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Abstract

Focal adhesions are transmembrane protein complexes that attach chondrocytes to the pericellular
cartilage matrix and in turn, are linked to intracellular organelles via cytoskeleton. We previously
found that excessive compression of articular cartilage leads to cytoskeleton-dependent
chondrocyte death. Here we tested the hypothesis that this process also requires integrin activation
and signaling via focal adhesion kinase (FAK) and Src family kinase (SFK). Osteochondral
explants were treated with FAK and SFK inhibitors (FAKIi, SFKi respectively) for 2 hours and
then subjected to a death-inducing impact load. Chondrocyte viability was assessed by confocal
microscopy immediately and at 24 hours post-impact. With no treatment immediate post-impact
viability was 59%. Treatment with 10uM SFKi, 10uM or 100uM FAKIi improved viability to 80%,
77%, and 82% respectively (p<0.05). After 24 hours viability declined to 34% in controls, 48%
with 10uM SFKi, 45% with 10pM FAKI, and 56% with 100uM FAKIi (p<0.01) treatment. These
results confirmed that most of the acute chondrocyte mortality was FAK- and SFK-dependent,
which implicates integrin-cytoskeleton interactions in the death signaling pathway. Together with
previous findings, these data support the hypothesis that the excessive tissue strains accompanying
impact loading induce death via a pathway initiated by strain on cell adhesion receptors.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative disease of synovial joints characterized by pain,
stiffness and loss of motion. Although the pathogenesis of OA remains poorly understood,
the risk factors include aging, joint injury and joint overuse.1=> Chondrocytes, the
specialized resident cells in articular cartilage, maintain the extracellular matrix (ECM) by
producing structural molecules including collagens, and glycoproteins.! Joint use subjects
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chondrocytes to periodic-mechanical compression transmitted through the ECM.
Physiologic compression stimulates chondrocyte anabolic activity that maintains ECM
integrity, however, excessive repetitive loading or acute severe mechanical insults result in
chondrocyte dysfunction or death, which may contribute to the development of OA.6-12

Current understanding suggests that mechanical insults to articular cartilage result in
chondrocyte death through necrosis or by intracellular signaling cascades that lead to
apoptosis.13-16 Recently, we demonstrated that mechanical insults to articular cartilage
trigger the release of mitochondrial reactive oxygen species (ROS), which causes
chondrocyte death. The mortality was significantly decreased by suppression of ROS
production with rotenone, an electron transport chain inhibitor, or by N-acetylcysteine, an
oxidant scavenger, suggesting that oxidative stress was responsible for chondrocyte death
within hours following cartilage mechanical injury.17 18 In addition, cytoskeletal dissolution
by treatment with cytochalasin-B or nocodazole also considerably decreased impact induced
chondrocyte death, which suggests that the cytoskeletal linkage between intracellular
organelles and cell-surface integrins are required for impact-induced chondrocyte death.1®

Focal adhesions which result in cellular attachment are required not only for providing a
biochemical signaling hub via tyrosine phosphorylation, but also for carrying out cellular
activities such as migration, proliferation and gene expression.2-26 Integrins are a class of
transmembrane receptors that cluster in response to mechanical and chemical changes in the
ECM to form adhesions which involve multiple intracellular kinases and structural proteins,
some of which link integrin complexes to the cytoskeleton.2-31 In articular cartilage,
chondrocytes express multiple integrin receptors for type 1l collagen, fibronectin and other
ECM molecules.32 We hypothesized that inhibitors of the adhesion complex-associated
protein tyrosine kinases FAK and SFK would reduce impact-induced chondrocyte death.

METHODS

Eleven bovine stifle joints (15—-24 months old) were obtained from a local abattoir (Bud’s
Custom Meats, Riverside, I1A) and 2 x 2 cm? of osteochondral explants were prepared
including the central loaded area from tibial plateau. The explants were rinsed in Hank’s
Balanced Salt Solution (HBSS) (Invitrogen™ Life Technologies, Carlsbad, CA, USA) and
cultured in 45% Dulbecco’s modified Eagle medium (DMEM) and 45% Ham’s F-12 (F12)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen™ Life Technologies),
100U/ml penicillin, 100pug/ml streptomycin, and 2.5pg/ml Amphotericin B at 37°C, 5% CO»,
and 5% O,.

After 2 days, the explants were randomly distributed and were treated with fresh culture
medium containing 10 or 100uM focal adhesion kinase inhibitor (FAKIi) (Santa Cruz
Biotechnology, Dallas, TX, USA) to block phosphorylation of FAK at the kinase domain
(Try 397) or were treated with fresh culture medium containing 10uM Src family kinase
inhibitor (SFKi) (Selleckchem, Houston, TX, USA) to block phosphorylation of SFKs at
kinase domain (Tyr 416) for 2 hours. No macroscopic changes in cartilage with 2 hours of
inhibition of FAK and SFKs were observed. The explants were securely fixed in customized
testing fixtures and were kept submerged in culture medium at all times. Impact energy was
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controlled by dropping a 2kg mass from a 7cm height, which resulted in an impact energy
density of 7 J/lcm? to a cartilage surface through an indenter (flat-faced with 5mm in
diameter resting on the explant surface). The cartilage surface was placed parallel to the
impact devices to make morphologically repeatable shape of impact injury in cartilage. The
explants were then stained with 1uM Calcein-AM, a live cell indicator, and 1uM ethidium-
homodimer-2, a dead cell indicator, (Invitrogen™ Life Technologies) for 30 minutes in the
same culture condition as previously described.17-19. 33 Confocal laser scanning microscopy
(Bio-Rad Laboratories Inc, Hercules, CA, USA) was performed to image impact sites with a
depth of 200pum at 20um intervals. The explants were then placed back into the same culture
condition for additional 24 hours and stained again with 1uM Calcein-AM and ethidium-
homodimer-2 for confocal microscopy. Percentage of cell viability was calculated as [(live
chondrocytes)/(live + dead chondrocytes)] x100 [%] in impact sites using custom automated
cell counting program (QCIP™).34 Scanned images were stacked for Z-axis projection using
ImagelJ (rsh.info.nih.gov/ij).

To confirm if both FAKIi and SFKi block phosphorylation of FAK at Tyr 397 and Src at Tyr
416, chondrocytes were isolated from full thickness articular cartilage harvested from a
bovine stifle joint using type | collagenase (Sigma-Aldrich, Rochester, NY, USA) dissolved
in culture media (0.25 mg/ml) and were cultured in monolayer at 37°C, 5% CO, and 5% O
until confluence. Cells were then isolated using 0.0025% trypsin-EDTA (Invitrogen™ Life
Technologies) and 1 x 106 cells were cultured in 6-well culture plate with serum containing
media for 3 days. Media was switched to serum-free media and cells were cultured for
another 24 hours. Cells were treated with 1, 10 or 100uM FAK:i for 2 hours and then 100nM
N-Formyl-Met-Leu-Phe (fMLF) (R&D Systems, Minneapolis, MN, USA) was added for 30
minutes. For the study of SFKs kinetics, cells were also treated with 0.1, 1 or 10uM SFKi
for 2 hours and then 10ng/ml IL1-p and 100ng/ml TNF-a. (R&D Systems) were added for
30 minutes. Cells were rinsed with 1X cold PBS and lysed in cold lysis buffer containing
protease and phosphatase inhibitor diluted with a 1:100 proteinase inhibitor cocktail 111
(CalBiochem, San Diego, CA, USA). Total protein concentration was measured with a BCA
Protein Assay kit (Thermo Fisher Scientific Inc., Rockford, IL, USA). The proteins were
denatured with 2X sample buffer and reduced with 0.05M Dithiothreitol. 7.5ug proteins
from each group were separated in 10% SDS-PAGE gels and blotted onto nitrocellulose
membranes. After blocking with 5% non-fat dried milk in tris-buffered saline (20mM Tris-
buffer containing 140mM NaCl at pH 7.4) containing 0.1% Tween-20 (TBST) for 1 hour,
the blot was incubated at 4°C with total or phosphor-specific FAK (Tyr 397), total or
phosphor-specific Src (Tyr 416) and beta-actin antibody (Cell Signaling Technology,
Danvers, MA, USA) in a 1:1,000 dilution in 5% BSA in TBST. After overnight incubation,
the blots were washed with TBST and incubated with horseradish peroxidase (HRP)
conjugated goat anti-rabbit 1gG in a 1:2,000 dilution in 5% BSA in TBST for 1 hour at room
temperature. Then, the blots were reacted with SuperSignal West Dura Chemiluminescent
Substrate (Thermo Fisher Scientific Inc., Rockford, IL, USA) and the signals were detected
with Kodak Biomax Xar Film from Sigma-Aldrich (Rochester, NY, USA). The integrated
density (ID) was measured using ImageJ (rsb.info.nih.gov/ij) and the relative fold changes
were calculated.
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Statistical analysis was performed by One-way ANOVA with the Tukey test for pair-wise
comparison using SPSS software (IBM Corporation, Armonk, New York, USA). The level
of significance was set at p<0.05.

Confocal microscopy immediately after impact showed that 7 J/cm? impact to articular
cartilage created approximately 5-mm diameter impact site in the ECM (Fig 2). Dead
chondrocytes were located primarily in and near the impact sites, which was consistent with
previous studies of impact injury.1’

Focal adhesion protein tyrosine kinase inhibitors significantly reduced cell death (Fig 3A).
Fifty-nine percent of the chondrocytes were viable in the untreated articular cartilage,
compared with, 80% (p<0.05) in 10uM SFKi treated samples, 77% (p<0.05) in 10uM FAKi
treated samples and 82% (p<0.001) in 100uM FAK:i treated group. Between the two tested
concentrations, no difference of chondrocyte viability was observed (Fig. 3B).

After confocal microscopy, the explants were placed back in culture. Confocal microscopy
performed 24 hours after impact revealed that viability in all experimental groups had
declined relative to measurements taken immediately post-impact (Fig. 4A). Viability was
reduced to 34% in controls, 48% in 10uM SFKi treated samples, 45% in 10uM FAKi treated
samples and 56% in the 100uM FAKi treated group. All inhibitor-treated groups showed no
statistical significance in chondrocyte viability compared to controls except 100uM FAKI
treated group (p<0.01) (Fig. 4B). Chondrocyte viability in non-impact cartilage at the
beginning and post 24 hours showed no difference which implies that the viability was not
affected by the experimental procedure.

Phospho-specific immunoblot analysis confirmed that SFKi significantly reduced SFKs
autophosphorylation at Tyr 416. Significantly enhanced SFKs phosphorylation was
observed with 30 minute treatments with 10 ng/ml IL-1p and 100 ng/ml TNF-a and SFKi
blocked this response in a dose-dependent manner (Fig. 5A). IL-1p and TNF-a was to
ensure to induce inflammatory stimulus for chondrocytes. Analysis of the integrated
densities of the bands revealed that the phosphor- to total SFKs ratio decreased with
increasing SFKi (Fig. 5B). The inhibitory effect of FAKi on FAK autophosphorylation at
Tyr 397 was also tested. Although 100nM fMLF did not stimulate Tyr 397 phosphorylation,
FAK:i at a concentration of 100uM significantly reduced basal phosphorylation (Fig 5C &
D).

DISCUSSION

Since focal adhesion complexes associated with integrins process information on ECM
strain by triggering tyrosine phosphorylation of FAK and SFK,35-37 we hypothesized that
treatment with FAK and SFK inhibitors would significantly reduce chondrocyte death
induced by impact injury, which causes excessive strain.38: 39 We chose FAKi at
concentrations of 10uM and 100uM and SFK:i at a concentration of 10uM since they were
previously shown to diminish the activation of FAK and SFKs by blocking tyrosine
phosphorylation.49-43 Phosphoprotein analysis confirmed that tyrosine phosphorylation was
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diminished by pre-treatment with FAKi or SFKi, supporting the conclusion that inhibiting
the formation of focal adhesions by blocking phosphorylation of FAK or SFKs enhanced
viability after impact-induced cartilage injury. Although we did not observe that FAKi
blocked FAK activation in a clear dose-dependent manner, FAK activation was significantly
reduced at a concentration of 100 uM. This suggests that the autophosphorylation of FAK at
Tyr 397 was activated by some other unknown factors and 100nM fMLF failed to stably
stimulate its phosphorylation. However, among the tested doses only 100uM FAKIi
significantly blocked its activation.

Considerable clinical and experimental evidence shows that acute severe joint injuries and
excessive repetitive mechanical loading due to post-injury joint incongruity and instability
cause post-traumatic osteoarthritis, and that excessive repetitive loading in uninjured joints
causes osteoarthritis.** 4 Since chondrocytes are responsible for maintaining the ECM by
producing collagens, proteoglycans and glycoproteins, and in adults the cells have limited
ability to replace themselves, significant chondrocyte death from cartilage mechanical injury
is likely to initiate cartilage degradation which could lead to osteoarthritis. Moreover, recent
work suggests that chondrolytic factors such as matrix metalloproteinases (MMPS), tumor
necrosis factor (TNF) and a disintegrin and metalloproteinase with thrombospondin motifs 5
(ADAMTS-5) are highly up-regulated in cartilage injury sites via activating mitogen-
activated protein kinases (MAP kinases) such as p-38 and ERK 1/2 and those signals are
closely associated with propagation of chondrocyte death.48 Other studies have shown that
rapid production of reactive oxygen species (ROS) immediately after cartilage mechanical
injury directly led to massive chondrocyte death. Immediate or delayed treatment with N-
acetylcysteine, a free radical scavenger, and rotenone, an electron transport chain inhibitor,
significantly reduced the level of ROS, which resulted in increased chondrocyte survival.
Those findings demonstrated that mitochondria were responsible for the injury induced ROS
production that immediate chondrocyte death following mechanical injury results from
oxidative stress.1”- 18 |n addition, pre-impact treatment with cytochalasin-B or nocodazole,
which block formation of contractile microfilaments and microtubules, significantly
decreased chondrocyte death suggesting that relief of cytoskeletal tension enhanced the
survivability of chondrocytes in impact-injured cartilage.1® Taken together, this previous
work shows that cartilage injury releases mediators that cause chondrocyte death and ECM
degradation and suggest that immediate intervention to stop progressive chondrocyte death
after cartilage injury may prevent articular cartilage from progressive degradation that can
lead to osteoarthritis.

The organization of focal adhesions and actin in chondrocytes in cartilage differs
substantially from the organization in monolayer culture.#” In cartilage, chondrocytes show
small adhesion complexes and diffuse cortical actin distribution, which is in contrast to the
much larger complexes and stress fibers found in chondrocytes cultured in monolayers.*8 As
the adhesion sites of chondrocytes in situ are difficult to image and quantify we focused on
studying downstream effects of the inhibitors on viability.

The decrease in cell viability over the 24 hours following impact is striking: from 59% to
34% in untreated control samples (p<0.001), from 80% to 48% in 10uM SFKi treated
samples (p<0.001), from 77% to 45% in 10uM FAKIi treated samples (p<0.001), and from

J Orthop Res. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Jang et al.

Page 6

82% to 56% in 100uM treated samples (p<0.001). The decrease in viability 24 hours after
impact was also found in previous studies and suggesting that mechanical insults to cartilage
cause acute chondrocyte necrosis and subacute apoptosis.18 Although the data suggest that
acute inhibition of focal adhesions might decrease progressive cell death, only the 100uM
FAK:I saved significantly more chondrocytes 24 hours after impact. To test whether the
inhibitors had a protective effect on chondrocyte viability downstream of their effect on
adhesion (e.g anti-oxidant activity), we challenged explants with 75mM hydrogen peroxide
(H205) for 30 minutes in the presence and absence of FAK or SFKs inhibition. The result
revealed no protective effect of either inhibitor.

In conclusion, the present data are consistent with the previous observation that cytoskeletal
dissolution reduced impact-associated cell death. Together the findings support the
hypothesis that joint surface impact causes chondrocyte death by inducing the activation of a
mechanotransduction pathway that transmits extracellular strains to intracellular organelles
via integrins and the cytoskeleton. Further advances in understanding the mechanisms by
which mechanical forces cause cartilage loss have the potential to lead to new treatments of
injured joints that could decrease the risk of OA following joint injuries.
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Figure 1. Schematic diagram of experimental design
Osteochondral explants from bovine stifle joints were cultured in 5% O,/CO, at 37°C for 48

hours. The explants were then divided into 4 experimental groups: un-treated control group
(n=4), 10uM (n=6) or 100uM (n=7) FAK:i treated group and 10uM SFK:i treated group
(n=5). Explants were subjected to a 7 J/cm? impact injury and cartilage was stained with
1uM Calcein-AM/EthD-2. Confocal laser scanning microcopy was performed immediately
after and post 24 hours of post-impact injury. Cell viability was calculated by counting live
and dead chondrocytes.

J Orthop Res. Author manuscript; available in PMC 2015 March 01.



1duasnuely Joyiny vd-HIN duasnuely Joyiny vVd-HIN

1duasnuely Joyiny vd-HIN

Jang etal.

Page 10

Figure 2. Structural injury caused by 7 Jiem? impact in an osteochondral explant
A safranin-O and fast green-stained sagittal section of the explant shows that a 7 J/cm?

mechanical insult resulted in structural damage in ECM.

J Orthop Res. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Jang etal.

A

10 uM FI T 100 uM Fl

Page 11

120

100 3.

80

Cell viability (%)

Control Control 10 uM SI 10uM FI

100uM FI

w/o impact w/ impact

Figure 3. Confocal microscopy and cell viability immediately after impact injury
(A) Confocal micrographs show live (green) and dead (red) chondrocytes in an impact site

in an untreated control explant, and in explants treated with 10uM SFKi and either 10 or
100uM FAKI. Compared to control, fewer dead chondrocytes were observed in SFKs or
FAK:I treated groups. (B) Statistical analysis revealed that chondrocyte viability was
significantly higher in SFKs or FAKIi treated explants compared to control. Between two
tested concentrations, 100uM FAKIi was more effective than 10uM. Asterisk represents
statistically significant (*p<0.05, **p<0.01). Bars = 500 um.

J Orthop Res. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Jang et al. Page 12
120
100

80 *%

60

40
) '
0

Control Control 10uM S|l 10uM FI

Cell viability (%)

100uM FI

w/o impact w/ impact

W0uMFL 100 uM Il

Figure 4. Confocal microscopy and cell viability at post 24 hours after impact injury
(A) Confocal micrographs taken 24 hours post-impact show live (green) and dead (red)

chondrocytes in an un-treated control explant, and in explants treated with 10pM SFKi and
either 10 or 100uM FAKIi. The numbers of dead chondrocytes increased relative to
immediate post-impact in all groups. (B) Statistical analysis revealed that 100uM FAKIi was
the only treatment that had a statistically significant effect. Asterisks indicate statistically
significance versus control and other treatment (*p<0.05, **p<0.01). Bars = 500um.
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Figure5. Kinetics of FAK and SFKi by western blot analysis
(A) Immunoblot analysis showed that treatment with 10 ng/ml IL-1p and 100 ng/ml TNF-a

for 30 minutes significantly increased SFKs phosphorylation at Tyr 416. 0.1, 1 and 10uM
SFKi diminished this response dose dependently. (B) Analysis of the integrated densities of
the bands with the phosphor- to total SFKs ratio. C represents untreated control and C+
represents 10 ng/ml IL-1f and 100 ng/ml TNF-a treated only. (C) Immunoblots show that
treatment with 100nM fMLF for 30 min did not enhance FAK phosphorylation at Tyr 397;
however 100uM FAK:i significantly reduced FAK phosphorylation among tested
concentrations of 1, 10 and 100uM. (D) Analysis of the integrated densities of the bands
with the phosphor- to total FAK ratio. C represents untreated control and C+ represents

100nM fMLF treated only.
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