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Matrix Metalloproteinase-2 Degrades Fibrillin-1 and Fibrillin-2 of Oxytalan
Fibers in the Human Eye and Periodontal Ligaments In Vitro

Megumi Kawagoe!, Eichi Tsuruga3, Kyoko Oka?, Yoshihiko Sawa® and Hiroyuki Ishikawa!

Section of Orthodontics, Department of Oral Growth and Development, Division of Clinical Dentistry, Fukuoka Dental College,

2—15—-1 Tamura, Sawara-ku, Fukuoka 814-0193, Japan, *Section of Pediatric Dentistry, Department of Oral Growth and
Development, Division of Clinical Dentistry, Fukuoka Dental College, 2—15—1 Tamura, Sawara-ku, Fukuoka 814-0193,
Japan and 3Section of Functional Structure, Department of Morphological Biology, Division of Biomedical Sciences,
Fukuoka Dental College, 2—15—1 Tamura, Sawara-ku, Fukuoka 814—-0193, Japan

Received July 24, 2013; accepted September 18, 2013; published online October 23, 2013

Oxytalan fibers are distributed in the eye and periodontal ligaments (PDL). The ciliary zonule,
known as Zinn's zonule, in the eye is composed of oxytalan fibers, which are bundles of
microfibrils consisting mainly of fibrillin-1 and fibrillin-2. As turnover of oxytalan fibers is slow
during life, their degradation mechanism remains unclarified. This study was performed to
examine degradation pattern of fibrillin-1 and fibrillin-2 by experimental MMP activation. We
cultured human non-pigmented ciliary epithelial cells (HNPCEC) and PDL fibroblasts for 7
days, then treated them with concanavalin A to activate matrix metalloproteinase (MMP)-2,
and examined the degradation of fibrillin-1 and fibrillin-2 for 72 hr using immunofluorescence.
At 7 days of HNPCEC culture, fibrillin-1-positive fibers were observed, some of which merged
with fibrillin-2. After MMP-2 activation, fibrillin-1-positive fibers became thin and disappeared
by 72 hr, while fibrillin-2-positive fibers disappeared almost completely within 24 hr. At 7
days of PDL fibroblast culture, fibrillin-1-positive fibers were mostly merged with fibrillin-2.
After MMP-2 activation, fibrillin-1-positive fibers became thin by 24 hr and had almost
disappeared by 48 hr, while fibrillin-2-positive fibers decreased constantly after 24 hr. A
MMP-2 inhibitor completely suppressed these degradations. These results suggest that the
patterns of fibrillin-1 and fibrillin-2 degradation differ between the eye and the PDL, possibly
reflecting the sensitivity of fibrillin-1 and fibrillin-2 of each type of oxytalan fiber against MMP-2.
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1. Introduction

Elastic system fibers are the major component of the
extracellular matrix, providing tissues with elasticity.
Elastic system fibers are composed of two components:
elastin and microfibrils [17]. Depending upon the relative
proportions and morphological arrangement of these two
components, three types of elastic system fiber can be
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identified: elastic, elaunin, and oxytalan fibers [2]. Elastic
fibers contain a relatively large amount of elastin, whereas
elaunin fibers contain very little. By contrast, oxytalan
fibers are bundles of pure microfibrils. Oxytalan fibers
were first described in periodontal ligaments (PDL) by
Fullmer and Lillie [7]. Microfibrils are composed mainly of
fibrillin-1 and fibrillin-2 molecules, which are cross-linked
by transglutaminase homo- and/or heterotypically [14].

In the human body, pure oxytalan fibers exist in the
eye as well as in the PDL. In the eye, the ciliary zonule,
also known as Zinn’s zonule, is composed of pure
microfibrils [19]. The ciliary zonule connects the lens to the
ciliary body, in order to control the thickness of the lens for
focusing. Proteomics analysis has shown that the human
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ciliary zonule contains fibrillin-1 and microfibril-associated
glycoprotein-1 among microfibril-associated molecules [3].
In the guinea pig, non-pigmented ciliary epithelial cells in
the ciliary body express fibrillin-1 mRNA and the ciliary
zonule is labeled by fibrillin-1 antibody, as revealed by
immunofluorescence [8]. Recently, we showed that human
non-pigmented ciliary epithelial cells (HNPCEC) express
fibrillin-2 as well as fibrillin-1, and that fibrillin-2 may have
arole in the formation of thick oxytalan fibers in vitro [31].
More recently, mouse non-pigmented ciliary epithelial cells
have been shown to express both fibrillin-1 and fibrillin-2
mRNA, and the ciliary zonule is labeled for both fibrillins
by in situ hybridization and immunofluorescence [24],
being consistent with our result [31].

The oxytalan fibers in PDL are arranged in a
vertically-oriented interlacing network enclosing the molar
root apex [25]. Using immunohistocheminal analysis in the
rat [26] and immunoelectron analysis in the monkey [23],
it has been demonstrated that oxytalan fibers in the PDL are
associated with fibrillin-1 and fibrillin-2. Our series of
studies have shown that human PDL fibroblasts express
both fibrillins and produce a network of oxytalan fibers
associated with them [27-29]. In the PDL as well the eye,
oxytalan fibers maintain homeostasis as part of the extra-
cellular matrix, which is dependent on a balance between
production and degradation. However, since it is not easy
to study oxytalan fibers by biochemical assay and their
turnover rate is very slow [17], the mechanism responsible
for their degradation remains unclear.

The matrix metalloproteinases (MMPs) are a major
group of enzymes responsible for the degradation of extra-
cellular matrices [30]. MMPs are secreted as latent forms
(proMMPs) and require activation, possibly by cleavage of
the N-terminal prodomain. Among the MMPs, MMP-2 is
the principal enzyme working under physiological condi-
tions [15]. HNPCEC and PDL fibroblasts express MMP-2
and secrete it into the matrices in cell culture. Both
fibrillin-1 and fibrillin-2 are substrates for MMP-2 [1, 10].
Therefore, our present culture system would seem suitable
for examining the process of degradation of fibrillin-1 and
fibrillin-2 by MMP-2. Sato et al. have demonstrated that
concanavalin A (ConA) converts proMMP-2 to active
MMP-2 in culture [22]. Therefore, we cultured HNPCEC
and PDL fibroblasts for 7 days to form a fibrillin-1 and
fibrillin-2 network, and then, using immunofluorescence,
we compared the degradation of each of fibrillin-1 and
fibrillin-2 by ConA-activated MMP-2.

II. Materials and Methods

Cell culture and treatment

The protocol for these experiments was reviewed and
approved by the Fukuoka Dental College Research Ethics
Committee, and informed consent was obtained from the
tissue donors.

PDL fibroblasts were isolated from three different
donors and cultured, as described previously [18]. HNPCEC

were purchased from ScienCell Research Laboratories
(Carlsbad, CA, USA) and cultured in Dulbecco’s modi-
fied Eagle Medium (DMEM) (Invitrogen, Grand Island,
NY, USA). Culture media for both PDL fibroblasts and
HNPCEC were supplemented with 10% newborn calf
serum (NCS; Invitrogen) and 100 units/ml penicillin and
100 pg/ml streptomycin (Roche Diagnostics, Mannheim,
Germany) at 37°C in humidified air containing 5% CO,.
When cells reached confluence, they were harvested with
0.025% trypsin (Invitrogen) in PBS, and transferred to
plastic culture dishes at a 1 : 4 split ratio. For experiments,
the cells were trypsinized and seeded at 1x10° cells/ml per
35-mm culture dish (Corning Inc., Corning, NY, USA).
The PDL fibroblasts and HNPCEC were found to be con-
fluent after 72 hr, and cultured for 7 days for this experi-
ment. The PDL fibroblasts were from three different donors,
and used from the 3rd to 6th passages.

After 7 days, the cultures were supplemented with 0—
50 ng/ml ConA (Sigma-Aldrich, St. Louis, MO, USA) (this
time point being set as 0 hr after MMP-2 activation) and/or
2.5 uM MMP-2 inhibitor I (EMD, Millipore, Billerica, MA,
USA), and immunofluorescence analyses were carried out
at 0, 24, 48, and 72 hr. A stock solution of the MMP-2
inhibitor I was dissolved in dimethyl sulfoxide (DMSO),
and subsequently diluted with DMEM. The concentration
of MMP-2 inhibitor I employed had been determined in
previous culture experiments [9]. Control cultures contained
an equivalent concentration of DMSO in DMEM, instead
of MMP-2 inhibitor I. The final concentration of DMSO did
not exceed 0.2% (V/v).

Gelatin zymography

Gelatinase activities in the cell lysates at 6 hr after
ConA treatment were determined using SDS-poly-
acrylamide gel electrophoresis zymography. Cell lysates
(10 ng) were electrophoresed without reduction on SDS-
polyacrylamide gels prepared with 10% acrylamide con-
taining 0.1% gelatin. The SDS was removed by a 1-hr
incubation in 2.5% Triton X-100, and the gels were then
incubated in 30 mM Tris-HCI (pH 7.4), 200 mM NaCl,
5 mM CaCl,, and 1 mM ZnCl,, at 37°C for 24 hr prior to
staining with Coomassie Blue (Bio-Rad, Hertfordshire, UK).
Enzyme activity was visualized as zones of gelatin clear-
ance within the gels.

Immunofluorescence

At 0, 24, 48 and 72 hr of culture treatment, HNPCEC
and PDL fibroblasts were fixed in ice-cold 4% para-
formaldehyde for 15 min, followed by washing with PBS.
Nonspecific immunoreactivity was blocked with 1% goat
serum (Sigma-Aldrich) in PBS for 1 hr at room temperature.
The cell matrix layers were then incubated for 2 hr at room
temperature with the appropriate primary antibodies (clone
11C1.3, monoclonal antibody against human fibrillin-1
diluted 1:1000; Thermo Fisher Scientific. Anatomical
Pathology, Fremont, CA, USA, rabbit antibody against
human fibrillin-2 diluted 1 : 1000; Elastin Products Co.,
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Owensville, MO, USA). Controls included the use of
preimmune normal mouse and rabbit IgG for incubation
with the primary antibody. After being rinsed in PBS, the
cells were incubated with Alexa Fluor® 488-labeled goat
anti-mouse IgG antibody or Alexa Fluor® 568-labeled goat
anti-rabbit IgG antibody (Molecular Probes, Eugene, OR,
USA), diluted 1:2000 with blocking buffer, for 1 hr at
room temperature. After a final wash, the cells were viewed
using a confocal microscope (MRC-1024; Bio-Rad).

Planimetry analysis of the positive staining signals was
performed using the Image J program (National Institutes
of Health, Bethesda, MD, USA), as described previously
[32]. The area of positive staining divided by the total area
was calculated. Each value presented is expressed as the
meantstandard deviation (SD), and all quantitative results
represent at least four independent analyses.

III. Results

ConA-induced MMP-2 activation

When HNPCEC and PDL fibroblasts were treated
with ConA (0-50 ng/ml), spontaneously produced 72-kDa
pro-MMP-2 was converted to 62-kDa active MMP-2 with
the appearance of a 64-kDa intermediate form in a dose-
dependent manner (Fig. 1A, B). The 62-kDa active MMP-
2 was clearly confirmed when the cells were treated with
50 ng/ml ConA after 6 hr. This activation continued for at
least 72 hr (Fig. 1C).

Degradation of fibrillin-1 and -2 in HNPCEC and PDL
fibroblasts by active MMP-2

Previously, we had confirmed that HNPCEC and PDL
fibroblasts produce oxytalan fibers consisting of fibrillin-1

(A) (B)
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N Act MMP-2 (62 kDa)

Fig. 1.
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and fibrillin-2 [29, 31]. We had also shown that at 7 days
of HNPCEC culture, thick fibrillin-1-positive fibers occu-
pied most of the area in which fibrillin-2 positivity was
detected [31]. Therefore, we activated MMP-2 and observed
the subsequent degradation of fibrillin-1 and fibrillin-2
using immunofluorescence in HNPCEC culture (Fig. 2A).
At 0 hr after MMP-2 activation (control), fibers positive for
fibrillin-2 were detected on the thick fibrillin-1-positive
fibers, as had been observed previously. At around 72 hr,
fibrillin-1 positive thick fibers gradually became thin and
finally disappeared. At the same time, Image J area analysis
demonstrated an almost constant decrease of the fibrillin-1-
positive area between 0 and 72 hr (Fig. 2B). On the other
hand, fibrillin-2-positive thick fibers decreased rapidly
by 24 hr and disappeared by 72 hr (Fig. 2A), in agreement
with area analysis demonstrating a reduction of the fibrillin-
2-positive area to almost zero by 24 hr after MMP-2
activation (Fig. 2B).

At 7 days of PDL fibroblast culture, fibrillin-2 was
labeled on a proportion of fibrillin-1-immunolabeled fibers.
Similarly, after activation of MMP-2, we observed the
degradation of fibrillin-1 and fibrillin-2 using immuno-
fluorescence in PDL fibroblasts culture (Fig. 3A). At 0
hr after MMP-2 activation (control), fibers positive for
fibrillin-2 were detected on the fibrillin-1-positive fibers, as
had been observed in our previous study [29]. Fibrillin-1-
positive fibers rapidly became thin by 24 hr, and had almost
disappeared by 48 hr. At the same time, Image J area
analysis showed that MMP-2 activation reduced the level
of fibrillin-1 to 10% of the control by 24 hr and to 0% by
48 hr (Fig. 3B). On the other hand, fibrillin-2-positive fibers
showed no apparent degradation by 24 hr and decreased
constantly after 24 hr, but were still clearly detectable at 72
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ConA-induced pro-MMP-2 activation. Human non-pigmented ciliary epithelial cells (A) and periodontal ligaments fibroblasts (B) were

cultured for 7 days, and then various concentrations (0, 10, 50 ng/ml) of ConA were added to the medium for an additional 72 hr. Cell lysates
obtained at 6 hr after addition of ConA were analyzed by zymography. Harvested samples from non-pigmented ciliary epithelial cells (lane 1)
and periodontal ligament fibroblast (lane 2) obtained at 72 hr were similarly subjected to gelatin zymography (C). Pro-MMP-2: latent-MMP-2,
72 kDa; Int MMP-2: Intermediate-MMP-2, 64 kDa; Act MMP-2: Active-MMP-2, 62 kDa.
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Fig. 2. Degradation of fibrillin-1 and fibrillin-2 by active MMP-2. (A) Double immunofluorescence for fibrillin-1 (upper panels) and fibrillin-2
(middle panels) in cultures of human non-pigmented ciliary epithelial cells. Human non-pigmented ciliary epithelial cells were cultured for 7
days, and then 50 ng/ml ConA was added to the medium for an additional 72 hr. Cells were then labeled simultaneously for fibrillin-1 (green)
(upper panels), fibrillin-2 (red) (middle panels), and superimposition of both labels (lower panels) at 0, 24, 48 and 72 hr. Bar=20 um. (B)
Planimetry analysis of the positive staining signals was performed using the Image J program. The relative area of positive signals per unit area
at 0 hr was calculated using Image J, with the control set as 1. Data represent the mean+S.D. (standard deviation) of four independent experi-

mental determinations.

hr (Fig. 3A). As supported by immunofluorescence obser-
vations, the fibrillin-2-positive area decreased with time
after 24 hr, reaching about 10% of the control area at 72 hr
(Fig. 3B).

To examine whether these effects were due to active
MMP-2, we blocked MMP-2 by adding a specific inhibitor
(0 and 2.5 uM) to the ConA-containing medium. As
expected, the appearance of fibrillin-1 and fibrillin-2 in the
MMP-2 inhibitor I-treated culture was almost the same as
that in the control culture (Fig. 4). Therefore, we confirmed
that the degradation of fibrillin-1 and fibrillin-2 had been
due to MMP-2 activated by ConA. The appearance of the
control culture (containing less than 0.2% DMSO) was
similar to that of the non-treated culture we had described
previously [29, 31] (not shown).

IV. Discussion

In the present study, we have demonstrated for the first

time that active MMP-2 degrades the network of oxytalan
fibers produced by HNPCEC and PDL fibroblasts, and that
the patterns of fibrillin-1 and fibrillin-2 degradation in the
two cell types are completely opposite. That is, fibrillin-2
is preferentially degraded in oxytalan fibers of cultured
HNPCEC, whereas fibrillin-1 is preferentially degraded in
oxytalan fibers of cultured PDL fibroblasts. The appearance
of fibrillin-1- and fibrillin-2-positive fibers did not change
under control cultures in DMEM without ConA within 72
hr (not shown). Therefore, the change of appearance of
fibrillin-1 and fibrillin-2 is thought to reflect the degrada-
tion of each molecule. The two molecules interact to form
homotypic and heterotypic dimers in microfibrils [5, 16].
Fibrillin-2 is found preferentially in elastic tissues, such as
elastic cartilage, the aorta and the lung [33], whereas
fibrillin-1 is expressed in load-bearing tissues such as the
aortic adventitia and skin [34]. Although fibrillin-1 and
fibrillin-2 share some overlapping functions [4], our results
may reflect the specific role of each fibrillin molecule in
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Fig. 3. Degradation of fibrillin-1 and fibrillin-2 by active MMP-2. (A) Double immunofluorescence for fibrillin-1 (upper panels) and fibrillin-2
(middle panels) in cultures of human periodontal ligament fibroblasts. Human periodontal ligament fibroblasts were cultured for 7 days, and
then 50 ng/ml ConA was added to the medium for an additional 72 hr. Cells were then simultaneously labeled for fibrillin-1 (green) (upper
panels), fibrillin-2 (red) (middle panels), and superimposition of both labels (lower panels) at 0, 24, 48 and 72 hr. Bar=20 um. (B) Planimetry
analysis of the positive signals was performed using the Image J program. The relative area of positive signals at 0 hr was obtained using Image
J with the control set as 1. Data represent the mean+S.D. (standard deviation) of four independent experimental determinations.

the eye and PDL.

The human ciliary zonule, with a diameter of 20-30
pm, suspends the lens from the ciliary body, thereby
effectively transmitting contraction of the ciliary body
muscle to the lens for focusing. We recently demonstrated
in vitro that fibrillin-2 contributes to the formation of thick
oxytalan fibers during development of the ciliary zonule
[31]. The ciliary zonule is thought to undergo continuous
remodeling because its location of attachment to the lens
changes with age [21]. The mechanism of degradation of
the ciliary zonule under physiological conditions has been
unclear. HNPCEC are known to express MMP-1, -2, -3 and
-9 [11, 20]. On the other hand, lens epithelial cells are
reported to express various MMPs [13]. Lens epithelial cells
do not contribute to the production of the ciliary zonule
because they lack expression of fibrillin-1 and fibrillin-2
[12, 24]. However, they may control the remodeling of
the lens and contribute to zonule degradation. Further
investigations are needed to elucidate the role of lens
epithelial cells in relation to the remodeling of the ciliary

zonule.

MMP-2 has been considered a major enzyme involved
in the turnover of the extracellular matrix [6]. This
study represents the first in vitro demonstration that
ConA-activated MMP-2 degrades oxytalan fibers. ConA is
known to activate proMMP-2 through membrane type 1
MMP [22]. In our culture system, HNPCEC and PDL
fibroblasts form an oxytalan fiber network within 7 days,
when secreted MMP-2 is still in the inactive pro-MMP-2
form. Therefore, we added ConA to induce the activation
of MMP-2 in order to examine the sensitivity of fibrillin-1
and fibrillin-2 to MMP-2. Fibrillin-1 and fibrillin-2, the
main structural components of oxytalan fibers, are both
substrates for MMP-2 [1, 10]. The turnover of elastic
system fibers is thought to be slow [17], and the details of
the physiological degradation of oxytalan fibers have never
been reported previously. We added a MMP-2-specific
inhibitor to confirm whether degradation of fibrillin-1 and
fibrillin-2 was due to MMP-2 itself. The contrasting
patterns of degradation of fibrillin-1 and fibrillin-2 in the
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Fig. 4. Evidence that MMP-2 degrades fibrillin-1 and fibrillin-2. Human non-pigmented ciliary epithelial cells (A) and periodontal ligament
fibroblasts (B) were cultured for 7 days, and then 50 ng/ml ConA was added to the medium for an additional 72 hr. In some cultures, 2.5 uM
MMP-2 inhibitor I as well as 50 ng/ml ConA was added to the medium. After 72 hr, the cells were simultaneously labeled for fibrillin-1 (green)
(upper panels) and fibrillin-2 (red). The left panel is the control (non-treated) culture, the middle panel is the ConA-treated culture, and the right
panel is the culture treated with both ConA and MMP-2 inhibitor I. Bar=20 pm.

zonule and PDL under experimentally MMP-2-activated
conditions are of considerable interest since they may
reflect the characteristics of each oxytalan fiber in the two
tissues.

In summary, by means of immunofluorescence analy-
sis, we have demonstrated that HNPCEC and PDL fibro-
blasts both form fibrillin-1 and fibrillin-2 networks, but that
these show contrasting patterns of degradation by activated
MMP-2. This may reflect the sensitivity of fibrillin-1 and
fibrillin-2 of the two different types of oxytalan fibers in
the eye and PDL against MMP-2. Further quantitative
analysis will be needed for comparison of the two tissues.
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