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Cysteine-Mediated Redox Regulation of Cell Signaling in
Chondrocytes Stimulated With Fibronectin Fragments
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Objective. Oxidative posttranslational modifica-
tions of intracellular proteins can potentially regulate sig-
naling pathways relevant to cartilage destruction in
arthritis. In this study, oxidation of cysteine residues to
form sulfenic acid (S-sulfenylation) was examined in osteo-
arthritic (OA) chondrocytes and investigated in normal
chondrocytes as a mechanism by which fragments of fibro-
nectin (FN-f) stimulate chondrocyte catabolic signaling.

Methods. Chondrocytes isolated from OA and nor-
mal human articular cartilage were analyzed using analogs
of dimedone that specifically and irreversibly react with
protein S-sulfenylated cysteines. Global S-sulfenylation
was measured in cell lysates with and without FN-f stimu-
lation by immunoblotting and in fixed cells by confocal
microscopy. S-sulfenylation in specific proteins was identi-
fied by mass spectroscopy and confirmed by immunoblot-
ting. Src activity was measured in live cells using a fluo-
rescence resonance energy transfer biosensor.

Results. Proteins in chondrocytes isolated from OA
cartilage were found to have elevated basal levels of
S-sulfenylation relative to those of chondrocytes from nor-
mal cartilage. Treatment of normal chondrocytes with
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FN-f induced increased levels of S-sulfenylation in multi-
ple proteins, including the tyrosine kinase Src. FN-f treat-
ment also increased the levels of Src activity. Pretreatment
with dimedone to alter S-sulfenylation function or with Src
kinase inhibitors inhibited FN-f-induced production of
matrix metalloproteinase 13.

Conclusion. These results demonstrate for the
first time the presence of oxidative posttranslational
modification of proteins in human articular chondro-
cytes by S-sulfenylation. Due to the ability to regulate the
activity of a number of cell signaling pathways, including
catabolic mediators induced by fibronectin fragments,
S-sulfenylation may contribute to cartilage destruction
in OA and warrants further investigation.

More than 27 million people in the US have
symptomatic osteoarthritis (OA) (1), representing a US
economic burden in excess of $60 billion per year (2).
There is a critical need for new treatments for OA that tar-
get the disease process so that disease progression can be
slowed or stopped. In order to develop novel therapeutic
interventions, a better understanding of the various mech-
anisms that promote joint tissue destruction is needed.
Destruction of the articular cartilage is a key feature of
OA and stems from an imbalance in chondrocyte anabolic
and catabolic activities (3,4). This results in excessive pro-
duction of proteolytic enzymes that break down the extra-
cellular matrix, generating matrix fragments that can fur-
ther propagate catabolic activity through a positive feedback
loop. The goal of the present study was to investigate the
mechanisms by which fragments of fibronectin (FN-f)
stimulate chondrocyte catabolic signaling pathways to
result in increased production of matrix metalloproteinase
13 (MMP-13), a matrix-degrading enzyme.

FN-f have been found in OA cartilage and synovial
fluid and have been shown to stimulate cartilage matrix
destruction (5-8). The FN-f composed of domains 7-10
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of fibronectin is known to bind to the a5B1 integrin
receptor and to activate MAP kinase signaling, resulting
in the up-regulation of a number of cytokine, chemokine,
and MMP genes (9-12). Previous studies have shown that
activation of chondrocyte catabolic signaling by FN-f
requires reactive oxygen species (ROS) as second mes-
sengers; however, the mechanism by which ROS regulate
chondrocyte signaling is not completely understood (13).

Redox signaling is an exciting new area of cell sig-
naling research that is beginning to receive increased atten-
tion. ROS, such as hydrogen peroxide (H,O,), hydroxyl
radicals (HO"), superoxide (O;), and singlet oxygen
('0,), are now known to be important second messengers
in a number of cell signaling pathways via oxidative post-
translational modifications (Ox-PTMs) of specific proteins
that regulate signal transduction (14). The primary mecha-
nism by which these ROS regulate cell signaling is by oxida-
tion of the thiol (R-SH) group of reactive cysteine residues,
leading initially to cysteine sulfenic acid (R-SOH) forma-
tion (S-sulfenylation). S-sulfenylation can be a stable prod-
uct of oxidation, or it can be further converted to intra- or
intermolecular protein disulfides, S-glutathione, sulfenyla-
mides, and other Ox-PTMs (15,16).

Importantly, S-sulfenylation functions in a revers-
ible manner akin to phosphorylation, thus having a regula-
tory function for the activity of kinases and phosphatases
as has been demonstrated previously (16-19). ROS have
been shown to influence cell adhesion and migration
via integrin signaling, spatially regulating S-sulfenylation
(20,21). Although S-sulfenylation has been recently studied
in multiple cell types, e.g., fibroblasts, leukocytes, and
tumor cells (22,23), no such protein modification has previ-
ously been reported in chondrocytes.

The small molecule 5,5-dimethylcyclohexanedione
(dimedone) has been shown to react selectively with sites
of S-sulfenylation, forming a stable adduct that can be
detected using a variety of techniques (24,25). Our objec-
tive in the present study was to use dimedone-based label-
ing techniques to study S-sulfenylation of proteins in
chondrocytes and to determine whether FN-f stimulates
S-sulfenylation to regulate downstream production of
MMP-13. We found that cells from OA cartilage had
increased levels of S-sulfenylation relative to those from
healthy cartilage and that FN-f stimulation of S-sulfenylation
promoted the increase in MMP-13 production. The proto-
oncogene tyrosine protein kinase Src was identified as one
of the chondrocyte proteins undergoing S-sulfenylation.
Inhibition of Src blocked FN-f-stimulated MMP-13
production, and pretreatment with the general antioxidant
N-acetyl-L-cysteine (NAC) delayed the activation of Src in
response to FN-f, suggesting that redox regulation of Src is
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an important component of FN-f—induced signaling in
chondrocytes.

MATERIALS AND METHODS

Tissue acquisition and chondrocyte isolation. Normal
human articular cartilage from the ankle joint was obtained
through the Department of Biochemistry at Rush University
Medical Center (Chicago, IL) from the Gift of Hope Organ and
Tissue Donor Network (Elmhurst, IL), or from the National Dis-
ease Research Interchange (Philadelphia, PA). Normal cartilage
donors (n=27) had no known history of arthritis. Their age
range was 39-90 years (mean * SD 61.8 = 13.5 years), and the
ratio of men to women was 2:1. Human OA articular cartilage
from the knee joint was obtained through the Department of
Orthopedic Surgery at Wake Forest Baptist Hospital (Winston-
Salem, NC) from patients undergoing total joint replacement
because of OA. Samples were obtained from OA patients (n = 4
[3 men and 1 woman]) ranging in age from 69 to 74 years
(mean = SD 72.0 + 2.1 years).

Chondrocytes were isolated by sequential digestion with
Pronase and collagenase, as described previously (26), then plat-
ed in high-density monolayers, and used without passaging to
ensure maintenance of chondrocyte phenotype. Chondrocytes
were incubated for 5-7 days with Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and anti-
biotics, followed by a switch to serum-free medium overnight,
prior to the experiments.

Stimulation with fibronectin fragments. Purified
endotoxin-free recombinant human FN-f of 42 kd, consisting of
domains 7-10 of native fibronectin, which includes the cell-
binding RGD domain (27), were produced using a plasmid ex-
pression construct obtained from Dr. Harold Erickson (Duke
University, Durham, NC). Endotoxin was removed using high-
capacity endotoxin-removal columns (Pierce). Cells were treated
with 1 uM FN-f either overnight (for MMP secretion experi-
ments) or for 30 minutes (for signaling studies), except where
indicated otherwise. For Src sulfenylation and Src activity experi-
ments, control cells were treated with recombinant human
epidermal growth factor (EGF; R&D Systems), a growth fac-
tor that is known to both increase Src activity (28,29) and
induce S-sulfenylation in other cell types (30).

To detect the effects of dimedone preincubation on
signaling and MMP secretion, cells were pretreated with the
indicated doses of dimedone (Sigma-Aldrich) for 30 minutes
prior to FN-f stimulation. In order to observe H,O,-specific
S-sulfenylation, control cells were pretreated with 100 units/ml
of polyethylene glycol (PEG)—catalase (Sigma-Aldrich) over-
night prior to FN-f stimulation. For Src activity experiments,
control cells were pretreated for 30 minutes with the Src inhib-
itor SU6656 at 3 uM (Cayman Chemical). In MMP-13 secre-
tion experiments, cells were pretreated overnight with 1 of 3
Src inhibitors, 3 uM SU6656, 6 uM Src inhibitor 1 (Sigma-
Aldrich), or 10 uM PP2 (Calbiochem). Dosages were chosen
based on the relative K; of each inhibitor (31).

Cells were lysed and processed for immunoblotting of
intracellular signaling proteins as previously described (26,32).
Src was identified with a rabbit polyclonal antibody from Cell
Signaling Technology. For extracellular MMP secretion analy-
sis, conditioned medium was collected after overnight stimula-
tion and immunoblotted as previously described (12,33,34).
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S-sulfenylation labeling for immunoblots. S-sulfenylated
cysteines were identified by direct labeling either with dimedone
(USB) or with the biotin-conjugated dimedone derivative DCP-
Biol (Kerafast) for affinity capture of proteins with streptavidin.
For imaging, samples were labeled with DCP-Rhol (Kerafast),
another dimedone-based reagent conjugated to rhodamine.
These reagents and detailed methods for their use have been
previously described (35,36). Lysates for evaluation of both glob-
al and protein-specific cysteine sulfenylation levels were prepared
as previously described (26), in the presence of 200 units/ml of
catalase (from bovine liver; Sigma) with either 2 mM dimedone
or 5 mM DCP-Biol. Samples were rotated end-over-end at 4°C
for 30 minutes, then 20 mM iodoacetamide (Sigma-Aldrich) was
added to block free sulfhydryls. Samples were rotated for an
additional 30 minutes at 4°C and then centrifuged at 15,000g for
10 minutes at 4°C to remove the insoluble fraction. Dimedone-
labeled proteins were identified with a specific antibody against
protein sulfenic acid derivatized with dimedone (EMD Milli-
pore) as described elsewhere (37).

Immunoprecipitation of proteins from dimedone-labeled
samples was performed using a GlycoLink immunoprecipitation
kit (Thermo Scientific) according to the manufacturer’s specifica-
tions. Immunoprecipitated samples were then subjected to sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
under nonreducing conditions.

DCP-Biol-labeled samples were passed through Bio-
Gel P-6 Gel columns (Bio-Rad) to remove unbound DCP-Biol,
then loaded onto high-capacity streptavidin agarose resin
(Thermo Scientific) to capture the DCP-Biol-labeled proteins.
The beads were washed with 10 column volumes of each of the
following (5 minutes per wash at 23°C): Tris buffered saline, pH
7.0, with 0.1% Tween 20 (3 washes), 2M urea (1 wash), 1M NaCl
(1 wash), 0.1% SDS supplemented with 10 mM dithiothreitol
(DTT, once), and phosphate buffered saline (PBS; 2 washes).
DCP-Biol-labeled proteins were eluted from the beads by boil-
ing for 15 minutes in Laemmli sample buffer with 5% 2-
mercaptoethanol (both from Bio-Rad).

S-sulfenylation labeling for imaging. Cells were treated
for the indicated times with FN-f. Two minutes prior to the end
of the treatment period, DCP-Rhol was added to a concentra-
tion of 5 uM. At the end of that treatment period, iodoacetamide
was added to a concentration of 20 mM for an additional 2
minutes to block free sulthydryls. Cells were then washed 3 times
with 20 mM iodoacetamide in PBS, followed by 2 washes with
20 mM iodoacetamide prepared in serum-free medium. Cells
were subsequently incubated for 5 minutes at 37°C in a 5% CO,
environment before the addition of 16% paraformaldehyde
(diluted to 4% upon addition).

After fixation, cells were permeabilized with 0.1% Tween
20 (Fisher Scientific), and autofluorescence was quenched with
10 mM glycine and 50 mM ammonium chloride. Cells then
received a series of washes with bovine serum albumin and nor-
mal serum to block nonspecific binding and, finally, 3 washes
with PBS. Cells were mounted in Vectashield with DAPI
(Vector).

DCP-Rhol image acquisition and analysis. Briefly, 3
image sets per sample were acquired at 200X magnification with
a Zeiss LSM 710 microscope, using a voxel size of 420 nm X
420 nm X 2 wm with spacing of 1 um between slices, a pixel
dwell time of 1.58 us, and 2 line averaging. Eleven images were
acquired per z-stack, resulting in capture of signal through the
complete thickness of the samples. Images were analyzed with
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ImageJ v1.48t software (38). Segmentation was performed by
applying a Huang threshold (39) to a maximum-intensity projec-
tion of each channel. Segmented regions of interest (defined as
foreground) were empirically selected as contiguous thresholded
areas =1 um? for DCP-Rhol and =10 um? for DAPI. Intensity
values were calculated using the following equation:

IntDeIthulF — MeaItholB X AreaRh01F

I =
AreaD API

where I is the intensity value, IntDengyoir is the integrated
optical density (mean X area) of the foreground of the DCP-
Rhol summed intensity projection, Meangne1 is the mean of
the background of the DCP-Rhol summed intensity projection,
Areagrpo is the area of the foreground of the DCP-Rhol
summed intensity projection, and Areapap; i the area of the
foreground of the DAPI maximum intensity projection. This
formula corrects for the background present in the DCP-Rhol
images and then corrects for the number of cells per image by
normalizing against the nuclear cross-sectional area.

Mass spectrometry. Cells (human chondrocyte cell
line C-28/12) were grown in SILAC medium containing light
and heavy isotope-labeled Arg and Lys amino acids: '*Cq,"*N,-
Arg and "2Cy,"*N,-Lys (light); *Cs,'’Ny-Arg and *Cg,'"N,-Lys
(heavy). After 8 passages, 95% of the cells had incorporated the
heavy and light isotopes. Cells were stimulated with FN-f for 30
minutes, then lysed in 1 ml of buffer containing 20 mM Tris, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-
100, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate,
1 mM Naz;VO,, 1 mM phenylmethylsulfonyl fluoride, and 1 ug/
ml of leupeptin, and supplemented with bovine liver catalase
(200 units/ml) and DCP-Biol (2 mM). Labeling with DCP-Biol
proceeded for 1 hour on ice. Lysates were clarified by centrifu-
gation, and the protein concentration was determined using the
bicinchoninic acid assay. Samples were normalized, combined
1:1, and the proteins were precipitated in 200-ul aliquots using
a standard methanol/chloroform protocol.

Pellets were resuspended in 1% SDS in PBS, diluted
10-fold with PBS, and enriched in biotinylated proteins using
Dynabeads MyOne Streptavidin T1 beads (Invitrogen) by rotat-
ing end-over-end overnight at 4°C. Beads were prewashed 3
times with 1 ml of 0.1% (weight/volume) SDS in PBS. After
overnight incubation, the supernatant was removed, and the
beads were washed 3 times (10 minutes each) with 1 ml of 1M
NaCl, 2M urea, and PBS for a total of 9 washes. Biotinylated
proteins were released by boiling for 10 minutes in 1X reducing
Laemmli sample buffer.

The supernatant was collected, and the proteins were
immediately separated by SDS-PAGE and stained with
Coomassie brilliant blue (Bio-Rad). Bands were excised,
destained, and processed according to standard in-gel digestion
protocols. Prior to digestion, proteins were treated with DTT
(10 mpM; for 1 hour at 56°C) and then with iodoacetamide
(17 mM; for 45 minutes at room temperature). Digestions were
performed overnight at 37°C using Trypsin Gold (Promega) in
50 mM NH4HCOj;. The resulting peptides were extracted from
the gel, dried, and analyzed on a Dionex UltiMate 3000 splitless
Nano LC system coupled to a Thermo Orbitrap Velos Pro high-
resolution mass spectrometer. Peptides were separated using a
gradient of buffer A (0.1% formic acid/2% acetonitrile/98%
water) and buffer B (0.1% formic acid/20% water/80% acetoni-
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trile) over 160 minutes (2-85% buffer B) at a flow rate of 300 nl/
minute with the column held at 35°C.

Eluent was introduced to the mass spectrometer via posi-
tive nanospray electrospray ionization with the following settings:
capillary temperature 200°C, spray voltage 1.8 kV, spray current
100 mA. The mass spectrometer was operated in data-dependent
acquisition mode using Xcalibur v. 2.1 (Thermo). After a full
scan (150-2,000 mass/charge range) at high resolution (60,000),
the top 10 most intense precursor ions were isolated and frag-
mented using collision-induced dissociation. Dynamic exclusion
was enabled with a repeat duration of 30 seconds and an exclu-
sion duration of 9.5 seconds. The normalized collision energy was
set at 35%, activation Q at (.25, and activation time at 10 msec.
Acquired raw data were processed and quantified using Prote-
ome Discoverer v 1.4 (Thermo) with the Mascot search engine
and the UniProtKB human database. Cysteine carbamidomethy-
lation and methionine mono-oxidation were selected as dynamic
modifications. The results were filtered using a false discovery
rate of 1%.

Chondrocyte transfection and fluorescence resonance
energy transfer (FRET) analysis. Normal human chondro-
cytes were transfected using a human chondrocyte nucleofection
kit (Lonza) as described previously (11). Briefly, for each sam-
ple, 2,000,000 cells were resuspended in transfection reagent
and nucleofected with 5 ug of the appropriate plasmid: either
SrcC1 (enhanced cyan fluorescent protein [ECFP]/enhanced
yellow fluorescent protein [EYFP] Src activity sensor) or StcRV
(ECFP/EYFP nonresponsive mutant negative control) (both
obtained from Dr. Yingxiao [Peter] Wang, University of Califor-
nia, San Diego) (40). Cells were then plated in monolayer onto
black-walled, coverglass-bottomed petri dishes (SPL Lifesci-
ences), allowing for visualization with a confocal microscope.
Coverglass surfaces were functionalized in an air-fed plasma
cleaner (Harrick Plasma) for 10 minutes, immediately coated
with fibronectin for 1 hour at 37°C, and washed with PBS prior
to cell seeding. After a 48-hour recovery period, cells were
switched to serum-free medium overnight before stimulation
and imaging. Pretreatment with 10 mM N-acetyl-L-cysteine was
performed 30 minutes prior to stimulation with FN-f.

Fluorophores were excited at 440 nm using an argon
laser. The ECFP signal was collected over an emission range of
463-500 nm, and the EYFP (i.e., FRET) signal was collected
over an emission range of 516-553 nm. FRET samples were
imaged every 60 seconds. Eight single-cell image sets were
acquired per sample at 2,520X magnification using a GaAsP
detector on a Zeiss LSM 880 with a voxel size of 800 nm X
800 nm X 8.4 um, a pixel dwell time of 10 us, and no averaging.
Images were collected for 5 minutes prior to stimulation to estab-
lish the baseline Src activity level. FN-f was then added, and sam-
ples were imaged for a subsequent 35 minutes.

Images were analyzed in Imagel] using the sensitized
FRET method (41). Briefly, images were segmented and subse-
quently masked by adding the ECFP and EYFP images at each
time point and applying a Li threshold (42). Src activity was
determined on a pixel-by-pixel basis using the following equation
at each time point:

FRET ! = CFP + YFP
where FRET ! is the Src activity and CFP and YFP are the

intensities from the corresponding ECFP and EYFP image chan-
nels. Ten cells per sample were chosen for analysis based on bas-
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al FRET " levels lying within 1 SD of the mean for that sample,
and a lack of blebbing, necrosis, cell detachment, etc. throughout
the course of the experiment. Following analysis, a 1-pixel medi-
an filter was applied to the FRET-indicated Src activity images
for display purposes.

Statistical analysis. Data are presented as the mean +
SEM of 3 independent samples except where indicated otherwise.
Analyses of statistical significance were performed using Graph-
Pad Prism 6.04. One-way analysis of variance tests were per-
formed, followed by Tukey’s honest significant difference or
Dunnett’s multiple comparison post hoc tests.

RESULTS

Increased amounts of S-sulfenylated proteins in
OA chondrocytes. To determine the potential relevance
of S-sulfenylation signaling to OA, we labeled normal and
OA chondrocytes (4 donors each) with dimedone and
detected S-sulfenylated proteins by immunoblotting with
a specific antibody against dimedone-labeled proteins.
While both normal and OA chondrocytes contained
S-sulfenylated proteins, OA chondrocytes showed signifi-
cantly increased levels of S-sulfenylation labeling relative
to normal chondrocytes (Figure 1). Samples not treated
with dimedone had no immunolabeling, indicating specif-
icity of the antidimedone antibody.

Increased S-sulfenylation in chondrocytes follow-
ing FN-f stimulation. We used FN-f as a catabolic stimu-
lus relevant to OA to study chondrocyte S-sulfenylation.
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Figure 1. Increase in basal cysteine S-sulfenylation in osteoarthritic
(OA) chondrocytes. Confluent cultures of articular chondrocytes
were switched to serum-free medium, and the next day, cells were
lysed with lysis buffer containing or not containing dimedone (see
Materials and Methods). Samples of cell lysates with equal amounts of
total protein were separated by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis and immunoblotted with an antibody against
dimedone-conjugated S-sulfenylated cysteines. A, Immunoblot of a
representative normal and OA cartilage sample. B, Quantification of
basal S-sulfenylation in normal and OA cartilage. Values are the
mean * SEM of 4 samples per group. #* =P < 0.01 by Student’s
unpaired 2-tailed #-test with Welch’s correction.
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Relative DCP-Rho1 Intensity
(DAPI-Normalized)

+PC

PBS FN-f

750
615
480
345
210

75

(o] + Dimedone (DM) - DM
PBS FN-f
kDa 30" 2 5

10° !
76 — .‘ & |
i
< -

L P L P L P L P L P
L: Lysate P: Pellet

Figure 2. Time course of fibronectin fragment (FN-f)-induced S-sulfenylation in normal chondrocytes. Articular chondrocytes were cultured in
monolayer and treated with 1 uM FN-f for the indicated times. A, Changes in normal chondrocyte S-sulfenylation after FN-f treatment. S-
sulfenylated cysteines were labeled in live cells with DCP-Rhol for the final 2 minutes of treatment with FN-f (see Materials and Methods). Nuclei
were labeled using mounting medium supplemented with DAPI. Images are from a representative donor, with DCP-Rhol displayed in heatmap for-
mat. B, Quantification of the DCP-Rho1 imaging data. Values are the mean = SEM of 3 independent experiments. #* = P < 0.01; ##* =P < 0.001
versus phosphate buffered saline (PBS)-treated samples and versus polyethylene glycol-catalase (PC)-pretreated samples, by one-way analysis of var-
iance followed by Tukey’s honest significant difference post hoc test. C, Dimedone labeling of cell lysates and insoluble cell pellets. Cells were lysed
in the presence or absence (control) of dimedone. Samples of the cell lysates with equal amounts of total protein as well as the cell pellets from
each sample were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with an antibody against dimedone-

conjugated S-sulfenylated cysteines.

Cells that were plated on poly-L-lysine—coated coverslips
and labeled with DCP-Rhol1 for imaging showed dynamic
changes in S-sulfenylation at various time points follow-
ing FN-f treatment (Figure 2A). The amount of DCP-
Rhol labeling of cells was greatest at 30 and 60 minutes
after stimulation (Figure 2B). Pretreatment with PEG-
catalase, which converts intracellular H,O, into H,O and
O, resulted in levels of S-sulfenylation labeling similar to
those in cells that were not treated with FN-f. This indi-
cates that H,O, is the dominant ROS responsible for the
FN-f-induced S-sulfenylation.

Chondrocytes were treated with FN-f for various
durations, and dimedone labeling was examined in cell
lysates as well as in the insoluble cell pellets. Increased
dimedone labeling was noted in several protein bands
after FN-f stimulation, with the majority of the labeled
proteins being in the soluble lysate fractions (Figure 2C).
Some protein bands exhibited decreased dimedone label-
ing over time. Since dimedone is specific for sites of S-
sulfenylation, decreased labeling would occur with either
reduction of S-sulfenylated cysteines back to cysteine thi-
ols, reaction with a neighboring cysteine thiol to form a
disulfide, glutathiolation of the S-sulfenylated cysteine, or

further oxidation resulting in S-sulfinylation (R-SO,H) or
S-sulfonylation (R-SOz;H).

Regulation of FN-f signaling by S-sulfenylation. To
investigate whether FN-f—stimulated MAP kinase activation
and MMP production are regulated by S-sulfenylation, we
pretreated normal human articular chondrocytes with dime-
done prior to FN-f stimulation. This allows the compound to
quickly and irreversibly react with proteins as they undergo
S-sulfenylation, thereby interfering with or locking in the
functional changes due to S-sulfenylation. Dimedone inhib-
ited the FN-f-induced phosphorylation of both JNK-1 and
JNK-2, modestly reduced ERK and p65 phosphorylation,
and did not affect the phosphorylation of p38 (Figures 3A
and B). JNK phosphorylation was inhibited by dimedone in
a dose-dependent manner (Figures 3C and D). This dose-
dependent response was also reflected downstream in the
inhibition of MMP-13 (collagenase 3) production (Figures
3C and D). These findings suggest that JNK and/or another
protein upstream of JNK within the signaling pathway acti-
vated by fibronectin fragments is regulated by S-sulfenylation.

Proteomic analysis of FN-f-induced S-sulfenylation
in chondrocytes. A proteomics approach was used to
discover specific S-sulfenylated proteins in control and
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Figure 3. Contribution of S-sulfenylation to fibronectin fragment (FN-f) induction of cell signaling and matrix metalloproteinase 13 (MMP-13)
production. A, Effects of dimedone (DM) on FN-f-induced phosphorylation of p38, ERK, JNK, and p65. Primary normal human articular chon-
drocytes were pretreated for 30 minutes with 10 mM dimedone and then stimulated with 500 nM FN-f for 30 minutes. Cell lysates with equal
amounts of total protein were immunoblotted with antibodies to the phosphorylated forms of the indicated proteins or to the total proteins (con-
trol). B, Quantification of the densitometry data, showing levels of phosphorylated p38, ERK, JNK, and p65 as normalized to the respective total
protein levels (p/T). Values are the mean = SEM of 3 independent experiments. C, Effects of dimedone on FN-f-induced phosphorylation of JNK
in cell lysates and on MMP-13 and MMP-2 in conditioned media. Chondrocytes were pretreated with increasing concentrations of dimedone and
then stimulated with FN-f for 30 minutes (for JNK phosphorylation in cell lysates) or overnight (for MMP-13 production in conditioned medium).
D, Quantification of the densitometry data, showing levels of phosphorylated JNK and MMP-13. Results were normalized to total JNK and MMP-
2, respectively. Values in B and D are the mean = SEM of 3 independent experiments. * =P < 0.05; ** =P < 0.01; *#* = P < 0.005 versus corre-
sponding FN-f—treated positive control, by one-way analysis of variance followed by Dunnett’s multiple comparison post hoc test.

FN-f-stimulated cells. For this experiment, the SILAC- proteins discovered in the proteomics study of immortal-
labeling technique was used, with immortalized chondro- ized chondrocytes for verification studies in primary human
cytes in order to have a large number of cells where the chondrocytes. Two separate and complementary techni-
control and FN-f-treated samples could be directly and ques were used to identify S-sulfenylation of Src in response
quantitatively compared by mass spectrometry. More than to FN-f. S-sulfenylated Src was detected after 30 minutes of

1,000 proteins were detected in the control or FN-f—treated FN-f treatment in DCP-Biol-labeled samples by affinity
cell lysates after streptavidin capture of DCP-Biol-labeled

cells (Supplementary Table 1, available on the Arthritis & Table 1. Selected chondrocyte proteins in fibronectin fragment—
Rheumatology web site at http://onlinelibrary.wiley.com/doi/ treated and control cells identified by DCP-Biol and mass spectrometry™
10.1002/art.39326/abstract). Three proteins were enriched Ratio of
>1.9-fold in samples from FN-f-treated cells relative to 4 FN-f-treated cells
controls. These were ubiquitin-conjugating enzyme E2 S Protein to control cells
(2.4% control levels), Src (2.1X control levels), and calpa- Ubiquitin-conjugating enzyme E2 S 243
statin (1.9X control levels). Five proteins were much more g;?g;g?ai?fene tyrosine protein kinase Sre %g?
abundant in the controls relative to FN-f-treated cells E3 ubiquitin-protein ligase ARIH2 0.555
(ratios of 0.32-0.56) (Table 1). Glucose-6-phosphate 1-dehydrogenase 0.476

FN-f-induced S-sulfenylation of Src in chondro- Double-strand break-repair protein MRE11A 0.397

3 N A i X K U3 small nucleolar RNA-interacting protein 0.388

cytes. Previous studies, including studies relevant to integ- Cell division cycle 5-like protein 0315

rin signaling, have shown that Src contains reactive ) - i -
* The fibronectin fragment (FN-f)-to-control ratios were generated by

cysteines that can be S-sulfenylated to regul.ate Sre acj[iVity calculating the average ratio of heavy isotope-labeled (FN-f-treated)
(5,23,43). Therefore, we chose Src from the list of candidate to light isotope-labeled (control) peptides identified in each protein.
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Figure 4. Effects of treatment with fibronectin fragments (FN-f) on
S-sulfenylation of Src. A, Normal articular chondrocytes were treated with
1 uM FN-f for 30 minutes and lysed in the presence of DCP-Biol to
label S-sulfenylated cysteines. Samples of cell lysates with equal amounts
of total protein were captured using streptavidin-conjugated beads (see
Materials and Methods). The captured proteins were then separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis and immu-
noblotted with an antibody to Src. B, Normal articular chondrocytes
were treated with phosphate buffered saline (PBS), with 1 uM FN-f for
the indicated times, or with human epidermal growth factor (EGF) and
lysed in the presence of dimedone to label S-sulfenylated cysteines. Sam-
ples of cell lysates with equal amounts of total protein were immunopre-
cipitated using an antibody to Src and immunoblotted with an antibody
to dimedone-conjugated S-sulfenylated cysteines.

capture of all labeled proteins using streptavidin, as
described above, and then by immunoblotting for Src (Fig-
ure 4A). Separately, Src was immunoprecipitated from
dimedone-labeled samples treated for various times with
FN-f, followed by immunodetection with the antidimedone
antibody (Figure 4B). Using these techniques, Src S-
sulfenylation was repeatedly observed as early as 1 minute
following FN-f treatment and peaked at various time points
between 5 and 30 minutes. Donor-to-donor variability was
observed at the peak time points for Src S-sulfenylation.
We speculate that this is due to variation in, and influence
by, the oxidative state of the donor cells at the time of the
experiment, which is known to vary (44).

FN-f stimulation of Src activity and blocking of
FN-f-induced MMP-13 by Src inhibition. To determine
the effect of FN-f on Src activity in chondrocytes, we used
a genetically encoded FRET biosensor of Src activity (40).
With a single-cell analysis technique, Src activity was
found to be elevated at 30 minutes poststimulation with
FN-f, and stimulation was delayed by pretreatment with
the general antioxidant N-acetyl-L-cysteine (Figures SA
and B and Supplementary Video 1, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
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com/doi/10.1002/art.39326/abstract). Src activity levels did
not change with PBS treatment (control) or with FN-f
stimulation in cells that had been pretreated with the Src
inhibitor SU6656 or in cells expressing the negative con-
trol RV FRET sensor mutant (inhibitor and mutant sen-
sor data not shown).

After chondrocyte Src S-sulfenylation and activity
were found to be regulated by FN-f, 3 different Src inhibi-
tors were used to test whether Src activation was required
for FN-f-induced MMP-13 (Figure 5C). Multiple signaling
protein inhibitors were used to help control for potential
off-target effects of kinase inhibition, which vary from inhib-
itor to inhibitor. Chondrocytes pretreated with SU6656, Src
inhibitor 1, or PP2 were found to produce less MMP-13
than controls, indicating that Src activity is required for
FN-f-induced MMP-13 production.

DISCUSSION

This study is the first to demonstrate the presence
of the S-sulfenylation oxidative posttranslational modifi-
cation of proteins in immortalized and primary human
articular chondrocytes. S-sulfenylation of multiple pro-
teins was increased in chondrocytes from both OA and
normal cartilage treated with the catabolic stimulus FN-f.
S-sulfenylation was found to be temporally regulated by
FN-f, with both dimedone and DCP-Rhol labeling meth-
ods showing dynamic changes in S-sulfenylation levels in
chondrocytes at various time points following FN-f treat-
ment. Moreover, FN-f stimulation was associated with
S-sulfenylation in the protein kinase Src, the activation of
which was delayed by an antioxidant and was required for
the increase in MMP-13 production in response to FN-f.

These findings build upon those of previous studies
showing that ROS serve as second messengers in FN-f sig-
naling. Early studies in synovial fibroblasts demonstrated
that ROS were required for signaling generated by activa-
tion of the a5B1 integrin that resulted in collagenase
expression (45), and antioxidants were shown to block the
cartilage catabolic effects of FN-f (46). Treatment of chon-
drocytes with FN-f has been shown to trigger a burst of
ROS within the cells, and FN-f-induced MMP production
has been shown to be inhibited by pretreatment with anti-
oxidants or by overexpression of antioxidant enzymes,
including catalase and glutathione peroxidase, which pri-
marily target H,O, (13).

H,0,, a key mediator of redox signaling, is known
to function through S-sulfenylation of cysteine residues in
specific protein kinases and phosphatases (16,24,47). We
found that pretreatment of chondrocytes with dimedone,
which specifically reacts with S-sulfenylated cysteines and
thereby alters subsequent S-sulfenylated cysteine func-
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Figure 5. Stimulation of Src activity with fibronectin fragments (FN-f) and requirement of Src activity for FN-f induction of matrix metalloproteinase
13 (MMP-13). A, Effect of FN-f on Src activity in normal articular chondrocytes. Chondrocytes were transfected with a fluorescence resonance energy
transfer (FRET)-based Src activity biosensor, and Src activity was measured as described in Materials and Methods. Briefly, fluorescence photomi-
crographs of live cells left unpretreated or pretreated for 30 minutes with N-acetyl-L-cysteine (NAC) were acquired every 60 seconds for 5 minutes
prior to treatment, and then for an additional 35 minutes following treatment with equal volumes of phosphate buffered saline (PBS) or FN-f (final
concentration 1 wM). Images are from a representative donor, with FRET ! displayed in heatmap format. B, Quantification of the FRET data from
3 donors. Values are the mean response of 10 individual cells from 3 independent experiments run on each sample. C, Comparison of early (0-15
minutes) and late (15-30 minutes) Src activation rates, as determined by the slope of FRET ' data presented in B. D, Effect of Src inhibition on
FN-f-induced production of MMP-13 and MMP-2. Chondrocytes were pretreated for 30 minutes with the indicated Src inhibitors (SU6656, Src
kinase inhibitor 1 [SKI-1], or PP2). Following overnight treatment with PBS, 1 uM FN-f, or 25 ug/ml of interleukin-13 (IL-1B), samples of equal vol-
umes of conditioned medium were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with antibody to
MMP-13. The blot was then stripped and reprobed with antibody to MMP-2. E, Quantification of the immunoblot data from 3 donors. Values in C
and E are the mean = SEM * = P < (.05; #* = P < 0.01; ###* = P < 0.0001 versus the respective FN-f-treated positive control, by one-way analysis
of variance followed by Dunnett’s multiple comparison post hoc test.

tions, blocked the FN-f stimulation of JNK phosphoryla- which indicates that Src may regulate other pathways
tion and reduced the phosphorylation of the p65 subunit that lead to MMP-13 production (data not shown).
of NF-«B, 2 signaling components required for the regula- Our results suggest that the formation and subse-
tion of gene expression in response to FN-f (11,33). Impor- quent reactivity of S-sulfenylated cysteines may regulate
tantly, the disruption in signaling was associated with signaling pathways that play a role in OA. We noted that,
reduced MMP-13 production. We further demonstrated a relative to cells from normal tissue, chondrocytes isolated
role of S-sulfenylation in the production of MMP-13 via from OA joints had an increased number of proteins con-
the protein kinase Src. Previous studies have also shown taining S-sulfenylated cysteines in the basal state. OA is
regulation of Src kinase activity via S-sulfenylation in closely associated with aging, and previous studies have
response to integrin signaling (23), but this mechanism indicated an age-associated increase in the overall intracel-
had not previously been studied in chondrocytes. lular oxidation state of chondrocytes (as measured by the
The delay of Src activation with antioxidant treat- ratio of intracellular concentrations of oxidized-to-reduced
ment that we noted in chondrocytes indicates that early glutathione [GSSG:GSH]) that may contribute to in-
activation of Src is more ROS-dependent than later acti- creased S-sulfenylation (44). Cytokines that may contrib-
vation is. Src active-site phosphorylation has previously ute to the development of OA, including interleukin-13
been shown to be enhanced by the 29-kd amino-terminal (IL-1B) and tumor necrosis factor, stimulate endogenous
and 50-kd gelatin-binding domains of FN-f in chondro- ROS production and use ROS as second messengers in
cytes, and consistent with our results, a Src inhibitor had their signaling pathways via S-sulfenylation (48).
been found to block MMP-13 production (5). However, There are some potential limitations to this study.
we did not observe inhibition of MAP kinase or p65 Cartilage from ankle joints was used as a source of normal

phosphorylation in the presence of the Src inhibitor, chondrocytes due to the difficulty of obtaining sufficient
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numbers of normal cartilage samples from older adult knee
joints. In previous studies, however, we showed that the
response to FN-f of donor-matched pairs of ankle and knee
chondrocytes was similar (12,49) and that inducing oxida-
tive stress in normal ankle chondrocytes resulted in signal-
ing changes that mimicked those seen in chondrocytes
from the OA knee (26), suggesting that ankle chondrocytes
are appropriate for these experiments. Also, serum-free
medium was used for all experiments, and this may not rep-
resent physiologic conditions. However, since in vivo chon-
drocytes would not be exposed to serum, but rather, would
be exposed to the endogenous growth factors produced
locally in the tissue, it could be argued that serum-free con-
ditions, where chondrocytes are allowed to produce their
own growth factors, are more physiologic than serum-
containing conditions. In addition, N-acetyl-L-cysteine can
have a number of effects in addition to ROS scavenging
(e.g., altering cellular concentrations of IL-1«, IL-1B3, and
IL-2 in a concentration-dependent manner) (50).

Further, the results obtained using chemical inhib-
itors of Src could be complicated by off-target effects that
can sometimes occur with kinase inhibitors. We
attempted knockdown of Src using small interfering
RNA as an alternative approach, but this led to an
increase in basal MMP-13 levels in unstimulated control
samples, which made it impossible to interpret Src knock-
down in FN-f-stimulated cells (Wood ST, et al: unpub-
lished observations). This suggests a kinase-independent
function of Src in the regulation of chondrocyte MMP-13
production that warrants investigation in future studies.
Kinase-independent functions of Src have been noted in
previous studies (51-54). Since 3 different chemical inhib-
itors all yielded the same result, making off-target effects
seen with a specific inhibitor less likely, we believe that
the data presented here sufficiently implicate a role of Src
in FN-f-induced production of MMP-13.

In addition to a role of S-sulfenylation of Src as dis-
cussed above, it is likely that redox regulation via S-
sulfenylation of many other proteins contributes to the
altered signaling seen in OA chondrocytes. We therefore
used a proteomics approach with an immortalized cell line
to generate a list of candidate proteins. Because S-
sulfenylation is not unique to catabolic signaling but is also
involved in the regulation of certain growth factor signaling
pathways, some of the proteins undergoing S-sulfenylation
in chondrocytes may promote cartilage homeostasis. Fur-
ther studies will be needed to identify which of the proteins
that undergo S-sulfenylation contribute to OA and to
establish the functional consequences of the oxidation of
specific proteins. These studies may elucidate new targets
for modulation of the signaling events that lead to the
development and progression of OA.
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