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Abstract

Background: Matrix metalloproteinase 12 gene (MMP12) has
been shown to be associated with asthma in a Caucasian
population. In this study, we investigate whether single-nu-
cleotide polymorphisms (SNPs) of MMPI12 are associated
with a risk for asthma in a Japanese population. Methods:
We tested for an association between SNPs in MMP12 and
asthma, including its severity, in a Japanese population (630
pediatric and 417 adult patients with atopic asthma and 336
children and 632 adults as controls). The rs652438 A and G
variants (N357S) were generated by site-directed mutagen-
esis and an assay with artificial peptide substrates was used
to compare two types of MMP12 activity. The effect of

MMP12 inhibition with MMP12-specific small interfering
RNA (siRNA) on chemokine secretion from airway epithelial
cells was also tested in vitro. Results: N357S showed a p val-
ue <0.05 for childhood and combined (adult plus childhood)
asthma in the dominant model [odds ratio (OR) 1.60, 95%
confidence interval (Cl) 1.00-2.56, p = 0.047; OR 1.40, 95% Cl
1.04-1.89, p = 0.028, respectively]. This risk variant is associ-
ated with asthma severity in adult patients. In the functional
assay, the minor-allele enzyme showed significantly lower
activity than the major-allele enzyme. MMP12-specific sSiRNA
suppressed IP-10 secretion from airway epithelial cells upon
stimulation with IFN-B. Conclusions: Our results suggest
that MMP12 confers susceptibility to asthma and is associat-
ed with asthma severity in a Japanese population. MMP12
may be associated with asthma through inappropriate at-
traction of leukocytes to the inflamed tissue.

Copyright © 2012 S. Karger AG, Basel

KARGER ©2012 S. Karger AG, Basel
1018-2438/13/1603-0287$38.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch

www.karger.com

Accessible online at:
www.karger.com/iaa

Correspondence to: Dr. Yoichi Suzuki

Department of Public Health, Chiba University Graduate School of Medicine
1-8-1 Inohana, Chuo-ku

Chiba 260-8670 (Japan)

Tel. +81 43 226 2068, E-Mail ysuzuki@faculty.chiba-u.jp


http://dx.doi.org/10.1159%2F000341672

Introduction

Bronchial asthma is an inflammatory lung disease
caused by a combination of genetic and environmental
factors [1, 2]. There are lines of evidence that genetic vari-
ations influencing tissue remodeling or host defense sys-
tem are involved in the development of asthma and its
symptoms [2].

Matrix metalloproteinases (MMPs) are a family of
secreted and membrane-bound endopeptidases. Their
physiologic roles in the lung include not only degradation
of the extracellular matrix, which is important for cellu-
lar infiltration into tissues and tissue repair or remodel-
ing, but also for cytokine or chemokine processing and
regulation of their secretion, which is important in the
host defense system [3-5]. Some MMPs (e.g. MMP12) are
also known to have a protein sequence for bactericidal
activity [6].

The results of several studies suggest that MMP12 has
important roles in lung diseases, such as asthma and
chronic obstructive pulmonary disease [7]. The associa-
tion between MMPI2 genetic variants and asthma or its
clinical phenotype has also been reported in a Caucasian
population. For example, Mukhopadhyay et al. [8] re-
ported that a common serine variant (rs652438) was as-
sociated with the severity of asthma and Hunninghake et
al. [9] showed that the minor allele of a single-nucleotide
polymorphism (SNP) in the promoter region of MMPI2
was associated with a positive effect on lung function in
children with asthma.

In a mouse model of asthma, Di Valentin et al. [10]
showed that, unlike other MMPs (e.g. MMP9 and
MMP13), MMP12 was induced not only by short-term
allergen exposure but also by intermediate and long-term
allergen exposure. Their data suggest that MMPI12 plays
various roles in both the acute and chronic phases of asth-
ma development.

Although MMP12 is known to be secreted predomi-
nantly by macrophages, human bronchial epithelial cells
also secrete MMP12 [11]. Airway epithelial cells are
known to serve not only as a barrier to the outside but also
as coordinators of immune responses in the airways; for
example, bronchial epithelial cells participate in the ho-
meostasis of the dendritic cell (DC) network present
within the bronchial epithelium through the secretion of
chemokines [12]. In addition to the degradation of the
extracellular matrix or processing of cytokines or chemo-
kines, MMP12 has also been shown to stimulate airway
epithelial cells to enhance the release of several chemo-
kines [13].
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Table 1. Characteristics of the study population

Childhood Adult Pediatric Adult

asthma asthma  control  control
Number 630 417 336 632
Mean age, years 10.5 414 9.3 43.7
Age range, years 3-15 16-83 6-12 20-75
Sex, male/female 1/0.61 1/1.05 1/1.02 1/0.37

The main aim of the present study was to investigate
whether genetic variations in MMPI2 were associated
with atopic asthma in a Japanese population. We also
aimed to explore the relationship between MMPI2 poly-
morphisms and MMPI12 enzyme activity. Finally, the ef-
fect of our findings on chemokine release from epithelial
cells upon inflammatory stimuli was evaluated.

Methods

Subjects

All participants were Japanese, and asthma was diagnosed ac-
cording to the criteria of the National Institutes of Health [14] by
physicians specializing in allergic diseases.

The diagnosis of atopy was based on one or more positive skin
scratch test responses to a range of seven common allergens in the
presence of a positive histamine control and a negative vehicle
control, or the presence of positive (=0.35 TU/ml) specific IgE
against at least one of the measured allergens. The seven allergens
for the skin scratch test were house dust mite (Dermatophagoides
pteronyssinus), cat dander (Felis domesticus), dog dander (Canis
familiaris), orchard grass (Dactylis glomerata), Ambrosia (Ambro-
sia artemisiifolia), cedar pollen (Cryptomeria japonica), and black
mold (Alternaria alternate). Total and specific IgE levels in serum
were assayed using the CAP-radioallergosorbent testing method
(Pharmacia Diagnostics, Uppsala, Sweden). Eight specific IgEs
were measured: house dust mite, dog dander, cat dander, black
mold, cedar pollen, orchard grass, egg white and golden, black
bellied, or djungarian hamsters (Mesocricetus auratus/Cricetus
cricetus/Phodopus sungorus). In this study, we only analyzed data
from patients with atopic asthma.

The number of cases of atopic childhood and adult asthma
were 630 and 417, respectively, and the number of pediatric and
adult controls was 336 and 632, respectively (table 1). The mean
ages (range) of the four groups were as follows: childhood asthma,
10.5 (3-15) years; adult asthma, 41.4 (16-83) years; child control,
9.3 (6-12) years, and adult control, 43.7 (20-75) years. The details
of these subjects have been described previously [15]. As adult
controls, a total of 632 healthy individuals who had neither respi-
ratory symptoms nor a history of asthma-related diseases (mean
age 43.7, 20-75 years; male:female ratio = 1.0:0.37) were recruited
by physicians’ interviews about whether they had been diagnosed
with asthma and/or atopic diseases [16]. For pediatric controls
and the investigation of total and specific IgE levels, we recruited
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Table 2. Locations and allele frequencies of SNPs of the MMPI2 gene

SNP dbSNP Position® Minor-allele  Allele Location
No. frequency, %°
SNP1 rs2276109 102745791 0.012 A/G promoter, -82A/G
SNP2 rs10895367 102745130 0.100 G/C intron 1
SNP3 rs7123600 102741968 0.237 A/G intron 4
SNP4 rs632009 102738499 0.144 C/T intron 5
SNP5 rs652438 102736642 0.083 A/G exon 8, 1082A>G, Asn357Ser

® Based on National Center for Biotechnology Information (NCBI).

b Based on HapMap data No. 27.

children attending an elementary school in Chiba City, Japan. The
clinical characteristics of this population as well as inclusion and
exclusion criteria have been described previously [17]. In brief,
after the exclusion of questionnaire-assessed asthma and/or atop-
ic dermatitis subjects and those with congenital heart diseases
and lung diseases caused by premature birth, 336 children having
a complete set of information on the total and eight specific IgE
levels, genotypes and environmental factors were assigned to the
pediatric group.

The asthma severity in pediatric and adult patients was deter-
mined by physicians who were experts in allergic diseases and was
defined according to the degree of therapy required to control
symptoms at the time of entry into the study in accordance with
the Japanese Pediatric Guideline for the Treatment and Manage-
ment of Asthma 2005 [18] and the criteria of the Global Initiative
for Asthma Guidelines 2002 [19], respectively. In pediatric pa-
tients, the distribution of subjects (severity data were available in
218 pediatric patients) was as follows: step 1, mild intermittent
9.2% (20 individuals); step 2, mild persistent 38.1% (83 individu-
als); step 3, moderate persistent 34.9% (76 individuals); step 4,
severe persistent 17.4% (38 individuals), and step 5, severe persis-
tent 0.5% (1 individual). In adult patients, the distribution of sub-
jects (severity data were available in 357 adult patients) was as
follows: step 1, mild intermittent 4.5% (16 individuals); step 2,
mild persistent 55.6% (197 individuals); step 3, moderate persis-
tent 24.9% (88 individuals), and step 4, severe persistent 15.0% (53
individuals).

Written informed consent was received from all participants
and the study was approved by the ethics committees of Chiba
University Graduate School of Medicine and RIKEN.

SNP Selection

SNP selection was based on data from HapMap No. 27 and
performed according to the following criteria: SNPs in MMPI2
with a minor-allele frequency greater than 5% (HapMap JPT pop-
ulation) were identified. The linkage disequilibrium (LD) pat-
terns from the HapMap JPT population were evaluated to avoid
selecting SNPs in strong LD (cutoff, r* = 0.8). Four SNPs were
identified from the 5’ end: rs10895367, rs7123600, rs632009, and
rs652438. Because the SNP in the promoter region (rs2276109)
was previously shown to be associated with asthma phenotypes
in a Caucasian population [9], we added this SNP to the above 4
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SNPs for genotyping. The location and allele frequency of the 5
selected SNPs are shown in table 2. The structure of MMPI2 and
location of the SNPs (minor-allele frequency =0.001, based on
HapMap data No. 27) and their LD map are shown in figure 1.
These SNPs are assumed to capture the majority of the known
common variations in the gene.

Genotyping

Genomic DNA was prepared from whole-blood samples using
astandard protocol. Whole-genome amplification was performed
using the illustra GenomiPhi V2 amplification kit (GE Health-
care, Little Chalfont, UK) according to the manufacturer’s stan-
dard protocol.

Genotyping was performed using the SNaPshot® method
(Applied Biosystems, Foster City, Calif., USA). Multiplex PCR
amplification was performed in 10 pl reaction mixture contain-
ing 5 ng amplified template DNA, 0.05 U TaKaRa Ex Taq® HS
(TaKaRa Bio, Otsu, Japan), 67 mM Tris-HCI (pH 8.8), 16.6 mM
(NH,),S04, 6.7 mMm MgCl,, 6.7 pM EDTA, 10 mM 2-mercapto-
ethanol, 1.5 mM of each ANTP and 0.1-0.2 uM of each PCR prim-
er shown in table 3. The amplification was carried out on Gene-
Amp® PCR System 9700 (Applied Biosystems) using the follow-
ing PCR program: initial denaturation step of 1 min at 98°C, 10
cycles of 10 s at 98°C, 30 s at 60°C, and 2 min at 72°C, followed
by a final extension of 5min at 72°C. Post-PCR treatment to re-
move primers and unincorporated dNTPs was performed with
shrimp alkaline phosphatase (SAP; Promega Corporation, Madi-
son, Wisc., USA) and exonuclease I (Exol; New England Biolabs,
Ipswich, Mass., USA). The PCR product was incubated with
0.5U SAPand 1 U Exol for 1 hat 37°C followed by 15 min at 80°C
for enzyme inactivation. The SNaPshot reaction was performed
in 10 pl reaction mixture containing 0.5 pl SNaPshot ready reac-
tion mix (Applied Biosystems), 2 pul SAP/Exol-treated PCR prod-
ucts and 0.05-0.3 pM each of the SNaPshot primers shown in
table 3. SNaPshot primers were designed to anneal adjacent to the
mutation of interest and to contain an additional sequence with
several (incomplete) repeats of the ‘acgt’ sequence (indicated by
lower case) at the 5’-end to obtain a convenient length for dis-
crimination from other SNaPshot products. The reaction mixture
was subjected to an initial step of 96°C for 1 min to activate the
enzyme, followed by 30 single-base extension cycles of denatur-
ation at 96°C for 10 s, and annealing and extension at 60°C for
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Fig. 1. Structure of the MMPI12 gene and
location of (SNPs) and their LD map.
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Table 3. Primers for genotyping SNPs in the MMPI2 gene

SNP1 PCR forward 5'-TGCTAATTGATCCATTGTCGTCTG
(rs2276109) PCR reverse 5'-TGGCCTGCAGGAGCAGTATTAG
SNaPshot 5"-ctgact GTGAATATGAATCCTATGAGTGACTCA
SNP2 PCR forward 5'-TTCCCTTTACCCTCAGTCATCTCA
(rs10895367) PCR reverse 5'-AGTTGGGACACAAATTTCTTGCTT
SNaPshot 5"-tgactgact CCCTCAGTCATCTCAGTTATATCTTTACAG
SNP3 PCR forward 5'-AAGCTCAGAGGAACCTTAAGAAGCA
(rs7123600) PCR reverse 5'-TCCTCTAATTGTTGGCACACACAG
SNaPshot 5'-GGTAAAAGCTGTTAATTAGGTGGTAAGTT
SNP4 PCR forward 5'-GGCATTCAGTCCCTGTATGGTG
(rs632009) PCR reverse 5'-TCTGCCTCTGGCTCTGACGTT
SNaPshot 5"-ctgactgact CCCTGTGTGGCAGGTGACACAG
SNP5 PCR forward 5"-TGTCTTCACAGATGACAAATACTGGTT
(rs652438) PCR reverse 5'-CTGGAAGGTCAAGGAGCTTTGG
SNaPshot 5"-tgact GCTCTTGGGATAATTTGGCTCTGGTCTTAAA
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30 s. Postextension treatment to remove the 5'-phosphoryl group
of the ddNTPs was performed with calf intestine alkaline phos-
phatase (CIAP; Nippon Gene, Tokyo, Japan). The final mixture
(6 pl) was treated with 1 U CIAP for 60 min at 37°C, followed by
15 min at 80°C for enzyme inactivation. The SNaPshot products
(1 1) were mixed with 10 pl HiDi™ formamide (Applied Biosys-
tems) and 0.05 pl GeneScan™ 120 LIZ™ size standard (Applied
Biosystems), and electrophoresed in a 50-cm-long capillary using
Performance Optimum Polymer 6 (POP6) on an ABI PRISM® 3100
Genetic Analyzer (Applied Biosystems). The resulting data were
analyzed with GeneMapper® v3.5 Software (Applied Biosystems).

Expression Vector Construction

A cDNA fragment encoding human MMPI2 was obtained
from the human multiple tissue cDNA panel (TaKaRa Bio) (A al-
lele at target SNP5_N357S) and amplified using PCR with the fol-
lowingprimers:forward,5-AAACTGACTCGAGCCGTTTAGA-
AGTTTACAATG-3";reverse,5- TTAATTACTCGAGTTCTAAC-
AACCAAACCAGCT-3'". The cDNA fragment was digested with
Xhol and cloned into pcDNA™3.1(+) (Life Technologies, Carls-
bad, Calif., USA), which was previously digested with Xhol, using
DynaExpress DNA Ligation Kit ver. 2 (BioDynamics Laboratory,
Tokyo, Japan). The N357S mutation of MMPI12 was introduced by
PCR-based site-directed mutagenesis with the primers shown in
table 4 (underlining indicates the position of rs652438) using
PrimeSTAR® MAX polymerase (TaKaRa Bio). We constructed
two MMPI12 expression vectors. The nucleotide sequences of
MMPI2 in these constructs were confirmed by DNA sequencing.

Cell Culture

HEK293 cells (human embryonic kidney cell line) were cul-
tured in minimum essential medium (Invitrogen, Paisley, UK)
supplemented with 2 mM L-glutamine, 1% nonessential amino
acids, 10% fetal bovine serum and antibiotics.

Primary normal human small airway epithelial cells (SAECs)
as well as all the basal medium (SABM™) and growth supple-
ments [SAGM™ SingleQuots®, which contains bovine pituitary
extract, human recombinant epidermal growth factor, hydrocorti-
sone, epinephrine, transferrin, insulin, retinoic acid (RA), triiodo-
thyronine, gentamicin/amphotericin-B (GA-1000) and bovine se-
rum albumin (BSA] were obtained from Lonza (Switzerland). Cells
were cultured according to the manufacturer’s instructions. SAECs
were maintained in SABM supplemented with SAGM SingleQuots.

Transient Transformants

Empty vector pcDNA3.1(+) or MMP12 expression vectors
pcDNA3.1-MMPI2 were transiently transfected into HEK293
cells using Lipofectamine™ LTX (Invitrogen) in 6-well tissue cul-
ture plates according to the manufacturer’s instructions. After
24 h of incubation, cells were serum starved, and supernatants
were collected after 24 h and stored at -80°C until use.

MMP Activity Assay

Protease activity of MMPI12 in the conditioned medium was
evaluated with synthetic fluorescence peptide as substrate using
SensoLyte® 520 MMPI12 Assay Kit fluorimetric (AanSpec Inc.,
Fremont, Calif.,, USA). Because purified recombinant MMP12
and MMPI12 protein in conditioned medium from the HEK293
transformant were spontaneously active, the incubation step with
4-aminophenylmercuric acetate was skipped. Fluorescence of
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Table 4. Primers for mutagenesis in the MMPI12 cDNA

Sequence
Forward 5"-ATTAGCAGTTTAAGACCAGAGCCAAA
Reverse 5'-TCTTAAACTGCTAATTAACCAGTATT

5-FAM was monitored at excitation/emission wave lengths of
490/520 nm using infinite® F200 (Tecan, Mannedorf, Switzer-
land). BioPlex™ 200 (BioRad Laboratories, Hercules, Calif., USA)
was used to measure MMP12 protein concentrations in the medi-
um with Fluorokine® M AP assay kit (R&D Systems, Minneapolis,
Minn., USA). Standard proteins included in the kit were used to
calculate the MMP12 protein concentration. There was no signifi-
cant difference in MMPI12 protein levels secreted from transient
transformants between transfection of the different constructs.

Small Interfering RNA-Targeted Knockdown of MMPI2

SAECs were seeded into 24-well plates and cultured overnight
t040-50% confluency. MMP12-specific siRNA (Mission® siRNA;
siRNA ID: SASI_Hs01_00077192; Sigma-Aldrich, St. Louis, Mo.,
USA) was added at a final concentration of 5 nM with Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufactur-
er’s instructions. Control cells were transfected with siPerfect®
Negative Control (Sigma-Aldrich) or treated with transfection
medium alone.

Measurement of Chemokine Secretion from

Interferon-B-Stimulated SAEC

The medium was replaced by SABM supplemented with GA-
1000, RA, and BSA alone 24 h before stimulation of SAECs. Sub-
sequently, SAECs were incubated for 24 h with 50 ng/ml interfer-
on-f3 (IFN-B; PeproTech, Rocky Hill, N.J., USA). Cell superna-
tants were cleared by centrifugation and stored at -80°C until
measurement. Chemokine (IP-10, MCP-1, MIP-1B, RANTES and
IL-8) was detected using the Procarta® human cytokine assay kit
(Panomics/Affymetrix, Fremont, Calif., USA) according to the
manufacturer’s instructions. For blocking experiments, cells were
pretreated with MMP12-specific siRNA or control for 48 h before
stimulation.

Statistical Analysis

Pairwise LD in SNPs was estimated as r>. We calculated allele
frequencies and tested their agreement with the Hardy-Weinberg
equilibrium using a x* goodness-of-fit test. Because minor-allele
frequencies of selected SNPs were low (table 2), subjects carrying
one or two copies of the minor allele were analyzed as one group.
We compared differences in the allele frequencies and genotype
distribution of each polymorphism between the case and control
subjects using a 2 X 2 contingency X test (allele and dominant
genotype models). A case-control association study was per-
formed using SNPAlyze® ver. 4.1 program (Dynacom, Chiba, Ja-
pan). Combined analyses of childhood and adult asthma were
performed by meta-analysis with a general variance-based meth-
od under a random effect model. Statistical analysis was per-
formed with SPSS software (ver. 17.0]; SPSS Japan, Tokyo, Japan).
p values <0.05 were judged to be significant.
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Table 5. MMPI2 genotype frequencies in controls and cases

SNP Genotype frequency
childhood asthma adult asthma pediatric control adult control
11! 122 223 11! 122 223 11! 122 223 11! 122 223
SNP1 0.966 0.034 0.000 0946  0.054  0.000 0.961 0.039 0.000 0.958 0.042 0.000
SNP2 0.773 0.212 0.015 0.799  0.189  0.012 0.793 0.189 0.018 0.798 0.186 0.016
SNP3 0.525 0.411 0.064 0.540  0.378  0.082 0.541 0.375 0.084 0.522 0.423 0.056
SNP4 0.775 0.219 0.006 0.741  0.257  0.002 0.757 0.228 0.015 0.766 0.233 0.002
SNP5 0.881 0.106 0.013 0.874  0.119  0.007 0.922 0.078 0.000 0.898 0.099 0.003
! Frequency of homozygosity for major allele.
2 Frequency of heterozygosity.
3 Frequency of homozygosity for minor allele.
Table 6. SNP association study of the MMPI12 gene
SNP Allelic frequency comparison Genotype frequency comparison in dominant model
childhood asthma adult asthma all asthma childhood asthma adult asthma all asthma
vs. child control vs. adult control vs. all control! vs. child control vs. adult control vs. all control!
p OR and p OR and p OR and p OR and p OR and p OR and
value  95% CI value  95% CI value  95% CI value 95% CI value  95% CI value  95% CI
SNP1 0.690 1.15 0.374 1.30 0.348 1.24 0.687 1.16 0.369 1.31 0343 1.24
0.57-2.32 0.73-2.30 0.79-1.93 0.57-2.34 0.73-2.34 0.79-1.95
SNP2 0.602 1.08 0.877  1.02 0.635 1.05 0.488 1.12 0.986 1.00 0.622  1.06
0.81-1.45 0.77-1.36 0.86-1.29 0.81-1.55 0.73-1.37 0.85-1.33
SNP3 0.921 1.01 0.839 1.02 0.827 1.02 0.644 1.06 0.560 1.08 0.458 1.07
0.82-1.25 0.84-1.24 0.88-1.18 0.82-1.39 0.84-1.38 0.89-1.29
SNP4 0.409 1.13 0.382 1.13 0.230 1.13 0.549 1.10 0.360 1.14 0.280 1.12
0.85-1.50 0.86-1.47 0.93-1.37 0.81-1.50 0.86-1.52 0.91-1.39
SNP5 0.015 1.74 0.173  1.29 0.012 1.46 0.047 1.60 0.220 1.28 0.028 1.40
1.11-2.74 0.89-1.87 1.09-1.96 1.00-2.56 0.86-1.88 1.04-1.89

! Combined analyses of childhood and adult asthma were performed by meta-analysis with general variance-based method under a random effect

model. Values in boldface indicate statistical significance.

Results

Association between Polymorphisms of the MMP12

Gene and Childhood Atopic Asthma

The characteristics of patients with atopic asthma and
controls are shown in table 1. As there was a difference in
sex ratio between the cases and controls, we performed a
x> analysis for sex and genotype frequencies. There was
no evidence of an association between sex and genotype
frequencies except for SNP2 (p = 0.045).

Among the five genotyped SNPs, SNP1 (-82A/G;
rs2276109) is the functional promoter SNP which has
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previously been shown to be associated with childhood
asthma and COPD [9], and SNP5 (1082A/G; rs652438),
which has the amino acid substitution N375S, has previ-
ously been shown to be associated with the clinical asth-
ma phenotype in children and young adults [8].

Table 5 shows the genotype frequency of each poly-
morphism and table 6 shows the association test results
between asthma patients and controls [childhood asthma
vs. child control, adult asthma vs. adult control, and all
asthma (combined population of pediatric and adult
asthma patients) vs. all control (combined population of
child and adult controls)].

Yamaide et al.



The odds ratio (OR) for SNP5 was 1.74 [95 % confi-
dence interval (CI) = 1.11-2.74, p = 0.015] for the allelic
comparison (A vs. G) and 1.60 (95 % CI = 1.00-2.56, p =
0.047) in the minor-allele dominant model (AA vs.
AG+GQG) for the pediatric population. ORs for SNP5
were 1.46 (95% CI = 1.09-1.96, p = 0.012) for the allelic
comparison and 1.40 (95% CI = 1.04-1.89, p = 0.028) in
the dominant model for the combined population. The
p values did not reach significance after Bonferroni’s
correction.

Association between SNP5 and Asthma Severity in

Adults

Because SNP5 (Asn357Ser) was reported to be associ-
ated with greater asthma severity in a Caucasian popula-
tion [8], we analyzed whether this variant was also associ-
ated with asthma severity in a Japanese population. In
pediatric asthma patients, this variant did not show any
association with asthma severity (data not shown). In
adult patients, however, the carrier frequency for this
variant significantly increased linearly with severity,
with a p value of 0.01 in linear regression analysis be-
tween asthma severity and carrier frequencies for this
variant (fig. 2).

Effect of Amino Acid Changes on MMP12 Activity

The amino acid substitution in SNP5 is located in the
hemopexin-like domain, which is thought to determine
substrate specificity and to be the site for interaction with
tissue inhibitor of metalloproteinases [20]. However, un-
til recently, it has not been known whether the amino acid
change in SNP5 has any effect on MMPI12 activity. To
evaluate the functional effect of SNP5 on MMP12 activ-
ity, we constructed MMPI12 protein expression vectors
with different amino acid sequences of MMP12 ¢cDNA
and transfected them into human cell lines (HEK293
cells). The two types of amino acid sequence at this SNP
site were 357N (major allele) and 357S (minor allele).
MMPI12 enzyme secreted into the culture medium from
the HEK293 transformants and its activity toward an ar-
tificial peptide substrate was monitored. As shown in fig-
ure 3, the minor-allele enzyme showed slightly but sig-
nificantly lower proteolytic activity than the major-allele
enzyme. This result was similar to that reported by Haq
et al. [21]. They showed that MMPI12 activity with the
major allele of SNP5 was greater than that with the minor
allele, although the observed difference in the activity
between the major- and minor-allele enzyme was much
larger than in the present study.

Association between MMPI2 and
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MMPI12-Specific Knockdown by siRNA Inhibits

Chemokine Secretion

In the lung, MMP12 is known to be secreted predom-
inantly by macrophages as well as by other cells, such as
bronchial epithelial cells [11]. The known physiologic
roles of MMP12 include not only degradation of extracel-
lular matrix but also regulation of secretion and activa-
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Fig. 4. MMP12 siRNA reduced IP-10 secretion from SAECs
following stimulation with IFN-B. SAECs were pretreated with
MMP12-specific siRNA, control siRNA, or vehicle for 48 h before
stimulation. The medium was replaced 24 h before stimulation by
SABM supplemented with GA-1000, RA, and BSA alone. Subse-
quently, SAECs were incubated for 24 h with or without IFN-3.
The concentration of IP-10 in the medium was measured. Data
shown are the means * SDs of three independent experiments
(p value for unpaired t test).

tion of cytokines and chemokines [13]. Furthermore, it is
also known that airway epithelial cells in patients with
asthma are involved in the control of lung inflammation
and DC recruitment during allergen stimulation [12].

We thus hypothesized that the decreased activity of
MMPI12 affects chemokine release from lung epithelial
cells upon cytokine stimulation. To evaluate this hypoth-
esis in vitro, we used siRNA technology with MMP12-
specific knockdown in airway epithelial cells. We tested
several combinations of stimuli (lipopolysaccharide,
FSL-1, IFN-3 and IFN-)\) on the cells and chemokines
(IP-10, MCP-1, MIP-1B8, RANTES, and IL-8) secreted
upon stimulation. We found that SAECs secreted high
levels of IP-10 in response to IFN-[3 stimulation and al-
so found that SAECs transfected with MMP12-specific
siRNA secreted less IP-10 upon IFN-[3 stimulation than
SAECs transfected with negative control (fig. 4). This
suggests that endogenous MMP12 activity is, at least in
part, required for appropriate secretion of IP-10 under
inflammatory conditions.

Discussion
In agreement with our results, Mukhopadhyay et al.

[8] reported that a common serine variant in MMPI2
(rs652438) was associated with asthma phenotypes. This

294 Int Arch Allergy Immunol 2013;160:287-296

variant is also associated with poor outcomes in breast
cancer patients [22]. However, the results of the MMP12
activity assay showing that the risk allele (minor allele)
enzyme had a lower activity than the major-allele enzyme
seem to contradict the findings from an animal model
of acute allergic and inflammatory airway disease us-
ing MMP12-deficient mice [4]. MMP12-deficient mice
showed decreased eosinophil and macrophage recruit-
ment in interleukin 13-induced lung injury [23], reduced
macrophage migration and influx in smoke-induced em-
physema [24], reduced neutrophil influx to the alveolar
space in acute lung injury [25], or reduced release of tu-
mor necrosis factor-a from macrophages after smoke ex-
posure [26]. From these observations, it appears that
MMP12 plays unfavorable and pathologic roles in lung
inflammation and lung tissue remodeling. On the other
hand, using a murine lung fibrosis model mimicking id-
iopathic pneumonia syndrome after bone marrow trans-
plantation, England et al. [27] reported that MMP12 from
tissue cells was important in limiting idiopathic pneu-
monia syndrome allowing proper remodeling of extra-
cellular matrix and effective repair of tissue injury. In
an experimental autoimmune encephalomyelitis model,
MMP12 deficiency worsened the outcome, and this was
shown to be associated with cytokine and chemokine
dysregulation [28]. In addition to the idiopathic pneumo-
nia syndrome model, MMP12 was thought to play a pro-
tective role in experimental autoimmune encephalo-
myelitis. Based on the spatially and chronologically
multifaceted nature of MMP12 in inflammation and
tissue-remodeling processes [10], we speculate that re-
duced activity of MMP12 may lead to the development
of asthma or its severe phenotype under some circum-
stances.

IFN-f is known to be an important cytokine for con-
trolling viral infection, such as rhinovirus respiratory in-
fection [29, 30]. Airway epithelial cells exposed to virus
or allergen are known to produce higher levels of chemo-
kines such as IP-10, which are involved in the recruitment
of T-helper type 1 cells, inflammatory DCs, and other cell
types [12, 31]. DCs are well known as critical immune
cells which play pivotal roles in both innate and adaptive
immune responses [32]. In addition to the DC subset that
is present in the lung in the steady state, certain subsets
of DCs (e.g. monocyte-derived DCs) are readily recruited
upon stimulation with inflammatory mediators [33].
Along with the MMPI2 activity of upregulation of active
chemokine release, MMP12 was also reported to inacti-
vate some CXC chemokines (e.g. MIP-2ac or MIP-2[3) and
generate antagonists to some CC chemokines (e.g. MCP-

Yamaide et al.



1 or MCP-2), and this activity of MMP12 was thought to
be important for terminating neutrophil influx and regu-
lating inflammatory responses [5]. To maintain tissue ho-
meostasis, it is very important that appropriate types of
cells (e.g. macrophages, DCs, or neutrophils) are readily
and promptly recruited to the inflammatory site [32, 33].
This orchestrated response is critical for the control of
inflammation [12, 31], and is also important for inhibit-
ing persistent inflammation, which may lead to patho-
logic tissue remodeling [34]. Bronchial epithelial cells of
asthma patients were shown to have reduced ability to
produce IFN-B and IFN-\ in response to viral infection
[35]. As shown in figure 4, reduced MMP12 activity leads
to reduced secretion of IP-10 from airway epithelial cells
upon stimulation with IFN-f3. Based on previous reports
and our present findings, we speculate that the reduced
activity of MMP12 might lead to reduced infiltration of
inflammatory cells (e.g. T-helper type 1 cells, inflamma-
tory DCs, or macrophages) into the inflammatory site,
where these cells are involved in wound healing or mi-
crobial elimination in the early phase of inflammation,
through the reduction of active chemokine release and/
or insufficient degradation of extracellular matrix. Thus
inappropriate recruitment of cells in the early phase of
inflammation and also inappropriate termination of cel-
lular influx might lead to chronic inflammation and/or
activation of other MMP proteins, and subsequently
pathologic tissue remodeling.

There are several other possible causes for the link be-
tween this SNP and the asthma phenotype. Because this
SNP causes amino acid substitution in the hemopexin-
like domain of the MMP12 protein, which is thought to
be involved in substrate specificity [20], we cannot ex-
clude the possibility that this nonsynonymous SNP af-
fects the substrate specificity of MMP12 so that MMP12
activity is higher for some physiologic substrates in vivo
than the major-allele enzyme, which may lead to differ-
ences in patient asthmatic phenotype. In addition, the
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