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Abstract
Background: MMR is responsible for the repair of base-base mismatches and insertion/deletion
loops. Besides this, MMR is also associated with an anti-recombination function, suppressing
homologous recombination. Losses of heterozygosity and/or microsatellite instability have been
detected in a large number of skin samples from breast cancer patients, suggesting a potential role
of MMR in breast cancer susceptibility.
Methods: We carried out a hospital-based case-control study in a Caucasian Portuguese
population (287 cases and 547 controls) to estimate the susceptibility to non-familial breast cancer
associated with some polymorphisms in mismatch repair genes (MSH3, MSH4, MSH6, MLH1,
MLH3, PMS1 and MUTYH).
Results: Using unconditional logistic regression we found that MLH3 (L844P, G>A) polymorphism
GA (Leu/Pro) and AA (Pro/Pro) genotypes were associated with a decreased risk: OR = 0.65 (0.450.95) (p = 0.03) and OR = 0.62 (0.41-0.94) (p = 0.03), respectively.
Analysis of two-way SNP interaction effects on breast cancer revealed two potential associations
to breast cancer susceptibility: MSH3 Ala1045Thr/MSH6 Gly39Glu - AA/TC [OR = 0.43 (0.210.83), p = 0.01] associated with a decreased risk; and MSH4 Ala97Thr/MLH3 Leu844Pro - AG/AA
[OR = 2.35 (1.23-4.49), p = 0.01], GG/AA [OR = 2.11 (1.12-3,98), p = 0.02], and GG/AG [adjusted
OR = 1.88 (1.12-3.15), p = 0.02] all associated with an increased risk for breast cancer.
Conclusion: It is possible that some of these common variants in MMR genes contribute
significantly to breast cancer susceptibility. However, further studies with a large sample size will
be needed to support our results.
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Background
Breast cancer is the first leading cause of cancer mortality
in women in the United States and Europe and current
estimates suggest that one in eight American women will
be diagnosed with breast carcinoma [1]. Various genetic
and environmental factors have been established as
causes of breast cancer, which is a genetically heterogeneous disease [2-4].
Several studies have identified two major susceptibility
genes in breast cancer: BRCA1 and BRCA2 [5]. These genes
have an important role in genome maintenance, in cellcycle control and in DNA repair in the control of homologous recombination [6,7]. Analysis in families with high
risk of breast cancer showed that individuals with point
mutations in these genes have a 40-80% of probability to
develop breast cancer. However, mutations in these two
tumour-suppressor genes account for only 5-10% of all
cases of breast cancer [8].
Thus, the challenge is to identify individuals at risk for the
remaining sporadic cases. Recent evidence shows that
there are probably other background genetic factors that
contribute to the development of breast cancer, such as
polymorphisms in steroid hormone metabolism and
DNA repair pathways that might increase cancer risk
[9,10].
Recent evidence that some DNA-repair functions are haploinsufficient adds weight to the idea that variants in
DNA-repair genes contribute to cancer risk [10,11]. In
fact, higher levels of DNA damage and deficient DNA
repair may predispose individuals to cancer [12]. Commonly occurring single nucleotide polymorphisms
(SNPs) in DNA repair genes have also been shown to
incrementally contribute to cancer risk because of their
critical role in maintaining genome integrity [13].
Available evidence indicates that the majority of cancers
show instability in specific sequence motifs of dinucleotide repeats. This phenotype of microsatellite instability
(MSI) is commonly observed in DNA mismatch repair
(MMR) pathway defects [14]. In fact, MSI and/or losses of
heterozygosity (LOH) were detected in 83% of skin samples from 12 invasive ductal breast carcinoma patients,
suggesting a potential role of MMR in breast cancer susceptibility [15].
Postreplicative mismatch repair (MMR), conserved from
prokaryotes to all eukaryotes, including humans, acts on
base substitution mismatches and insertion/deletion
loops (IDLs) that occur as a result of replication errors that
escape the proofreading function of DNA polymerase
[16,17]. MMR greatly contributes to the overall fidelity of
replication. As such, a decreased activity of MMR confers
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a mutator phenotype by which the rate of spontaneous
mutation is greatly elevated. A characteristic of MMR-deficient cells is instability at microsatellite regions consisting
of mono- and di-nucleotide repeats. MSI is a common
marker for loss of MMR activity in tumour cells [18].
The main MMR pathway is initiated by the recognition of
a mismatch by the heterodimer consisting of the MSH2
and MSH6 proteins (also called MutSα). MutSα is responsible for the recognition of base mismatches and IDLs in
mono- to tetranucleotide repeats. This complex, MutSα, is
able to recognize most base-base mismatches and short
IDLs [19].
Another MMR pathway, consisting of MSH2 and MSH3
heterodimers (MutSβ) is primarily responsible for binding to and correcting insertion/deletion mutations, preferentially dinucleotide and larger IDLs. Upon DNA
mismatch recognition the repair process proceeds with
the participation of the heterodimer consisting of MLH1
and PMS2 (also called MutLα), which acts as an endonuclease. Subsequent DNA excision is carried out by the exonuclease EXO1 which participates in mismatch-provoked
excision directed by strand breaks located either 5' or 3' to
the mispair [19,20].
The failure of MMR functions leads to high mutation
rates, MSI, LOH, reduction in apoptosis processes and
increases in cell survival, as well as predisposition for carcinogenesis [21,22]. MMR is also associated with an antirecombination function, suppressing homologous
recombination and plays a role in DNA-damage signalling [23].
The MSH2 gene is central in mismatch recognition and
there are some studies reporting mutations [24] and polymorphisms in several MSH2 variants [25,26]. However,
since there is a scarcity of data about the involvement of
polymorphisms in other MMR genes in breast cancer susceptibility, we carried out a hospital-based case-control
study in a Caucasian Portuguese population to estimate
the potential modifying role of the MSH3, MSH4, MSH6,
MLH1, MLH3, PMS1 and MUTYH gene polymorphisms
on the individual susceptibility to breast cancer.

Methods
Study subjects
Healthcare services in Portugal are mainly public and generally assist the whole population, and breast cancer treatment units are located in all the major hospitals. This
study includes 287 Caucasian non-familial breast cancer
female patients, recruited at São Francisco Xavier Hospital
(Department of Laboratorial Medicine) between 2001
and 2005, without previous history of neoplastic disease,
thyroid pathology, and blood transfusions. Histological
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diagnosis was confirmed in all the cases and includes 251
ductal carcinomas (87.4%), 14 lobular carcinomas
(4.9%), and 22 cases classified as other type of breast
tumours (7.7%). The control population (n = 547)
matched for age and ethnicity, with no previous or concurrent malignant disease, was recruited at the same hospital where they were observed for non-malignant
pathology. Each case was matched whenever possible
with two healthy control individual within the same age
and ethnicity groups.
The anonymity of the patients and control population
was guaranteed, and all studies were conducted with the
informed consent of all the individuals involved. Written
informed consent was obtained prior to individual blood
withdrawal. Information on demographic characteristics,
family history of cancer and lifestyle habits (e.g. smoking,
alcohol drinking) was collected using a questionnaire
administered by trained interviewers. Former smokers
were defined as those who gave up smoking 2 years before
cancer diagnosis or 2 years before the inclusion date as
corresponding matched case. The response rate was higher
than 95% for cases and controls. This study was approved
by the ethics board of the involved institutions.
DNA extraction
Blood samples of all patients and controls were collected
into 10 ml ethylenediamine tetracetic acid (EDTA) tubes
and stored at -80°C until use. Genomic DNA was
obtained from 250 μl of whole blood using a commercially available kit according to the manufacturer's
instructions (QIAamp DNA extraction kit; Qiagen, Hilden,
Germany). Each DNA sample was stored at -20°C until
analysis.
Selection of Polymorphisms
The MSH3 (A1045T, A>G, rs26279; R940Q, G>A,
rs184967), MSH4 (N914S, G>A, rs5745549; A97T, A>G,
rs5745325), MSH6 (G39E, C>T, rs1042821), MLH1
(I219V, A>G, rs1799977), MLH3 (L844P, G>A,
rs175080), and MUTYH (H335Q, G>C, rs3219489) gene
polymorphisms are all non-synonymous but one polymorphism, the PMS1 (G>C, rs5742933), is a G-to-C transition in the 5' UTR region. All the polymorphisms had a
minor allele frequency (MAF) >5%.
Genotyping
The MSH3 (rs26279; rs184967), MSH4 (rs5745549;
rs5745325), MSH6 (rs1042821), MLH1 (rs1799977),
MLH3 (rs175080), PMS1 5'UTR (rs5742933) and
MUTYH (rs3219489) gene polymorphisms were determined by Real-Time PCR using TaqMan® SNP Genotyping
Assays from Applied Biosystems (ABI Assays reference:
C_800002_1_,
C_907914_10,
C_1184803_10,
C_3286081_10,
C_8760558_10,
C_1219076_20,
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C_1082805_10, C_29329633_10 and C_27504565_10,
respectively). In order to carry out the allelic discrimination for these polymorphisms the DNA samples were
quantified using the Quant-iT™ Picogreen® dsDNA Assay
Kit (Invitrogen) according to the manufacturer's recommendations.
The Real-Time PCR amplification was performed in 10 μl
reactions containing 10 ng of genomic DNA, 1× SNP Genotyping Assay Mix (containing two primer/probe pairs in
each reaction and two fluorescent dye detectors - FAM®
and VIC®) and 1× TaqMan Universal PCR Master Mix containing the AmpliTaqGold® DNA polymerase, dNTPs and
optimized buffer components. The amplification conditions consisted of an initial AmpliTaq Gold® activation at
95°C during 10 min, followed by 40 or more amplification cycles consisting of denaturation at 92°C for 15 sec
and annealing/extension at 60°C for 1 min. 10-15% of
the genotype determinations were carried out twice in
independent experiments with 100% of concordance
between experiments.
Statistical analysis
The Hardy-Weinberg distributions for the different polymorphisms in the control and cancer patients populations
in this study were analyzed using exact probability tests
available in Mendel (v8.0.1) software [27].

The Chi-Square (χ2) test was used to evaluate the differences in genotype frequency, smoking status, and alcohol
consumption distributions between cancer patients and
controls.
The Kolmogorov-Smirnov test was used in order to verify
the normality of the continuous variables (age) and the
Levene test was used to analyze the homogeneity of variances. The statistical analysis of the homogeneity of age
distributions between cancer patients and controls was
carried out using the Student's t-test.
Unconditional multiplicative logistic regression was used
to test the global null hypothesis of no association
between SNPs and breast cancer, calculating the crude and
adjusted odds ratio (ORs), 95% confidence intervals (CIs)
and the corresponding p-values. The model for adjusted
OR included terms for age at diagnosis (≤ 30, 31-49, 5069, and ≥ 70 years), the lower age group being the referent
class; alcohol consumption (never, social, and regular
drinkers), never drinkers being the referent group; and
smoking habits (smokers/non-smokers), non-smokers
being the referent group. Concerning the analysis of SNPSNP interactions the genotypic specific risks for two-way
SNP interactions were estimated as ORs with associated
95% CIs and p-values. Combined effects between two
genotypes were studied by creating different variables,
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each representing the combination of two genotypes, with
the putative "low-risk" homozygous combination as reference category. All the genotype interactions with >5% frequency were considered to be common. Rare interactions
were pooled.

the allelic discrimination of genotypes for the 9 assays was
good.

Results

Association analysis of SNPs and breast cancer risk
Table 2 presents the genotype frequency, minor allele frequency (MAF) in control population (n = 547) and breast
cancer cases (n = 287) and the estimated ORs and 95%
CIs, for the 9 successfully genotyped SNPs. There was no
difference in genotype frequency between breast cancer
cases and controls for all SNPs.

This study comprised 287 breast cancer patients and 547
healthy controls. The Kolmogorov-Smirnov and the Levene tests showed that the study population follows a normal distribution and homogeneity of the continuous
variables (age). The main characteristics (age, smoking
habits and alcohol habits) of the case-control populations
are listed in Table 1. There were no significant differences
between cases and controls concerning age and smoking
habits. However, alcohol drinkers are more prevalent in
breast cancer patients than in control population (p <
0.001).

Regarding the SNP tests for association and the genotype
specific risks, obtained by unconditional multiplicative
logistic regression, there was no difference in cases and
controls for 8 of the 9 SNPs tested (see Table 2). However,
one SNP (MLH3 - rs175080) showed evidence for association: the homozygous variant (Pro/Pro) was associated
with a reduced risk of disease [adjusted OR = 0.62, 95% CI
(0.41-0.94), p = 0.03] and the heterozygous (Leu/Pro)
was also associated with a protective effect [adjusted OR =
0.65, 95% CI (0.45-0.95), p = 0.03].

Deviations from Hardy-Weinberg equilibrium (HWE) for
the SNPs were examined each in the control population
and breast cancer cases. Two SNPs (MUTYH - rs3219489
and MLH1 - rs1799977) deviated from HWE, only in controls (p = 0.02 and p = 0.04, respectively). These findings
are unlikely to be due to genotyping errors because no
SNP deviated in both cases and control populations and

Analysis of two-way SNP interactions
To evaluate the effects in breast cancer susceptibility of
combined genotypes between two polymorphisms within
the same gene the MSH3 and MSH4 genotype combination frequencies and the OR values associated with each
interaction were estimated [see Additional file 1]. No significant difference was found for these interactions.

All analyses were performed with an SPSS statistical package (version 15) (SPSS Inc., Chicago, IL).

Table 1: General characteristics for the breast cancer cases (n = 287) and control population (n = 547).

Characteristics

Age a, b
≤ 30
31-49
50-69
≥ 70
Missing
Smoking habits
Never
Current
Missing
Alcohol habits
Never
Social
Regular
Missing
Histological diagnosis
Ductal carcinoma
Lobular carcinoma
Non-classifiable as ductal or lobular carcinoma

Cases
n (%)

Controls
n (%)

P value*

1 (0.3%)
66 (23.0%)
158 (55.1%)
62 (21.6%)
0

2 (0.4%)
119 (21.8%)
301 (55.0%)
125 (22.9%)
0

0.97 c

250 (87.4%)
36 (12.6%)
1

490 (91.6%)
45 (8.4%)
12

0.06 c

219 (76.3%)
25 (8.7%)
43 (15.0%)
0

441 (82.6%)
59 (11.0%)
34 (6.4%)
13

<0.001 c

251 (87.4%)
14 (4.9%)
22 (7.7%)

-

-

a Age

of diagnosis for cases.
of control population at the time of diagnosis for the matched case.
c cases versus control group.
* Chi-Square P value [See Methods].
b Age
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Table 2: Genotypic frequencies and minor allele frequency (MAF) in control population (n = 547) and breast cancer cases (n = 287) and
analysis of associations of individual SNPs with breast cancer risk.

SNPs

MSH3
Ala1045Thr A>G

MSH3 Arg940Gln
G>A

MSH4 Asn914Ser
G>A

MSH4 Ala97Thr
A>G

MSH6 Gly39Glu
C>T

MLH1 Ile219Val
A>G

MLH3 Leu844Pro
G>A

Genotypes

Controls

Cases

n (%)

n (%)

Ala/Ala

246 (45.2%)

121 (42.3%)

Ala/Thr
Thr/Thr

240 (44.1%)
58 (10.7%)

129 (45.1%)
36 (12.6%)

n (%)

Arg/Arg
Arg/Gln
Gln/Gln

MAF
Controls

All cases
Crude OR
(95% CI)

Adjusted OR
(95% CI) a

1 (Reference)

1 (Reference)

1.09 (0.81-1.48)
1.26 (0.79-2.02)

1.13 (0.83-1.55)
1.29 (0.80-2.09)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

371 (68.1%)

182 (63.6%)

1 (Reference)

1 (Reference)

158 (29.0%)
16 (2.9%)

96 (33.6%)
8 (2.8%)

1.24 (0.91-1.69)
1.02 (0.43-2.43)

1.23 (0.90-1.68)
1.03 (0.43-2.47)

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

Asn/Asn

496 (91.0%)

263 (91.6%)

1 (Reference)

1 (Reference)

Asn/Ser
Ser/Ser

49 (9.0%)
0 (0%)

23 (8.0%)
1 (0.3%)

0.89 (0.53-1.49)
-

0.83 (0.49-1.41)
-

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

Ala/Ala

260 (47.7%)

145 (50.7%)

1 (Reference)

1 (Reference)

Ala/Thr
Thr/Thr

239 (43.9%)
46 (8.4%)

117 (40.9%)
24 (8.4%)

0.88 (0.65-1.19)
0.94 (0.55-1.60)

0.85 (0.63-1.16)
1.03 (0.60-1.79)

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

Gly/Gly

354 (65.1%)

195 (68.2%)

1 (Reference)

1 (Reference)

Gly/Glu
Glu/Glu

174 (32%)
16 (2.9%)

79 (27.6%)
12 (4.2%)

0.82 (0.60-1.13)
1.36 (0.63-2.94)

0.83 (0.60-1.15)
1.38 (0.62-3.03)

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

Ile/Ile

255 (46.7%)

129 (44.9%)

1 (Reference)

1 (Reference)

Ile/Val
Val/Val

251 (46.0%)
40 (7.3%)

129 (44.9%)
29 (10.1%)

1.02 (0.75-1.37)
1.43 (0.85-2.42)

1.01 (0.74-1.37)
1.35 (0.79-2.31)

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

Leu/Leu

166 (30.5%)

76 (26.6%)

1 (Reference)

1 (Reference)

Leu/Pro
Pro/Pro

283 (52%) 141 (49.3%)
95 (17.5%) 69 (24.1%)

0.69 (0.47-0.99) †
0.63 (0.42-0.95) †

0.65 (0.45-0.95) †
0.62 (0.41-0.94) †

G: 0.33 (± 0.01)

A: 0.17 (± 0.012)

A: 0.05 (± 0.01)

G: 0.30 (± 0.01)

T: 0.19 (± 0.01)

G: 0.30 (± 0.01)

A: 0.43 (± 0.02)

Cases

G: 0.35 (± 0.02)

A: 0.20 (± 0.02)

A: 0.04 (± 0.01)

G: 0.29 (± 0.02)

T: 0.18 (± 0.02)

G: 0.33 (± 0.02)

A: 0.49 (± 0.02)
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Table 2: Genotypic frequencies and minor allele frequency (MAF) in control population (n = 547) and breast cancer cases (n = 287) and
analysis of associations of individual SNPs with breast cancer risk. (Continued)

PMS1 5'UTR
Ex1-4 G>C

MUTYH
His335Gln
G>C

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI) a

GG

352 (64.7%)

181 (63.5%)

1 (Reference)

1 (Reference)

CG
CC

179 (32.9%)
13 (2.4%)

90 (31.6%)
14 (4.9%)

0.98 (0.72-1.33)
2.09 (0.96-4.55)

1.01 (0.74-1.39)
1.88 (0.85-4.15)

n (%)

n (%)

Crude OR
(95% CI)

Adjusted OR
(95% CI)a

His/His

283 (51.7%)

162 (56.4%)

1 (Reference)

1 (Reference)

His/Gln
Gln/Gln

235 (43.0%)
29 (5.3%)

107 (37.3%)
18 (6.3%)

0.80 (0.59-1.07)
1.08 (0.58-2.01)

0.810 (0.60-1.10)
1.053 (0.56-1.98)

C: 0.19 (± 0.01)

C: 0.27 (± 0.01)

C: 0.21 (± 0.02)

C: 0.25 (± 0.02)

aORs were adjusted for: age at diagnosis (≤30, 31-49, 50-69, and ≥70 years), the lower age group being the referent class; alcohol consumption
(never, social, and regular drinkers), never drinkers being the referent group; and smoking habits (smokers/non-smokers), non-smokers being the
referent group.
†Data in bold highlights the statistic significant results (p < 0.05). P values are adjusted by unconditional multiplicative logistic regression.

Table 3: Two-way SNP interaction effects on breast cancer risk.

Two-way SNP
Interactions

Genotypes

MSH3 Ala1045Thr
(A>G)/MSH6
Gly39Glu (C>T)

Controls

Cases

All cases

Controls n (%) Cases n (%) Crude OR (95% CI) P value

GG/CC
AA/TT
AG/TT
GG/TT
GG/TC
AA/TC
AA/CC
AG/TC
AG/CC
MSH4 Ala97Thr
(A>G)/MLH3
Leu844Pro (G>A)

P value

29 (5.3%)
43 (7.9%)

26 (9.1%)
22 (7.7%)

1 (Reference)
0.57 (0.27-1.19)

0.36
0.14

1 (Reference)
0.53 (0.25-1.13)

0.26
0.10

81 (14.9%)
158 (29.1%)
66 (12.2%)
166 (30.6%)

33 (11.5%)
83 (29.0%)
36 (12.6%)
86 (30.1%)

0.45 (0.23-0.89)
0.59 (0.32-1.06)
0.61 (0.31-1.19)
0.58 (0.32-1.04)

0.02
0.08
0.14
0.07

0.43 (0.21-0.83)
0.55 (0.30-1.00)
0.61 (0.310-1.21)
0.55 (0.30-1.01)

0.01
0.05
0.16
0.05

Adjusted OR (95%
CI) a

P value

Controls n (%) Cases n (%) Crude OR (95% CI) P value

GG/GG
AA/AA
AA/AG
AA/GG
AG/AA
AG/AG
AG/GG
GG/AA
GG/AG

Adjusted OR (95%
CI) a

85 (15.6%)
46 (8.5%)

28 (9.8%)
24 (8.4%)

1 (Reference)
1.58 (0.83-3.04)

0.02
0.17

1 (Reference)
1.70 (0.87-3.32)

0.01
0.12

41 (7.5%)
127 (23.3%)
71 (13.1%)
44 (8.1%)
130 (23.9%)

31 (10.8%)
47 (16.4%)
39 (13.6%)
32 (11.2%)
85 (29.7%)

2.30 (1.22-4.32)
1.12 (0.65-1.93)
1.67 (0.94-2.98)
2.21 (1.18-4.12)
1.99 (1.20-3.30)

0.01
0.67
0.08
0.01
0.01

2.35 (1.23-4.49)
1.03 (0.59-1.78)
1.54 (0.85-2.78)
2.11 (1.12-3.98)
1.88 (1.12-3.15)

0.01
0.93
0.15
0.02
0.02

a ORs were adjusted for: age at diagnosis (≤30, 31 -49, 50-69, and ≥70 years), the lower age group being the referent class; alcohol consumption
(never, social, and regular drinkers), never drinkers being the referent group; and smoking habits (smokers/non-smokers), non-smokers being the
referent group.
Data in bold highlights the statistic significant results. P values are adjusted by unconditional multiplicative logistic regression.
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The analysis for all SNP-SNP interactions between different genes (with biological plausibility) associated with
individual risk for disease was assessed [see Additional file
2]. The data obtained, using unconditional multiplicative
logistic regression show that two interactions (MSH3
Ala1045Thr/MSH6 Gly39Glu and MSH4 Ala97Thr/MLH3
Leu844Pro; see Table 3) are associated with individual
risk for disease. In fact the MSH3/MSH6 AA/TC are associated with a decreased risk for this pathology (adjusted
OR = 0.43, 95% CI (0.21-0.83), p = 0.01). Additionally,
three interactions between MSH4 Ala97Thr/MLH3
Leu844Pro are associated with an increased risk for breast
cancer (AG/AA interaction: adjusted OR = 2.35, 95% CI
(1.23-4.49), p = 0.01; GG/AA interaction: adjusted OR =
2.11, 95% CI (1.12-3.98), p = 0.02; and GG/AG: adjusted
OR = 1.88, 95% CI (1.12-3.15), p = 0.02).

http://www.biomedcentral.com/1471-2407/9/344

[23] reported a decreased risk of breast cancer [OR = 0.49,
95% CI (0.29-0.85), p < 0.05] in a Caucasian population
(336 cases and 416 controls). These differences across
studies might be related with different population risk factors and/or with differences in genetic backgrounds.
MMR is achieved by several protein heterodimers. As
such, it was important to evaluate a gene-gene interaction
model in this study. The analysis of the genotype specific
risks shows significant differences for two associations
between different MMR genes. The MSH3 Ala1045Thr/
MSH6 Gly39Glu - (AA/TC) interaction was associated
with a decreased risk [adjusted OR = 0.43, 95% CI (0.210.83), p = 0.01]. It should be noted that the MSH3 and
MSH6 genes act as MMR pathway sensors, detecting errors
that occur during DNA replication, being implicated in
postreplicative mismatch correction [17].

Discussion
To our knowledge, this is the first comprehensive study to
analyze the possible role of 9 common variants of 7 MMR
genes and its influence on the genetic susceptibility to
breast cancer. Our main focus was to understand the contribution of functionally relevant polymorphisms and
SNP-SNP interactions in MMR genes to breast cancer risk.
The results hint to a few potential candidate genes and
SNP-SNP interactions associated with individual breast
cancer susceptibility.
The first plausible association was for MLH3 (Leu844Pro)
a non-synonymous variant being related with a reduced
risk for the homozygous (Pro/Pro) and the heterozygous
(Leu/Pro) individuals on breast cancer susceptibility. The
MLH3 gene has been mainly associated with some cases
of HNPCC, where the presence of a considerable number
of mutations in this gene is consistent with a possible role
in HNPCC progression [28]. Given its role in the repair of
IDLs and its involvement in MSI [29], alterations in its
structure and function could trigger oncogenic events,
such as in breast cancer.
One study on a different cancer population (151 lung cancer cases and 172 hospital controls) by Michielis et al. [30]
showed that the MLH3 (Leu844Pro) polymorphism was
associated with an increased risk for lung cancer [OR: 1.97
(1.06-3.65 95% IC), p = 0.04]. However, in contrast to
breast cancer, most of lung cancer cases are typically
caused by smoking habits, and thus the aetiology of the
two cancers is different. In any case, polymorphisms in
DNA repair genes may modify cancer risk [31].
Regarding the potential role of the MLH1 polymorphism
(Ile219Val), it was not associated with breast cancer risk
in this study, which is consistent with a previous work
conducted by Lee et al. [32] that also reports a null association for breast cancer in Korean women (872 cases and
671 controls). Another study published by Smith et al.

We also found evidence for an interaction (MSH4
Ala97Thr/MLH3 Leu844Pro) associated with an increased
risk for breast cancer. As described by Santucci-Darmanin
et al. [33] MLH3 is associated with the meiosis-specific
protein MSH4 in mammalian meiotic cells, strongly supporting the possibility that MLH3 plays a role in mammalian meiotic recombination [33].
It has been known for some years that the MMR pathway
affects the efficiency of meiotic recombination [20]. Nevertheless, MMR proteins are also involved in mitotic
recombination processes and play a critical role in maintaining the mitotic stability of eukaryotic genomes [34].
During mitotic recombination MMR proteins prevent
exchange between non-identical sequences. In fact, it has
been demonstrated that certain homologous sequences
recombine only when the MMR pathway is inactive [20].
MMR inactivation leads to an increase in mitotic recombination frequency and an inefficient recombination can
increase the risk for cancer susceptibility. Consequently,
the anti-recombination function of MMR not only suppresses homologous recombination but also acts to prevent
chromosomal
rearrangements
involving
translocations and deletions [22].
As a result, it is possible that structural or function modifications in the MSH4 Ala97Thr/MLH3 Leu844Pro interaction might be associated with an increased risk for
breast cancer, modifying the progression of MMR pathway and therefore increasing the mitotic recombination
rates in mammary gland cells. However, larger studies are
required to verify the role of MSH4 and MLH3 genes in
mammalian mitotic recombination.

Conclusion
In summary, we found that the genetic variant of the
MLH3 gene, Leu844Pro, was associated with decreased
risk for breast cancer. Interestingly, an observed decreased
Page 7 of 9
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risk between common homozygous and heterozygous of
the MSH3 Ala1045Thr/MSH6 Gly39Glu interaction and
an increased risk between several combined genotypes of
the MSH4 Ala97Thr/MLH3 Leu844Pro point towards a
multiplicative gene-gene interaction model.

Additional file 2
All two-way SNP interaction effects on breast cancer risk. The data
supplied represents the frequencies and the OR values for all SNP-SNP
interactions between different genes associated with individual risk for
breast cancer.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712407-9-344-S2.PDF]

The association between cancer risk and several genotypes
observed in this study reinforce the hypothesis for the role
of the MMR pathway in breast cancer susceptibility. In
fact, the MMR plays a key role in maintenance of genomic
stability, contributing to tumour suppression by reducing
mutations and promoting apoptosis in response to some
DNA damage during replication and mitotic recombination processes [17,35]. Different activities and functions
of these genes as well as SNP variations may alter the level
of repair, leading to higher rates of mutations and therefore an increase of breast cancer risk or conversely play a
protective role in breast carcinogenesis. However, independent studies in a larger population are essential to support our results.

We wish to thank our colleague Prof. Antonio S. Rodrigues for expert scrutiny of the manuscript. Our appreciation and thanks are extended to Luísa
Manso Oliveira, Lylliane Luz, Silvia Morgado Amaro and Maria Catarina
Soveral for technical support, and Cláudia Leiras for the critical reading of
the manuscript. Center for Research in Human Molecular Genetics
(CIGMH), Projects POCTI/QUI/57110/2004 from Fundação da Ciência e
Tecnologia (FCT) and Fundação Calouste Gulbenkian (Grant 69405) support our current research. The PhD grant SFRH/BD/17828/2004 from FCT
is also acknowledged.

Abbreviations

References

MMR: mismatch repair; SNP: single nucleotide polymorphism; MSI: microsatellite instability; IDLs: insertion/
deletion loops; LOH: loss of heterozygosity; HNPCC:
Hereditary Nonpolyposis Colorectal Cancer; HWE:
Hardy-Weinberg equilibrium; MAF: minor allele frequency; CI: confidence interval; OR: odds-ratio.

Acknowledgements

1.
2.
3.
4.
5.

Competing interests
The authors declare that they have no competing interests.

6.
7.

Authors' contributions
JC and SNS performed the experiments. APA, VT and JEP
participated in the inclusion of patients and controls, and
retrieved the information from the patients' records
included. JFG and JR were responsible for the study concept and design, and JFG created the database for the
study and carried out all of the statistical analyses. JC and
SNS wrote the manuscript and JFG and JR also contributed to writing the manuscript. The manuscript had been
read by all authors.

Additional material

8.
9.

10.
11.

12.
13.

Additional file 1
Effects in breast cancer susceptibility of combined genotypes between
two polymorphisms within the same gene. The table provided depicts the
genotype combination frequencies and the OR values between two polymorphisms within the same gene - MSH3 and MSH4.
Click here for file
[http://www.biomedcentral.com/content/supplementary/14712407-9-344-S1.PDF]

14.
15.

16.
17.

Keen JC, Davidson NE: The biology of breast carcinoma. Cancer
2003, 97:825-833.
Vargo-Gogola T, Rosen JM: Modelling breast cancer: one size
does not fit all. Nat Rev Cancer 2007, 7:659-672.
Dapic V, Carvalho MA, Monteiro AN: Breast cancer susceptibility
and the DNA damage response.
Cancer Control 2005,
12:127-136.
Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G: Breast cancer. Lancet 2005, 365:1727-1741.
Narod SA, Foulkes WD: BRCA1 and BRCA2: 1994 and beyond.
Nat Rev Cancer 2004, 4:665-676.
Venkitaraman AR: Cancer susceptibility and the functions of
BRCA1 and BRCA2. Cell 2002, 108:171-182.
Scully R, Puget N: BRCA1 and BRCA2 in hereditary breast cancer. Biochimie 2002, 84:95-102.
Fackenthal JD, Olopade OI: Breast cancer risk associated with
BRCA1 and BRCA2 in diverse populations. Nat Rev Cancer
2007, 7:937-948.
Hunter DJ, Riboli E, Haiman CA, Albanes D, Altshuler D, Chanock SJ,
Haynes RB, Henderson BE, Kaaks R, Stram DO: A candidate gene
approach to searching for low-penetrance breast and prostate cancer genes. Nat Rev Cancer 2005, 5:977-985.
Silva SN, Moita R, Azevedo AP, Gouveia R, Manita I, Pina JE, Rueff J,
Gaspar J: Menopausal age and XRCC1 gene polymorphisms:
Role in breast cancer risk. Cancer Detect Prev 2007, 31:303-309.
Silva SN, Bezerra de CG, Faber A, Pires M, Oliveira VC, Azevedo AP,
Cabral MN, Manita I, Pina JE, Rueff J: The role of ERCC2 polymorphisms in breast cancer risk. Cancer Genet Cytogenet 2006,
170:86-88.
Moses RE: DNA damage processing defects and disease. Annu
Rev Genomics Hum Genet 2001, 2:41-68.
Ford BN, Ruttan CC, Kyle VL, Brackley ME, Glickman BW: Identification of single nucleotide polymorphisms in human DNA
repair genes. Carcinogenesis 2000, 21:1977-1981.
Hoeijmakers JH: Genome maintenance mechanisms for preventing cancer. Nature 2001, 411:366-374.
Moinfar F, Beham A, Friedrich G, Deutsch A, Hrzenjak A, Luschin G,
Tavassoli FA: Macro-environment of breast carcinoma: frequent genetic alterations in the normal appearing skins of
patients with breast cancer. Mod Pathol 2008, 21:639-646.
Kunkel TA, Erie DA: DNA mismatch repair. Annu Rev Biochem
2005, 74:681-710.
Li GM: Mechanisms and functions of DNA mismatch repair.
Cell Res 2008, 18:85-98.

Page 8 of 9
(page number not for citation purposes)

BMC Cancer 2009, 9:344

18.
19.
20.
21.
22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.
35.

Couch FJ, Rasmussen LJ, Hofstra R, Monteiro AN, Greenblatt MS, de
WN: Assessment of functional effects of unclassified genetic
variants. Hum Mutat 2008, 29:1314-1326.
Hsieh P, Yamane K: DNA mismatch repair: molecular mechanism, cancer, and ageing. Mech Ageing Dev 2008, 129:391-407.
Jiricny J: The multifaceted mismatch-repair system. Nat Rev
Mol Cell Biol 2006, 7:335-346.
Schroering AG, Edelbrock MA, Richards TJ, Williams KJ: The cell
cycle and DNA mismatch repair.
Exp Cell Res 2007,
313:292-304.
Schofield MJ, Hsieh P: DNA mismatch repair: molecular mechanisms and biological function. Annu Rev Microbiol 2003,
57:579-608.
Smith TR, Levine EA, Freimanis RI, Akman SA, Allen GO, Hoang KN,
Liu-Mares W, Hu JJ: Polygenic model of DNA repair genetic
polymorphisms in human breast cancer risk. Carcinogenesis
2008, 29:2132-2138.
Murata H, Khattar NH, Kang Y, Gu L, Li GM: Genetic and epigenetic modification of mismatch repair genes hMSH2 and
hMLH1 in sporadic breast cancer with microsatellite instability. Oncogene 2002, 21:5696-5703.
Poplawski T, Zadrozny M, Kolacinska A, Rykala J, Morawiec Z, Blasiak
J: Polymorphisms of the DNA mismatch repair gene HMSH2
in breast cancer occurence and progression. Breast Cancer Res
Treat 2005, 94:199-204.
Wong EM, Tesoriero AA, Pupo GM, McCredie MR, Giles GG, Hopper JL, Mann GJ, Goldgar DE, Southey MC: Is MSH2 a breast cancer susceptibility gene? Fam Cancer 2008, 7:151-155.
Lange K, Cantor R, Horvath S, Perola M, Sabatti C, Sinsheimer J, Sobel
E: Mendel version 4.0: A complete package for the exact
genetic analysis of discrete traits in pedigree and population
data sets. Am J Hum Genet 2001, 69(supplement):504.
Lipkin SM, Wang V, Stoler DL, Anderson GR, Kirsch I, Hadley D,
Lynch HT, Collins FS: Germline and somatic mutation analyses
in the DNA mismatch repair gene MLH3: Evidence for
somatic mutation in colorectal cancers. Hum Mutat 2001,
17:389-396.
Lipkin SM, Wang V, Jacoby R, Banerjee-Basu S, Baxevanis AD, Lynch
HT, Elliott RM, Collins FS: MLH3: a DNA mismatch repair gene
associated with mammalian microsatellite instability. Nat
Genet 2000, 24:27-35.
Michiels S, Danoy P, Dessen P, Bera A, Boulet T, Bouchardy C, Lathrop M, Sarasin A, Benhamou S: Polymorphism discovery in 62
DNA repair genes and haplotype associations with risks for
lung and head and neck cancers.
Carcinogenesis 2007,
28:1731-1739.
Sakiyama T, Kohno T, Mimaki S, Ohta T, Yanagitani N, Sobue T, Kunitoh H, Saito R, Shimizu K, Hirama C: Association of amino acid
substitution polymorphisms in DNA repair genes TP53,
POLI, REV1 and LIG4 with lung cancer risk. Int J Cancer 2005,
114:730-737.
Lee KM, Choi JY, Kang C, Kang CP, Park SK, Cho H, Cho DY, Yoo
KY, Noh DY, Ahn SH: Genetic polymorphisms of selected
DNA repair genes, estrogen and progesterone receptor status, and breast cancer risk. Clin Cancer Res 2005, 11:4620-4626.
Santucci-Darmanin S, Neyton S, Lespinasse F, Saunieres A, Gaudray
P, Paquis-Flucklinger V: The DNA mismatch-repair MLH3 protein interacts with MSH4 in meiotic cells, supporting a role
for this MutL homolog in mammalian meiotic recombination. Hum Mol Genet 2002, 11:1697-1706.
Harfe BD, Jinks-Robertson S: Mismatch repair proteins and
mitotic genome stability. Mutat Res 2000, 451:151-167.
Buermeyer AB, Deschenes SM, Baker SM, Liskay RM: Mammalian
DNA mismatch repair. Annu Rev Genet 1999, 33:533-564.

Pre-publication history
The pre-publication history for this paper can be accessed
here:
http://www.biomedcentral.com/1471-2407/9/344/pre
pub

http://www.biomedcentral.com/1471-2407/9/344

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9
(page number not for citation purposes)

