Both patients and controls (spouses) participated in a population-based study that
aims to detect CRC susceptibility genes. All participants were Caucasian and were
living in the Northern part of the Netherlands. CRC patients were identified through
the cancer registry of the Comprehensive Cancer Center Northern Netherlands and
subsequently invited to participate in the study by their physician, either in the
outpatient clinic or by a letter. Cases were diagnosed since 1 989 and were included
between December 1 998 and December 2002, irrespective of family history. About
60% of the invited subjects consented to participate. A positive family history for CRC
was reported by 30% of participants. All DNA-samples and data in this study were
handled anonymously, and individuals were aware that they would not be informed
about individual test results. The Medical Ethical Committees of the participating
hospitals approved the study.
The sequence surrounding the Arg201 Gly polymorphism was retrieved from
GenBank (NT_01 0966). The following primers and probes were generated using
Assay-by-Design™ (Applied Biosystems, Foster City, CA, USA).: forward primer:
GCCCTCTGGAGCATTGCA, reverse primer: GAGCATCGGTAAATTCCAATGTC,
probe: VIC-ATCAGCCGACTCCA-NFQ-MGB, probe 2: 6FAM-ATCAGCGGACTCCA
NFQ-MGB.
Differences in genotype frequencies between patients and controls were compared
using a chi-square test. Subgroup analyses were performed regarding tumor
localization (right, left and rectal), gender, age at diagnosis (�50 and >50), family
history of CRC, and modified Dukes classification (A, B and C/D). Each subgroup
was compared with the entire control group. A Bonferroni multiple testing correction
was applied for 7 independent tests.
Results and Discussion
A total of 625 patients and 220 controls were examined. The median age at
diagnosis was 65 years (range 25-87 years). The genotype analyses showed no
association with CRC, neither for all patients nor for different subgroups (Table 1 ).

Colorectal cancer anc/ DCC

This study had 90% power to detect an association for a dominant model with an
odds ratio (OR) of 1 .6 with an allele frequency of 35%, and an association for a
recessive model with an OR of 1 .9.3
The genotype frequencies in the patient group (P value 0.00043), but not in the
control group, are different from those expected from the Hardy-Weinberg
equilibrium. Normally, this is an indication that there is an association between a
polymorphism and a disease.
Table 1. Patient and subgroup characteristics, and frequencies of the genotype of the DCC

Arg201 Giy polymorphism.
Number of individuals
Controls (spouses)
Patients

220
625

Arg/Arg(%)
1 09 (49.5%)
301 (48.2%)

Genotvoe
Arg/GI:t(%)
86 (39. 1%)
237 (37.9%)

Gl:t/GI:t(%)
25 (1 1 .4%)
87 (1 3.9%)

•
P value
0.63

'
Localization of the tumor
26 (1 1 .7%)
0.93
right
83 (37.4%)
222
1 1 3 (50.9%)
0.28
73 (36.0%)
34 (1 6.7%)
203
96 (47.3%)
left
25 (1 3.2%)
0.81
89 (47. 1 %)
rectal
1 89
75 (39.7%)
0
Gender
1 32 (40.4%)
42 (1 2.8%)
0.78
male
327
1 53 (46.8%)
female
147 (50.0%)
294
0.41
1 03 (35.0%)
44 (1 5.0%)
d
Age at diagnosis
S50
31 (45.6%)
7 (1 0.3%)
68
0.76
30 (44. 1%)
8 0 (14.4%)
555
0.53
269 (48.5%)
>50
206 (37.1 % )
Family history of CRC
55 (30.9%)
positive
0.15
94 (52.8%)
29 (1 6.3%)
1 78
negative
0.69
447
207 (46.3%)
58 (1 3.0%)
1 82 (40.7%)
Modified Dukes classification"
1 52
71 (46.7%)
59 (38.8%)
0.66
A
22 (1 4.5%)
78 (36.8%)
212
1 02 (48. 1 %)
0.51
B
32 (15.1%)
22 (14.0%}
59 (37.6%}
0.74
C/D
1 57
76�48.4%}
• P value not corrected for multiple testing.
Data on localization of the tumor was missing in 1 1
d
patients. c Data on gender was missing in 4 patients. Data on age at diagnosis was missing in 2
patients. Data on modified Dukes classification was missing in 1 04 patients.
•

However, there was not only an excess of homozygous carriers but also less
heterozygous carriers. Biologically, this cannot be explained. Notwithstanding this,
there is no difference in genotype frequency between patients and controls.
Therefore, the conclusion that there is no association between the Arg201 Giy
polymorphism of the DCC gene and CRC is justified.
Our results indicate that the Arg201 Gly polymorphism is probably non-pathogenic, at
least in Caucasians. Why others2 did find an association can be because of several
reasons. The most obvious one being the sample sizes. Our cohort is much larger,
and therefore our results have a high probability to be accurate. Another explanation
for the conflicting results may be that the polymorphism is in linkage disequilibrium
with another pathogenic variant in DCC or in a gene nearby in Japanese, whereas in
Caucasians it is not.
In conclusion, in Caucasians, no association was observed between the Arg201 Gly
polymorphism of DCC and CRC risk.

Acknowledgments
Supported by grant RUG 1 998-1 665 of the Dutch Cancer Society.
69

C!Japter 6

References

1 . Chen YQ, Hsieh JT, Yao F, Fang 8, Pong RC, Cipriano SC et al. Induction of apoptosis
and G2/M cell cycle arrest by DCC. Oncogene 2003; 1 8:2747-54.
2. Minami R, Aoyama N, Honsako Y, Kasuga M, Fujimori T, Maeda S. Codon 201 Arg/Giy
polymorphism of DCC (deleted in colorectal carcinoma) gene in flat- and polypoid-type
colorectal tumors. Dig.Dis.Sci. 1 997;42:2446-52.
3. de Jong MM, Nolte IM, te Meerman GJ, van der Graaf WT, de Vries EG, Sijmons RH et
al. Low-penetrance genes and their involvement in CRC susceptibility. Cancer
Epidemiol. Biomarkers Prev. 2002; 1 1 :1 332-52.

Breast cancer

Part II Breast Cancer

71

Clll:lpler 7

Breast cancer

Chapter 7

Genes other than BRCA 1 and BRCA2 involved in
breast cancer susceptibility

Mi�am M. de Jong1 •2·3 , llja M. Nolte2 , Gerard J. te Meerman2, Winette T.A. van der
Graaf1 , Jan C. Oosterwij k2, Jan H. Kleibeuker, Michael Schaapveld4 , and Elisabeth
G.E. de Vries 1 •
Departments of 1 Medical Oncology, 2Medical Genetics, and 3Gastroenterology,
University Hospital Groningen, and 4Comprehensive Cancer Center Northern
Netherlands, Groningen, The Netherlands.

J Med Gen 2002;39:225-242.

73

Chapter 7

Abstract
This review focuses on genes other than the high-penetrance genes BRCA 1 and
BRCA2 that are involved in breast cancer susceptibility. The goal of this review is the
discovery of polymorphisms that are either associated with breast cancer or that are
in strong linkage disequilibrium with breast cancer causing variants. An association
with breast cancer at a 5% significance level was found for 1 3 polymorph isms in 1 0
genes described i n more than one breast cancer study. Our data will help focus on
the further analysis of genetic polymorphisms in populations of appropriate size, and
especially on the combinations of such polymorphisms. This will facilitate
determination of population-attributable risks, understanding of gene-gene
interactions, and improving estimates of genetic cancer risks.
Introduction
Breast cancer is the most common cancer in women in the Western world. 1 In breast
cancer development, genetic and environmental factors play a role with family history
being the most important factor for determining breast cancer risk.This risk is a
function of the number of relatives affected with breast- and ovarian cancer, the
degree of relationship to these relatives and their age at diagnosis of the disease.2·3
Hereditary breast cancer accounts for 5-9% of all breast cancers.4 It was estimated
that the combination BRCA 1 and BRCA2 gene mutations was responsible for
approximately 80% of the families with hereditary breast cancer. 5·6 These estimates,
however, may be too high because of the way patients are selected, namely on the
basis of a pronounced family history of the disease. More recent estimates put this
risk at about 30%. 7 Mutations of the BRCA 1 and BRCA2 genes do not explain the
occurrence of breast cancer in every breast cancer prone family. 6 At least one other
major breast cancer susceptibility gene is proposed to exist. 9• 10 In addition, a number
of rare genetic syndromes are associated with high breast cancer risk. Together,
these rare syndromes account for less than 1 % of all hereditary breast cancers. 1 1
Apart from these well-defined high-penetrance genes, there may be other genes that
also increase the susceptibility of breast cancer. Candidates are proto-onco�enes
and genes involved in metabolic, estrogen and immunomodulatory pathways. 1 Each
of these genes probably confers only a small (odds ratio (OR) between 1 -1 .5) to
moderate (OR between 1 .5 and 2) increase in the lifetime breast cancer risk.
Because mutations in these so-called low-penetrance genes are expected to be
present in a large number of people, the population attributable risk (PAR) for breast
cancer explained by these genes (in combination with environmental exposures) may
be substantial, 13 and (potentially) considerably higher than the PAR caused by rare
mutations of high-penetrance genes such as BRCA 1 and BRCA2. 1 4• 15 The published
polymorphisms (a locus where two or more alleles are each present at a frequency
�1 % in the :ftopulation) were - in general - studied because of their biological
plausibility.1 6- 1 Some polymorphisms may partly account for the difference in the
sensitivity of women to environmental factors such as the use of replacement
estrogens.20 In subjects carrying low-penetrance gene mutations, environmental
factors might especially affect the risk of developing breast cancer. One subject may
be 1 0-200 times more sensitive than another, 2 and may therefore develop cancer,
while others at the same level of exposure will not. With the identification of important
low-penetrance gene mutations along with their interaction with environmental
factors, specific prevention may become possible. Research on low-penetrance
genes involved in breast cancer is still in its infancy. Whole genome screens for
determining low-penetrance genes are currently not yet financially feasible.
This review focuses on genes other than BRCA 1 and BRCA2 that may be involved in
breast cancer susceptibility. Although mutations or polymorphisms in many of the
genes described can also play a role in other types of common cancer such as
-...
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colorectal, ovarian or prostate cancer, this review addresses only breast cancer. The
aim of the pooled analysis was to find polymorphisms that may either have a
causative relation to breast cancer or that are in strong linkage disequilibrium (LD)
with breast cancer causing variants (for example, situations where certain haplotype
combinations of alleles at different loci occur more frequently than would be expected
from random association). We studied only the relation of the polymorphisms to
breast cancer risk, since we assumed that environmental factors will play an equal
role in all studies. The external variables taken into account were, where possible,
menopausal state and ethnicity. Pooled analyses were performed on all
polymorphisms. In addition, the sample size required to detect an association with
breast cancer susceptibility with sufficient power was addressed.

Methods
Search of published studies
Published studies were identified using the PubMed databases from 1 980-2000,
using the search terms "breast", "cancer", "risk" and "polymorphism(s)". For each
specific candidate gene, a separate search was performed. For example, the terms
"HRAS1", "breast", "cancer" and "risk" were used for HRAS1. In addition, the
references of studies identified by the electronic searches were also evaluated.
Studies eligible for our pooled analysis were those that compared genotype or allele
frequencies of candidate genes in breast cancer cases with non-breast cancer
controls using genomic DNA. The polymorphisms reported on in breast cancer
patients and controls in more than one study are described separately. When more
than one polymorphism in one gene (e.g. , CYP1A 1) or polymorphisms in different
genes in the same region (e.g. , H LA region) were examined in only one single study,
they are also included. The different genes along with their localization and
presumed function are presented in Table 1 .
Lay-out per gene
For the known genetic syndromes associated with increased breast cancer
susceptibility, the possible germline mutations in familial and sporadic breast cancer
patients were addressed, followed by somatic mutations, loss of heterozygosity
(LOH: the loss of one of the two alleles at a given locus in a tumor) and
hypermethylation. According to Knudson's "two hit theory",23 the two hits required for
tumor development are generally thought of as an intragenic mutation (germline or
somatic) and LOH . Recently, it has been shown that hypermethylation of the
promoter region of a gene can also be one of the hits required in cancer
developmenr4•25 because this can silence the gene.26
Pooled analysis
For a better insight into possible effects of the various genes on breast cancer
susceptibility, a pooled analysis for each polymorphism was performed. The results
of this analysis are shown in Table 2. The raw numbers of cases and controls from
comparable studies were analyzed together. The genotype specific ORs and the
95% confidence intervals (Cis) were calculated for all studies combined, without
adjustment for external variables. This can result in values that differ from those in
the original article. Whenever possible, a distinction was made between women
heterozygous and homozygous for the variant allele. Where metabolic
polymorphisms are assumed to be associated with a specific phenotype, a distinction
was made between phenotype- and genotype based studies (e.g., CYP2D6, NA T2).
For the genotype studies, the genotypes were combined according to phenotypic
classes.
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Table 1. Breast cancer susceptibility genes with their localisation and presumed function

Gene
BRCA 1
BRCA2
Tp53
A TM
PTEN
LKB1
HRAS1
NA T1
NA T2
GSTM1
GSTP1
GSTT1
CYP1A1
CYP1B1
CYP2D6
CYP1 7
CYP19
ER

PR
AR
COMT
UGT1A 1

Location and function
292 293
"
1 7q21 , DNA RP , guardian of genome integrity •
f 295
1 3q12-13, DNA RP, guardian of genome integrit 94•
2-298
1 7p 1 3. 1 , DNA RP, protection against replication of damaged DNA
299 3
1 1 q22-23, DNA RP, sensor in cellular response to DNA double strand breaks • 00
b
30 1
1 0q23.3, TSG , suppresses cell cycle progression and induction of apoptosis
1 9p1 3.3, serine/threonine kinase, otherwise unknown function
32
1 1 p 1 5, proto-oncogene, control of cell growth and differentiation 0
3
39
304
3
8p22, MPc, detoxification of arylamines1 i · 0 •
139 303 304
8p22, MP, detoxification of arylamines17 • •
1 p1 3.3, MP, detoxification of a wide range of xenobiotics, including environmental
3 3°7
carcinogens, chemotherapeutic agents, and reactive oxygen species 051 1 q13, MP, detoxification of numerous chemicals including chemotherapy agents
7 79 3
and catechol oestrogens1 0"1 ' 08
1 1 q, MP, detoxification of a wide range of xenobiotics, including environmental
73 53 7
carcinogens, chemotherapeutic agents, and reactive oxygen species1 • 0 · 0
7
3
85
9
d
• •
1 5q, MP, EP , metabolism of oestrogens and PAHs1 1 0
· 31
2p21 , MP, metabolism of PAHs194 0

22q1 1 -ter, MP, metabolism of many commonly prescribed drugs, including
73
debrisoquine and codeine1 • 11
1 42 2
1 0q24.3, EP, balance of oestrogens, progesterones, and androgens 1 • 1
1 1 q21 . 1 , EP, catalysing the conversion of androgens into oestrogens, determines
3 2 31 4
the local oestrogen level 1 6q25.1 , EP, binding and transfer of oestrogens to the nuclei, ER modulates
transcription of a number of growth factors
31 3 1 7
(IGF- 1 , TGFa) 5318
1 1 q22-23, EP
Xq1 1 -12, EP
3 s-322
22q 1 1 .2, EP, conjugation and inactivation of catechol oestrogens 1

2q37, MP, EP, phase II drugs metabolism and maintain intracellular steady state
32 325
levels of oestrogen �
"
6p2 1 , IP , central mediator in the inflammatory response and immunological
TNFa
28s-267
activities to tumour cells
6p21 , molecular chaperones, regulation of structure, subcellular localisation, and
HSP70
27 326
turnover of cell proteins 1
'
6p21 , IMP
HFE
327
3q, IMP
TFR
326-330
1 2q, cell differentiation
VDR
5q22, inhibits the progression of cells from G1 to S phase, apoptosis, cell-cell
APC
33
interactions 1
332
APOE
1 9q1 3.2, lipid metabolism
17 333
CYP2E1
1 0q24.3-ter, MP, metabolism of acetone, ethyl glycol, and ethanol •
334 335
1 7q12-21 , EP, catalyses the reaction between oestrone and oestradiol •
EDH1 7B2
336 337
HER2
1 7q21 , proto-oncogene, control of cell growth and proliferation •
338
9q33-34, cell growth
Tf3RI
"
DNA RP: DNA repair patmetabolism pathway. �SG: tumour suppressor gene. cMP: metabolic
d
"
pathway. EP: oestrogen pathway. IP: immune pathway. 11MP: iron
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Risk genotype
119
1 rare allele carriers
120
2 rare allele carriers
121
3 rare allele carriers
122
4 rare allele carriers
123
5 rare allele carriers
124
6 rare allele carriers
125
7 rare allele carriers
1 26
8 rare allele carriers
127
9 rare allele carriers
128
1 0 rare allele carriers
129
1 1 rare allele carriers
12 rare allele carriers1 30
13 rare allele carriers 131
14 rare allele carriers Total

t---+--1
2

r-+---t

3

4
5
6
7
8
9

1---+--1

10

1---+---1

11
12

�.......

13
l+t

14
0,0 1

0,1

10

1 00

OR and 95% Cl
The HRAS1 polymorphism and breast cancer risk. The results of 1 2 studies (OR
and 95% Cl) are depicted as well as the result of the pooled analysis comprising 2,029 cases
and 3,252 controls.

Figure 1 .

Also, where possible, separate analyses were performed for the three major ethnic
subgroups, Caucasian, African-American and Asian.
The ORs and the 95% Cis of the studies used in the pooled analysis of
polymorphisms in three genes are shown in Figure 1 (the HRAS1 polymorphism), 2
(the PROGINS polymorphism of the PR gene) and 3 (the polymorphisms in the
vitamin D receptor ( VDR) gene).
The pooled analysis also reveals the PAR and sample size required to detect the
association with breast cancer for each polymorphism, with a power of 90% and a
significance level of 0.0026 corrected for multiple testing (also shown in Table 2). A
description of the sample size calculation is given in Appendix A.

Results
The unknown "BRCA3" gene.
Based on several studies, the region on chromosome 8p1 1 -2 1 is considered to be
involved in hereditary and sporadic breast cancer. Linkage analysis in eight French
breast cancer families showed a multipoint LOD of 2.51 (log of odds: LOD score >
3.0 is the accepted statistical significance level for linkage of a genetic locus with a
disease) with two markers on chromosome 8p. 27 Linkage analysis in two large
German breast cancer families, with negative LOD scores for the BRCA 1 and
BRCA2 locus, showed a multipoint LOD score of 3.30 at two other markers, localized
between the two markers in the French study, on chromosome 8p. 28 In studies
focusing on chromosome Bp, LOH was observed in 46-74% of unselected human
breast tumors,27·29-36 in 86% of the familial tumors,32 in 78% of tumors in women with
a specific BRCA2 mutations (i.e., the 999del5 mutation), 36 and in 83% of male breast
tumors. 37 In ductal breast carcinoma in situ, LOH on Bp was observed in 0-37% of
cases30· 38• 39 suggesting LOH on Bp is associated with invasive behavior of the tumor.
Based on these LOH studies, there are at least two different regions of minimal
overlap of LOH on chromosome Bp.

';'lantpr 7

Table

2. Genetic polymorphisms and their allele frequencies, total number of cases and controls published, risk

genotypes with it's ORs and 95% confidence intervals, PAR and sample size required to detect an association.
Polymorph isms

Allele

Cases•

Controls"

Risk

Gb

OR

95% CI

PAR

frequency

Sample
Size"

Tp53

lntron 3
Exon 4
lntron 6

HRAS1
L-myc
NAT1

0.17
0.36
0. 1 7

667
552
733

1 ,981
2,2 1 9
2,160

0.08

2,029

3,252

0.50

593

214

IJ!ftv"

0.97

0.79-1 . 1 8

VN

0.46

0.25-0.84

2,900

0.88-1 . 1 3

VN

0.70

0.51-0.95

2,200

WN

0.92

0.75-1 . 1 1

0.30

0.1 5-0.57

1 ,500

VN

WN

V carriers

1 .08

2.04

1 .73-2.41

WN

1.12

0.77-1 .63

VN

1 .29

0.82-2.02
0.91 -1 .39

14%

430
4,000

0.24

646

796

V carriers

1.13

Phenotype

0.62

476

785

VN

0.61

1 ,665

1 ,809

0.87

0.70- 1 . 1 0

Genotype

VN

0.87-1 . 1 3

0.72

2,776

2,71 0

0.99

VN

1.13

1 .02-1 .26

6%

WN

1.19

0.91-1 .56

8,900

2. 1 5

1 . 30-3.56

1 7%

610

VN
VN

1 .04

0.86-1 .25

1 1 7,000

WN

0.99

0.83-1 .1 9

4 1 , 000

VN

1 .20

0.78-1 .86

WN

1 .18

0.94-1 .48

VN

0.93

0.51-1 .69
0.54-2.03

1 50,000

V carriers

0,99

0.43-2.24

5,940,000
870

NAT2

GSTM1
GSTP1
GSTT1

CYP1A 1
m1
m2

0.32

538

397

0.49

1 ,324

1 ,076

0.1 5

1 , 371

1 ,241

0. 1 1

791

1 .468

m3

0.09

85

m4

0.03

223

221

codon 1 1 9

0.14

339

361

CYP1B1

codon 432
codon 453

0.66
0. 14

745

1 78

747

223

223

Phenotype

0.26

335

777

Genotype

0.18

831

1 ' 1 65

0.40

2,725

2,531

WN

1 .62

1 . 1 5-2.29

0.60

0. 1 1 -3.31
0.61 - 1 . 1 7

9,100
7,400
1 ,410,000

8,000

WN

0.84

VN

1 .09

0. 79-1.50

WN

0.96

0.62-1 .49

VN

2.22

1 .39-3.55

8%

610

WN

1.19

0.97-1 .45

6%

4,600

VN

1 .26

0.81-1 .96

WN

0.99

0.88-1 .1 1

VN

CYP19

1 .04

VN

VN

CYP2D6

CYP17

V carriers

5%

1 .24

1 .05

2700
31 ,000

0.33-4.71

82,000

0.89-1 .23

TTTA repeat
• 1 0 allele
•12 allele

0.01

0.02

3,934

3,514

3,934

3,514

TCT intron 4

0.35

599

433

lnlron 6

0.48

223

1 64

Codon 264

0.30

160

V carriers

V carriers
WN
VN

WN
VN

1 25

WN
VN

1 .59

1 .01 -2.48

1%

6,800

1.11

0.83-1 .49

0.79

0.61 -1 .03

1 .03

0.69-1 .56

4,500

1.15

0.72-1 .85
0.77-2.29

3,300

1 .33
0.83

0.50- 1 . 35

0.91

0.38-2 . 1 4

77,000

4.600
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Table 2 Continued
Polymorphlsms

Allele

Cases"

Controls"

Risk

Gb

OR

95% CI

PAR

frequency

Sample
Size•

ER
Pvu/1
Xbal
Codon 325

PR
COMT
UGT1A1

0.54

704

53

0.29

191

204

0.21

646

324

0. 1 4

1 , 1 06

965

0.44

1 , 1 66

1 , 167

0.34

655

808

40

1 06

40

1 06

WN
VN
WN
VN
WN

HSP70-2
HSP70-hom

0.21
0.45

0.40-1 .78

0.93

0.41 -2. 1 3

0.99

0.65-1.51

0.50

0.25-0.99

1 .04

0.79-1 .38

WN
VN

1.19

0.54-2.65

0.95

0.78-1 . 1 6

WN

0.32

0.1 6-0.65

0.92

0. 76-1 . 1 0

0.89

0.71 - 1 . 1 2

0.99

0.80-1 .24

1 .05

0.75-1 .47

VN

VN
WN
VN

HLA
TNFa

0.84

WN
VN
WN
VN

0.23

40

1 06

V carriers

0.47

1 35

110

WN

3.49
4.80

1 .62-7.51

1 0,000
1 ,200
27,000
2,400
1 8,000
1 1 0,000

50%

79

0.28-8 1 . 1

1 .74

0.55-5.52

85%

11

27.5

4.30-176

3.56

1 .26-10.01 23%

84

38%

290

12%

1 ,900

3%

41 ,000

VDR
Apal
Bmsl
Fokl
Taq1
Poly-A

APOE
EDH1782
HER2
TBR-1
TFR

VN

0.35

231

467

0.41

278

410

0.57

1 , 1 97

867

0.27

143

0.07

260

0. 1 3
0.54
0.13

1 90
339

0.06

1 52

0.40

1 65

300
332
190
359
735
294

WN
VN
WN
VN
WN
VN
WN

1 .54

0.85-2.80

2.54

1 .20-5.39

1.16

0.83-1.62

1 .51

0.87-2.64

1 .03

0.73-2.64

1 .09

0.69-1 .73

0.95

0.74-1.20

0.93

0.72-1.20

VN

1 .59

1 .04-2.42

2.76

1 .3-5.85

E2 allele

0.99

0.62-1 .59

E4 allele

WN
VN

WN
VN
WN
WN

0.89

0.62-1.26

0.59

0.37-0.94

0.90

0.50-1.60

61 ,000
42%

310
2,800,000
14,000
1 ,500

1 .26

0.88-1.79

1 2.76

1 .62-98.9

20%

1 .58

0.96-2.59

6%

1 ,400

1 .01

0.66-1 .55

4%

7,500

110

0.70-2.05
VN
1 .20
"Cases and controls: all studies combined. 6RiskG: risk genotype. •rhe sample size: the number of patients and
controls required to detect an association, w1th power of 90% and a significance level of 0.0026 (correction for
mutiple testing). dW: wildtype. "V: variant allele.

The region on 8p discussed earlier, 27·28 is localized in one of these regions. Mapped
genes in this region include hEXT1L,34 WRN"0 and LHRH.41 ·42 No somatic or
germline mutations have, as yet, been detected in these genes in breast cancer
cases.
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Figure 2 . The PR gene and breast cancer risk. The results of 4 studies (OR and 95% Cl) are
depicted, the results for heterozygosity or homozygosity of the variant allele are given separately and
•
in pooled analysis, comprising 1 , 1 06 cases and 965 controls. W: wildtype. b V:variant allele.
P o l y m o rp h is m a n d R is k g e n o t y p e
1 p a l , W •IV •.2ao

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

A
2 A p a / , VIV 2 8 0
1
3 B s m l , W /V 28
4 B s m l , V IV 2 8 1
5 B sm l , W /V 282
6 B s m l , V IV 282
7 B sm / , W IV T o ta l
8 B sm / , V I V T o t a l
9 F o k l , W IV 28 0
0
1 0 F o k l , V IV 28
282
V
1 1 Fokl , W I
1 2 F o k / , V IV 282
1 3 F o k / , W IV T o t a l

1-�

1-�

14 Fokl , VIV Total
2 80
Ta q l , W /V
0
Ta q l , V /V 28

15
16
17
18

1---.t
....--t
..

19
20
21
22
23
24

1---4--i
....f-t
...

0,1

47
Ta q l , W IV 2
47
T a q / , V IV 2

79
Ta q l , W IV 2
79
Ta q l , V IV 2
Ta q / , W IV T o t a l
Ta q l , V IV T o ta l
282
P o ly-A , W I V

282
P o ly -A , VIV

I0

OR and

95% CI

Figure 3. The Vitamin D receptor gene and breast cancer risk. The results of 5 studies (OR and 95%
Cl) are depicted in graph, the data for 5 polymorphisms are given separately, with the distinction
between heterozygosity and homozygosity for the variant allele. For Bsml the total is 231 cases and
467 controls, for Fokl 278 cases and 410 controls and for Taql 1 , 1 97 cases and 867 controls. • W:
wildtype. b V:variant allele.
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Rare genetic syndromes with increased breast cancer risk.
The Tp53 gene and the Li-Fraumeni syndrome.
Inactivating mutations in the Tp53 gene have been found in many tumor types,43•44
including breast cancer.45 The Li-Fraumeni syndrome is an autosomal dominant
disorder, caused by germline mutations in the Tp53 gene. This syndrome is
characterized by an increased risk of soft tissue- and osteosarcomas, leukemias,
brain tumors, adrenocortical carcinomas and breast cancers.46 The risk of developing
breast cancer before the age of 45 is 1 8-fold higher for affected females as
compared to the general population.46 The excess is greatest below age 20 and
declines with increasing age (relative risk (RR) for breast cancer after age 45=1 .8).46
Germ line mutations in Tp53 have been estimated to account for less than 1 % of
breast cancer cases.47-5 However, somatic mutations in [f.53 are reported in 1 957% of breast cancers52-57 and LOH is found in 30-42% ?· There is no association
between somatic Tp53 mutations and LOH at Tp53, 52 55 suggesting that one
inactivated allele may already be sufficient for breast cancer development.54
Hypermethylation of the promoter region of Tp53 does not play a role in breast
cancers. 58
Three different Tp53 polymorphisms (i.e., in intron 3, exon 4 and intron 6) have been
studied in breast cancer patients. All three polymorphisms exhibit strong linkage
disequilibrium with each other. 59 In five studies examining the intron 3 polymorphism
none found an association with increased breast cancer risk.S0-64 Surprisingly, the
breast cancer risk for homozygous carriers of the variant allele was decreased. When
all studies were combined, the OR for heterozygous carriers of the variant allele was
0.97 (95% Cl 0.79-1 . 1 8) and was 0.46 (95% Cl 0.25-0.84) for homozygous carriers.
The exon 461 -65 and the intron 661 -64·66•67 polymorphisms showed -similar results. Thus,
a decreased breast cancer risk for homozygous variant allele carriers was found for
all three polymorphisms in the Tp53 gene. These homozygous variant allele carriers
compose 3% (intron 3), 1 3% (exon 4) and 3% (intron 6) of the all women and thus,
up to 1 3% of women have decreased breast cancer risks.
Four studies61 -64 examined all three polymorphisms in the Tp53 gene in relation with
breast cancer risk. In one of the two studies examining haplotypes, an association
was observed between the haplotype composed of the three variant alleles and the
risk of breast cancer among Caucasians (OR=2 . 1 8, 95% Cl 1 . 1 7-4.07).62 This
association was not found in Hispanic (OR=0.24, 95% Cl 0.05-1 . 1 1 ) and African
American patients (OR=1 . 1 3, 95% Cl 0.46-2.81 )62 nor in tRatients from Pakistan
(OR=0.77, 95% Cl 0.38-1 .56). 64 The two other studies 1 •63 did not construct
haplotypes, but compared genotype combinations. The first study found a marginally
significant association between breast cancer and the genotype combination that is
heterozygous for all three polymorphism (OR= 1 .68, 95% Cl 0.99-2.86).63 This
genotype combination did not exclude the haplotype composed of three variant
alleles from being at risk. The second study found associations between breast
cancer and two genotype combinations61 With the first genotype combination
(OR=2.94, 95% Cl 1 .37-6.27), heterozygous for the intron 3 and 6 polymorphisms
and homozygous for the exon 4 variant allele, the haplotype of three variant alleles is
still supported . With the second genotype combination (OR=1 .61 , 95% Cl 1 . 1 3-2.30),
homozygous for the intron 3 and 6 wildtype allele and heterozygous for the exon 4
polymorphism, the variant alleles haplotype is not possible. The fact that the four
studies used different methods to examine the polymorphisms hampers the
comparison of results. However, the analysis showed that the haplotype composed
of the three variant alleles is associated with an increased breast cancer risk,
particularly in Caucasian breast cancer patients.
-

81

The A TM gene and Ataxia Telangiectasia.
Most A-T patients do not survive to an age at which breast cancer generally occurs. 68
A-T carriers (heterozygous for A TM mutations) are sensitive to late-onset apoptosis
after x-ray irradiation because of accumulation of cell cycle checkpoint
abnormalities. 69 In several studies, A-T carriers afaP-ear to have an increased breast
cancer risk (OR 3.3 - 870-76 and PAR 3.8 - 8.5% 8•73'75 ). However, in all studies the
OR was determined with the Observed/Expected method and all groups were small.
One study found no increased breast cancer risk among A-T carriers. 7 The risk of A
T carriers to develop breast cancer is estimated to be 1 1 % by age 50 and 30% by
age 70. 78
Germline mutations in the ATM gene are rare in breast cancer families without A-T
features. 79•80 I n sporadic breast cancers, germline and somatic mutations in the ATM
gene are also rare, 81 •82 even in young patients83·84 and patients with bilateral breast
cancer. 85 In 88 breast cancer patients with a family history of breast cancer and
leukemia or lymphoma, three germ line mutations in the A TM gene have been
found. 79 Chen et al. 80 examined these three mutations and none appeared to be
causal. In 82 Dutch breast cancer patients (diagnosed before the age 45, >5 years
survival) including 33 bilateral cases, seven germline mutations were found, i. e. , one
out of frame splice-site mutation (detected three times), three truncating mutations
and one in-frame deletion. 86 It was hypothesized that the existence of two distinct
classes of A-T mutations (i.e., truncating and missense) might explain some of the
seemingly contradictory data on cancer risk associated with the ATM gene. 87•88 The
truncating mutations act as null mutations because they produce cellular low levels of
an unstable ATM protein. Because truncating mutation carriers have 50% of wildtype
ATM activity, they will have an almost normal phenotype. Some missense mutations
encode stable, but functionally abnormal, proteins that are present at normal
intracellular levels. These proteins could compete in complex formation with the
normal ATM protein, resulting in a dominant negative cellular phenotype. The
functional loss in A TM missense mutation-carriers might be more severe than in A TM
truncating mutation carriers and, thus, only A TM missense mutations might be
associated with an increased cancer risk. 88 In most studies, the A-T carrier detection
in breast cancer cases was based on the protein truncation test and could only detect
truncating mutations. Support for the existence of two functionally distinct classes of
mutations can be derived from a study describing an increased breast cancer risk in
two A-T families with a specific ATM missense mutation (T7271 G) in both
homozygotes and heteroz¥�otes, with an age specific incidence rates based OR of
1 2.7 (95% Cl=3.53-45.9). This mutation results in an aberrant full-length ATM
protein level comparable with unaffected individuals. 89 Another explanation for the
seemingly contradictory data on breast cancer risk is that the carrier frequency of A-T
mutations could be much lower than the described 1 % of the general population
causing a low PAR. If this is the case, the OR for breast cancer in A-T carriers can be
high (as found in the A-T families), while mutations in the ATM gene are rarely
detected in sporadic breast cancer patients.
A recent study of 1 38 Austrian hereditary breast and ovarian cancer (HBOC) patients
without BRCA1 and BRCA2 mutations90 revealed functionally significant A TM
germline mutations in at least 8.7% of the HBOC patients. The penetrance for one of
the mutations (L 1 420F) was estimated to be 85% at age 60.
In conclusion, although the exact association remains unclear, a role for the A TM
gene in breast cancer susceptibility is plausible.
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The PTEN gene and Cowden syndrome.
Cowden syndrome is an autosomal dominant disorder, characterized by the
development of hamartomas and benign tumors. Mutations in the PTEN gene are
present in 80% of the Cowden syndrome families. 91 •92 Truncating PTEN mutations in
Cowden syndrome families are associated with cancer93 and cause a 25-50% lifetime
breast cancer risk in women. 92•94•95 No mutations in the PTEN gene have been
detected in breast cancer families and families with breast and brain cancer without
features of Cowden syndrome. ss-99 In sporadic breast cancer patients, germline and
somatic mutations in the PTEN gene are rare 1oa-104 even in young patients. 96• 105 LOH
at the PTEN locus is found in 1 1 -41 % of sporadic breast cancers, 102-1 04• 106 but no
somatic mutations have been observed in the remaining allele. 103· 104• 106 It is,
however, still possible that an epigenetic phenomenon such as hypermethylation of
the promoter region inactivates the remaining allele. 107 In one study (in 1 77 breast
cancer patients with a positive family history for breast cancer and without BRCA 1
and BRCA2 mutations) an association was found between a polymorphism in intron
4 of the PTEN gene and a lower age of diagnosis of breast cancer (42.7 versus 48. 1
years). 98 No comparison, however, was made with healthy controls. In conclusion,
the PTEN gene is not likely to play a role in the classical hereditary breast cancer. I n
sporadic breast cancers, LOH at the PTEN locus i s detected, but since n o alterations
have been found in the remaining allele, it is not currently known whether PTEN
plays a role in sporadic breast cancer susceptibility.
The LKB1 gene and Peutz-Jeghers syndrome.
The Peutz-Jeghers syndrome is an autosomal dominant disorder characterized by
hamartomatous polyps in the small bowel and pigmented maculas of the buccal
mucosa, lips, fingers, and toes. 108 This syndrome is caused by truncating germline
mutations in the LKB1 gene. 109• 1 1 0 Patients with Peutz-Jeghers syndrome have an
increased breast cancer risk. 108• 1 1 1 No germline mutations were detected in 22
patients from 14 breast cancer families with LOH on chromosome 1 9p. 1 1 2 In 62
primary breast cancers in women without Peutz-Jeghers syndrome, no somatic
mutations were found in the LKB 1 gene and LOH was observed in only 8%. 1 1 3 I n
conclusion, the LKB 1 gene seems to play a role in breast cancer susceptibility, but
only in patients with Peutz-Jeghers syndrome.
Low-penetrant breast cancer susceptibility genes.
There are several classes of potential low-penetrance breast cancer susceptibility
genes, such as proto-oncogenes, metabolic pathway genes, estrogen pathway
genes and immunomodulatory pathway genes.
Proto-oncogenes
Proto-oncogenes are involved in the regulation of normal cell growth and
differentiation. Mutations in proto-oncogenes lead to disturbances in the cell cycle
and can result in abnormal growth or proliferation . 1 1 4 Well-known proto-oncogenes
are the RAS genes, the HER2 gene and the myc genes.
HRAS1
The HRAS1 gene encomfsasses four exons flanked by a variable tandem region
repeat at the 3' end. 1 15• 1 6 This minisatellite locus is composed of four common
alleles (94% of Caucasians) 1 1 7 and dozens of variants, the so-called intermediate
and rare alleles. Each variant allele is derived from the common allele nearest in size
to it. 1 1 8 The HRAS1 polymorphism was examined in 1 3 studies. 1 19-1 31 Positive ORs
were detected
in
all
studies (Figure
1 ), five of which
reached
significance1 1 9• 124• 128• 129• 1 31 with ORs of 2-7. Combining the studies showed an
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association between rare HRAS 1 alleles and breast cancer (OR=2.03, 95% Cl 1 .722.40), with a PAR of 1 4%. There are, however, several methodological problems in
performing this pooled analysis, since the choice of the cut-off point between rare,
intermediate and common alleles is difficult to make and the distribution of the alleles
in subgroups of the population varies between studies. 132 The choice of rare alleles
(frequency < 4%) is not the same for all studies and does not correspond to any
previous biological interpretation. 1 32 In most studies there are four common alleles
and the rest of the alleles are listed as rare. With this as the criterion, our pooled
analysis indicated that the rare HRAS 1 alleles are associated with a moderately
increased risk of breast cancer.
L-myc.
Three studies focused on L-myc and breast cancer risk. 1 33-1 35 In one study, no
controls were examined. 134 Another study found an association with breast cancer1 35
for women heterozygous (OR=2.25, 95% Cl 1 . 1 2-4.51 ) and homozygous (OR=2.63,
95% Cl 1 .22-5.68) for the variant allele. When all three studies were combined for
our pooled analysis, no association with breast cancer was found.

Metabolic pathway genes
Enzymes involved in metabolic pathways are of interest because of their possible
role in (de)toxification of chemical compounds. 1 36 A number of metabolic pathway
genes, including the cytochrome p450 family, the GST family and the NA T1 and
NAT2 genes, are thought to have evolved as an adaptive response to environmental
exposure to toxins, including some carcinogens. The prediction is therefore that any
alteration in the activity of these enzymes would result in an altered susceptibility to
potentially toxic (mutagenic) compounds. This may determine the rate at which
somatic mutations occur in genes in response to environmental exposures, resulting
in an altered cancer susceptibility. The cytochrome p450-family proteins are known
as phase I enzymes. In general, these enzymes metabolically activate
carcinogens. 1 37 A genotype associated with an increased phase I enzyme activity
might therefore increase breast cancer risk. 1 38 The NAT and GST-family proteins are
known as phase II enzymes. These enzymes metabolically inactivate carcinogens.
The substrates for phase II enzymes include carcinogenic compounds activated by
the phase I enzymes. A genotype associated with decreased phase II activity might
therefore increase breast cancer risk. 1 38
N-Acetyl Transferase (NAT)
Both NA T1 and NA T2 are polymorphic with so-called fast and slow phenotypes. Slow
acetylators produce proteins that are either poorly expressed , are unstable or have
partially reduced catalytic activities. 1 39 In theory, having the slow acetylator
phenotype could mean that aromatic amines are metabolized more slowly and that
slow acetylators might, therefore, be at increased breast cancer risk. 1 14
NA T1
The NA T1 *1 0 allele is associated with the rapid acetylation phenotype; all other
alleles represent slow alleles. 1 39-141 This allele is present in 30% of those populations
with European ancestry. 142 Two studies found no association with breast cancer risk
either separately or combined. 143• 144 The NAT1 polymorphism does not appear to
play a major role in breast cancer susceptibility, although a small increase in breast
cancer risk cannot be excluded.
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NA T2
The acetylation capacity in NA T2*4 homozygotes in vivo is higher than in NA T2*4
heterozygotes and all variant alleles have lower acetylation capacities. 145 The
�47opulation frequency of the fast acetylator genotype of the NA T2 gene is 22-78%. 145None of seven studies found an increased breast cancer risk for the slow
acetylators NA T2 phenotype, 148-1 54 while two studies found a decreased breast
cancer risk. 148• 153 No association with breast cancer risk was found when all studies
were combined. The results for the NA T2 genotype were similar. No effect in breast
cancer risk was found when the studies were combined in our pooled analysis. 143• 155159 In conclusion, the NAT2 polymorphism does not play a role in breast cancer
susceptibility.
Combination NAT1 and NA T2
One study examined both polymorphisms. 143 No association between these
polymorph isms and breast cancer was observed for either the NA T1 and NA T2
genes separately or combined.
Glutathione S-Transferase (GST) family
Deletion variants that are associated with a lack of enzyme function exist at GSTM1
and GSTT1. 160 I ndividuals homozygous for null deletions in the GSTM1 and/or
GSTT1 genes may have an impaired ability to metabolically eliminate carcinogens
and may therefore be at increased cancer risk.
GSTM1
GSTM1 is polymorphically e�ressed as GSTM1-0 or null (homozygous deletion)
and GSTM1a and GSTM1b. 1 Between 20 and 60% of the general population are
homozygous null for the GSTM1 gene. 161 -1 64 The GSTM1 null variant has been well
examined in breast cancer studies with varying results. 165-178 Our pooled analysis
showed an association between this polymorphism and breast cancer risk, although
this increase is very small and only marginally significant (OR=1 . 1 3, 95% Cl 1 .001 .26). The combined sample size is large enough to exclude a moderate increase in
breast cancer risk for GSTM1 null homozygous carriers.
GSTP1
In 31 % (24 of 77) of the breast cancer cases, hypermethylation of the GSTP1
promoter region was detected. 179 A polymorphism, the isoleucine to valine
substitution at codon 1 05, has been associated with reduced conjugatinii} activity of
the gene. 180 This polymorphism has been examined in three studies. 1 • 176• 181 Our
pooled analysis showed a moderately increased breast cancer risk for women
homozygous for the Val allele (OR= 1 .86, 95% Cl 1 .05-3.3) with a PAR of 1 4%. Thus,
the GSTP1 polymorphism appears to play a role in breast cancer susceptibility,
although the total number of cases (n=301 ) and controls (n=397) was small.
GSTT1
The GSTT1 gene has two functionally different genotypes: GSTT1-0 or null
(homozygous deletion) and GSTT1+ (one or two undeleted alleles). 160 The GSTT1
null genotype has been linked to increased DNA damage from experimental
carcinogens. 182 In different populations, 9-64% are homozygous null for the
GSTT1gene. 164• 182-184 Six studies examinina this polymorphism showed no
'17
association with breast cancer. 1 69• 170• 172• 17s- 7 The results were similar for
premenopausal and postmenopausal women. Based on the combined sample size, a
moderate increase in breast cancer risk can be excluded for women homozygous
null for the GSTT1 polymorphism.

Combination of GSTM1 GSTT1 and GSTP1 polymorphisms
}
Six studies1 69• 170• 172•175-1 7 examined both GSTM1 and GSTT1 polymorph isms and
breast cancer risk and four of them 1 70· 1 72·176• 177 also analyzed the GSTP1
polymorphism. In one study, no controls were examined and it was therefore not
included in our pooled analysis.
Of the five studies that examined the combination of two of the GST genes, one
found an association between the two risk genotype and breast cancer for all three
combinations of GST genes. 170 Another detected an association between the two risk
genotype for the GSTM1 and GSTT1 gene and breast cancer. 1 77 Pooled analysis
showed an increased breast cancer risk for the one and the two risk genotype of all
three gene combinations, although only the two risk genotype of the GSTM1 and
GSTP1 combination reached significance (OR=1 .65, 95% Cl 1 .00-2.71 ).
For the two studies where all three polymorphisms were examined, the results were
similar. 170· 176 The study that observed associations with the two risk genotypes, also
showed an association between the three high risk alleles and breast cancer. 170
When both studies were combined, increased breast cancer risks were observed for
carriers of the one, two or three risk genotype, although only the two risk genotype
reached significance (OR=1 .90, 95% Cl 1 . 1 3-3.22).

Cytochrome p450 family
Certain substrates, including almost all carcinogens, are metabolically activated by
cytochrome p450 metabolism which results in the formation of mutagenic chemically
reactive electrophiles. Most prescribed drugs are substrates for one or more
cytochrome p450 isoenzymes. 17 Individual cytochrome p450 isoenzymes have a
unique substrate specificity, although a certain overlap between the enzymes is
observed. 1 7
CYP1A1
This gene codes for Aryl Hydrocarbon Hydroxylase (AH H ). 1 14 AHH is strongly
inducible: differences in xenobiotic metabolic activity between subjects even within a
family can be over 200 fold. 1 85 Changes in AHH activity, resulting in different
estrogen levels, could affect breast cancer risk. 16• 1 14 Four polymorphisms have been
described in the CYP1A 1 gene, namely the m1 polymorphism, the m2 polymorphism
(associated with increased enzyme activity in vitro, both for homozygotes and
heterozygotes for the variant allele1 86·187 ), the m3 polymorphism (only present in
African-Americans), and the m4 polymorphism. The m1 and m2 polymorphisms are
in linkage disequilibrium 17 whereas the African-American specific polymorphism (m3)
does not co-segregate. 17 Five studies examined the m1 pqlymorohism with varying
results. 1 69•188-1 91 Combination all Caucasian studies, 169·188·18�· 191 showed an
association between heterozygous carriers of the variant allele and an increased
breast cancer risk �OR=1 .33, 95% Cl 1 .06-1 .66). Two of the studies also examined
African-Americans. 69•191 No association with breast cancer was observed , but the
total number of cases (n=84) and controls (n=1 77) was small and an (moderately)
increased risk can not be excluded. No overall association was detected in a Chinese
study. 190 An increased breast cancer risk was found for postmenopausal women
homozygous for the m1 variant allele (OR=2.97, 95% Cl 1 . 1 4-7.76), but the number
of subjects was small (78 cases and 81 controls). When all studies, regardless of
ethnicity, were combined, no association was found between breast cancer and the
m1 polymorphism.
No association with breast cancer risk was found in eiaht studies examining the m2
polymorphism16 regardless of whether they were1 67 • 169 ;r 89-1 92 ana!ftZed separately or
were combined. However, b� combining the two studies 1 9 which analyzed
postmenopausal women only, 1 7 an association with breast cancer was found for
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both heterozygous carriers of the m2 variant allele (OR=1 .59, 95% Cl 1 .07-2.37) and
women homozygous for the variant allele, although the latter association is not
significant(OR=2.53, 95% Cl 0.92-6.96). This is probably because of lack of power.
The African-American specific m3 variant allele does not seem to play a role in
breast cancer susceptibility. 169• 191 No association with breast cancer was observed in
the one study169 that examined the m4 polymorphism.
In conclusion, a small increased breast cancer risk was found in the Caucasian
population for the m1 polymorphism and a moderately increased breast cancer risk in
postmenopausal women was detected for the m2 polymorphism. A moderate
increase in breast cancer risk for variant allele carriers cannot be excluded for all four
polymorphisms because of lack of power. Additional data are required to define the
precise association between this gene and breast cancer, particularly in the
Caucasian population and in postmenopausal women.
CYP181
The CYP 1 B 1 enzyme exceeds other p450 enzymes in both estrogen hydroxylation
activity and expression in breast tissue. 193 Four polymorphisms have been described
in this gene and all variants have higher hydroxylation activity. 193 These variant
alleles may be associated with changes in estrogen metabolism and therefore breast
cancer risk. Three of these polymorphisms were examined in breast cancer patients
and controls. The codon 432 polymorphism was examined in three studies. 194-196
Large differences in variant allele frequencies were found between different
populations with the variant allele frequency ra � ing from 0. 1 5 to 0.68, with even
large differences between two Asian studies. 195• 1 When all studies were combined,
our pooled analysis found no association between the codon 432 polymorphism and
breast cancer. The study examining the codon 1 1 9 polymorphism detected an
association with an increased breast cancer risk in women heterozygous for the
variant allele (OR=1 .62, 95% Cl 1 . 1 5-2.29). 195 However, in women homozygous of
the variant allele, a nonsignificant decrease in risk was found (OR=0.6, 95% Cl 0.1 1 3.31 ). No association with breast cancer was observed for the codon 453
polymorphism. 194
One study examined both the codon 1 1 9 and codon 432 polymorphisms. 195 The two
polymorphisms were genetically independent and no association with an increased
breast cancer risk was found for any combination of them.
CYP2D6
The CYP2D6 variant allele is the result of a deletion of a 1 7.5 kb region including the
entire CYP2D6 �ene. 197 In the Caucasian population 5% are homozygous for this
polymorphism. 17• 98 These poor metabolizers are unable to metabolize agents such
as debrisoquine and codeine. 17 Seven studies - with varying results - examined this
polymorphism, three phenotypically1 36• 199•200 and four genotypically. 197•201 -203 When
the phenotype studies were combined, a moderately increased breast cancer risk
was found for poor metabolizers (OR=2.22, 95% Cl 1 .39-3.55) with a PAR of 8%.
When the genotype studies were combined, an association was detected for carriers
(homozygous and heterozygous combined) of the variant allele (OR=1 .49, 95% Cl
1 .26-1 . 77), with a PAR of 6%. In conclusion, this polymorphism may play a role in
increased breast cancer susceptibility.

Estrogen pathway genes
Experimental, clinical, and epidemiological studies show that estrogen and
progesterone play a major role in growth and differentiation of normal breast
tissue. 1 1 4•204 A prolonged or increased exposure to estrogen is associated with
increased breast cancer risk. 205•206 Endogenous and exogenous hormones stimulate
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cell proliferation, and thus enhance the chance of accumulating random genetic
errors. The most widely accepted risk factors for breast cancer such as age at
menarche, age at first preflpancy, number of pregnancies, breast feeding, age at
menopause and obesity, 1 . 1 · 07 can be considered measures of the cumulative dose
of estrogen that breast epithelium is exposed to over time. 205•208 Several estrogen
metabolites can directly or indirectly cause oxidative DNA damage. 209•210 I n
conclusion, genes involved in the metabolism o f sex hormones (i.e. , estrogens) are
interesting candidates for breast cancer susceptibility genes. 207•21 1

Cytochrome p450 family
CYP1 7
A polymorphism in the CYP1 7 gene was detected in the 5' untranslated region.
The variant allele of this polymorphism has an additional Spl type promoter site.
Since it is thought that the number of 5' promoter elements correlates with promoter
activity, 1 1 4 women with this allele might have higher estradiol levels. 212 An association
between the presence of at least one variant allele and an i ncreased serum estrogen
and progesterone level at dal 1 1 and day 22 of the menstrual cycle, is found in
young, nulliparous women. 21 One male breast cancer study (64 cases and 58
controls) observed an increased risk for variant allele carriers (OR=2 . 1 0, 95% Cl
1 .04-4.27). 214 Ten studies on female breast cancer examined this. 18•214-221 One found
an association (OR= 1 .99, 1 . 1 5-3.45) between variant allele carriers (homozygous
and heterozygous) and breast cancer in young women (<37 years of age),222 but the
number of cases (n=1 09) and controls (n=1 1 7) were small. Six other studies in
premenopausal women21 showed no association between this polymorphism and
breast cancer.214•218·219·221 •223 When all studies were combined in our pooled analysis,
no association with breast cancer was found. In conclusion, based on the combined
sample size, even a small increase in breast cancer risk overall can be excluded.
However, because the studies did not further discriminate for age, an increased risk
for breast cancer in young women carrying the variant allele can not be excluded.
CYP19
Several polymorphisms have been described in the CYP19 gene. A tetranucleotide
repeat polymorphism, (TTTA)n, is located in intron 4, about 80 n ucleotides
downstream from exon 4.224 Our feooled analysis of the five studies examining the
(TTTA)1 0 allele polymorphism225"2 9 showed an OR of 1 .59 (95% Cl 1 .0 1 -2.48), with
a PAR of 1 %. There is, however, a problem in performing a pooled analysis on this
polymorphism, because the studies used different methods to detect the alleles. Two
studies found eight different alleles while the three others found seven, six and five
respectively. Two other polymorphisms in intron 4 and 6 described in one stud� were
in strong linkage disequilibrium with the tetranucleotide polymorphism. 9 No
association with breast cancer was detected for either polymorphisms. Another
polymorphism (codon 264) also showed no association with breast cancer. 230 In
conclusion, this gene might play a (minor) role in breast cancer susceptibility.

Estrogen receptor (ER)
The ER is a critical determinant of cellular responsiveness to estrogen and is thought
to play an important role in breast cancer promotion. 1 14 Germline and somatic
mutations in the ER gene in breast cancers cases are rare. 231 Five somatic mutations
in the ER gene have been found in only four out of 300 human breast tumors. 232"234
Methylation of the promoter region of the ER gene was detected in 25% of ER
negative breast cancers, while no methylation was found in ER-positive tumors and
normal breast specimens.235 Several polymorphisms in the ER gene have been
described. The Pvull polymorphism in intron 1 was examined in three
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studies, 233•236•237 one of which did not use controls. 233 The two other studies found no
association with breast cancer, although the genotypes of cases (and not of controls)
were only given in one. 237 When the three studies were combined, with control
genotypes from one study, 236 no association was found. The total number of controls
(n=53), however, is very small. The Xba/ polymorphism237 showed a decreased
breast cancer risk (OR=0.50, 95% Cl 0.25-0.99) for homozygous carriers of the
variant allele (1 0.5 kb allele). In this study, both the number of cases (n= 1 91 ) and
controls (n=204) was small. A third polymorphism, in codon 325, is located in the
hormone binding domain and might therefore be correlated with the ER function . 234
This was examined in three studies, 233•234•238 including one study without controls. 233
No association with breast cancer was found when the three studies were combined.
Surprisingly, only five relatively small studies examined polymorphisms in the ER
gene. Because of small sample sizes, an association with breast cancer risk can
neither be confirmed nor excluded.
Progesteron receptor (PRJ
Methylation of the CpG islands in the 5' region of the PR gene was found in 40% of
PR-negative breast cancers cases (6 of 1 5), and not found in 1 5 PR-positive tumors
or normal breast specimens. 235 A polymorphism in intron 7 of the PR gene has been
described. The variant PROGINS allele consists of a 306 bp insertion of the Alu
subfami�. 239 Four studies addressed this polymorphism in relation to breast cancer
risk. 240-2 Although the studies observed different ORs for heterozygous carriers, the
ORs for women homozygous for the PROGINS allele were similar, ranging from
0.27-0.63 (Figure 2). Pooled analysis of these studies showed that the OR for women
homozygous for the variant allele was 0.32 (95% Cl 0 . 1 6-0.65). Thus, instead of an
increased risk, four studies separately and combined found a decreased breast
cancer risk for homozygous carriers of the PROGINS allele.
Androgen receptor (AR)
A mutation in the AR gene was detected in three male breast cancer patients with
(partial) androgen resistance, two brothers244 and one sporadic patient. 245 An
increased risk of breast cancer was found in women with BRCA 1 mutations ( 1 65
women with breast cancer, 1 39 without) if they inherited at least one AR allele with
>27 CAG repeats.246 Two other studies in sporadic breast cancer patients found no
association between the number of CAG repeats and breast cancer risk (in total 876
cases and 8 1 0 controls).247•248 This polymorphism therefore does not appear to play
a major role in breast cancer susceptibility.
Catecho/-0-methy/transferase (COMT)
A polymorphism was identified in the COMT gene at codon 1 58, 249 the normal allele
was designated COMT-H and the variant allele COMT-L. The variant allele encodes
a thermolabile form of the enzyme with reduced activity. Four studies examined this
polymorphism.1 9•2 19•250•251 No increased breast cancer risk (overall, for
premenopausal or for postmenopausal women) was found when all studies were
combined.
Uridine diphospho-g/ucuronosyltransferase 1A 1 (UGT1A 1)
A TA repeat polymorphism has been reported in the promotor region of the UGT1A 1
gene. lncreasin� the number of repeats in this polymorphism leads to a decrease in
enzyme activity. 52•253 The wildtype allele (UGT1A 1 *1), contains six TA repeats and
the most common variant allele ( UGT1A 1 *28) seven. Two other variant alleles
(UGT1A 1 *33, 5 repeats and UGT1A 1 *34, 8 re�eats) have been found almost
exclusively in the African-American population. 252•2 Among premenopausal women,

an association was found in an African-American population. 253 An increased breast
cancer risk (OR= 1 .8, 95% Cl 1 .0-3. 1 ) was detected
for heterozygous and
homozygous carriers of the variant alleles with a decreased enzyme activity
(UGT1A 1 *28 and UGT1A 1 *34). In a Caucasian population in another study, no
association was found.254 No association between breast cancer risk and the
UGT1A 1 *28 allele was detected when the studies were combined.

HLA region
The principal function of the highly polymorphic HLA antigens is to bind peptide
fragments, so that they can be optimally presented to cytotoxic T-lymphocytes and
natural killer cells.255 The HLA antigens play a major role in immunity, self
recognition, and cell and tissue differentiation. Several studies observed no
association with breast cancer. 256-259 Other studies have indicated that different H LA
antigens may either be risk factors for or protective against breast cancer.260-263 No
strong associations with specific alleles were found, and (some of) the results were
contradictory. In one study, a family was examined in which more than 40% of the
members of two generations had cancer (mostly breast, endometrial and
gastrointestina1). 264 Positive LOD scores to markers within or near the HLA r� ion
were found. None of the LOD scores, however, reached significance.2
In
conclusion, several reports have indicated that different HLA alleles may b e risk
factors for or protective factors against cancer. No clear associations with specific
alleles have been detected.
Tumor Necrose Factor (TNF) a
The TNFa gene is a central mediator in the inflammatory response and
immunological activities towards tumor cells. 265-267 One polymorphism in the TNFa
gene occurs in a series of repeating conserved motifs and is not randomly
distributed . It, therefore, most likely has some functional and selective effect.268 The
rare TNF2 allele of this polymorphism lies on the extended haplotype A1 -B8-DR3DQ2266 which is associated with autoimmunity and high TNFa production.269·270 A
comparison of the data268 suggests that there may be a small effect of the -308
polymorphism, with the TNF2 allele being associated with slightly higher levels of
TNFa production. An association between the TNF2 allele carriers (heterozygous
and homozygous) and breast cancer risk was shown in one study which included 40
breast cancer patients and 1 06 controls (OR=3.53, 95% Cl 1 .65-7.54). 267
Heat Shock Protein 70 (HSP70)
In the HLA region , three intronless genes encoding members of HSP70 are located
centromerically to the TNF :fJenes. The genes have been identified as HSP70-1 ,
HSP70-2 and HSP70-hom. 1 HSP70 is a determining factor in immunological
mechanisms against tumor cells267 and HSPs can serve as a target for antitumor
immune recognition by antibodies and T cells.272·273 Conversely, HSP70 expression
on tumor cells is correlated with the inhibition of monoc�otoxic activity, which can
protect tumor cells against host immunological reactions. 67 Whether HSP70 acts as
an anti-tumor immune response enhancer or as a tumor promoter may depend on
HSP70 genotypes.267 One study showed that the variant allele carriership of the
HSP70-hom gene was associated with breast cancer (OR=3.56, 95% Cl 1 .26-1 0.01 )
whereas carriership of the HSP70-2 gene was not (OR=2.36, 95% Cl 0.75-7.33).267
Iron metabolism
Experimental, clinical, and epidemiological investigations have shown that iron can
influence carcinogenesis.274 I ncreased body-iron stores have been associated with
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cancer risk. A number of genes is involved in iron metabolism, including the
hemochromatosis gene (HFE) and the transferrin receptor ( TFR) gene.
The HFE gene and hereditary hemochromatosis (HH)
So far, two point mutations (Cys282Tyr and His63Asp) have been detected in the
HFE gene of HH patients. Over 80% of the hemochromatosis patients are
homozygous for the Cys282Tyr mutation.275 Heterozygous carriers, comprising 1 5%
of the American population have, on average, increased iron stores as compared to
noncarriers. 276•27 In a study of 1 ,950 HH heterozygotes and 1 656 controls no
7
increased breast cancer risk was detected (OR=0.98, 95% Cl 0.81 -1 . 1 9).2 7 I n
another study with 1 65 cases and 294 controls, n o association was found between
breast cancer and the HFE and TFR genotypes when the genotypes were tested
both separately and together. 278 I n conclusion, the HFE and TFR genes do not play a
major role in breast cancer susceptibility.

Other genes
Vitamin D receptor (VDR)
Five polymorphisms of the VDR gene have been studied in breast cancer patients
and controls. Four of these, the Taq/, Apa1, Bsml and the poly-A polymorphism, are
located in the 3' region of the gene and are in linkage disequilibrium with each other.
One polymorphism, the Fokl, is located in the 5' region of the gene and is not in
linkage disequilibrium with the other polymorphisms. The Taq1 polymorphism,
associated with increased serum vitamin 03 levels, 279 was examined in three
studies.247·279·280 No association with breast cancer was found in our pooled analysis
(Figure 3). The Bsml polymorphism was investigated in two studies and when the�
were combined, again no association with breast cancer was found (Figure 3).281 ·2
The two other polymorphisms in the 3' region of the gene, the Apa 1 and the poly-A
polymorphism, were each addressed in one small study. For both polymorphisms, an
increased breast cancer risk was found for carriers (heterozygous and homozygous)
of the variant allele (Apa/: OR=1 .56, 95% Cl 1 .09-2.24280, poly-A: OR=1 .73, 95% Cl
1 . 1 6-2.59282 , Fi� ure 3). Pooled analysis of the two studies on the Fok/
polymorphism280• 82 detected no association with breast cancer (Figure 3). I n one
study, haplotypes of the Apal (variant allele a) and the Taq/ (variant allele T)
polymorphisms were tested. Women with the genotype aaTT (homozygous for the
haplotype of both variant alleles), had an increased breast cancer risk (OR=2.5, 95%
Cl 1 ,02-6.5) as compared to women with the genotype Aatt.280 The results of the
different polymorphisms in this gene are contradictory, and it remains unclear
whether the VDR gene plays a role in breast cancer susceptibility.
APC
Breast tumors (n=227) were screened for truncating mutations in exon 1 5 of the APC
gene (77% of the coding sequence) and only one somatic mutation was found. 283
Somatic mutations in the APC gene were detected in 1 3 of 70 breast cancer cases in
another study.284 Most of these mutations were outside the mutation cluster region
that has been noted for colorectal cancer.284 One of the polymorphisms in the APC
gene, the 1 1 307K polymorphism, is specific for the Ashkenazi Jews. In Ashkenazi
Jewish women with breast cancer without a BRCA 1 or 2 mutation no association
2
between breast cancer and the 1 1 307K polymorphism was detected. 85·286 In another
study, the presence of the 1 1 307K allele among BRCA 1 12 carriers was not associated
with a further increase of cancer risk. 287 This polymorphism probably does not play a
role in breast cancer susceptibility.
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Chapter 7

Combinations of polymorphisms in different genes
One study examined the four fsolymorphisms in the CYP1A 1 gene and the GSTM1and GSTT1 polymorphisms. 1 9 None of these polymorphisms, either separate or
combined, were associated with increased breast cancer risks. Others analyzed a
combination of the m2 polymorphism in the CYP1A 1 gene and the GSTM1
polymorphism and again no associations were found. 167 One study examined the m1
polymorphisms in the CYP1A 1 gene and the polymorphisms in the CYP1 7 and
COMT genes. 219 The presence of at least two putative high-risk genotypes was
associated with an increased risk of breast cancer (OR=3.47, 95% Cl 1 .2 1 -9.99).
I n conclusion, in few studies, with small sample sizes, combinations of
polymorphisms were examined.
Discussion
This review which examined 34 polymorphisms in 1 8 different genes, described in
more than one breast cancer study, whenever possible with pooled analysis, showed
an association with breast cancer for 1 3 polymorphisms in 1 0 genes. I ncreased
breast cancer risks were found for the polymorph isms in HRAS1, GSTM1, GSTP1,
CYP181 (codon 1 1 9), CYP206, CYP19 and VDR (Apal and poly-A), with PARs
ranging from 1 -4 1 % . I nterestingly, decreased breast cancer risks were found for
women homozygous for the variant allele for the intron 3, exon 4 and intron 6
polymorphisms in the Tp53 gene, the Xbal polymorphism in the ER gene and the
PROGINS polymorphism in the PR gene. Women with these genotypes may
represent a subpopulation where prevention strategies can be less intensive than in
the general population. The pooled analysis was performed on large (>2,000 cases)
sample sizes for the HRAS1, GSTM1 and CYP19 polymorphisms. There is,
therefore, strong evidence for increased breast cancer risks associated with these
polymorphisms, although the increase in breast cancer risk for the GSTM1
polymorphism is very small. More research on these three genes will probably only
narrow the confidence intervals and not change either the ORs or the allele
frequencies. The sample sizes studied for other polymorphisms such as Tp53 (intron
3, exon 4 and intron 6), GSTP1, CYP1 81 (codon 1 1 9), ER (Xba/), and VDR (Apa/
and poly-A), were quite small (<1 ,000 cases). Because of this, the association with
increased breast cancer risk is not confirmed. The sample sizes for the
polymorph isms of CYP2D6 and PR were intermediate (between 1 ,000 and 2,000
cases). Our pooled analysis revealed that there is an association with breast cancer,
although more research (larger sample size) could slightly change both the ORs and
the allele frequencies. The pooled analysis for 1 2 other polymorphisms in nine
genes, namely L-myc, NA T1, NA T2, GSTT1, CYP1A 1 , CYP1 7, AR, COMT and
UGT1A 1 revealed no association with breast cancer. For NA T2, GSTT1 and CYP1 7 the polymorphisms with large sample sizes - an association with breast cancer can
be excluded. For polymorphisms with small (L-myc, NA T1, CYP1A 1 (m2, m3 and
m4), AR and UGT1A 1 ) or intermediate (CYP1A 1 (m 1 ) and coMn sample sizes, an
association with breast cancer can not be excluded.
Somewhat different rules are applicable for polymorphisms described in only one
study. To conclude from a negative result that the original effects is likely to be an
artifact, a sample size of roughly four times the initial study is needed when
reolicating these studies (see Appendix A). Eight polvmorphisms ( TNF-a, 267 HSP701.
2. �67 HSP70-hom , 267APOE,288 EDH1 782, 289 HER2, 90 TBR- 1, 291 and TF�78) are
each described in only one study, all of which have (very) small sample sizes. A
weak association with breast cancer was found for five of these (TNF-a, HSP70-2,
HSP70-hom, EDH1 7B2 and HER2). Replication of this is needed to either confirm or
reject the tentative findings.
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Strikingly little research has been performed on combinations of polymorphisms
which are addressed in only a few studies in breast cancer patients. An association
with increased breast cancer risk was found for combinations of polymorphisms in
the different GST genes, although the total number of cases (n= 238) and controls
(n=240) was small and the association was only marginally significant. No evidence
was observed for other associations with breast cancer for certain combinations, but
this was mainly because of small sample sizes. For polymorphisms not associated
with breast cancer when studied separately, an association is still possible in
combination with other polymorphisms. Since the products of several genes interact
(almost half of the reviewed genes play a role in estrogen metabolism), interactions
between the genes are likely.
When the variant itself is non-functional, but in linkage disequilibrium with some other
functional variant, the overall risks may not be applicable to all populations, as
linkage disequilibrium for certain variants often differ between populations. 21
Finally, it is not unlikely that other genes exist that give rise to variation in breast
cancer susceptibility, but that they have not yet been identified and/or tested. A whole
genome screen would be the ideal method to detect new breast cancer susceptibility
genes. This method , however, is still too expensive to carry out in large study
populations. Until this is (economically) feasible, it can be useful to collect data on an
appropriately sized, well-described study population. Analysis of several (or all) of the
polymorphisms already known to be associated with breast cancer in the same
population will increase our understanding of the etiology of breast cancer. More
specific risk assessments will become available for women individually, 1 6 with
targeted breast cancer prevention strategies. 13
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Appendix A: Sample size calculation
More than one study: The statistical power for actual investigations into disease
genes can be tackled by postulating a simple ·biallelic genetic model and assuming
that the disease gene itself (or a 1 00% linked and associated marker) is observed.
Relative risks of the disease can then be specified for homozygotes for the wildtype
allele (aa), heterozygotes (aA) and homozygotes for the variant allele (AA). This
allows for variations in penetrance and dominant, additive or recessive models. Other
input parameters that the model needs are the disease frequency, the frequency of
the variant allele, the required power and the significance level. The basis of the
calculation is the determination of the a posteriori genotype distribution of the
frequencies of alleles transmitted from unaffected parents to their affected child. The
genotypes constructed by the alleles that are not transmitted serve then as (pseudo)
controls as in the transmission/disequilibrium test. Power calculations for the
difference in the frequencies of binomial entities are performed using a normal
approximation. Sample sizes required are then calculated for detecting differences
between cases and controls in allele frequencies, in variant allele carriers and in
homozygotes for the variant allele.
Although the assumption of 1 00% linked and associated markers is not entirely
realistic, it does indicate an order of magnitude for the power of an actual
investigation. This will probably be lower as a function of genetic distance and allelic
frequency match between marker and disease alleles. The actual calculations are
done in a M icrosoft Excel® spreadsheet, available from the first author on demand.
Only one study. When only one association study is available on a polymorphism, it
is likely to be a positive one. It is therefore unlikely that a reliable disease model can

be obtained from it. Because of this, the sample size cannot be computed with the
formula presented in the previous section. A second study will need a sample size at
least four times as large as the original one in order to either replicate or refute the
association . The reason for the factor four is as follows. Assume that the power for
the first study to find a significant difference between cases and controls is equal to
0.50. For example, for a disease model with a variant allele frequency of 0.20, a
disease frequency of 1 0% and genotypic relative risks for aA and AA both equal to
1 .5, the power to detect a difference between cases and controls at a significance
level of 5% is 0.502 in a study with 1 64 trios. To detect the same difference with a
power of 0.95, 656 trios are required which is exactly a factor of four larger. Even for
a weak genetic disease model with a variant allele frequency of 0.50, a disease
frequency of 1 0% and genotypic relative risks both equal to 1 . 1 , this factor is 3.9996
(5,001 trios in first study versus 20,002 in the replication study). In order to replicate
the first study with a power of 90% (instead of 95%), the required increase in sample
size is a factor of 3 . 1 65.
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Abstract
BRCA 1 and BRCA2 germ line mutations account for <5% of breast cancer cases.
Less penetrant breast cancer susceptibility genes are likely to exist. Earlier studies
have suggested involvement of the HLA region . The HLA region was genotyped with
24 microsatellite markers and markers for two single nucleotide polymorphisms
(SNPs) in TNFa and TNFf3, in germline DNA from 956 breast cancer patients and
1 ,271 family-based controls. Association analyses and the Haplotype Sharing
Statistic (HSS) were used to search for differences in haplotype sharing between
patients and controls. Based on criteria known to influence genetic breast cancer
risk, patients were divided into groups of high, moderate and low-risk. The HSS
revealed a significant difference in mean haplotype sharing between patients and
controls for four consecutive markers (D6S2671 , TN Fa, D6S2672 and MICA), the
highest being at D6S2671 (P value 0.01 7). Subgroup analyses showed that
moderate-risk patients were responsible for this difference, with the strongest
association for D6S2672 (P value 0.0009). A single haplotype was more frequent and
longer in moderate-risk patients than in controls. The results were confirmed with
association analyses. Individuals homozygous for haplotype 1 1 0-1 84 (D6S2672M ICA) were observed in 9.0% of moderate-risk patients and 1 .5% of controls [odds
ratio (OR) =7 . 1 4], whereas heterozygotes were at a lower risk (OR= 1 .41 ), suggesting
a recessive effect. No association was observed between the two SNPs in TNFa (308) and TNFf3 (intron 1 ) and breast cancer risk. The results reveal a potential role of
the HLA class I l l subregion in susceptibility to breast cancer in patients at moderate
familial risk.
Introduction
There is increasing evidence that breast cancer is a heterogeneous disease, both
phenotypically and genotypically. 1 Hereditary factors are important in breast cancer
susceptibility. Because BRCA 1 and BRCA2 gene mutations do not explain the
occurrence of breast cancer in nmost breast cancer;13 rone families, other breast
cancer susceptibility genes likely exist, such as CHEK2. "'
Segregation analyses have shown that the best fitting model for breast cancer
families without BRCA 1 and BRCA2 mutations, is a polygenic one (i.e., low
penetrance genes with multiplicative effects on risk). However, a model with a single
recessive allele produces a similar fit. With both models, the frequency of the
mutations is high (24-32%).5-8 Hence, there is much interest in the search for low
penetrant genes/variants for breast cancer, which exist with high prevalence in the
general population. The population attributable risk (PAR) of breast cancer which can
be explained by these genes might be considerably higher than the PAR caused by
the rather rare mutations in the BRCA 1 and BRCA2 genes. 9-1 1
The 3.6 Mb human leukocyte antigen (HLA) region i s divided into three regions
(centromeric to telomeric) codin� for class II ( 1 . 1 Mb), class I l l (0.7 Mb), and class I
( 1 .8 Mb) antigens, respectively. 1 Several studies examined the HLA class I region in
sporadic breast cancer patients, mostly with phenotype-based methods. Most studies
were relatively small and had, therefore, insufficient J'ower to reach significance. 1 3-1 7
Three studies examined the HLA class II region. 1 8-2 Two of these studies revealed
an association with a decreased breast cancer risk for DRB1 *1 1 carriers. 19·20 Two
studies examined the HLA class I l l region. 2 1 •22 One Tunisian study examined the 308 SNP in TNFa and a SNP at position 1 267 of the HSP70-2.21 Homozygosity for
the variant allele of both SNPs showed an increased breast cancer risk (TNFa SNP
OR=4.4 and HSP70-2 SNP OR=7.2). One Asian study examined several SNPs in the
promoter region of TNFa (i.e., the -1 031 , the -863, the -857, and the -308 SNP) and
one SNP in intron 1 of TNFf3 .22 Breast cancer was not associated with SNPs in the
TNFa promoter.
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However, homozygosity for the variant allele of the TNFP SNP, showed an increased
breast cancer risk (OR=5.33).
The present study uses markers covering the entire HLA region to analyze in a large
sample of breast cancer patients and family-based controls the involvement of the
HLA region in breast cancer susceptibility.
Patients were assigned to high, moderate or low genetic risk groups, based on age at
onset, bilaterality of breast cancer, number of first-degree relatives with breast
cancer, co-existence of ovarian cancer or male breast cancer in the family. 9·23-27
Allele, genotype and two-locus haplotype association methods were used for the
analyses. In addition the Haplotype Sharing Statistic (HSS) was used, as this
extracts extra information from phase and single marker tests as compared with
association analysis. 28•29

Results
A total of 956 patients and 1 ,271 family-based controls were included between July
1 998 and January 2002, with 91 patients in the high-risk, 2 1 2 in the moderate-risk,
and 653 in the low-risk group. The median age at diagnosis was 53 years (range 2388). One marker (D6S2703) proved not to be in Hardy-Weinberg equilibrium and was
excluded from the analyses. The percentage of unknown alleles (including
inheritance errors) was 8.9% for all 23 markers combined.
HSS
Strong LD was observed in the sample of patients as well as in the sample of
controls over the whole region studied (P value<0.001 for all pairs of consecutive
markers, i. e., no extremer values than the observed D' values were seen in the 1 ,000
randomized datasets). The HSS analysis revealed a difference in mean haplotype
sharing between all patients and controls for D6S2671 (P value 0.01 7), TNFa (P
value 0.022), D6S2672 (P value 0.020), and MICA (P value 0.042, Figure 1 ).
Subgroup analyses showed that the moderate-risk patients in particular were
responsible for this difference. A difference in mean haplotype sharing between
moderate-risk patients and controls was observed for seven consecutive markers
[D6S2670 (P value 0.01 7), D6S273 (P value 0.0054 ), D6S2671 (P value 0.002),
TNFa (P value 0.001 7), D6S2672 (P value 0.0009), M ICA (P value 0.001 7), and
D6S2673 (P value 0.0043)], with D6S2672 most strongly associated with breast
cancer. At this locus, moderate-risk patients shared on average 0.43 marker intervals
towards the telomere and/or the centromere as compared to 0.28 marker intervals
among all patients and 0.21 marker intervals among controls. Analyses in the low
and high-risk patients showed no differences in mean haplotype sharing versus
controls. When the patients were divided solely based on the age at diagnosis (>50
and <50 or >45 and <45) or solely on number of relatives with breast cancer, no
association with breast cancer was observed for these different subgroups (data not
shown). Data on menopausal state were not available.
A graphical representation of haplotypes of moderate-risk patients and corresponding
family-based controls is shown in Figure 2. This reveals one haplotype that is over
represented in patients versus controls (the light grey-colored block in Figure 2). The
core of this haplotype is formed by markers D6S2665, D6S2670, D6S273, D6S2671 ,
TN Fa, D6S2672, MICA, D6S2673, D6S2678, and D6S2694, notably the combination
of alleles 247-200-1 36-1 6 1 - 1 20-1 1 0- 1 84-1 92-307-31 5, respectively. Another
preserved haplotype (dark grey-colored in Figure 2) is as frequent among patients as
among controls.
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Figure 1 . The Haplotype Sharing Statistic for all patients and for the different risk groups. On the X·
axis, distance to the first marker (i.e. , 6SL001 ) is indicated and on the y-axis the -log 10 value of the
significance of the difference in mean haplotype sharing between patients and controls.

A conditional H88 analysis of only haplotypes carrying the alleles of the most
associated two-locus haplotype (see later, in the description of the results of the
association analyses), i. e., 1 1 0-1 84 at 0682672-MICA, reveals that the risk
haplotype as mentioned before extends over a longer region among moderate-risk
patients (on average, 2.9 marker intervals) than among all patients (on average, 2.6
marker intervals) and than among controls (on average, 2.2 marker intervals).
This means that patients, in particular moderate-risk patients, have a more recent
founder for this region than controls, which supports the use of the H88 technique as
it indeed appears to extract additional information from the data over association
analyses.

Association analysis
The results observed with the H88 were confirmed by association analysis. Table 1
presents the results of the allele, genotype and two-locus haplotype association
analyses for all patients and for the different subgroups (P-values corrected for 69
independent tests). Table 2 displays the corresponding ORs, Cis and PARs. In the
moderate-risk group, breast cancer was associated with a two-locus haplotype, i.e.,
0682672 (allele 1 1 0) and MICA (allele 1 84).

''

Breast cancer and l-ILA

patient haplotypes

control haplotypes

Figure 2. Graphical representation of haplotypes with the patients in the left half of the figure
and the corresponding family-based controls in the right half. Each horizontal line represents
one haplotype. On the x-axis, marker loci are indicated. Marker alleles are mapped to colors,
white being a missing or phase-unknown allele. Different alleles at a locus have different
colors. The choice of colors is such that only minimal changes in color appear from one
marker locus to the next in haplotypes that are shared over a long distance. In the direction
of the y-axis, haplotypes are clustered for largest similarity around marker D6S2672. This
marker was chosen because the difference in mean haplotype sharing between patients and
controls was maximal at this locus. The same clustering algorithm was applied to patient and
control haplotypes. Only patient and control haplotypes with at least four phase-known
alleles are displayed. The haplotype causing the difference between patients and controls as
evaluated by HSS is the haplotype depicted as a light grey block in the middle of the figure.

A single haplotype could be constructed from 0682665 to 0682694 [0682665 (allele
247) - 0682670 (allele 200) - 068273 (allele 1 36) - 0682671 (allele 1 6 1 ) - TNFa
(allele 1 20) - 0682672 (allele 1 1 0) - MICA (allele 1 84) - 0682673 (allele 1 92) 0682678 (allele 307) - 0682694 (allele 31 5)]. This haplotype is the same haplotype
as the one retrieved with H88.
I ndividuals homozygous for the 0682672-M ICA haplotype 1 1 0-1 84 were observed in
9.0% of moderate-risk patients and 1 .5% of controls (odds ratio (OR) =7. 1 4),
whereas individuals heterozygous for the haplotype 1 1 0-1 84 were at a lower risk
(OR=1 .41 ).
The 8NPs TNFA and TNFB were analyzed with allele, genotype, and two-locus
association analyses. The results of the genotype analysis are described in Table 3.
The percentage of unknown alleles (including inheritance errors) was 6.5% for TNFA
and 5.3% for TNFB. No association was observed between these 8NPs and breast
cancer. The wildtype alleles of both 8NPs were present on the risk haplotype
identified with H88 and association analyses.
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Table

1. Frequencies of alleles. genotypes and two-locus haplotypes observed to cause

an increased risk among moderate risk patients. The significant result is typed in bold.

Locus

Allele, genotype

All patients

High-risk

Moderate-

Low-risk

Controls

or two locus

(%)

(%)

risk

(%)

(%)

1 8.5

(%)
29.4

3.4

21.3

22.1

1 0.4

5.5

haplotype
D6S2672

1 1 0 allele

D6S2672

1 1 0/1 1 0

D6S2672-MICA

1 1 0-184

MICA

1 84 allele

MICA

1 84/184

22.8

6.4

1 7.8

1 3.0

24.9°

54.1

51.7

27.9

25.6

4.4

1 6.2

1 5.0

58.3

53.1

50.8

33.8

26.4

24.6

• p=0.0076
Table 2. Odds ratios (ORs), 99.93%• confidence Intervals (Cis) and (population) attnbutable nsks ((P)ARs) for the alleles pat1ents
concerned, for all and for the moderate risk patients for alleles, genotypes and two locus haplotypes.
Significant results are typed 1n bold.
Locus

Genotype

Number of

Number of Number of

OR

genotypes

genotypes genotypes

all

among

among

all patients

moderate-

Cl

among patients
controls

PAR

OR

all

moderate-

Cl

AR
moderate·

patients

nsk

nsk

(%)

pat1ents

patients

risk patients

(% )

105

212

1 . 00

297

76

118

0.97

0.61-1 53

58

21

15

1 .49

0 54-4 1 0

others

551

0682672

1 1 0 het"

0682672

1 1 0 hom'

0682672

1 .00
2.34

1 .30

0.69-2.46

2.83

0.84-9.47

0682672-MICA

others

475

92

236

0682672-MICA

1 1 0-184 het"

184

49

88

1 .04

0.62-1 . 74

0682672-MICA

1 1 0-184 hom'

31

14

5

3 08

0.59-16.0

1 .00
5.33

1 .43

0.69-2.98

7.18

1.18-43.7

others

1 84

35

81

1 .00

184 het"

496

103

196

1.11

0 65-1.90

MICA

184 hom'

263

70

90

1 .29

0.70-2.37

1 1 .5

1 .22

0.55-2.70

1 .80

0.76-4.29

• Corresponds to a 95% Cl after multiple testing correction. • Heterozygotes. ' Homozygotes
Table 3. Freguencies of the aeno!j:pes of the TNFA and TNFB SNPs.

TNFA

TNFB

TNFA-TNFB

Genotype

All patients

High-risk

Moderate-

Low-risk

Controls

(%)

(%)

risk (%)

(%)

66.2

65.8

(%)
63.2

32.0

3 1 .8

3 1 .7

34.4

5.6

2.0

2.5

2.4

42.3

46.6

40.8

45.2

45.6

41.2

46.4

40.3

A/G

43.4

GIG

1 2.5

1 1 .0

1 2.2

1 2.8

1 2.6

CAlCA

48.7

45.0

49.7

49.0

43 8

CA/CG

22.9

21.7

1 9. 1

24.4

21.1

C/C

65.6

62.4

CIT

31.7

TIT

2.7

A/A

CAITA

0.1

CAITG

1 2.8

47. 1

0.0

0.7

0.0

0.3

1 6.7

1 5.6

1 1 .2

1 9.8

CG/CG

4.2

5.0

3.6

4.3

3.6

CGITA

0.0

0.0

0.0

0.0

0.3

CGITG

7.7

33

7.8

8.4

0.7

1 .6

1 .4

0.2

7.2

TAITG
TGITG

2.9

6.7

19.7

1 .00

MICA
MICA

Locus

1 6.2

1 .00

2.1

2.5

1 .3
2.6

24.0
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Discussion
This is the largest study so far investigating the HLA region in germline DNA for
breast cancer risk. It also is the first study of the HLA region performing subgroup
analyses for breast cancer genetic risk with stratification based on age at onset,
bilateral breast cancer, the occurrence of multiple first-degree relatives with breast
cancer, male breast cancer and ovarian cancer.
The HLA class I l l subregion appeared to be significantly associated with breast
cancer in all patients. Moderate-risk patients in particular were responsible for the
association (attributable risk in moderate-risk patients 1 9.7%). A single preserved
haplotype was more frequent and longer among moderate-risk patients, as compared
to controls. This haplotype extends from 0682665 to 0682694, as illustrated in the
graphical representation of the haplotypes (Figure 2). This implies that the risk
haplotype is not only more frequent among patients than among controls, but that the
moderate-risk patients are also more related to each other than the entire patient
population. Therefore, both hypotheses of H88 are met, resulting in more
significance by H88 than by association analyses. An important implication of this, in
a methodological sense, is that haplotype analyses can extract more information
from genetic data than association analyses alone.
Homozygosity for the 0682672- M ICA haplotype had a stronger association with
breast cancer than heterozygosity, suggesting a recessive effect. This is compatible
with results of segregation analyses, where a model with a single recessive allele,
with a high frequency, was one of the best fitting models for breast cancer families
without BRCA 1 and BRCA2 mutations. S-8
We detected only one haplotype associated with an increased breast cancer risk.
The responsible sequence variant putatively present on this haplotype is expected to
occur frequently in the population.
Genes relevant for breast cancer located in the region of 0682671 , TN Fa, 0682672,
and MICA are TNFa and TNF�. The two 8NPs analyzed in this study (-308 in TNFa
(TNFA) and intron 1 in TNF� (TNFB)) were however not associated with breast
cancer in this study.
In 243 Tunisian breast cancer patients and 1 74 controls, 21 homozygosity for the
variant allele of the -308 TNFa 8NP, showed an increased risk (OR=4.4). However, a
study in 95 Asian breast cancer patients and 1 90 controls revealed no association
between breast cancer and several 8NPs in the promoter region of TNFa, including
the -308 8NP, 22 although homozygosity for the variant allele of the TNF� 8NP
showed an increased breast cancer risk in the second study. Our data revealed that
our risk haplotype contained the wildtype alleles of both 8NPs analyzed in this study.
This implies that the 8NPs themselves are probably not responsible for the increased
breast cancer risk. However, the variant responsible for the increased breast cancer
risk may well be the same in the three populations, as it could be in LO with the
variant -308 TNFa allele in the Tunisian population, with the variant TNF� allele in
the Asian population and with the wildtype alleles of both 8NPs in our population.
It should be noted that, apart from the aforementioned genes, many other genes are
located in the region between loci 0682671 -MICA. Based on what is known of the
function of these genes at this moment, their involvement in breast cancer
susceptibility is unlikely.
The fact that we have investigated a large sample of breast cancer patients and
controls, and performed subgroup analyses for three genetic risk groups may well be
the reason why in contrast to previous studies with inconclusive results, we observe
a strong association between breast cancer and the HLA region.
The putative breast cancer susceptibility gene(s) will likely give a lower breast cancer
risk than the well-known mutations in BRCA 1 and BRCA2, because the effect is
observed mainly in the moderate-risk group. It seems difficult to reconcile the finding

of an effect in the moderate-risk patients but not the high-risk patients, however, the
high-risk patients are expected to be explained in a higher percentage by BRCA 1
and BRCA2 mutations. Furthermore less penetrant genes are supposed to be more
d
frequent in smaller familial clusters.3
The risk haplotype was frequent among moderate-risk patients (24.9%). Therefore,
the variant present on this haplotype is also expected to be frequent. In the
moderate-risk group, the attributable risk was high, namely 23.4%. Because of the
high frequency of the observed risk haplotype, the PAR of the putative breast cancer
causing variant is expected to be considerably higher than the PAR caused by
mutations in the BRCA 1 and BRCA2 �enes {the PAR of BRCA 1 and BRCA2
combined is expected to be less than 5% 3 ). 32
Recently, the cell-cycle checkpoint kinase CHEK2 gene was identified as a low
penetrance breast cancer susceptibility gene.4 •33 It was estimated that the 1 1 OOdeiC
mutation of CHEK2 resulted in an approximately 2-fold increased breast cancer risk
in women and therefore the demand for clinical testing of such an allele is
questionable.4 In our study, the OR is 7 . 1 4 for the association with markers 0682672
and M ICA in moderate-risk patients. When the underlying variant is identified, this
increased breast cancer risk may well require clinical testing. With an OR of seven,
the putative breast cancer gene is not really low penetrant and moderate-penetrant
seems to be a more appropriate term.
It will be of great importance to further study this region with the aim to find the gene
and mutations involved. This may not only lead to the identification of individuals at
increased risk, but may also provide new insights into the etiology of breast cancer. 34
With a frequent haplotype, several SNPs located in the region are expected to be in
LD with the mutation and it will be laborious to find the causal SNP or variant based
on association analyses only. In the ideal situation, all SNPs located in the candidate
region should be genotyped. It is important to realize, however, that there are already
290 validated SNPs in our 500 kb candidate region, 1 70 of them positively tested for
heterozygosity. Analysis of (part of) these SNPs in our patient and control sample is
one of our future goals.

Subjects and methods
Patients and controls
Both patients and family-based controls participated in a population-based study set
up to detect breast cancer susceptibility genes. These individuals were part of the
Caucasian population of the Northern Netherlands. Patients were accrued from six
hospitals (the University Medical Center in Groningen, the Medical Centers in
Leeuwarden and Harlingen, Ny Smellinghe in Drachten, Talma Sionsberg in
Dokkum, and the Anthonius Hospital in Sneek). In the hospitals in Drachten and
Dokkum, breast cancer patients were identified through the registry of the
Comprehensive Cancer Center Northern Netherlands. In the other four hospitals, all
breast cancer patients visiting the outpatient clinic over a one year period were asked
to participate. Their physician in the outpatient clinic always approached the breast
cancer patients. No selection was performed; cases were included between July
1 998 and January 2002, irrespective of family history. Patients completed a
questionnaire including their family history of cancer. Only those patients were
excluded of whom the presence of a BRCA 1 or BRCA2 mutation was known.
Twenty-two patients in the study were known to have undergone mutation analyses
and tested negative for BRCA 1 and BRCA2 (1 1 in the high-risk group, 4 in the
moderate-risk group and 7 in the low-risk group). Because only the index cases were
matched, it is possible that in family members mutation analyses has been performed
in Groningen or that patients or family members have undergone mutation analyses
at another genetic center in the Netherlands.

Breast cancer and HLA

All DNA samples and data in this study were handled anonymously and individuals
were aware that they would not be informed about individual test results. The Medical
Ethical Committees of the participating hospitals approved the study. All included
subjects gave written informed consent.
Family members (preferably parents or child and spouse) served as controls. When
DNA from parents was available for phase determination of the alleles, the non
transmitted haplotype from each parent was used as control. If DNA was obtained
from a child and a spouse, both haplotypes of the spouse were regarded as controls.
When only one family member (a parent, child or sib) was available, the haplotype
not present in the patient was used as a control haplotype.
Table 4. Criteria based on family history as used in this paper to define the different genetic

2J.27
risk groups for breast cancer susceptibility.9·
High-risk

Age at diagnosis under 35 years
Fulfilling the moderate risk criteria and a positive family history of ovarian cancer or of male breast cancer

Two or more first degree relatives•, at least one of them diagnosed before the age of 45 and another one
before the age of 60
Moderate-risk

Bilateral breast
Age at diagnosis under 45 years

Two or more first degree relatives•, at least one of them diagnosed before the age of 60
Low-risk

All women with breast cancer not fulfilling the high- or moderate-risk criteria

• A second degree female relative via a male is considered a first degree relative.
Table 5. Marker data and E!rimer !!2!Juences.
Locus Marker

Position (Mb) Heteroz�osit� Forward Primer (5' -> 3')

Reverse Primer(5' -> 3')

6SL001

0.04

0.9122

CCTCACCCGATACATAGACATAGG

AGAAATACCGAAATAAGGCCTCC

2

6SL002

0.1 9

0.6687

CTCTCGCTACTGTGGTACATGC

CAAACTGTAAGTCATGACCATGC

3

DNRNGCA 0.45

0.8103

GGAGAGAGCACTAGATTCCT

CTCTAGCAAAAGGAAGAGCC

4

RING3CA

0.47

0.7577

TGCTTATAGGGAGACTACCG

CACTCTGGAAACTTCCCATC

5

D6S2658

0.51

0.6063

AGAGAATGGATGCTGCATGAGG

GAGAGCTGGACTTTCGGGTTATACA

6

680001

0.56

0.6621

AGGGAATTCGGAACTCATTTTT

GTAAACTGGGCTGAGATGTACCA

7

TAP1

0.59

0.6521

AGAACCAGACAGGTTTCTCCTG

GGACAATATTTTGCTCCTGAGGTA

8

D6S2444

0.69

0.7239

GAATGCTGGGTTCTTGGCTC

GGAAGGATTCTAAATAGGGGAG

9

G51 1 525

0.74

0.7727

GGCCAGTCAGGAATTTTACC

GACAGCTCTTCTTAACCTGC

10

D6S1666

0.79

0.8812

CTGAGTTGGGCAGCATTTG

CAACTCCAAAATGCTGGGT

11

D6S2665

0.98

0.8498

TGAAAAC
AA GCATGTCCTCACC

CTGTGTGTTGAAGGAGGAGAATTAGG

12

D6S2670

1 .35

0.9109

CCACCCACTTCCTCCACTAGAATC

GTGTACTGGCACAGTCACAATTCAC

13

D6S273

1 .67

0.7671

GCAACTTTTCTGTCAATCCA

CCGAAAATTTGAAGTTTGGT

14

D6S2671

1 .77

0.7832

GCTCCCTTCACTTTATCATTTAGG

GGATAACAGAACGAGACCCTGT

15

TN Fa

1 .82

0.8300

GTCTCGTTCTGTTATCCAGGCTGG

GCCTCTCTCCCCTGCAACACACA

16

D6S2672

1 .88

0.8608

CAAACCAATCAGGGTGGCTA

GAAGCAGTATACAGGGGCTTCAG

17

MICA

1 .97

0.6557

GCACTTTCCCTGAAAAG
AAA G

CCTTACCATCTCCAGAAACTGC

18

D6S2673

2.00

0.8727

TTCTGCGTTTTCAGCCTGCTAG

GAACCACTCTTCGTACCACAGTCTC

19

D6S2678

2.14

0.9072

TTGCAGTGAGCCAAGATCGC

CCCCACAAAAC
AA CCCTGTTTATC

20

D6S2694

2.33

0.9148

AACTGTTCCTCTCTTAGAAGGCAGC GGTCTTGCTGTATTGCCCAGGT

21

D6S2699

2.49

0.6676

GTATGTCCGTCATAGGTGGAGTCG

CCTCTTCTCAGCTCTTCCATCTCAC

22

D6S2702

3.00

0.901 1

CAGGCAGGCATCAAACATATCTG

GCTTGCTACTGAGCCCTGGTAGAT

23

D6S265

3.33

0.7606

AGGTTAATGGGTACGAACGT

ATCGAGGTAAACAGCAGAAA

24

D6S478

3.54

0.8364

CCTCCATAATTGTGTGAGCC

TGCTTGGGTTAGAAGATTGG
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Subgroup analyses were performed for patients of high, moderate and low genetic
risk, respectively based on age at onset, bilaterality of breast cancer and family
history of breast cancer, ovarian cancer and/or male breast cancer (criteria for the
different subgroups are presented in Table 4 ). In the present study, tests for BRCA 1
and BRCA2 mutations were not performed.
Genotyping
DNA was extracted from 20 ml EDTA-blood following standard procedures and was
stored at -80°C. Twenty-four polymorphic microsatellite markers in the HLA region at
6p21 were used for genotyping. All markers are located within the HLA region , in
particular within the HLA class I I region. The marker order was determined by using
sequence data as published by the MHC sequencing consortium (see Table 5 and
Figure 3 for marker information).35 For the genes located in this region, the NCBI
map (http://www.ncbi .nlm.nih.gov/cgi-bin/Entrez/map-search) and the Celera maps
(Celera Genomics, Rockville, MA) were used. The volume of PCR reactions was 1 0
!JI, which included -25ng DNA. For each polymerase chain reaction (PCR), 0.5 units
Taq DNA polymerase (Amersham Pharmacia Biotech, Uppsala, Sweden) were used
to amplify the fragments. Reaction mixtures contained 0.2 mM dNTP (Roche
Diagnostics, Mannheim, Germany), 2.5 mM MgC12 , 1 0 mM Tris-HCI (pH 9.0), 50 mM
KCI (Amersham Pharmacia Biotech) and 0.25 !JM of each primer [with one primer 5'
labeled with a fluorochrome 6-FAM , HEX (Sigma, Malden, the Netherlands) or NED
(Applied Biosystems, Foster City, CA, USA)]. Cycling was performed on a PTC-225
thermal cycler (MJ Research, Waltham, MA, USA) and a PrimusHT (MWG Biotech,
Ebersberg, Germany). A standard protocol was used for amplification. Post PCR
multiplexing was performed by combining 2-1 0 !JI (based on signal strength) of the
PCR products. A 2.3 !JI sample of the pooled fragments was mixed with 2.5 !JI MilliQ
and 0.2 !JI ET-400R size standard (Amersham Pharmacia Biotech) and separated on
a MegaBACE 1 000 capillary sequencer (Amersham Pharmacia Biotech) according
the manufacturers protocol. Results were analyzed using genetic profiler version 1 . 1
(Amersham Pharmacia Biotech). Scoring of the alleles was blinded for affection
status and family structure.
In addition, two SNPs were analyzed, one in TNFa. gene (TNFA, -308) and one in
TNF� (TNFB, intron 1 , Nco I RFLP). The sequences containing information of the
direct surrounding of the SNPs were retrieved from GenBank (TN FA: AF279459 and
TNFB: AY070490), and the 300 bp around the SNPs was screened for additional
variations by BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/). The additional
variations found were masked with an N, so no additional variants are present in the
primers and probes. The resulting sequences were used for submission to the
Assay-by-Design™ (Applied Biosystems). The following primers and probes were
used: TNFA-308 forward primer: GAAATGGAGGCAATAGGTTTTGAG , TNFA
reverse primer: GGCCACTGACTGATTTGTG TGTAG, TNFA probe variant allele (T):
VIC-CCGTCCTCATGCC-MGBNFQ, TNFA probe wildtype allele (C): 6FAM-CCGT
CCCCATGCC-MGBNFQ, TNFB forward primer: CAGTCTCATTGTCTCTGTCACA
CATT, TNFB reverse primer: ACAGAGAGAGACAGGAAG GGAACA, TNFB probe
variant allele (G): 6FAM-CCATGGTTCCTCTC-MGBNFQ, TNFB probe wildtype allele
(A): VIC-CTGCCATGATTCC-MGBNFQ. Reactions were performed in 5 !JI volumes
and contained 25 ng DNA, 1 x TaqMan Universal PCR Master Mix (Applied
Biosystems), 1 00 nM of each primer and 900 nM of each probe. Cycling conditions
on the ABI prism 7900 HT (Applied Biosystems) were 2 min 50°C, 1 0 min 95°C
followed by 40 cycles of 1 5 s 92°C and 1 min 60°C. End-point fluorescence was
measured immediately after cycling. Alleles were assigned using SDS 2.0 software
(Applied Biosystems ).
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Figure 3: Map of markers and genes in the region constructed according to the published
sequence of the HLA region35 and other available sources (the NCB! and the Celera map).
The positions of the markers used for analysis are indicated above the bar and the genes (in
italic) below the bar. The distances indicated on the scale are in megabases.

Statistical methods
After genotyping all individuals with the 24 markers, the set of hap!otypes present in
patients and the set of the control hap!otypes were determined. As mentioned above,
the nontransmitted haplotypes of the parents or the haplotypes of the spouse of the
patient served as control haplotypes. In case of missing data, all available family
members (i. e., parents, sibs or children of the patients) were used (in an attempt) to
reconstruct the missing data.
Differences between these two haplotype sets were analyzed using the HSS, which
analyses the length of haplotype similarity. The validity of this method has been
demonstrated previously both in simulation studies and empirical data.28•29•35 The
HSS assumes that haplotype segments of patients from a founder population are
conserved in the region spanning a disease locus. In contrast, control individuals are
not expected to have conserved haplotypes centered at a particular locus. In a region
with strong LD, a well-defined founder population is less important for the analyses
compared to a region with less strong LD.
To evaluate conservation of haplotypes, similarity or sharing between a pair of
haplotype is measured by counting, from a marker locus both in centromeric and
telomeric direction, the number of consecutive markers that have identical alleles on
both haplotypes. The haplotype sharing is calculated for each marker locus, which,
as haplotype sharing extends over multiple marker loci, produces highly correlated
values, and consequently dependent tests for the difference between patients and
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controls. This haplotype sharing is next computed for all pairs of haplotypes,
separately for the patient haplotypes and the control ones. The hypothesis of HSS is
that patients will display an excess of haplotype sharing, as compared to controls,
which is expected to be maximal at the marker loci closest to the susceptibility or
disease locus. When haplotype sharing is smaller among patient haplotypes than
among control ones, this is indicated by a negative -log 1 0(P value) in the HSS plot.
This might then be evidence for a protective disease susceptibility locus, but more
research is necessary in that area.
As a test of LD in order to prove the presence of conserved haplotypes, the D' for
multi-allelic markers was used. 36 The significance of the observed D'-value was
assessed by randomization . For each locus, the observed alleles were randomly
distributed over the haplotypes. The significance of the observed D'-value was
determined by the fraction of 1 000 randomizations that revealed a larger D'-value
than the observed one.
In addition to the HSS, allele, genotype, and two-locus haplotype association
analyses were performed. For these analyses, the frequencies of the different alleles,
genotypes and two-locus haplotypes, respectively, were compared between patients
and controls using a t-test to assess significant differences. This t-test assumes that
the patients and controls are independent samples from the population and that the
number of a specific allele, genotype or two-locus haplotype follows a binomial
distribution that can be approximated by a normal distribution (significant
associations are defined by a corrected P value below 0.05). Strength of association
was determined based on the HSS results, i.e., only the alleles, genotypes and two
locus haplotypes were analyzed which were identified with HSS to be associated with
breast cancer.
For the subgroup analyses for familial risk of breast cancer, each subgroup was
compared to the entire control group.
A multiple testing correction was performed for 23 markers in three subgroups using
a Bonferoni correction, implying that reported P values and confidence intervals (Cis)
are corrected for 69 independent tests. It should be noted that this is a very
conservative approach , in particular for the haplotype analysis, as strong LD exists
over the entire region under study. ORs and their 95% Cis were calculated from the
observed number of patients and controls without adjusting for any external
variables.
In order to give an indication of the PAR of the causal mutation, PARs of
microsatellite alleles were determined for all patients. Similarly, attributable risks
(ARs) for the moderate-risk patients were determined, because for this category the
effect was most pronounced.
For allele and genotype associations, all patients were included. For the HSS and
two-locus haplotype association analyses, which require phase to be derived, only
those with at least one family member were used.
In case of missing or phase unknown alleles, haplotype sharing was averaged over
all possible allele combinations weighted by the a priori probabilities. For an unknown
allele, the a priori probability is set equal to the allele frequency and for a phase
unknown allele it is set to 0.5, thus information on LD between markers was not used
in this procedure. The actual software for the HSS test and for the phase derivation
as well as the genotyping data presented here will be available by an online link via
www . oprit.rug. nl/temeerman.

Breast c<Jncer and HLA

Acknowledgments:
The authors thank all families who donated their DNA to this project. We would also
like to thank the co-workers of the Departments of Surgery and Medical Oncology
(University Medical Center Groningen, Medical Center Leeuwarden and Harlingen,
Ny Smellinghe Drachten, Talma Sionsberg Dokkum, and Anthonius Hospital Sneek)
and of Radiotherapy (University Medical Center Groningen). Furthermore we would
like to thank Giny Bokma, Gerry Sieling and the blood bank Sanquin Noord-Oost
(location Groningen) for their work in respectively patient and blood collection . We
thank Drs C.H .C.M. Buys and D.S. Postma for fruitful comments. This work was
supported by grant RUG-98-1 665 of the Dutch Cancer Society and by a grant from
the Comprehensive Cancer Center Northern Netherlands.
References

1 . Aubele M, Werner M. Heterogeneity in breast cancer and the problem of relevance of
findings. Anai.Cell Pathol. 1 999;1 9:53-58.
2. Phelan CM, Lancaster JM, Tonin P, Gumbs C, Cochran C, Carter R et al. Mutation
analysis of the BRCA2 gene in 49 site-specific breast cancer families. Nat.Genet.
1 996; 1 3:1 20-22.
3. Easton D. Breast cancer genes-what are the real risks? Nat. Genet. 1 997; 1 6:210-1 1 .
4. Meijers-Heijboer H , van den Ouweland A, Klijn J, Wasielewski M, de Snoo A,
Oldenburg R et al. Low-penetrance susceptibility to breast cancer due to
CHEK2(*)1 1 OOdeiC in non carriers of BRCA 1 or BRCA2 mutations. Nat. Genet.
2002;31 :55-59.
5. Easton DF. How many more breast cancer predisposition genes are there? Breast
Cancer Res. 1 999; 1 : 1 4-1 7.
6. Cui J, Antoniou AC, Dite GS, Southey MC, Venter DJ, Easton DF et al. After BRCA1
and BRCA2-what next? Multifactorial segregation analyses of three-generation,
population-based Australian families affected by female breast cancer.
Am.J.Hum.Genet. 2001 ;68:420-3 1 .
7. Antoniou AC, Pharoah PD. McMullan G, Day N E , Ponder BA, Easton D . Evidence for
further breast cancer susceptibility genes in addition to BRCA 1 and BRCA2 in a
population-based study. Genet.Epidemiol. 2001 ;21 : 1 -1 8.
8. Antoniou AC, Pharoah PD, McMullan G, Day NE, Stratton MR. Peto J et al. A
comprehensive model for familial breast cancer incorporating BRCA 1 , BRCA2 and
other genes. Br.J.Cancer 2002;86:76-83.
9. Rebbeck TR. Inherited genetic predisposition in breast cancer. A population-based
perspective. Cancer 1 999;86:2493-501 .
1 0. te Meerman GJ, de Vries EGE. Relevance of high and low penetrance. Lancet
2001 ;358:331-32.
1 1 . de Jong MM, Nolte IM, te Meerman GJ, van der Graaf WT, Oosterwijk JC, Kleibeuker
JH et al. Genes other than BRCA1 and BRCA2 i nvolved in breast cancer
susceptibility. J.Med.Genet. 2002;39:225-42.
1 2. Tsujimura A, Ota M, Katsuyama Y, Sada M, Miura H, Matsumiya K et al.
Susceptibility gene for non-obstructive azoospermia located near HLA-DR and -DQ
loci in the HLA class I I region. Hum.Genet. 2002; 1 1 0: 1 92-97.
1 3. Bouillenne C, Deneufbourg JM. Positive correlation between breast cancer incidence
and HLA antigens. Oncology 1 979;36:1 56-59.
14. Hammond MG. Appadoo B, Brain P. HLA and cancer in South African indians. Tissue
Antigens 1 979; 1 4:296-302.
1 5. Subira ML, Crisci CD, Zornoza G, Sanz ML, Voltas J, Hernandez JL et al. Breast
cancer and histocompatibility antigens. Allergol.lmmunopathoi.(Madr.) 1 979;7:41 1 -1 6.
1 6. Abrahamova J, Majsky A. HLA system and some neoplastic diseases. Acta Univ
Caroi.Med.Monogr 1 988;1 23: 1 -80.
1 7. Biswal BM, Kumar R, Julka PK, Sharma U, Vaidya MC. Human leucocytic antigens
(HLA) in breast cancer. Indian J .Med.Sci. 1 998;52:1 77-83.
1 8. Casoli C, Zanelli P, Adorni A, Starcich BR, Neri T. Serological and molecular study on
the HLA phenotype of female breast cancer patients. Eur.J .Cancer 1 994;30A: 1 20708.
1 9. Chaudhuri S, Cariappa A, Tang M, Bell D, Haber DA, lsselbacher KJ et al. Genetic
susceptibility to breast cancer: HLA DQB*03032 and HLA DRB1*1 1 may represent
protective alleles. Proc.Nati.Acad.Sci.U.S.A 2000;97:1 1 451 -54.

20.
21 .

22.
23.
24.
25.
26.
27.
28.
29.
30.
31 .
32.

33.
34.
35.
36.

37.

Ghaderi A, Talei A. Gharesi-Fard B, Farjadian SH, Amirzargar A, Vasei M. HLA-DBR
1 alleles and the susceptibility of Iranian patients with breast cancer.
Pathoi.Oncoi.Res. 2001 ;7:39-4 1 .
Mestiri S, Bouaouina N, Ahmed SB, Khedhaier A, Jrad BB, Remadi S et al. Genetic
variation in the tumor necrosis factor-alpha promoter region and in the stress protein
hsp70-2: susceptibility and prognostic implications in breast carcinoma. Cancer
2001 ;91 :672-78.
Park KS, Mok JW, Ko HE, Tokunaga K, Lee MH. Polymorphisms of tumour necrosis
factors A and B in breast cancer. Eur.J.Immunogenet. 2002;29:7-1 0.
Evans DG, Fentiman IS, McPherson K, Asbury 0, Ponder BA, Howell A. Familial
breast cancer. B.M.J. 1 994;308:1 83-87.
Pharoah PO, Day NE, Duffy S, Easton OF, Ponder BA. Family history and the risk of
breast cancer: a systematic review and meta-analysis. lnt.J.Cancer 1 997;71 :800-09.
Ford 0, Easton OF, Stratton M, Narod S, Goldgar 0 , Devilee P et al. Genetic
heterogeneity and penetrance analysis of the BRCA 1 and BRCA2 genes in breast
cancer families. Am.J.Hum.Genet. 1 998;62:676-89.
Pete J, Collins N, Barfoot R, Seal S, Warren W, Rahman N et al. Prevalence of
BRCA 1 and BRCA2 gene mutations in patients with early- onset breast cancer.
J .Nati.Cancer lnst. 1 999;91 :943-49.
Nathanson KL, Weber BL. "Other" breast cancer susceptibility genes: searching for
more holy grail. Hum.Moi.Genet. 200 1 ; 1 0:71 5-20.
Beckmann L, Fischer C, Deck KG, Nolte IM, te Meerman GJ, Chang-Claude J .
Exploring haplotype sharing methods in general and isolated populations to detect
gene(s) of a complex genetic trait. Genet.Epidemiol. 2001 ;21 Suppl 1 :S554-S559.
Levinson OF, Kirby A. Slepner S, Nolte I, Spijker GT, te Meerman GJ. Simulation
studies of detection of a complex disease in a partially isolated population .
Am.J.Med.Genet. 2001 ; 1 05:65-70.
Rahman N, Stratton MR. The genetics of breast cancer susceptibility.
Annu.Rev.Genet. 1 998;32:95-1 2 1 .
Anglian Breast Cancer Study Group. Prevalence and penetrance of BRCA 1 and
BRCA2 mutations in a population-based series of breast cancer cases. Br.J.Cancer
2000;83: 1 301 -08.
Hopper JL, Southey MC, Dite GS, Jolley OJ, Giles GG, McCredie MR et al.
Population-based estimate of the average age-specific cumulative risk of breast
cancer for a defined set of protein-truncating mutations in BRCA 1 and BRCA2.
Australian Breast Cancer Family Study. Cancer Epidemioi.Biomarkers Prev.
1 999;8:741 -47.
Vahteristo P, Tamminen A, Karvinen P, Eerola H, Eklund C, Aaltonen LA et al. p53,
CHK2, and CHK1 genes in Finnish families with Li-Fraumeni syndrome: further
evidence of CHK2 in inherited cancer predisposition. Cancer Res. 2001 ;61 :571 8-22.
Pritchard JK, Cox NJ. The allelic architecture of human disease genes: common
disease-common variant. . . or not? Hum.Moi.Genet. 2002; 1 1 :241 7-23.
The MHC Sequencing Consortium. Complete sequence and gene map of a human
major histocompatibility complex. Nature 1 999;401 :921-23.
Boon M, Nolte IM, Bruinenberg M, Spijker GT, Terpstra P, Raelson J et al. Mapping
of a susceptibility gene for multiple sclerosis to the 51 kb interval between G51 1 525
and 06S1 666 using a new method of haplotype sharing analysis. Neurogenetics.
2001 ;3:221 -30.
Lewontin RC. The interaction of selection and linkage. I. General considerations;
heterotic models. Genetics 1 964;49:49-67.

Breast cancer CHEK2 find HL A

Chapter 9

No increased susceptibility to breast cancer from
combined CHEK2 1 1 OOdeiC genotype and
the H LA class Ill region risk factors

Mirjam M. de Jong 1 •2 , llja M. Nolte2•3 , Gerard J. te Meerman2 , Winette T.A. van der
Graaf1 , Elvira Oosterom3 , Marcel Bruinenberg3 , Gerrit van der Steege3 , Jan C.
Oosterwijk2 , Annemieke H. van der Houf , H. Marike Boezen4 , Michael Schaapveld5 ,
Jan H. Kleibeuker6 , and Elisabeth G.E. de Vries 1
Departments of 1 Medical Oncology, 2Ciinical Genetics, 3Medical Biology,
4Epidemiology, and 6Gastroenterology, University Medical Centre Groningen, P.O.
Box 30.001 , 9700 RB Groningen, and 5Comprehensive Cancer Centre Northern
Netherlands, P.O. Box 330, 9700 AH G roningen, The Netherlands.

Eur J Cancer, 2005;4 1:181 9-1823.

Abstract
CHEK2 is low-penetrance breast cancer susceptibility gene. The 1 1 OOdeiC mutation
may interact with variants/mutations in other breast cancer susceptibility loci. We
identified a risk haplotype in the HLA class I l l region in breast cancer patients (Hum
Mol Genet 1 2:231 1 , 2003) and tested whether it interacted with 1 1 00deiC mutation.
The CHEK2 1 1 OOdeiC mutation was analysed in the same series of patients and
controls as in the HLA breast cancer study. In 962 unselected breast cancer patients,
the 1 1 00deiC mutation was observed in 2.9% and in 367 controls in 1 .4% (NS). The
highest 1 1 00deiC frequency occurred in high-risk (4.4%), followed by moderate-risk
(3.8%), and lowest in low-genetic-risk patients (2.4%, Ptrend 0.029). In HLA risk
haplotype carriers no increased breast cancer risk was observed in the presence of
1 1 OOdeiC mutation. Patients more often had one than both genetic risk factors. The
1 1 OOdeiC mutation and the HLA risk haplotype confer increased breast cancer risks,
but an interactive effect on breast cancer between both factors is unlikely. In contrast,
the effect of 1 1 OOdeiC mutation on breast cancer risk was limited to individuals
without HLA risk haplotype, suggesting a mutual excluding effect between these risk
factors.
Introduction
Breast cancer is the most common cancer in women in the Western world. 1 It is a
heterogeneous disease, both clinically and genetically.2 At this moment, genetic
testing in breast cancer patients is offered for high-penetrance genes i.e. , BRCA 1
[M IM 1 1 3705] and BRCA2 [MIM 6001 85]. Other genes associated with breast cancer
have been identified. but are not (yet) applicable for individual risk assessments.3
Identification of more genetic risk factors and the understanding of interactions
between different breast cancer susceptibility genes (with either high- or low
penetrance) as well as their interactions with dietary, lifestyle and hormonal factors,
will be important steps towards more specific risk assessments for individual women.
The CHEK2 gene [M IM 604373) encodes the human homologue of the Cd1 and
RAD53 checkpoint kinases. The CH EK2 protein plays a crucial role in the DNA
damage response pathway mediating cell cycle arrest and apoptosis.4 In response to
DNA damage, CH EK2 stabilises Tp53 by phosphorylation, which leads to cell cycle
arrest and prevents cellular entry into mitosis. 5-7 The CH EK2 protein is activated in an
ataxia telangiectasia mutated (ATM ) dependent manner in response to ionising
radiation, and in an ATM-independent manner in response to UV light.7· 8 CH EK2 also
regulates the BRCA1 protein function after DNA damage. 9
CHEK2 was identified by two groups as a low-penetrance breast cancer susceptibility
gene in hi� h-risk familial breast cancer cases without BRCA 1 and BRCA2
mutations. 1 0• 1 Recently, a large study showed that the CHEK2 1 1 OOdeiC genotype
frequency is also increased in unselected breast cancer cases. 1 2 In total, 1 0,860
breast cancer cases and 9,065 controls from 1 0 case-control studies in five
countries, including the Netherlands, were genotyped . Although there was a
substantial variation in carrier frequency by study, there was no evidence for
heterogeneity in the odds ratio among studies or among countries. 1 2 Other mutations
in CHEK2 did not occur at elevated frequency in 605 familial and in 1 ,786 sporadic
breast cancer cases (< 65 years of age) as compared to controls. 1 3-1 5
I t was hypothesised that the 1 1 OOdeiC mutation multiplied the risks associated with
variants of other susceptibility genes, thereby displaying only a modifying effect on
breast cancer risk. With an estimated relative breast cancer risk of 2.34, the recent
large multicenter study is most consistent with a polygenic model, i. e. , several low
penetrance alleles with additive or multiplicative effects on breast cancer risk. 1 0• 1 2
Recently, we reported a strong association between sporadic breast cancer and the
HLA class I l l region. 16 The highest risk was observed for the haplotype consisting of
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alleles 1 1 0 and 1 84 at marker loci D6S2672 and MICA, respectively. Considering a
possible interaction with CHEK2, we decided to analyse the CHEK2 1 1 OOdeiC
mutation in the same series of breast cancer patients and controls in which the HLA
breast cancer study was performed. This permits to test whether there is an
interaction between both risk factors. First, we analysed the CHEK2 1 1 OOdeiC
incidence in our series to confirm the association found by others. In addition, we
studied the correlation between CHEK2, genetic risk stratification and age at
diagnosis. Finally, we analysed the interaction between the 1 1 OOdeiC genotype and
the H LA class I l l risk haplotype, with respect to breast cancer risk.

Materials and methods
Breast cancer patients and controls
The breast cancer patients (n=962) and controls (spouses, n=367) participated in a
population-based study that aims to detect breast cancer susceptibility genes other
than BRCA 1 and BRCA2. 16 All participants were Caucasian and were living in the
northern part of the Netherlands. Patients were accrued from six hospitals (the
University Medical Centre Groningen, the Medical Centres in Leeuwarden and
Harlingen, Ny Smellinghe in Drachten, Talma Sionsberg in Dokkum, and the
Antonius Hospital in Sneek, The Netherlands). 16 No selection was performed, cases
were included between July 1 998 and January 2002, irrespective of family history.
Patients completed a health questionnaire including their family history for cancer.
Only those patients were excluded in whom the presence of a BRCA 1 or BRCA2
mutation was known. Twenty-two patients in the study were known to have
undergone mutation analyses and tested negative for BRCA 1 and BRCA2 (1 1 in the
high-risk group, 4 in the moderate-risk group and 7 in the low-risk group). For this
study, the unselected breast cancer patients were not screened for BRCA 1 and
BRCA2 mutations.
All DNA samples and data in this study were handled anonymously and individuals
were aware that they would not be informed about individual test results. All included
subjects gave written informed consent. The Medical Ethical Committees of the
participating hospitals approved the study.
The breast cancer cases were assigned to high, moderate or low genetic risk groups
as described earlier, based on age at diagnosis, bilaterality of breast cancer, number
of first degree relatives with breast cancer and co-existence of ovarian cancer and
6
male breast cancer in the family (Table 1 ). 1
Genotyping
DNA was extracted from 20 ml EDTA-blood following standard procedures and
stored at -80°C. The primers for the 1 1 OOdeiC mutation were developed based on
the published gene sequence. A suitable primer pair was developed using Primer3
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3 www.cgi).
Primer sequences were checked for specificity using BLAST (http://www.ncbi.nlm.
nih.gov/). The forward primer was ATCACCTCCTACCAGTCTGTGC and the reverse
primer GCAAGTTCAACATTATTCCCTTT. Polymerase chain reaction (PCR)
reactions were performed in a volume of 1 0 (.JI, which contained -25 ng DNA. For
each PCR, 0.5 units Taq DNA polymerase (Amersham Pharmacia Biotech, Uppsala,
Sweden) were used to amplify the fragments. Reaction mixtures contained 0.2 mM
dNTP (Roche Diagnostics, Mannheim, Germany), 2.5 mM MgCb, 10 mM Tris-HCI
(pH 9.0), 50 mM KCI (Amersham Pharmacia Biotech) and 0.25 (.JM of each primer,
with the 5' primer labelled with fluorochrome 6-FAM (Sigma, Malden, the
Netherlands). Cycling was performed on a PTC-225 thermal cycler (MJ Research,
Waltham, MA, USA) and a PrimusHT (MWG Biotech , Ebersberg , Germany). A
standard protocol was used for amplification.

Table 1 . Criteria used to define the different the different genetic risk groups for breast cancer
susceptibility.
Hiah-risk
•

•
•

Age at diagnosis under 35 years
Fulfilling the moderate risk criteria and a positive family history of ovarian cancer or of male breast
"
Two or more first degree relatives, at least one of them diagnosed before the age of 45 and
another one before the age of 60

Moderate-risk
•

•
•

Bilateral breast
Age at diagnosis under 45 years
"
Two or more first degree relatives, at least one of them diagnosed before the age of 60

Low-risk
•

All women with breast cancer not fulfilling the high- or moderate-risk criteria

• A second degree female relative via a male is considered a first degree relative.

A 2.3 !JI sample of the PCR product was mixed with 2.5 JJI MilliQ and 0.2 !JI ET-400R
size standard (Amersham Pharmacia Biotech) and separated on a MegaBACE 1 000
capillary sequencer (Amersham Pharmacia Biotech) according to the manufacturer's
protocol. Results were analysed using genetic profiler version 1 . 1 (Amersham
Pharmacia Biotech). Scoring of the alleles was performed blinded for affection status.
In the H LA breast cancer study, the H LA region was genotyped with microsatellite
markers in germline DNA from breast cancer patients and controls. 16 Association
analyses and the haplotype sharing statistic (HSS) were used to search for
differences in haplotype sharing between patients and controls. The HSS revealed a
significant difference in mean haplotype sharing between patients and controls, and
the results were confirmed with association analyses.
Statistical methods
For the CHEK2 1 1 OOdeiC association analysis, the frequencies of the genotypes
were compared between patients and controls using a chi-square test or, when one
or more of the expected numbers were smaller than five, a Fisher's exact test.
Furthermore, chi-square trend analysis on the different genetic risk groups was used
to test whether the frequency of CHEK2 1 1 OOdeiC heterozygotes correlated with the
genetic risk categories. In addition, an ANOVA test was performed for the age at
diagnosis, being one of the criteria for genetic risk stratification, as dependent
variable with the CHEK2 1 1 00deiC genotype as factor. The odds ratios (ORs) and
95% confidence intervals (Cis) were calculated , without adjustment for external
variables. 3
In order to study the interaction between the HLA risk haplotype and the CHEK2
1 1 OOdeiC mutation, both patients and controls were stratified according to carriership
of the HLA class I l l risk haplotype. The genotype frequency of the 1 1 00deiC mutation
was determined in four subsets: for individuals with and without the HLA risk
haplotype, analysing patients and controls separately.
Power of our statistical analysis for interaction was determined using Monte Carlo
simulation on a chi-square table. A preset number of individuals were randomly
assigned a combination of risk factors according to the frequencies of the
combinations of risk factors under the assumed alternative hypothesis, i. e. , the
observed frequencies in the current sample were used. The power was defined by
the percentage of 1 ,000 randomisations that gave a chi-square value above the
critical of 3.84 (at 0.05 significance level, 1 degree of freedom). The required sample
size to obtain a power of 80% was determined by means of optimisation of the preset
number of individuals.
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Results
In 962 breast cancer patients, the CHEK2 1 1 OOdeiC mutation was detected 28 times
(2.9%), which is not significantly different from that in controls (1 .4%, Table 2).
However, when the patients were stratified according to defined genetic risk groups
(low, moderate or high), the highest 1 1 OOdeiC frequency was in high-risk (4 of 9 1 ,
4.4%), followed by moderate-risk (8 of 209, 3.8%), with the lowest frequency in the
low-risk group ( 1 6 of 662, 2.4%). This trend was significant (Ptrend 0.029).
The mean age at diagnosis for patients with the wild-type CHEK2 genotype was 55.2
years and for patients with the 1 1 OOdeiC genotype, 51 .5 years (P value 0 . 1 2).
I n carriers of the HLA risk haplotype, 2.4% of the patients and 2.3% of the controls
carried the CHEK2 1 1 OOdeiC mutation (OR=1 .02, NS, Table 3). In addition,
stratifying the patients according to defined genetic risk did not reveal significant
differences between patients and controls. By contrast, in patients without the HLA
risk haplotype, the frequency of the 1 1 OOdeiC mutation was increased, although non
significant (OR=3.72; 95% Cl 0.86-1 6.0). This frequency increased with defined
genetic risk (NS, Table 3). In contrast with our hypothesis, the breast cancer risk for
1 1 OOdeiC carriers was slightly higher in carriers of other H LA haplotypes compared
to carriers of the HLA class I l l risk haplotype (NS, Table 3).
Table 2. The CHEK2 1 1 00deiC variant in breast cancer patients and controls.

Individuals oositive for the 1 1 OOdeiC variant
Total number of individuals (%)
"
5/367 (1 .4%)
Controls
28/962 (2.9%)
Breast cancer patients
1 6/662" (2.4%)
Low-risk
"
8/209 (3.8%)
Moderate-risk
"
4/ 91 (4.4%)
High-risk
• Ptrend 0.029 (controls, low- risk, moderate-risk, high-risk)
Table

1 .00
2.17
1 .79
2.88
3.33

95% CI
0.83-5.66
0.65-4.94
0.93-8.93
0.88-1 2.7

3. CHEK2 1 1 OOdeiC mutation freguency stratified by carriershipfor the HLA risk haplotype.
Carriers of the HLA risk

Carriers other HLA

haplotype and the

Controls
Patients

•

OR

haplotypes and the

1 1 OOdeiC mutation"

1 1 OOdeiC mutation

Total number of

Total number of

individuals

0Rb(95% Cl)

3/130 (2.3%)

1 .00

individuals

212 1 8 (0.9%)

all

8/340 (2.4%)

1 .02 (0.27-

20/601 (3.3%)

low-risk

4/2 1 7 (1 .8%)

0.79 (0.18-

moderate-risk 3/ 96 (3. 1 %)

1 2/424 (2.8%)

1 .37 (0.27-

high-risk

5/1 1 3 (4.4%)

1 .63 (0. 1 6-

1/ 27 (3.7%)

3/ 64 (4.7%)

0Rb(95% Cl)

OR0(95% CI)

1 .00

0.39 (0.06-2.38)

3.72 (0.86-16.0) 1 .43 (0.62-3.28)
3.15 (0.70-14.2) 1 .55 (0.49-4.87)
5.00 (0.95-26.2) 1 .44 (0.33-6.17)
5.31 (0.87-32.5) 1 .28 (0. 1 3-12.9)

heterozvaous and homozvaous earners of the HLA risk haolotvoe. • versus controls. c versus HLA risk haolotvoe carriers

Discussion
The present study showed that the 1 1 OOdeiC mutation conferred no additional
increase in breast cancer risk in carriers of the HLA risk haplotype. In patients without
the HLA risk haplotype, the 1 1 00deiC mutation conferred an increased , although
statistically non-significant, breast cancer risk.
Patients more often had one risk factor, the HLA risk haplotype or the 1 1 OOdeiC
mutation, than both risk factors. Furthermore, in 1 1 OOdeiC carriers, the breast cancer
risk was slightly higher in carriers of other HLA haplotypes compared to carriers of
the HLA class I l l risk haplotype. A multiplicative effect or an additive effect is
therefore unlikely. In contrast, the effect of the 1 1 OOdeiC mutation on breast cancer

risk seemed to be limited to individuals without the HLA risk haplotype, suggesting a
mutual excluding effect between the two risk factors. This lack of interaction is also
known to be present between CHEK2 and BRCA 1 and BRCA2, since the 1 1 OOdeiC
mutation is rare in carriers of BRCA 1 of BRCA2 mutations. 10
Our sample suggests that there is a mutual excluding effect between the 1 1 OOdeiC
mutation and the HLA class I l l risk haplotype. Since the frequency of the 1 1 00deiC
mutation is relatively low, a sample of 1 0,000 breast cancer patients is required to
prove this excluding effect with an 80% power.
In the present study, unselected breast cancer patients showed a non-significantly
increased frequency of the CHEK2 1 1 OOdeiC � enotype. The increased frequency
was similar to those revealed by other studies. 10- 2 Hence, our sample is adequate to
study the possible interaction between the CHEK2 1 1 OOdeiC mutation and the HLA
class I l l risk haplotype. 16
We observed a trend of an increasing frequency of the CHEK2 1 1 OOdeiC mutation
from controls via low- and moderate-risk to high genetic risk individuals (Ptrend 0.029),
with the highest risk in BRCA 1/2-negative familial breast cancer cases. Thus, this
study shows that not only the sample size is important for detection of an association ,
but also the genetic risk stratification.
The study performed by the CHEK2 Breast Cancer Case-Control Consortium
revealed a trend for an increased genotype frequency of the 1 1 OOdeiC mutation in
breast cancer patients at younger ages at diagnosis (Ptrend 0.002). 12 I n our study
however, the age at diagnosis as tested with ANOVA, did not reveal a statistically
significant difference (P value 0 . 1 2) between patients with the wild-type CHEK2
genotype and those with the 1 1 OOdeiC genotype. Nevertheless, breast cancer
occurred at an earlier age in patients with the 1 1 00deiC mutation (51 .5 years) than in
those with the wild type genotype (55.2 years). Hence, there may well be an effect of
the 1 1 OOdeiC mutation on age at diagnosis of breast cancer, but our group of
patients with the 1 1 OOdeiC genotype is too small to show significance.
In this study, all controls are men (i.e. , spouses of the breast cancer patients). We
assume that bias is unlikely, since the frequency of the 1 1 OOdeiC genotype in our
study is similar to that found in controls in other Dutch studies. 10• 12 The use of male
controls would at most weaken the results, since males carrying the CHEK2
1 1 OOdeiC mutation likely do not get breast cancer. Therefore, the frequency of the
CHEK2 1 1 OOdeiC mutation is probably higher among males than among unaffected
females.
In conclusion, our data show that an interactive effect on breast cancer between the
CHEK2 1 1 00deiC mutation and the HLA class I l l haplotype is unlikely. In contrast,
the effect of the 1 1 OOdeiC mutation on breast cancer risk seemed to be limited to
individuals without the HLA risk haplotype, suggesting a mutual excluding effect
between these two risk factors.
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Summary
The aim of this thesis was to find variants/mutations that have a causative relation to
colorectal and/or breast cancer, variants/mutations that are in strong linkage
disequilibrium with a colorectal and/or breast cancer causing variant, and genes/loci
that are involved in colorectal cancer and/or breast cancer susceptibility.
Several high-penetrance genes for cancer are known. 1 · 2 Apart from these well
defined high-penetrance genes. it is likely that there are other genes that increase
the susceptibility to colorectal cancer and/or breast cancer in a low penetrant
manner.3 Although less penetrant, low-penetrance genes might play an important
role at a population level, since variants/mutations in these genes are expected to be
present in many individuals. 3 In subjects carrying low-penetrance gene mutations,
dietary and lifestyle habits might especially affect the risk of developing cancer. The
identification of important low-penetrance gene mutations along with their interaction
with environmental factors would allow specific prevention. For this thesis, candidate
genes/regions were selected partly by performing a pooled analysis for
variants/mutations reported in colorectal and/or breast cancer studies. Association
analysis and the Haplotype Sharing Statistic were used to search for differences
between patients and controls. The advantage of the Haplotype Sharing Statistic is
that it uses extra information on the length of conserved haplotypes as compared
with association analyses.4 · 5 The Haplotype Sharing Statistic analyses the length of
haplotype similarity and assumes that haplotype segments of patients from a well
defined founder population are conserved in the region spanning a disease locus. In
contrast, control individuals are not expected to have conserved haplotypes centered
at that particular locus. Therefore, it is hypothesized that patients display an e.l(cess
of haplotype sharing.6 Haplotype sharing is defined as the number of consecutive
overlapping intervals between haplotypes, as compared to controls. This excess is
expected to be maximal at the marker loci closest to the susceptibility or disease
locus.
The first part of this thesis, Chapters 2 to 6, comprises the colorectal cancer studies.
Chapter 2 is a review that focuses on low-penetrance genes that may be associated
with colorectal adenoma and cancer. Pooled analyses of the results of the published
studies were performed for 30 polymorphisms in 20 different genes that have been
reported in more than one colorectal adenoma and/or cancer study. Seven
polymorphisms in seven of these genes showed an association with colorectal
cancer at a 5% significance level; no associations were found with colorectal
adenoma. Four of the polymorphisms exhibited an increased colorectal cancer risk,
two others a decreased risk and one polymorphism had one allele associated with an
increased risk and two other alleles associated with a decreased risk. Of all 30
polymorphisms, the pooled analyses of only three of these had sufficiently large
samples to confirm (MTHFR) or to exclude (GSTM1 and NAT2 genotype) an
association with a p<0.0026 and a power of 90%. Eighteen polymorphisms in 1 5
genes were each described in only one study, all with very small sample sizes. For
1 1 polymorph isms in 1 0 of these genes an association with colorectal adenoma or
cancer was found. Nine combinations of two polymorphisms and one combination of
three polymorphisms were examined. All these studies were performed on small
sample sizes, resulting in low statistical power.
I n Chapter 8, a particular haplotype in the HLA class Ill subregion was found to be
associated with an increased breast cancer risk. Epidemiological studies have shown
that breast cancer and colorectal cancer have several risk factors in common; this
could be, at least in part, because of common hereditary risk factors. 7 In view of this
and since polymorphisms located in the HLA class I l l subregion have been found to
be associated with colorectal cancer as well, the HLA region was genotyped with 1 4
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microsatellite markers and one SNP i n TNFP in germline DNA from 643 colorectal
cancer patients and 841 family-based controls. The results of this study are
described in Chapter 3. Association analyses and the Haplotype Sharing Statistic
were used to search for differences between patients and controls. Subgroup
analyses were performed for gender, age at diagnosis, and localization of the tumor.
The Haplotype Sharing Statistic revealed neither a difference in mean haplotype
sharing between all patients and controls, nor in any of the subgroups. The single
allele, genotype and two-locus association analyses for all patients and for the
different subgroups did not show an association with colorectal cancer for the 1 4
microsatellite markers. Also, n o association was observed between the TNFp
polymorphism and colorectal cancer susceptibility. Thus, no association was
observed between the H LA region and colorectal cancer risk.
The CHEK2 gene encodes a checkpoint kinase. In response to ionizing radiation
induced DNA-damage, CH EK2 is activated by ataxia telangiectasia mutated protein
and in turn stabilizes several substrates including the tumor suppressor proteins
TP53 and BRCA1 by phosphorylation, which leads to cell cycle arrest, activation of
DNA-repair or apoptosis (reviewed by Bartek et al. 2001 )8 . Chapter 4 describes the
results of the study on a possible role of the 1 1 OOdeiC mutation of the CHEK2 gene
in colo rectal cancer. The CHEK2 1 1 OOdeiC mutation was recently identified as a low
penetrance breast cancer susceptibility variant.9• 10 As the 1 1 OOdeiC mutation
occurred more frequently in families with clustering of breast and colorectal cancers
than in families with clustering of breast cancer alone, 7 the mutation could also be
involved in colorectal cancer susceptibility. In order to test this hypothesis, the
mutation was examined in 629 unselected colorectal cancer cases, 1 05 selected
colorectal cancer cases diagnosed before age 50, and 230 controls. I n the
unselected patients the mutation was observed in 1 .6% and in controls in 0.3%
(p=0.89). After stratifying unselected patients according to defined genetic risk
(based on age at diagnosis and family history of colorectal and endometrial cancer).
the highest frequency was observed in high-risk (1 2.5%), followed by moderate-risk
(3.3%), and lowest in low-risk patients (1 .0%, Ptrend 0.01 4). In selected patients, 1 .6%
carried the mutation (p=0.55). Subgroup analyses for tumor localization, gender and
age at diagnosis did not reveal an association with the 1 1 OOdeiC genotype. I n
addition, a pooled ana �sis, combining data o f one published study in unselected
colorectal cancer cases 1 and our study, did not reveal an association either.
Together, the results are consistent with a low-penetrance effect (OR 1 .5-2.0) of the
CHEK2 1 1 OOdeiC mutation on colorectal cancer risk. Large case-controls studies are
required to clarify the exact role of the CHEK2 1 1 OOdeiC mutation in colo rectal
cancer.
MLH3 encodes a mismatch repair protein that interacts with M LH 1 . 1 2• 13 Mutations in
the MLH3 gene might be involved in a small number of hereditary non-polyposis
colorectal cancer families, although data are inconsistent. 14-16 • Our group found
earlier that a variant in the MLH3 gene, S845G, was identified in 7 out of 327
patients, suspected of hereditary non-polyposis colorectal cancer, but not fulfilling the
Amsterdam criteria, and in 1 out of 1 88 control subjects. As this variant might play a
role in causing seemingly sporadic colorectal cancer, a small part of exon 1 of the
MLH3 gene, including the S845G variant, was analyzed in germline DNA of 467
unselected colorectal cancer patients and 497 controls. The results of this study are
described in Chapter 5. The S845G variant was detected in five patients and eight
controls, indicating that this variant did not confer an increased colorectal cancer risk.
Another variant (P844L) was clearly a polymorphism. Three other missense variants
were rare and therefore, the sample size of the study was too small to conclude
whether they were pathogenic.
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The deleted in colorecta/ cancer (DCC) gene encodes a membrane glycoprotein that
is involved in cell differentiation and apoptosis. 17 Minami et al. observed in a small
study, that the DCC Arg201 Gly �olymorphism was more frequent in colorectal cancer
cases compared with controls. 1 To replicate this in a much larger series, the DCC
Arg201 Gly polymorphism was genotyped in 625 unselected colorectal cancer
patients and 220 controls. The results of this study are described in Chapter 6. The
association analyses revealed no difference in Arg201 Gly genotype frequency
between patients and controls, neither overall, nor for different subgroups according
to site of tumor, gender, age at diagnosis, family history of colorectal cancer and
modified Dukes classification.
The second part of this thesis, Chapters 7 to 9, comprises the breast cancer studies.
Chapter 7 is a review that focuses on genes other than the high-penetrance genes
BRCA 1 and BRCA2 that may be involved in breast cancer susceptibility. Pooled
analyses of the results of the published studies were performed for 34
polymorphisms in 1 8 different genes that have been reported in more than one
breast cancer study and the sample size required to detect an association with breast
cancer susceptibility with sufficient power was addressed. Thirteen polymorphisms in
10 of these genes showed an association with breast cancer at a 5% significance
level. Interestingly, five of these polymorphisms were associated with a decreased
breast cancer risk. Of all 34 polymorphisms, the pooled analyses of only six of these
had a sufficiently large sample size to confirm (HRAS1, GSTM1 and CYP19) or to
exclude (NAT2, GSTT1 and CYP17) an association with a p<0.0026 and a power of
90%.
Eight polymorphisms in seven genes were each described in only one study, all with
(very) small sample sizes. A weak association with breast cancer was found for five
polymorphisms in four of these genes. In only a few studies with small sample sizes
combinations of polymorphisms were examined, resulting in low statistical power.
The results of a study on breast cancer and the HLA region are described in Chapter
8. Earlier studies have suggested involvement of the HLA region in breast cancer
susceptibility. Therefore, the HLA region was genotyped with 24 microsatellite
markers and markers for two single nucleotide polymorphisms in TNFa and TNFp, in
germline DNA from 956 breast cancer patients and 1 ,271 family-based controls.
Association analyses and the Haplotype Sharing Statistic were used to search for
differences in haplotype sharing between patients and controls. Based on criteria
known to influence breast cancer risk, i.e. age at diagnosis, bilaterality of breast
cancer, and family history of breast and ovarian cancer, patients were divided in
groups of high, moderate and low risk. The Haplotype Sharing Statistic revealed a
significant difference in mean haplotype sharing between patients and controls for
four consecutive markers (D6S2671 , TN Fa, D6S2672 and M ICA). Subgroup
analyses showed that moderate risk patients were responsible for this difference. A
single haplotype was more frequent and longer in moderate risk patients than in
controls. The results were confirmed with association analyses. Individuals
homozygous for haplotype 1 1 0-1 84 (D6S2672-MICA) were observed in 9.0% of
moderate risk patients and 1 .5% of controls (odds ratio = 7.14), while heterozygotes
were at a lower risk (odds ratio = 1 .41 ), suggesting a recessive effect. No association
was observed between the two single nucleotide polymorphisms in TNFa (-308) and
TNFP (intron 1 ) and breast cancer risk. The results revealed a potential role of the
HLA class I l l subregion in susceptibility to breast cancer in subjects at moderate
familial risk.
CHEK2 has been identified by two different groups as a low-penetrance breast
cancer susceptibility gene. 9· 10 The hypothesis was put forward that the 1 1 OOdeiC
mutation interacted with variants/mutations in other breast cancer susceptibility loci. 9
Considering a possible interaction between the HLA region and CHEK2, the CHEK2
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1 1 OOdeiC mutation was analyzed in the same series of breast cancer patients and
controls in which the HLA breast cancer study was performed (described in Chapter
8). The results of this study are described in Chapter 9. In 962 unselected breast
cancer patients, the 1 1 OOdeiC mutation was observed in 2.9% and in 367 controls in
1 .4% (not significant). After stratifying patients according to defined genetic risk, the
highest 1 1 00deiC frequency was in high-risk (4.4%), followed by moderate-risk
(3.8%), and lowest in low-risk patients (2.4%, Ptrend 0.029). In patients without the
HLA risk haplotype, the 1 1 OOdeiC mutation conferred an increased, although non
significant, breast cancer risk (odds ratio = 3.72; 95% confidence interval 0.86-1 6.0).
I n carriers of the HLA risk haplotype, no further increase of breast cancer risk was
observed in the presence of the 1 1 OOdeiC mutation. Both the 1 1 OOdeiC mutation and
the HLA risk haplotype conferred an increased breast cancer risk, but the data
showed that a positive interactive effect on breast cancer risk between both risk
factors was unlikely. In contrast, the effect of the 1 1 OOdeiC mutation on breast cancer
risk seemed to be limited to individuals without the HLA risk haplotype, suggesting a
negative interactive effect between these two risk factors.
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Discussion
Several high-penetrance genes for colorectal cancer and for breast cancer are
known. However, these high-penetrance genes account for only a minority of
colorectal cancer and breast cancer cases and are not responsible for the increased
risk in relatives of sporadic colorectal cancer and breast cancer cases. A large twin
study suggested a heredita � component in 35% of colorectal cancer cases and in
27% of breast cancer cases. 9 It is likely that this burden of cancer risk is the result of
low-penetrance variants/mutations.20 Although less penetrant, as these
variants/mutations might be present in many individuals, they are expected to play an
important role at population level.3•21
The pooled analyses in Chapter 2 and Chapter 7 show good evidence that a few
variants are associated with colorectal cancer (MTHFR, decreased risk) or with
breast cancer risk (HRAS1, GSTM1, and CYP19, increased risks) in a low
penetrance fashion. Also, in some of the high-penetrance genes for cancer, low
penetrance variants/mutations are known, for example the 1 1 307K variant in the APC
gene,22 the D 1 32H variant in the MLH1 gene23 and the N372H variant in the BRCA2
gene.24
Since products of genes can play a role in the same pathway (for example the
metabolic pathway), interactions between variants on cancer risk are very likely. For
variants not associated with cancer risk when studied separately, an association with
cancer risk is still possible in combination with other variants. As described in
Chapter 2 and Chapter 7, the conclusion that can be drawn when investigating a
possible interaction between variants, is that interactions between polymorphisms will
be very hard to confirm or to reject. Either way, large sample sizes are needed ,
especially in case of relatively rare variants. So far, strikingly little research has been
performed on combinations of variants, both for colorectal cancer and for breast
cancer. Although expected to be important at population level, a low-penetrance
variant/mutation by itself has a limited effect on a person's individual cancer risk.
However, the combination of several low-risk variants/mutations might result in the
same risk as one high-risk mutation. Therefore, interactions between variants will be
extremely important to investigate.
Identification of genes involved in colorectal and/or breast cancer leads immediately
to knowledge of the relevant proteins leading to a better understanding of the
molecular and physiological basis of the disease phenotype. Also, the identification of
genes associated with cancer risk could be helpful in identifying previously
unrecognized environmental risk factors. 20 An interesting question is whether these
variants/mutations or yet unrecognized environmental factors are modifiable. 25
Identifying different risk factors and finding the appropriate model to combine them,
allows population stratification into cancer risk categories, thereby identifying
individuals at increased risk but also identifying those who are not.
Sometimes relatively simple and statistically valid solutions are available that can
separate the linkage signal from at least some of the noise. For example, the signal
for linkage with BRCA 1 improved markedly if a subset of individuals with an earlier
age of disease onset was chosen.26 Also, the first two groups describing CHEK2 and
breast cancer risk, found no difference in 1 1 OOdeiC frequency between unselected
breast cancer patients and controls. 9• 1 0 However, an increased 1 1 OOdeiC frequency
was found in familial breast cancer without mutations in BRCA 1 of BRCA2 compared
to controls. For association and haplotype analysis such a solution might also be
beneficial. Therefore, for breast cancer, based on criteria known to influence breast
cancer risk, i.e. age at diagnosis, bilaterality, and family history of breast and ovarian
cancer, patients were divided in groups of high, moderate and low risk. Subgroup
analyses for these risk groups were performed in Chapter 8 and 9. In Chapter 8, the
HLA region was genotyped with several markers in breast cancer patient and
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controls. The Haplotype Sharing Statistic revealed a difference in mean haplotype
sharing between all patients and controls for four consecutive markers. However,
when subgroup analyses were performed, the results were much stronger and
observed for more consecutive markers in moderate-risk patients. In Chapter 9, the
CHEK2 1 1 OOdeiC mutation was genotyped in breast cancer patients and controls. No
statistical significant difference was observed between all patients and controls.
However, when subgroup analyses were performed, a trend of an increasing
frequency of the CHEK2 1 1 OOdeiC mutation was observed from controls, via low
and moderate-risk to high-risk patients.
For colorectal cancer, the patients were also divided in groups of high, moderate and
low risk, based on age at diagnosis and on family history of colorectal and
endometrial cancer. In the CHEK2 study (Chapter 4) no statistical significant
difference was observed between all colorectal cancer patients and controls.
However, when subgroup analyses were performed, a trend of an increasing
frequency of the CHEK2 1 1 OOdeiC mutation was observed from controls, via low
and moderate-risk to high-risk patients. Thus, not only the sample size is important
for detection of an association , but also risk stratification.
Still many more low-penetrant variants/mutations than the currently known
variants/mutations are likely to play a role in colorectal cancer and in breast cancer.
The big question is how to find them. A whole genome screen with Haplotype
Sharing Statistic and association analysis, with an increased density around the
genes already known to be involved in cancer susceptibility, seems the logical next
step in this quest. The Haplotype Sharing Statistic is based on linkage disequilibrium
between variants/mutations of the underlying susceptibility locus and at least one of
the marker loci. This is due to the small number of recombinations between the
disease locus and the marker loci, which preserves the founder haplotype among
affected individuals. This analysis works both for dominant and for recessive variants.
Haplotype analysis allows the inference of likely historical crossovers, which
decreases the region surrounding the disease mutation and has thereby, compared
to association analysis, a greater power in fine mapping. Once a chromosomal region
is identified that is associated with cancer risk, it can be very difficult to identify the
causal SNP or even the causal gene. In Chapter 8 we describe the association
between a frequent haplotype in the H LA region and an increased breast cancer risk.
The linkage disequilibrium was observed to be very strong over the whole HLA
region. Therefore, the region for the candidate gene is 500 kb. With a frequent
haplotype, many SNPs located in the region are expected to be in linkage
disequilibrium with the mutation and it will be laborious to find the causal SNP. Thus,
linkage disequilibrium is necessary to identify regions associated with cancer,
however, strong linkage disequilibrium can hamper the identification of the gene or
mutation involved in the association.
A limitation of association and haplotype based studies for a common variant in a
common disease is its lack of power to detect variants/mutations with a weak effect
on cancer risk without very large sample sizes. 27 The probability that susceptibility
alleles are at intermediate frequencies at any given locus is rather low. However,
Pritchard showed that for a particular model with 1 00 loci, the vast majority of
variation in genetic risk was due to just 5 loci. 28 These 5 loci happen to be, by
chance, more variable than average. Reversed, for any given disease, the loci that
contribute substantially to the genetic variance are more polymorphic than random
loci. 28
Another critical assumption of both linkage disequilibrium and association mapping is
that there is little allelic heterogeneity within loci. 28 Variants/mutations sometimes
have several independent origins.29•30 In this case, the haplotype based approach will
fail because independent copies of the same variant will probably be located on
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different haplotypes and therefore weaken the haplotype association.27 Although the
levels of heterogeneity are still likely to be problematic in many cases, the available
evidence indicates that common diseases like cancer are due at least in part to
genes with a small number of disease-associated variants/mutations. 31 Variants that
are important at population level, are either relatively frequent (>5%) or have a
moderate odds ratio (>3). These are the variants that can be found by a whole
genome screen. For example, a variant with a frequency of 1 % and an odds ratio of
3, has a population attributable risk of 4%. When the variant allele frequency is 5%
and the odds ratio is 1 .8, the population attributable risk is 6%. A 1 ,000 cases and
controls, a sample size that is realizable, are required to detect these variants with an
adequate power.
The success of a whole genome screen will depend on the survival of founder
variants/mutations that are capable of significantly influence cancer development.
Based on the above-mentioned arguments, it is reasonable that several of these
variants/mutations will be found when a whole genome screen is performed in a
sufficiently large sample size.
The expectation is that in the future, hopefully within 1 0 to 1 5 years, it will be possible
to determine a risk profile for colorectal cancer and for breast cancer for men and
women individually. With this risk profile, targeted colorectal cancer and breast
cancer prevention strategies can be developed, with a more intensive screening in
individuals at high risk and perhaps no screening at all for individuals with a low risk.
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Het doel van dit proefschrift was om mutaties, genen of chromosomale regia's te
vinden die een causaal verband hebben met dikkedarmkanker en/of met
borstkanker.
Op dit moment zijn er meerdere genen bekend die een hoog risico op
dikkedarmkanker of op borstkanker geven. Het is waarschijnlij k dat er, naast deze
hoogpenetrante genen, andere genen zijn, die de kans op het krijgen van
dikkedarmkanker en/of borstkanker be"invloeden op een laagpenetrante manier.
Deze genen zijn minder penetrant, maar spelen mogelijk tach een belangrijke rol op
populatieniveau, omdat verwacht wordt dat mutaties in deze genen in veel personen
aanwezig zijn. In personen met laagpenetrante mutaties zouden bepaalde dieet
en/of leefgewoonten het risico van het ontstaan van kanker kunnen beTnvloeden. Het
identificeren van deze laagpenetrante mutaties en hun interactie met
omgevingsfactoren zou in de toekomst specifieke preventie mogelijk maken.
Voor de studies beschreven in dit proefschrift werden patienten verzameld in Noord
Nederland . Voor de dikkedarmkankerstudies werden 774 patienten en 1 0 1 8
controles ge"includeerd tussen december 1 998 en juni 2003 e n voor de
borstkankerstudies 1 775 patienten en 2328 controles tussen juli 1 998 en mei 2003.
Er werd geen selectie toegepast voor leeftijd bij diagnose, noch voor de
familieanamnese. Aile deelnemers waren van Caucasische afkomst. De patienten
werden verzameld in 7 ziekenhuizen in Friesland en Groningen. Familieleden, liefst
beide ouders of de partner en een kind, werden ge"includeerd in de studie om
haplotypes te kunnen vergelijken tussen patienten en controles (een haplotype is een
combinatie van allelen op een chromosoom, die meestal in zijn geheel wordt
overgeerfd).
Kandidaatgenen en kandidaatregio's werden voor dit proefschrift deels geselecteerd
op basis van een meta-analyse van varianten beschreven in dikkedarmkanker- en/of
borstkankerstudies. Haplotype- en associatieanalyse werden gebruikt om te zoeken
naar verschillen tussen patienten en controles. Deze methoden zijn er op gericht
foundermutaties op te sporen. Dit zijn mutaties die in een gemeenschappelijke
voorouder (de founder) zijn ontstaan en geassocieerd zijn met bepaalde haplotypes
en met het haplotype worden doorgegeven aan het nageslacht.
Het voordeel van de haplotypeanalyse (en de Haplotype Sharing Statistic in het
bijzonder) is dat deze methode in vergelijking met de associatieanalyse gebruik
maakt van additionele informatie die aanwezig is in de lengte van geconserveerde
haplotypes. Haplotype Sharing is gedefinieerd als het aantal opeenvolgende
overlappende intervallen tussen gelijke merker allelen. Aile patienten worden
onderling vergeleken evenals de controles. Er wordt verondersteld dat
haplotypesegmenten van patienten geconserveerd zijn in de regia rand een
ziekteallel. Dit in tegenstelling tot controles, waarbij de verwachting is dat
haplotypesegmenten niet geclusterd zijn rand een bepaald ziektelocus. De
hypothese is dan dat patienten een toename in haplotype sharing Iaten zien ten
opzichte van controles. Een toename in haplotype sharing is naar verwachting
maximaal voor merkers het dichtst gelokaliseerd bij het ziektelocus. Omdat de
haplotypeanalyse gebruik maakt van andere informatie dan de associatieanalyse en
statistisch gezien daar maar zwak mee gecorreleerd is, kunnen de methoden
gebruikt worden om elkaar te bevestigen.
In het eerste deel van dit proefschrift, in de hoofdstukken 2 tot en met 6, worden de
studies met betrekking tot dikkedarmkanker beschreven.
Hoofdstuk 2 is een review dat zich richt op laagpenetrante genen die mogelijk
geassocieerd zijn met dikkedarmadenomen en/of dikkedarmkanker. Een meta
analyse werd verricht aan de hand van de gepubliceerde studies. Dit vond plaats
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voor 30 polymorphismen in 20 verschillende genen welke werden beschreven in
meer dan een studie.
Zeven polymorphismen in zeven van deze genen toonden een associatie met
dikkedarmkanker met een significantieniveau van 5%. Er werden geen associaties
gevonden met het voorkomen van dikkedarmadenomen. Vier van de
polymorphismen gaven een verhoogd risico op dikkedarmkanker, twee anderen een
verlaagd risico en een polymorphisme had zowel een allel dat geassocieerd was met
een verhoogd risico als twee allelen geassocieerd met een verlaagd risico. Van maar
drie van de 30 polymorphismen was het aantal van de in de meta-analyse
ge·includeerde personen groat genoeg om de associatie te bevestigen (MTHFR) of te
ontkrachten (GSTM1 and NA T2 genotype) met een goede power (90%) en een p
waarde van <0,0026.
Achttien polymorphismen in 1 5 genen werden slechts in een studie beschreven. Voor
1 1 polymorphismen in 1 0 van deze genen werd een associatie gevonden met
dikkedarmadenomen of met dikkedarmkanker. Negen combinaties van twee
polymorphismen en een combinatie van drie polymorphismen werden onderzocht. AI
deze studies werden uitgevoerd in kleine groepen, resulterend in lage power
waardoor geen goede conclusies konden worden getrokken.
In Hoofdstuk 8 wordt een bepaald haplotype in het HLA-klasse I l l gebied beschreven
dat geassocieerd is met een verhoogd risico op borstkanker. Epidemiologische
studies hebben aangetoond dat voor dikkedarmkanker en borstkanker meerdere
risicofactoren hetzelfde zijn; dit zou, in ieder geval deels, het gevolg kunnen zijn van
gezamenlij ke erfelijke factoren . Daarnaast zijn er varianten gelokaliseerd in het HLA
klasse I l l gebied die geassocieerd zijn met dikkedarmkanker. Daarom werd het H LA
gebied gegenotypeerd met 1 4 microsatellietmerkers en een single nucleotide
polymorphism (SNP) in het TNFf3 gen in DNA uit bloed van 643
dikkedarmkankerpatienten en 841 controles. De resultaten van deze studie worden
beschreven in Hoofdstuk 3.
Haplotype- en associatieanalyse werden gebruikt om te zoeken naar verschillen
tussen patienten en controles. Er werden subgroepanalyses verricht naar geslacht,
leeftijd bij diagnose en lokalisatie van de tumor. De haplotypeanalyse liet geen
verschil zien in haplotype sharing tussen aile patienten en controles, noch voor de
verschillende subgroepen. Met de allel, de genotype en de twee-locus
associatieanalyse werd geen associatie gevonden met dikkedarmkanker in de groep
van patienten als geheel, noch in de verschillende subgroepen. Oak werd geen
associatie gevonden tussen het TNFf3 polymorphisme en dikkedarmkanker.
Concluderend toonde deze studie geen associatie tussen het H LA-gebied en
dikkedarmkanker aan.
Het CHEK2 gen codeert voor een checkpoint kinase. Als reactie op DNA-schade
veroorzaakt door straling, wordt C HEK2 geactiveerd door het ataxia-telangiectasia
mutated eiwit. Het CH EK2 eiwit stabiliseert vervolgens verschillende substraten,
waaronder de tumorsuppressoreiwitten TP53 en BRCA1 door middel van fosforylatie.
Dit kan leiden tot het stopzetten van de celcyclus, tot activatie van DNA-herstel of tot
apoptose. De CHEK2 1 1 00deiC mutatie werd recent ge"identificeerd als een
laagpenetrante borstkankermutatie. Omdat de 1 1 OOdeiC mutatie vaker voorkwam in
families met zowel borst- als dikkedarmkanker dan in families met aileen
borstkanker, is het mogelijk dat de mutatie oak een rol speelt bij dikkedarmkanker.
Om
deze
hypothese
te
testen,
werden
629
ongeselecteerde
dikkedarmkankerpatienten, 1 05 dikkedarmkankerpatienten geselecteerd op leeftijd
bij diagnose jonger dan 50 jaar en 230 controles onderzocht op de aanwezigheid van
de 1 1 OOdeiC mutatie. De resultaten van deze studie worden beschreven in
Hoofdstuk 4. In 1 ,6% van de ongeselecteerde patienten en in 0,3% van de controles
werd de mutatie gevonden (p=0,89). Nadat de ongeselecteerde patienten waren
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gestratificeerd volgens het veronderstelde genetische risico (gebaseerd op de leeftijd
bij diagnose en de familieanamnese voor dikkedarmkanker en voor
baarmoederkanker), werd de hoogste 1 1 OOdeiC-mutatiefrequentie gevonden in de
hoogrisicogroep (1 2,5%), gevolgd door de matigrisicogroep (3,3%) en de laagste
frequentie in de laagrisicogroep (1 ,0%). Deze trend is significant (Ptrend 0,01 4). In de
geselecteerde patientengroep had 1 ,6% de mutatie (p=0,55). Subgroepanalyse naar
geslacht, leeftijd bij diagnose en lokalisatie van de tumor lieten geen associatie zien
met de 1 1 OOdeiC mutatie. Daarnaast werd een meta-analyse uitgevoerd door de
gegevens
van
een
gepubliceerde
studie
in
ongeselecteerde
dikkedarmkankerpatienten te combineren met die van ons. Hierbij werd geen
associatie gevonden.
Bovenstaande resultaten komen overeen met een laagpenetrant effect (odds ratio
1 ,5-2,0) van de CHEK2 1 1 OOdeiC mutatie op het dikkedarmkankerrisico. Een grotere
studie zou meer duidelijkheid kunnen geven over de exacte rol van de CHEK2
1 1 OOdeiC mutatie op het dikkedarmkankerrisico.
Het DNA mismatch-repair systeem speelt een cruciale rol in de stabiliteit van het
genoom bij het corrigeren van fouten (zogenaamde mismatches) tij dens de replicatie
van DNA. Kiembaanmutaties in de mismatch-repair genen (MLH 1 , MSH2 en MSH6)
zijn geassocieerd met hereditair non-polyposis colorectaal carcinoom (HNPCC).
Het MLH3 gen codeert voor een mismatch-repair eiwit. Dit eiwit heeft een interactie
met het MLH1 eiwit. Mutaties in het MLH3 gen zouden betrokken kunnen zijn bij een
klein aantal van de HNPCC families, alhoewel de gegevens in de literatuur niet
eenduidig zijn. Onze groep (de dikkedarmkankeronderzoeksgroep te Groningen)
heeft eerder een variant in het MLH3 gen gevonden, de S845G missense mutatie, in
zeven van 327 patienten bij wie de verdenking was gerezen dat zij HNPCC hadden.
Deze patienten voldeden niet aan de voor HNPCC geldende klinische criteria, de
zogenaamde Amsterdamcriteria. De variant werd maar in een van de 1 88 controles
gevonden. Deze variant zou dus een rol kunnen spelen in sporadische
dikkedarmkanker. Daarom werd een klein deel van exon 1 van het MLH3 gen ,
inclusief de S845G variant, geanalyseerd in DNA uit bloed van 467 ongeselecteerde
dikkedarmkankerpatienten en 497 controles. De resultaten van deze studie worden
beschreven in Hoofdstuk 5. De S845G variant werd gevonden in vijf patienten en in
acht controles. Deze variant geeft dus geen verhoogd risico op dikkedarmkanker.
Een andere variant, de P844L, was duidelijk een neutraal polymorphisme. Drie
andere missense varianten waren zeldzaam en het aantal deelnemers aan ons
onderzoek was te klein om te kunnen concluderen of die varianten wei of niet
pathogeen waren.
Het deleted-in-colorectal-cancer (DCC) gen codeert voor een membraan
glycoprote"ine dat betrokken is bij de celdifferentiatie en bij apoptose. In een kleine
studie werd een variant in het DCC gen , de Arg201 Giy, onderzocht. De variant werd
vaker in dikkedarmkankerpatienten gezien dan in controles. Om deze studie te
repliceren in een veel grotere serie, werd de Arg201 Gly variant gegenotypeerd in
DNA uit bloed van 625 ongeselecteerde dikkedarmkankerpatienten en 220 controles.
De resultaten van deze studie worden beschreven in Hoofdstuk 6. De
associatieanalyse liet geen verschil zien in Arg201 Gly frequentie tussen patienten en
controles. Dit gold voor de hele groep en voor de verschillende subgroepen naar
plaats van de tumor, geslacht, leeftijd bij diagnose, familieanamnese van
dikkedarmkanker en gemodificeerde Dukes classificatie.
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In het tweede deel van dit proefschrift, in de hoofdstukken 7 tot en met 9, worden de
studies met betrekking tot borstkanker beschreven.
Hoofdstuk 7 is een review dat zich richt op laagpenetrante genen die mogelijk
geassocieerd zijn met borstkanker. Een meta-analyse werd verricht aan de hand van
de gepubliceerde studies. Dit vond plaats voor 34 polymorphismen in 1 8
verschillende genen welke werden beschreven i n meer dan een studie. De
groepsgrootte die nodig is om een associatie te vinden met een goede power (90%)
werd onderzocht. Dertien polymorphismen in 1 0 van deze genen toonden een
associatie met borstkanker met een significantieniveau van 5%. lnteressant is dat vijf
van deze polymorphismen geassocieerd waren met een verlaagd risico op
borstkanker.
Van maar zes van de 34 polymorphismen was het aantal van de in de meta-analyse
ge"includeerde personen groat genoeg om een associatie te bevestigen (HRAS1,
GSTM1 and CYP19) of te ontkrachten (NAT2, GSTT1 and CYP1 7) ) met een goede
power (90%) en een p-waarde van <0,0026.
Acht polymorphismen in zeven genen werden slechts in een studie. Een zwakke
associatie met borstkanker werd gevonden voor vijf polymorphismen in vier van deze
genen. In slechts enkele studies werden combinaties van polymorphismen
onderzocht. AI deze studies werden uitgevoerd in kleine groepen, resulterend in lage
power waardoor geen goede conclusies konden worden getrokken.
De resultaten van een studie over borstkanker en het HLA-gebied worden
beschreven in Hoofdstuk 8. Eerdere studies lieten zien dat het HLA-gebied mogelijk
geassocieerd is met borstkanker. Daarom werd het HLA-gebied gegenotypeerd met
24 microsatellietmerkers en twee SNP's in TNFa en TNFp in DNA uit bloed van 956
borstkankerpatienten en 1 271 controles. Haplotype- en associatieanalyse werden
gebruikt om te zoeken naar verschillen tussen patienten en controles. Patienten
werden op basis van het veronderstelde genetische risico ingedeeld in een drie
groepen, te weten een hoogrisico-, een matigrisico- en een laagrisicogroep. Deze
indeling is gebaseerd op criteria waarvan bekend is dat ze het risico om borstkanker
te krij gen be"invloeden, namelijk leeftijd bij diagnose, bilaterale borstkanker en een
positieve familiegeschiedenis voor borst- en/of eierstokkanker. De haplotypeanalyse
liet een significant verschil zien in gemiddelde haplotype sharing tussen patienten en
controles voor vier opeenvolgende merkers in het HLA-klasse I l l gebied. Een
bepaald haplotype was meer frequent en Ianger in de groep van patienten dan in
controles. Dit verschil werd met name veroorzaakt door de groep met een matig
risico. De resultaten werden bevestigd door de associatieanalyse. Personen,
homozygoot voor het 1 1 0- 1 84 haplotype (D6S2672-MICA) werden gevonden in 9,0%
van de patienten met een matig risico en in 1 ,5% van de controles (odds ratio =
7, 1 4 ), terwijl heterozygoten een veeI lager risico hadden (odds ratio = 1 ,41 ) Dit
suggereert dat er sprake is van een recessief effect. Er werd geen associatie
gevonden tussen de twee SNP's in TNFa (-308) en TNFP (intron 1 ) en borstkanker.
De resultaten Iaten zien dat het H LA-gebied mogelijk een rol speelt bij het ontstaan
van borstkanker, met name in vrouwen met een verondersteld matig risico.
CHEK2 is door twee onderzoeksgroepen ge"identificeerd als een laagpenetrant
borstkankergen. Door een van deze groepen is de hypothese geponeerd dat de
1 1 00deiC mutatie een interactie aangaat met andere mutaties in (nog onbekende)
borstkankergenen. Daarom werd de CHEK2 1 1 OOdeiC mutatie geanalyseerd in
dezelfde groep borstkankerpatienten en controles als waarin de HLA
borstkankerstudie was verricht (beschreven in hoofdstuk 8). De resultaten van deze
studie worden beschreven in Hoofdstuk 9. I n 962 ongeselecteerde
borstkankerpatienten werd de 1 1 OOdeiC mutatie gevonden in 2,9% en in 367
controles in 1 ,4%. Dit verschil is niet significant. Nadat de patienten waren
gestratificeerd volgens het veronderstelde genetische risico, werd de hoogste
.
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1 1 00deiC- mutatiefrequentie gevonden i n de hoogrisicogroep {4,4%), gevolgd door
de matigrisicogroep {3,8%) en de laagste frequentie in de laagrisicogroep {2,4%).
Deze trend is significant {Ptrend 0,029). In patienten zonder het HLA-risicohaplotype is
er een indicatie dat de 1 1 OOdeiC mutatie een verhoogd, maar bij onze aantallen niet
significant, borstkankerrisico geeft {odds ratio = 3,72; 95% betrouwbaarheidsinterval
0,86-1 6,0). In dragers van het HLA-risicohaplotype werd geen verdere toename in
borstkankerrisico gevonden bij de aanwezigheid van de 1 1 OOdeiC mutatie. Zowel de
1 1 OOdeiC mutatie als het HLA-risicohaplotype veroorzaken dus afzonderlijk een
verhoogd risico op borstkanker, maar een positieve interactie tussen beide
risicofactoren is onwaarschijnlijk. Het lijkt er juist op dat het effect van de 1 1 OOdeiC
mutatie zich beperkt tot personen zonder het HLA-risicohaplotype. Dit suggereert dat
er een negatief interactief effect bestaat tussen beide risicofactoren.
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Discussie
Momenteel zijn er meerdere hoogpenetrante genen bekend voor zowel
dikkedarmkanker als borstkanker. Slechts een kleine minderheid van aile gevallen
van dikkedarmkanker en borstkanker wordt verklaard door mutaties in deze
hoogpenetrante genen. Daarnaast zijn deze genen niet verantwoordelijk voor het
verhoogde risico bij familieleden van patienten met sporadische dikkedarmkanker en
borstkanker. Bij een grote studie in tweelingen werd een erfelijke component
gevonden in 35% van de dikkedarmkankerpatienten en in 27% van de
borstkankerpatienten. Het is waarschijnlijk dat het grootste deel van deze erfelijke
component veroorzaakt wordt door laagpenetrante genen. Alhoewel deze genen
laagpenetrant zijn, kunnen ze op populatieniveau een belangrijke rol spelen, omdat
mutaties in deze genen mogelijk in veel personen aanwezig zijn.
De meta-analyses in de hoofdstukken 2 en 7 Iaten zien dat slecht enkele varianten
met een hoge mate van zekerheid geassocieerd zijn met het dikkedarmkankerrisico
(MTHFR, verlaagd risico) of met het borstkankerrisico (HRAS1, GSTM1 en CYP19,
verhoogd risico) op een laagpenetrante manier. Ook in bekende hoogpenetrante
kankergenen zijn laagpenetrante mutaties bekend, zoals bijvoorbeeld de 1 1 307K
variant in het APC gen, de D1 32H variant in het MLH1 gen en de N372H variant in
het BRCA2 gen.
Omdat producten van verschillende genen een rol kunnen spelen in dezelfde
pathway (bijvoorbeeld de metabole pathway) is het waarschijnlijk dat er sprake is van
interactie tussen verschillende varianten in genen uit dezelfde pathway. Varianten die
op zichzelf niet geassocieerd zijn met kanker, kunnen nog steeds in combinatie met
varianten in andere genen een associatie met kanker hebben. Zoals besproken in de
hoofdstukken 2 en 7, is het erg moeilijk om interacties tussen varianten te bewijzen
of te ontkrachten. In ieder geval zijn hiervoor grote groepen patienten en controles
nodig, met name bij zeldzame varianten. Tot nu toe is er zowel voor
dikkedarmkanker als voor borstkanker maar weinig onderzoek gedaan naar
combinaties van varianten. Een laagpenetrante variant zal op zichzelf waarschijnlijk
maar een beperkt effect hebben op het individuele kankerrisico. Echter, de
combinatie van verschillende varianten zou kunnen resulteren in een zelfde hoog
risico als een mutatie in een van de hoogrisicogenen. Daarom is het erg belangrijk
om interacties tussen varianten te onderzoeken.
Het vinden van genen die betrokken zijn bij dikkedarmkanker of bij borstkanker zal
naar verwachting leiden tot kennis van de betreffende eiwitten en daarmee het
inzicht in de moleculaire en pathofysiologische achtergrond van kanker vergroten .
Het vinden van nieuwe kankergenen kan ook belangrijk zijn voor het identificeren van
tot nu toe onbekende omgevingsfactoren. Natuurlijk is de volgende vraag of deze tot
nu toe onbekende omgevingsfactoren be"invloed kunnen worden. Het identificeren
van verschillende risicofactoren maakt misschien op den duur populatiestratificatie
mogelijk in verschillende risicocategorieen voor kanker. Naast het identificeren van
mensen met een verhoogd risico, is het misschien wei even belangrijk om mensen te
identificeren met een verlaagd risico.
Bij het identificeren van de hoogpenetrante kankergenen op basis van linkage
onderzoek, waren de families waarin het specifieke gen geen rol speelde een
storende factor. Het voorbeeld hiervoor is BRCA 1. Door het selecteren van aileen de
jonge borstkankerpatienten kwam het linkagesignaal boven de ruis uit. Dit illustreert
het feit dat subgroep analyse soms noodzakelijk is en dat bij associatieanalyse en bij
linkageanalyse bevestiging op moleculair niveau nodig is.
Een ander voorbeeld is CHEK2. De eerste twee onderzoeksgroepen die de
associatie tussen CHEK2 en borstkanker beschreven, vonden geen verschillen in
1 1 OOdeiC-mutatiefrequentie tussen patienten en controles. In borstkankerfamilies
zonder BRCA 1 of BRCA2 mutaties werd echter een verhoogde frequentie van de
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mutatie gevonden ten opzichte van de controles. Omdat zo'n selectie van patienten
ook belangrijk zou kunnen zijn bij associatieanalyse en haplotypeanalyse, werden de
borstkankerpatienten in de studies beschreven in dit proefschrift ingedeeld op basis
van het veronderstelde genetische risico in een hoogrisico-, matigrisico- en een in
laagrisicogroep. Deze indeling was gebaseerd op criteria waarvan bekend is dat ze
het risico om borstkanker te krijgen be"invloeden, namelijk leeftijd bij diagnose,
bilaterale borstkanker en een positieve familiegeschiedenis voor borst- en/of
eierstokkanker. Subgroepanalyse voor deze groepen werd verricht in de
hoofdstukken 8 en 9. In hoofdstuk 8 werd het HLA-gebied onderzocht in
borstkankerpatienten
en
controles
met
behulp
van
verschillende
microsatellietmerkers. De haplotypeanalyse liet een verschil in gemiddelde
haplotypesharing zien tussen aile patienten en controles voor vier opeenvolgende
merkers. Nadat subgroepanalyse was verricht waren de resultaten veel sterker en
significant voor meer opeenvolgende merkers voor patienten met een verondersteld
matig genetisch risico op borstkanker. In hoofdstuk 9 werd de CHEK2 1 1 00deiC
mutatie gegenotypeerd in borstkankerpatienten en controles. Er werd geen
statistisch significant verschil gevonden tussen aile patienten en controles. Nadat
subgroepanalyse was verricht, werd er een significante toename van de CHEK2
1 1 OOdeiC-mutatiefrequentie gevonden, van controles, via de laagrisico- en
matigrisicogroep naar de hoogrisicogroep.
Dikkedarmkankerpatienten werden eveneens verdeeld in groepen met respectievelijk
een hoog risico, een matig risico en een laag risico, gebaseerd op de leeftijd bij
diagnose en de familieanamnese voor dikkedarmkanker en voor baarmoederkanker.
In hoofdstuk 4 werd de CHEK2 1 1 OOdeiC mutatie gegenotypeerd in
dikkedarmkankerpatienten en controles. Er werd geen statistisch significant verschil
gevonden tussen aile patienten en controles. Net als bij de borstkankerstudie
beschreven in hoofdstuk 9, werd ook hier, nadat subgroepanalyse was verricht, een
significante toename gezien van de CHEK2 1 1 OOdeiC-mutatiefrequentie, van
controles, via de laagrisico- en matigrisicogroep naar de hoogrisicogroep. Het lijkt er
dus op dat niet aileen de groepsgrootte van belang is om een associatie te kunnen
detecteren, maar ook de risicostratificatie.
Haplotype- en associatieanalyse maken gebruik van het bestaan van linkage
disequilibrium tussen mutaties in een onderliggend locus en tenminste een van de
merkers. Omdat er een relatief klein aantal recombinaties plaatsvindt tussen het
ziektelocus en de merkers, wordt het founderhaplotype geconserveerd in aangedane
personen. Deze methode werkt zowel voor dominante als voor recessieve mutaties.
De haplotypeanalyse maakt gebruik van recombinaties, welke de regio rond het
ziektelocus kleiner maken.
Als eenmaal een chromosomale regio is ge"identificeerd als zijnde geassocieerd met
kanker, is het vaak moeilijk om de verantwoordelijke variant of zelfs het
verantwoordelijke gen te vinden. De huidige technologie (microarray gebaseerd)
maakt het weliswaar mogelijk om efficient grote aantallen SNP's te genotyperen,
maar dicht bij elkaar gelokaliseerde SNP's Iaten vaak slecht kleine verschillen in
associatie zien. Daarnaast is niet voor aile SNP's eenvoudig een assay te
ontwikkelen.
In hoofdstuk 8 hebben we een associatie beschreven tussen een frequent haplotype
in het HLA-gebied en een verhoogd risico op borstkanker op een recessieve manier.
Het linkage disequilibrium is erg sterk voor het gehele HLA-gebied. Daarom is de
regio waarin het verantwoordelijke gen moet liggen tamelijk groot, namelijk ongeveer
500 kb. Met een frequent haplotype is het te verwachten dat veel SNP's in de regio in
linkage disequilibrium zijn met de verantwoordelijke variant. Daarmee zal het
tijdrovend zijn om de verantwoordelijke variant te vinden .

Samenvatting in /let Nederlancls

Aan de ene kant is linkage disequilibrium dus noodzakelijk om regia's te kunnen
identificeren die betrokken zijn bij kanker, aan de andere kant kan een sterk linkage
disequilibrium het identificeren van de verantwoordelijke variant bemoeilijken.
Een belangrijke vraag is hoeveel varianten of mutaties die bij een aanzienlijk aantal
patienten bijdragen tot het ontstaan van kanker met de haplotypeanalyse en
associatieanalyse kunnen worden opgespoord. Bij veel voorkomende mutaties zal
het effect op het kankerrisico klein zijn. Grote patientengroepen en controles en een
hoge dichtheid van SNP's zijn dan nodig om een relatief klein effect aan te kunnen
tonen. Oak voor zeldzame mutaties zijn grate groepen noodzakelijk.
Bij een model waarbij bijvoorbeeld 1 00 loci betrokken zijn bij het ontstaan van
kanker, is de kans dat er voor een bepaald locus kankerveroorzakende mutaties zijn
met een redelijke frequentie op voorhand klein. Echter, Pritchard (Am J Hum Gen
2001 ;69: 1 24-31 ) heeft argumenten aangedragen waarom voor een model met 1 00
loci en een vergelijkbaar risico per variant, het grootste deel van de variatie in
genetisch risico toe te schrijven is aan ongeveer 5 loci. Deze 5 loci zijn op basis van
toeval (genetische drift) meer variabel dan andere loci.
Varianten die belangrijk zijn op populatieniveau, zijn of relatief frequent (>5%) of
hebben tenminste een matige odds ratio (>3). Dit zijn nu juist de varianten die
gevonden kunnen worden door middel van een analyse van het hele genoom met de
haplotype- en de associatieanalyse. Bij bijvoorbeeld een darmkankervariant met een
frequentie van 1 % en een odds ratio van 3, is 4% van aile darmkankers toe te
schrijven aan deze variant. Voor een variant met een frequentie van 5% en een odds
ratio van 1 ,8 is dit 6%. Seide varianten zijn op te sporen in een groep van 1 000
patienten en controles, dus een haalbare groepsgrootte.
Het is waarschijnlijk dat er veel tot nu toe onbekende laagpenetrante mutaties in
bekende en onbekende genen een rol spelen bij dikkedarmkanker en bij borstkanker.
Een logische volgende stap is een analyse van het hele genoom met SNP's met een
toename van merkers rand de al bekende kankergenen. Op die manier kunnen
varianten in bekende en onbekende genen worden opgespoord die een rol spelen bij
het ontstaan van kanker. Een SNP analyse van het hele genoom is dit moment
mogelijk met op microarray gebaseerde genotypering. De verwachting is dat de
resultaten hiervan binnen niet al te lange tijd beschikbaar zullen komen.
Het succes van een SNP analyse van het hele genoom zal afhangen van de
overleving van foundermutaties die in staat zijn om het ontstaan van kanker op
populatieniveau te be"invloeden. Omdat kanker een ziekte is die met name op latere
leeftijd voorkomt, is het waarschijnlijk dat varianten die dikkedarm- en borstkanker
bevorderen geen bijzonder sterk selectief effect hebben.
Gebaseerd op bovengenoemde argumenten, is het aannemelijk dat meerdere
nieuwe loci zullen worden gevonden wanneer een analyse van het hele genoom
wordt gedaan in een voldoende grate groep van patienten en controles. Naar
verwachting zal het in de toekomst, hopelijk binnen 10 tot 1 5 jaar, mogelijk worden
om voor mannen en vrouwen op individuele basis een risicoschatting te maken voor
zowel dikkedarmkanker als borstkanker. Op basis van zo'n risicoprofiel zouden
specifieke dikkedarmkanker- en borstkankerscreeningsprogramma's kunnen worden
ontwikkeld, waardoor de negatieve bijeffecten van screening op populatieniveau, die
nu de voordelen van vroege ontdekking lijken te reduceren, kunnen worden
verminderd.
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Clwpter 1:J

Dankwoord
Eindelijk klaar (dat mag oak wei na 7 jaar). Nu nag het dankwoord. Volgens de een
moeilijk, volgens anderen, met name diegenen die zelf nooit zoiets hebben hoeven
schrijven, erg simpel.
Natuurlijk heb ik dit onderzoek niet bepaald aileen gedaan en wil ik bij deze graag
van de gelegenheid gebruik maken om iedereen te bedanken.
Als eerste wil ik mijn ouders en familie bedanken. Lieve Heit en Mam, jullie waren
gedurende al die jaren school, studie en onderzoek mijn grootste fans. lk realiseer
me dat ik het erg met jullie heb getroffen. lk hou van jullie. Alexander, Ingrid en
Maurits. lk ben blij dat jullie er zijn, jullie maken mijn Ieven rijker, ik hoop de komende
jaren meer tijd met jullie door te brengen. Lenne en Marre, ik hoop nag vaak
verstoppertje met jullie te kunnen spelen.
De inzet van de promotores en copromotores, Prof. dr. J.H. Kleibeuker, Prof. dr.
E.G. E. de Vries, Dr. ir. G.J. te Meerman en Dr. W.T.A. van der Graaf was onmisbaar
voor de totstandkoming van dit proefschrift.
Prof. dr. J.H. Kleibeuker, beste Jan, je manier van begeleiden vond ik erg prettig.
Aan de ene kant liet je me mijn gang gaan, aan de andere kant had je tach gewoon
de touwtjes in handen.
Prof. dr. E.G.E. de Vries, beste Liesbeth, je zal het wei in elk boekje lezen waarbij jij
betrokken bent geweest, maar jou snelheid in manuscripten corrigeren is
onnavolgbaar.
Jan en Liesbeth, ik heb grate bewondering voor jullie inzet, gedrevenheid en kennis
zeker voor wat betreft onderzoek doen. Waarschijnlijk hebben jullie me voor altijd
besmet met het onderzoeksvirus.
Dr. ir. G.J. te Meerman, beste Gerard, als bedenker van dit soort onderzoek was
jouw bijdrage natuurlijk in eerste instantie het belangrijkste. Wei moet ik eerlijk
bekennen dat ik je niet altijd kon volgen. lk heb grate bewondering voor je
denkvermogen en daarnaast oak voor hoe je in het Ieven staat.
Dr. W.T.A. van der Graaf, beste Winette, jij hebt een grate rol gespeeld in het
opstarten van het BORG-project. Het is mooi om te weten dat, nu mijn deel in het
project is afgerond, het BORG-project op zich door gaat.
De leescommissie, bestaande uit Prof. dr. C.H.C.M. Buys, Prof. dr. H.J. Hoekstra,
Prof. dr. L.F.M . H . de Leij ben ik zeer erkentelijk voor het beoordelen (en natuurlijk
voor het goedkeuren) van dit proefschrift.
Dr. I.M. Nolte, beste l lja. Aile statistiek kwam op jouw dak terecht. lk denk niet dat dit
onderzoek zonder jou nu al klaar was geweest. Daarnaast vond ik het prettig om met
je samen te werken. Je stand altijd klaar om mijn (soms domme) vragen te
beantwoorden . Bedankt!
Voor al het genotyperingswerk wil ik Elvira Oosterom, Marijke Niens, Marcel Mulder,
Marcel Bruinenberg en Gerrit van der Steege bedanken. Jullie hebben veel werk
verzet. Bedankt voor jullie inzet en voor jullie snelle reacties wanneer ik weer eens
informatie met betrekking tot merkers nodig had.
Een deel van het praktische werk is in het laboratorium van de genetica verricht.
Hiervoor wil ik Krista Kooi en Ludolf Boven bedanken.

Dankwoord

Aile co-auteurs van de artikelen die nog niet genoemd zij n, namelijk Rolf Sijmons,
Robert Hofstra, Jan Oosterwijk, Annemiek van der Hout, Marike Boezen, Maran
Olderode-Berends, Renee Niessen, Harry Hollema, Tineke van der Sluis, Ying Wu
en Jantine Westra wil ik bedanken voor hun bijdrage. Rolf, Robert, Jan en Marike,
bedankt voor jullie kritische blik.
Veel mensen waren belangrijk voor het includeren van patienten in de SCOPE-studie
en in het BORG-project op meerdere afdelingen van de verschillende ziekenhuizen;
artsen, (oncologie)verpleegkundigen, baliemedewerkers, mensen van de medische
administratie en mensen van de prikcentra van de afdelingen Chirurgie, I nterne
Oncologie, Radiotherapie en Maag-, darm en leverziekten van het UMCG, de
afdeling Maag-, darm en leverziekten van het Martini Ziekenhuis en de chirurgie
afdelingen van de ziekenhuizen in Leeuwarden, Harlingen, Drachten, Dokkum en
Sneek waren onmisbaar voor het verzamelen van de grote aantallen patienten .
Voor het bloedprikken bij de mensen thuis en het brengen van het bloed van de
afdeling en de bloedbank naar het genotyperingslab wil ik Gerry Sieling en Giny
Bokma bedanken. De bloedbank Sanquin Noord-Nederland wil ik bedanken voor het
vervoer van het bloed uit de verschillende ziekenhuizen naar Groningen.
De hulp van Renee Otter van het l ntegraal Kankercentrum Noord Nederland (IKN) is
essentieel geweest. Niet aileen de subsidie van het IKN heeft het BORG-project
mogelijk gemaakt maar ook is IKN, in de personen van Dr. Michael Schaapveld, Giny
Bokma en Jesse Harder van groot belang geweest voor het verwerken en
anonimiseren van de patienten gegevens.
De KWF Kankerbestrijding wil ik bedanken voor de subsidie die de SCOPE-studie
mogelijk heeft gemaakt.
Petra Wetterauw, Gonny Thijn, Bianca Smit-Aeilkema en Gretha Beuker wil ik
bedanken voor de secretariele ondersteuning. Petra, je bent daarnaast een vriendin
geworden. Bianca, na een zoveelste afwijzing van een artikel en ik even geen zin
meer had om het opnieuw te versturen, was jij van groot belang. Bedankt voor het
omzetten en submitten van diverse artikelen uit dit proefschrift.
Tij dens mijn onderzoek heb ik met meerdere mensen (soms heel kort) een kamer
gedeeld. Maran Olderode-Berends, Gerard Dijkstra, Anita Wischmeijer, Arjan van de
Loosdrecht, Margreet Zoodsma, Fleur Rijcken en Hilde Jalving, bedankt voor de
gezelligheid.
Lieve vrienden, jullie wil ik bedanken voor jullie steun en interesse, ik hoop dat er nog
heel wat gezellige weekendjes mogen volgen.
Mijn inmiddels al niet meer zo nieuwe collega's bij de klinische genetica wil ik
bedanken voor hun steun de afgelopen jaren. Natuurlijk wil ik een paar nog bij name
noemen.
Renee, zoals je inmiddels hebt begrepen vond ik jouw voorstel voor het begin van
het dankwoord, namelijk "AIIereerst wil ik Renee bedanken" toch niet zo'n goed idee.
AI moet ik zeggen dat de plaats waar je nu staat, dus ergens ertussen in, ook niet
terecht is. Je bent de afgelopen jaren een goede vriendin geworden. Bij problemen of
juist leuke dingen kon ik altijd bij je terecht. lk hoop dat we onze vriendschap nog
jaren zo door mogen zetten.
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Gretel, ik hoop nog vaak dingen naast het werk, zeals hardlopen of lekker uit eten,
samen met jou (en Erwin) te kunnen doen. Maar wat ik het liefst samen zou willen is
straks na onze opleiding samen als klinisch geneticus werken in Groningen.
Mieke, helaas ben je inmiddels niet meer werkzaam bij de genetica en ben je straks
zelfs niet meer woonachtig in Groningen. lk verheug me nu maar op gezellige
weekendjes, natuurlijk ook samen met Bas.
Karin, met name het samen naar huis fietsen en onze gesprekken, die we vaak op
de hoek van mijn straat nog even voortzetten, waardeer ik zeer.
En Rein, zeals je kunt lezen vond ik ook jouw voorstel, namelijk kart en krachtig
"Rein bedankt" geen goed idee. Tach wil ik je bedanken voor de gezelligheid en
hopelijk ook voor het in toom houden van mijn collega's voor "het stukje".
Paranimfen
Lieve Maran, bij de collega's heb ik je overgeslagen omdat je hier nog aan bod komt.
Bij het onderzoek hebben we jaren een kamer gedeeld en toen ik bij de genetica
kwam werken was er geen twijfel, ik kwam weer bij je op de kamer. lk moet zeggen
dat ik op zich wei uit kijk naar de verhuizing van onze afdeling, maar dat ik een
dubbel gevoel heb, een kamer aileen, dus zonder jou. lk hoop dat we nog jaren
collega's mogen blijven. Nu we beiden ons onderzoek en jij volgend jaar je opleiding
hebben afgerond, krijgen we het hopelijk wat minder druk. Met die extra vrije tijd zou
ik graag de Kolonistenavondjes weer in ere willen herstellen.
Lieve Margreet, zeals je in je eigen dankwoord al schreef, zijn we na jaren van
beiden onderzoek doen, nu andere richtingen op gegaan. J ij in het Ieger, ik bij de
genetica. Nu nog beiden promoveren. lk ben blij dat we dat ook samen mogen doen,
ik paranimf bij jou en jij bij mij. Bedankt dat je er altijd voor me bent. Daarnaast hoop
ik dat we nog vaak leuke, exotische vakanties mogen beleven.
Margreet en Maran, ik ben blij dat jullie op de dag naast me zullen staan.
Lieve ouders van Jackeline. Bedankt dat ik mijn proefschrift aan haar op mocht
dragen. Door haar ben ik meer geinteresseerd geraakt in onderzoek doen en dan
met name naar kanker. l k ben blij dat jullie op de dag van mijn promotie erbij zullen
zijn.
Tot slot wil ik aile patienten en familieleden bedanken die aan dit onderzoek hebben
meegewerkt. Zander jullie was dit onderzoek niet mogelijk geweest.

Mirjam
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