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a b s t r a c t

Asthma is characterized by chronic airway inflammation, which induces airway remodelling of the extra-
cellular matrix over time. Matrix metalloproteinases (MMPs) are involved in this process, and single-
nucleotide polymorphisms (SNPs) in MMP genes may influence their mRNA expression levels or abilities
to bind substrates and inhibitors, thereby contributing to asthma predisposition and severity. MMP-9 is
highly expressed in airways and many studies support its involvement in asthma pathogenesis; however
the contribution of MMP-9 SNPs is controversial. To investigate whether MMP-9 SNPs are associated with
childhood-onset asthma in Mexican patients. We conducted a case-control study including 403 children
with clinical asthma diagnoses and 426 healthy controls from Mexico. The cases and controls were
matched by ethnicity and gender. We found that the SNPs rs2274755, rs17577, and rs3918249 were
associated with asthma risk. The most significant associations were with rs2274755 (OR = 2.10, 95% CI
1.31–3.39, P = 0.001) and rs17577 (OR = 2.07, 95% CI 1.29–3.30, P = 0.001); which were in strong linkage
disequilibrium. Both SNPs were also associated with atopic asthma (OR = 2.38, 95% CI 1.44–3�96,
P = 0.0005). The SNP rs3918249 exhibited a female gender-dependent association with asthma
(OR = 1.66, 95% CI 1.14–2.43, P = 0.007). Our results suggest that MMP-9 polymorphisms could play a role
in the susceptibility to childhood-onset asthma.

� 2013 Published by Elsevier Inc. on behalf of American Society for Histocompatibility and
Immunogenetics.
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1. Introduction

The matrix metalloproteinases (MMPs) are a family of zinc- and
calcium-dependent endopeptidases comprising over 26 proteins
with homologous sequences, which can be divided into collagenas-
es, stromelysins, matrilysins, and gelatinases [1–4]. The wide
variability of MMPs explains their implication in a range of
pathological conditions, including tissue destruction, matrix weak-
ening, and fibrosis [1,5–8]. The available data support a major role
for MMPs in lung development and architecture [4,6,8,9]. MMPs
can be produced by a variety of inflammatory cells in the
respiratory tract, where they mediate airway remodelling and cell
trafficking [4,10,11]. MMP-1, MMP-2, MMP-3, MMP-8, and MMP-9
(or gelatinase B) are each overexpressed in asthmatic and allergic
patients [6–8]; however, MMP-9 shows the highest activity in
the airway and exhibits proteolytic activity against the major
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component of the basement membrane (type IV collagen) [6,12–
15]. In chronic obstructive pulmonary disease (COPD) and allergic
inflammation, it has been observed that MMP-9 facilitates the
recruitment of inflammatory cells through the airway, bronchial
epithelial migrations, and alveolar destruction and permeability
[1,8,14]. Furthermore, asthmatic patients exhibit high levels in
serum and sputum, and has enhanced gelatinolytic activity of this
endopeptidase [1,15–19]. Otherwise, functional studies of MMP-9
polymorphisms have also contributed to establishing a correlation
between this MMP and asthma pathogenesis; the �1562T
(rs3918242) allele of MMP-9 increases the transcription activity
of the promoter [20].

Despite the abundance of evidence indicating the role of MMP-9
in asthma pathogenesis, few epidemiological studies have focused
on the associations between MMP-9 single nucleotide
polymorphisms (SNPs) with asthma susceptibility, and the avail-
able data are still controversial [20–23]. Here we conducted a
case-control study in pediatric patients from Mexico to determine
whether MMP-9 polymorphisms are associated with asthma in this
population.
n pedi-

http://dx.doi.org/10.1016/j.humimm.2013.04.036
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2. Materials and methods

2.1. Studied population

Asthma diagnoses were made based on the definition used by
the American Thoracic Society and the Global Initiative for Asthma
(GINA) criteria. We recruited 403 asthmatic patients of less than
17 years of age from four tertiary-level institutions located in Mex-
ico City. As healthy controls, we included 426 unrelated healthy
subjects, older than 18 years of age and without autoimmune or
inflammatory history. Patients and controls were previously ethni-
cally matched using 10 validated Ancestry Informative Markers
(AIMs) [24]. We included 319 cases with allergy information avail-
able to investigate the association between MMP-9 polymorphisms
and atopy.

The study was conducted with the approval of the ethics and
research committees from all participating institutions. Parents
provided written consent for their child’s participation, and the
children assented.
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2.2. Genotyping analysis

Genomic DNA was extracted from blood samples using the Qia-
Amp Blood Kit (Qiagen, Valencia, CA).

The SNPs included were selected because of their potential
function and previous association with lung pathologies (Table 1)
[20,23]. Genotyping analysis of the polymorphisms rs3918242 C/
T ((�1562), rs3918245 T/G (�386), rs41427445 A/G (Asn38Ser),
rs3918249 T/C, rs2274755 G/T, rs17576 A/G (Gln279Arg),
rs2250889 C/G, rs17577 G/A (Arg668Gln), and rs9509 T/C) was
performed by allelic discrimination assay using TaqMan probes
(Applied Biosystems, Foster City, CA, USA). The overall genotype
call rate was 99% and the genotyping reproducibility was 100% in
100 randomized samples genotyped in duplicate. The genotyping
of rs3918242 was carried out by the PCR-restriction fragment
length polymorphism (PCR-RFLP) method, using the procedures
proposed by Sadeghi et al. [25]. Meanwhile, the polymorphism
rs2250889 C/G (Arg574Pro) was detected by PCR-mediated site-di-
rected mutagenesis (PSM). The oligonucleotide primer sequences
were those described previously [26].

To confirm the genotypes, 10 samples, including random homo-
zygote and heterozygote individuals, were sequenced directly with
a DNA Sequencing Kit employing the Big Dye Terminator (ABI
PRISM 3100 DNA sequencer; Applied Biosystems); primer se-
quences are available by request.
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2.3. Functional prediction analysis

We predicted the potential effects of the MMP-9 SNPs that were
associated with asthma in our population using FastSNP [27], SNP
Function Prediction (http://snpinfo.niehs.nih.gov/snpfunc.htm),
Table 1
Polymorphisms of MMP-9 included in the present study.

SNP Regiona Location in MMP-9 gene Allele

rs3918242 Chr20:44069383 promoter (�1562) C/T
rs3918245 Chr20:44070317 promoter (�386) T/G
rs41427445 Chr20:44071085 Exon 1 A/G
rs3918249 Chr20:44071543 Intron 1 T/C
rs2274755 Chr20:44073099 Intron 4 G/T
rs17576 Chr20:44073632 Exon 6 A/G
rs2250889 Chr20:44075813 Exon 10 C/G
rs17577 Chr20:44076518 Exon 12 G/A
rs9509 Chr20:44078560 30 0UTR T/C

a Positions are from NCBI dbSNP Build 137 for Human.

Please cite this article in press as: Jiménez-Morales S et al. Polymorphisms in m
atric patients. Hum Immunol (2013), http://dx.doi.org/10.1016/j.humimm.201
Human-transcriptome DataBase for Alternative Splicing (http://
www.h-invitational.jp/h-dbas/), SNPs3D (http://www.snps3d.org/
), and SplicePort (http://www.spliceport.cs.umd.edu/SplicingAna-
lyser2.html) software programs.

2.4. Cell culture and gene expression

To evaluate the functional effect of the rs2274755 on exon 5
splicing, human lung carcinoma cell lines with known genoNCI-
H226, NCI-460, and HOP-92; ATCC, Manassas VA, USA) were grown
in RPMI medium supplemented with foetal bovine serum (10% v/
v), L-glutamine (2 mM), penicillin (100 U/ml), and streptomycin
(100 lg/ml). Cultures were maintained at 37 �C and 95% humidity
in an atmosphere of 5% CO2.

Total RNA was isolated using the NORGEN purification kit (Nor-
gen Biotek, Thorold, On, Canada) and cDNA was synthesized from
5 mg of total RNA (PROMEGA Madison Wi, USA), following the
manufacturer’s instructions.

PCR amplification of MMP-9 was performed using 0�1 ul of
cDNA, 100 ng of each primer, 20 nM of each dNTPs, and 1 U of
Taq Gold Polymerase in a final volume of 50 ul. Amplification
was performed with an initial denaturing step of 95 �C for
10 min; followed by 33 cycles of 30 s denaturation at 94 �C,
1 min annealing at 60 �C or 58 �C, and 1 min extension at 72 �C;
and a final extension step at 72 �C for 7 min. For each cDNA sample,
the beta-2 microglobulin gene was co-amplified as an internal
cDNA quality control. All PCR reactions were carried out with a
GeneAMP PCR system 9700 (Applied Biosystems, Foster City, CA).

2.5. Statistical analysis

To test for deviations from Hardy–Weinberg equilibrium
(HWE), all genotypes were analyzed using FINETTI software
(http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). Odds ratios (OR) and 95%
confidence intervals (95% CI) were calculated using allele frequen-
cies for the cases and controls. The v2 values were estimated from
2 � 2 contingency tables, and P values <0.05 were considered
statistically significant. Stat-Calc software (Epic Info 2005 V�3�2;
Centers of Disease Control and Prevention, Atlanta, GA, USA) was
used for all statistical calculations. Haplotype frequencies and the
r2 measeremeasure of linkage disequilibrium (LD) (r2) were calcu-
lated using the Haploview software [28]. We applied the Bonfer-
roni method and 100,000 permutations to adjust for multiple
comparisons. The statistical power for the study was estimated
using QUANTO software (version 1�2; http://hydra.usc.edu/GxE/)
and it reached >90% employing the additive model.
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3. Results

A total of 403 pediatric patients fulfilled the GINA criteria for
asthma. The patients’ ages ranged from 5 to 17 years old and the
age at the onset of asthma was 11.5 ± 3.3 years (mean ± s.d.). The
male/female ratio was 246/157 (61/39%) (Table 2). The control
group included 426 blood donors, 251 (59%) male and 175 (41%)
female, all of whom were older than 18 years of age.

No study participants carried the rs41427445 or rs3918245
minor alleles. The genotype distributions of the remaining SNPs
were in HWE for both cases and controls.

The SNPs rs2274755 and rs17577 showed associations with
asthma; both SNPs were in high linkage disequilibrium
(LD > 99%) and their minor allele frequencies (MAF) were 6�5%
and 6.6 vs. 3�2% and 3.3%in cases and controls, respectively
(OR = 2.10, 95% CI 1.31–3.39, P = 0.001 and OR = 2.07, 95% CI
1.29–3.30, P = 0.001, respectively). Similar asthma risk was
observed in a dominant model to rs2274755 (GG vs [GT + TT]:
etalloproteinase-9 are associated with the risk for asthma in Mexican pedi-
3.04.036
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Table 2
Clinical characteristics of patients enrolled in the study.

Clinical features Mean (sd) or n (%)

Age at the study 11.5 ± 3.�3

Gender
Male 246 (61)
Female 157 (39)
Atopya N = 319 266 (83)
Asthma severitya

N = 323

Intermittent 175 (54)
Mild persistent 52 (16)
Moderate persistent 94 (29)
Severe persistent 2 (<1)

a Data are missing from several cases, atopy: positive skin test to atleast one
aeroallergen, sd: standard deviation.
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OR = 2.13, 95% CI 1.29–3.49, P = 0.002) and rs17577 (GG vs
[GA + AA]: OR = 2.09, 95% CI 1.28–3.41, P = 0.002) (Table 3). These
associations remained statistically significant after Bonferroni
correction.

In a further step, we stratified the asthma patients according to
the presence of atopy. We observed increasing associations be-
tween the rs2274755 and rs17577 and atopic asthma (OR = 2.38,
95% CI 1.44–3.96, P = 0.0005).

We did not find statistically significant differences in the
distribution of the rs3918249 alleles or genotypes between cases
or controls. However, after gender stratification, MAF was higher
in female cases than female controls (25.7% vs 17.1%, respectively;
OR = 1.66, 95% CI 1.14–2.43, P = 0.007). The homozygous mutant
allele genotype displayed a higher OR (TT vs CC = 3.01, 95% CI
1.10–8.23, P = 0.025) (Table 4).

We found no association between the rs3918242, rs17576,
rs2250889, or rs9509 polymorphisms and asthma or atopy, even
after gender stratification.

The LD structure between the seven SNPs showed two high LD
blocks (r2 > 0.9); the first one involving the rs3918249 and rs17576
and the other one including, both associated SNPs (rs2274755 and
Table 3
Genotype and allele frequencies of the rs2274755 and rs1757 polymorphisms in cases an

SNP id Control (N = 426) Asthm

rs2274755

Genotype, n(%)

GG 400 (93.9) 354 (

GT 25 (6.0) 46 (1

TT 1 (0.1) 3 (0.7

GG vs. TT

GG vs. GT

GG vs. [GT + TT]

Allele, n(%)

G 825 (96.8) 754 (

T 27 (3.2) 52 (6

rs17577
Genotype, n(%)

GG 399 (93.9) 353 (

GA 26 (6.0) 47 (1

AA 1 (0.1) 3 (0.7

GG vs. AA

GG vs. GA

GG vs. [GA + AA]
Allele, n(%)

G 824 (96.7) 753 (

A 28 (3.3) 53 (6

Bold word denotes statistical significance. ⁄P value remain after Bonferroni correction (P

Please cite this article in press as: Jiménez-Morales S et al. Polymorphisms in m
atric patients. Hum Immunol (2013), http://dx.doi.org/10.1016/j.humimm.201
rs17576). Combining the four SNPs, only the haplotypes harboring
all minor alleles, CTGA, showed a statistically significant associa-
tion (OR = 2.13, 95% CI 1.27–3.58, P = 0.003), which remained sig-
nificant after a 100,000 permutation run (Table 5). Likewise, the
haplotype analysis stratified by gender showed significant differ-
ences between cases and controls in both females (OR = 2.08, 95%
CI 1.04–4.21, P = 0.025) and males (OR = 2.39, 95% CI 1.08–5.41,
P = 0.018).

Functional effect evaluation of rs2274755 showed that this var-
iant did not alter exon 5 splicing, as had been predicted. The
rs3918249 SNP was predicted to be involved in a transcription fac-
tor-binding site (TFBS); however, our analyses did not show differ-
ent scores between both alleles. The SNP rs17577 leads to the
substitution of arginine (R) with a glutamine (Q) at position 648
(R648Q). Bioinformatic tools (Pmut pathogenicity and SNP3D)
showed that the 648R amino acid substitution might alter the
MMP-9 structure because of a loss of salt interaction between
the 648R and the 544E (glutamic acid).
4. Discussion

The physiological function of MMP-9 is to cleave structural pro-
teins (fibrin, fibrinogen, fibronectin, and collagen types IV, V, VII,
and X) and to modulate the activities of other proteases, proinflam-
matory cytokines, and several chemokines [1,29,30]. MMP-9 is the
principal MMP detected in cases of asthma, where it has been
implicated in chronic airway inflammation and airway remodelling
[2,10,18,31–33]. A correlation was described between MMP-9
levels in exhaled breath condensate, and lung function and levels
of inflammatory molecules in children with asthma [34,35]. More-
over, Mmp-9 knockout mice exhibit less peribronchial inflamma-
tion following OVA exposure compared with wild-type mice [36].
A few association studies in humans have evaluated the roles of
MMP-9 SNPs in asthma or its related phenotypes susceptibility;
however, the results are controversial [20–23,37].

In the present study, we examined the contribution of MMP-9
polymorphisms to the asthma susceptibility in Mexican pediatric
patients. Because there is no evidence that the MMP-9 polymor-
d controls.

a (N = 403) OR [95% CI] P

87.8) 0.001

1.5)

)

3.39 [0.35–32.7] 0.262

2.07 [1.25–3.45] 0.004

2.13 [1.29–3.49] 0.002

93.5) 2.10 [1.31–3.39] 0.001⁄

.5)

87.8) 0.006

1.5)

)

3.39 [0.35–32.7] 0.262

2.04 [1.25–3.36] 0.004

2.09 [1.28–3.41] 0.002

93.4) 2.07 [1.29–3.30] 0.001⁄

.6)

= 0.009).
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Table 4
Genotype and allele frequencies of the rs3918249 polymorphism in cases and
controls groups.

Population Control Asthma OR [95% CI] P

All N = 421a N = 397a

Genotype, n(%)

TT 280 (66.5) 239 (60.2)

TC 122 (29.0) 138 (34.8)

CC 19 (4.5) 20 (5.0) 0.169

TT vs. CC 1.23 [0.64–2.36] 0.527

TT vs. TC 1.32 [0.98–1.78] 0.064

TT vs. [TC + CC] 1.31 [0.98–1.74] 0.061

Allele, n(%)

T 682 (81.0) 616 (77.6) 1.23 [0.96–1.56] 0.088

C 160 (19.0) 178 (22.4)

Male N = 246 N = 245

Genotype, n(%)

TT 159 (64.6) 152 (62.0)

TC 74 (30.1) 86 (35.1)

CC 13 (5.3) 7 (2.9) 0.097

TT vs. CC 0.56 [0.21–1.45] 0.228

TT vs. TC 1.21 [0.83–1.78] 0.316

TT vs. [TC + CC] 1.11 [0.77–1.61] 0.551

Allele, n(%)

T 392 (79.7) 390 (79.6) 2.10 [1.31-3.39] 0.974

C 100 (20.3) 100 (20.4)

Female N = 175 N = 152
Genotype, n(%)

TT 121 (69.1) 87 (57.2) 0.010

TC 48 (27.5) 52 (34.4)

CC 6 (3.4) 13 (8.6)

TT vs. CC 3.01 [1.10–8.23] 0.025

TT vs. TC 1.50 [0.93–2.43] 0.093

TT vs. [TC + CC] 1.67 [1.06–2.63] 0.0256

Allele, n(%)

T 290 (82.9) 226 (74.3) 1.66 [1.14–2.43] 0.007⁄

C 60 (17.1) 78 (25.7)

⁄P value remain after Bonferroni correction.
a Genotype data from five controls and six cases were no available; bold word

denotes statistical significance.

Table 5
Distribution of the haplotypes in controls and cases.

Haplotypea Control n (%) Asthma n (%) OR [95% CI] P

rs3918249 T/C, rs2274755 G/T, rs17576 A/G, rs17577 G/A
TGAG 671 (78.7) 626 (77.7) 0.83 [0.65–1.05] 0.114
CGGG 128 (15.0) 117 (14.5) 0.96 [0.73–1.27] 0.771
CTGA 25 (2.9) 50 (6.2) 2.13 [1.27–3.58] 0.003⁄

CGAG 7 (0.08) 13 (1.6) 1.98 [0.73–5.50] 0.211

⁄P value remain after 100,000 permutations (P = 0.016).
a Haplotypes >1.0% are showing.
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phisms may be related to a life span, age was not considered as a
confounding factor. We found that rs2274755 and rs17577 were
associated with asthma in our population, which is in agreement
with the observations of Nakashima et al. [20], who reported these
SNPs to be associated with asthma risk in a Japanese population.
Other studies found that rs2274755 is in high LD (>1) with the
SNP rs3918242, which affects the DNA binding site of a repressor
protein, leading to higher promoter activity and increased expres-
sion of this gene [20,38]. These authors suggested that it is the true
functional SNP, however, in our population, high LD was observed
between the rs2274755 and rs17577 variants, but not with the
rs3918242 SNP. Furthermore, because, we did not find
Please cite this article in press as: Jiménez-Morales S et al. Polymorphisms in m
atric patients. Hum Immunol (2013), http://dx.doi.org/10.1016/j.humimm.201
rs3918242 to be associated with asthma; other functional variant
could be the causal to asthma in our population. The rs2274755
is located in a potential exon 5 splicing site, hence we analyzed
its functional effect in cell lines (NCI-H226, NCI-460, and HOP-
92) with known genotypes; the results did not show an error in
exon 5 splicing. Thus, we hypothesize that rs17577 could have a
role in causing predisposition to childhood-onset asthma in Mexi-
can patients. Consistent with this hypothesis, our bioinformatic
analyses revealed that the 648R amino acid substitution with
648Q at the hemopexin-like domain might alter the MMP-9 struc-
ture due to the loss of salt interaction between 648R and 544E. Be-
cause this domain is essential in MMP-9 activity regulation
through its inhibitor (tissue inhibitor of metalloproteinase 1); the
648Q variant could increase the bioavailability of active MMP-9
[39–42]. In fact, increased MMP-9 activity has been reported in
the broncoalveolar fluids of severe asthmatic patients, and the pro-
teolytic activity is increased after allergen treatment [17].The var-
iant rs17577 has also been associated with many other diseases,
including COPD, allergies, and cancer [37,43–48]. Although there
are convincing data suggesting a direct biological effect of
rs17577, it remains possible that this SNP is a proxy for another
variant within the MMP-9 gene or a neighbouring gene, which
could be causal of the association.

Otherwise, we found a female-dependent association between
the rs3918249 polymorphism and asthma in our patients; to our
knowledge, this SNP has not been previously reported to be asso-
ciated with other lung diseases. However, a recent study suggested
that this SNP could be involved in extracellular matrix remodeling
because of the proteolytic activity exerted by MMP-9 against colla-
gen IV, and because this polymorphism is associated with primary
angle closure glaucoma, which is characterized by increased sclera
remodeling and increased MMP production and activation [26,48].
A gender-dependent association is frequently documented in im-
mune pathologie, actually in a previous study, we documented
an association between TNFa and FCERL3 SNPs and JRA and asth-
ma in females and males respectively [24,49]. This phenomenon
was also reported for several other immune entities, including
multiple sclerosis, rheumatoid artritis, asthma (IL4, IL13, and
COX-2 SNPs), and inflammatory bowel disease (HLA SNPs) [50–
53], suggesting that the interaction between the genotype and
the sexual hormones during the development of the immune-
mediatede diseases should be investigated.

In conclusion, our results showed a significant association be-
tween MMP-9 polymorphisms and asthma in a Mexican pediatric
population. Further studies are needed to confirm these findings
and to increase our knowledge regarding the molecular mecha-
nisms causing this lung disease.
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