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Abstract. Abdominal aortic aneurysm (AAA) involves complex dynamic remodeling processes
in the aortic wall. Gelatinases (MMP2 and MMP9) and their respective tissue inhibitors (TIMP1
and TIMP?2) play a crucial role during extracellular matrix (ECM) turnover in aortic tissue. In this
study we characterized associations between the haplotypes of genes encoding gelatinase/inhibitor
pairs and pathways involved in AAA, a total of 100 AAA patients and 192 controls were enrolled.
For males, a significant decrease in the distribution of the minor G allele of the TIMP2 rs8082025
was observed in AAA patients (p = 0.01, 23.1% controls vs. 13.1% AAA). In addition, in males, the
major TIMP2 GA haplotype was associated with AAA (86.9% AAA vs. 76.9% control; p = 0.009,
OR = 1.997), whereas the TIMP2 GG haplotype (7.7% AAA vs. 13.9% control) was associated with
protection against AAA (p = 0.046, OR = 0.518). The minor GAGC MMP9 haplotype was related to
AAA for all study subjects as well as the males only subset (p = 0.011, OR = 2.202 and p = 0.025, OR
= 2.156, respectively). Small differences in the distribution of gene haplotypes could be associated
with different levels of gene expression and in turn influence gelatinases activity in AAA.
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Introduction

Abdominal aortic aneurysm (AAA) is a complex dynamic
remodeling process that occurs in the aortic wall. Vascular
smooth muscle cell (VSMC) apoptosis, remodeling of the
extracellular matrix (ECM), generation of elastic fibers, and
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destruction and inflammatory cell infiltration are all involved
in AAA development (Guo et al. 2006). Aneurysmal tissue is
rich in proteases that degrade the ECM as well as cytokines
and chemokines that are produced by resident cells of the
aortic wall or infiltrating immune cells. Aortic wall damage,
chronic inflammatory reactions, and the presence of an in-
traluminal thrombus or infection can all serve as initiating
events for aneurysm formation (Petersen et al. 2002; Michel
et al. 2011; Shi and Lindholt 2013).

Matrix metalloproteinases (MMPs) play a crucial role in
ECM turnover. MMPs belong to a family of zinc-dependent
extracellular endopeptidases that have roles in many physi-
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ological (e.g., morphogenesis, tissue remodeling, embry-
onic development, cell growth, migration, proliferation
and adhesion) and pathological processes, such as cancer,
neurodegeneration, inflammation, and muscular dystrophy
(Bozzi et al. 2015). The gelatinase group of the MMP family
includes MMP2 and MMP9, which are important for aortic
aneurysm pathogenesis. Gelatinase expression is increased
at both the mRNA and protein level in human aneurysm
tissues relative to normal aorta tissues (Davis et al. 1998).
MMP2 (gelatinase A) is mainly produced by mesenchymal
cells, whereas MMP?9 (gelatinase B) is produced by infiltrat-
ing macrophages and neutrophils (Sakalihasan et al. 1996).
A study by Longo et al. suggested that MMP expression by
both mesenchymal cells and macrophages would be required
for aneurysm formation (Longo et al. 2002).

Gelatinase expression and enzymatic activity is precisely
regulated by the tissue inhibitors of metalloproteinases
(TIMPs), which comprise a family of four endogenous pro-
teins. Changes in MMP/TIMP ratios can modify the aortic
wall structure and composition, and in turn promote aneu-
rysm formation (Tamarina et al. 1997).

Variabilities in gene sequence or expression can contrib-
ute to MMP/TIMP imbalances in the aortic wall, although
the extent of this contribution is unclear (Elefteriades et al.
2013). Two members of the TIMP family preferentially bind
gelatinases: TIMP1 is an inhibitor of MMP9 and TIMP2
selectively inhibits MMP2. Previous studies examined the
effect of sequence variations in gelatinase and TIMP genes,
although the results were inconsistent (Hinterseher et al.
2007; Bradley et al. 2016). For TIMP2, variations in gene
structure could be a factor in AAA, which is supported by
the small proportion of cDNA (3%) relative to the entire
gene sequence (117 kb). Thus, sequence variations in the
regulatory regions of genes encoding MMPs and TIMPs
may affect expression, whereas in the coding region, non-
synonymous variations could influence protein activity
and function in relevant biological processes. Variability
in target genomic regions can also be represented more
accurately by common haplotypes, rather than by several
single genotypes.

In this study, we examined the association between haplo-
type and AAA using the marked relationship between both

Table 1. Characteristics of study genes

gelatinase/inhibitor pairs at the phenotype level and their
clear role in AAA pathogenesis.

Materials and Methods

Study subjects

A total of 100 patients with a main diagnosis of abdominal
aortic aneurysm (AAA) with or without rupture (171.3,
171.4, according to The International Classification of Dis-
eases (ICD)) were included in the study. Each of the 100
AAA patients was the first person in their family (proband)
to come to our attention. Included were all patients at the
clinic who agreed and signed informed consent. The control
group was assembled from 192 healthy, unrelated volunteers.
All subjects were Caucasians of European origin. Healthy
donors had no personal or family history of AAA. Written
informed consent was obtained from all study subjects. This
study was approved by the Human Subjects Committees of
the Jessenius Faculty in Medicine in Martin at Comenius
University, Bratislava. The study protocol conforms to the
ethical guidelines of the 1975 Declaration of Helsinki.

In this study, we genotyped 100 AAA probands having
an average age at diagnosis of 72.6 + 8.1 years. The study
cohort included 84 males (84%) and 16 females (16%). The
control group included 192 healthy individuals (147 males
(76.6%) and 45 females (23.4%)) with an average age of 57.3
£ 10.5 years. Due to the predominance of males in this study
sample, we also report a separate set of results for males
only. Because of the minor allele frequency (MAF) greater
than 10% we consider the sample size to be adequate to give
enough power to detect common gene haplotypes.

The clinical characteristics for the AAA subjects were as
follows: BMI 28.1 * 4.1, current smokers 13%, ex-smokers
62%, hypertension 85%, dyslipidemia 56%, atherosclerosis
58%, and peripheral vascular disease 57%.

Genes and tagged single nucleotide polymorphisms (tag SNPs)

Basic characterization of the target genes is presented in
Table 1. The data were generated with the 1000 Genomes

Gene Transcript/Protein GRCh38/hg38 bp Band  cDNA(bp) AAs Exons
MMP2 NM_001302508.1, NP_004521.1  chr16:55,389,700-55,506,691 116,992 16ql12.2 3,741 660 13
TIMP2 NM_003255.4, NP_003246.1 chr17:78,852,977-78,925,390 72,414 17q25.3 3,652 220 5
MMP9 NM_004994.2, NP_004985.2 chr20:46,008,908-46,016,561 7,654 20q13.12 2,336 707 13
TIMP1 NM_003254.2, NP_003245.1 chrX:47,582,291-47,586,791 4,501 Xpl1l1.3 892 207 5

GRCh, genome reference consortium human build; hg, human genome build; bp, base pair; Band, cytogenetic band; cDNA, coding

DNA; AA, amino acid.
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Project (Phase 3) and an adopted algorithm available in Hap-
loview 4.2 using CEU population, a r? threshold of 0.8, MAF
> 0.1, and pair-wise tagging to select SNPs for tagging (Bar-
rett et al. 2005; 1000 Genomes Project Consortium 2015).

Since the MMP2/TIMP2 gene pair is characterized by
extensive gene loci, haplotype analysis for this pair focused
on shorter regulatory regions.

Common variability (10 SNPs with MAF > 0.1) of the
MMP2 gene 5’ regulatory region that covers 1,989 bases was
captured by two tag SNPs (rs12599478 and rs2285053) with
the nearGene-5 function.

The annotation tracks of the UCSC Genome Browser
were used to define regulatory signal regions of TIMP2
with conserved sequences located in the first intron of the
longest transcript and the 5’ regulatory region of the shorter
transcripts. This region covers 2,833 bases and contains
18 intronic SNPs (MAF > 0.1) that were captured by two
tagged SNPs (rs7342880 and rs8082025) and were selected
for this study.

Four tag SNPs (rs2274755, rs17576, rs3787268, and
rs20544) and one independent SNP (rs2250889) were used
to capture common variability (22 SNPs with MAF > 0.1)
within the entire MMP9 gene that was expanded by 2 kb into
the 5’ regulatory region.

For the TIMPI gene, three tag SNPs (rs35777532, rs4898,
and rs6609534) were used to capture common variability
(10 SNPs with MAF > 0.1) within the entire gene that was
expanded by 1 kb into the 3’ regulatory region.

References for tag SNPs as well as captured SNPs, po-
sitions, and locations in the human genome (assembly
GRCh38.p7) and genotyping information are presented in
Table 2.

DNA analysis

Whole blood samples were taken from each of the partici-
pants. Genomic DNA was extracted from 200 pl whole blood
using a MagNA Pure LC DNA Isolation Kit I (F. Hoffmann-
La Roche Ltd, Basel, Switzerland) on a MagNA Pure LC 2.0
(E. Hoffmann-La Roche Ltd, Basel, Switzerland) according
to the manufacturer’s instructions. The concentration of each
DNA sample was set to 30 pg/ml. DNA quantification was
performed using an Invitrogen Qubit Fluorometer (Thermo
Fisher Scientific Inc., Waltham, USA) and an Invitrogen
Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific Inc.,
Waltham, USA). High-resolution melting analysis (HRMA)
was the main method used for genotyping of selected SNPs.
A LightCycler 480 II, LightCycler 480 High Resolution Melt-
ing Master Mix and LightCycler 480 Gene Scanning Software
V1.5.1 (all: F. Hoffmann La Roche Ltd, Basel, Switzerland)
were used for HRMA. Primers (Table 2) for all genotyping
reactions were designed using Primer3Plus software (Unter-
gasser et al. 2012). The polymerase chain reaction-restriction

fragment length polymorphism (PCR-RFLP) method was
used to assess the rs2250889 genotype. The PCR-RFLP assay
involved DreamTaq Green PCR Master Mix (2X) (Thermo
Fisher Scientific Inc., Waltham, USA), modified primers and
the restriction endonuclease FastDigest BamHI (Thermo
Fisher Scientific Inc., Waltham, USA) (Table 2). Positive and
negative controls were included in all reactions. Approxi-
mately 10% of all samples were used as blinded duplicates
for “in-house” reaction quality control.

Statistics

Single marker analyses and haplotype analyses were con-
ducted using SNP & Variation Suite v8.3 (Golden Helix,
Inc., Bozeman, MT, www.goldenhelix.com). Fisher’s exact
test was used to estimate the significance of deviation from
Hardy-Weinberg equilibrium and to execute basic allelic as-
sociations. Pearson’s chi-squared test for contingency tables
was used to examine haplotype associations. A haplotype
frequency was estimated using the EM algorithm. Associa-
tion tests were confirmed by logistic regression with case/
control status as the dependent variable and suspected
haplotype as the independent variable in a dominant genetic
model. Logistic regressions were performed with the PASW
statistical package in SPSS Statistics 18 (SPSS Inc., released
2009; PASW Statistics for Windows, Version 18.0. Chicago;
SPSS, Inc.). Odds ratios (ORs) with 95% confidence intervals
(95% CI) were used to assess genetic effects.

Results

Alleles

The observed genotype distributions for all tag SNPs were in
Hardy-Weinberg equilibrium for both the AAA and control
groups. Results for the allele frequency analysis of all targeted
genetic variants are reported in Table 3. In our population,
3 of all 12 analyzed genetic variants had a MAF < 0.1. For
the gene pair MMP2/TIMP2, the MAF for all four genetic
variants in the control group was slightly higher than that
for the AAA group. For the TIMP2 rs8082025, there was
a statistically significant difference in the MAF between
the subgroups that included only male subjects (Table 3;
13.1% AAA vs.23.1% control; p = 0.01, OR (95%CI) = 0.501
(0.297-0.846)). At the second TIMP2 rs7342880 there was an
apparent difference in the MAF between AAA patients and
controls (Table 3; 5.4% AAA vs. 9.2% controls, respectively),
although this difference did not achieve statistical signifi-
cance. For the MMP9rs2250889 coding variant c.1721G>C,
p-Arg574Pro, an apparently higher OR (1.73) corresponding
to an apparent difference in the MAF (Table 3; 7.0% AAA
vs. 4.2% control) was also not statistically significant. For all
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Table 3. Allele association analysis of all study subjects and for a subgroup that includes males only

Minor Allele Frequency

Gene Marker Minor AAA  Controls ~ AAA  Controls  Fishers Exact p OR (95%CI)
Allele (n=100) (n=192) (n=284) (n=147)

all males all males all males
MMP2 1512599478 C 0.360 0.385 0.357 0.378 0.590 0.690 0.897 (0.629-1.278) 0.916 (0.618-1.358)
MMP2 rs2285053 T 0.115 0.120 0.113 0.122 0.894 0.881 0.955 (0.561-1.626) 0.914 (0.506-1.651)
TIMP2 1s7342880 T 0.060 0.086 0.054 0.092 0.327 0.153 0.679 (0.343-1.346) 0.56 (0.257-1.221)
TIMP2 1s8082025 G 0.155 0.216 0.131 0.231 0.079  0.010  0.665 (0.423-1.047) 0.501 (0.297-0.846)
MMP9 1s2274755 T 0.150 0.156 0.137 0.156 0.904 0.591 0.953 (0.592-1.534) 0.855 (0.498-1.469)
MMP9  rs17576 G 0.330 0.372 0.339 0.374 0.319 0.482 0.83 (0.579-1.19)  0.859 (0.577-1.278)
MMPY9 1s3787268 A 0.180 0.216 0.202 0.218 0.331 0.724 0.796 (0.515-1.23) 0.912 (0.571-1.455)
MMP9 rs2250889 G 0.070 0.042 0.071 0.041 0.167 0.191 1.731 (0.827-3.624) 1.808 (0.793-4.12)
MMPY9  rs20544 C 0.445 0.427 0.458 0.432 0.725  0.627 1.076 (0.762-1.518) 1.113 (0.76-1.629)
TIMPI rs35777532 A - - 0.071 0.061 - 0.697 - 1.179 (0.554-2.513)
TIMPI rs4898 T - - 0.458 0.493 - 0.499 - 0.869 (0.595-1.271)
TIMPI rs6609534 A - - 0.369 0.415 - 0.374 - 0.825 (0.558-1.218)

AAA, abdominal aortic aneurysm; OR, odds ratio; CI, confidence interval; n, number of individuals per group; bold font indicates sta-
tistical significance. (The X chromosome TIMP1 allele frequency is reported only for males).

other variants the independence of examined groups and
alleles was confirmed by Fisher’s exact test.

Haplotypes

Haplotype analysis was performed to further evaluate the
role of the tested genes in AAA susceptibility. Three com-
mon haplotypes having a sample frequency above 0.01
were estimated for the regulatory regions of the MMP2
and TIMP2 genes as defined by a pair of tag SNPs. Five
and four common haplotypes were estimated for MMP9
(5 tag SNPs) and TIMPI (3 tag SNPs) genes, respectively.
MMP9 rs2250889 (the fourth position in the haplotype)
contributed to the gene haplotype variability by splitting up
the rarest haplotype (gaggc and gagcc) only. Since all other
MMP9 haplotypes have a C allele at the fourth position,
MMP9 haplotypes were re-estimated without rs2250889.
Four common haplotypes were estimated for both MMP9
and TIMPI genes (Table 4).

The MMP2 haplotype frequencies were similar between
AAA and the controls in both the complete sample and
the subgroup that included only males, and no significant
associations were detected. The tendency of the TIMP2
haplotype distribution between AAA and controls for all
study subjects was supported by the significant differences
that were observed when only males were considered. For
the subgroup that included males only, the major TIMP2
GA haplotype (Table 4; 86.9% AAA vs. 76.9% controls) was

significantly associated with AAA (p = 0.009, OR (95%CI)
=1.997 (1.183-3.372)), whereas the second most common
TIMP2 GG haplotype (Table 4;7.7% AAA vs. 13.9% controls)
was significantly associated with protection against AAA
(p =0.046, OR (95%CI) = 0.518 (0.269-0.996)). The MMP9
haplotype frequencies were similar between AAA patients
and the controls except for the minor GAGC haplotype,
which was significantly associated with AAA both for the
group with all subjects as well as the males only subgroup
(Total: p =0.011, OR (95%CI) = 2.202 (1.180-4.109); Males
only: p = 0.025, OR (95%CI) = 2.156 (1.089-4.269)). The
TIMPI haplotype frequencies were similar between AAA
patients and the control subjects, and approximately 90% of
the samples were covered by the two major GTG and GCA
haplotypes. No significant associations between AAA and
haplotype were detected.

The significant differences for TIMP2 and MMP9 haplo-
types were confirmed by logistic regression.

Interactions

The distributions of the combined diplotypes between gelati-
nases and their tissue inhibitor counterparts in the subgroup
that included males only are shown in Table 5.

For MMP2, more than 65% of the samples could be de-
scribed by only four categories for both TIMPI and TIMP2
interactions. The frequency of the category “TC/CC MMP2
& GA/GA TIMP2’”, with two possible interactions, TC_GA
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Table 4. Haplotype association analysis of all study subjects and for male subjects only

all males
Gene  Haplotype
AAA controls P (chi2) chi2 OR (95%CI) AAA controls P (chi2) chi2 OR (95%CI)

TC 0.639 0.608 0.516 0.422 1.125(0.789-1.604) 0.641 0.614 0.622 0.243 1.104 (0.744-1.638)
MMP2 CC 0.246 0.272 0.476 0.509 0.867 (0.585-1.284)  0.245 0.263 0.638 0.221 0.901 (0.582-1.394)
CT 0.114 0.113 0.999 0.000 1(0.583-1.713) 0.112 0.114 0918 0.011 0.969 (0.532-1.765)
GA 0.845 0.784 0.077 3.130 1.503 (0.955-2.366) 0.869 0.769 0.009 6.862 1.997 (1.183-3.372)
TIMP2 GG 0.095 0.130 0.211 1.565 0.701 (0.401-1.226) 0.077 0.139 0.046 3.991 0.518(0.269-0.996)
TG 0.060 0.086 0.265 1.244 0.679 (0.343-1.346) 0.054 0.092 0.140 2.179 0.56 (0.257-1.221)
GAGCT 0.549 0.573 0.775 0.082 0.951 (0.672-1.345) 0.535 0.568 0.676 0.175 0.921 (0.627-1.353)
MMP9 GGACC 0.175 0.216 0.288 1.130 0.788 (0.508-1.223) 0.196 0.218 0.679 0.171 0.905 (0.565-1.451)
TGGCC 0.145 0.156 0.793 0.069 0.938 (0.58-1.517) 0.131 0.156 0.520 0.415 0.835 (0.483-1.445)
GAG(C/G)C 0.111 0.055 0.011 6.408 2.202(1.18-4.109) 0.114 0.058 0.025 5.043 2.156 (1.089-4.269)
GAGGC 0.070 0.042 0.126  2.343 1.769 (0.845-3.704)  0.071 0.041 0.136  2.219 1.855(0.814-4.23)
GAGCC 0.040 0.013 0.031 4.631 3.243(1.048-10.038) 0.042 0.017 0.096 2.773 2.596 (0.812-8.301)
GTG 0.530 0.492 0.324 0.973 1.189(0.843-1.676) 0.542 0.507 0.393 0.728 1.181 (0.806-1.73)
TIMPI GCA 0.375 0.406 0.522  0.411 0.891 (0.627-1.267) 0.357 0415 0.260 1.271 0.798 (0.539-1.182)
ACG 0.055 0.073 0.428 0.627 0.748 (0.364-1.537) 0.060 0.061 0.966 0.002 0.983 (0.443-2.182)
GCG 0.030 0.029 0913 0.012 1.058 (0.386-2.903)  0.030 0.017 0.354 0.858 1.795 (0.512-6.294)

SNP order in haplotypes: MMP2 - rs12599478, rs2285053; TIMP2 - rs7342880, rs8082025; MMP9 - rs2274755, rs17576, rs3787268,
rs20544; TIMP1 - rs35777532, rs4898, rs6609534. Italic font indicates haplotypes resulted from splitting of GAGC by rs2250889, which
is located between the third and fourth haplotype position. Bold font indicates statistical significance. AAA, abdominal aortic aneurysm;

OR, odds ratio; CI, confidence interval.

or CC_GA, showed a marked decrease for the control group
(25.6% AAA vs. 16.4% control). In contrast, the category
“TC/CC MMP2 & GA/GG TIMP2” showed a marked de-
crease relative to controls (2.4% AAA vs. 8.9% control). The
majority of MMP2 and TIMPI interaction categories showed
no significant differences between samples.

MMPS9 exhibited a range of distributions for both TIMP1
and TIMP2 interactions. Only the GAGT/GAGC MMP9
diplotype with the risk GAGC MMP9 haplotype fell into
categories that showed noticeable differences. The category
“GAGT/GAGC MMP9 & GA/GA TIMP2” with GAGT_GA
or GAGC_GA interactions showed a marked increase for
AAA relative to controls (12.2% vs. 3.4%, respectively) and
the category “GAGT/GAGC MMP9 & GTG TIMPI1” with
GAGT_GTG or GAGC_GTG interactions was increased
for AAA patients compared to controls (7.3% vs. 2.1%,
respectively).

RegulomeDB binding scores

RegulomeDB is a database that annotates SNPs with known
and predicted regulatory elements in the intergenic regions
of the human genome (Boyle et al. 2012). Given the size of
the MMP2/TIMP?2 gene pair, only selected regulatory regions
of the genes were analyzed, such that all tagged and captured

SNPs were in introns or promoter regions (Table 2). The
RegulomeDB binding score for these SNPs ranged from 4
to 6, with only TIMP2 rs8065599 captured by tag rs8082025
scoring as 2b, suggesting a possible effect on binding.

For the MMP9/TIMPI gene pair, the common variability
of the entire gene sequence was analyzed. The RegulomeDB
binding score for the tagged and captured SNPs for this gene
pair ranged predominantly from 4 to 6. One MMP9 SNP was
scored as 3a, and thus was predicted to be less likely to affect
binding, whereas rs17577 and rs3918262 both scored 2b. For
TIMP1, four SNPs were scored as 3a, and two, rs55990337
and rs2070584, were scored as 2b.

With the exception of MMP2, tag SNPs for all of the
studied genes captured variants in sequence motifs that have
a regulatory function.

Discussion

AAA occurs as a hereditary or acquired disease. Male gender
and increasing age are strong risk factors for AAA. In addi-
tion, individuals with a history of smoking, hypertension,
dyslipidemia, and other medical conditions, such as coro-
nary heart disease and peripheral vascular disease, have an
increased risk of developing AAA (Golledge et al. 2006). One
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study examining twins showed that in 70% of cases, both
twins had AAA (Wahlgren et al. 2010). However, there are
currently no definitive theories on the underlying genetic
mechanisms of this multifactorial disease. Some association
studies and genome-wide association studies have identified
genes that are suspected to have an association with increased
AAA risk (Bown et al. 2011; Bradley et al. 2013; van 't Hof
et al. 2016; Jones et al. 2017).

Matrix metalloproteinases and tissue inhibitors of met-
alloproteinases play an important role in the formation of
AAA (Longo et al. 2002). Among the MMPs, the gelatinase
subgroup is unique in that it has two members that contain
fibronectin type II domains (FN2) within the catalytic do-
mains. These FN2 domains allow for MMP2 and MMP9
to degrade ECM constituents, including type IV collagen,
type V collagen, all types of denatured collagens (e.g., gela-
tins), and elastin (Shi et al. 2012).

Endogenous tissue inhibitors of matrix metalloprotein-
ases bind MMPs in a 1:1 stoichiometry; however, due to the
lack of binding specificity, multiple tissue-specific interac-
tions are part of local proteolytic activity networks (Visse
and Nagase 2003).

This study sought to describe common variabilities in
regions of two gelatinase genes (MMP2 and MMP9) and
genes encoding their counterparts, tissue inhibitors of matrix
metalloproteinases (TIMP1 and TIMP?2). In addition, asso-
ciations of observed haplotypes in patients with phenotypic
expression of AAA were modeled and the haplotype interac-
tions were categorized.

A protective trend for two minor TIMP2 haplotypes
was seen for the subgroup that included males only. The
minor TIMP2 haplotypes, GG and TG, differed in alleles for
rs7342880, whereas rs8082025 had the same G allele. The GG
TIMP2 haplotype had protective potential against AAA (p =
0.009). In the first intron in the regulatory signal region of
the conserved sequences, approximately 80% of the study
population had the same major GA haplotype.

In AAA patients, the MMP9 haplotype GAGC occurred
twice as often as in controls (11.1% vs. 5.5%, respectively).
Relative to the most common haplotype differs only in the
last position matched to the variation in the 3° UTR, which
is a target of regulatory molecules. Moreover, GAGC is the
genetic background for the minor allele of the coding varia-
tion rs2250889 in exon 10 and results in a change from Arg
to Pro atamino acid 574, which lies in the second hemopexin
repeat domain of MMP9. The G allele was transmitted via
GAGC haplotype. Because proline is the only cyclic nonpolar
amino acid and arginine carries a positive charge, this substi-
tution may produce substantial changes that could manifest
as structural differences or affect electrostatic interactions
with binding partners.

The next coding variation in MMP9, rs17577, was cap-
tured by the tag SNP rs2274755. The minor allele is inherited

only on the genetic background of the TGGC haplotype. This
variation occurs in exon 12 and results in a change from ar-
ginine to glutamine at position 668 in the fourth hemopexin
repeat domain of MMP9 and is essentially a conservative
amino acid change in terms of polarity and structure. Thus,
this variant can likely be tolerated and would not substan-
tially affect the protein function.

The common variation rs17576 (c.836 A>G, p.GIn279Arg)
is found within the second highly conserved gelatinase-
specific FN2, and presumably enhances substrate binding
(Cong et al. 2009). The higher MAF (> 35%) and the 50% rate
for heterozygotes seen among the control subjects suggests
that variability in this amino acid position can be tolerated
or is desirable in certain contexts.

The minor G allele of rs3918262 captured by the tag SNP
rs3787268 allele A is inherited only on the genetic back-
ground of the GGAC haplotype. The variation rs3918262
(c.2005+657A>G) located in the last intron is “likely to
affect binding”, according to RegulomeDB, and according
to the GTEx Portal is linked to single-tissue (adipose, lung,
aorta) expression quantitative trait loci (eQTLs), but not
MMP?9 gene loci.

The TIMP1I haplotypes on the X chromosome, which has
only one copy in males, did not show significant differences
in frequency between AAA patients and controls. These
haplotypes can be linked to TIMP1 expression levels in aortic
tissues due to linkage disequilibrium with variations that are
“likely to affect binding”, but their effects await further ex-
ploration. The minor GCG haplotype had an approximately
1.8-fold higher likelihood of association with AAA, but this
relationship did not achieve statistical significance.

In the interaction analysis, we focused on variabilities in
the population of male subjects in possible combination with
variations in gelatinase and their tissue inhibitor haplotypes.
Regulatory region haplotypes in MMP2 and TIMP2 showed
a shift in the most common combination between controls
and AAA. The pure combination TC MMP2 and GA TIMP2
haplotypes (TCxGA) occurred at a rate of approximately
30% in both groups.

On the major TCxGA background, both CC MMP2 in
combination with GA TIMP2 and TC MMP2 in combina-
tion with GG TIMP2 were more frequent in AAA patients
compared to control subjects (25.6% vs. 16.4% and 8.5% vs.
4.8%, respectively). Although the simultaneous presence of
four varied haplotypes was more frequent in the controls
than in AAA patients (8.9% vs. 2.4%, respectively), the
MMP2 haplotypes showed no differences in distribution
between AAA and controls. In fact, in combination with
TIMP2 haplotypes, we noticed potential risk combinations
for CCxGA and TCxGG on the major TCxGA background.
Differences in the other haplotype combinations also were
not remarkable, except for the risk of AAA associated with
the GAGC MMP?9 haplotype. Patients carrying the major
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GA TIMP?2 haplotype had an increased risk of AAA (OR =
3.917), whereas there was no significant difference in risk
between carriers of the major GTG TIMPI haplotype and
non-carriers (OR = 3.763) (Table 5).

Of the SNPs analyzed in the present study, rs2285053
(MMP2), rs17576 1s3918242, rs17577, rs2250889 (MMP9),
and rs4898 (TIMPI) are the most frequently studied, as evi-
denced by the 111, 136,430, 48,45, and 41 entries, respectively,
in LitVar (Wei et al. 2018). Genetic variants in these SNPs are
associated with numerous human diseases, and many of these
studies examined the relationship between disease pathol-
ogy and gelatinase and TIMP function. The most frequently
documented diseases were coronary artery disease, neoplasms,
cancers, hypertension, endometriosis, glaucoma, and aortic
aneurysms. More than ten publications describe an association
analysis of MMP9 rs3918242 (in full linkage disequilibrium
(LD) with rs2274755 from the present study) with AAA, but
the results of these studies were discordant (Lamblin et al.
2002; Jones et al. 2003; Powell 2006; Smallwood et al. 2008;
Crkvenac Gregorek et al. 2016). Duellmann et al. documented
the importance of MMP9 genetic polymorphisms in progres-
sion of AAA (Duellman et al. 2012, 2014). In addition, several
extensive reviews and meta-analyses of the relationship be-
tween AAA and variants of various genes, including metal-
loproteinases and TIMPs, have been published (Thompson et
al. 2008; Yasmin and O’Shaughnessy 2008; Krishna et al. 2010;
Morris et al. 2014; Bradley et al. 2016; Li et al. 2018).

Crkvenac Gregorek et al. failed to detect in Croatian
patients with AAA the difference regarding MMP9 poly-

morphism, except when the adjusted recessive model was
applied (Crkvenac Gregorek et al. 2016).

The largest meta-GWAS of AAA performed by Jones et al.
confirmed the central role for MMP9 in AAA with identify-
ing direct interactions between ERG and MMP9 (Jones et al.
2003). The proxySNP near the MMP9 gene region showed
a strong signal but is not in linkage with rs3918242.

Mikotajczyk-Stecyna et al. aimed to determine the rela-
tionship between the rs8179090 polymorphism in the pro-
motor region of the TIMP2 gene and AAA in Polish patients
(Mikotajczyk-Stecyna et al. 2015). Their study indicated that
the polymorphism is a risk factor of AAA with the highest
OR for the male subpopulation.

Ogata et al. investigated 14 polymorphisms in 13 candi-
date genes (included MMP2, MMP9, TIMPI and TIMP2) in
multi-population study (Ogata et al. 2005). Analyses showed
an association with the two TIMPI gene polymorphisms in
male AAA patients that remained significant when analyzing
TIMPI haplotypes. They concluded that the genetic varia-
tions in TIMPI may contributed to the pathogenesis of AAA.

Smallwood et al. aimed to explore the association between
potentially functional variants in the promotor region of
the MMP9 gene and AAA in the Australian male popula-
tion (Smallwood et al. 2008). No evidence of an association
between two putatively functional polymorphisms of the
MMP9 gene, or the most common gene haplotype, and AAA
males has found in this study, which used an age-matched
controls who have all had an ultrasound scan to exclude an
AAA. As well, nonsignificant trend towards higher serum

Table 5. Percentage distribution of interactions between gelatinase and tissue inhibitor haplotypes in males

d_TIMP2 TIMP1
GA/GA GA/GG GA/TG GTG GCA ACG
AAA Controls AAA Controls AAA Controls AAA Controls AAA Controls AAA Controls
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
d_MMP2
TC/TC 29.3 28.1 8.5 4.8 3.7 4.1) 25.6 19.2 12.2 17.1 2.4 2.1
TC/CC 25.6 16.4 2.4 8.9 6.1 2.7 15.9 14.4 13.4 13.0 2.4 2.7
TC/CT 7.3 8.9 4.9 4.1 0.0 0.7 7.3 10.3 4.9 4.1 0.0 0.7
CC/CC 3.7 2.1 0.0 3.4 1.2 2.7 2.4 3.4 2.4 4.1 0.0 0.0
CT/CT 2.4 1.4 0.0 0.0 0.0 0.0) 0.0 1.4 2.4 0.0 0.0 0.0
CC/CT 4.9 2.7 0.0 1.4 0.0 0.7 3.7 1.4 0.0 3.4 1.2 0.7
d_MMP9
GAGT/GAGT 159 19.2 7.3 6.9 2.4 34 14.6 17.8 8.5 11.6 2.4 2.1
GAGT/GGAC 19.5 16.4 1.2 2.7 2.4 2.1 13.4 11.0 8.5 10.3 0.0 1.4
GAGT/GAGC 12.2 3.4% 2.4 3.4 1.2 0.7 7.3 2.1b 6.1 5.5 1.2 0.7
GAGT/TGGC 9.8 9.6 0.0 5.5 3.7 3.4 6.1 11.6 6.1 6.8 1.2 0.0
GGAC/TGGC 8.5 4.1 1.2 2.1 0.0 0.7 6.1 3.4 2.4 3.4 1.2 0.7
GGAC/GGAC 2.4 4.8 1.2 0.7 0.0 0.7 3.7 2.7 0.0 2.1 0.0 1.4

AAA, abdominal aortic aneurysm; d_, diplotype prefix; * OR = 3.917; bOR = 3.763; bold font indicates remarkable differences.
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levels of MMP?9 in the minor allele carriers for both SNPs
in males with AAA has found.

We are not aware of the existence of a study in AAA
patients with an ambition to analyze the common vari-
ability of such genes or gene regions as present study offers.
Our study supports the findings that common variants in
the MMP9 gene are involved in the early stages of AAA
formation via MMP/TIMP-mediated elastin degrada-
tion pathways (Thompson et al. 2002). The risk of AAA
associated with the GAGC haplotype could be due to the
genetic background of the deleterious coding mutation,
or could be linked with regulators of gene expression or
post-transcriptional events.

Our study revealed low variability in the little-studied
conserved regulatory region of the TIMP2 gene. Here we
showed that phenotypes of the major GA haplotype interact
with MMP counterparts in AAA and that minor haplotypes
have a protective function. According to our results, combi-
nations of the GAGC haplotype with major TIMPI or TIMP2
haplotypes are preferred for a higher risk of AAA.

Some tag SNPs and estimated haplotypes are in LD with
sequence motif variations that may drive binding of tran-
scription factors and regulatory molecules, such as hormones
and inflammatory cytokines. Our results indicate that, in
general, small differences in the distribution of MMP2,
MMP9, TIMP1, and TIMP2 haplotypes between AAA and
controls can be highlighted at the level of gene expression.
Recent studies suggest that modifications to the expression
patterns of MMP and TIMP could occur in AAA and normal
aortic tissues (Tamarina et al. 1997; Higashikata et al. 2004;
Klaus et al. 2017). Additional studies are needed to validate
the connections between commonly occurring genes or
common regulatory haplotypes and the transcription levels
of gelatinases and their tissue inhibitors.

Study limitations

There are two major limitations in this study that could be
addressed in future research. First, the study did not have
the power to detect small differences in estimated haplotype
frequencies and haplotype interactions between groups, the
sample size was too small to perform meaningful subanaly-
ses. Second, the study may suffer from sampling bias since
the participants in our study were not a random population
sample. In a given time period of the sample collecting, all
patients at the clinic who met the criteria and agreed and
signed informed consent were included. The results should
be interpreted in a careful manner.
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