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INTRODUCTION
Myocardial infarction (MI) is the most severe form of 
coronary artery disease (CAD). Although significant 
progress in prevention and treatment of cardiovascular 
diseases (CVDs) has been achieved over the past dec-
ades in the developed countries, MI still remains the 
leading cause of death worldwide.

Both MI and CAD are polygenic and multifactorial 
diseases; the non-Mendelian inheritance pattern char-
acterizing them results from the interplay between 
genetic variants. The genetic predisposition to CAD 
has been well investigated in genome-wide association 

studies (GWAS), while the number of GWASs for MI 
as a particular phenotype is relatively small [1, 2]. The 
rather poor replicability of the few MI-associated loci 
identified in separate studies may be due to ethnic dif-
ferences between the samples. Although the objective 
of the GWASs is to identify genetic variants that would 
enable assessing the risk of MI, no progress in predict-
ing the risk of this disease has been made yet [3].

It is no wonder that the conventional candidate gene 
approach still remains relevant. Vast amounts of data 
have been accumulated on the association of individual 
candidate genes with MI in Russian population; much of 

Multilocus Analysis of Genetic 
Susceptibility to Myocardial Infarction in 
Russians: Replication Study

N. G. Kukava1#, B. V. Titov1,2#, G. J. Osmak1,2, N. A. Matveeva1,2, O. G. Kulakova1,2, 
A. V. Favorov3, R. M. Shakhnovich1, M. Ya. Ruda1, O. O. Favorova1,2*
1National Medical Scientific Center for Cardiology, 3rd Cherepkovskaya Str. 15a, Moscow, 
121552, Russia
2Pirogov Russian National Research Medical University, Ostrovitjanova Str. 1, Moscow, 117997, 
Russia
3Oncology Biostatistics and Bioinformatics, Johns Hopkins School of Medicine, Baltimore, MD 
21205, US
#These authors contributed equally to this work 
*E-mail: olga.favorova@gmail.com
Received: April 14, 2017; in final form September 28, 2017
Copyright © 2017 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT In search of genetic markers of myocardial infarction (MI) risk, which have prognostic significance 
for Russians, we performed a replication study of MI association with genetic variants of PCSK9 (rs562556), 
APOE (epsilon polymorphism, rs7412 and rs429358), LPL (rs320), MTHFR (rs1801133), eNOS (rs2070744), and 
the 9p21 region (rs1333049) in 405 patients with MI and 198 controls. Significant MI association was observed 
with variants of the lipid metabolism genes (PCSK9, APOE and LPL), and of eNOS. The SNPs in the MTHFR gene 
and the 9p21 region were not significantly associated with MI one by one but were included in several differ-
ent MI-associated allelic combinations identified by multilocus analysis. Since we have not revealed nonlinear 
epistatic interactions between the components of the identified combinations, we postulate that the cumulative 
effect of genes that form а combination arises from the summation of their small independent contributions. The 
prognostic significance of the additive composite model built from the PCSK9, APOE, LPL, and eNOS genes as 
genetic markers was assessed using ROC analysis. After we included these markers in the previously published 
composite model of individual genetic risk of MI, the prognostic efficacy in our sample reached AUC = 0.676. 
However, the results obtained in this study certainly need to be replicated in an independent sample of Russians.
KEYWORDS myocardial infarction, Russians, genes, allelic polymorphism, multilocus analysis, genetic markers
ABBREVIATIONS AUC – area under curve in ROC analysis; GWAS – genome-wide association study; NO – ni-
trogen oxide; ROC – receiver operating characteristic; SNP – single nucleotide polymorphism; CI – confidence 
interval; CAD – coronary artery disease; MI – myocardial infarction; OR – odds ratio; PCR – polymerase chain 
reaction; PCR-SSP – polymerase chain reaction using allele-specific primers; CVD – cardiovascular disease, m. 
a. – mean age.



RESEARCH ARTICLES

  VOL. 9  № 4 (35)  2017  | ACTA NATURAE | 75

these data have been obtained by Russian participants of 
the MONICA [4] and HAPIEE [5] international research 
projects. Replication of the results obtained both for the 
independent samples consisting of subjects belonging 
to the same ethnic group and other ethnic populations 
is believed to play a special role in identifying factors of 
genetic predisposition. We have earlier found that the 
genetic variants of the FGB, TGFB1, CRP, IFNG, and 
PTGS1 genes, whose products are involved in the in-
flammation and coagulation systems, are associated with 
the risk of MI development in ethnic Russians and repli-
cated these results in an independent sample of Russians 
[6]. The prognostic significance of the identified markers 
has been demonstrated; summing up the contributions 
of individual genes significantly increased the prognostic 
efficacy. However, the identified loci explain only a small 
contribution to the risk of MI. In pursuit of other genetic 
markers for MI risk that would have prognostic signif-
icance for Russians, we have broadened the candidate 
gene list under study by including the lipid metabolism 
genes (PCSK9, LPL, and APOE), the MTHFR and the 
eNOS genes, and the 9p21 locus.

The products of the selected lipid metabolism genes 
are known to be involved in the development of CVDs. 
The PCSK9 protein (proprotein convertase subtilisin/
kexin type 9) encoded by the PCSK9 gene partakes in 
degradation of low-density lipoprotein receptors and is 
used as a target in treatment of dyslipidemia and relat-
ed CVDs [7]. The APOE gene product, apolipoprotein E, 
is involved in lipid transport and plays a crucial role in 
the development of CVD [8]. Lipoprotein lipase encoded 
by the LPL gene is a key enzyme in lipid metabolism 
and transport; it also participates in pathogenesis of 
atherosclerosis [9].

The role of products of the MTHFR and eNOS genes 
in CVD pathogenesis is also well-known. The MTHFR 
gene codes for methylenetetrahydrofolate reductase, 
the enzyme involved in conversion of homocysteine to 
methionine. Homocysteinaemia may cause endotheli-
al dysfunction, which is a risk factor for atherosclero-
sis and CVDs related to it [10]. Endothelial nitric oxide 
(NO) synthase encoded by the eNOS gene catalyzes 
production of NO involved in regulation of vascular 
tone and permeability; disturbances in the NO system 
may lead to atherosclerosis, hypertension, and throm-
bosis [11].

The MI association with the rs1333049 polymor-
phism on chromosome 9p21 was revealed in several 
GWASs and has been validated in a number of ethnic 
groups. This locus carries the gene of non-coding reg-
ulatory RNA ANRIL. This RNA may regulate the ex-
pression of cyclin-depended kinase inhibitors p15INK4a 
and p16INK4b, which are encoded by the CDKN2A and 
CDKN2B genes residing within the same region. It is 
believed that the 9p21 region can participate in patho-
genesis of atherosclerosis by regulating proliferation 
and apoptosis of smooth muscle cells [12].

The aim of our study was to conduct a replication 
study of the association of the polymorphic variants 
in the PCSK9, APOE, LPL, MTHFR, and eNOS genes 
and the 9p21 region with the risk of MI development in 
Russians. Table 1 lists the characteristics of the selected 
genes and single nucleotide polymorphisms (SNPs). We 
also carried out a multilocus analysis of the association 
between the combinations of variants of these genes/
loci and MI, since the cumulative genetic effect can be 
identified using this approach [13]. The nature of this 
effect was also studied. Furthermore, we evaluated the 

Table 1. Genes included in the study and their polymorphic regions

Gene Chromosomal 
locus Gene product(s) 

Polymorphic region*
SNP rs ID

PCSK9 1p32.3 Proprotein convertase subtilisin/kexin  
type 9 1420G > A rs562556

APOE 19q13.2 Apolipoprotein E epsilon polymorphism (rs7412, 
rs429358) 

LPL 8p22 Lipoprotein lipase 495T > G
(HindIII H+>H–) rs320

MTHFR 1p36.22 5,10-Methylene tetrahydrofolate  
reductase 677C > T rs1801133

eNOS (also 
known as NOS3) 7q36 Endothelial nitric oxide synthase −786T > C rs2070744

the ANRIL–
CDKN2A/2B 
gene cluster

9p21.3
Long non-coding RNA (the ANRIL gene); 

cyclin-depended kinase inhibitors 2A and 2B 
(the CDKN2A and CDKN2V genes)

C > G rs1333049

*The examined single nucleotide polymorphism (SNP) and its designation according to the reference nucleotide se-
quence of the human genome (rs ID).
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prognostic efficacy of the identified markers both one 
by one and along with the markers identified previ-
ously [6].

EXPERIMENTAL
Genomic DNA samples collected from patients receiv-
ing treatment at the Emergency Cardiology Depart-
ment (National Medical Research Center of Cardiolo-
gy, the Ministry of Health of the Russian Federation) 
were used in the case-control study. The study group 
consisted of 405 ethnic Russians (mean age (m. a.) ± 
standard deviation, 57.5 ± 12.8 years): 271 males (m.a., 
53.4 ± 11.9 years) and 134 females (m.a., 65.6 ± 10.3 
years). The diagnosis of MI was made using the crite-
ria described in [14]. The control group consisted of 198 
Russian subjects with no past history of CVD (mean 
age, 59.8 ± 13.3 years): 112 males (m.a., 57.1 ± 11.9 
years) and 86 females (m.a., 63.2 ± 14.2 years). All pa-
tients provided informed consent for participating in 
the study.

Genomic typing was performed using the polymer-
ase chain reaction (PCR)-based methods. Restriction 
fragment length polymorphism analysis of the PCR 
products was carried out to detect the APOE gene ep-
silon polymorphism (rs7412, rs429358) [15], 495T > G 
in an LPL gene (rs320) [16], 677C > T in the MTHFR 
gene (rs1801133) [17], and −786T>C in the eNOS gene 
(rs2070744) [18]. Genome typing of the polymorphisms 
rs562556 in the PCSK9 gene and rs1333049 in the 
9p21.3 region was performed by real-time PCR using 
a TaqMan® SNP Genotyping Assay kit (Applied Bio-
systems). 

Statistical analysis
The deviations of genotype frequencies from the Har-
dy–Weinberg equilibrium were analyzed using Hap-
loview 4.2 software [19]. APSampler software was 
used to search for the associations between carriage 
of alleles and genotypes of individual polymorphisms 
or their combinations and development of MI [20]. The 
significance of the revealed associations was assessed 
using the Fisher’s exact test and the odds ratio (OR). 
The Bonferroni correction for the number of tests 
(multiple comparisons) was used for the p values calcu-
lated using the Fisher’s exact test (p

corr
). The p and p

corr
 

values < 0.05 were considered significant when the 95% 
confidence interval (CI) values for OR did not cross 1. 
An SNP was considered to be myocardial infarction-as-
sociated when the association was significant either in 
the recessive or the dominant model. 

The earlier proposed approach [6] was used to reveal 
possible non-linear interactions (epistasis) between al-
leles in the identified biallelic combinations: the syn-

ergy factor (SF) was determined [22] and the p values 
were calculated using the exact three-way interaction 
test [21]. The interaction between the alleles was con-
sidered to be epistatic if the p value was less than 0.05 
and the 95% CI value for SF did not cross 1.

The prognostic models were built using the stepwise 
logistic regression method (Stats v.3.3.1 for R). The 
prognostic efficacy was assessed by ROC (receiver op-
erating characteristic) analysis by measuring the area 
under the curve (AUC) using pROC v.1.8 for R software 
package; pairwise comparisons were made using the 
method described in [23]. The probability threshold was 
calculated using the procedure described in [24] to as-
sess sensitivity and specificity of the prognostic models.

RESULTS
All studied polymorphic regions in the control group 
were in Hardy–Weinberg equilibrium (p > 0.05). Figure 
1 shows the allele frequencies for all the examined loci 
in the control group compared to minor allele frequen-
cies (global MAF) in the SNP Database under the 1000 
Genomes Project (Phase 3) [25]. The absolute differenc-
es between the observed allele frequencies and those 
deposited in the SNP database are ≤ 10%.

Table 2 summarizes the data on carriage of the alleles 
and genotypes of the PCSK9 (rs562556), APOE (epsi-
lon polymorphism, rs7412 and rs429358), LPL (rs320), 
MTHFR (rs1801133), and eNOS (rs2070744) genes and 
the 9p21 region (rs1333049) in 405 MI patients and 
198 controls. Significant differences were revealed in 
carriage frequencies of alleles and genotypes of poly-
morphic regions for all three lipid metabolism genes: 
PCSK9, APOE, and LPL. Significant differences were 
also found for the eNOS gene but not for the MTHFR 
gene or the 9p21 region. The PCSK9*A/A (p = 0.013, 
OR = 1.45), APOE*ε3/ε3 (p = 0034, OR = 1.52), and 
LPL* G/G (p = 0.032, OR = 1.96) genotypes and car-
riage of the eNOS*C allele (p = 0.0034, OR = 1.63) were 
found to be the risk factors of MI. However, the p

corr
 

value calculated using the Bonferroni correction for the 
number of tests (multiple comparisons) was significant 
only for the genetic variants of the APOE and eNOS 
genes.

We used the APSampler software employing the dy-
namic Monte Carlo method to carry out a multilocus 
analysis aimed at identifying the cumulative contribu-
tion of combinations of the alleles and genotypes of the 
genes under study to predisposition to MI. The revealed 
bi- and triallelic combinations associated with the risk 
of MI are characterized by a stronger effect and a 
greater significance level of association with MI than 
their individual components. Along with the PCSK9, 
APOE, LPL, and eNOS genetic variants, the combina-
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tions also include the alleles/genotypes of the MTHFR 
gene and SNP rs1333049 in the 9p21 region. Figure 2 
(A–C) illustrates the OR and 95% CI values for the com-
binations containing the variants of the latter two loci: 
MTHFR*C, rs1333049*C, and rs1333049*C/G. One can 
see in all these cases that the variants shown at the 
bottom of each figure are not significant. However, the 
combination of the MTHFR*C and eNOS*C alleles is sig-
nificant (p = 0.0006; OR = 1.80): more significant than 
carriage of a single eNOS*C allele (Fig. 2A). The triallel-
ic combination (LPL*G/G + MTHFR*C + rs1333049*C) 
(p = 0.018; OR = 2.83) and the biallelic combination 
being a part of it (LPL*G/G + MTHFR*C) (p = 0.021; 
OR = 2.30) are also associated with the risk of MI; the 
association of the biallelic combination with the risk of 
MI is less significant than MI association with the tri-
allelic combination but more significant than MI asso-
ciation with the single LPL*G/G genotype (Fig. 2B). 
Another triallelic combination (APOE*ε4 + eNOS*T + 
rs1333049*C/G) is negatively associated with the risk 
of MI (p = 0.00041; OR = 0.30) (Fig. 2C). The association 
of the biallelic combinations being a part of it (APOE*ε4 
+ rs1333049*C/G) and (APOE*ε4 + eNOS*T) with the 
risk of MI is less significant. However, it is stronger 
than MI association with carriage of the APOE*ε4 allele, 
the only component of the combination that is signifi-
cant alone. Hence, we have used multilocus analysis to 

identify that the genetic variants of the MTHFR gene 
(rs1801133) and 9p21 locus (rs1333049) within several 
allelic combinations are involved in predisposition to 
MI, while the genetic variants one by one showed no 
significant association with MI. 

In order to answer the question what is the reason 
for the cumulative effect of the alleles of different 
genes (whether it is the summation of small mutual-
ly independent contributions of individual alleles or 
epistatic interactions between these alleles), we ana-
lyzed the three-way interactions using the statistical 
approach described earlier [6]. The synergy factor (SF) 
with 95% CI and the p values calculated using the exact 
three-way test, similar to the OR with 95% CI and the 
p value determined by standard evaluation of the asso-
ciations between the phenotype and the genotype (i.e., 
using the two-way Fisher’s test), were not significant. 
Therefore, no significant epistatic interactions were 
revealed between the components of all the identified 
combinations. 

In order to assess the prognostic significance of the 
identified genetic risk factors, we calculated the in-
dividual risk of MI in each subject depending on car-
riage of the PCSK9, APOE, LPL, and eNOS genetic 
variants using logistic regression. The contribution of 
carriage of a combination of these risk alleles/gen-
otypes was evaluated using ROC analysis (Fig. 3A) 

Gene/
region

PCSK9

APOE

LPL

eNOS

MTHFR

9p21.3

rs562556

rs7412

rs429358

rs320

rs2070744

rs1801133

rs1333049

rs ID The allele frequencies of the examined loci in 
the control group

0%  10%  20%  30%  40%  50%  60%  70%  80%  90%  100%

The frequency 
of the minor  

allele according 
to dbSNP NCBI

G=0.13

T=0.075 (ε2)

С=0.15 (ε4)

G=0.26

C=0.23

T=0.25*

С=0.42

	G=0.18	 A=0.82

	ε2=0.08	 ε3=0.82	 ε4=0.10

	 G=0.24	 T=0.76

	 C=0.31	 T=0.69

	 T=0.33	 C=0.67

	 G=0.48	 C=0.52

Fig. 1. The allele frequencies of the examined loci in the control group (ethnic Russians) as compared to the allele fre-
quencies from the dbSNP NCBI database [25].
*In the dbSNP NCBI database, minor allele frequency (MAF) is shown for the complementary chain.
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Table 2. Distribution of alleles and genotypes of polymorphic regions of the examined genes in MI patients (n = 405) and 
controls (n = 198)

Carriage of alleles 
and genotypes

Patients, 
n (%)

Controls, 
n (%) p p

corr
* OR (95% CI) for significant 

differences** 

rs562556 in PCSK9
A 389(96) 193(97) NS NS
G 102(25) 65(33) 0.013 NS 0.69 (0.47–1.00)

A/A 303(75) 133(67) 0.013 NS 1.45 (1.00–2.10)
A/G 86(21) 60(30) 0.010 NS 0.62 (0.42–0.91)
G/G 16(4) 5(3) NS NS

rs7412, rs429358 (epsilon polymorphism) in APOE

ε2 63(16) 30(15) NS NS
ε3 393(98) 194(98) NS NS
ε4 40(10) 38(19) 0.0013 0.0091 0.46 (0.28–0.75)

ε2/ε2 5(1) 2(1) NS NS
ε2/ε3 55(14) 26(13) NS NS
ε2/ε4 3(1) 2(1) NS NS
ε3/ε3 305(75) 132(67) 0.017 NS 1.52 (1.05–2.2)
ε3/ε4 33(8) 36(18) 0.00033 0.0023 0.40 (0.24–0.66)
ε4/ε4 4(1) 0(0)

rs320 in LPL
G 192(47) 85(43) NS NS
T 363(90) 187(94) 0.032 NS 0.51 (0.25–0.99)

G/G 42(10) 11(6) 0.032 NS 1.96 (1.00–3.91)
G/T 150(37) 74(37) NS NS
T/T 213(53) 113(57) NS NS

rs1801133 in MTHFR
C 369(91) 174(87) NS NS
T 206(51) 106(54) NS NS

C/C 199(49) 92(46) NS NS
C/T 170(42) 82(41) NS NS
T/T 36(9) 24(13) NS NS

rs2070744 in eNOS

C 253(62) 100(50) 0.0034 0.024 1.63 (1.16–2.30)

T 343(85) 174(88) NS NS
C/C 62(15) 24(12) NS NS
C/T 191(47) 76(38) NS NS
T/T 152(38) 98(50) 0.0034 0.024 0.61 (0.43–0.86)

rs1333049 in the 9p21 region
C 313(78) 155(78) NS NS
G 305(75) 146(74) NS NS

C/C 100(25) 52(26) NS NS

C/G 213(53) 103(52) NS NS
G/G 92(22) 43(22) NS NS

NS – not significant.
*The Bonferroni correction for the number of tests (multiple comparisons) was applied to the p values.
**p < 0.05.
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Fig.2. Multilocus 
analysis made it 
possible to identify 
the association 
between MI and 
rs1801133 in the 
MTHFR gene 
and rs1333049 in 
the 9p21 region, 
which one by one 
are not signifi-
cantly associated 
with MI. The odds 
ratios (ORs), the 
confidence inter-
vals (CIs) and the 
significance levels 
(qualitatively, by 
color of each cir-
cle, which corre-
sponds to the OR 
value) are graph-
ically presented 
for MI-associated 
combinations, 
which include 
the variants 
of the MTHFR 
gene and/or 
rs1333049, and for 
the components 
of these combina-
tions.
A. Biallelic combi-
nation (MTHFR*C 
+ eNOS*C) that is 
positively associ-
ated with MI, and 
its components.
B. Triallelic combi-
nation (LPL*G/G 
+ MTHFR*C + 
rs1333049*C) 
that is positively 
associated with 
MI, and its compo-
nents.
C. Triallelic 
combination 
(APOE*ε4 + eNOS*T 
+ rs1333049*C/G) 
that is negatively 
associated with 
MI, and its compo-
nents.

eNOS*C+MTHFR*C

eNOS*C

MTHFR*C

Odds Ratio, OR (95% CI)

1.0 1.5 2.0 

p values
<0.001

<0.01

>0.05

LPL*G/G+MTHFR*C+9p21rs1333049*C

LPL*G/G+MTHFR*C

LPL*G/G

MTHFR*C

9p21rs1333049*C

1 2 3 4 5 6
Odds Ratio, OR (95% CI)

p values
0.02

>0.05

APOE*4+eNOS*T+9p21rs1333049*C/G

APOE*4+9p21rs1333049*C/G

APOE*4+eNOS*T

APOE*4

eNOS*T

9p21rs1333049*C/G

0.5 1.0
Odds Ratio, OR (95% CI)

p values
<0.001

<0.01

>0.05

А

B

C
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according to the efficiency of classifying the subjects 
into MI patients and healthy individuals. One can see 
that the genetic factors considered one by one are 
poor classifiers of the risk of MI (AUC < 0.60). How-
ever, satisfactory prognostic efficacy is achieved 
(AUC = 0.604) when taking into account the data on 
carriage of a combination of the PCSK9, APOE, LPL, 
and eNOS alleles/genotypes. We would like to men-
tion that the model does not become more efficient if 
the MTHFR and the 9p21 region alleles, which are the 
components of the combinations identified by APsam-
pler,  are added one by one. 

These findings were used to improve the earlier 
built composite genetic model of the risk of MI, which 
includes the TGFB1, FGB, and CRP genetic variants 
and the epistatic combination of the IFNG and PTGS1 
genes as predictors [6]. Figure 3B shows three ROC 
curves: the ROC curve obtained in the analyzed sample 
for the composite model described in [6]; the ROC curve 
for the carriage of a combination of the newly iden-
tified markers shown in Fig. 3A; and the ROC curve 
for the generalized composite model that includes the 

markers from both the previous and the present stud-
ies. One can see that the prognostic efficacy has signif-
icantly increased (p = 0.014): from AUC = 0.641 in the 
model without new markers to 0.676 in the generalized 
composite model.

DISCUSSION
The case-control multilocus analysis of the associa-
tion of the polymorphic variants of PSCK9 (rs562556), 
APOE (epsilon polymorphism, rs7412 and rs429358), 
LPL (rs320), MTHFR (rs1801133), eNOS (rs2070744), 
and the 9p21 region (rs1333049) with the risk of MI re-
vealed the PSCK9, APOE, LPL, and eNOS alleles/gen-
otypes significantly associated with MI and the bi- and 
triallelic combinations that carried the MTHFR and the 
9p21 region alleles/genotypes along with the variants 
of the aforelisted genes. 

Each of the examined lipid metabolism genes 
(PCSK9, LPL, and APOE) turns out to be associated 
with the risk of MI; the OR of the risk genotypes ranges 
from 1.45 to 1.96 but the significance level is rather low 
(p = 0.013–0.032). The involvement of the lipid metabo-

Fig. 3. ROC analysis for efficiency of the models that are based on different genetic markers of individual risk of MI.
A. The efficiency of classification of individuals using the models based on the carriage of individual genetic markers 
(variants of the PCSK9, APOE, LPL, and eNOS genes) and the model that takes into account the carriage of variants of 
all four genes (composite genetic marker, green line).
B. Prognostic efficacy of the generalized composite model of individual genetic risk of MI (red line) obtained by supple-
menting the previously described model [6] (blue line) with data on the carriage of one or more variants of the PCSK9, 
LPL, eNOS and APOE genes (green line).
The AUC (area under the curves) values for different models are shown in the same color as the corresponding curve.
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lism genes in the development of MI shows good agree-
ment with the well-known fact that disorders of lipid 
metabolism, high cholesterol level and elevated ather-
ogenic index lead to formation of atheromatous plaques 
in the arterial tunica intima. However, the published 
data regarding the involvement of the examined var-
iants of the lipid metabolism genes in development of 
CVDs are rather controversial.

SNP rs562556 in the PCSK9 gene is responsible for 
the Ile-474-to-Val substitution in the encoded protein, 
which apparently does not affect its expression lev-
el [26]. We observed the MI association with the A/A 
genotype in this SNP in Russians. However, the distri-
butions of rs562556 variants in Japanese subjects with 
MI were not different from those in the control popu-
lation, although this SNP was associated with choles-
terol level [27]. An association between polymorphism 
rs562556, the presence of anti-phospholipid antibodies, 
and development of thrombosis (the risk factor of MI) 
was revealed in subjects carrying these antibodies [28]. 
The association of other PCSK9 gene variants (name-
ly, rs11206510 [29] and rs11591147 [30]) with MI was 
demonstrated in different populations. Hence, our find-
ings regarding the association of the PCSK9 gene with 
MI are consistent with the data published earlier. 

Individual allelic variants of the APOE gene epsi-
lon polymorphism are associated with CVDs (and with 
MI in particular) in almost all populations. The me-
ta-analyses demonstrate that the ε4 allele is associated 
with the risk of MI, while the ε2 allele has a protective 
effect [31, 32]. However, the conclusions drawn in the 
meta-analysis involving different ethnicities cannot 
be automatically extrapolated to separate populations, 
where the roles of individual alleles in predisposition 
to MI vary significantly. The considerable difference 
in allele frequencies in different populations and even 
within the same population residing in different re-
gions is potentially the key reason for the poor replica-
bility of the results obtained in individual studies [33]. 
In particular, ε3/ε3 turned out to be the risk genotype 
in our study involving Russians living in Central Rus-
sia, while ε2/ε3 was the risk genotype among Siberian 
males [34].

The HindIII polymorphism (rs320) is responsible for 
the T-to-G substitution in intron 8 of the LPL gene. 
This polymorphism is believed to reside in the regula-
tory sequence and to regulate LPL expression [35]. We 
revealed an association between rs320 and MI in our 
sample. The association between this polymorphism 
and the development of MI was demonstrated in a 
number of previous publications [36, 37], including the 
studies involving Russian populations [38]. Other poly-
morphisms of this gene associated with MI have been 
reported for the Japanese population [39]. However, 

the data on association of individual alleles with MI are 
sometimes inconsistent.

Polymorphism rs2070744 in the eNOS gene is anoth-
er locus whose variant showed significant association 
with MI in our study. This polymorphism resides within 
the promoter region. The C allele associated with the 
risk of MI in our study is related to downregulation of 
mRNA expression and, correspondingly, the eNOS pro-
tein level [40]. Our data are consistent with the findings 
reported in other publications [41].

The C-to-T substitution in the rs1801133 variant of 
the MTHFR gene caused Ala-222-to-Val substitution in 
the protein [42] and reduction of methylenetetrahydro-
folate reductase activity by almost 50% [43]. No associa-
tion between rs1801133 and the risk of MI was found in 
different ethnic groups, including Caucasians [44] and 
Russians [45], in most studies. We also revealed no as-
sociation of SNP rs1801133 with the risk of MI in Rus-
sians; however, carriage of the C allele in combination 
with the C allele of the eNOS gene (Fig. 2A) or carriage 
of the G/G genotype of the LPL gene (Fig. 2B) showed 
significant association with the risk of MI. We believe 
that these data can be interpreted as an argument in 
favor of the involvement of the MTHFR gene in pre-
disposition to MI.

The 9p21 region is the only genomic region whose 
association with the risk of MI has been replicated in 
several GWASs at a genome-wide significance level 
(p < 5 × 10-8) [2]. These findings have been confirmed 
in a number of validation studies, including those for 
rs10757278 and rs1333049 in a sample consisting of 
MI patients and controls from the Siberian population 
(of unspecified ethnicity) [46]. In our study, no signifi-
cant MI association with rs1333049 was found in Rus-
sians, but the multilocus analysis revealed a number 
of combinations containing this SNP. Carriage of the 
rs1333049*C allele within the triallelic combination 
is associated with the risk of MI (Fig. 2B), while the 
rs1333049*C/G genotype within the bi-and triallelic 
combinations was found to have a protective effect 
(Fig. 2C) and showed good agreement with the results 
reported in [46].

The statistical analysis of three-way interactions re-
vealed no epistatic interactions between the compo-
nents of all the identified combinations. Meanwhile, all 
the biallelic combinations associated with the risk of MI 
(OR > 1) are characterized by higher significance lev-
els and higher OR values compared to those of alleles/
genotypes within these combinations considered one 
by one (correspondingly, lower OR values for the pro-
tective combinations with OR < 1). A similar regularity 
is observed for the triallelic combinations as compared 
to the biallelic ones. Therefore, the cumulative effects 
observed in this study result from the additivity of the 



82 | ACTA NATURAE |   VOL. 9  № 4 (35)  2017

RESEARCH ARTICLES

contributions from individual genes. The reason for this 
additivity is that statistical significance in a relative-
ly small sample for the association between a combi-
nation of unidirectional weak genetic factors and the 
disease is higher compared to the association observed 
for each factor one by one. Therefore, there is every 
reason to believe that the MTHFR (rs1801133) and 9p21 
(rs1333049) loci are independent risk factors of MI hav-
ing weak effects. Statistical powder was insufficient 
to reveal significant associations of these factors with 
MI in the examined sample, while multilocus analysis 
compensated for this drawback. 

Identically, since the effects of the MTHFR 
(rs1801133) and 9p21 (rs1333049) loci are weak, adding 
them to the composite genetic model of the risk of MI 
did not increase the prognostic efficacy of the model. 
It is worth mentioning that the epistatic combinations 
are better risk classifiers than the additive combina-
tions. Indeed, the epistatic combination of the IFNG 
and PTGS1 genes was found to be one of the MI risk 
factors, while both components were not associated 
with the disease one by one [6]. Meanwhile, identifying 
the genetic variants within additive combinations may 
indicate the possibility of identifying the association of 
these genetic variants one by one with the disease in 
larger samples.

Although being statistically significant, the prog-
nostic efficacy of the composite genetic model of the 
risk of MI built using the findings obtained in our study 
is rather low. This is also true for the earlier obtained 
model [6]. The AUC value of 0.676 was achieved by 
combining the two models; at the cut-off equal to 0.74 it 
corresponds to sensitivity of 0.80 and specificity of 0.45. 
Overall, neither the results of GWASs nor the findings 

obtained using the candidate gene approach currently 
make it possible to effectively predict development of 
MI using genetic analysis.

CONCLUSIONS
The analysis of the association between the polymor-
phic regions of six candidate genes and MI showed that 
they are significantly associated with MI, either one 
by one or within combinations. We have replicated the 
association of the polymorphic variants of the PCSK9, 
APOE, LPL, MTHFR, and eNOS genes and the 9p21 
region with MI in independent samples of Russians liv-
ing in Central Russia. Since the variants of the same 
genes (rs1801133 in the MTHFR gene or rs1333049 in 
the 9p21 region), which are not significant one by one, 
were components of several different combinations 
(with no epistatic interactions between their compo-
nents revealed), it is fair to conclude that the cumula-
tive effect of the genes within a combination identified 
using multilocus analysis results from summation of 
their small independent contributions. 

Inclusion of the identified markers to the previous-
ly reported model of individual genetic risk [6] signif-
icantly increases its prognostic efficacy, although our 
findings need to be replicated for an independent sam-
ple of Russians. In order to further increase the pre-
dictive power of the composite model, it should to be 
improved by including other genetic predictors of risk 
and refining the regression coefficients for larger sam-
ples. 

This work was supported by the Russian Science 
Foundation (grant No. 16-14-10251). 
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