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The Arthritis Severity Locus Cia5d Is a Novel Genetic
Regulator of the Invasive Properties of Synovial Fibroblasts

Teresina Laragione,1 Max Brenner,1 Adriana Mello,1 Marc Symons,1 and Pércio S. Gulko2

Objective. The synovial fibroblast, or fibroblast-
like synoviocyte (FLS), has a central role in pannus
invasion and destruction of cartilage and bone in rheu-
matoid arthritis (RA). However, regulation of the FLS
remains incompletely understood. The aim of this study
was to determine whether the invasive properties of FLS
are genetically regulated by arthritis severity loci.

Methods. DA rats (arthritis susceptible) and rat
strains congenic for arthritis-protective intervals were
studied. Primary FLS cell lines were generated from
each strain and used in a well-established FLS invasion
model through a collagen-rich barrier. Cells or culture
supernatants were analyzed for gene expression, activity
of different matrix metalloproteinases (MMPs), cy-
toskeleton integrity, and cell proliferation.

Results. The median number of FLS from
DA.F344(Cia5d) rats that invaded through the collagen-
rich barrier was reduced 86.5% compared with the
median number of invading FLS from DA rats. Histo-
logic examination showed that DA.F344(Cia5d) rats
preserved a normal joint without pannus, hyperplasia,
or erosions. FLS from DA.F344(Cia5d) rats produced
significantly lower levels of active MMP-2 compared
with FLS from DA rats, but the levels of proMMP-2 and
MMP-2 messenger RNA in DA.F344(Cia5d) rats were
similar to those in DA rats. Treatment of FLS from DA

rats with an MMP-2 inhibitor reduced cell invasion to a
level similar to that in DA.F344(Cia5d) rats, demon-
strating that MMP-2 activity accounted for the differ-
ence between FLS from these 2 strains. Analysis of
MMP-2–activating pathways revealed increased levels
of soluble membrane type 1 (MT1)–MMP in DA rats
compared with DA.F344(Cia5d) rats.

Conclusion. These data represent the first evi-
dence for a genetic component in the regulation of FLS
invasion. A gene located within the Cia5d interval
accounts for this effect and operates via the regulation
of soluble MT1-MMP production and MMP-2 activa-
tion. These observations suggest novel potential path-
ways for prognostication and therapy.

Rheumatoid arthritis (RA) is one of the most
common chronic autoimmune diseases. RA affects �1%
of the population and is commonly associated with
disability and deformities (1,2). RA is a complex trait
with a significant genetic contribution to disease suscep-
tibility and severity (1). The basic joint pathology in RA
is characterized by pronounced synovial hyperplasia,
which is also called pannus. Pannus produces several
proinflammatory cytokines and proteases and, like a
malignant tumor, invades and destroys cartilage and
bone (2–4).

Complex cell–cell interactions (5,6), paracrine
and autocrine factors such as cytokines and growth
factors (7,8), NF-�B (9), and angiogenesis (10) are
involved in pannus formation. Synovial fibroblasts, also
called fibroblast-like synoviocytes (FLS), have been con-
sidered key players in this process, and their numbers
are significantly increased in the hyperplastic synovial
pannus of patients with RA and in rodent models of
arthritis (2). RA FLS invade cartilage (11) and produce
increased amounts of several proteolytic enzymes that
further contribute to joint destruction (3,4). The invasive
properties of RA FLS have also been studied in vitro
and associated with radiographic damage in RA, under-
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scoring their direct clinical relevance (12). Nonetheless,
the regulation of the invasive properties of FLS remains
incompletely understood.

We have been working with unique congenic
strains generated between arthritis-susceptible DA rats
and arthritis-resistant F344 and ACI rats studied for
pristane-induced arthritis (PIA) (13–15). In these con-
genic strains, a significantly milder form of arthritis
develops, and normal joint architecture is preserved,
with nearly no synovial hyperplasia and no cartilage or
bone erosions (14,15). These observations led us to
hypothesize that arthritis susceptibility and severity
genes located within quantitative trait loci could modu-
late disease via regulation of the invasive properties of
synovial pannus and, more specifically, of FLS.

This study is the first to provide evidence that the
invasive properties of FLS are genetically regulated. We
further implicate the arthritis quantitative trait locus
Cia5d in the control of FLS invasion via regulation of the
production of soluble membrane type 1 matrix metallo-
proteinase (MT1-MMP) and MMP-2 activation.

MATERIALS AND METHODS

Rats. DA (DA/BklArbNsi; arthritis-susceptible), F344,
and ACI (F344/Hsd and ACI/Hsd, respectively; arthritis-
resistant [Harlan, Indianapolis, IN]) inbred rat strains were
used in the breeding of the congenic and subcongenic strains.
The genotype-guided breeding strategy was previously de-
scribed in detail (13–15). The DA.F344(Cia5d) strain is a
subcongenic strain derived from the DA.F344(Cia5) congenic
strain, which was previously shown to regulate PIA more
significantly than collagen-induced arthritis (15). All experi-
ments involving animals were reviewed and approved by the
Feinstein Institute for Medical Research Institutional Animal
Care and Use Committee. Animals were housed in a
pathogen-free environment, with 12-hour light–dark cycles and
free access to food and water.

Initiation of PIA. Eight-to-twelve-week–old rats re-
ceived 150 �l of pristane by intradermal injection. The dose
was divided into 2 injection sites at the base of the tail (14,16).

Arthritis severity scoring. Arthritis scoring was per-
formed on days 14, 18, and 21 after the initiation of PIA, using
a previously described system that evaluates the ankles, mid-
feet, wrists, midforepaws, and metacarpophalangeal, metatar-
sophalangeal, and interphalangeal joints, generating a score
ranging from 0 to 80 per rat per day (14,17). Scores obtained
until day 21 were added and used as the arthritis severity index.
The median arthritis severity index score for each group was
used for analysis. On day 21 postinduction, the rats were
euthanized, and synovial tissue was collected from the ankles
for isolation of FLS. A separate group of DA and
DA.F344(Cia5d) rats with PIA was followed up for 32 days;
the joints of these rats were fixed in formalin, embedded in
paraffin, and stained with hematoxylin and eosin (H&E) for
histologic analysis.

Isolation and culture of primary FLS. FLS were
isolated by enzymatic digestion of the synovial tissue. Briefly,
tissues were minced and incubated with a solution containing
0.15 mg/ml DNase, 0.15 mg/ml hyaluronidase (type I-S), and 1
mg/ml collagenase (type IA) (Sigma-Aldrich, St. Louis, MO) in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen,
Carlsbad, CA) for 1 hour at 37°C. Cells were washed and
resuspended in DMEM supplemented with 10% fetal bovine
serum (FBS; Invitrogen), 30 mg/ml glutamine, 250 �g/ml
amphotericin B (Sigma-Aldrich), and 20 �g/ml gentamicin
(Invitrogen). After overnight culture, nonadherent cells were
removed, and adherent cells were cultured. All experiments
were performed with cells obtained after passage 4 (�95%
FLS purity).

Invasion assay. In vitro invasion of FLS was assayed in
a transwell system using Matrigel-coated inserts from Becton
Dickinson (Franklin Lakes, NJ) and Chemicon (Temecula,
CA). In the initial experiments, chambers from Becton Dick-
inson were used, but due to manufacturing quality problems
with subsequent lots of inserts from Becton Dickinson, we
switched to Chemicon inserts. At 70–80% confluency, cells
were harvested by trypsin–EDTA digestion and washed with
serum-free DMEM. Cells (1.5 � 104) were resuspended in 300
�l of serum-free DMEM and plated on the upper compart-
ment of the Matrigel-coated inserts. The lower compartment
was filled with DMEM with 10% FBS, and the plates were
incubated at 37°C for 24 hours. After 24 hours, the upper
surface of the insert was wiped with cotton swabs to remove
noninvading cells and the Matrigel layer.

For the Becton Dickinson inserts, the bottom surface
of the insert was stained with crystal violet, and the number of
cells that invaded through Matrigel was counted in 3 random
fields at 100� magnification. For the Chemicon inserts, the
bottom surface of the insert, which contained the cells that
invaded through Matrigel, was stained with the kit staining
solution and resolubilized with 10% acetic acid, and the
solution absorbance was read at 570 nm, according to the
protocol suggested by the manufacturer. Experiments with
Becton Dickinson inserts were done in duplicate, and those
with Chemicon inserts were performed in triplicate. When
indicated, the MMP inhibitors GM6001 (25 �M) and SB-3CT
(500 �M) (both from Chemicon) were added to the upper
chamber for overnight incubation. The same amount of diluent
(DMSO) was used as control.

Zymography. Gelatin and casein zymography was per-
formed according to previously described methods (18,19).
Briefly, FLS were cultured on Matrigel-coated plates or Petri
dishes, and the protein content in the supernatants was quan-
tified. The same amount of total protein per cell line superna-
tant was used in each experiment. Protein was mixed with
Tris–glycine–sodium dodecyl sulfate (SDS) sample buffer (In-
vitrogen), loaded into a zymogram precasted gel (Invitrogen),
and run for 90 minutes at 125V. After electrophoresis, gels
were treated with renaturing buffer (Invitrogen), followed by
incubation in developing buffer (Invitrogen) at 37°C overnight.
Gels were stained with SimplyBlue SafeStain (Invitrogen) for 1
hour at room temperature and washed. Areas of protease activity
appeared as clear bands against a dark-blue background.

Plasma membrane preparation. FLS cultured on
Matrigel-coated Petri dishes were collected by scraping and
collagenase digestion (20). Cells were resuspended in ice-cold
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phosphate buffered saline (PBS) with a protease inhibitor
cocktail containing 4-(2-aminoethyl)benzenesulfonyl fluoride,
aprotinin, bestatin hydrochloride, E-64, leupeptin, and pep-

statin (Sigma-Aldrich), washed, and then subjected to 3 cycles
of freeze–thaw. The lysates were sonicated for 3 seconds, and
plasma membranes were pelleted by centrifugation for 30

Figure 1. Map of the congenic intervals, and the effect of the Cia5d locus on fibroblast-like synoviocyte (FLS) invasion. A, Markers used in the
breeding of DA.ACI(Cia10), DA.F344(Cia4), and DA.F344(Cia5d) rats are shown, along with their respective positions on chromosomes 2, 7, and
10, and genotypes. Numbers inside the bars represent the position in the chromosome (megabases). B, FLS from DA.F344(Cia5d) rats (passage
range 6–9 [median 7.5]) had a significant reduction of 86.5% in the median number of invading cells, compared with FLS from DA rats (passage
range 6–16 [median 8]). The median number of invading cells from DA.F344(Cia4) rats and that of invading cells from DA.ACI(Cia10) rats were
not significantly lower than that for DA rats. (Experiments were performed with BD Matrigel invasion chambers.) � � P � 0.001 versus DA rats,
by Mann-Whitney test. C, The increased invasive properties of FLS from DA rats require exposure to pristane, as FLS from naive DA rats have
invading properties similar to those of FLS from naive rats and DA.F344(Cia5d) rats with pristane-induced arthritis (PIA). Therefore, F344 alleles
at the Cia5d interval render cells resistant to pristane-induced increased invasive properties. (Experiments were performed with Chemicon Matrigel
invasion chambers. Samples were run on 2 separate days, and absorbance was normalized according to a set of controls/duplicates run on both days.)
� � P � 0.018; # � P � 0.002 versus DA rats with PIA, by Mann-Whitney test. Bars in B and C are the 25th and 75th percentiles. D and E, Ankle
joints from DA rats (D) and DA.F344(Cia5d) rats (E) were collected on day 32 after initiation of PIA. Synovial hyperplasia was extensive in DA
rats, with cartilage and bone erosion, while synovium in DA.F344(Cia5d) rats was normal, with no erosions (arrows). (Hematoxylin and eosin
stained; original magnification � 100.)
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minutes at 14,000 revolutions per minute, at 4°C. The mem-
brane pellets were washed once, resuspended in PBS, and the
total amount of protein in each sample was measured.

Quantitative real-time polymerase chain reaction
(PCR). FLS cell lines were cultured on Matrigel-coated Petri
dishes (Becton Dickinson) until reaching 70–80% confluency,
a point of intense transcriptional activity. Cells were then
washed twice with PBS, and the collagen matrix was digested
with collagenase D (Sigma-Aldrich). Total RNA was isolated
using the RNeasy kit (Qiagen, Valencia, CA) and digested with
DNase (Qiagen). RNA was quantified with spectrophotometry
(NanoDrop Technologies, Wilmington, DE), and its integrity
was determined with the 2100 Bioanalyzer (Agilent, Palo Alto,
CA). Total RNA (200 ng) from each sample was used for
complementary DNA synthesis using the SuperScript III kit
(Invitrogen). The primer and probe sequences for
interleukin-1� (IL-1�) and tumor necrosis factor � (TNF�), as
well as the quantitative PCR methods, have been previously
described (14). Primers, TaqMan probe sequences for IL-6 and
transforming growth factor �1 (TGF�1) (Applied Biosystems,
Foster City, CA), and probe sequences for MMP-1, MMP-2,
MMP-3, MMP-8, MMP-9, MMP-13, MT1–MMP, and MT2-
MMP (Exiqon, Woburn, MA) are available online at
www.NSLIJ-GENETICS.ORG/GULKO. GAPDH was used
as endogenous control. Samples were run in duplicate, and the
mean values were used for analysis. Data were analyzed using
Sequence Detection System software, version 1.9.1 (Applied
Biosystems). Results were obtained as threshold cycle values
(Ct). The relative expression of all the genes was adjusted for
GAPDH in each sample (�Ct).

Western blot analysis. FLS (70–80% confluency) were
plated on Matrigel-coated Petri dishes overnight. The super-
natants were collected and concentrated with Microcon
YM-10 columns (Millipore, Bedford, MA). The same amount
of total proteins (5 �g) was loaded in 3–8% SDS–
polyacrylamide gel electrophoresis (Invitrogen) under reduc-
ing conditions. Proteins were transferred to a nitrocellulose
membrane (Millipore). Membranes were blocked overnight
with 5% nonfat milk (Sigma-Aldrich) at 4°C, then incubated
with mouse anti–MT1-MMP monoclonal antibody (clone 113-
5B7; Chemicon) in PBS with 0.1% Tween 20 for 1 hour at
room temperature. Horseradish peroxidase–conjugated goat
anti-mouse IgG was used as secondary antibody and incubated
for 1 hour at room temperature. Protein bands were detected
by enhanced chemiluminescence (ECL Plus; Amersham Bio-
sciences, Piscataway, NJ) and visualized using Kodak
X-OMAT films.

Statistical analysis. Mean values (for normally distrib-
uted data) were analyzed by Student’s t-test, and median values
were compared between groups with the nonparametric Mann-
Whitney test, using SigmaStat, version 3.0 (SPSS, Chicago, IL).

RESULTS

Cia4, Cia5d, and Cia10 define regions that regu-
late arthritis severity. All 3 congenic strains of rats used
in this study (Figure 1A) were previously shown to
develop a significantly milder form of arthritis compared

with DA rats (13–15), and the results of our study
supported those observations (Table 1).

FLS derived from DA.F344(Cia5d) rats have
decreased in vitro invasive properties compared with
those of FLS derived from DA rats with PIA. Primary
FLS cell lines derived from DA, DA.F344(Cia4),
DA.F344(Cia5d), and DA.ACI(Cia10) were studied in a
24-hour assay of invasion through Matrigel-coated in-
serts. This Matrigel invasion assay has been used in
studies with RA FLS cell lines (21,22). Furthermore, the
invasive properties of FLS on Matrigel correlate with
radiographic damage in RA, underscoring the clinical
relevance of this phenotype (12). The experiments were
initially performed with Becton Dickinson Matrigel in-
vasion chambers. The presence of F344 alleles at Cia5d,
as in FLS from the DA.F344(Cia5d) rat strain, caused a
reduction of 86.5% in the median numbers of FLS that
invaded through the Matrigel layer compared with the
median number of invading DA FLS (6.0 versus 44.7
[P � 0.001, by Mann-Whitney test]) (Figure 1B). Al-
though PIA was significantly milder in DA.F344(Cia4)
and DA.ACI(Cia10) rats than in DA rats (Table 1),
there was no significant difference between these strains
in the numbers of invading cells, demonstrating the
specificity of the DA.F344(Cia5d) effect in invasion.
Each FLS cell line was analyzed in duplicate, and
experiments were performed at least twice. These obser-
vations demonstrate that a gene contained within the
Cia5d locus on rat chromosome 10 is an important new
regulator of FLS invasion.

A colorimetric-based Matrigel invasion assay
(Chemicon) was also used, and the results confirmed the
reduced invasive properties of FLS from DA.F344
(Cia5d) rats with PIA (n � 8) compared with FLS from
DA rats with PIA (n � 12) (P � 0.002, by Mann-
Whitney test) (Figure 1C).

FLS derived from naive DA rats do not have
increased invasive properties. FLS were collected from
naive DA rats (n � 5) and naive DA.F344(Cia5d) rats

Table 1. ASI scores on day 21 after initiation of PIA in rats*

Rat strain

Median
(25%–75% CI)

ASI
P, versus DA

rats

DA (n � 14) 37.5 (16.0–85.0) –
F344 (n � 7) 0 �0.001
DA.F344(Cia4) (n � 4) 2.5 (1.0–4.0) 0.013
DA.F344(Cia5d) (n � 10) 5.0 (2.0–20.0) 0.005
DA.ACI(Cia10) (n � 8) 3.0 (1.0–5.5) 0.002

* ASI � arthritis severity index; PIA � pristane-induced arthritis; CI
� confidence interval.
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(n � 3) and cultured in the same conditions as those
used for FLS obtained from rats with PIA. FLS obtained
from naive DA rats and naive DA.F344(Cia5d) rats had
similar invasive properties (Figure 1C). The median
absorbance of the invading cells obtained from naive DA
and naive DA.F344(Cia5d) FLS was similar to that of
FLS obtained from DA.F344(Cia5d) rats with PIA but
significantly lower than that of FLS obtained from DA
rats with PIA (P � 0.018, by Mann-Whitney test)
(Figure 1C). These observations demonstrate that the
difference in FLS invasion between FLS from DA rats
with PIA and FLS from DA.F344(Cia5d) rats with PIA
identifies a phenotype that requires a gene–environment
interaction, in this case exposure to pristane. The pres-
ence of F344 alleles at Cia5d was enough to prevent
induction of this phenotype.

Differences in invasive properties between FLS
derived from DA and DA.F344(Cia5d) rats are retained
after several passages in culture. Significant differences in
invasion were detected in experiments using early passages
of FLS from DA rats (passage range 6–16 [median 8]) and
DA.F344(Cia5d) rats (passage range 6–9 [median 7.5])
(Figure 1B), as well as in experiments using later passages
(for DA, passage range 4–62 [median 22]; for
DA.F344(Cia5d), passage range 5–55 [median 46]) (Figure
1C). A complete description of FLS passages in each
experiment/figure and the differences in invasion and levels
of activated MMP-2 is available online at www.NSLIJ-
GENETICS.ORG/GULKO.

No invasion or destruction of cartilage and bone by
synovial tissue from DA.F344(Cia5d) rats with PIA. Ankle
joints were collected from DA and DA.F344(Cia5d) rats
after 32 days of PIA. Histologic analysis revealed pro-
nounced synovial hyperplasia with cartilage and bone in-
vasion in DA (Figure 1D), while nearly no synovial hyper-
plasia was observed in tissues from DA.F344(Cia5d) rats
(Figure 1E). More importantly, in agreement with the FLS
invasion data, synovial tissue from DA.F344(Cia5d) rats
did not invade or destroy cartilage or bone, demonstrating
a direct correlation between the in vitro phenotype and in
vivo findings.

Proliferation, levels of cytokine messenger RNA
(mRNA), or actin cytoskeleton characteristics do not
explain the differences in the invasive properties of FLS
from DA and DA.F344(Cia5d) rats. FLS cell lines from
DA and those from DA.F344(Cia5d) rats had similar
proliferative characteristics, similar levels of expression
of IL-1�, IL-6, TGF�1, and TNF� (by quantitative
PCR), and similar actin cytoskeleton characteristics, as
measured by fluorescent phalloidin staining and cell

spreading. Detailed results are available online at
www.NSLIJ-GENETICS.ORG/GULKO.

MMP-dependent differences between the inva-
sive properties of FLS from DA and DA.F344(Cia5d)
rats. The Matrigel invasion assays were performed in the
presence or absence of 25 �M GM6001, a general
inhibitor of MMPs that is known to inhibit the activity of
MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, and MMP-
13. In the presence of GM6001, the invasive properties
of FLS from DA (n � 12) were significantly reduced, to
levels similar to those of FLS derived from
DA.F344(Cia5d) (Figure 2). The mean � SD absor-
bance at 570 nm of invading cells from DA rats was
0.303 � 0.08; in the presence of GM6001, the level
decreased to 0.225 � 0.06 (P � 0.018). For invading cells
from DA.F344(Cia5d), the mean � SD absorbance at
570 nm was 0.191 � 0.03 (P � 0.004, by t-test). The
invasion through Matrigel of FLS from DA.F344(Cia5d)
was not significantly affected by MMP inhibition with
GM6001 (mean � SD absorbance at 570 nm 0.167 �
0.03). These observations demonstrated that MMPs are
critical for the difference in the invasive properties
between FLS obtained from DA and FLS obtained from
DA.F344(Cia5d) rats.

Figure 2. Effect of the matrix metalloproteinase inhibitor GM6001 on
the invasive properties of fibroblast-like synoviocytes (FLS) derived
from DA rats and FLS from DA.F344(Cia5d) rats. FLS from DA and
DA.F344(Cia5d) were plated on Matrigel-coated invasion chambers,
with or without 25 �M GM6001, for 24 hours. The absorbance of
invading cells from DA (n � 12) was significantly reduced in the
presence of GM6001. The absorbance of invading cells from
DA.F344(Cia5d) without GM6001 (n � 7) was significantly lower than
that of cells from DA without GM6001 and was similar to that of cells
from DA treated with GM6001. Bars show the mean and SD. � � P �
0.018; # � P � 0.004 versus FLS from DA without GM6001, by t-test.
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Similar levels of MMPs and similar collagenase
and MMP-3 (stromelysin 1) activity in FLS from DA
and DA.F344(Cia5d) rats. FLS cell lines were cultured
on Matrigel to recreate the environment of the invasion
chamber. MMP-1, MMP-2, MMP-3, MMP-9, MMP-13,
MT1-MMP, and MT2-MMP were detected by quantita-
tive PCR in all FLS cell lines, but no significant differ-
ences in gene expression between DA rats and
DA.F344(Cia5d) rats were observed (Figure 3A). These
results suggest that although the Cia5d-regulated inva-
sive phenotype is dependent on MMPs, the MMP effect
is not controlled at the mRNA level. MMP-8 was not
expressed by rat FLS.

It was considered that the MMP-mediated differ-
ence in invasive properties could be regulated at the
level of protein activation. Collagenase activity (MMP-1,
MMP-8, and MMP-13) was measured in the superna-
tants of FLS cell lines. Because no MMP-8 mRNA was
detected in rat FLS cell lines, the results shown in Figure
3B are considered to reflect MMP-1 and MMP-13
activity. No significant differences were detected be-
tween FLS cell lines from DA (n � 7) and those from
DA.F344(Cia5d) rats (n � 7) (Figure 3B).

GM6001 also inhibits MMP-3 (stromelysin 1)
activity, and, therefore, MMP-3 activity was quantified
using a casein zymogram gel. No significant differences
in the levels of proMMP-3 or active MMP-3 were detected
between FLS from DA and FLS from DA.F344(Cia5d)
rats, thereby excluding MMP-3 as the mediator of invasive
differences between FLS (Figure 3C).

Correlation between MMP-2 activation and the
invasive properties of FLS. Gelatinases (MMP-2 and
MMP-9) were expressed by FLS from DA and FLS from
DA.F344(Cia5d) rats (Figure 3A); both of these gelati-
nases are known to be inhibited by GM6001. To address
the role of gelatinase activation on the difference in
invasive properties between DA and DA.F344(Cia5d) rat
FLS, 4 �g of total protein per FLS cell line culture
supernatant was analyzed in a gelatin zymogram. Superna-
tants from DA FLS had significantly higher levels of active
MMP-2 (64 kd) compared with supernatants from
DA.F344(Cia5d) FLS (Figure 4A). Levels of proMMP-2
(72 kd) were similar in both rat strains, demonstrating that
the difference was not in the overall synthesis of
proMMP-2 but instead in its activation. FLS from arthritis-
resistant F344 rats also had reduced levels of active MMP-2
(Figure 4B). These observations demonstrated that the
Cia5d gene controls FLS invasion via the regulation of
MMP-2 activation, and that F344-derived alleles at this
locus reduce its activation. MMP-9 was not detected in
gelatin zymograms.

Reduced levels of active MMP-2 in FLS from
naive DA rats are consistent with the invasive properties
of FLS. Although the supernatants of FLS derived from
DA rats with PIA had increased levels of active MMP-2,
FLS from naive DA rats had significantly lower levels,
which were similar to those in FLS from both naive
DA.F344(Cia5d) and DA.F344(Cia5d) rats with PIA
(Figure 4C). Therefore, the MMP-2 activation data for
FLS from rats with PIA and FLS from naive rats
matched the FLS invasion data shown in Figure 1C.

Figure 3. Levels of matrix metalloproteinase (MMP) mRNA, collage-
nase activity, and MMP-3 activity in fibroblast-like synoviocytes (FLS)
from DA rats and DA.F344(Cia5d) rats. A, Messenger RNA levels of
MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, membrane type 1 (MT1)–
MMP, and MT2-MMP were not significantly different in FLS cell lines
from DA rats and FLS cell lines from DA.F344(Cia5d) rats, as deter-
mined by quantitative polymerase chain reaction. B, Collagenase activity
was nearly identical in the supernatants of FLS cultures from DA rats
(n � 7) and DA.F344(Cia5d) rats (n � 7). Values in A and B are the mean
and SD. C, Casein zymography revealed similar levels of MMP-3 in the
supernatants of FLS cultures from DA rats (n � 4) and DA.F344(Cia5d)
rats (n � 4). �Ct � change in threshold cycle.
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These observations were replicated with cell lines from
different passages (available online at www.NSLIJ-
GENETICS.ORG/GULKO) and represent the first
demonstration that pristane induces long-lasting
changes in FLS MMP-2 activation, and that this process
is genetically regulated by a gene within the Cia5d locus.

Inhibition of MMP-2 suppresses DA rat FLS
invasion. Treatment of FLS from DA rats with the
selective gelatinase inhibitor SB-3CT (500 �M) signifi-
cantly reduced the number of invading cells (the mean �
SD of the absorbance at 570 nm of invading cells from DA
rats without inhibitor was 0.307 � 0.09, and that of DA rats
treated with SB-3CT was 0.105 � 0.02; P � 0.001, by t-test)
(Figure 4D) and did not affect cell viability (data not
shown). The mean � SD absorbance of invading SB-3CT–
treated FLS from DA rats was also lower than that of FLS
from untreated DA.F344(Cia5d) rats (0.186 � 0.05; P �
0.008, by t-test) and similar to that of SB-3CT–treated FLS
from DA.F344(Cia5d) rats. The invasive properties of
SB-3CT–treated FLS from DA.F344(Cia5d) rats were
slightly reduced compared with those of untreated FLS,
which is consistent with the observation that FLS from
DA.F344(Cia5d) rats produced active MMP-2 (Figure
4A), albeit at significantly lower levels than in FLS from
DA rats (the mean � SD absorbance at 570 nm of invading
cells from DA.F344(Cia5d) rats without inhibitor was
0.186 � 0.05, compared with 0.106 � 0.01 in SB-3CT–
treated FLS from DA.F344(Cia5d) rats; P � 0.008, by
t-test) (Figure 4D).

MMP-9 protein was not detected in the zymo-
grams; therefore, the reduced invasion associated with
SB-3CT treatment was attributed to inhibition of
MMP-2 activity.

Similar levels of tissue inhibitor of metallopro-
teinases 2 (TIMP-2), urokinase plasminogen activator
(uPA), and tissue plasminogen activator (tPA) activity
in FLS from DA and DA.F344(Cia5d). Three of the
main pathways of MMP-2 activation include 1) the
formation of a ternary complex between MT1-MMP,
TIMP-2, and proMMP-2 (which cleaves proMMP-2 into
its active form) and activation of the plasmin system via
2) uPA and 3) tPA. The levels of TIMP-2 measured in
600 �g of total protein per FLS culture supernatant from
DA and DA.F344(Cia5d) were nearly identical (data not
shown). The activity of uPA and tPA measured in the
supernatants of FLS cultures from DA and
DA.F344(Cia5d) revealed no significant differences
(data not shown). Therefore, neither TIMP-2 nor the 2
pathways of plasminogen activation explain the differ-
ences in levels of active MMP-2 and invasion detected in
DA and DA.F344(Cia5d) rats.

Figure 4. Reduced MMP-2 activity in DA.F344(Cia5d) explains the
reduced invasive properties of FLS. A, Gelatin zymography showed
significantly lower levels of active MMP-2 in supernatants of
DA.F344(Cia5d) FLS (n � 6) compared with DA FLS (n � 7) after
24 hours in culture. The results are representative of experiments
involving 11 DA and 8 DA.F344(Cia5d) rats, in which 4 �g of
protein per FLS cell line supernatant per lane was loaded. B,
Gelatin zymography of supernatants of DA, DA.F344(Cia5d), and
F344 FLS showed reduced levels of activated MMP-2 in
DA.F344(Cia5d) and F344 rats compared with DA rats (8 �g of
protein per FLS cell line supernatant per lane was loaded). C,
Gelatin zymography of supernatants of naive DA FLS (n � 5) and
naive DA.F344(Cia5d) FLS (n � 4) demonstrated low levels of
active MMP-2, similar to those in FLS from DA.F344(Cia5d) rats
with pristane-induced arthritis (PIA) but significantly lower than
those in FLS from DA rats with PIA (8 �g of total protein per cell
line culture supernatant was loaded). D, Treatment with the MMP-2
inhibitor SB-3CT (compared with DMSO as control) significantly
reduced the invasive properties of FLS from DA rats to levels
similar to those of FLS from untreated DA.F344(Cia5d).
DA.F344(Cia5d) FLS treated with SB-3CT also exhibited a modest
reduction in invasive properties, consistent with low MMP-2 acti-
vation. Values are the mean and SD results for 5 different cell lines
per group. � � P � 0.001 versus untreated DA rats; # � P � 0.027
versus untreated DA rats; ¶ � P � 0.008 versus untreated
DA.F344(Cia5d) rats, by t-test. See Figure 3 for other definitions.
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Increased levels of soluble MT1-MMP coincide
with increased levels of active MMP-2 in DA rats.
MT1-MMP activity was significantly reduced in the
plasma membrane of FLS from DA rats after 24 hours
of culture (Figure 5A), the time point at which levels of
active MMP-2 were increased. Therefore, the differ-
ences in MMP-2 activation and invasive properties were
not explained by the membrane-bound activity of MT1-
MMP. It was considered that this discrepancy could be
explained by increased cleavage of plasma membrane
MT1-MMP, which would generate increased levels of its
MMP-2–activating soluble form (23,24). Twenty-four–
hour FLS culture supernatants from DA (n � 6) and
DA.F344(Cia5d) (n � 6) were analyzed by Western
blotting, using a monoclonal antibody against the cata-
lytic domain of MT1-MMP. Supernatants from DA had
significantly higher levels of soluble MT1-MMP com-
pared with those from DA.F344(Cia5d) rats (Figure
5B), thus providing an explanation for the increased
MMP-2 activation.

DISCUSSION

RA histology is typically characterized by pro-
nounced synovial hyperplasia, also called pannus. RA
pannus produces proinflammatory cytokines and pro-
teases and invades cartilage and bone, leading to joint
destruction and deformities (2). The FLS is a key player
in RA pannus and joint pathology and has increased
invasive properties compared with osteoarthritis, even
after several passages in vitro (11,21). Furthermore, the
increased invasive properties of RA FLS have been
associated with increased radiographic joint destruction
(12), underscoring the relevance of this in vitro pheno-
type to disease outcome. We observed that several of
our congenic strains protected from PIA preserved a
nearly normal joint architecture with no synovial hyper-
plasia or cartilage and bone destruction, and considered
that the increased invasive properties of RA FLS would
be reproduced in FLS obtained from DA rats with PIA.
Furthermore, we hypothesized that at least part of the
invasive characteristics would be genetically regulated by
one of the arthritis severity quantitative trait loci genes.
In the present study, we demonstrate for the first time
that FLS invasive properties are genetically controlled
and implicate the arthritis severity quantitative trait
locus Cia5d in their regulation.

FLS were isolated from synovial tissue obtained
from the ankle joints of DA and congenic rat strains
previously shown to develop significantly milder arthritis
(13–15). After 3 or more passages, these primary cell
lines were nearly 100% CD90-positive FLS (data not
shown). We used the same in vitro model system origi-
nally tested in RA, in which FLS invade through a
collagen-rich barrier, Matrigel (12,21,22). FLS obtained
from DA and from 2 arthritis-protected congenic rat
strains, DA.F344(Cia4) and DA.ACI(Cia10), had simi-
larly increased numbers of invading cells, while FLS
from DA.F344(Cia5d) had significantly lower numbers
of invading cells. This observation demonstrates that
F344 alleles specifically at the Cia5d region on rat
chromosome 10 reduce FLS invasion. FLS proliferation
was similar in DA rats and DA.F344(Cia5d) rats; there-
fore, proliferation did not explain the differences in
invasion, which is consistent with studies of RA FLS (25)
and human cancer cell lines (26,27).

Cell migration and invasion critically depend on
actin cytoskeleton dynamics and functional integrity. We
could not detect any difference between DA and
DA.F344(Cia5d) rat FLS in this regard, using different
sensitive assays (28). Quantitative PCR analysis also
revealed no significant differences in mRNA levels of 7

Figure 5. Soluble and plasma membrane type 1 matrix metallopro-
teinase (MT1-MMP) in fibroblast-like synoviocytes (FLS). A, DA FLS
cultured for 24 hours had reduced MT1-MMP activity in plasma
membranes, compared with DA.F344(Cia5d) FLS. Values are the
median and 25th and 75th percentiles. P � 0.052, by Mann-Whitney
test. B, Western blotting showed increased levels of soluble MT1-
MMP (sMT1-MMP) in supernatants of DA rat FLS (n � 3) compared
with DA.F344(Cia5d) rat FLS (n � 3) cultured on Matrigel-coated
Petri dishes (5 �g of protein loaded per lane). The data for sMT1-
MMP were replicated in 3 additional FLS cell culture supernatants per
strain.
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MMPs and 4 cytokines known to increase in vitro FLS
responses. The difference in invasion was dependent on
MMPs, since treatment with the MMP inhibitor
GM6001 reduced invasion of DA FLS to levels similar to
those of DA.F344(Cia5d) FLS. However, collagenase
and MMP-3 (stromelysin 1) activities were similar in the
supernatants of FLS cultures from both strains and
therefore did not explain the difference in invasion.
GM6001 also inhibits the activity of MMP-2 and MMP-9
(gelatinases). MMP-9 protein was not detected, suggest-
ing that the difference was attributable to MMP-2. In
fact, levels of active MMP-2 were significantly higher in
DA compared with DA.F344(Cia5d) rats. Treatment
with the MMP-2 inhibitor SB-3CT reduced the invasive
properties of FLS from DA rats to levels similar to those
of FLS from DA.F344(Cia5d) rats, thus confirming that
MMP-2 accounts for the difference in cell invasion. To
our knowledge, this is the first study in which an arthritis
quantitative trait locus has been implicated in the regu-
lation of MMP-2 activation.

The MMP-2 gene is not contained within the
Cia5d interval and was not considered a candidate gene.
Instead, we considered that DA or F344 alleles at a gene
located within the Cia5d locus were differentially regu-
lating the pathways that control MMP-2 activation,
namely uPA, tPA, TIMP-2, and MT1-MMP (29,30).
There was no significant difference in the levels of
TIMP-2 or uPA and tPA activity between DA and
DA.F344(Cia5d) rats, excluding these pahways.

MT1-MMP is a cell surface MMP that forms a
complex with TIMP-2 and has a major role in the
activation of MMP-2 (30). Unexpectedly, the plasma
membrane activity of MT1-MMP was lower in DA FLS
(cultured for 24 hours) than in DA.F344(Cia5d) FLS.
However, we detected significantly increased levels of
soluble MT1-MMP in DA FLS culture supernatants.
Therefore, we considered that the decreased MT1-MMP
plasma membrane activity in DA FLS could be attrib-
utable to increased shedding of MT1-MMP. It is not
known which protease controls cleavage of plasma mem-
brane MT1-MMP, but soluble MT1-MMP is capable of
activating MMP-2 (23,24). Our data support this concept
and suggest that Cia5d identifies a novel gene that
controls MMP-2 activation via the regulation of MT1-
MMP shedding from the plasma membrane. This study
is the first to demonstrate that increased production of
soluble MT1-MMP is associated with FLS invasion and
arthritis and the first to show that it is genetically
regulated. It is conceivable that soluble MT1-MMP
could be more resistant to degradation and inactivation

than is the plasma membrane form, leading to prolonged
and more pronounced MMP-2 activation.

MMP-2 digests gelatin, fibronectin, laminin, type
IV collagen, type V collagen, cartilage proteoglycans,
and elastin (31) and is expressed in increased amounts
by RA FLS at both the mRNA (32) and protein levels
(3,33). Furthermore, increased expression of active
MMP-2 in synovial tissue obtained from patients with
RA correlates with increased erosive changes (34), a
parameter associated with worse outcome and increased
risk of development of joint deformities. To our knowl-
edge, no MMP-2–specific inhibitor has been used in
arthritis. However, an MMP-2/MMP-9/MMP-3 inhibitor
significantly reduced cartilage erosive changes in a
model of monarticular arthritis in rats (35). Taken
together, our observations can be directly related to RA
FLS and their role in invasion and disease severity.
Additionally, the suppression of monarthritis reported in
a rodent study that used a gelatinase inhibitor (35)
supports our concept that modulating MMP-2 activity,
perhaps via the Cia5d gene, is a feasible way to treat
disease.

Although the FLS invasive phenotype is geneti-
cally controlled, it required an environmental trigger, in
this case treatment with pristane, to be fully activated in
DA rats. This is consistent with the current understand-
ing of RA pathogenesis. Specifically, although there is a
strong genetic contribution to RA susceptibility, stochas-
tic and environmental events such as smoking (36), the
use of decaffeinated coffee (37), and exposure to min-
eral oils (38) are required for the development of
disease. It remains incompletely understood how those
environmental factors and pristane operate to regulate
the expression of arthritis. Orally administered pristane
is distributed to lymphoid tissues, muscle, and fat and
crosses the placenta (39), and it could reach the synovial
tissue.

Clearly, exposure to pristane changed the FLS
cell phenotype in a fundamental manner, as the differ-
ences in invasive properties remained unchanged in DA
and DA.F344(Cia5d) cells after �20 passages in culture
and several cell duplications. Therefore, once triggered,
the FLS invasive phenotype and its associated increase
in MMP-2 activation become independent from other
cells and molecules that are present in the joint environ-
ment. This might explain the progressive joint destruc-
tion described in patients with RA even in the absence of
clinical or laboratory evidence of joint inflammation or
disease activity (40,41). Of additional interest, MMP-2
also regulates the invasive properties of cancers such as
gliomas and bladder cancer (42,43), raising the possibil-
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ity that Cia5d will be relevant for cancer biology and
treatment.

While new biologic therapies developed during
the past 9 years have significantly improved disease
control and the quality of living for patients with RA
(44–47), complete remission is still rarely achieved (48),
and better therapies are needed. In the present study, we
identified a potentially novel pathway for therapeutic
intervention. Modulation of the Cia5d gene has the
potential to reduce levels of soluble MT1-MMP and
decrease MMP-2 activation, thus reducing the invasive
properties of FLS and likely cartilage and bone destruc-
tion.
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