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Summary
Objective—Matrix fragments, including fibronectin fragments (Fnf), accumulate during the
development of osteoarthritis (OA) stimulating chondrocyte matrix metalloproteinase (MMP)
production. The objective of this study was to determine the role of the small GTPase Rac1 in
chondrocyte signaling stimulated by Fnf that results in MMP-13 production.
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Methods—Normal human cartilage was from tissue donors and OA cartilage from knee
arthroplasty specimens. Rac1 activity was modulated with a chemical inhibitor, siRNA knockdown, constitutively active (CA)-Rac or dominant negative (DN)-Rac adenovirus. Cells were
treated with Fnf or without known Rac activators, epidermal growth factor (EGF) or transforming
growth factorα (TGFα). Rac1 activity was measured with a colorometric activity ELISA,
pulldown assay, and immunostaining with a monoclonal antibody against active Rac.
Results—Chemical inhibition of Rac1, as well as knockdown by siRNA and expression of DNRac blocked Fnf stimulated MMP-13 production while expression of CA-Rac increased MMP-13.
Inhibition of Rho-associated kinase had no effect. EGF and TGFα, but not Fnf, increased Rac1
activity and promoted the increase in MMP-13 above that stimulated by Fnf alone. Active Rac
was detected by immunostaining in OA cartilage.
Conclusion—Rac1 is required for Fnf induced signaling that results in increased MMP-13
production. EGF receptor ligands, which activate Rac, can promote this effect. The presence of
active Rac in OA cartilage and the ability of Rac to stimulate MMP-13 production suggests that it
could play a role in the cartilage matrix destruction seen in OA.
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Destruction of the articular cartilage matrix by proteolytic enzymes produced by activated
articular chondrocytes is thought to play a key role in the development of osteoarthritis (OA)
(1). The matrix degrading enzymes include matrix metalloproteinases (MMPs), aggrecanses,
and various cysteine and serine proteases (2). MMP-13 is a potent collagenase that degrades
type II collagen, an abundant cartilage matrix protein that provides cartilage with its ability
to withstand mechanical loads. Neuhold et al (3) demonstrated that transgenic
overexpression of MMP-13 in mice results in pathological changes in articular cartilage
similar to those observed in human osteoarthritis. A more recent study by Little et al (4)
found that mice lacking MMP-13 are resistant to the cartilage erosion that is a hallmark of
osteoarthritis. Thus, understanding mechanisms responsible for stimulation of chondrocyte
MMP-13 production is important for a better understanding of OA.
Multiple factors appear to be capable of stimulating chondrocytes to produce MMP-13
including several pro-inflammatory cytokines, chemokines, and growth factors (1). Our
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focus has been on the role of fibronectin fragments (Fnf) that are generated by proteolytic
cleavage and are found at elevated levels in osteoarthritic cartilage and synovial fluid (5, 6).
These fragments, in particular the Fnf’s containing the cell-binding RGD sequence, can
potentially bind to and stimulate the α5β1 integrin receptor resulting in production of
MMP-13 as well as many of the other pro-inflammatory factors and MMPs found in OA
cartilage (7–9). The cell signaling network activated by Fnf includes the mitogen-activated
protein kinases (MAPK) and transcriptional regulators such as AP-1 and NFκB which are
thought to play a role in OA (7–9).
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The Rho family of small GTPases consists of the three family members RhoA, Rac1, and
CDC42, which have been shown to mediate signaling events in other cell types but have not
been well studied in chondrocytes (10). RhoA appears to promote stress fiber formation and
inhibits chondrocyte differentiation while Rac1 and CDC42 promote chondrocyte
hypertrophy (10–12). Rac has been well studied in fibroblasts and found to control many
diverse cellular functions including actin cytoskeletal reorganization, production of reactive
oxygen species, and transcription (13). Rac is activated by extracellular signals including
growth factors, cytokines, and, most relevant to the present work, integrins (14). Mice with
Rac1 deletion in chondrocytes were found to have severe skeletal deformities with
disorganized growth plates (15). Expression of constitutively active Rac increased
production of type X collagen and alkaline phosphatase as well as MMP-13 and promoted
chondrocyte hypertrophy (11, 16).
OA chondrocytes exhibit some features of the hypertrophic phenotype which can include the
production of MMP-13. Thus, the signaling molecules involved in chondrocyte hypertrophy
are also likely to be involved in osteoarthritis. The present study was undertaken to examine
the role of Rac in chondrocyte signaling that results in MMP-13 production when articular
chondrocytes are stimulated with Fnf. We found that Rac1 was required for the increased
MMP-13 expression but surprisingly could not demonstrate direct activation of Rac by Fnf.
Instead, EGF receptor ligands, including EGF and TGFα, were discovered to activate
chondrocyte Rac and to promote the ability of Fnf to stimulate MMP-13 production.

MATERIALS AND METHODS
Reagents
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Alexa488 fluorescent secondary antibody was from Invitrogen (Carlsbad, CA). Total Rac
antibody and EGF receptor inhibitor AG1478 were from Cell Signaling (Beverly, MA).
MMP-13 antibody was from Abcam (Cambridge, MA). MMP-13 ELISA and recombinant
EGF were from R&D Systems (Minneapolis, MN). Recombinant TGFα was from Gemini
Bioproducts (West Sacramento, CA). Control siRNA and smartpool siRNA against Rac1
was from Dharmacon (Lafayette, CO). Amaxa nucleofection reagents for transfection were
from Lonza (Walkersville, MD). Predesigned MMP-13 real-time PCR primer was from
SuperArray Biosciences (Frederick, MD). Rac inhibitor NSC23766 and ROCK inhibitor
Y-27632 were from EMD Chemicals (Gibbstown, NJ). Rac inhibitor EHT1864 was from
Tocris Biosciences (Bristol, UK). Recombinant fibronectin fragment containing the RGD
cell binding domain (FN7-10) was a kind gift of Dr. Harold Erickson (Duke University,
Durham, NC). Dominant negative and constitutively active Rac adenoviral constructs and a
null control adenovirus were obtained from Cell Biolabs (San Diego, CA). Monoclonal
antibody that recognizes active Rac1-GTP was from New East Biosciences (Malvern, PA).
Tissue acquisition and chondrocyte isolation
Normal human ankle articular cartilage was obtained from donors with no known history of
arthritis from the National Disease Research Interchange (Philadelphia, PA) and from the

Arthritis Rheum. Author manuscript; available in PMC 2014 June 01.

Long et al.

Page 3

NIH-PA Author Manuscript

Gift of Hope Organ and Tissue Donor Network (Elmhurst, IL) through the Department of
Biochemistry at Rush University Medical Center (Chicago, IL). Diseased human knee
cartilage was obtained from donors undergoing knee replacement surgery for osteoarthritis
at the Wake Forest Baptist Hospital (Winston-Salem, NC). Chondrocytes were isolated with
sequential pronase and collagenase digestion and plated in high density monolayers as
previously described (7). All cells were used without passaging to ensure proper phenotype
was retained and experiments were performed with confluent cultures after an overnight
incubation in serum-free media unless otherwise stated. Cartilage explants were made by
using a 4 mm biopsy punch to remove a small tissue piece from cartilage. Care was taken to
remove only articular cartilage and not to punch into subchondral bone. Explants were
cultured in individual wells of a 96 well plate containing media with 10% serum for two
days as a recovery period and then switched to mini-ITS media for stimulation and
experimentation.
Chondrocyte transfection
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Chondrocytes were transfected by the nucleofection method, using a human chondrocyte
nucleofection kit (Lonza) as described previously (9). Briefly, 2 million isolated cells were
resuspended in transfection reagent and nucleofected with 1000 nm of siRNA for Rac1.
After the recovery period of 48 h, cells were made serum-free overnight before stimulation.
For viral infection, viruses were complexed with calcium chloride and then added to
chondrocytes at a ratio of 4000 virus particles per cell. Infection was continued for 2 hours
before virus was removed and replaced with fresh media. Stimulations were performed 48
hours after infection with the final 24 hours in serum-free conditions.
Immunoblotting
Conditioned media and cell lysates were collected and used for immunoblotting as
previously described (7). Primary antibodies were diluted to 1:1000 and immunoreactive
bands were detected using chemiluminescence. All immunoblotting experiments were
repeated at least 3 times with cells from different donors.
Rac activity assay
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Rac activity was measured by both colorometric ELISA and traditional pulldown assay. For
the ELISA assay, chondrocytes were plated at a density of 1 × 106 cells per well in 12 well
culture plates. Cells were allowed to recover 5–7 days before being switched to serum-free
media overnight and then used in stimulation experiments. Cells were lysed and 50 µg
protein was used to run an ELISA based Rac activity assay according to manufacturer’s
instructions (Cytoskeleton, Inc., Denver, CO). For traditional pulldown assay, chondrocytes
were plated at a density of 3.3 × 106 cells in 60 mm dishes. Cells were lysed and 500 µg
protein was used in a pulldown assay with PAK-PBD beads. The resulting pulldown was
then immunoblotted with Rac antibody according to the manufacturer’s instructions
(Cytoskeleton, Inc., Denver, CO).
Quantitative real-time PCR
Two micrograms of total RNA was reverse transcribed for 1 h at 37 °C using an avian
myeloblastosis virus reverse transcriptase and oligo(dT) primer. Then 2 µl of reverse
transcriptase was combined in a reaction mixture with 1 µl of the specific primer pair, 12.5
µl of 2 µl of SYBR Green PCR Master Mix, and water to a final reaction volume of 25 µl.
All specific primers were predesigned and validated commercial primers. Samples were run
in triplicate, with 40 cycles of amplification, on an ABI Prism 7000 real time PCR
instrument (Applied Biosystems, Foster City, CA). An amplification plot was generated
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using ABI software. The expression level of MMP-13 was normalized to the expression of
TATA box-binding protein measured in parallel samples.
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Immunohistochemistry
Cartilage slices from normal donors and osteoarthritis patients were fixed with 10%
formalin, embedded in paraffin, and mounted onto charged slides. Tissue was deparaffinized
and antigen retrieval was performed by proteinase K digestion for 15 minutes at 37°C.
Tissue was blocked with 10% normal goat serum for 30 minutes. Tissue was then incubated
overnight at 4°C with a 1:100 dilution of active Rac antibody. Nonspecific Mouse IgG was
used as a negative control. Specificity of the active Rac antibody was also tested by preincubating cartilage explants prior to immunostaining with a Rac inhibitor (EHT1864)
which displaces GTP from the Rac binding site. Following washing, tissue was incubated
with 1:300 dilution of AlexaFluor 488 secondary antibody. Images were captured with a
Zeiss Axioplan fluorescent microscope.
Statistical methods
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Results were analyzed using SigmaStat version 3.5 (Systat Software Inc., Richmond, CA)..
EGF and TGFα induced Rac activity at 3 minutes in articular chondrocytes were examined
using a paired t-test. All other statistical comparisons utilized a two-way ANOVA with a
Tukey’s post-hoc test to account for both treatment effects and the variance attributed to
cells harvested from different donors. The threshold for significance for all tests was set at α
≤ 0.05.

RESULTS
Requirement for Rac in MMP-13 production after stimulation of chondrocytes with Fnf
In order to determine if activity of the small GTPases Rac or Rho are required for Fnfmediated MMP-13 production, human articular chondrocytes were pre-treated in monolayer
culture with the Rac1 inhibitor NSC23766 or the Rho-associated protein kinase (ROCK)
inhibitor Y-27632 before stimulation with a recombinant Fnf. MMP-13, measured in the
conditioned media, was significantly decreased by Rac inhibition while ROCK inhibition
resulted in a modest increase in Fnf stimulated MMP-13 (Fig 1A). Rac inhibition also
blocked Fnf mediated MMP-13 expression, whereas ROCK inhibition had no effect (Fig
1B), suggesting that Rac regulates MMP-13 at the level of transcription.
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The results using chemical inhibition of Rac were confirmed using siRNA to knock-down
Rac expression and with an ELISA to quantify MMP-13 production. Transfection of
chondrocytes with Rac1 siRNA significantly reduced Rac1 levels and resulted in inhibition
of Fnf stimulated MMP-13 production (Fig 1C). To determine if Rac1 activity was sufficient
to induce MMP-13 production, chondrocytes were infected with an adenovirus expressing
constitutively active Rac1 which resulted in increased MMP-13 production (Fig 1D).
Since Rac is involved in cytoskeletal dynamics which could be altered in monolayer culture,
the effects of Rac inhibition were also tested in cartilage explants. Treatment of explants
with the Rac1 inhibitor decreased basal MMP-13 production and completely inhibited Fnf
induced MMP-13 (Fig 1E), similar to the observations in monolayer cultures.
Stimulation of chondrocytes with Fnf does not directly induce Rac activation
A previous study using synovial fibroblasts indicated that Rac is activated in response to
α5β1 integrin stimulation mediated by antibodies to the α5 integrin (14). However, when
Rac activity was measured by ELISA after chondrocytes were stimulated with Fnf, no
change in activity was seen out to 30 minutes. EGF, a known inducer of Rac activity,
Arthritis Rheum. Author manuscript; available in PMC 2014 June 01.
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increased activity within 3 minutes (Fig. 2A). A traditional pull-down assay showed similar
results, with EGF but not Fnf stimulating Rac activity at 3 minutes (Fig. 2B). Additionally,
Rac activity was measured by immunostaining cells with an antibody that recognizes GTPbound Rac which is the active form. Cells treated with EGF demonstrated greater staining
than control, whereas cells treated with Fnf displayed no visible increase in staining (Fig.
2C).
EGF treatment enhances Fnf production of MMP-13 through Rac activation
Unlike Fnf, EGF by itself did not stimulate MMP-13 production but it was noted to promote
an increase in Fnf stimulated MMP-13 above that seen with Fnf alone (Fig 3A). A
requirement for Rac in the combined stimulation of MMP-13 production by EGF and Fnf
was demonstrated using an adenovirus expressing a construct that expressed dominant
negative Rac (Fig 3B). Similar results were seen using the chemical Rac inhibitor (data not
shown).
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After demonstrating that Rac activation downstream of EGF can enhance Fnf mediated
MMP-13 production, we next wanted to examine the role of the EGF receptor in this
process. Pretreatment of chondrocytes with the EGF receptor inhibitor AG1478 minimally
inhibited MMP-13 production stimulated by Fnf indicating that EGFR is not required for
Fnf stimulation of MMP-13 (Fig 4A). However, pretreatment of chondrocytes with the EGF
receptor inhibitor prior to combined stimulation with EGF and Fnf reduced MMP-13
production back down to the level noted with Fnf alone (Fig 4B). Co-stimulation of
chondrocytes with Fnf and TGFα, an EGF receptor ligand that has previously been shown to
be increased in OA (17), also showed an increase in MMP-13, while treatment with TGFα
alone did not affect MMP-13 levels (Fig 4C). Similar to EGF, the ability of TGFα to
promote Fnf stimulated MMP-13 was inhibited by the EGF receptor inhibitor. Stimulation
of chondrocytes with TGFα significantly increased Rac activity, an effect which was
blocked when cells were pretreated with EGF receptor inhibitor (Fig 4D).
Rac activity is increased in OA cartilage
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Since MMP-13 production is increased in OA and we found that Rac activity promoted
MMP-13 production, we decided to examine Rac activity in OA cartilage.
Immunohistochemical staining using an antibody for active Rac that detects GTP-bound Rac
noted more activity in OA cartilage when compared to normal (Fig. 5A). Since the
NSC23766 compound used to inhibit Rac in the cell culture experiments would not be
expected to affect Rac that was already GTP bound, specificity of the antibody was
demonstrated by treating cartilage samples with EHT1864, which has been shown
previously to disrupt binding of GTP to Rac (18). OA cartilage treated with EHT1864
showed much lower immunostaining for active Rac than untreated control (Fig. 5B).

DISCUSSION
In this study, we demonstrate an important role for the small GTPase Rac1 in cell signaling
that results in chondrocyte production of MMP-13. Signals stimulated by Fnf required Rac1
activity even though Fnf did not appear to directly activate Rac. This suggests a basal level
of Rac1 is present in normal chondrocytes and this basal activity appeared to be increased in
cells from OA cartilage. Furthermore, two EGF receptor ligands, EGF and TGFα, which did
activate Rac but did not stimulate MMP-13 production by themselves, promoted higher
levels of MMP-13 production when added with Fnf. These results are consistent with the
notion of an active catabolic signaling network in OA cartilage resulting from the presence
of matrix fragments and the autocrine and paracrine effects of factors such as EGF receptor
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ligands, as well as a host of other pro-inflammatory mediators, all acting in concert to
promote cartilage matrix destruction.
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A previous report indicated that expression of CA-Rac is sufficient to induce MMP-13
production in cultured chick sternal chondrocytes (16), a finding confirmed here in adult
human articular chondrocytes. It appeared that culturing chondrocytes in monolayer may
have promoted basal Rac activity but, unlike CA-Rac, this level of Rac activity was not
sufficient to stimulate MMP-13 production unless cells were also treated with Fnf which
generates additional signals, such as MAP kinase activation, that promote MMP production.
We also demonstrated a requirement for Rac in Fnf mediated MMP-13 production in
explants indicating that chondrocytes in their native matrix also have sufficient Rac activity
to mediate MMP production when further stimulated. Importantly, we extended this work to
demonstrate the presence of active Rac in OA cartilage at levels higher than normal
cartilage, using immunohistochemistry and a unique antibody to GTP-bound Rac.

NIH-PA Author Manuscript

A recent study has identified the EGF receptor as a mediator of MMP-13 production in
hypertrophic chondrocytes (19) but the effects of EGFR ligands in adult cartilage have not
been well studied. We did not detect an increase in MMP-13 production when adult human
articular chondrocytes were treated with EGF alone, which indicates the cell signaling
activated by EGF is not sufficient to induce MMP-13 in adult articular chondrocytes.
Instead, we found that EGF promoted Fnf stimulation of MMP-13 and this was completely
inhibited when Rac1 was blocked. We also tested a second EGFR ligand, TGF-α. TGF-α
was previously found to be upregulated in a rat model of osteoarthritis (17) and to stimulate
rat chondrocyte MMP-13 expression (20). Like EGF, we found that TGF-α alone did not
stimulate human chondrocytes to produce MMP-13 but it did promote the effect of Fnf and
this was Rac dependent.
The regulation of MMP-13 production by Rac1 may be related, at least in part, to increased
production of ROS which we have shown are required for Fnf stimulation of MMP-13
expression (21). Rac1 is part of the NADPH oxidase complex and we have found that
blocking NADPH oxidase reduces MMP-13 production (unpublished results). Activation of
the α5β1 integrin on synovial fibroblasts was shown to activate Rac1 and increase
production of MMP-1 through production of ROS (14). However, in fibroblasts a
mitochondrial source of ROS, rather than from NADPH oxidase, was suggested (22). We
have not ruled out a potential mitochondrial source of ROS in the activation of MMP-13
expression stimulated by Fnf and future studies will explore this possibility.
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It is also important to note that, although we are studying the effects of a Fnf, FN7-10 (23),
that contains the RGD cell binding region known to bind the α5β1 integrin, we have not
directly proven that the effects of Fnf stimulation are due solely to α5β1-mediated signaling.
We have found this very difficult to study because antibodies that effectively block the
α5β1 integrin will activate cell signaling in a similar fashion as Fnf (7) and we were not able
to effectively knockdown the α5 subunit with siRNA (unpublished observation) possibly
because α5β1 promotes chondrocyte survival (24) and the cells with the most efficient
knock-down died. However, previous studies by other investigators using either synthetic
RGD peptides or Fnf containing the RGD region have supported our findings of stimulation
of chondrocyte MMP production and found activation of similar signaling pathways (25–
27). Also in support of our results, the same FN7-10 fragment used in our studies did not
stimulate Rac activation in tumor cells (28). In OA cartilage, a number of different Fnf have
been identified and it is likely that these various fragments will act in concert through more
than one type of cell surface receptor (5, 6).
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The previous studies connecting Rac1 to the promotion of chondrocyte hypertrophy (11, 16)
and our finding that Rac1 mediates chondrocyte MMP-13 expression are consistent with the
hypothesized association between the hypertrophic phenotype found in the growth plate and
the OA chondrocyte phenotype in adult cartilage. It has also been shown that ROS promote
chondrocyte hypertrophy in the growth plate and inhibition of ROS blocks production of
MMP-13 (29). Given the level of matrix degrading enzymes present in the hypertrophic
zone, production of matrix fragments, including Fnf, would be expected but their role in
promoting hypertrophy has not been studied. Further studies will be also be needed to
determine if the ability of EGF and TGFα to promote Fnf induced MMP-13 production is
also due to increased production of ROS or a different effect of active Rac. These studies
should elucidate new targets for modulating the OA chondrocyte phenotype and slowing the
progression of OA.
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Figure 1.
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Effects of Rac inhibition on fibronectin fragment (Fnf) stimulated MMP-13 production. (A),
Pretreatment of chondrocytes with 100 µM Rac1 inhibitor (Rac1i) NSC23766 but not 10 µM
ROCK inhibitor (Rocki) Y-27632, prior to 1 µM Fnf stimulation, blocked MMP-13
production as demonstrated by immunoblotting of conditioned media. MMP-2 does not
change with Fnf and is shown as a loading control. (B), The Rac1 inhibitor but not the Rock
inhibitor also blocked Fnf induced MMP-13 expression measured by real-time PCR
analysis. (C), Knockdown of Rac1 using small interfering RNA (siRNA) blocked Fnf
stimulated MMP-13 production measured by MMP-13 ELISA of conditioned media. Cell
lysates were immunoblotted for Rac and actin as a control to demonstrate Rac knockdown.
Results are representative of five experiments. (D), Adenoviral overexpression of
constitutively active (CA) Rac induced MMP-13 production. The control cells were
incubated with a null control adenovirus. Results are representative of three experiments.
(E), Cartilage explants treated with Rac1 inhibitor showed reduced MMP-13 production
both in the presence or absence of Fnf stimulation measured by MMP-13 ELISA of explant
media. Values were corrected for wet weight of tissue explants and were performed in
duplicate for each treatment condition. Results are representative of four experiments.
Statistical analyses were performed using a two-way ANOVA (main effects were individual
and dose) and a Tukey’s Post Hoc Test to identify between group differences.
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Figure 2.
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Figure 3.

Effects of EGF and fibronectin fragment (Fnf) on MMP-13 production. (A), Fnf increased
MMP-13 production as determined by immunoblotting of conditioned media. MMP-13
production was enhanced by co-stimulation with 10ng/mL EGF. EGF alone did not cause
any increase in MMP-13. MMP-2 was used as a loading control. (B), Adenoviral
overexpression of dominant negative (DN) Rac1 decreased Fnf stimulated MMP-13
production and production in response to EGF + Fnf as determined by immunoblotting of
conditioned media. Control wells received null control adenovirus. Cell lysates were
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immunoblotted for Rac and for actin as a loading control to demonstrate overexpression of
Rac DN.
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Figure 4.

Effects of EGF receptor inhibition on fibronectin fragment (Fnf), EGF, and TGFα
stimulated MMP-13 production. (A), Fnf increased MMP-13 production measured by
immunoblotting of conditioned media and this was modestly inhibited by pretreatment of
cells with 250 nM EGF receptor inhibitor (EGFRi) AG1478. MMP2 was used as a loading
control. (B), Co-stimulation of chondrocytes with Fnf and 10ng/mL EGF increased MMP-13
production above that of Fnf alone. The co-stimulation of MMP13 was inhibited by
pretreatment of cells with EGFRi. (C), Co-stimulation of chondrocytes with Fnf, 20 ng/ml
TGFα, or both with and without EGFRi. (D), Stimulation of chondrocytes for 3 minutes
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with TGFα increased Rac activity as determined by an activity assay. This stimulation was
blocked by pretreatment of cells with EGFRi. Results of immunoblots are representative of
four independent experiments and the Rac activity assay results are the mean and sd of three
independent experiments.
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Figure 5.

Rac activity is increased in OA cartilage. (A), Immunofluorescence staining with an
antibody to active Rac was performed on cartilage samples from normal and OA cartilage.
Rac1 activity was higher in OA tissue samples relative to normal tissue samples. Results are
representative of staining from four different donors for each condition. (B), OA cartilage
explants were treated with Rac inhibitor EHT1864 (25 µM) overnight prior to
immunostaining with active Rac1 antibody. Rac1 activity was reduced with EHT1864
treatment.
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