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We aimed to evaluate the association of four common polymorphisms (rs1800625, rs1800624, rs2070600,
and rs184003) in receptor for advanced glycation end products (RAGE) gene to evaluate their epistatic
influence on breast cancer risk in northeastern Han Chinese. This is a hospital-based case-control study
involving 509 histologically-proven breast cancer patients and 504 cancer-free controls. The genotype and
allele distributions of rs184003 differed significantly between patients and controls, even after the
Bonferroni correction. Individuals carrying the rs184003 T allele exhibited 1.62-fold increased risk of breast
cancer (odds ratio (OR) = 1.62; 95% confidence interval (95% CI): 1.26-2.08; P < 0.001) after adjusting for
confounders. The frequency of haplotype T-T-G-T (alleles in order of rs1800625, rs1800624, rs2070600, and
rs184003) was remarkably higher in patients than in controls (Simulated P = 0.001), and this haplotype was
significantly associated with a 1.43-fold (95% CI: 1.01-2.01; P = 0.041) increase in adjusted risk of breast
cancer. Further analysis indicated that there was synergistic interaction between rs184003 and rs2070600,
whereas their joint information gain value was relatively small (0.27%). Taken together, although there was
no suggestive evidence for the presence of epistasis in RAGE gene, our findings clearly demonstrate that
rs184003 might play a predominant role in the development of breast cancer.

reast cancer is a complex disease that results from the inheritance of a number of susceptible genes'”.

Although exhaustive investigations from single-locus to genome-wide association studies have been con-

ducted, to unravel the ultimate genetic underpinnings of breast cancer still remains a challengeable task.
One potential obstacle facing global geneticists might be the overlook of epistasis™, which is defined as one locus
masking the effect of another. In fact, epistasis is increasingly recognized as fundamentally important to better
understanding the structure and function of genetic pathways and the evolutionary dynamics of complex genetic
systems’. In such context, a promising data-mining technique multifactor dimensionality reduction (MDR) has
been developed for collapsing high-dimensional genetic data into a single dimension, and thus permitting
interactions to be identified®’. This technique is nonparametric and model-free in design, and has been success-
fully applied to detect and characterize high-order gene-to-gene and gene-to-environment interactions in studies
with relatively small samples®*°. To yield more information, we, in this study, sought to adopt the MDR technique
to evaluate the epistatic influence of four well-characterized common polymorphisms (rs1800625, rs1800624,
rs2070600, and rs184003) in the gene encoding receptor for advanced glycation end products (protein: RAGE;
gene: RAGE) on the risk of having breast cancer in northeastern Han Chinese.

The selection of RAGE gene as a research candidate is biologically plausible. RAGE is a member of the
immunoglobulin superfamily of cell surface receptors, and its interaction with advanced glycation end products
and other molecules plays a role in the pathogenesis of cancer progression and metastasis''. Converging evidence
suggested that circulating RAGE level may be a novel clinical biomarker for many types of cancers, such as lung
cancer, prostate cancer, colorectal cancer, breast cancer''"'*>. Experimental studies have demonstrated that to
block RAGE signaling in mice can reduce the migration and invasivity of tumor cells, and possibly cell prolif-
eration and the production of tissue metalloproteinases'®. Further studies that examined the genetic backgrounds
of RAGE gene found that circulating RAGE level was largely determined by its genetic defects'’""*. As RAGE
genomic sequence is highly polymorphic, it is of interest to determine which genetic defects have a functional
potential to affect the final bioavailability of RAGE, and thus the development of breast cancer. On the basis of
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Table 1 | The baseline features of study population

Features Patients (n = 509) Controls(n=504) P
Age at enrollment (years)  55.63 (10.14)  56.27 (9.29) 0.321
Age of menarche (years) 14.57 (1.65) 14.56 (1.37) 0.915
Menopause (%) 50.39 (3.91) 50.01 (2.74) 0.303
Body mass index (kg/m?)  23.59 (3.68) 23.46 (4.03) 0.603
Histological grade (%)

Gl 5.22 NA

G2 50.50 NA

G3 44.28 NA

NA, not available.

these observations, it is reasonable to speculate that RAGE gene
might be a logical candidate involved in the underlying cause of
breast cancer.

Results

Characteristics of study participants. As shown in Table 1, the
mean age at enrollment was comparable between breast cancer
patients and controls (P = 0.321). There were no differences be-
tween the two groups in terms of age of menarche (P = 0.915),
menopausal status (P = 0.303), and BMI (P = 0.603). The
proportions of histological grades of breast cancer were 5.22%,
50.50%, and 44.28% for G1, G2, and G3, respectively.

Association of RAGE single polymorphisms with breast cancer.
The observed genotype distributions of four examined polymor-
phisms in RAGE gene were consistent with the Hardy-Weinberg
equilibrium in both breast cancer patients and controls (P > 0.05).
The genotype distributions and allele frequencies of four polymor-
phisms in RAGE gene between patients and controls, and their risk
prediction for breast cancer are presented in Table 2. The genotype
and allele distributions of rs184003 differed significantly between
breast cancer patients and controls, even after the Bonferroni correc-
tion. The rs184003 TT genotype or T allele was overrepresented in
patients relative to in controls, and individuals carrying the rs184003
T allele exhibited a 1.62-fold increased risk of having breast cancer
(OR = 1.62; 95% CI: 1.26-2.08; P < 0.001) compared with the GG
genotype homozygotes after adjusting for age at enrollment, age of
menarche, menopausal status, and BMI. The power to reject the null
hypothesis of no differences in the mutant allele frequencies of
rs184003 between the two groups was 96.4%. In contrast, there
were no significant differences for the genotype and allele distri-
butions of the other three polymorphisms examined between the
two groups (P > 0.05).

Association of RAGE haplotypes with breast cancer. The haplo-
types are derived from four examined polymorphisms in RAGE gene,
and their frequencies (=3%) are summarized in Table 3. The
frequencies of haplotypes T-T-G-T (alleles in order of rs1800625,
rs1800624, rs2070600, and rs184003) (Simulated P = 0.001) and T-
T-A-T (Simulated P = 0.045) were remarkably higher in patients
than in controls, whereas the frequency of haplotype T-A-G-G (Si-
mulated P = 0.014) was remarkably lower. Accordingly, adjusted
risk estimates indicated that compared with the most common
haplytope T-T-G-G, whose frequencies were comparable between
patients (32.44%) and controls (33.76%, Simulated P = 0.445),
haplotype T-T-G-T was significantly associated with 1.43-fold
increased risk for breast cancer (OR = 1.43; 95% CI: 1.01-2.01; P
= 0.041) after adjusting for age at enrollment, age of menarche,
menopausal status, and BMI. The power to reject the null
hypothesis of no differences in the frequencies of haplotype T-T-
G-T between the two groups was 97.9%. In contrast, the risk
estimates were nonsignificant for haplotypes T-A-G-G and T-A-
G-G after adjustment for confounders.

Epistatic influence of RAGE polymorphisms on breast cancer. To
evaluate the epistasis of four examined polymorphisms in RAGE
gene on breast cancer risk, a promising data-mining analytical
approach MDR was employed to identify and characterize the
potential interactions of these polymorphisms (Table 4). For each
best model, testing accuracy, cross-validation consistency, and the
permutated significance level are provided. There was no statistical
significance for all derived one- to four-locus models. The overall
best one-locus model was rs184003 with the maximal cross-
validation consistency of 10 out of 10 and the testing accuracy of
0.559, secondary to that of the overall best two-locus model including
rs184003 and rs2070600 with the testing accuracy of 0.567.

To visually inspect epistasis in RAGE gene, Figure 1 depicts the
interaction graph of four examined polymorphisms according to the
entropy measures. The independent main effect was largest for
rs184003 with the information gain value of 1.10%. There was syn-
ergistic interaction as indicated by the red line between rs184003 and
rs2070600, whereas their joint information gain value was relatively
small (0.27%). Besides, the interaction of rs184003 with the other two
polymorphisms was negative, suggesting the redundant effects.

Discussion

In this study, we focused on four well-characterized polymorphisms
of RAGE gene, and examined their epistatic influence on breast
cancer risk in northeastern Han Chinese. Even with the data-mining
MDR technique, we still failed to produce any suggestive evidence for
the presence of epistasis in RAGE gene in predisposition to breast

Table 2 | The genotype distributions and allele frequencies of four examined polymorphisms in RAGE gene between patients and controls,
and their risk prediction for breast cancer
Polymorphisms Patients (n = 509) Controls (n = 504) P
rs1800625 TT/TC/CC 379/124/6 365/130/9 0.612

C (%) 13.36 14.68 0.391
Add/Dom/Rec models* 0.89;0.69-1.15;0.382 0.9;0.68-1.19; 0.463 0.66;0.23-1.86; 0.427
rs1800624 TT/TA/AA 382/119/8 354/143/7 0.191

A (%) 13.26 15.58 0.138
Add/Dom/Rec models* 0.82; 0.64-1.06;0.129 0.78; 0.59-1.04; 0.086 1.13; 0.41-3.15;0.81
rs2070600 GG/GA/AA 313/164/32 310/168/26 0.719

A (%) 22.4 21.83 0757
Add/Dom/Rec models* 1.03;0.84-1.27;0.762 1.0; 0.78-1.29; 0.996 1.23;0.72-2.1;0.44
rs184003 GG/GT/TT 194/253/62 252/210/42 <0.001

T(%) 37.03 29.17 <0001
Add/Dom/Rec models* 1.45;1.2-1.75; <0.001 1.62; 1.26-2.08; <0.001 1.53;1.01-2.31, 0.045
Add/Dom/Rec models refer additive, dominant, and recessive models. *Data are expressed as odds ratio (OR); 95% confidence interval (95% Cl); P values for all three genetic models of inheritance after
adjusting for age at enrollment, age of menarche, menopausal status, and body mass index.
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estimates for breast cancer

Table 3 | The estimated common haplotype frequencies of four examined polymorphisms in RAGE gene and the corresponding risk

Haplotype* All subjects (%) Patients (%) Controls (%) Hap-Score Simulated Pt OR; 95% Cl; P
TT1-G-G 33.02 32.44 33.76 -0.83 0.445 Reference group
T1-GT 15.31 18.54 12.16 3.27 0.001 1.43;1.01-2.01; 0.041
TT-AG 14.74 13.84 15.68 -1.10 0.222 0.92;0.67-1.26; 0.59
CT-GG 9.86 9.05 10.62 —1.42 0.189 0.93;0.65-1.34;0.714
T-A-GG 9.26 7.64 10.78 -2.55 0.014 0.72;0.48-1.08; 0.109
T-T-AT 7.37 8.56 6.14 217 0.045 1.45;0.96-2.18,;0.077
TAGT 515 5.62 4.80 0.72 0.478 1.28;0.75-2.17,0.363
CT-GT 4.16 4.11 4.07 0.59 0.537 1.02;0.58-1.81,0.943

*Alleles in haplotype were assigned in order of rs1800625, rs1800624, rs2070600, and rs184003.
P values were adjusted for age at enrollment, age of menarche, menopausal status, and body mass index.

cancer. Instead, our findings clearly demonstrate that rs184003
might play a predominant role in the development of breast cancer.
To our knowledge, there are currently no reports concerning the
possible candidacy of RAGE gene in breast cancer among Chinese.
More recently, Hashemi and colleagues have examined three poly-
morphisms (rs1800625, rs1800624, and 63 bp Insertion/deletion) of
RAGE gene among 71 breast cancer patients and 93 healthy controls
of Middle Eastern ethnicity, and they failed to demonstrate any
association between these three polymorphisms and breast cancer,
which was likely due to the possible small effect of these polymorph-
isms on breast cancer risk and the relatively small sample sizes
involved. Consistent with the finding of the present study, there
was also no evident association between RAGE gene two promoter
polymorphisms (rs1800625 and rs1800624) and breast cancer risk
among 509 patients and 504 cancer-free controls. Besides this find-
ing, we observed a significant, independent relationship between
RAGE gene rs184003 and breast cancer risk in our single-locus ana-
lyses. Notably, the predominant role played by rs184003 was also
implicated in our further haplotype and epistasis analyses.
Haplotype is defined as a combination of multiple alleles on one
chromosome, and so haplotype analysis could provide more
information than single-locus analysis®®. In this study, only haplo-
type T-T-G-T was identified to be associated with the significant risk
of breast cancer after adjusting for confounders. This haplotype was
composed of the risky T allele of rs184003, and other derived hap-
lotypes possessing this allele were consistently overrepresented in
breast cancer patients relative to controls and vice versa, suggesting
a leading role of rs184003 in risk determination. To produce more
information, we employed a promising data-mining MDR technique
to explore the epistatic influence of RAGE genetic polymorphisms
from statistical and graphic aspects. However, we failed to produce
any suggestive evidence for the presence of epistasis in predisposition
to breast cancer. Instead, the contributory role of rs184003 was
observed to be offset by the other polymorphisms, which may in part
explain the nonsignificant prediction of a majority of derived
haplotypes for breast cancer. Nevertheless, because rs184003 is an
intronic locus, it is unlikely to be functional, but might act as a
surrogate for other linked functional loci in the regulatory regions
of RAGE gene. Considering the fact that evolutionary history of
linkage disequilibrium patterns will vary significantly in different
ethnic populations®, there is a need to construct a database of breast

cancer-susceptibility genes or polymorphisms in each ethnic group.
These findings not only deepen our understandings that complex
genetic interactions might account for disease susceptibility, but also
yield strong evidence in favor of the logical candidacy of RAGE gene
in the pathogenesis of breast cancer.

Several limitations of this study merit special consideration. First,
the retrospective design of this study has inherent drawbacks, and
precludes causal inferences®. Second, this study of 1013 participants
may be underpowered to demonstrate small risk effects. However, a
sample size calculation enabled us to have more than 96% statistical
power to detect significant differences between patients and controls.
Third, only four polymorphisms were examined in this study, and it
is highly encouraged to incorporate other polymorphisms, especially
the low-penetrance polymorphisms in RAGE gene or other candid-
ate genes, such as genes from the renin-angiotensin system®-'.
Fourth, the fact that our study subjects were of northeastern Han
Chinese descent limited the generalizability of our findings, calling
for further confirmation in other ethnic populations.

In summary, although there was no suggestive evidence for the
presence of epistasis in RAGE gene, our findings clearly demonstrate
that rs184003 might play a predominant role in the development of
breast cancer. As breast cancer is a multifactorial complex trait, more
emphases should be placed on the detection and characterization of
multiple genetic and environmental interactions to predict high-risk
individuals for the prevention and personalized treatment of breast
cancer.

Methods

Study participants. All study participants were females of Han Chinese descent,
and they were local residents of Qiqihar city, Heilongjiang province, China. In
total, there were 1013 unrelated participants in this study that were enrolled from
two hospitals in Qiqihar city. Ethical approval was obtained from the ethics
committee of Qiqihar Medical University, and before entering this study all
participants gave informed written consent according to the guidelines of the
Declaration of Helsinki.

Of 1013 study participants, 509 were histologically-proven breast cancer patients,
and the remaining 504 participants formed the age-matched cancer-free controls.

From each participant, data on age (the onset age of breast cancer for patients),
family history of cancers, age of menarche, menopausal status (yes or no), body
weight and height (measured in light clothes and in bare feet), and the histological
grade of breast cancer (from G1 to G3 for breast cancer patients only) were recorded
at enrollment. Body mass index (BMI) was calculated as weight (in kilograms) divided
by height (in meters) squared.

Table 4 | The characterization of each best model of four studied polymorphisms in RAGE gene by the MDR technique

Best combination of each model Testing accuracy Cross-validation consistency P
rs184003 0.559 10 0.228
rs184003, rs2070600 0.567 10 0.172
rs184003, rs2070600, rs1800624 0.549 7 0.329
rs184003, rs2070600, rs1800624, rs1800625 0.526 10 0.604
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Figure 1| Interaction entropy model of four examined polymorphisms
in RAGE gene.

Polymorphism selection. In this study, the selection of four well-characterized
common polymorphisms from RAGE gene is founded on their wide associations with
vascular complications'****'. The four polymorphisms were rs1800625 or T-429C in
promoter region, rs1800624 or T-374A in promoter region, rs2070600 or Gly82Ser in
3" exon, and rs184003 or G1704A in 7" intron.

Genotype determination. Genomic DNA was isolated from peripheral blood
leukocytes by TIANamp Blood DNA Kit (Tiangen Biotect (Beijing) Co., China). The
polymerase chain reaction - ligase detection reaction (PCR-LDR) method** was used
to determine the genotypes of four examined polymorphisms.

For each polymorphism, two specific probes were synthesized to discriminate
specific bases with one common probe labeled with 6-carboxy-fluorescein (FAM) at
the 3’ end and with horylated at the 5" end. The multiplex ligation reaction was
conducted in a reaction volume of 10 pl containing 2 ul of PCR product, 1 plof 10 X
Taq DNA ligase buffer, 1 uM of each discriminating probe, and 5 U of Tag DNA
ligase. The ligation parameters were 30 cycles of 94°C for 30 s and 56°C for 3 min.
After the reaction, 1 pl of LDR reaction product was mixed with 1 pl of ROX passive
reference and 1 pl of loading buffer before being denatured at 95°C for 3 minutes and
chilled rapidly in ice water. The fluorescent products of the LDR were differentiated
using an ABI 3730XL sequencer (Applied Biosystems, USA).

The accuracy of PCR-LDR method was validated by additionally genotyping 96
samples that were randomly selected from all study samples as internal references,
and the resultant genotypes showed no differences.

Statistical analysis. All recorded variables were presented as mean (standard
deviation or SD) or percentage, and were compared between patients and controls by
the unpaired Student’s t-test for continuous variables and by the Pearson y? test for
categorical variables. Hardy-Weinberg equilibrium was tested at each locus on a
contingency table of observed-versus-expected genotypic frequencies using the y*
test. A two-tailed probability value of <0.05 was considered significant. The
Bonferroni method was used to adjust the significant P values for multiple
comparisons. Simple statistical analyses were conducted by the STATA software
(StataCorp, Texas, USA, version 11.2 for Windows). Study power was estimated by
the Power and Sample Size Calculations (PS) software (v3.0.7)*.

The genotypes of four examined polymorphisms in RAGE gene were explored by
binary Logistical regression analyses under the assumptions of additive (major
homozygotes versus heterozygotes versus minor homozygotes), dominant (major
homozygotes versus heterozygotes plus minor homozygotes) and recessive (major
homozygotes plus heterozygotes versus minor homozygotes) models of inheritance
after adjusting for age at enrollment, age of menarche, menopausal status, and BMIL.

To evaluate the joint effects of four examined polymorphisms in RAGE gene,
Haplo.Stats software (version 1.4.0) was employed to construct haplotypes between
patients and controls. This software is operated in the R language (version 2.14, http://
www.r-project.org). The haplo.em program, which computes the maximum like-
lihood estimates of haplotype probabilities using the progressive insertion algorithm
which progressively inserts batches of loci into haplotypes of growing lengths, was
used to estimate haplotype frequencies from four polymorphisms. To avoid chance
findings, only common haplotypes with frequencies =3% in all study participants
were analyzed. The other two programs, haplo.cc and haplo.glm, which are based on a
generalized linear model and compute the regression of a trait on haplotypes and
other covariates®, were used to calculate the adjusted odds ratios (ORs) and 95%
confidence intervals (Cls) for each haplotype. P values were simulated based on 1000
replicates.

To evaluate the epistasis of four examined polymorphisms on breast cancer risk,
an open-source MDR technique (version 3.0, www.epistasis.org)*>* was adopted.
All possible combinations of four polymorphisms were constructed by MDR

constructive induction. The accuracy of each model was evaluated by a Bayes clas-
sifier in the context of 10-fold cross-validation. A single best model simultaneously
has the maximal testing accuracy and cross-validation consistency. The cross-valid-
ation consistency is a measure of the number of times of 10 divisions of the dataset
that the best model is extracted. Statistical significance was evaluated using a 1000-
fold permutation test to compare observed testing accuracies with those expected
under the null hypothesis of null association. Permutation testing corrects for mul-
tiple testing by repeating the entire analysis on 1000 datasets that are consistent with
the null hypothesis.

Interaction entropy graph, which can visually inspect potential epistasis, was
depicted to quantify the synergistic and non-synergistic interactions among poly-
morphisms. This graph is implemented in MDR software. In this graph, information
gain values expressed as percentages in the nodes signify the independent main effect
of the polymorphisms. The positive and negative information gain values (percen-
tages) on the connected lines indicate synergistic interaction (the red or the orange
line) and redundancy (lack of interaction, the green and the blue line) between the
polymorphisms, respectively with the zero value indicating independence (the yellow
line).
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