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Abstract
Purpose The role of genetic polymorphisms in the pathogenesis of recurrent pregnancy loss (RPL) has been studied intensively.
Complex diseases, including miscarriage, are believed to have a polygenic basis, and gene–gene interactions can play a signif-
icant role in the etiology of the disease. This study was conducted to investigate the association of gene–gene interactions with
angiogenesis, endothelial dysfunction-related gene polymorphisms, and RPL.
Methods A case–control study was conducted with 253 unrelated RPL patients with 2 ormore spontaneous pregnancy losses and
339 healthy women with no history of pregnancy complications. Genotyping of single-nucleotide polymorphisms (SNPs) was
performed using real-time polymerase chain reaction (real-time PCR), restriction fragment length polymorphism (RFLP), or
allele-specific polymerase chain reaction methods.
Results The genotypes 677TTof theMTHFR gene, 936TT, 936CT, and 634CC, 634GC of the VEGF gene, and allele 894Tof the
NOS3 gene were associated with a predisposition to RPL in the Russian population. A significant role of additive and epistatic
effects in the gene–gene interactions of the SNPs of SERPINE-1, ACE, NOS3, MTHFR, and VEGF genes in RPL was
demonstrated.
Conclusions The results showed that gene–gene interactions are important for RPL susceptibility. Additionally, analysis of the
genotype combinations of several allelic variants provides more information on RPL risk than analysis of independent polymor-
phic markers.
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Introduction

One of the most important problems in obstetrics is recurrent
pregnancy loss (RPL). The prevalence of this pregnancy type
is 1 to 5% [1–3]. RPL is one of the most troublesome areas in
reproductive medicine because the etiology of this disease is
often unknown, and modern diagnostics and known evidence-
based treatment strategies are not sufficiently effective [2, 4].

Recurrent pregnancy loss is a complex disease that is often
triggered by anatomical, infectious, immunological,

endocrine, and genetic factors in various combinations [3].
According to current knowledge, maternal and paternal inher-
itance plays an important role in the development of RPL in
the early stages of pregnancy [3, 5]. In conformity with the
HuGE Navigator database, more than 230 candidate genes
associated with RPL are known. They are related to
thrombophilia and hypofibrinolysis, metabolism of folic acid
and vitamin B12, the functioning of endothelial cells, metab-
olism of hormones, and the immune response [6]. However,
the results of many studies have been either negative or non-
replicable [1, 2, 5, 7]. Additionally, the findings of these stud-
ies are often contradictory, even when studying the same eth-
nic group, and are rarely replicable in other populations [8, 9].
Nevertheless, a generalized analysis of the data showed that
several genetic markers have a significant association with
RPL in several meta-analyses: C677T of the MTHFR gene
(rs1801133), 4G/5G of the SERPINE-1 gene (rs1799889),
G894T (rs2070744) of the NOS3 gene, the I/D polymorphism
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of the ACE gene (rs4646994), G215C (rs1042522) of the
TP53 gene, and G634C (rs2010963) and C936T
(rs3025039) of the VEGF-A gene. Therefore, these allelic var-
iants undoubtedly are of interest in the study of the predispo-
sition to the development of RPL [9–24].

The focus of genetic association studies for complex dis-
eases has been gradually shifting from assessing independent
genes to estimation of the interaction effects of genes [25].
Complex diseases, including miscarriage, are believed to have
a polygenic basis, and gene–gene interactions may play a
significant role in the etiology of the disease. Understanding
the gene–gene interactions may also help to explain missing
heritability of complex phenotypes and conflicting results
from the analysis association study [26, 27].

Materials and methods

Study sample

This study was conducted in women of Russian descent who
were referred to The Genetic Clinic at the Research Institute
for Medical Genetics and Clinic of Scientific Research
Institute of Obstetrics, Gynecology and Perinatology of
Tomsk City during 2010–2014. The patient group consisted
of 253 women who were diagnosed with RPL. The patients
had at least two pregnancy losses up to 20weeks, and they had
no risk factors for RPL, such as anatomical abnormalities,
chromosomal aberrations of partners and embryos, chronic
infections, thrombophilia, metabolic disorders, and a positive
lupus anticoagulant. The control group included 339 healthy
women with at least two previous live births and no history of
pregnancy loss or infertility. Additionally, the women enrolled
in the control group had no pregnancy-associated complica-
tions. Patients with a history of pre-eclampsia, abruptio pla-
centae, gestational diabetes mellitus, gestational hypertension,
premature birth, or SGA (small-for-gestational age) birth also
were excluded. The case and control groups were matched for
age. Characteristics of the RPL and control group are shown
in Table 1. Patients with RPL and healthy controls were all
Caucasians of Russian ancestry. Written informed consent
was obtained from all participating individuals. The study
was conducted in accordance with the code of ethics of the
Declaration of Helsinki, and approval was obtained from the
local Ethical Committee of the Research Institute for Medical
Genetics.

DNA extraction and genotyping

Genomic DNA from the peripheral blood of patients was ex-
tracted by a modified phenol/chloroform method. Seven func-
tional single-nucleotide polymorphisms (SNPs) were selected
f r om ang i o t e n s i n - c on v e r t i n g e n z yme (ACE ) ,

methylenetetrahydrofolate reductase (MTHFR), plasminogen
activator inhibitor-1 (SERPINE-1/PAI-1), nitric oxide syn-
thase 3 (NOS3), tumor protein 53 (TP53), and vascular endo-
thelial growth factor (VEGF) genes (Table 2) based on our
previous studies [9].

Genotyping of rs4646994, rs1801133, rs1799889, and
rs1799983 markers was carried out using restriction fragment
length polymorphism (RFLP) analysis or allele-specific poly-
merase chain reaction according to the previously described
protocols [28–31]. Genotyping of rs3025039, rs2010963, and
rs1042522 polymorphic variants was performed in the real-
time mode using PCR implemented by the TaqMan
Genotyping Assay (Applied Biosystems Inc., Foster, USA).

Statistical analyses

Statistical processing of the results was performed using the
statistical software package Statistica 10.0 andMDR.We used
Pearson’s chi-squared test with Yates’ correction and Fisher’s
exact test to compare allele and genotype frequencies. To es-
timate SNP association with the pathological phenotype, the
odds ratio (OR) and confidence intervals (CI) for OR (95%
CI) were calculated. The concordance of genotype frequencies
with Hardy–Weinberg equilibrium was estimated by χ2 test.
Linkage disequilibrium (LD) between SNP pairs was assessed
using D’ and Pearson’s coefficients [32] in the HaploView 4.2
program. Gene–gene interaction analysis was performed
using Multifactor Dimensionality Reduction software by re-
ducing a multifaceted dimension with the help of an exhaus-
tive search algorithm.

Results

Genotype and allele frequency distribution
in the patient and control groups

Table 3 illustrates the genotype and allele frequency distribu-
tion of the polymorphic variants, compliance of the genotype
frequency distribution with the Hardy–Weinberg equilibrium,
and level of significance obtained while comparing the con-
trols and patients with RPL. The distribution of genotype fre-
quencies in all the controls corresponded to Hardy–Weinberg
equilibrium. According to the database of single-nucleotide
polymorphisms [33], the allele and genotype frequencies ob-
tained in our population were consistent with the European
population for all polymorphisms.

Statistically significant differences were revealed for four
markers of the seven investigated polymorphic variants:
C677T MTHFR, G894T NOS3, G634C VEGF, and C936T
VEGF (Table 3).

The TT genotype and T allele of the C677T polymorphic
variant of theMTHFR gene were associated with a high risk of
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RPL. However, the C allele and CC genotype indicate a pro-
tective effect against this pathology (Table 4).

The G894T allelic variant of the NOS3 gene showed a
protective effect against the development of RPL. Thus, the
894T allele may be predisposing to the occurrence of this
pathology (Table 4).

A statistically significant high frequency of the 634C allele
and CC and CG genotypes of the G634C polymorphic variant
of the VEGF gene, as well as the 936T allele and CT and TT
genotypes of the C936T polymorphic markers of the VEGF
gene, were significantly more frequent in the RPL group
(Tables 3 and 4). Therefore, the CT and TT genotypes of the
C936Tallelic variant of the VEGF gene, as well as the CC and
GC genotypes of the G634C polymorphism of the VEGF
gene, are related to the risk of RPL in Tomsk women.

Thus, the G894T polymorphic variant of the NOS3 gene,
C677T of the MTHFR gene, and C936T and G634C of the
VEGF gene can be considered as genetic factors associated
with an increased predisposition to RPL and are involved in
the development of hypercoagulation and endothelial dys-
function in Russians during pregnancy.

Gene–gene interaction in studied RPL candidate
genes and RPL risks with different genotype
combinations

The gene–gene interaction of the RPL candidate genes was
analyzed by MDR. Because of MDR analysis, two models
were identified to predict the risk of RPL (Table 5).

The combination of two allelic variants C936T and G634C
of the VEGF gene (Fig. 1) demonstrates 10 out of 10 consis-
tent cross-validations (p = 0.001). The balance accuracy of the
entire model was 67.97%, the sensitivity was 60.34%, and the
specificity was 75.59% (p < 0.0001).

Figure 1 shows that the СС/СС, CG/CT, CC/CT, GG/TT,
CG/TT, and CC/TT (VEGF G634C/C936T, respectively) ge-
notype combinations are predisposing factors for RPL devel-
opment in Tomsk women. GG/CC, GG/CT, and CG/CC com-
binations are a low-risk factor for the development of RPL.

To assess the significance of this model, we analyzed LD
between the investigated SNPs of the VEGF gene. It was
determined that, in the study groups, C936T (rs3025039)
and G634C (rs2010963) loci of the VEGF gene were not
linked to each other (D′ = 0.05l, r2 = 0.002 for the control
group; D′ = 0.012, r2 = 0.001 for the RPL group).

Notably, while comparing the study groups, statistical-
ly significant differences were shown for five of the nine
genotype combinations (Table 6). А significant increase in
the frequency of the 936CT-634CC genotype combina-
tions was detected in the RPL group compared with that
in the controls. This genotype combination increased the
risk of RPL by more than fourfold (OR = 4.75), while the
odds ratio of each of these genotypes (936CT and 634CC)
was significantly lower (OR = 1.85 and 2.59, respectively)
(Table 3). The risky genotype combinations of 936CT-
634CG (OR = 2.67) and 936TT-634GG (OR = 4.30) were
also found. The genotype combinations 936CC-634GG
and 936CC-634CG reduced the risk of RPL and showed

Table 1 Characteristics of the
RPL and control group RPL group Control group p value*

Age (year) (range) 29.5 ± 4.5 (19–44) 27.3 ± 4.6 (18–38) 0.239

BMI (kg/m2) (range) 23.8 ± 4.7 (20–27) 24.2 ± 4.1 (20–27) 0.788

Weeks of early fetal losses, median (range) 8.7 ± 1.1 (3–20) 0 0.001

Number of RPL (range) 2.6 ± 0.8 (2–6) 0 0.001

Number of pregnancies (range) 2.8 ± 0.9 (2–6) 2.2 ± 0.73 (2–4) 0.001

p < 0.05 is considered statistically significant

*Student’s t test was used to compare the age in patients and controls, while χ2 analysis was used to compare the
other parameters

Table 2 Genes and variants
analyzed in this study Gene name Chromosome SNP (rs#) Localization SNP in the gene Alleles

ACE 17q22-q24 I/D (rs4646994) 16 intron I/D

MTHFR 1p36.3 C677T (rs1801133) 5 exon С/T

SERPINE1 7q21.3-q22 5G/4G (rs1799889) 5′-UTR 4G/5G

NOS3 7q36 G894T (rs1799983) 7 exon G/T

VEGF 6p21.3 C936T (rs3025039) 3′-UTR C/T

G634C (rs2010963) 5′-UTR G/C

TP53 17p13.1 G215C (rs1042522) 4 exon G/C
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a protective effect (OR = 0.55 and OR = 0.27, respective-
ly) (Table 6).

Interestingly, in the study groups, there was no geno-
type combination that included all mutant alleles
(936TT-634CC). It can be assumed that individuals
who inherit all mutant alleles from these polymorphic
variants are less likely to survive. However, this as-
sumption requires further investigation in a more repre-
sentative sample.

A model comprising six polymorphic variants of the
SERPINE-1, ACE, NOS3, MTHFR, and VEGF genes
(Table 7) showed a cross-validation consistency of 9 of 10
(p = 0.001). The total balance accuracy was 87.19%, with a
sensitivity of 87.93% and a specificity of 86.44%
(p < 0.0001).

Within this model, 258 of 729 possible combinations
of genotypes were found in the study groups. Thirty-four
combinations found in at least one of the study sample

Table 3 Distribution of allele and
genotype frequencies in the study
group

SNPs (genes) Genotypes/alleles RPL, n = 253 Controls, n = 339 p1

Percentage

C677T (MTHFR) CC 51 62 0.01*
CT 39 33

TT 10 5

T 29 22 0.003*

р2 0.58 0.56

I/D (ACE) II 25 25 0.97
ID 51 52

DD 24 23

D 49 49 0.85

р2 0.65 0.44

G894T (NOS3) GG 39 49 0.03*
GT 46 41

TT 15 10

T 38 31 0.008*

р2 0.78 0.38

G215C (TP53) CC 10 9 0.62
CG 39 43

GG 51 48

C 29 31 0.53

р2 0.35 0.94

G634C (VEGF) CC 19 8 0.001*
CG 44 36

GG 37 56

C 41 26 0.001*

р2 0.13 0.13

C936T (VEGF) CC 43 64 0.001*
CT 44 30

TT 13 6

T 35 21 0.001*

р2 0.71 0.13

4G/5G (SERPINE-1) 4G/4G 30 32 0.61
4G/5G 55 51

5G/5G 15 17

5G 42 43 0.99

р2 0.08 0.57

n number of people in the group
1 Chi-square test with Yates’ correction or Fisher’s exact test and the level of significance (p) were obtained by
comparing the genotype and allele frequency in the controls and patients with RPL
2 The level of significance achieved while estimating the compliance with Hardy–Weinberg equilibrium

*Statistically significant difference between the study groups

720 J Assist Reprod Genet (2019) 36:717–726



groups with a frequency of more than 1% were selected
for further analysis. Statistically significant differences
were shown for 4 of the 34 analyzed genotype combina-
tions (Table 7). The odds ratio (OR) and confidence in-
terval (95% CI) could be calculated only for three combi-
nations of genotypes because, in both groups, the number
of observations was different from 0 [34]. In the RPL
group compared with the control group, we detected an
increase in the frequency of B and C combinations. It was
found that the risk of RPL was increased by almost nine-
fold in the C genotype combination and fivefold in the
case of the B genotype combination. The A genotype
combination had a protective effect because it reduced
the risk of this disease (Table 7).

While analyzing this interaction model of the studied loci, a
few significant genotype combinations were obtained. This
can be explained by the small sample size that arises in

multiple testing due to the increase in the number of sub-
groups as the number of interacting genes in the training sam-
ple increases. The inclusion of the 4G/5G allelic variant of the
SERPINE-1 gene and I/D polymorphism of the ACE gene is
notable because they did not demonstrate the association with
RPL during the analysis at the level of individual loci.

The MDR software capacity makes it possible to present
the contribution of each SNP to the risk of RPL development
in the form of a dendrogram and assess the nature of gene–
gene interactions (Fig. 2).

Based on this dendrogram, gene–gene interactions with an
apparent synergic effect were found between the I/D markers
of the ACE gene, 5G/4G of the SERPINE-1 gene, and G215C
of the TP53 gene. At the same time, gene–gene interactions
between the C677T locus of the MTHFR gene, G894T of the
NOS3 gene, and C936T and G634C of the VEGF gene were
additive in the risk of developing RPL in Russian women.

Table 4 Results of the odds ratio
of the polymorphic variants of the
MTHFR, NOS3, and VEGF
genes

SNPs (genes) Genotypes/alleles OR (95% CI) p value

C677T (MTHFR) T allele vs. C allele 1.49 (1.15–1.94) 0.003*

TT vs. CC+CT genotype 2.01 (1.08–3.75) 0.03*

CT vs. CC+TT genotype 1.27 (0.91–1.78) 0.15

C allele vs. T allele 0.67 (0.52–0.87) 0.003*

CC vs. TT+CT genotype 0.66 (0.47–0.91) 0.03*

G894T (NOS3) T allele vs. G allele 1.39 (1.09–1.77) 0.009*

TT vs. GG+GT genotype 1.50 (0.92–2.46) 0.14

GT vs. GG+TT genotypes 1.27 (0.91–1.76) 0.19

G allele vs. T allele 0.72 (0.57–0.92) 0.009*

GG vs. TT+GT genotype 0.66 (0.47–0.92) 0.02*

G634C (VEGF) C allele vs. G allele 1.97 (1.53–2.52) 0.001*

CC vs. GG+GC genotype 2.59 (1.57–4.27) 0.0002*

GC vs. GG+CC genotype 1.41 (1.01–1.98) 0.04*

G allele vs. C allele 0.51 (0.40–0.65) 0.001*

GG vs. CC+GC genotype 0.46 (0.33–0.65) 0.001*

C936T (VEGF) T allele vs. C allele 2.06 (1.58–2.68) 0.001*

TT vs. CC+CT genotype 2.44 (1.35–4.41) 0.004*

CT vs. CC+TT genotype 1.85 (1.31–2.60) 0.0006*

C allele vs. T allele 0.49 (0.37–0.63) 0.001*

CC vs. TT+CT genotype 0.42 (0.30–0.58) 0.001*

*Statistically significant differences between the alleles and genotypes

Table 5 Characteristics of the
gene–gene interaction models of
the investigated polymorphic
markers

Model Tr. Bal. Acc Ts. Bal. Acc Se Sp CV Cons p value

C936T и G634C VEGF 0.6797 0.6739 0.6034 0.7559 10/10 0.001

5G/4G SERPINE-1; I/D
ACE; G894T NOS3;
C677T MTHFR;
C936T и G634C VEGF

0.8792 0.5914 0.8793 0.8644 9/10 0.001

Tr. Bal. Acc training balanced accuracy, Ts. Bal. Acc tested balanced accuracy, Semodel sensitivity, Sp specificity,
CV Cons cross-validation
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Discussion

As already mentioned in this paper, the T allele and TT geno-
type of the C677T polymorphic variant of the MTHFR gene
were associated with an increased risk of RPL. It should be
noted that, despite the large number of studies devoted to the
connection between the C677T allelic variant of the MTHFR
gene and RPL, there remains no unanimous consent on this
issue. According to several meta-analyses, the C677T genetic
variant contributes to the RPL susceptibility [14, 15].
However, other studies have not found a link between the
C677T allelic variant of the MTHFR gene and idiopathic
RPL [35, 36]. The study conducted in the Slovak and
Romani populations confirmed the variable distribution of
the C677T polymorphism in different ethnic groups, as well
as its various effects on the clinical phenotype of patients with
obstetric complications [37]. It is known that the non-

synonymous replacement of C677Tof theMTHFR gene leads
to a significant decrease in the activity of MTHFR due to the
replacement of alanine with valine in the place of the binding
of this enzyme to flavin-adenine dinucleotide cofactor. This
variant is of a great interest because of some pathological
conditions leading to the accumulation of homocysteine in
the body and damage to vascular endothelia, followed by in-
travascular coagulation and the development of several gesta-
tional complications, including RPL [16].

In this study, the connection between RPL and the G894T
allelic variant of theNOS3 genewas also recorded. It is known
that the G894T polymorphism of the NOS3 gene is a substi-
tution of guanine for thymine at position 894 of exon 7 of the
NOS3 gene, leading to the replacement of glutamine by aspar-
agine in the oxygenase domain of the enzyme and change in
its catalytic activity [28]. It has been shown that the G894T
variant of the NOS3 gene causes a decrease in NO synthase
activity, bioavailability of nitric oxide (NO), and NO decrease
in plasma [38]. The pathogenetic role of endogenous NO in
RPL patients is associated with the development of endothe-
lial dysfunction, both in the maternal body and fetoplacental
complex [17]. Thus, significant differences in NO synthase
activity and the NO level in the plasma and endometrium of
women with RPL are shown when comparing these parame-
ters with the control group [39, 40]. Considering the signifi-
cant role of NO synthase and nitric oxide in angiogenesis,
vascular tone control, and antithrombotic effects in the endo-
metrium during decidualization and in the placenta in the early
stages of pregnancy, changes in the gene coding for endothe-
lial NO synthase can serve as potential factors of predisposi-
tion to RPL [17].

Several meta-analyses revealed a close relationship be-
tween the G894T variant of the NOS3 gene and idiopathic
RPL [10, 17, 18]. In the Chinese, there was a significant re-
duction in the 894G allele frequency in patients with RPL
[41], corresponding to data obtained in Indian populations
[38], Koreans [42], and the present study. Additionally, Shin
et al. found that the 894TT genotype of the NOS3 gene was
significantly more common in the RPL group than in the con-
trol group (OR = 2.39; CI 1.25–4.58; p = 0.008) [42]. We also
recorded a higher frequency of this genotype in the RPL group
than in the control group (15% and 10%, respectively), but

Fig. 1 Distribution of the genotype combinations of polymorphic
variants C936T and G634C of the VEGF genes in the group of RPL
patients and in the controls: dark gray cells, RPL high-risk genotypes;
gray cells, low-risk genotypes; left columns, patients with RPL; the right
columns, controls

Table 6 Frequency of the
statistically significant genotype
combinations of the VEGF gene
in the RPL and control groups

Genotype combination
(C936T-G634C)

RPL group (n = 253) Controls (n = 339) р level OR (95% confidence
interval (CI))Percentage

CC-GG 13.2 36.3 0.001 0.55 (0.33–0.91)

CC-CG 14.4 23.4 0.025 0.27 (0.16–0.44)

CT-CG 26.4 11.9 0.0001 2.67 (1.64–4.35)

CT-CC 10.3 2.4 0.005 4.75 (1.95–11.61)

TT-GG 7.4 1.7 0.008 4.30 (1.49–12.41)

n number of people in the group
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these differences were not statistically significant. It is impor-
tant to note that the results of some studies devoted to the
analysis of the association of G894T polymorphism of
NOS3 gene with RPL do not reveal the connection between
this genetic marker and this pathology [20, 43].

As shown above in this study, association with RPL has
also been established for G634C and C936T markers of the
VEGF gene. The data obtained indicate that the T allele and
CT and TT genotypes of the C936T polymorphism of the
VEGF gene, as well as the CC and GC genotypes and allele
of the G634C polymorphism of the VEGF gene, are RPL risk
factors in the Russian population. Similar results were illus-
trated in the paper written by Xu et al. [21]. The meta-analysis
involving 1832 patients with RPL and 2271womenwith good
obstetric history demonstrated the connection between RPL
and the C allele (OR = 1.16, CI 1.03–1.31, p = 0.01) and CC
genotype (OR = 1.36, CI 1.06–1.74, p = 0.02) of the G634C
polymorphic variant. Additionally, it was found that the C
allele (OR = 0.72, CI 0.56–0.93, p = 0.01) and CC genotype
(OR = 0.69, CI 0.53–0.89, p < 0.005) of the C936T variant
have protective properties for the development of RPL [35].
At the same time, in some scientific studies, the links between
the C936T and G634C variants of the VEGF gene and LPR
were not found [44–46].

It is known that the vascular endothelial growth factor
(VEGF) plays a key role in regulating angiogenesis because

it increases vascular permeability and is the main chemotactic
and mitogenic stimulus for endotheliocytes. The above-listed
properties determined the significance of VEGF in both the
embryonic development processes and maternal vascular ad-
aptation to pregnancy [47, 48]. An association was found
between the G634C and C936T polymorphic variants of the
VEGF gene located respectively in the 5′ and 3′-untranslated
regions of this locus and the variability of its transcript level
[49, 50]. It was shown that the violation of VEGF gene ex-
pression in the placental tissue can lead to perfusion abnor-
malities in the endometrium, resulting in several unfavorable
pregnancy outcomes, including RPL, fetal death, fetal growth
retardation, and pre-eclampsia [51].

When we compared the RPL and control groups, no statis-
tically significant differences were found in the distribution of
the allele and genotype frequencies of the G215C variants of
the TP53 gene, 4G/5G polymorphism of the SERPINE-1
gene, and I/D polymorphism of the ACE gene. Accordingly,
gene–gene interaction analysis was chosen in this study to
identify the possible joint effects of these Bnonsignificant^
SNPs in association with RPL. Using MDR, we demonstrated
the complementary genetic interaction and contributed risk of
different genotype combinations in the ACE-SERPINE-1 sys-
tem on RPL (Tables 5 and 7, Fig. 2).

It was established that the product of the SERPINE-1/PAI-1
gene is a key regulator of proteolysis and remodeling of the

Table 7 Frequency of statistically
significant combinations of the
VEGF, MTHFR, SERPINE-1,
NOS3, and ACE locus genotypes
in the study groups

Gene combinations C936T-G634C-
C677T-4G/5G-G894T-I/D

RPL group (n = 253) Controls (n = 339) p value
(Fisher’s
ratio test)

Percentage

A 936CC-634GG-677CT-4G/5G-894GG-ID 0.6 3.4 0.015

B 936CT-634CG-677TT-4G/5G-894GT-II 2.9 0.3 0.041

C 936CT-634CG-677TT-4G/5G-894GT-DD 5.2 0.7 0.016

D 936CC-634GG-677CC-4G/5G-894GG-II 0 2.7 0.029

n number of people in the group

Fig. 2 Dendrogram of gene–gene interactions of MTHFR C677T,
SERPINE-1 5G/4G, ACE I/D, NOS3 G894T, TP53 G215C, VEGF
C936T loci, and G634C in cases of RPL. Note: The long lines in the
dendrogram describe a weak relationship between the markers. The short
lines connecting the two predictors reflect the strong interaction between

the markers. The type of each line indicates the type of interaction: the
dashed line represents synergistic interactions—i.e., complementarity
between the SNPs of the studied genes; the solid line represents an
independent effect, and the dotted line describes an additive effect—i.e.,
the effect of the polymer of each predictor
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maternal tissues during the invasion of trophoblast [22].
Homozygotes for the 4G allele have more PAI-1 in plasma
than heterozygotes and homozygotes for the 5G allele.
Hyperexpression of PAI-1 may act as a major inhibitor of
fibrinolysis and lead to the weakening of fibrinolytic function,
which may be one of the causes of early pregnancy loss [52,
53]. Based on the data of the meta-analysis performed by
Chen and colleagues, the 4G/4G genotype predisposes to the
development of RPL in Asians (OR = 2.12; CI 1.20–3.76) and
Africans (OR = 4.48; CI 2.38–8.43) but not in Europe and the
USA. The study included 3864 women with RPL and 2208
women with a normal pregnancy [23]. These data were con-
firmed by the studies of Subrt and colleagues, who established
that 4G/4G homozygotes predominate among women with
RPL who have 2 miscarriages (37.5%) and 3–8 miscarriages
(37.7%) compared with the controls (13.5%) (p = 0.002) [54].
However, in a recent case–control study, Kim et al. could not
prove the relationship between the -675 4G/5G polymorphic
variant of the SERPINE-1 gene and RPL [55].

The Alu-element of the ACE gene, consisting of 287
base pairs, is associated with the expression of
angiotensin-converting enzyme (ACE) in various tissues:
the minimum level of this enzyme occurs in carriers of the
I/I genotype, whereas its maximum content is noted in
individuals with the D/D genotype. It is suggested that
the influence of this polymorphic variant on the variabil-
ity of the ACE level and function of the renin–angioten-
sin–aldosterone system is associated with a change in the
regulation of ACE gene expression [18]. Additionally, an
association was demonstrated between the D allele of the
ACE gene and increased resistance of the uterine arteries,
a marker of fetal growth restriction [56]. There are also
data on the association between the I/D variant of the
ACE gene and RPL. Thus, women with the DD or ID
genotype in the investigated allelic variant were reported
to be more prone to develop RPL in early pregnancy [22].
According to the meta-analysis including 1264 patients
with RPL and 845 women in the control group, the D
allele was found to increase the risk of RPL in Asian
populations by 1.7 fold (OR = 1.69, CI 1.06–2.36) and
in representatives of European ethnicity by twofold
(OR = 2.06, CI 1.46–2.91) [20]. Another meta-analysis
of the relationship between the I/D polymorphism of the
ACE gene and RPL in 1766 women with RPL and 1591
women with a normal pregnancy established that the ge-
notypes of DD and ID are predisposing factors of RPL
development in Europeans and East Asians (OR = 1.81,
95% CI 1.23–2.66, p = 0.003 and OR = 1.50, 95% CI
1.25–1.80, p < 0.001, respectively) [24].

It is well known that ACE plays an important role in
the control of the fibrinolytic process [57]. The D/D ge-
notype the ACE gene enhances the production of angio-
tensin II from angiotensin I and is associated with high

levels of circulating PAI-1 due to reduced levels of fibri-
nolysis [57, 58]. Both the PAI-1 4G and ACE D variants
may compromise placental formation and trophoblast in-
vasion because of increased PAI-1 expression and con-
comitant reduced fibrinolytic activity [59, 60]. In this con-
text, the results of a study by Buchholz et al. (2003) are of
great interest. They demonstrated that the risk of RPL
development before the 25th week of pregnancy signifi-
cantly increases in women of European ethnicity who are
homozygous for the D allele of the ACE gene and the
SERPINE-1 4G allele [61].

There are some limitations in our study. We could not mea-
sure the serum levels of the vascular endothelial growth factor,
methylenetetrahydrofolate reductase, and endothelial nitric
oxide synthase in the patient cases and control women; there-
fore, the functionality of this association could not be ad-
dressed as well as genotype–phenotype correlations. The sam-
ple size was relatively small, thereby attenuating the power of
the statistical significance. Thus, the MDR method was intro-
duced to identify gene–gene interactions that are associated
with idiopathic RPL. The MDR method reduces high-
dimensional genetic data into a single dimension, permitting
gene–gene or gene–environmental interactions to be detected
in relatively small sample sizes. Larger genetic studies in dif-
ferent populations are warranted to confirm these findings.

In conclusion, we observed that the genotypes 677TT
of MTHFR gene, 936TT, 936CT, and 634CC, 634GC of
the VEGF gene, and allele 894T of the NOS3 gene are
associated with the predisposition to RPL in the Russian
population. One of the strengths of our study is that it was
sufficiently powered and that RPL cases and control
women were matched according to ethnicity, reducing
the problems of ethnic differences inherent in genetic as-
sociation studies. Another strength is the significant role
of the additive and epistatic effects of the gene–gene in-
teractions of the SNPs of the SERPINE-1, ACE, NOS3,
MTHFR, and VEGF genes on RPL. The above results
indicate a more informative assessment of the risk of de-
veloping miscarriage by the analysis of a combination of
genotypes of several allelic variants compared with data
obtained at the level of individual polymorphic markers.
These studies support the hypothesis that vasculogenesis
dysfunction and thrombophilia during embryogenesis,
which are promoted by gene alteration, may affect preg-
nancy and the predisposition to RPL. Our study added
further evidence that RPL is a polygenic disease, implying
that these polymorphisms are potential markers for RPL
Further studies of gene–gene interactions in the structure
of the susceptibility to RPL can be the basis to gradually
fill the gaps in the missing heritability of this pathology.
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