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Age-Dependent Loss of MMP-3 in Hutchinson—Gilford
Progeria Syndrome
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Hutchinson—Gilford progeria syndrome (HGPS) is a rare, progressive segmental premature aging disease that includes
scleroderma-like skin, progressive joint contracture, and atherosclerosis. Affected individuals die prematurely of heart
attacks or strokes. Extracellular matrix dysregulation is implicated as a factor in disease progression. We analyzed mes-
senger RNA and protein levels for matrix metalloproteinases (MMPs)-2,-3, and -9 in HGPS primary human dermal fibro-
blasts using real-time polymerase chain reaction, enzyme-linked immunosorbent assay, and gelatin zymography. MMP-3
messenger RNA and protein levels decreased significantly with increasing donor age in HGPS fibroblasts but not in
controls. MMP-2 messenger RNA also showed a donor age—dependent decrease in HGPS fibroblasts, but levels of se-
creted protein were unchanged. MMP-9 was similar in HGPS and control cultures. The decreased MMP-3 may represent
a shift in the inherent extracellular matrix—degrading proteolytic balance in favor of matrix deposition in HGPS. This
metalloproteinase has the potential to serve as a biomarker of therapeutic efficacy when assessing treatments for HGPS.
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UTCHINSON-GILFORD progeria syndrome (HGPS)
is a rare, progressive segmental premature aging dis-
ease in children. Manifestations of the disease suggest that
disordered connective tissue contributes to morbidity and/or
mortality as consistent disease phenotypes include short stat-
ure, progressive joint contractures, scleroderma-like skin (1),
and atherosclerotic disease characterized by highly abnormal
vessel wall extracellular matrix (ECM), including adventitial
fibrosis (2). Ultimately, heart attacks and strokes claim the
lives of these children at an average age of 13 years (3).
HGPS is caused by a silent mutation in LMNA, which
creates increased use of a cryptic splice site and the produc-
tion of progerin, a toxic, permanently farnesylated splicing
variant of the nuclear envelope protein, lamin A (4). Lamin
A is normally integral to chromatin organization, DNA
replication, transcription, and repair (reviewed in (5)). Gene
expression studies of primary human dermal fibroblasts

have shown large differences in HGPS expression profiles
compared with age-matched controls, confirming progerin’s
broad downstream effects on gene transcription (6,7). How
progerin causes the tissue-specific abnormalities associated
with HGPS is unknown.

Matrix metalloproteinases (MMPs) are ECM-degrading
enzymes, which, along with their endogenous tissue inhibitors
(TIMPs), are essential for maintaining the proper balance
between ECM synthesis and degradation. When the balance is
disturbed, it results in various pathologic conditions, including
arthritis (reviewed in (8)), coronary artery disease (reviewed in
(9)), obesity (10), and cancer (11-13). MMP-3 (stromelysin-1)
has the broadest substrate specificity of the MMP family and
can degrade most components of the basement membrane, in-
cluding proteoglycans, laminin, fibronectin, and collagens (14).

It is likely that altered ECM is a major downstream com-
ponent driving disease. In gene expression studies using
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HGPS dermal fibroblasts, several genes involved in building
and maintaining the ECM showed altered gene expression,
including several collagens, proteoglycans, and MMPs (6,7).
Additional reports describe altered expression of elastin,
laminins, type IV collagen, and fibronectin as well as several
proteoglycans (15-18). Of particular note, published gene
array studies indicate that MMP-3 messenger RNA (mRNA)
was downregulated in HGPS fibroblasts more than any other
ECM gene when compared with donor age—matched controls
(Ly et al. (7) [-29.5 fold] and Csoka et al. (6) [-6.7 fold]).
However, in the study by Ly and colleagues (7), only two of
three lines used were later shown to carry the classic HGPS
mutation (ca. 1,824 C>T in LMNA), whereas Csoka and
colleagues (6) specifically chose HGPS cell lines with vali-
dated classic HGPS mutations. Both studies pooled data
from each line, so that only an average response was
reported, precluding any analysis of more complex patterns
of gene regulation, such as age dependence. No study has
explored MMP-3 protein levels in HGPS.

In the current study, we asked whether regulation of both
MMP-3 mRNA and MMP-3 protein is defective in HGPS.
HGPS is progressive with major symptoms appearing in the
first year of life and increasing in severity with age (3). It is
of importance to understand the temporal nature of abnor-
malities in ECM homeostasis. We therefore analyzed fibro-
blast lines of various donor ages in order to determine if
MMP-3 production in HGPS cells changes with donor age.
Additionally, by analyzing MMP-2 and -9 expression, we
could determine whether these potential changes are specific
to MMP-3 or represent a more global disruption by MMPs.

MMP-3 can also act indirectly through its ability to acti-
vate the proforms of other MMPs, including the gelatinases,
MMP-2, and MMP-9. These MMPs are expressed along with
MMP-3 in tissues, such as skin and the vasculature, where
they play an important role in remodeling collagenous ECM
and specifically the basement membrane (19). As with MMP-3,
perturbations in the activity of MMPs 2 and 9 are involved in
the pathogenesis of a variety of diseases, including fibrosis
(20), arthritis (8), cancer (13), and atherosclerosis (9).

Either elevation or depression of MMP-3 can contribute
to disease. Although MMP-3 levels are elevated and
destructive in diseases, such as arthritis and cancer, a reduc-
tion in MMP-3 activity can promote damaging ECM
deposition in systemic sclerosis, hypertrophic scarring,
liver fibrosis, and atherosclerosis (20-23). Mice deficient in
both apolipoprotein E (ApoE) and MMP-3 develop larger
atherosclerotic lesions, which are richer in fibrillar collagen
compared with ApoE~~ and MMP-3** mice (24).

MATERIALS AND METHODS

Compliance

This study was carried out with approval by the Institu-
tional Review Boards of Tufts University, Medford, MA,
and Brown University, Providence, RI.
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Cell Lines

Primary skin fibroblasts were obtained from the Progeria
Research Foundation Cell and Tissue Bank (http://www.
progeriaresearch.org/cell_tissue_bank.html; HGPS lines
and donor ages as follows: HGADFNO0O1, 10 year old [yo];
HGADFN127, 3 yo; and HGADFNO003, 2 yo) and from the
Coriell Cell Repository (Camden, NJ; HGPS lines
AGO03513, 13 yo and AG10750, 9 yo and non-HGPS control
lines GM02037, 13 yo; GM09503, 10 yo; GM00038, 9 yo;
GMO00498C, 3 yo; and GM00969, 2 yo). Cells were main-
tained in Eagle’s Minimum Essential Media with Earle’s
salts (EMEM; Invitrogen, Carlsbad, CA) with 15% fetal
bovine serum, 2 mM L-glutamine, 50 units/mL penicillin,
50 pg/mL streptomycin, and 10mM nonessential amino
acids (Invitrogen) at 37°C in a humid incubator with 5% CO.
All experiments were carried out with presenescent cul-
tures. Control lines were used between Passages 5 and 24,
whereas HGPS lines were between 6 and 16.

Cell Culture

On Day 0, cells were plated in maintenance medium at
80% confluence. On Day 1, maintenance medium was
replaced with medium lacking serum and supplemented with
0.01% insulin-transferrin-selenium-X supplement (ITS-X;
Invitrogen). On Day 2, when cultures were fully confluent,
24-hour conditioned media were collected and supplemented
with protease inhibitors (10 mM benzamidine hydrochloride,
10 mM e-amino-H-caproic acid, | mM phenylmethylsulfonyl
fluoride; Sigma, St. Louis, MO). The cell layer (cells plus
ECM) was lysed with 45 mM Tris 2% sodium dodecyl
sulfate pH 8 containing the same protease inhibitors. Protein
content of the cell layer was determined by the bicincho-
ninic acid method (BCA assay; Pierce, Rockford, IL).

Western Blot

A total of 10 pg of cell lysate protein from each sample
was run on a 12% sodium dodecyl sulfate/acrylamide gel
and transferred to nitrocellulose (Amersham, Piscataway,
NJ). Lamins A and C, prelamin A, and progerin were
detected with an antihuman lamin A + C antibody (JOL2;
ab40567; Abcam Cambridge, MA) diluted 1:50 and an
horseradish peroxidase—conjugated goat antimouse secondary
antibody (Amersham) diluted 1:3,000 and developed using
the ECL technique (New England Nuclear Chemilumines-
cence Reagent Plus, Newton, MA).

Complementary DNA Synthesis and Real-Time PCR for
MMP-3 Expression

Total RNA was isolated from cells by using RNeasy Mini
Kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions and checked spectrophotometrically for quantity
and purity. Equal amounts of mRNA were reverse transcribed
using high-capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). Gene expression
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was analyzed by one-step real-time polymerase chain re-
action (PCR) using the Power SYBR Green PCR Master
Mix (Applied Biosystems). A 126-bp product of human
MMP-2 (NM_004530) was detected with specific primers
(forward 5'-ATGACAGCTGCACCACTGAG-3' and re-
verse 5'-AGTTCCCACCAACAGTGGAC-3'), a 129-bp
product of human MMP-3 (NM_002422) was detected with
specific primers (forward 5S'-TGTTTTGGCCCATGCCTAT-
GCCC-3" and reverse 5S'-TGGCCAATTTCATGAGCAGCA-
ACG-3"), a 82-bp product of human MMP-9 (NM_004994)
was detected with specific primers (forward 5-ATAAGG-
ACGACGTGAATGGC-3" and reverse 5-GGTGTGGTGG-
TGGTTGGA-3'), and a 80-bp product of the reference gene
B-actin (hACTB; NT_007819) was detected with specific
primers (forward 5'-AGAGCCTCGCCTTTGCCGATCC-3’
and reverse 5-GACGAGCGCGGCGATATCATCA-3"). Re-
actions were carried out using a 384-well plate on an ABIHT
7900 (Applied Biosystems) using their standard methodology.
Data acquisition and analysis were performed on ABI SDS
Version 2.2 software.

MMP-3 Enzyme-Linked Immunosorbent Assay

MMP-3 concentrations in 24-hour conditioned media
were determined using an enzyme-linked immunosorbent
assay (ELISA; Human Biotrak ELISA, Amersham Biosci-
ences, Piscataway NJ). Optical density of each 96-well plate
was read at 405 nm on a microplate reader (Titertek Multiskan
PLUS, ICN, Irvine, CA) monitored by computer using the
Delta Soft II plate reader software from Biometallics (Prince-
ton, NJ). The assay recognizes total MMP-3: proMMP-3,
active MMP-3, and MMP-3/TIMP complexes. It does not
cross-react with MMP-1, -2, and -9 and TIMP-1 and -2 nor do
they interfere in the assay. Culture supernatant MMP-3 levels
were normalized to total protein for comparative analysis.
Results represent data from three separate experiments.

MMP-2 and MMP-9 Gel Zymography

Gelatin zymography for MMP-2 and MMP-9 was per-
formed on the same conditioned media samples used in the
MMP-3 ELISA, as previously described by us (25). Condi-
tioned media sample volumes, normalized to equal cell
lysate protein (20 ug), were loaded into wells of a 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
gel containing 0.1% (wt/vol) gelatin (Bio-Rad Laboratories,
Hercules, CA) on a mini gel apparatus. Gels were run at 200
V for 50 minutes, then soaked in 2.5% TritonX-100 with
gentle shaking for 30 minutes at ambient temperature. After
incubating overnight at 37°C in substrate buffer (50 mM
Tris-HCL buffer pH 8, 5 mM CaCl,, and 0.02% NaN,),
gels were stained for 30 minutes in 0.5% Coomassie Blue
R-250 in acetic acid, ethanol, and water (1:3:6) and de-
stained for 1 hour. MMP levels were quantified by scoring
the band intensity of each type of MMP examined on the
zymogram on a scale of zero to six, with zero indicating no
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Figure 1. Western blotting demonstrates that progerin protein is produced by
all Hutchinson—Gilford progeria syndrome (HGPS) cell lines but not by control
cell lines. Prelamin A, lamin A, and lamin C proteins are produced by all cell lines.

detectable MMPs and six indicating strong intensity bands, as
previously described (12,25,26). Enzyme levels were mea-
sured twice for each pair of the five pairs of fibroblast lines.

Statistical Methods

Reverse transcription-PCR estimates of MMP mRNA lev-
els relative to B-actin using cycles to threshold were normally
distributed and modeled as a function of age using a linear
mixed model to account for the paired nature of the matched
observations. The 2724 technique was applied to transform
differences in cycles to threshold to relative quantities. ELISA
estimates of secreted MMP-3 concentrations were positively
skewed and were modeled using a generalized linear mixed
model for log-normal distributed data to account for the paired
nature of the matched observations. Pearson’s correlation
was used to analyze relationships between passage number
and MMP expression. All other analyses were carried out
using a paired, two-tailed standard Student’s ¢ test.

RESULTS

Progerin Production in HGPS Dermal Fibroblasts
Versus Donor Age—Matched Controls

We assessed progerin and lamins A and C in five pairs of
HGPS and donor age—matched control fibroblast lines by
Western blot (Figure 1). Great effort was made to match cell
lines as closely as possible in passage number to ensure
minimal differences in growth rate and in vitro age as senes-
cence can result in elevated levels of MMP-3 (27). As antic-
ipated, all HGPS lines produced progerin, normal prelamin
A, lamin A, and lamin C. In contrast, the donor age—matched
counterparts produced prelamin A, lamin A, and lamin C
but no detectable progerin. Densitometric measurements of
the Western blots revealed that ratios of mature lamin A
alone as well as total lamin A (prelamin A, lamin A, and
progerin) to lamin C were similar between HGPS and con-
trols and did not correlate with donor age (data not shown;
p > .05). Progerin levels, normalized to lamin C, were also
not significantly correlated with donor age or passage number
(data not shown; p > .05).

Age-Dependent Reduction in MMP-3 and MMP-2 mRNA
in HGPS Dermal Fibroblasts

We used real-time Reverse transcription-PCR analysis to
determine relative levels of MMP-3, -2, and -9 mRNA,
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normalized to B-actin, in the same five age-matched pairs of
fibroblast lines shown in Figure 1 (Figure 2A-C). Mean
MMP-3 mRNA levels in the five HGPS lines were 47-fold
lower than in controls (range of ratios: 3.4-649.4; p = .0107),
and mean MMP-2 levels were 4.8-fold lower than in controls
(range of ratios: 1.3-18.0; p =.0275). In contrast, mean MMP-9
mRNA levels were not significantly different between HGPS
and control cell lines (p = .8878). Notably, the levels of mRNA
for both MMP-3 and -2 displayed a statistically significant
donor age—dependent decline in the HGPS fibroblasts
(Figure 2A; p < .001 and Figure 2B; p < .003, respectively) but
not in controls (Figure 2A; p = .1665 and Figure 2B; p < .5574,
respectively). There was no significant age-dependent change
in MMP-9 mRNA expression for either HGPS fibroblasts
(p = .2313) or controls (p = .8878; Figure 2C). Passage
number had no significant relationship to mRNA levels for
any of the MMP genes (data not shown; p > .05).

Age-Dependent Reduction in MMP-3 Protein Levels in
HGPS Dermal Fibroblasts

We next determined whether gene expression was
reflected at the protein level for each MMP. Given that
MMP-3 mRNA expression was greatly reduced in HGPS,
we employed a sensitive ELISA method to measure total
secreted MMP-3, given that its sensitivity is much greater
than that of casein zymography for MMP-3 (400 ng/mL)
(28). Similar to MMP-3 mRNA levels, there was a 10-fold
mean reduction in MMP-3 protein secreted by HGPS fibro-
blast lines compared with donor age-matched controls
(range of ratios: 0.3-76.7; p = .0382; Figure 3A). The decline
in secreted MMP-3 protein became more significant with
increasing donor age (Figure 3B, p < .001), whereas controls
did not (p = .5292). There was no significant correlation
between passage number and MMP-3 levels in either HGPS
or control fibroblast lines (data not shown; p > .05).

MMP-2 and -9 levels in the conditioned media were
assessed by gelatin zymography (Figure 3C). MMP-2 was
present in its active form in both HGPS and control samples,
with very little latent form detectable. However, only latent
MMP-9 appeared in the HGPS and control samples. For
MMP-2, the age-dependent reduction in mRNA levels was not
reflected in differences in protein levels (p = .4713; Figure 3D).
MMP-9 also failed to show differences in amount between
HGPS and controls (Figure 3E) at any donor age (p =.7663).

DiscussIoN

The current study successfully characterized reduced
MMP-3 in HGPS primary dermal fibroblast cultures at both
the mRNA and the protein levels. Furthermore, by compar-
ing separate donor age-matched pairs of HGPS and control
fibroblasts, we demonstrated a decline to almost undetect-
able levels in both MMP-3 mRNA and MMP-3 protein with
increasing donor age in HGPS fibroblasts but not in con-
trols. These findings suggest that a decrease in MMP-3 cor-
relates with in vivo disease severity.
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Figure 2. Levels of messenger RNA for MMP genes were determined by
real-time reverse-transcription polymerase chain reaction in five pairs of donor
age—matched human dermal fibroblast lines. Symbols (o = controls; A =
Hutchinson—Gilford progeria syndrome) indicate mean relative MMP-3 (A), -2
(B), and -9 (C) RNA levels standardized to B-actin for two separate experiments
analyzed in duplicate; solid lines indicate the mixed linear model’s predicted
mean with dashed lines representing upper and lower 95% confidence intervals.

Progerin has been reported to accumulate in the nucleus
of cultured cells and effect increasing damage with succes-
sive passages (5). However, we did not find significant cor-
relations between progerin levels and either donor age or in
vitro age (passage number). We also did not find that in
vitro age influenced MMP-3 levels. The observed influence
of donor age in the absence of influence by passage number
implies that there are in vivo regulatory elements responsible
for the progressive, downstream effects of progerin that
cannot be recapitulated simply by aging cells in vitro.

Premature senescence cannot account for differences in
levels of MMP-3 in our study. In non-HGPS systems,
MMP-3 has been found to increase with senescence (27)
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Figure 3. MMP-3 secretion (A and B) was determined in five donor age—matched pairs of human dermal fibroblast lines from 24-hour conditioned medium utilizing
an enzyme-linked immunosorbent assay (n = 3 experiments per pair). (A) Bars (white = control; black = Hutchinson—Gilford progeria syndrome [HGPS]) indicate
mean MMP-3 secretion of all five fibroblast lines per group, and error bars indicate upper and lower 95% confidence intervals. (B) Symbols (o = controls; A=HGPS)
indicate mean secreted protein levels from three replicate experiments for each individual cell line; solid lines indicate the mixed linear model’s predicted mean with
dashed lines representing upper and lower 95% confidence intervals. Gelatin zymogram (C) of two representative samples of 24-hour conditioned media normalized
to total cellular protein from control and HGPS cells. Enzyme levels of MMP-2 (D) and MMP-9 (E) were scored based on band intensity. Bars (white = control; black
= HGPS) indicate means of all five fibroblast lines per group with standard errors (n = 2 experiments per pair).

and with in vivo aging (29). Not only were our later passage
HGPS cultures growing well, implying that they were not
senescing, but we found almost undetectable MMP-3 in our
later passage HGPS cultures. Control cultures were also not
senescing at any of the passages used in this study; thus,
MMP-3 would not be expected to increase with our later
passage controls.

Dramatically low MMP-3 protein in HGPS skin fibro-
blast cultures suggests an altered balance in connective tis-
sue remodeling in this disease. To determine whether
reduced expression of MMP-3 was specific or indicative of
a global reduction in ECM-degrading machinery, we also
measured the activities of MMP -2 and -9. These MMPs are
expressed in many of the same tissues as MMP-3 and are

involved in many of the same pathologies (8,9,11,30,31).
Although we found a modest age-dependent reduction in
MMP-2 mRNA levels in our HGPS fibroblast lines, this
change was not reflected in activity levels. Additionally,
neither transcription nor translation of MMP-9 was altered
in HGPS cultures. Our findings suggest that MMP-3 is
specifically downregulated in HGPS.

Although we demonstrate reduced MMP-3 in progerin-
expressing cells, our data do not demonstrate a specific
causal relationship between progerin expression and MMP-
3. One prior study does demonstrate a 25% increase in
MMP-3 mRNA expression when aberrant LMNA splicing
was partially corrected in a single HGPS fibroblast cell line
(32). One possible mechanism by which progerin could
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inhibit MMP-3 is through a suppressive effect on the AP-1
transcription factor complex, which regulates many ECM
genes, including MMP-3 (33,34). Recently, lamin A has been
identified as a novel binding partner for the AP-1 subunit
c-Fos (35). Overexpression of mature lamin A results in the
accumulation of farnesylated prelamin A, a protein that
closely resembles progerin in its farnesylation status and its
ability to cause progeroid disease when overexpressed (36).
Prelamin A accumulation indirectly causes reduced AP-1
DNA binding by sequestering c-Fos at the nuclear envelope,
thus inhibiting its ability to regulate gene transcription (35).
Suppression of AP-1 DNA-binding and transactivation
capacities causes a loss of MMP-3 expression in normal
dermal fibroblasts (33).

Several other nonprogerin-producing laminopathies
manifest progeroid phenotypes (37), and it is of interest to
determine whether altered ECM turnover due to changes
in MMP-3 expression is a common disease mechanism.
For example, patients with a related progeroid laminopa-
thy, mandibuloacral dysplasia (MAD), have decreased
serum MMP-3 levels as well as elevated levels of MMP-9
(38). MAD is caused by mutations in either LMNA or
ZMPSTE?24, which result in the production of a disease-
causing amount of farnesylated prelamin A. We speculate
that the retention of a farnesyl tail on lamin A may play a
direct critical role in regulation of MMP-3 levels in both
HGPS and MAD. Thus, in addition to exploring the spe-
cific relationship between progerin production and MMP
abnormality, future studies should include other laminopa-
thies to determine whether there is a more generalizable
mechanism regulating ECM turnover in these closely
related diseases.

The possible consequences of reduced MMP-3 in the
pathobiology of HGPS are significant, given its wide range
of substrates including fibronectins, collagens, gelatins,
laminins, elastin, and various proteoglycans (14). For ex-
ample, because tumor-derived fibroblasts exhibit greater
invasive capacity through enhanced MMP-3 release (39), a
lack of MMP-3 might contribute to the observed paucity of
cancer in HGPS (40). Children with HGPS display skin
changes that resemble systemic sclerosis, which has been
shown to involve reduced ECM turnover due to reduced
MMP-3 production in skin (41). Excisional wounds in
MMP-3-deficient mice fail to contract, and healing is slower
than in wild-type mice (42) due to inadequate organization
of actin-rich stromal fibroblasts. Though children with
HGPS do not exhibit obvious wound healing deficiencies,
HGPS fibroblasts migrate more slowly in culture and are
slower to heal an in vitro scratch wound than donor age—
matched control fibroblasts (43).

In HGPS, atherosclerotic disease is the primary cause of
mortality. Our findings, together with established studies
correlating MMP-3 abnormalities in vascular pathology,
suggest that MMP-3 could be involved in HGPS vascular
disease. MMP-3 polymorphisms, which result in functional
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differences in MMP-3 activity, have been associated with a
host of vascular pathologies in the normal aging population,
including acute coronary events (44), aortic aneurysms
(45), carotid intima-media thickening (46,47), and age-
related aortic and large artery stiffening (reviewed in (48)).
The processes by which these influences on vascular pathology
occur are complex, with both an increased ECM accumula-
tion and an increased ECM degradation being implicated.
Although the pathology of HGPS strongly implicates alter-
ations in ECM remodeling leading to abnormally function-
ing connective tissue, MMP-3 is only one component in a
complex system that regulates ECM turnover. It remains to
be determined whether a reduction in MMP-3 has func-
tional consequences on vascular ECM turnover in HGPS.
In light of our findings, MMP-3 may be a potential in
vitro biomarker to be used in monitoring therapeutic effi-
cacy in children with HGPS. There are several compounds
that inhibit protein farnesylation currently in clinical trials
to treat HGPS (49), and the search continues for additional
treatment regimens such as high throughput screening and
genetic therapies (50). It is imperative that we identify as
many pathobiological markers of this disease as possible to
complement these therapeutics and to use them as part of
preclinical treatment evaluations for children with HGPS.
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