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i Department of Surgery, Uppsala University Hospital, Uppsala, Sweden
j Department of Surgery, Colorectal Unit, Central Hospital, Vasterås, Sweden
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The genetic susceptibility to colorectal cancer (CRC) has been estimated to be around 35%

and yet high-penetrance germline mutations found so far explain less than 5% of all cases.

Much of the remaining variations could be due to the co-inheritance of multiple low pene-

trant variants. The identification of all the susceptibility alleles could have public health

relevance in the near future. To test the hypothesis that what are considered polymor-

phisms in human CRC genes could constitute low-risk alleles, we selected eight common

SNPs for a pilot association study in 1785 cases and 1722 controls. One SNP, rs3219489:G>C

(MUTYH Q324H) seemed to confer an increased risk of rectal cancer in homozygous status

(OR = 1.52; CI = 1.06–2.17). When the analysis was restricted to our ‘super-controls’, healthy

individuals with no family history for cancer, also rs1799977:A>G (MLH1 I219V) was associ-

ated with an increased risk in both colon and rectum patients with an odds ratio of 1.28

(CI = 1.02–1.60) and 1.34 (CI = 1.05–1.72), respectively (under the dominant model); while 2

SNPs, rs1800932:A>G (MSH6 P92P) and rs459552:T>A (APC D1822V) seemed to confer a pro-

tective effect. The latter, in particular showed an odds ratio of 0.76 (CI = 0.60–0.97) among

colon patients and 0.73 (CI = 0.56–0.95) among rectal patients. In conclusion, our study sug-

gests that common variants in human CRC genes could constitute low-risk alleles.
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1. Introduction ent hospitals from central Sweden. The control cohort was
Colorectal cancer (CRC) is a complex disease caused by genet-

ic and environmental factors, with the former accounting for

a third of the cases and the latter for the remaining two-

thirds.1 Being able to divide the population into risk categories

would allow tailored prevention programmes according to the

risk of each individual. In order to do so, it is important to

understand how the genetic background is affected by envi-

ronmental factors and how this complex interplay of genetic

and non-genetic factors contributes to the CRC development

and progression.2,3

Several familial syndromes are known: Familial Adenoma-

tous Polyposis (FAP), caused by a germline mutation in APC4,5

and Hereditary Non-Polyposis Colorectal Carcinoma (HNPCC),

caused by a germline mutation in one of the mismatch repair

genes (MMR) MLH1, MSH2, MSH6 and PMS2.6–9 However, they

together account for only approximately 5% of the cases.10

MUTYH Polyposis (MAP) is usually phenotypically identical

to a classic or mild form of FAP, but the difference stands in

its recessive mode of inheritance.11

In the past 2 years Genome-Wide Association Studies

(GWAS) have led to the discovery of several susceptibility al-

leles.12–18 However, the risk associated with each variant is

very low and these SNPs are suggested to explain only a small

part of the remaining unknown genetic contribution.19

Similarly, further high-penetrance alleles are probably rare

and restricted to families with multiple cases. Several genetic

models have been proposed to explain the aetiology of CRC,

ranging from few common alleles conferring a modest risk

(the so-called ‘common disease-common variant hypothesis’)

to a very large number of alleles conferring a higher risk (the

‘common disease-rare variant hypothesis’).
20,21

Our hypothesis is that variants in genes already known to

be involved in CRC development could explain at least part of

the sporadic cases without family history and clearly patho-

genic mutations and, perhaps, also partly some familial

cases. These variants could act as low-penetrance alleles

and it seems reasonable to assume that several of them to-

gether could drive the cell towards the tumourigenic process.

In the past years many SNPs of unknown pathogenicity

were found in the MMR genes, APC and MUTYH by our group

and in many other laboratories around the world.22–24 In order

to test our hypothesis we conducted a pilot study on eight of

the most common SNPs found in our studies in the Swedish

population: one in MLH1, one in APC, two in MUTYH and four

in MSH6.

These variants are considered polymorphisms but could

nonetheless act as low-risk alleles in CRC.

2. Materials and methods

The case cohort used in this study was composed of 1785 con-

secutive colorectal cancer patients of Swedish origin divided

as follows: 1103 individuals with a diagnosis of colon cancer,

637 with a diagnosis of rectal cancer and 45 individuals whose

exact tumour location was not specified. All cases were col-

lected through the Family Cancer Clinic at the Karolinska

Hospital (Stockholm, Sweden) and were recruited by 14 differ-
composed of 1306 blood donors from the general population

between the age of 18 and 65 and 416 so-called ‘super-con-

trols’. The super-controls are unaffected spouses of CRC pa-

tients, which are cancer-free at the moment of the

diagnosis and do not have a family history of any type of can-

cer. In principle, the super-controls constitute a better cohort

to be used for these types of case–control studies, since they

should carry even less susceptibility factors than blood do-

nors, who we consider to represent the general population.

We investigated eight SNPs in four different genes (Table 1):

rs459552:T>A (APC D1822V), rs1799977:A>G (MLH1 I219V),

rs1042821:G>A (MSH6 G39E), rs1800932:A>G (MSH6 P92P),

rs1800935:T>C (MSH6 D180D), rs1800937:C>T (MSH6 Y214Y),

rs3219484:G>A (MUTYH V22M) and rs3219489:G>C (MUTYH

Q324H).

Informed consent was obtained from all participants. The

study was undertaken in accordance with the Swedish

legislation of ethical permission (02/489). Genomic DNA was

extracted from peripheral blood by standard procedures.

Genotyping and a first-quality check of rs459552:T>A

(RefSeq NM_000038.4), rs1799977:A>G (RefSeq NM_000249.2),

rs1800932:A>G and rs1800935:T>C (RefSeq NM_000179.2),

rs3219484:G>A and rs3219489:G>C (RefSeq NM_001048171.1)

were done at deCode Genetics (Reykjavik, Iceland). The

remaining two SNPs in the MSH6 gene, rs1042821 and

rs1800937 (RefSeq NM_000179.2) were genotyped using Taq-

Man SNP Genotyping Assay (Applied Biosystems, Foster City,

CA). Deviations of the genotype frequency in cases and con-

trols from those expected under Hardy–Weinberg equilibrium

were calculated by v2 tests (1 degree of freedom). Allelic fre-

quencies of the SNPs in the case and control groups were

compared using a v2 test (allele 1 [common] versus allele 2

[minor]). Analyses were also performed under various types

of genetic contrasts including the contrast of homozygotes

(genotype 11 versus genotype 22), the dominant (genotype

11 versus genotype [12 + 22]) and recessive [genotype

(11 + 12) versus genotype 22] models. In addition, Armitage’s

trend test, which takes into account the individuals’ geno-

types rather than just alleles,25 was performed using the DeF-

inetti program provided as an online source (http://

ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwa1.pl). The sig-

nificance level for statistical tests was set at 0.05. Odds ratios

(ORs), their 95% confidence intervals (CIs) and their corre-

sponding p-values were calculated using the same program.

These analyses were performed on the entire cohort of CRC

cases as well as for colon and rectum only.

3. Results

The results of the case–control association study in the whole

cohort as well as the analyses stratified by tumour location

are reported in Table 2.

APC D1822V did not show any difference between cases

and controls, but when we considered only the super-controls

(n = 344), the heterozygous carrier status was associated with

an odds ratio of 0.77 (CI = 0.60–0.97, p = 0.03) and the homozy-

gous status with an odds ratio of 0.67 (CI = 0.43–1.05;

p = 0.08). If a dominant model was assumed, the combined

http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwa1.pl
http://ihg2.helmholtz-muenchen.de/cgi-bin/hw/hwa1.pl


Table 1 – Variants analysed in the present study.

rs no. dbSNP Gene Nucleotide position Exon Structural alteration MAF CEU* dbSNP

rs459552 APCb c.5465T>T/A 16 D1822V T = 0.775; A = 0.225
rs1799977 MLH1c c.655A>A/G 8 I219V A = 0.667; G = 0.333
rs1042821 MSH6d c.116G>G/A 1 G39E G = 0.793; A = 0.207
rs1800932 MSH6d c.276A>A/G 2 P92P A = 0.775; G = 0.225
rs1800935 MSH6d c.540T>T/C 3 D180D T = 0.658; C = 0.342
rs1800937 MSH6d c.642C>C/T 4 Y214Y C = 0.875; T = 0.125
rs3219484 MUTYHe c.64G>G/A 2 V22M G = 0.925; A = 0.075
rs3219489 MUTYHe c.972G>G/C 12 Q324H G = 0.716; C = 0.284

a MAF, Minor Allele Frequency; CEU, Utah residents with Northern and Western European ancestry from the CEPH collection.

b RefSeq NM_000038.4; NP_000029.2.

c RefSeq NM_000249.2; NP_000240.1.

d RefSeq NM_000179.2; NP_000170.1.

e RefSeq NM_001048171.1; NP_001041636.1.
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heterozygous and homozygous variant genotypes were asso-

ciated with an odds ratio of 0.75 (CI = 0.59–0.94; p = 0.01). The

same trend was observable when we stratified the cases

according to the location of the tumour, with colon and rectal

cases showing odds ratios for the dominant model of 0.76

(CI = 0.60–0.97; p = 0.03) and 0.73 (CI = 0.56–0.95; p = 0.02),

respectively.

Similarly, for MLH1 I219V there was no statistically signif-

icant association with CRC risk overall. However, when the

analysis was restricted to the super-controls (n = 411) we

found that being a carrier was associated with an odds ratio

of 1.36 (CI = 1.08–1.71; p < 0.01) whereas being homozygote

for the variant was associated with an odds ratio of 1.14

(CI = 0.79–1.65; p = 0.48). As observed for APC D1822V, we

could detect an association when we assumed a dominant

model of inheritance, with an odds ratio for the combined

heterozygous and homozygous variant genotypes of 1.31

(CI = 1.06–1.63; p = 0.01). The same effect was detectable when

we divided the cases according to the tumour location, with

odds ratio of 1.34 (CI = 1.05–1.72; p = 0.02) and 1.28 (CI = 1.02–

1.60; p = 0.03) for rectum and colon, respectively (under the

dominant model as well).

Four SNPs in MSH6 were included in the analysis,

rs1042821:G>A (G39E), rs1800932:A>G (P92P), rs1800935:T>C

(D180D) and rs1800937:C>T (Y214Y). None of them seems to

be associated with an increased risk when the whole cohort

of cases versus controls was analysed but, again, a protective

effect was observed for rs1800932:A>G (P92P) when only the

super-controls (n = 411) were considered. In particular, the

combination of heterozygotes and homozygotes had an odds

ratio of 0.79 (CI = 0.62–0.99; p = 0.04) when the CRC cases were

included, while it was 0.77 (CI = 0.60–0.99; p = 0.04) when the

analysis was restricted to colon. A trend was observable also

in rectum, but it did not reach significance probably due to

the small sample size (OR = 0.83, CI = 0.63–1.09, p = 0.22).

In a similar way, rs1800935:T>C (D180D) showed a border-

line association only with colon and the homozygous status,

with an odds ratio of 0.74 (CI = 0.54–1.00; p = 0.05). The same

effect only for the homozygous was observable when we con-

sidered the blood donors as controls (OR = 0.72; CI = 0.53–0.99;

p = 0.05) (data not shown) but not when we restricted the

analysis to the super-controls (OR = 0.79; CI = 0.50–1.23;

p = 0.29).
While rs1800937:C>T (Y214Y) did not show any specific

association, we could see a trend, although non-significant,

for rs1042821:G>A (G39E) with an odds ratio of 2.11

(CI = 0.90–2.11; p = 0.08).

The last two SNPs, rs3219484:G>A (V22M) and

rs3129489:G>C (Q324H) are located in the MUTYH gene.

Q324H showed a significant association with rectal cancer

when all the controls (n = 1689) were included in the analysis.

We measured an odds ratio of 1.52 (CI = 1.06–2.17; p = 0.02) for

the homozygous variant genotype, while the combination of

the homozygous and the heterozygous variants, even if indi-

cating the same phenomenon, was not significant (OR = 1.13;

CI = 0.94–1.36; p = 0.16). Thus, as expected for the MUTYH

gene, Q324H acts in a recessive manner (as observed for

rs1800935:T>C [MSH6 D180D]). The same effect was found

when we compared only the blood donors; in this case the

magnitude of the effect is even stronger for the homozygous

variant genotype, with an odds ratio of 1.75 (CI = 1.19–2.58;

p = 0.004) (data not shown).

4. Discussion

The sequencing of the human genome has led to the identifica-

tion of a large number of variants and the availability of the

technology for carrying out large-scale genome-wide associa-

tion studies allows to assess the individual cancer susceptibil-

ity in a thorough manner. More specifically for CRC, in the past

2 years several studies have identified a handful of loci associ-

ated with an increased risk,12–18 but it seems unlikely that they

(even together with others which will be published in the fu-

ture) will explain a significant proportion of CRC cases.

An interesting hypothesis is that it could exist a whole

range of variability associated with genes already known to

be involved in CRC development. This could be due to SNPs

with a small effect or it is also possible that a combination

of several variants in many genes works synergistically to in-

crease the risk of CRC. In order to test this hypothesis we set

up a pilot study to investigate eight common variants previ-

ously found by our group and which are common enough to

increase the power of detecting even a small increase in risk.

The APC D1822V is the most common missense variant de-

scribed to date.23,26 Codon 1822 lies between the fourth and

the fifth of seven 20-aminoacid repeats which bind and



Table 2 – The eight SNPs analysed in the whole cohort of cases and controls (‘colorectal’) and stratified by tumour location
(‘colon’ and ‘rectum’). Analyses were performed both for all the available controls (‘ALL ctrls’) and for the ‘super-controls’ only
(‘superctrls’). In bold are the results with p < 0.05.

Polymorphism Controls
used

No. of
controls

Colorectal Colon Rectum

No. of
cases

OR (95% CI) No. of
cases

OR (95% CI) No. of
cases

OR (95% CI)

MLH1

rs1799977
c.655A>G
I219V

ALL ctrls
AA 832 819 1.00 514 1.00 287 1.00
AG 708 781 1.12 (0.97–1.29) 483 1.10 (0.94–1.30) 275 1.13 (0.93–1.37)
GG 161 181 1.14 (0.90–1.44) 103 1.04 (0.79–1.36) 69 1.24 (0.91–1.70)
AG or GG 1.13 (0.98–1.29) 1.09 (0.94–1.27) 1.15 (0.96–1.38)
ptrend 0.10 0.41 0.11
superctrls
AA 217 819 1.00 514 1.00 287 1.00
AG 152 781 1.36 (1.08–1.71) 483 1.34 (1.05–1.71) 275 1.21 (1.05–1.78)
GG 42 181 1.14 (0.79–1.65) 103 1.04 (0.70–1.53) 69 1.24 (.81–1.89)
AG or GG 1.31 (1.06–1.63) 1.28 (1.02–1.60) 1.34 (1.05–1.72)
ptrend 0.06 0.17 0.06

MSH6
rs1042821
c.116G>G/A
G39E

ALL ctrls
GG 1071 898 1.00 554 1.00 316 1.00
GA 407 336 0.99 (0.83–1.17) 216 1.03 (0.85–1.25) 116 0.97 (0.76–1.23)
AA 41 42 1.22 (0.79–1.90) 23 1.08 (0.64–1.83) 18 1.49 (0.84–2.63)
GA or AA 1.01 (0.86–1.19) 1.03 (0.86–1.24) 1.01 (0.81–1.28)
ptrend 0.72 0.71 0.57
superctrls
GG 296 898 1.00 554 1.00 316 1.00
GA 118 336 0.939 (0.73–1.20) 216 0.978 (0.75–1.28) 116 0.921 (0.68–1.25)
AA 8 42 1.731 (0.80–3.73) 23 1.536 (0.68–3.48) 18 2.108 (0.91–4.92)
GA or AA 0.989 (0.78–1.26) 1.013 (0.78–1.31) 0.996 (0.76–1.33)
ptrend 0.69 0.68 0.57

MSH6
rs1800932
c.276A>G
P92P

ALL ctrls
AA 1200 1294 1.00 802 1.00 455 1.00
AG 468 442 0.88 (0.75–1.02) 272 0.87 (0.73–1.03) 159 0.90 (0.73–1.11)
GG 40 40 0.93 (0.59–1.45) 20 0.75 (0.43–1.29) 19 1.25 (0.72–2.19)
AG or GG 0.88 (0.76–1.02) 0.86 (0.73–1.02) 0.92 (0.75–1.13)
ptrend 0.12 0.07 0.69
superctrls
AA 279 1294 1.00 802 1.00 455 1.00
AG 119 442 0.80 (0.63–1.02) 272 0.80 (0.61–1.03) 159 0.82 (0.62–1.09)
GG 13 40 0.66 (0.35–1.26) 20 0.53 (0.26–1.09) 19 0.90 (0.44–1.84)
AG or GG 0.79 (0.62–0.99) 0.77 (0.60–0.99) 0.83 (0.63–1.09)
ptrend 0.04 0.02 0.22

MSH6
rs1800935
c.540T>C
D180D

ALL ctrls
TT 870 961 1.00 590 1.00 342 1.00
TC 693 693 0.91 (0.79–1.04) 439 0.93 (0.80–1.10) 236 0.87 (0.71–1.05)
CC 140 129 0.83 (0.65–1.08) 70 0.74 (0.54–1.00) 56 1.02 (0.73–1.42)
TC or CC 0.89 (0.78–1.02) 0.90 (0.77–1.05) 0.89 (0.74–1.07)
ptrend 0.08 0.07 0.45
superctrls
TT 212 961 1.00 590 1.00 342 1.00
TC 165 693 0.93 (0.74–1.16) 439 0.96 (0.75–1.21) 236 0.89 (0.68–1.15)
CC 32 129 0.89 (0.59–1.35) 70 0.79 (0.50–1.23) 56 1.09 (0.68–1.73)
TC or CC 0.92 (0.74–1.14) 0.93 (0.74–1.17) 0.92 (0.72–1.18)
ptrend 0.44 0.36 0.79

MSH6
rs1800937
c.642C>C/T
Y214Y

ALL ctrls
CC 1180 1229 1.00 743 1.00 450 1.00
CT 334 324 0.93 (0.78–1.11) 207 0.98 (0.81–1.20) 109 0.86 (0.67–1.09)
TT 17 14 0.79 (0.39–1.61) 6 0.56 (0.22–1.43) 8 1.23 (0.53–2.88)
CT or TT 0.93 (0.78–1.10) 0.96 (0.79–1.17) 0.87 (0.69–1.11)
ptrend 0.33 0.54 0.37
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Table 2 (continued)

Polymorphism Controls
used

No. of
controls

Colorectal Colon Rectum

No. of
cases

OR (95% CI) No. of
cases

OR (95% CI) No. of
cases

OR (95% CI)

superctrls
CC 336 1229 1.00 743 1.00 450 1.00
CT 87 334 1.02 (0.78–1.33) 207 1.08 (0.81–1.43) 109 0.93 (0.68–1.28)
TT 2 14 1.91 (0.43–8.46) 6 1.36 (0.27–6.76) 8 2.99 (0.63–14.16)
CT or TT 1.04 (0.80–1.35) 1.08 (0.82–1.43) 0.98 (0.72–1.34)
ptrend 0.66 0.55 0.82

APC
rs459552
c.5465T>A
D1822V

ALL ctrls
TT 937 1033 1.00 633 1.00 372 1.00
TA 607 616 0.92 (0.80–1.06) 383 0.93 (0.79–1.10) 214 0.89 (0.73–1.08)
AA 97 105 0.98 (0.74–1.31) 66 1.01 (0.73–1.40) 38 0.99 (0.67–1.46)
TA or AA 0.93 (0.81–1.07) 0.94 (0.81–1.10) 0.90 (0.75–1.09)
ptrend 0.41 0.61 0.41
superctrls
TT 178 1033 1.00 633 1.00 372 1.00
TA 139 616 0.77 (0.60–0.97) 383 0.78 (0.60–1.00) 214 0.74 (0.56–0.97)
AA 27 105 0.67 (0.43–1.05) 66 0.69 (0.43–1.11) 38 0.67 (0.40–1.14)
TA or AA 0.75 (0.59–0.94) 0.76 (0.60–0.97) 0.73 (0.56–0.95)
ptrend 0.01 0.03 0.02

MYH
rs3219484
c.64G>A
V22M

ALL ctrls
GG 1420 1503 1.00 933 1.00 528 1.00
GA 264 254 0.91 (0.75–1.10) 151 0.87 (0.70–1.08) 96 0.98 (0.76–1.26)
AA 7 6 0.81 (0.27–2.42) 3 0.65 (0.17–2.53) 3 1.15 (0.30–4.75)
GA or AA 0.91 (0.75–1.10) 0.87 (0.69–1.07) 0.98 (0.76–1.26)
ptrend 0.29 0.17 0.92
superctrls
GG 341 1503 1.00 933 1.00 528 1.00
GA 62 254 0.93 (0.69–1.26) 151 0.89 (0.65–1.23) 96 1.00 (0.71–1.42)
AA 3 6 0.45 (0.11–1.82) 3 0.37 (0.07–1.82) 3 0.65 (0.13–3.22)
GA or AA 0.91 (0.68–1.22) 0.87 (0.63–1.19) 0.98 (0.70–1.38)
ptrend 0.42 0.28 0.85

MYH
rs3219489
c.972G>C
Q324H

ALL ctrls
GG 992 1019 1.00 640 1.00 351 1.00
GC 600 627 1.02 (0.88–1.17) 382 0.99 (0.84–1.16) 226 1.07 (0.88–1.29)
CC 97 124 1.24 (0.94–1.65) 70 1.12 (0.81–1.54) 52 1.52 (1.06–2.17)
GC or CC 1.05 (0.92–1.20) 1.01 (0.86–1.17) 1.13 (0.94–1.36)
ptrend 0.25 0.74 0.06
superctrls
GG 236 1019 1.00 640 1.00 351 1.00
GC 141 627 1.03 (0.82–1.30) 382 1.00 (0.78–1.28) 226 1.08 (0.83–1.41)
CC 33 124 0.87 (0.58–1.31) 70 0.78 (0.50–1.21) 52 1.06 (0.67–1.69)
GC or CC 1.00 (0.80–1.24) 0.96 (0.76–1.21) 1.07 (0.84–1.38)
ptrend 0.76 0.46 0.63

E U R O P E A N J O U R N A L O F C A N C E R 4 6 ( 2 0 1 0 ) 1 0 4 1 – 1 0 4 8 1045
down-regulate b-catenin.27 Although, the functional signifi-

cance of this substitution remains unknown, this is a change

from a hydrophilic aspartate to a hydrophobic valine residue.

The clinical relevance of APC D1822V is still under debate,

since some studies showed that it could act as a low-pene-

trance allele that increases the risk of developing CRC28,29

while others consider it as a common polymorphism without

clinical consequences.30,31 Furthermore, five previous studies

investigated the possible relationship between APC D1822V

with dietary and lifestyle factors. In two cases, a diet low in

total saturated and unsaturated fats decreased the risk of

CRC among the homozygous carriers of the variant.27,32 In an-

other study a significant interaction was observed with the

dietary intakes of cholesterol, calcium and fibre.33 On the
other hand, two other studies failed to detect this associa-

tion.34,35 In our study we were unable to see an effect when

we compared our CRC cases and the whole cohort of controls,

even if a trend towards an increased risk for the dominant

model was observed. On the other hand, an effect was detect-

able when we restricted the analysis to our smaller group of

super-controls, both for the CRC cohort as a whole and for co-

lon and rectum separately. A dominant model fits well our

data in all the analyses.

The MLH1 I219V polymorphism lies in exon 8 and is con-

served throughout evolution, which can be seen as a sign of

its importance for the well functioning of the protein. A func-

tional study based on a transient transfection of hMLH1 com-

plementary DNA carrying the variant into a human
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embryonic kidney fibroblast cell line lacking hMLH1 expres-

sion was able to prove in vivo that this SNP does not affect

the mismatch repair capacity.36 Berndt and collaborators

investigated the possible role of MLH1 I219V in CRC using a

community-based cohort of Caucasian American and were

not able to find any association with tumours in any location

(proximal or distal colon, rectum).37 In contrast to this, a

study performed on Finnish and Swedish HNPCC or HNPCC-

like families showed that the SNP affects the level of expres-

sion.38 Using the Single Nucleotide Primer Extension (SnuPE)

method to be able to assess the expression of the maternal

and the paternal alleles separately, they came to the conclu-

sion that the reduced mRNA expression segregates with the

cancer phenotype in the families which were tested posi-

tive.38 The discrepancy with the study performed by Berndt

and collaborators could be that in our study we genotyped a

much higher number of colon and rectal cases (1100 and

631, respectively) or due to the different population used. A

recent study systematically tagged all the known common

variants in the MMR genes in order to test the tag SNPs

(tSNPs) for association with CRC. Three SNPs (one in MSH2

and two in MSH3 gene) showed borderline associations but

none remained significant after correcting for multiple test-

ing.39 The I219V MLH1, which was found to be associated with

an increased risk in our study, failed the assay design and was

not in linkage disequilibrium (LD) with any other tag SNP.39

Hence, its role in CRC predisposition was not assessed.

We also tested four variants in the MSH6 gene,

rs1042821:G>A (G39E), rs1800932:A>G (P92P), rs1800935:T>C

(D180D) and rs1800937:C>T (Y214Y). For the first two silent

variants we could see a protective effect when we stratified

the samples according to the tumour site and when only

the super-controls were included in the analysis. In particu-

lar, rs1800932:A>G (P92P) showed a protective effect for tu-

mours in the colorectum and colon. For rs1800935:T>C

(D180D) we observed the same protective effect only in colon.

These two variants had previously been found by our group in

two families (106 and 154) suggested to have HNPCC but

where a mutation in the MMR genes had not been found.40

Interestingly, the two patients with endometrial cancer but

not CRC were both compound heterozygotes for the variants.

The two SNPs are located only 5 kb apart from each other and

show a high correlation (r2 = 0.56). However, there was no dif-

ference in frequency of the heterozygous neither when we

compare all CRC cases and controls nor in CRC cases with

endometrial cancers in the family and controls (data not

shown).

Rs1042821:G>A (G39E) is probably the most interesting var-

iant in MSH6 tested in the present study, since an earlier work

suggested a slightly higher frequency for the A allele among

CRC cases (23%) than controls (15%), even though a statistical

comparison was not performed.41 More recently, Berndt and

collaborators reported that AA carriers have a very high risk

of developing rectal but not colon cancer (RR = 3.25;

CI = 1.08–9.83; p = 0.04),37 while Campbell and collaborators

found an increased risk for male carriers, both heterozygous

and homozygous, while no association was observed among

females.42 In our study there was no difference in frequency

neither between cases and controls nor between females

and males (data not shown). Similarly, the last SNP on
MSH6, rs1800937:C>T (Y214Y) did not show any significant

association.

We investigated two variants in the MUTYH gene,

rs3219484:G>A (V22M) and rs3219489:G>C (Q324H), both previ-

ously reported by us and others,22,43 and generally considered

as common polymorphisms. V22M represents a semi-conser-

vative change and is located 2 bp from the catalytic ASP site

within the N-terminal domain of the expressed protein while

Q324H is on exon 12 and it seems to be outside any functional

domain.

No difference was observed for V22M, while we could see an

increased risk associated with the homozygous variant of

Q324H (OR = 1.52 [1.06–2.17]; p = 0.02), compatible with a reces-

sive inheritance. The same effect was found when we com-

pared only the blood donors, with an odds ratio for the

homozygous variant genotype of 1.75 (CI = 1.19–2.58;

p = 0.004).

Interestingly, we also observed that, when a recessive

inheritance was suggested, like for rs1800935:T>C (MSH6

D180D) and rs3219489:G>C (MUTYH Q324H) the significant

association was of the same magnitude or stronger in the

blood donor cohort, rather than in the super-controls. In con-

trast, a dominant effect was more evident when using only

the super-controls that were selected to carry as few risk al-

leles as possible.

In this study we have investigated the role of eight SNPs in

MLH1, MSH6, APC and MUTYH as low-penetrance alleles in

CRC in our cohort of 1785 cases and 1722 healthy controls.

We found evidence that these CRC genes could act as low-

penetrance alleles. There is also a possibility of important

interactions between the loci. Recently, Koessler and collabo-

rators performed a similar analysis and found a protective ef-

fect associated with being homozygous for one SNP in MSH6

and one SNP in MSH2.39 We investigated all the possible two-

loci interactions using the case–control approach in a chi-

squared test. No evidence of interaction was found in our

study (after correction for multiple testing) but this could be

due to either the small number of SNPs tested or to the lim-

ited size of our cohort.

Genome-wide association studies have been designed to

detect common alleles in the population of European ances-

try and the studies published so far indicate that the risk

associated with such variants is generally modest. The com-

monly used 550K chip from Illumina captures on average

�80% of common SNPs (i.e. those with r2 > 0.8), but only

�12% of SNPs with a MAF of 5–10%, limiting the power to de-

tect this relatively rare class of variants.12 In our case, all the

SNPs analysed have a high frequency in the general popula-

tion. Nonetheless they could have been missed due to sub-

maximal LD with tagging SNPs or because of the limited sam-

ple size of the cohorts that have been used so far. In conclu-

sion, the approach we chose in this study could help reveal

additional low-susceptibility loci in the genes already known

to be responsible for CRC and deserves to be tested in even

bigger cohorts.
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