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ABSTRACT. Objective. To investigate the possible implication of the matrix metalloproteinase-12 (MMP-12)
gene in the genetic predisposition to systemic sclerosis (SSc) susceptibility and clinical phenotype.
Methods. The MMP-12 rs2276109 A/G functional polymorphism was selected as a genetic marker
and genotyped by polymerase chain reaction-restriction fragment length polymorphism assay in 513
unrelated subjects of Italian white ancestry: 250 patients with SSc [146 limited cutaneous SSc
(1eSSc), 104 diffuse cutaneous SSc (dcSSc)] and 263 healthy individuals.

Results. A significant difference was observed in MMP-12 rs2276109 genotype distribution between
patients with SSc and controls (p = 0.0003), and between 1cSSc and dcSSc (p = 0.003). The A allele
frequency was significantly higher in patients with SSc than in controls (p = 0.0002), and higher in
dcSSc than in 1cSSc (p = 0.003). After adjustment for age and sex, the homozygosity for the A allele
significantly influenced the predisposition to SSc and to decSSc (OR 2.44, 95% CI 1.61-3.71, p <
0.0001; OR 4.69,95% C12.36-9.33,p < 0.0001, respectively). A trend toward an association between
the AA genotype and 1cSSc was observed (p = 0.06). The homozygosity for the A allele was also sig-
nificantly and independently associated with antitopoisomerase I antibody positivity (OR 6.39, 95%
CI 2.18-18.76, p = 0.001) and interstitial lung disease (OR 2.94,95% CI 1.25-6.95,p =0.01).
Conclusion. The MMP-12 rs2276109 gene polymorphism may contribute to susceptibility to SSc,
and in particular to dcSSc and pulmonary fibrosis. (J Rheumatol First Release July 1 2010;
doi:10.3899/jrheum.100237)
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SCLERODERMA

Systemic sclerosis (SSc, scleroderma) is a life-threatening
connective tissue disease characterized by autoimmunity,
widespread microvascular involvement, and progressive
fibrosis of the skin and a variety of internal organs includ-
ing the lung, heart, kidney, and gastrointestinal tract'. SSc is
thought to be a complex trait, where disease evolution is
influenced by a combination of common gene variations
and the effect of a wide range of environmental variables!-2.

Epidemiological data suggest roles for different genetic fac-
tors, and association of single-nucleotide polymorphisms
(SNP) with disease susceptibility or clinical characteristics
has been reported?-.

Tissue fibrosis significantly contributes to the morbidity
of patients with SSc, and pulmonary fibrosis, which mani-
fests clinically as interstitial lung disease (ILD), is a major
cause of death®. The accumulation of collagen and other
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extracellular matrix (ECM) components in SSc is caused by
an increased ECM production by activated fibroblasts that
differentiate into myofibroblasts and acquire the ability to
contract!. The net amount of ECM deposited by fibroblasts
is regulated by a complex network of cell-matrix interac-
tions that comprise synthetic and degradative processes®.
ECM turnover is controlled by various matrix metallopro-
teinases (MMP) and their tissue inhibitors, which are pro-
duced by granulocytes, macrophages, endothelial cells, and
myofibroblasts, and have been implicated in aberrant fibrot-
ic tissue remodeling’. Further, MMP are key regulators of
cell migration, and are involved in the control of growth fac-
tor, cytokine, and chemokine activity7. However, the role of
MMP in the pathogenesis of SSc is poorly understood.

Increasing evidence indicates that MMP-12 (also known
as macrophage metalloelastase) is involved in types of
pathological lung tissue remodeling such as chronic pul-
monary inflammation and fibrosis®®-10. We have recently
shown that dermal fibroblasts and microvascular endothelial
cells isolated from patients with diffuse cutaneous SSc
(dcSSc) constitutively overexpress and release MMP-1211,
Interestingly, MMP-12 overproduction by SSc cells has
been shown to be a permanent alteration over multiple gen-
erations in vitro'!.

The human MMP-12 gene, on chromosome 11q22.3,
contains a common A/G functional SNP in the promoter
region (rs2276109, MMP-12 —82A/G) that modulates tran-
scriptional activity in an allele-specific manner'2. The A
allele has a greater affinity to the activator protein-1 (AP-1)
transcription factors, resulting in increased promoter activi-
ty and enhanced MMP-12 expression!2.

Our aim was to verify whether the MMP-12 gene could
be a potential candidate gene for SSc and to investigate its
possible implication in the genetic predisposition to SSc
susceptibility and clinical phenotype.

MATERIALS AND METHODS

Study subjects. Two hundred fifty consecutive patients with SSc, attending
the outpatient clinics of the divisions of rheumatology of the universities of
Florence, Pavia, Pisa, L’ Aquila, and II University of Naples, were enrolled
in the study. As screened on the basis of their clinical history, clinical fea-
tures, and laboratory tests, patients with overlap autoimmune and/or con-
nective tissue diseases were excluded from the study. Because of the recent
demonstration that the MMP-12 rs2276109 variant influences lung function
in adult smokers'?, smoking subjects were also excluded. Two hundred
sixty-three healthy unrelated nonsmoking individuals, comparable with
patients for age and sex and residing in the same geographical regions and
cities, were recruited from volunteer blood donors. Exclusion criteria for
controls were history of autoimmune, cardiovascular, pulmonary, or any
other systemic disease. All study subjects were of Italian European white
ancestry, defined as all 4 grandparents being Italian white. Patients with
SSc and healthy controls were representative of the whole Italian popula-
tion, deriving from the northern, central, and southern areas of Italy. The
study was approved by the local institutional review boards, and written
informed consent was obtained from all study subjects.

Clinical evaluations. At enrollment, a detailed clinical history was record-
ed for each patient with SSc. Limited cutaneous SSc (1¢SSc) or deSSc sub-

sets were defined according to LeRoy, et al'*. Disease duration was calcu-
lated since the first non-Raynaud’s symptom of SSc. Antinuclear, anticen-
tromere, and antitopoisomerase I antibodies were determined following
standard techniques. Antinuclear antibodies were determined using indirect
immunofluorescence and HEp-2 cells as antigen substrate (Antibodies Inc.,
Davis, CA, USA). Anticentromere antibodies were determined by their dis-
tinctive indirect immunofluorescence pattern on HEp-2 cells. Antitopo-
isomerase I antibodies were determined by passive immunodiffusion
against calf thymus extract, using a commercial kit (Inova Diagnostics, San
Diego, CA, USA). Organ involvement was assessed as described!>1¢. TLD
was studied with pulmonary function tests [a restrictive pattern was defined
as forced vital capacity and diffusing capacity for carbon monoxide
(DLCO) = 70%] and high-resolution computed tomography scan. In the
presence of DLCO reduction alone, patients were investigated for pul-
monary arterial hypertension (PAH). Patients with a systolic pulmonary
artery pressure > 40 mm Hg at echocardiography underwent right-heart
catheterization to confirm PAH!®.

MMP-12 rs2276109 A/G genotyping. Genomic DNA was purified from
whole peripheral blood using a QIAamp DNA blood mini kit (Qiagen,
Hilden, Germany). The MMP-12 rs2276109 A/G polymorphism was geno-
typed by polymerase chain reaction (PCR)-restriction fragment length
polymorphism assay introducing a Pvull restriction enzyme site with use of
the forward mismatch primer 5’-GAG ATA GTC AAG GGA TGA TAT
CAG C-3’ (mismatched base underlined) and the reverse primer 5’-AAG
AGC TCC AGA AGC AGT GG-3’ as described!”. PCR was performed in
a total reaction volume of 25 pl containing 2 ul of diluted genomic DNA,
using AccuPrime SuperMix II (Invitrogen, Carlsbad, CA, USA). The
amplification protocol was initial denaturation at 94°C for 2 min, 35 cycles
of 94°C for 30 s (denaturation), 60°C for 30 s (annealing), and 68°C for 1
min (extension), with a final extension at 68°C for 5 min using a TC-512
thermocycler (Techne, Cambridge, UK). PCR products were digested by
Pvull restriction endonuclease (10 units; New England BioLabs, Beverly,
MA, USA) at 37°C for 2 h. The resulting fragments were separated by 3%
low-melting-point agarose gel electrophoresis with ethidium bromide stain-
ing and a 100 bp DNA ladder (Invitrogen), and visualized under ultraviolet
transillumination. With the rs2276109 A polymorphic base, the recognition
sequence 5°-CAG/CTG-3’ is modified to 5’-CAG/CTA-3’, which is not cut
by Pvull restriction enzyme (Figure 1). Genotyping was performed with
blinding to disease status of subjects. All samples were genotyped in the
same center to avoid genotyping inconsistencies. Control samples of pre-
determined genotypes and negative controls (i.e., undigested PCR prod-
ucts, PCR amplification without DNA template) were included in each
sample set, and more than 20% of all samples were randomly selected for
confirmation showing > 99% accuracy.

Statistical analysis. Statistical analysis was performed using the SPSS soft-
ware for Windows, version 11.5 (SPSS, Chicago, IL, USA). Categorical
and quantitative variables were respectively described as numbers, per-
centages, and mean + SD. Genotype distribution and allele frequency of the
MMP-12 152276109 polymorphism in both patients and controls were com-
pared using chi-squared analysis. A chi-squared test was used to compare
the observed numbers of each genotype with those expected for a popula-
tion in Hardy-Weinberg equilibrium. The association between MMP-12
1rs2276109 polymorphism and SSc or clinical subsets was assessed using
univariate logistic regression analysis under a dominant, recessive, and
additive genetic model of inheritance. The dominant genetic model com-
pares the combined MMP-12 152276109 AA + AG genotypes with the
homozygous GG genotype (baseline). The recessive genetic model com-
pares the MMP-12 152276109 AA genotype with the combined rs2276109
AG + GG genotypes, which form the baseline group. The additive genetic
model assumes that there is a linear gradient in risk between the rs2276109
AA, AG, and GG genotypes (152276109 GG genotype baseline). This is
equivalent to a comparison of the rs2276109 A allele with the rs2276109 G
allele (baseline). Variables such as age and sex were included into the mul-
tivariate model to evaluate their confounding effect. The OR with 95% CI
was determined. P values < 0.05 were considered statistically significant.
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Figure 1. Analysis of the MMP-12 rs2276109 A/G gene polymorphism by PCR-restriction fragment length polymorphism assay. A
Pvull restriction endonuclease site was introduced with use of a forward mismatch primer. PCR products (199 bp) were digested
with Pyull restriction enzyme and subsequently separated by 3% low-melting-point agarose gel electrophoresis with ethidium bro-
mide staining and visualized under ultraviolet transillumination. The rs2276109 A allele resulted in 1 fragment of 199 bp, while the
1rs2276109 G gene variant resulted in 2 fragments of 175 bp and 24 bp. Results of a representative experiment are shown. Samples
1 and 6 have the GG genotype, samples 2, 5, and 7 have the AA genotype, and samples 3, 4, and 8 have the heterozygous AG geno-

type.

RESULTS

Demographic, clinical, and serological characteristics of the
study population are reported in Table 1. No deviation from
the expected population genotype proportions predicted by
Hardy-Weinberg equilibrium was detected in patients with
SSc or controls, at the MMP-12 rs2276109 polymorphic
site.

The MMP-12 152276109 genotype distribution and allele
frequencies found in controls were in good agreement with
those previously reported in the European white popula-
tion!2 (Table 2). A significant difference in MMP-12
rs2276109 genotype distribution was observed between
patients with SSc and healthy individuals (chi-squared =
16.37, p = 0.0003), and between 1cSSc and dcSSc subsets
(chi-squared = 11.39, p = 0.003; Table 2). Moreover, the
1$2276109 genotype distribution was significantly different
between the dcSSc and control groups (chi-squared = 24.64,
p < 0.0001). The 152276109 A allele frequency was signifi-
cantly higher in patients with SSc than in controls (chi-
squared = 13.73, p = 0.0002), as well as in dcSSc compared
with controls (chi-squared = 19.78, p < 0.0001) and patients
with 1c¢SSc (chi-squared = 8.77, p = 0.003; Table 2).

The MMP-12 152276109 A allele significantly influenced
the predisposition to SSc (OR 2.26,95% CI 1.51-3.39, p <

Table 1. Demographic, clinical, and serological characteristics of patients
with systemic sclerosis (SSc) and control subjects. Except where indicated
otherwise, values are the number (%) of subjects. Disease duration was
calculated since the first non-Raynaud’s symptom and did not differ sig-
nificantly among subsets of patients with SSc.

Characteristics Patients with SSc, Controls,
n =250 n=263

Mean age, yrs = SD 559+125 545+12.7
Sex

Male 27 (10.8) 46 (17.5)

Female 223 (89.2) 217 (82.5)
Mean disease duration, yrs = SD 77+£69 —
Disease subset

1cSSc 146 (58 4) —

dcSSc 104 (41.6) —
Autoantibody positivity

ANA 227 (90.8) —

Anti-topo I 77 (30.8) —

ACA 91 (36.4) —
Organ involvement

ILD 74 (29.6) —

PAH 35 (14.0) —

ACA: anticentromere antibodies; ANA: antinuclear antibodies; anti-topo I:
antitopoisomerase I antibodies; dcSSc: diffuse cutaneous SSc; ILD: inter-
stitial lung disease; lcSSc: limited cutaneous SSc; PAH: pulmonary arteri-
al hypertension.
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Table 2. Genotype distribution and allele frequency of the MMP-12 rs2276109 A/G single-nucleotide polymor-
phism in controls, patients with SSc, and SSc clinical subsets. Values are the number (%) of subjects with a given
genotype and the frequency of the 1s2276109 A allele in patients and controls.

Subjects AA AG GG A Allele
Frequency

Controls, n = 263 171 (65.0) 85 (32.3) 72.7) 0.81
SSc, n =250 202 (80.8) 43(17.2) 5 (2.0)* 0.89 **
1cSSc, n = 146 108 (74.0) 35(24.0) 3(2.0) 0.86
dcSSc, n =104 94 (90.4) 8(7.7) 2 (1.9)% 0.94%%
Anti-topo I-positive SSc, n =77 73 (94.8) 3(3.9) 1(1.3) 0.97*
Anti-topo I-negative SSc,n =173 129 (74.6) 40 (23.1) 4(2.3) 0.86
ACA-positive SSc, n =91 64 (70.3) 25 (27.5) 2(22) 0.84
ACA-negative SSc, n = 159 138 (86.8) 18 (11.3) 3(1.9) 0.92
SSc-ILD, n = 74 67 (90.5) 5(6.8) 2(2.7) 0.947
SSc-non-ILD, n = 176 135 (76.7) 38 (21.6) 3(1.7) 0.87
SSc-PAH, n =35 31 (88.6) 4(11.4) 0(0.0) 0.94f
SSc-non-PAH, n = 215 171 (79.5) 39 (18.2) 5(2.3) 0.89

P values calculated by chi-squared analysis. * p = 0.0003, ** p = 0.0002 for comparison with controls. § p <
0.0001 for comparison with controls and 0.003 with 1cSSc; ¥ p < 0.0001 for comparison with controls and 0.003
with 1cSSc; # p < 0.0001 for comparison with controls and 0.0004 with anti-topo I-negative SSc; ¥ p < 0.0001
for comparison with controls and 0.03 with SSc-non-ILD; T p = 0.1 for comparison with SSc-non-PAH. ACA:
anticentromere antibodies; anti-topo I: antitopoisomerase I antibodies; dcSSc: diffuse cutaneous SSc; ILD: inter-
stitial lung disease; lcSSc: limited cutaneous SSc; PAH: pulmonary arterial hypertension.

0.0001) under a recessive, but not dominant or additive
genetic model of inheritance (Table 3). In particular, the
MMP-12 152276109 AA genotype was strongly associated
with deSSc (OR 5.06,95% CI 2.51-10.18, p < 0.0001), and
a trend toward association with 1cSSc was observed (OR
1.53,95% CI 0.98-2.39, p = 0.06). After adjustment for age
and sex, the MMP-12 rs2276109 AA genotype significantly
and independently remained a susceptibility factor for the
disease (OR 2.44, 95% CI 1.61-3.71, p < 0.0001), and in
particular for deSSc (OR 4.69, 95% CI 2.36-9.33, p <
0.0001; Table 3).

The possible correlation between the MMP-12
rs2276109 polymorphism and the major serological charac-

teristics and organ manifestations of SSc was also analyzed.
Concerning the autoantibody status, the frequency of the
MMP-12 152276109 A allele was significantly higher in the
subset of patients carrying antitopoisomerase I antibodies in
comparison to antitopoisomerase I antibody-negative SSc
(chi-squared = 12.7, p = 0.0004) and controls (chi-squared =
22.30, p < 0.0001; Table 2). As pulmonary manifestations
are considered, we observed a significant difference in
MMP-12 152276109 genotype distribution and allele fre-
quency between SSc-ILD and SSc-non-ILD (chi-squared =
8.16, p = 0.02; chi-squared = 4.53, p = 0.03, respectively),
as well as between SSc-ILD and healthy individuals (chi-
squared = 19.46, p < 0.0001; chi-squared = 1393, p =

Table 3. Univariate analysis for association between the MMP-12 rs2276109 polymorphism and SSc clinical subsets according to recessive, dominant, and
additive genetic models. Healthy controls were used as reference for all comparisons except anti-topo I-positive SSc versus anti-topo I-negative SSc, and
SSc-ILD versus SSc-non-ILD.

Recessive Model Dominant Model Additive Model
OR (95% CI) p OR (95% CI) p OR (95% CI) p

Univariate Analysis

SSc 2.26 (1.51-3.39) <0.0001  1.34(0.42-4.28) 0.6 1.65 (0.52-5.31) 04

dcSSc 5.06 (2.51-10.18) <0.0001  1.28 (0.28-5.92) 0.7 1.68 (0.36-7.83) 0.5

1cSSc 1.53 (0.98-2.39) 0.06 1.19 (0.32-4.49) 0.8 1.22 (0.32-4.60) 0.8

Anti-topo I-positive SSc 6.22 (2.15-18.03) 0.0002 1.79 (0.20-16.36) 0.6 2.26 (0.25-20.63) 0.5

SSc-ILD 291 (1.24-6.83) 0.01 0.62 (0.10-3.81) 0.6 0.74 (0.12-4.56) 0.7
Multivariate Analysis*

SSc 244 (1.61-3.71) <0.0001 — — — —

dcSSc 4.69 (2.36-9.33) < 0.0001 — — — —

Anti-topo I-positive SSc 6.39 (2.18-18.76) 0.001 — — — —

SSc-ILD 2.94 (1.25-6.95) 0.01 — — — —

* Adjusted for age and sex. Anti-topo I: anti-topoisomerase I antibodies; deSSc: diffuse cutaneous SSc; ILD: interstitial lung disease; 1cSSc: limited cuta-
neous SSc.
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0.0002; Table 2). Instead, no difference was found between
SSc-PAH and SSc-non-PAH in either genotype distribution
or allele frequency (chi-squared = 1.91, p = 0.4; chi-squared
=2.05,p =0.1; Table 2).

The homozygosity for the MMP-12 rs2276109 A allele
was significantly associated with antitopoisomerase I anti-
body-positivity (OR 6.22,95% CI 2.15-18.03, p = 0.0002)
and ILD (OR 2.91,95% CI 1.24-6.83,p = 0.01), even after
adjustment for age and sex (OR 6.39, 95% CI 2.18-18.76,
p=0.001,and OR 2.94,95% CI 1.25-6.95,p =0.01, respec-
tively; Table 3). No effect of the rs2276109 A allele was
observed under a dominant or additive genetic model of
inheritance (Table 3).

DISCUSSION

In this case-control study, we analyzed for the first time the
possible role of the MMP-12 gene in modulating both the
predisposition to SSc and its clinical phenotype. In particu-
lar, we selected as a genetic marker the rs2276109 function-
al SNP, which is located within the MMP-12 gene promoter
immediately adjacent to an AP-1 consensus element bound
by transcription factors c-Fos and c-Jun!?. The MMP-12
1s2276109 A allele has been shown to possess higher bind-
ing affinity to transcription factors of the AP-1 family and
increased transcriptional activity in vitro'?.

Our study shows that the MMP-12 rs2276109 A allele
influences the susceptibility to SSc, and predominantly to
the deSSc form. Moreover, in patients with SSc the homozy-
gosity for the MMP-12 rs2276109 A allele is significantly
associated with the presence of antitopoisomerase I antibod-
ies and ILD. Interestingly, these data are in agreement with
our previous findings demonstrating that different cell types
isolated from the skin of patients with dcSSc constitutively
overexpress and release MMP-12 in the culture medium
over multiple generations in vitro'!.

SSc is a multifactorial disease in which genetic and envi-
ronmental components interact in modulating its pathogen-
esis and evolution?>. The search for new genetic compo-
nents may shed light on SSc pathophysiology and may help
to identify markers predicting major organ manifestations,
such as pulmonary fibrosis or PAH, thus suggesting novel
therapeutic strategies.

The MMP are a family of proteases that exert various
biological effects in cell migration and ECM remodeling, as
well as inflammatory and immune responses’-'®. The pro-
moters of different MMP genes, including MMP-1, MMP-3,
MMP-9, and MMP-12, contain functional SNP that have
been associated with the development and progression of
various diseases'®. A recent case-control study found no
association between SNP in the MMP-2, MMP-9, and
MMP-14 genes and SSc in a French white population?”.
However, to our knowledge the possible implication of the
MMP-12 gene in susceptibility to SSc has never been inves-
tigated. We considered MMP-12 as a potential candidate

gene for SSc, since the MMP-12 enzyme has emerged as
critical in chronic pulmonary pathologies characterized by
an intense tissue remodeling, such as asthma, chronic
obstructive pulmonary disease (COPD), and airway fibro-
sis?!. A recent study has shown that the MMP-12 152276109
variant is associated with the risk of COPD and correlates
with lung function in children with asthma and adult smok-
ers'3. Individuals homozygous for the A allele were at
increased risk of COPD and had lower lung function com-
pared with subjects with at least 1 copy of the G protective
allele!'3. This is consistent with our findings showing that
patients with SSc carrying the homozygous AA genotype
are at increased risk of developing ILD.

Alveolar macrophages are the principal source of MMP-
12 in the lung?'. MMP-12 protein levels and enzymatic
activity are increased in the induced sputum of patients with
COPD, and are inversely correlated with measures of lung
function??. MMP-12 has been shown to act as a downstream
mediator of transforming growth factor B-induced pul-
monary inflammation and fibrosis®. Mice carrying a target-
ed deletion of the MMP-12 gene were resistant to the induc-
tion of pulmonary fibrosis and showed decreased expression
of different profibrotic genes'?->!. Moreover, treatment with
bleomycin induced MMP-12 messenger RNA expression in
lung tissue, while the MMP inhibitor batimastat prevented
bleomycin-induced pulmonary fibrosis in wild-type mice?.
In addition, it has been shown that MMP-12-dependent
migration of extrapulmonary myofibroblast progenitors
contributes to posttransplant fibrosis in the lung?3.

Our work suggests that the MMP-12 rs2276109 SNP
contributes to the susceptibility to SSc and might be an indi-
cator of severe skin and pulmonary fibrosis in the disease
course. It consequently provides a basis for further analysis
of this SNP in independent and larger case-control cohorts,
as replication is needed to validate genetic associations.
Further functional studies are warranted to fully elucidate
the role of the MMP-12 gene in the pathogenesis of SSc.
Modulation of MMP-12 expression and activity might offer
new targeted therapeutic strategies to control the progres-
sion of fibrosis in SSc.
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