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Abstract: Objective: We investigated the possible modifying effect of obesity on the association of
matrix metalloproteinase (MMP) gene polymorphisms with breast cancer (BC) risk. Methods: A total
of 1104 women divided into two groups according to their body mass index (BMI): BMI ≥ 30 (119 BC,
and 190 control) and BMI < 30 (239 BC, and 556 control) were genotyped for specially selected
(according to their association with BC in the previous study) 10 single-nucleotide polymorphisms
(SNP) of MMP1, 2, 3, 8, and 9 genes. Logistic regression association analysis was performed in
each studied group of women (with/without obesity). Functional annotation of BC-correlated MMP
polymorphic variants was analyzed by in silico bioinformatics. Results: We observed significant
differences in the involvement of MMP SNPs in BC in obese and non-obese women. Polymorphic
loci MMP9 (c.836 A > G (rs17576) and c. 1721 C > G (rs2250889)) were BC-protective factors in
obese women (OR 0.71, allelic model, and OR 0.55, additive model, respectively). Genotypes
TT MMP2 (c.-1306 C > T,rs243865) and AA MMP9 (c. 1331-163 G > A,rs3787268) determined BC
susceptibility in non-obese women (OR 0.31, and OR 2.36, respectively). We found in silico substantial
multidirectional influences on gene expression in adipose tissue BC-related polymorphic loci: BC
risk allele A-rs3787268 in non-obese women is associated with low expression NEURL2, PLTP, RP3-
337O18.9, SPATA25, and ZSWIM1, whereas BC risk allele A-rs17576 in obese women is associated
with high expression in the same genes in visceral and/or subcutaneous adipose. Conclusions: our
study indicated that obesity has a significant modifying effect on the association of MMP genes with
BC risk in postmenopausal women.
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1. Introduction

Breast cancer is a malignant tumor that is formed from the epithelial structures of
the breast [1]. According to the data published in 2020 by the International Agency for
Research on Cancer, BC is the most frequently diagnosed cancer in women in comparison
with all other types of oncopathology; it accounts for 24.5%, and 2.3 million new cases
of the disease are registered annually in the world [2]. In the structure of mortality of
the female population in the world as a whole, the BC proportion is 15.5% (annually this
malignant tumor is the cause of death of 685,000 women) [3].

According to modern ideas, hereditary factors play an important role in BC forma-
tion [4–6]. Based on large-scale twin studies conducted in European populations, it was
shown that the cause of almost one third of all cases of the disease (31%) is genetic factors [4].
As a result of the BC genome-wide association study (GWAS), about 200 different genetic
factors (polymorphisms) have been identified with the disease (GWAS catalog data), which
are associated with 18% of BC heritability [5]. Thus, a significant number of the hereditary
factors (≈40%) determining BC development remain unknown to date, which determines
the relevance of further research on this theme.
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Among the BC candidate genes whose connection with the disease a priori have a
“serious” pathophysiological justification, the genes of MMP occupy a special place [7–9].
Proteins controlled by these genes, due to their pronounced functional effects aimed at
the processes of remodeling of the extracellular matrix [10], are important in BC biology,
affecting the tumor growth and metastasis processes [10,11]. Convincing data have been
obtained on the association of the production of a number of MMPs in the lesion with the
induction of tumor growth and invasion, its more active metastasis, and poor survival
in patients with BC [7,10,12]. However, at the same time, despite a fairly large number
of association studies on the relationship of MMP gene polymorphism conducted at the
moment (the PubMed/MEDLINE database contains materials from more than 50 such
studies), the results of these studies are ambiguous and often do not agree with each
other [13–19], etc. For example, among four genetic studies of the association of c.259 T > C
(rs1940475) MMP8 with BC, only one study established its association with the disease
(BC metastasis) [13], whereas in three studies reliable data on the involvement of this
polymorphism in BC formation were not obtained [14–16].

The literature data indicate a relation between BMI and BC [20–24]. However, in spite
of the considerable accumulated factual material on this problem, there is no unambiguous
assessment of the nature of the link between BMI and BC in the modern literature. A number
of studies have shown positive correlations between BMI and BC [20,21,23]. For example,
a meta-analysis conducted by Liu et al. showed an increase in BC risk of 2% for each
5 kg/m2 BMI increased [23]. On the contrary, in several other studies, including those
based on Mendelian randomization, negative associations between BMI and BC have been
demonstrated [22,24]. It is hypothesized that the premenopausal/postmenopausal status of
patients and the BMI-associated estrogen level in these women has an immediate influence
on the association features of BMI with BC [23,24]. Therefore, it is obvious that BMI has a
significant impact on susceptibility to BC, but the nature/mechanism (including genetic) of
this relationship is not fully understood.

At the same time, it is important to emphasize that despite: (a) BMI involvement in
BC formation [20–24], (b) a significant association of the MMP gene polymorphic loci with
BC [13,17–19], and (c) correlations of MMP gene polymorphisms and the MMP protein
level with obesity and obesity-related phenotypes (blood pressure, endothelial dysfunction,
metabolic syndrome, etc.) [25–29], an integrated comprehensive genetic and bioinformatic
analysis of the MMP gene association features with BC in obese/non-obese women has not
been carried out.

We investigated the possible modifying effect of obesity on the association of MMP
gene polymorphisms with BC risk.

2. Materials and Methods
2.1. Study Subjects

This «case-control» study was approved by the Local Medical Ethical Committee of
the Belgorod State University of Russia, and signed informed consent was obtained from
all participants. A total of 1104 women were divided into 2 groups according to their
BMI: BMI ≥ 30 (119 BC, and 190 control) and BMI < 30 (239 BC, and 556 control) were
consecutively recruited between March 2010 and December 2016 at the Belgorod Regional
Oncological Dispensary (BC group) and Saint Ioasaph Belgorod Regional Clinical Hospital
(control group) of Russia. Body Mass Index was computed as proportion of weight of body
(in kilograms) to height (in squared meters) (kg/m2). We used well-known World Health
Organization categories of BMI: < 18.5 (underweight), 18.5–24.9 (normal weight), 25.0–29.9
(overweight), and ≥30 (obese). Breast cancer was diagnosed by histological examination.
The control group had no BC, cancer history, or clinically serious vital organ disorder.
All cases and control group women were born (living) in the Central Region of the Russian
Federation and were Caucasian [30,31].
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2.2. Single-Nucleotide Polymorphism Selection and Genotyping

Genomic deoxyribonucleic acid (DNA) was extracted from peripheral venous blood
samples (≈4–5 mL) [32] according to previously presented phenol-chloroform protocol [33].
Purity and concentration of DNA samples were assessed by spectrophotometer (Nanodrop
2000, Thermo Scientific, Waltham, MA, USA) [34].

Ten polymorphic loci of the five MMP genes, such as c.-1607 2G > 1G (rs1799750)
MMP1, c.-1306 C > T (rs243865) MMP2, c.133 C > T (rs679620) MMP3, c.259 T > C (rs1940475)
MMP8, c.-1562 C > T (rs3918242) MMP9, c.139-369 T > C (rs3918249) MMP9, c.836 A > G
(rs17576) MMP9, c. 1331-163 G > A (rs3787268) MMP9, c. 1721 C > G (rs2250889) MMP9,
and c.2003 G > A (rs17577) MMP9 were selected from previous BC association stud-
ies (Supplementary Table S1) [13–16], etc., and the assessment of their functional value
(Supplementary Table S2) [26,27,29,35–38].

The CFX96 Real-Time polymerase chain reaction System (company of Bio-Rad) was
used for DNA sample genotyping; the experimental data obtained were managed using
CFX-Manager™ Software [39]. Duplicate testing of a randomly selected five percent of
DNA samples was performed for quality control of the experimental data [40]. The data of
re-genotyping almost completely coincided with the data of primary genotyping (the error
rate was 0.5%).

2.3. Statistical and Bioinformatics Analysis

We conducted a comparative analysis between the observed and expected (according
to the Hardy–Weinberg equilibrium (HWE)) allele/genotype frequencies for all considered
loci among patients and in the control in two studied groups (BMI ≥ 30, and BMI < 30).
For the purpose of evaluation of the possible modifying effect of obesity on the association
of MMP gene polymorphisms with BC risk, we performed association analysis separately
in each studied group of women (BMI ≥ 30, and BMI < 30). Covariates included in the
logistic regression association models (additive, recessive, dominant, allelic) were age,
and BMI. All statistical genetic computations were executed using gPLINK (Java-based
software package) [41], resulting in calculated parameters of odd ratios and their confidence
intervals (OR and 95% CI, respectively) [42]. In our work, an adaptive permutation testing
(for correction, for multiple comparisons) was made [43]. Taking into account the results of
the permutation test, the pperm level of <0.05 was considered statistically significant [44].

The functional annotation of BC-correlated MMP polymorphic variants was analyzed
by in silico bioinformatics [45,46]. Based on publicly available databases such as HaploReg,
GTExportal, PolyPhen-2, SIFT, and GeneMANIA [47–50] widely used in genetic research,
we appreciated eQTL (expression quantitative locus), sQTL (splicing quantitative locus),
and epigenetic, non-synonymous effects of BC-associated SNPs [51,52], including the
functional effects of these loci in adipose tissue.

3. Results

The baseline (phenotypic) parameters of case (BC) and control (cancer-free) subjects in
both examined BMI-difference groups (BMI ≥ 30, and BMI < 30) are listed in Table 1. The av-
erage age of both BC patients and control individuals with BMI ≥ 30 was much higher
(by more than five years) compared to individuals with BMI < 30, due to a higher propor-
tion of subjects aged ≥50 years old among them (by 1.16 times) (Table 1). Also, among
individuals with a BMI ≥ 30, the percentage of postmenopausal women was ≈10% higher
and reached 74 (control)—75 (case) %. The patients’ BMI was higher than in the control in
both investigated cohorts (BMI ≥ 30, and BMI < 30). Importantly, patients with BC, com-
pared with the control, both in the BMI ≥ 30, and BMI < 30 groups, had higher fasting blood
glucose, total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and triglyceride
(TG) levels, and lower high-density lipoprotein cholesterol (HDL-C) (Table 1). At the same
time, in both the BC and control groups with BMI ≥ 30, the parameters of blood glucose,
TC, LDL-C, and TG were increased and parameter HDL-C was decreased in comparison
with similar indicators in patients and controls with BMI < 30. Both BC-studied groups
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(BMI ≥ 30 and BMI < 30) were dominantly subjected to the T0-T2 clinical tumor stage (79%
and 72%, respectively), and the main pathological cancer parameters were ductal carcinoma
(95%, and 94%), estrogen receptor (ER) positive (69%, and 64%), progesterone receptor (PR)
positive (62%, and 57%), and histological grade G1/G2 (70%, and 67%) (Table 1).

The materials presented in Supplementary Table S3 (BMI < 30 subjects) and
Supplementary Table S4 (BMI ≥ 30 subjects) show minor allele frequencies and geno-
type distribution of investigated SNPs in both BC and BC-free groups, and demonstrate
they satisfy the Hardy–Weinberg equilibrium (Bonferroni correction for the number of
studied loci is introduced; the threshold value of pbonf is at least 0.005(0.05/10)).

We found differences in the link of the examined MMP genes’ polymorphic loci with
BC in the studied groups with BMI < 30 and BMI ≥ 30. Two SNPs of the MMP2 and
MMP9 genes (c.-1306 C > T,rs243865, and c. 1331-163 G > A,rs3787268, respectively),
were associated with the disease among BMI < 30 subjects, and the other two loci of the
MMP9 gene (c.836 A > G,rs17576, and c. 1721 C > G,rs2250889) were disorder-correlated
among the BMI ≥ 30 women (Table 2).

The individuals carrying the minor c.-1306 TT (rs243865) MMP2 genotype had a 69%
lower BC risk than individuals with the c.-1306 CC + CT (rs243865) MMP2 genotypes (reces-
sive model, ORrecessive = 0.31 95% CIrecessive 0.09–0.99 precessive = 0.043 pperm(recessive) = 0.045),
while the women carriers of the minor c.1331-163 AA (rs3787268) MMP9 genotype had a
more than two times higher risk of BC than subjects with 1331-163 GG + GA (rs3787268)
MMP9 genotypes (recessive model, ORrecessive = 2.36 95% CIrecessive 1.12–4.97 precessive = 0.024
pperm(recessive) = 0.025) among BMI < 30 individuals (Table 2).

Among BMI ≥ 30 subjects, BC protective alleles were c.836 G (rs17576) and c. 1721 G
(rs2250889) MMP9. The individuals carrying these minor allelic variants had a 29% (allelic
model, ORallelic = 0.71 95% CIallelic 0.50–1.00 pallelic = 0.047 pperm(allelic) = 0.049) and 45%
(additive model, ORadditive = 0.55 95% CIadditive 0.31–0.98 padditive = 0.042 pperm(additive) = 0.043)
lower BC disorder risk, respectively, than individuals with reference alleles in these loci
(A,rs17576 and C,rs2250889) (Table 2). Haplotype analysis with covariate adjustment and
permutation procedure revealed no significant associations in either the BMI ≥ 30 or the
BMI < 30 cohorts (ppermut > 0.05).

In Silico Functionality Analysis, BC Involved SNPs

Breast cancer-associated SNPs in the BMI < 30 group. According to HaploReg bioinfor-
matic data, both BC-correlated MMP SNPs, c.-1306 C > T (rs243865) MMP2, and c. 1331-163
G > A (rs3787268) MMP9, possessed weighty epigenetic effects (Supplementary Table S2)
and had the potential to influence chromatin structure (DNase footprint/peaks), transcrip-
tion factors Myf (rs243865) and Sox,HDAC2,Mef2,Pou1f1,p300,Zfp105 (rs3787268) binding
(Supplementary Table S5) and transcriptional regulation by promoter/enhancer. Impor-
tantly, c.-1306 C > T (rs243865) MMP2 was placed in DNA promoter/enhancer regions
in adipose culture cells: adipose nuclei (Epigenome ID: E063, Mnemonic: FAT.ADIP.NUC),
adipose-derived mesenchymal stem cell cultured cells (Epigenome ID: E025, Mnemonic:
FAT.ADIP.DR.MSC), and mesenchymal stem cell-derived adipocyte cultured cells (Epigenome
ID: E023, Mnemonic: FAT.MSC.DR.ADIP) (HaploReg data). Also, c. 1331-163 G > A
(rs3787268) MMP9 had a likely impact of transcriptional regulation in adipose nuclei (this
SNP is localized in the DNA enhancer site).
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Table 1. Phenotypic characteristics of the study participants.

Parameters

BMI ≥ 30 BMI < 30

BC Patients
X ± SD/% (n)

Controls
X ± SD/% (n) p BC Patients

X ± SD/% (n)
Controls

X ± SD/% (n) p

N 119 190 - 239 556 -
Age, years (min–max) 58.97 ± 10.67 (33–84) 58.32 ± 10.08 (31–82) 0.47 53.58 ± 13.12 (28–82) 53.14 ± 12.68 (30–80) 0.63

<50 years 26.89 (32) 28.42 (54)
0.87

37.24 (89) 38.49 (214)
0.8≥50 years 73.11 (87) 71.58 (136) 62.76 (150) 61.51 (342)

BMI, kg/m2 34.95 ± 4.76 33.66 ± 4.12 0.007 27.55 ± 2.85 26.54 ± 2.71 0.01
Age at menarche, years 12.11 ± 1.02 12.32 ± 1.08 0.69 12.57 ± 1.05 12.73 ± 1.07 0.72
Age at menopause, years 48.58 ± 4.13 48.25 ± 4.02 0.63 48.08 ± 4.07 47.88 ± 4.01 0.74
Mensuration status

premenopause 24.37 (29) 26.32 (50)
0.8

35.56 (85) 36.69 (204)
0.82postmenopause 75.63 (90) 73.68 (140) 64.44 (154) 63.31 (352)

Smoker (yes) 20.17 (24) 15.26 (29) 0.34 23.01 (55) 19.96 (111) 0.38

Biochemical parameters

Fasting blood glucose (mmol/L) 8.76 ± 0.89 8.13 ± 0.79 <0.001 6.17 ± 0.75 5.23 ± 0.72 <0.001
TC (mmol/L) 6.34 ± 1.10 5.94 ± 1.05 <0.001 5.26 ± 1.01 4.85 ± 0.94 <0.001
HDL-C (mmol/L) 1.13 ± 0.45 1.25 ± 0.35 <0.001 1.40 ± 0.40 1.48 ± 0.41 <0.001
LDL-C (mmol/L) 4.31 ± 0.95 4.02 ± 0.88 <0.001 3.39 ± 0.79 3.11 ± 0.75 <0.001
TG (mmol/L) 1.98 ± 1.03 1.76 ± 1.01 <0.001 1.38 ± 0.64 1.23 ± 0.56 <0.001

Clinicopathological parameters of BC patients

Stage of the cancer T0-T2—79%, T3-T4—21% T0-T2—72%, T3-T4—28%
Lymph node involvement (N) negative—50%, positive—50% negative—46%, positive—54%
Estrogen receptor (ER) negative—31%, positive—69% negative—36%, positive—64%
Progesterone receptor (PR) negative—38%, positive—62% negative—43%, positive—57%
Human epidermal growth factor receptor 2 (HER2) negative—60%, positive—40% negative—66%, positive—34%
Tumor histological type ductal—95%, lobular—5% ductal—94%, lobular—6%
Tumor histological grade (G) G1/G2—70%, G3—30% G1/G2—67%, G3—33%
Progression absent—68%, present—32% absent—65%, present—35%
Metastasis absent—80%, present—20% absent—77%, present—23%
Death absent—76%, present—24% absent—83%, present—17%

Note: TC—total cholesterol; HDL-C—high-density lipoprotein cholesterol; LDL-C—low-density lipoprotein cholesterol; TG—triglyceride; G1–well-differentiated; G2–moderately
differentiated; G3–poorly differentiated.
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Table 2. Associations of the studied gene polymorphisms with breast cancer among BMI < 30 and BMI ≥ 30 females.

Chr SNP Gene Minor Allele n
Allelic Model Additive Model Dominant Model Recessive Model

OR
95% CI p OR

95% CI p OR
95% CI p OR

95% CI p
L95 U95 L95 U95 L95 U95 L95 U95

Female with BMI < 30

11 rs1940475 MMP-8 T 778 0.94 0.75 1.16 0.546 1.04 0.79 1.37 0.795 0.92 0.59 1.45 0.729 1.20 0.76 1.89 0.432
11 rs1799750 MMP-1 2G 763 1.00 0.80 1.24 0.999 1.09 0.81 1.46 0.562 1.22 0.77 1.94 0.390 1.01 0.61 1.67 0.972
11 rs679620 MMP-3 T 778 0.86 0.69 1.07 0.165 0.80 0.59 1.07 0.126 0.78 0.50 1.23 0.288 0.69 0.42 1.14 0.151
16 rs243865 MMP-2 T 767 0.95 0.74 1.22 0.675 0.79 0.56 1.12 0.191 0.87 0.57 1.32 0.518 0.31 0.09 0.99 0.043
20 rs3918242 MMP-9 T 775 0.95 0.70 1.28 0.730 0.97 0.64 1.45 0.863 0.95 0.60 1.05 0.823 1.06 0.28 3.95 0.936
20 rs3918249 MMP-9 C 771 0.90 0.72 1.13 0.350 1.02 0.76 1.36 0.922 0.97 0.64 1.47 0.886 1.12 0.64 1.96 0.698
20 rs17576 MMP-9 G 778 0.87 0.69 1.09 0.222 0.85 0.63 1.15 0.303 0.88 0.58 1.34 0.559 0.67 0.36 1.28 0.225
20 rs3787268 MMP-9 A 770 1.25 0.97 1.61 0.088 1.36 0.98 1.88 0.065 1.28 0.85 1.93 0.240 2.36 1.12 4.97 0.024
20 rs2250889 MMP-9 G 772 0.79 0.54 1.14 0.207 0.72 0.43 1.19 0.198 0.65 0.37 1.15 0.138 1.07 0.23 5.03 0.936
20 rs17577 MMP-9 A 766 0.98 0.73 1.32 0.912 1.05 0.70 1.56 0.829 1.05 0.67 1.65 0.838 1.09 0.28 4.16 0.906

Female with BMI ≥ 30

11 rs1940475 MMP-8 T 307 1.07 0.77 1.48 0.693 1.06 0.77 1.45 0.736 1.06 0.63 1.76 0.839 1.10 0.64 1.89 0.720
11 rs1799750 MMP-1 2G 303 1.05 0.75 1.45 0.785 1.06 0.77 1.46 0.701 1.29 0.76 2.16 0.345 0.91 0.53 1.57 0.734
11 rs679620 MMP-3 T 306 1.00 0.72 1.39 1.000 1.05 0.75 1.47 0.774 1.01 0.64 1.90 0.732 1.04 0.60 1.78 0.900
16 rs243865 MMP-2 T 304 0.92 0.62 1.37 0.695 0.98 0.66 1.45 0.903 1.03 0.64 1.67 0.894 0.72 0.24 2.11 0.547
20 rs3918242 MMP-9 T 303 1.09 0.72 1.63 0.694 1.06 0.70 1.60 0.797 1.00 0.61 1.63 0.996 1.57 0.48 5.08 0.453
20 rs3918249 MMP-9 C 301 0.83 0.59 1.16 0.271 0.83 0.60 1.16 0.282 0.77 0.47 1.24 0.281 0.81 0.42 1.54 0.522
20 rs17576 MMP-9 G 306 0.71 0.50 1.00 0.047 0.72 0.52 1.01 0.060 0.67 0.42 1.07 0.095 0.61 0.31 1.20 0.156
20 rs3787268 MMP-9 A 308 0.86 0.57 1.30 0.469 0.86 0.56 1.32 0.486 0.80 0.49 1.29 0.358 1.29 0.33 4.98 0.711
20 rs2250889 MMP-9 G 307 0.56 0.31 1.02 0.054 0.55 0.31 0.98 0.042 0.53 0.27 1.01 0.055 0.26 0.03 2.26 0.221
20 rs17577 MMP-9 A 317 0.89 0.58 1.34 0.569 0.86 0.57 1.30 0.468 0.84 0.51 1.38 0.494 0.78 0.25 2.42 0.662

Note: OR–odds ratio; 95% CI—95% confidence interval; All results were obtained after adjustment for covariates; p values < 0.05 are shown in bold.
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Data extracted from GTE x portal demonstrated that both BC-related SNPs, c.-1306 C > T
(rs243865) MMP2, and c. 1331-163 G > A (rs3787268) MMP9, are expression quantita-
tive trait loci, and defined mRNA production levels of nine genes: ZSWIM1, ZNF335,
SLC12A5, RP3-337O18.9, PLTP, NEURL2, CD40, SPATA25 (rs3787268), and RP11-212I21.2
(rs243865) (Supplementary Table S6). It is important that seven of these nine genes are
expressed in adipose tissue, including adipose–visceral (omentum) (ZSWIM1, SLC12A5,
RP3-337O18.9, NEURL2, SPATA25) and adipose–subcutaneous (SLC12A5, RP3-337O18.9,
PLTP, NEURL2, CD40). Interestingly, BC-risk minor allele c.1331-163 A (rs3787268) MMP9 is
associated with low expression in adipose tissue of the absolute majority of the above genes
(β = −0.14–−0.40), and only the eQTL effect of this allele on the CD40 expression is positive
(β = 0.18) (Supplementary Table S6). Besides this, allelic variant c.1331-163 A (rs3787268)
MMP9 has a direct correlation with PLTP splicing level in adipose–subcutaneous (β = 0.36)
and breast–mammary tissue (β = 0.41) (Supplementary Table S7).

Breast cancer-associated SNP in BMI ≥ 30 cohort. Both BC-involved MMP polymor-
phic loci, c.836 A > G (rs17576) MMP9, and c. 1721 C > G (rs2250889) MMP9, are non-
synonymous and lead to the replacement of amino acids (p.Q279R, and p.574P, respectively),
in the MMP9 polypeptide with “benign/tolerated” PolyPhen-2/SIFT prediction classes.

In accordance with HaploReg publically available data, c.836 A > G (rs17576) MMP9,
and c. 1721 C > G (rs2250889) MMP9 are disposed in functionally active genome areas
(DNase sensitive “open” chromatin) and affect allele-specific binding to transcription
factors Pax-4 (rs17576) and NRSF (rs2250889) (Supplementary Table S5), regulatory protein
CTCF (rs2250889), and transcription activity (due to the promoter/enhancer regulatory
sequences). Importantly, c.836 A > G (rs17576) MMP9 is situated in a DNA promoter site in
adipose nuclei and mesenchymal stem cell-derived adipocyte-cultured cells, and enhancer
regions in adipose nuclei. Along with this, c. 1721 C > G (rs2250889) MMP9 is presented in
enhancer regulatory sequence in adipose nuclei and adipose-derived mesenchymal stem
cell-cultured cells.

The materials obtained from the GTE x portal database indicate the connection of both
considered loci with transcription of the 13 genes ZSWIM1, ZNF335, WFDC3, SPATA25,
SLC12A5, RP11-465L10.10, RP3-337O18.9, MMP9, CD40, DNTTIP1 (rs17576), and PCIF1,
PLTP, and NEURL2 (rs17576 and rs2250889) (Supplementary Table S6). Among the above-
mentioned 13 genes, 7 genes are expressed in adipose tissue (only rs17576 is adipose eQTL
impact) such as adipose–subcutaneous (NEURL2, PLTP, RP3-337O18.9, CD40, SLC12A5)
and adipose–visceral (omentum) (NEURL2, ZSWIM1, PLTP, RP3-337O18.9, SPATA25,
CD40). It is important to emphasize that the BC risk allele c.836 A (rs17576) MMP9
(according to our data, the reference allele G of this SNP is protective) determines the
high transcriptional activity (β > 0) of the overwhelming number of the abovementioned
genes (five out of seven); only the adipose expression of two genes (SLC12A5, and CD40) is
negatively associated with this allele (β < 0). The splicing level of SLC12A5 is linked with
c.836 A > G (rs17576) MMP9, and c. 1721 C > G (rs2250889) MMP9 (Supplementary Table S7).

4. Discussion

In the present study, we found obesity-specific associations of MMP gene polymorphic
loci with BC: c.-1306 C > T (rs243865) MMP2, and c. 1331-163 G > A (rs3787268) MMP9
were disease-linked among BMI < 30 subjects, and c.836 A > G (rs17576) MMP9, and c.
1721 C > G (rs2250889) MMP9 were disorder-correlated among BMI ≥ 30 women. Based
on in silico bioinformatics, we established pronounced functional effects of these loci
(eQTL/sQTL/epigenetic) in adipose tissue.

Presently, the involvement of BMI in the predisposition to BC has been proven in nu-
merous scientific studies [20–24], but at the same time there is an obvious inconsistency in
the results obtained. On the one hand, the risk value of increased BMI for BC has been con-
vincingly shown in large-scale epidemiological studies (including meta-analyses) [20–23].
On the other hand, there is no less convincing evidence of a negative association of BMI
with BC [22,24]. A hypothesis is put forward about the risk role for BC of a higher BMI in
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postmenopausal women, whereas in premenopausal women, on the contrary, an increased
BMI is a BC protective factor [23,24]. It is believed that postmenopausal women with a
high BMI have larger fat reserves, which cause high concentrations of estrogens in the
organism resulting in a BC risk factor [23,24,53]. However, a high BMI in premenopausal
women determines a longer anovulatory cycle, which leads to low levels of progesterone
and estrogen, resulting in a protective effect for BC in these women [23,24,54]. It should
be noted that, in the sample of mostly postmenopausal women (2/3) we studied, a high
BMI (BMI ≥ 30) is a risk factor for breast cancer (OR = 1.46, p = 0.01), which is completely
consistent with the above literature data on this issue.

The results of previously performed associative studies on MMP9 and MMP2 polymor-
phic loci that showed a significant contribution to the BC susceptibility of obese/non-obese
women are very ambiguous. The relation of c.-1306 C > T (rs243865) MMP2 to BC was in-
vestigated in 17 experimental studies and three meta-analyses, among which only 8 studies
(7 experimental studies and one meta-analysis) proved the risk (protective) value for the
disease of the allelic variant C (T) (these results are completely consistent with our data in
non-obese women), whereas in the vast majority of these studies, c.-1306 C > T (rs243865)
was not associated with BC (Supplementary Table S1). The literature data for the c. 1331-
163 G > A (rs3787268) locus of the MMP9 gene are even more “confusing”: out of seven
previously published papers on this topic (four experimental and three meta-analyses),
four papers (two experimental [54,55] and two meta-analyses [56,57]) did not find its con-
nection with the disease, two papers (experimental [16] and meta-analysis [8]) showed the
protective effect of allele A, and Slattery et al. [58] and Fu et al. [59] demonstrated the risky
effect of allele A on BC among predominantly (by 71–100%) Native American women and
its association with poor disease-free survival of BC women, respectively, (the disease risk
potential of the allele A in non-obese subjects is also shown in our work).

There is a similar “uncertainty” in the literature on the other two loci associated with
BC in obese women, c.836 A > G (rs17576) MMP9, and c. 1721 C > G (rs2250889) MMP9.
Relating to locus c. 1721 C > G (rs2250889) MMP9, there were previously seven publications
(four experimental [17,55,59,60] and three meta-analyses [8,57,58]) and only in two of them
(experimental [17] and meta-analysis [58]) associations of this polymorphism with the
disease are shown (the G allele increased the BC risk; in our work, the opposite results
were obtained; this allele has a protective effect for BCin obese women). The literature
data on the association of the SNP c.836 A > G (rs17576) MMP9 with BC are as follows:
multidirectional data (protection/risk effects of SNP) are shown by Resler et al. [19] on
the one hand (the BC protective effect of the G allele in obese women was also registered
in our study) and by Chahil et al. [17] and Oliveira et al. [18]; on the other hand, in two
experimental works [55,59] and in three meta-analyses [8,57,58] reliable connections of
c.836 A > G (rs17576) MMP9 with BC were not found.

Amongst the many possible reasons underlying the serious differences in the asso-
ciation character of the above MMP polymorphisms with BC in the foregoing works
(ethnic and national factors, environmental factors, lifestyle, etc.), one of the causes
may be the different premenopausal/postmenopausal statuses of studied subjects and,
accordingly, the different BMI-BC links [20,23,24,53,54], as our research has shown vari-
ous BMI-mediated MMP-BC associations. It should be noted that MMP genes (and the
proteins of the same name controlled by them), by virtue of their strongly pronounced
polyfunctional effects in the organism (due to the modification of the extracellular matrix),
are pleiotropic genes and can affect not only BC but also the processes occurring in adipose
tissue and BMI-related phenotypes (blood pressure, endothelial dysfunction, metabolic
syndrome, etc.) [25–29], which ultimately also may define the MMP-triggered modifying
influence of obesity on MMP associations with BC.

We found in silico substantial multidirectional influences on gene expression in adi-
pose tissue BC-related polymorphic loci: BC risk allele c. 1331-163 A (rs3787268) in non-
obese women is associated with low expression NEURL2, PLTP, RP3-337O18.9, SPATA25,
and ZSWIM1, whereas BC risk allele c.836 A (rs17576) in obese women is associated with
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high expression of the same genes in visceral and/or subcutaneous adipose. Thus, accord-
ing to our obtained data, women with a relatively low content of adipose tissue (BMI < 30)
and low expression of the above-mentioned genes in adipose tissue will have an extremely
minimal content of protein products of these genes, which significantly increases the BC
risk in these women. On the contrary, women with excessive fat content (BMI ≥ 30) and
high production of the same genes will have the maximum content of protein products of
the above genes, which causes a significant BC risk increase in these women’s cohort.

Importantly, the aforementioned adipose-specifically-expressed genes are impactful
for cancer biology. For example, the important clinical and pathobiological significance
of the ZSWIM1 gene (SWIM-type zinc finger protein 1) was shown in uterine endometrial
carcinoma: the expression of this gene in the tumor was lower than in normal tissue, but the
high expression of this gene negatively correlated with overall survival; the ZSWIM1
methylation level was downregulated in cancer [61]. Pawar et al. showed upregulation
of the ZSWIM1 gene in ovarian cancer [62]. The previous study results demonstrated the
substutional role of the ZSWIM1 gene as a T helper cell (Th1) development/function regu-
lator [63]. These immune system cells are responsible for tumor-significant immunity [62].
The PLTP gene-encoding phospholipid transfer protein promotes proliferation of the gastric
cancer cell and this gene expression (mRNA and protein) may be a marker of gastric cancer
progression/prognosis [64]. A high PLTP protein expression level is registered in clear
cell renal cell carcinoma patients [65] and is a growth/migration stimulator of glioma
cells [66]. According to the literature data, NEURL2 (encodes neuralized U3-ubiquitin
protein ligase 2) is a gene of the stem cells’ asymmetric division, and is involved in the self-
renewal processes of mouse stemness and lung adenocarcinoma formation both in vitro
and in vivo [67].The NEURL2 gene is cancer-important; it may be a biomarker for clear
cell renal cell carcinoma [68], a targeted gene for colorectal cancer [69], and as a result of
the expression profile analysis, it was found that the region NEURL2 gene may probably
harbor a BC candidate gene [70].

The limitation of this study is the lack of experimental confirmation of the assumption
put forward by us on the basis of in silico analysis about the multidirectional links of adipose
eQTL effects of BC associated loci with the disease risk in obese and non-obese women.

5. Conclusions

The present study demonstrated the modifying effect of obesity on the association of
MMP gene polymorphisms with BC: rs17576, and rs2250889 MMP9 were BC protective fac-
tors in obese women; rs243865 MMP2, and rs3787268 MMP9 determined BC susceptibility
in non-obese women. We found in silico substantial multidirectional influences on gene ex-
pression in adipose tissue BC-related SNPs: BC risk allele A-rs3787268 in non-obese women
associated with low expression NEURL2, PLTP, RP3-337O18.9, SPATA25, and ZSWIM1,
whereas BC risk allele A-rs17576 in obese women associated with high expression of the
same genes in visceral and/or subcutaneous adipose.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomedicines10102617/s1, Table S1: The literature data about associations
of the studied polymorphisms of the MMP genes with breast cancer; Table S2: The regulatory potential
of the studied SNPs; Table S3: The allele and genotype frequencies of the studied SNPs in the breast
cancer and control groups with BMI < 30; Table S4: The allele and genotype frequencies of the studied
SNPs in the breast cancer and control groups with BMI ≥ 30; Table S5: Effect of the BC-associated
MMP gene polymorphisms on affinity of the DNA regulatory motifs; Table S6: eQTL values of the
BC-associated SNPs of the MMP genes; Table S7: sQTL values of the BC-associated SNPs of the
MMP genes.

https://www.mdpi.com/article/10.3390/biomedicines10102617/s1
https://www.mdpi.com/article/10.3390/biomedicines10102617/s1


Biomedicines 2022, 10, 2617 10 of 13

Author Contributions: Conceptualization, N.P., S.D. and I.P.; Data curation, N.P. and S.D.; For-
mal analysis, M.C. (Mikhail Churnosov), E.R., I.A. and I.P.; Project administration, M.C. (Mikhail
Churnosov); Writing—original draft, N.P. and M.C. (Maria Churnosova); Writing—review and edit-
ing, M.C. (Mikhail Churnosov), E.R. and I.A. All authors provided final approval of the version to be
published. All authors are accountable for all aspects of the work in ensuring that questions related
to the accuracy or integrity of any part of the work are appropriately investigated and resolved.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Local Ethical Committee of the Belgorod State
University (10 April 2008, №4).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data generated in the present study are available from the corre-
sponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gradishar, W.J.; Anderson, B.O.; Blair, S.L.; Burstein, H.J.; Cyr, A.; Elias, A.D.; Farrar, W.B.; Forero, A.; Giordano, S.H.;

Goldstein, L.J.; et al. Breast cancer version 3.2014. J. Natl. Compr. Cancer Netw. 2014, 12, 542–590. [CrossRef]
2. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Cancer statistics for the year 2020:

An overview. Int. J. Cancer 2021, 149, 778–789. [CrossRef] [PubMed]
3. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

4. Mucci, L.A.; Hjelmborg, J.B.; Harris, J.R.; Czene, K.; Havelick, D.J.; Scheike, T.; Graff, R.E.; Holst, K.; Möller, S.; Unger, R.H.; et al.
Familial Risk and Heritability of Cancer Among Twins in Nordic Countries. JAMA 2016, 315, 68–76, Erratum in JAMA 2016,
315, 822. [CrossRef]

5. Lilyquist, J.; Ruddy, K.J.; Vachon, C.M.; Couch, F.J. Common Genetic Variation and Breast Cancer Risk-Past, Present, and Future.
Cancer Epidemiol. Biomark. Prev. 2018, 27, 380–394. [CrossRef] [PubMed]

6. Michailidou, K.; Lindström, S.; Dennis, J.; Beesley, J.; Hui, S.; Kar, S.; Lemaçon, A.; Soucy, P.; Glubb, D.; Rostamianfar, A.; et al.
Association analysis identifies 65 new breast cancer risk loci. Nature 2017, 551, 92–94. [CrossRef] [PubMed]

7. Przybylowska, K.; Kluczna, A.; Zadrozny, M.; Krawczyk, T.; Kulig, A.; Rykala, J.; Kolacinska, A.; Morawiec, Z.; Drzewoski, J.;
Blasiak, J. Polymorphisms of the promoter regions of matrix metalloproteinases genes MMP-1 and MMP-9 in breast cancer. Breast
Cancer Res. Treat. 2006, 95, 65–72. [CrossRef] [PubMed]

8. Yan, C.; Sun, C.; Lu, D.; Zhao, T.; Ding, X.; Zamir, I.; Tang, M.; Shao, C.; Zhang, F. Estimation of associations between MMP9 gene
polymorphisms and breast cancer: Evidence from a meta-analysis. Int. J. Biol. Markers 2022, 37, 13–20. [CrossRef] [PubMed]

9. Dofara, S.G.; Chang, S.L.; Diorio, C. Gene polymorphisms and circulating levels of MMP-2 and MMP-9: A review of their role in
breast cancer risk. Anticancer Res. 2020, 40, 3619–3631. [CrossRef] [PubMed]

10. Radisky, E.S.; Radisky, D.C. Matrix metalloproteinases as breast cancer drivers and therapeutic targets. Front. Biosci. Landmark Ed.
2015, 20, 1144–1163. [CrossRef] [PubMed]

11. Eiro, N.; Gonzalez, L.O.; Fraile, M.; Cid, S.; Schneider, J.; Vizoso, F.J. Breast cancer tumor stroma: Cellular components,
phenotypic heterogeneity, intercellular communication, prognostic implications and therapeutic opportunities. Cancers 2019,
11, 664. [CrossRef] [PubMed]

12. Baker, E.A.; Stephenson, T.J.; Reed, M.W.; Brown, N.J. Expression of proteinases and inhibitors in human breast cancer progression
and survival. Mol. Pathol. 2002, 55, 300–304. [CrossRef]

13. Decock, J.; Long, J.R.; Laxton, R.C.; Shu, X.O.; Hodgkinson, C.; Hendrickx, W.; Pearce, E.G.; Gao, Y.T.; Pereira, A.C.;
Paridaens, R.; et al. Association of matrix metalloproteinase-8 gene variation with breast cancer prognosis. Cancer Res. 2007, 67,
10214–10221. [CrossRef] [PubMed]

14. Mavaddat, N.; Dunning, A.M.; Ponder, B.A.; Easton, D.F.; Pharoah, P.D. Common genetic variation in candidate genes and
susceptibility to subtypes of breast cancer. Cancer Epidemiol. Biomark. Prev. 2009, 18, 255–259. [CrossRef] [PubMed]

15. Pharoah, P.D.; Tyrer, J.; Dunning, A.M.; Easton, D.F.; Ponder, B.A. SEARCH Investigators Association between common variation
in 120 candidate genes and breast cancer risk. PLoS Genet. 2007, 3, e42. [CrossRef] [PubMed]

16. Wang, K.; Zhou, Y.; Li, G.; Wen, X.; Kou, Y.; Yu, J.; He, H.; Zhao, Q.; Xue, F.; Wang, J.; et al. MMP8 and MMP9 gene polymorphisms
were associated with breast cancer risk in a Chinese Han population. Sci. Rep. 2018, 8, 13422. [CrossRef] [PubMed]

17. Chahil, J.K.; Munretnam, K.; Samsudin, N.; Lye, S.H.; Hashim, N.A.; Ramzi, N.H.; Velapasamy, S.; Wee, L.L.; Alex, L. Genetic
polymorphisms associated with breast cancer in malaysian cohort. Indian J. Clin. Biochem. 2015, 30, 134–139. [CrossRef]

http://doi.org/10.6004/jnccn.2014.0058
http://doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1001/jama.2015.17703
http://doi.org/10.1158/1055-9965.EPI-17-1144
http://www.ncbi.nlm.nih.gov/pubmed/29382703
http://doi.org/10.1038/nature24284
http://www.ncbi.nlm.nih.gov/pubmed/29059683
http://doi.org/10.1007/s10549-005-9042-6
http://www.ncbi.nlm.nih.gov/pubmed/16267613
http://doi.org/10.1177/17246008221076145
http://www.ncbi.nlm.nih.gov/pubmed/35156865
http://doi.org/10.21873/anticanres.14351
http://www.ncbi.nlm.nih.gov/pubmed/32620601
http://doi.org/10.2741/4364
http://www.ncbi.nlm.nih.gov/pubmed/25961550
http://doi.org/10.3390/cancers11050664
http://www.ncbi.nlm.nih.gov/pubmed/31086100
http://doi.org/10.1136/mp.55.5.300
http://doi.org/10.1158/0008-5472.CAN-07-1683
http://www.ncbi.nlm.nih.gov/pubmed/17974962
http://doi.org/10.1158/1055-9965.EPI-08-0704
http://www.ncbi.nlm.nih.gov/pubmed/19124506
http://doi.org/10.1371/journal.pgen.0030042
http://www.ncbi.nlm.nih.gov/pubmed/17367212
http://doi.org/10.1038/s41598-018-31664-3
http://www.ncbi.nlm.nih.gov/pubmed/30194384
http://doi.org/10.1007/s12291-013-0414-0


Biomedicines 2022, 10, 2617 11 of 13

18. Oliveira, V.A.; Chagas, D.C.; Amorim, J.R.; Pereira, R.O.; Nogueira, T.A.; Borges, V.; Campos-Verde, L.M.; Martins, L.M.;
Rodrigues, G.P.; Nery Júnior, E.J.; et al. Association between matrix metalloproteinase-9 gene polymorphism and breast cancer in
Brazilian women. Clinics 2020, 75, e1762. [CrossRef]

19. Resler, A.J.; Malone, K.E.; Johnson, L.G.; Malkki, M.; Petersdorf, E.W.; McKnight, B.; Madeleine, M.M. Genetic variation in TLR or
NFkappaB pathways and the risk of breast cancer: A case-control study. BMC Cancer 2013, 13, 219. [CrossRef]

20. Renehan, A.G.; Tyson, M.; Egger, M.; Heller, R.F.; Zwahlen, M. Body-mass index and incidence of cancer: A systematic review
and meta-analysis of prospective observational studies. Lancet 2008, 371, 569–578. [CrossRef]

21. Bhaskaran, K.; Douglas, I.; Forbes, H.; dos-Santos-Silva, I.; Leon, D.A.; Smeeth, L. Body-mass index and risk of 22 specific cancers:
A population-based cohort study of 5·24 million UK adults. Lancet 2014, 384, 755–765. [CrossRef]

22. Guo, Y.; Warren Andersen, S.; Shu, X.O.; Michailidou, K.; Bolla, M.K.; Wang, Q.; Garcia-Closas, M.; Milne, R.L.; Schmidt, M.K.;
Chang-Claude, J.; et al. Genetically Predicted Body Mass Index and Breast Cancer Risk: Mendelian Randomization Analyses of
Data from 145,000 Women of European Descent. PLoS Med. 2016, 13, e1002105. [CrossRef] [PubMed]

23. Liu, K.; Zhang, W.; Dai, Z.; Wang, M.; Tian, T.; Liu, X.; Kang, H.; Guan, H.; Zhang, S.; Dai, Z. Association between body mass
index and breast cancer risk: Evidence based on a dose-response meta-analysis. Cancer Manag. Res. 2018, 10, 143–151. [CrossRef]

24. Ooi, B.; Loh, H.; Ho, P.J.; Milne, R.L.; Giles, G.; Gao, C.; Kraft, P.; John, E.M.; Swerdlow, A.; Brenner, H.; et al. The genetic
interplay between body mass index, breast size and breast cancer risk: A Mendelian randomization analysis. Int. J. Epidemiol.
2019, 48, 781–794. [CrossRef] [PubMed]

25. Boumiza, S.; Bchir, S.; Ben Nasr, H.; Abbassi, A.; Jacob, M.P.; Norel, X.; Tabka, Z.; Chahed, K. Role of MMP-1 (-519A/G, -1607
1G/2G), MMP-3 (Lys45Glu), MMP-7 (-181A/G), and MMP-12 (-82A/G) Variants and Plasma MMP Levels on Obesity-Related
Phenotypes and Microvascular Reactivity in a Tunisian Population. Dis. Markers 2017, 2017, 6198526. [CrossRef] [PubMed]

26. Moskalenko, M.I.; Milanova, S.N.; Ponomarenko, I.V.; Polonikov, A.V.; Churnosov, M.I. Study of associations of polymorphism of
matrix metalloproteinases genes with the development of arterial hypertension in men. Kardiologiia 2019, 59, 31–39. [CrossRef]

27. Polonikov, A.; Rymarova, L.; Klyosova, E.; Volkova, A.; Azarova, I.; Bushueva, O.; Bykanova, M.; Bocharova, I.; Zhabin, S.;
Churnosov, M.; et al. Matrix metalloproteinases as target genes for gene regulatory networks driving molecular and cellular
pathways related to a multistep pathogenesis of cerebrovascular disease. J. Cell Biochem. 2019, 10, 16467–16482. [CrossRef]

28. Boumiza, S.; Chahed, K.; Tabka, Z.; Jacob, M.P.; Norel, X.; Ozen, G. MMPs and TIMPs levels are correlated with anthropometric
parameters, blood pressure, and endothelial function in obesity. Sci. Rep. 2021, 11, 20052. [CrossRef]

29. Moskalenko, M.; Ponomarenko, I.; Reshetnikov, E.; Dvornyk, V.; Churnosov, M. Polymorphisms of the matrix metalloproteinase
genes are associated with essential hypertension in a Caucasian population of Central Russia. Sci. Rep. 2021, 11, 5224. [CrossRef]

30. Reshetnikov, E.A.; Akulova, L.Y.; Dobrodomova, I.S.; Dvornyk, V.Y.; Polonikov, A.V.; Churnosov, M.I. The insertion-deletion
polymorphism of the ACE gene is associated with increased blood pressure in women at the end of pregnancy. J. Renin-
Angiotensin-Aldosterone Syst. 2015, 16, 623–632. [CrossRef]

31. Ponomarenko, I.; Reshetnikov, E.; Polonikov, A.; Sorokina, I.; Yermachenko, A.; Dvornyk, V.; Churnosov, M. Candidate genes for
age at menarche are associated with endometriosis. Reprod. Biomed. Online 2020, 41, 943–956. [CrossRef]

32. Reshetnikov, E.; Zarudskaya, O.; Polonikov, A.; Bushueva, O.; Orlova, V.; Krikun, E.; Dvornyk, V.; Churnosov, M. Ge-
netic markers for inherited thrombophilia are associated with fetal growth retardation in the population of Central Russia.
J. Obstet. Gynaecol. Res. 2017, 43, 1139–1144. [CrossRef]

33. Eliseeva, N.; Ponomarenko, I.; Reshetnikov, E.; Dvornyk, V.; Churnosov, M. LOXL1 gene polymorphism candidates for exfoliation
glaucoma are also associated with a risk for primary open-angle glaucoma in a Caucasian population from central Russia.
Mol. Vis. 2021, 27, 262–269. [PubMed]

34. Ponomarenko, I.; Reshetnikov, E.; Altuchova, O.; Polonikov, A.; Sorokina, I.; Yermachenko, A.; Dvornyk, V.; Golovchenko,
O.; Churnosov, M. Association of genetic polymorphisms with age at menarche in Russian women. Gene 2019, 686, 228–236.
[CrossRef]

35. Minyaylo, O.N. Allele distribution and haploblock structure of matrix metalloproteinase gene polymorphism in patients with H.
pylori-negative gastric ulcer and duodenal ulcer. Res. Results Biomed. 2020, 6, 488–502. (In Russian) [CrossRef]

36. Svinareva, D.I. The contribution of gene-gene interactions of polymorphic loci of matrix metalloproteinases to susceptibility to
primary open-angle glaucoma in men. Res. Results Biomed. 2020, 6, 63–77. (In Russian) [CrossRef]

37. Starikova, D.; Ponomarenko, I.; Reshetnikov, E.; Dvornyk, V.; Churnosov, M. Novel data about association of the function-
ally significant polymorphisms of the MMP9 gene with exfoliation glaucoma in the caucasian population of Central Russia.
Ophthalmic Res. 2021, 64, 458–464. [CrossRef] [PubMed]

38. Minyaylo, O.; Ponomarenko, I.; Reshetnikov, E.; Dvornyk, V.; Churnosov, M. Functionally significant polymorphisms of the
MMP-9 gene are associated with peptic ulcer disease in the Caucasian population of Central Russia. Sci. Rep. 2021, 11, 13515.
[CrossRef]

39. Tikunova, E.; Ovtcharova, V.; Reshetnikov, E.; Dvornyk, V.; Polonikov, A.; Bushueva, O.; Churnosov, M. Genes of tumor necrosis
factors and their receptors and the primary open angle glaucoma in the population of Central Russia. Int. J. Ophthalmol. 2017, 10,
1490–1494. [CrossRef] [PubMed]

40. Golovchenko, O.; Abramova, M.; Ponomarenko, I.; Reshetnikov, E.; Aristova, I.; Polonikov, A.; Dvornyk, V.; Churnosov, M.
Functionally significant polymorphisms of ESR1 and PGR and risk of intrauterine growth restriction in population of Central
Russia. Eur. J. Obstet. Gynecol. Reprod. Biol. 2020, 253, 52–57. [CrossRef] [PubMed]

http://doi.org/10.6061/clinics/2020/e1762
http://doi.org/10.1186/1471-2407-13-219
http://doi.org/10.1016/S0140-6736(08)60269-X
http://doi.org/10.1016/S0140-6736(14)60892-8
http://doi.org/10.1371/journal.pmed.1002105
http://www.ncbi.nlm.nih.gov/pubmed/27551723
http://doi.org/10.2147/CMAR.S144619
http://doi.org/10.1093/ije/dyz124
http://www.ncbi.nlm.nih.gov/pubmed/31243447
http://doi.org/10.1155/2017/6198526
http://www.ncbi.nlm.nih.gov/pubmed/29317790
http://doi.org/10.18087/cardio.2598
http://doi.org/10.1002/jcb.28815
http://doi.org/10.1038/s41598-021-99577-2
http://doi.org/10.1038/s41598-021-84645-4
http://doi.org/10.1177/1470320313501217
http://doi.org/10.1016/j.rbmo.2020.04.016
http://doi.org/10.1111/jog.13329
http://www.ncbi.nlm.nih.gov/pubmed/34012228
http://doi.org/10.1016/j.gene.2018.11.042
http://doi.org/10.18413/2658-6533-2020-6-4-0-5
http://doi.org/10.18413/2658-6533-2020-6-1-0-6
http://doi.org/10.1159/000512507
http://www.ncbi.nlm.nih.gov/pubmed/33099542
http://doi.org/10.1038/s41598-021-92527-y
http://doi.org/10.18240/ijo.2017.10.02
http://www.ncbi.nlm.nih.gov/pubmed/29062765
http://doi.org/10.1016/j.ejogrb.2020.07.045
http://www.ncbi.nlm.nih.gov/pubmed/32777541


Biomedicines 2022, 10, 2617 12 of 13

41. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, P.I.; Daly, M.J.; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef] [PubMed]

42. Reshetnikov, E.; Ponomarenko, I.; Golovchenko, O.; Sorokina, I.; Batlutskaya, I.; Yakunchenko, T.; Dvornyk, V.; Polonikov, A.;
Churnosov, M. The VNTR polymorphism of the endothelial nitric oxide synthase gene and blood pressure in women at the end
of pregnancy. Taiwan J. Obstet. Gynecol. 2019, 58, 390–395. [CrossRef] [PubMed]

43. Che, R.; Jack, J.R.; Motsinger-Reif, A.A.; Brown, C.C. An adaptive permutation approach for genome-wide association study:
Evaluation and recommendations for use. BioData Min. 2014, 7, 9. [CrossRef] [PubMed]

44. Bushueva, O.; Solodilova, M.; Churnosov, M.; Ivanov, V.; Polonikov, A. The Flavin-Containing Monooxygenase 3 Gene and
Essential Hypertension: The Joint Effect of Polymorphism E158K and Cigarette Smoking on Disease Susceptibility. Int. J.
Hypertens. 2014, 2014, 712169. [CrossRef] [PubMed]

45. Polonikov, A.V.; Bushueva, O.Y.; Bulgakova, I.V.; Freidin, M.B.; Churnosov, M.I.; Solodilova, M.A.; Shvetsov, Y.D.; Ivanov,
V.P. A comprehensive contribution of genes for aryl hydrocarbon receptor signaling pathway to hypertension susceptibility.
Pharmacogenet. Genomics 2017, 2, 57–69. [CrossRef]

46. Ponomarenko, I.; Reshetnikov, E.; Polonikov, A.; Sorokina, I.; Yermachenko, A.; Dvornyk, V.; Churnosov, M. Candidate genes for
age at menarche are associated with endometrial hyperplasia. Gene 2020, 757, 4933. [CrossRef] [PubMed]

47. GTEx Consortium. The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science 2020, 36, 1318–1330.
[CrossRef]

48. Adzhubei, I.; Jordan, D.M.; Sunyaev, S.R. Predicting functional effect of human missense mutations using PolyPhen-2. Curr.
Protoc. Hum. Genet. 2013, 76, 7.20.1–7.20.41. [CrossRef] [PubMed]

49. Ward, L.D.; Kellis, M. HaploReg v4: Systematic mining of putative causal variants, cell types, regulators and target genes for
human complex traits and disease. Nucleic. Acids Res. 2016, 44, D877–D881. [CrossRef] [PubMed]

50. Kumar, P.; Henikoff, S.; Ng, P.C. Predicting the effects of coding non-synonymous variants on protein function using the SIFT
algorithm. Nat. Protoc. 2009, 7, 1073–1081. [CrossRef]

51. Ponomarenko, I.; Reshetnikov, E.; Polonikov, A.; Verzilina, I.; Sorokina, I.; Yermachenko, A.; Dvornyk, V.; Churnosov, M.
Candidate genes for age at menarche are associated with uterine leiomyoma. Front. Genet. 2021, 11, 512940. [CrossRef] [PubMed]

52. Churnosov, M.; Abramova, M.; Reshetnikov, E.; Lyashenko, I.; Efremova, O.; Churnosova, M.; Ponomarenko, I. Polymorphisms
of hypertension susceptibility genes as a risk factors of preeclampsia in the Caucasian population of central Russia. Placenta 2022,
129, 51–61. [CrossRef]

53. Hankinson, S.E.; Willett, W.C.; Manson, J.E.; Hunter, D.J.; Colditz, G.A.; Stampfer, M.J.; Longcope, C.; Speizer, F.E. Alcohol, height,
and adiposity in relation to estrogen and prolactin levels in postmenopausal women. J. Natl. Cancer Inst. 1995, 87, 1297–1302.
[CrossRef] [PubMed]

54. Lake, J.K.; Power, C.; Cole, T.J. Women’s reproductive health: The role of body mass index in early and adult life. Int. J. Obes.
Relat. Metab. Disord. 1997, 21, 432–438. [CrossRef] [PubMed]

55. Beeghly-Fadiel, A.; Lu, W.; Shu, X.O.; Long, J.; Cai, Q.; Xiang, Y.; Gao, Y.T.; Zheng, W. MMP9 polymorphisms and breast cancer
risk: A report from the Shanghai Breast Cancer Genetics Study. Breast Cancer Res. Treat. 2011, 126, 507–513. [CrossRef] [PubMed]

56. Zhang, X.; Jin, G.; Li, J.; Zhang, L. Association between four MMP-9 polymorphisms and breast cancer risk: A meta-analysis. Med.
Sci. Monit. 2015, 21, 1115–1123. [CrossRef]

57. Xu, T.; Zhang, S.; Qiu, D.; Li, X.; Fan, Y. Association between matrix metalloproteinase 9 polymorphisms and breast cancer risk:
An updated meta-analysis and trial sequential analysis. Gene 2020, 759, 144972. [CrossRef]

58. Slattery, M.L.; John, E.; Torres-Mejia, G.; Stern, M.; Lundgreen, A.; Hines, L.; Giuliano, A.; Baumgartner, K.; Herrick, J.; Wolff, R.K.
Matrix metalloproteinase genes are associated with breast cancer risk and survival: The Breast Cancer Health Disparities Study.
PLoS ONE 2013, 8, e63165. [CrossRef] [PubMed]

59. Fu, F.; Wang, C.; Chen, L.M.; Huang, M.; Huang, H.G. The influence of functional polymorphisms in matrix metalloproteinase
9 on survival of breast cancer patients in a Chinese population. DNA Cell Biol. 2013, 32, 274–282. [CrossRef]

60. Al-Eitan, L.N.; Jamous, R.I.; Khasawneh, R.H. Candidate Gene Analysis of Breast Cancer in the Jordanian Population of Arab
Descent: A Case-Control Study. Cancer Investig. 2017, 35, 256–270. [CrossRef] [PubMed]

61. Liu, J.; Geng, R.; Yang, S.; Shao, F.; Zhong, Z.; Yang, M.; Ni, S.; Cai, L.; Bai, J. Development and Clinical Validation of Novel
8-Gene Prognostic Signature Associated With the Proportion of Regulatory T Cells by Weighted Gene Co-Expression Network
Analysis in Uterine Corpus Endometrial Carcinoma. Front. Immunol. 2021, 12, 788431. [CrossRef] [PubMed]

62. Pawar, A.; Chowdhury, O.R.; Chauhan, R.; Talole, S.; Bhattacharjee, A. Identification of key gene signatures for the overall
survival of ovarian cancer. J. Ovarian Res. 2022, 15, 12. [CrossRef] [PubMed]

63. Ko, K.K.; Powell, M.S.; Hogarth, P.M. Zswim1: A novel biomarker in t helper cell differentiation. Immunol. Lett. 2014, 160, 133–138.
[CrossRef] [PubMed]

64. Huang, K.; Chen, S.; Xie, R.; Jiang, P.; Yu, C.; Fang, J.; Liu, X.; Yu, F. Identification of three predictors of gastric cancer progression
and prognosis. FEBS Open Bio. 2020, 10, 1891–1899. [CrossRef]

65. Santorelli, L.; Capitoli, G.; Chinello, C.; Piga, I.; Clerici, F.; Denti, V.; Smith, A.; Grasso, A.; Raimondo, F.; Grasso, M.; et al.
In-Depth Mapping of the Urinary N-Glycoproteome: Distinct Signatures of ccRCC-related Progression. Cancers 2020, 12, 239.
[CrossRef]

http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://doi.org/10.1016/j.tjog.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/31122531
http://doi.org/10.1186/1756-0381-7-9
http://www.ncbi.nlm.nih.gov/pubmed/24976866
http://doi.org/10.1155/2014/712169
http://www.ncbi.nlm.nih.gov/pubmed/25243081
http://doi.org/10.1097/FPC.0000000000000261
http://doi.org/10.1016/j.gene.2020.144933
http://www.ncbi.nlm.nih.gov/pubmed/32640302
http://doi.org/10.1126/science.aaz1776
http://doi.org/10.1002/0471142905.hg0720s76
http://www.ncbi.nlm.nih.gov/pubmed/23315928
http://doi.org/10.1093/nar/gkv1340
http://www.ncbi.nlm.nih.gov/pubmed/26657631
http://doi.org/10.1038/nprot.2009.86
http://doi.org/10.3389/fgene.2020.512940
http://www.ncbi.nlm.nih.gov/pubmed/33552117
http://doi.org/10.1016/j.placenta.2022.09.010
http://doi.org/10.1093/jnci/87.17.1297
http://www.ncbi.nlm.nih.gov/pubmed/7658481
http://doi.org/10.1038/sj.ijo.0800424
http://www.ncbi.nlm.nih.gov/pubmed/9192225
http://doi.org/10.1007/s10549-010-1119-1
http://www.ncbi.nlm.nih.gov/pubmed/20725776
http://doi.org/10.12659/MSM.894010
http://doi.org/10.1016/j.gene.2020.144972
http://doi.org/10.1371/journal.pone.0063165
http://www.ncbi.nlm.nih.gov/pubmed/23696797
http://doi.org/10.1089/dna.2012.1928
http://doi.org/10.1080/07357907.2017.1289217
http://www.ncbi.nlm.nih.gov/pubmed/28272917
http://doi.org/10.3389/fimmu.2021.788431
http://www.ncbi.nlm.nih.gov/pubmed/34970268
http://doi.org/10.1186/s13048-022-00942-0
http://www.ncbi.nlm.nih.gov/pubmed/35057823
http://doi.org/10.1016/j.imlet.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24508175
http://doi.org/10.1002/2211-5463.12943
http://doi.org/10.3390/cancers12010239


Biomedicines 2022, 10, 2617 13 of 13

66. Dong, W.; Gong, H.; Zhang, G.; Vuletic, S.; Albers, J.; Zhang, J.; Liang, H.; Sui, Y.; Zheng, J. Lipoprotein lipase and phospholipid
transfer protein overexpression in human glioma cells and their effect on cell growth, apoptosis, and migration. Acta Biochim.
Biophys. Sin. 2017, 49, 62–73. [CrossRef]

67. Liu, D.; Xing, H.R.; Liu, Y.; Sun, Z.; Ye, T.; Li, J.; Wang, J. Asymmetric Division Gene Neurl2 Mediates Twist2 Regulation of
Self-Renewal of Mouse Lewis Lung Cancer Stem Cells. J. Cancer 2019, 10, 3381–3388. [CrossRef]

68. Li, X.; Kim, W.; Juszczak, K.; Arif, M.; Sato, Y.; Kume, H.; Ogawa, S.; Turkez, H.; Boren, J.; Nielsen, J.; et al. Stratification of
patients with clear cell renal cell carcinoma to facilitate drug repositioning. iScience 2021, 24, 102722. [CrossRef]

69. Slattery, M.L.; Pellatt, A.J.; Lee, F.Y.; Herrick, J.S.; Samowitz, W.S.; Stevens, J.R.; Wolff, R.K.; Mullany, L.E. Infrequently expressed
miRNAs influence survival after diagnosis with colorectal cancer. Oncotarget 2017, 8, 83845–83859. [CrossRef]

70. Chin, S.F.; Teschendorff, A.E.; Marioni, J.C.; Wang, Y.; Barbosa-Morais, N.L.; Thorne, N.P.; Costa, J.L.; Pinder, S.E.; van de Wiel,
M.A.; Green, A.R.; et al. High-resolution aCGH and expression profiling identifies a novel genomic subtype of ER negative breast
cancer. Genome Biol. 2007, 8, R215. [CrossRef]

http://doi.org/10.1093/abbs/gmw117
http://doi.org/10.7150/jca.31553
http://doi.org/10.1016/j.isci.2021.102722
http://doi.org/10.18632/oncotarget.19863
http://doi.org/10.1186/gb-2007-8-10-r215

	Introduction 
	Materials and Methods 
	Study Subjects 
	Single-Nucleotide Polymorphism Selection and Genotyping 
	Statistical and Bioinformatics Analysis 

	Results 
	Discussion 
	Conclusions 
	References

