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Abstract

Multiple inflammatory mediators in osteoarthritis (OA) cartilage, including S100/calgranulin ligands
of receptor for advanced glycation end products (RAGE), promote chondrocyte hypertrophy, a
differentiation state associated with matrix catabolism. In this study, we observed that RAGE
knockout was not chondroprotective in instability-induced knee OA in 8-wk-old mice. Hence, we
tested the hypothesis that expression of the alternative S100/calgranulin and patterning receptor
CD36, identified here as a marker of growth plate chondrocyte hypertrophy, mediates chondrocyte
inflammatory and differentiation responses that promote OA. In rat knee joint destabilization-
induced OA, RAGE expression was initially sparse throughout cartilage but increased diffusely by
4 wk after surgery. In contrast, CD36 expression focally increased at sites of cartilage injury and
colocalized with developing chondrocyte hypertrophy and aggrecan cleavage NITEGE neoepitope
formation. However, CD36 transfection in normal human knee-immortalized chondrocytes (CH-8
cells) was associated with decreased capacity of SL00A11 and TNF-« to induce chondrocyte
hypertrophy and ADAMTS-4 and matrix metalloproteinase 13 expression. SI00A11 lost the capacity
to inhibit proteoglycans synthesis and gained the capacity to induce proteoglycan synthesis in CD36-
transfected CH-8 cells. Moreover, S100A11 required the p38 MAPK pathway kinase MKK3 to
induce NITEGE development in mouse articular cartilage explants. However, CH-8 cells transfected
with CD36 demonstrated decreased S100A11-induced MKK3 and p38 phosphorylation. Therefore,
RAGE and CD36 patterning receptor expression were linked with opposing effects on inflammatory,
procatabolic responses to SI00A11 and TNF-« in chondrocytes.
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Multiple inflammatory mediators increased in osteoarthritis (OA)3 cartilage, including
IL-15, TNF-a, CXCL1, and S100/calgranulins promote cartilage matrix catabolism, in part by
inducing matrix-degrading proteases and suppressing proteoglycan (PG) synthesis by
chondrocytes (1-9). Altered chondrocyte differentiation also plays a role in OA
pathophysiology (1,4,8-10), including transition of resting to hypertrophic cells that appear
within a few weeks of the course of surgical instability-induced mouse knee OA (11). In the
growth plate, the progression of chondrocyte maturation to hypertrophy follows exhaustive
rounds of cell proliferation and is tightly regulated by the balance between systemic and local
inhibitors (e.g., parathyroid hormone, parathyroid hormone-related protein, TGF-$) and
promoters (e.g., thyroxine, runx2) of maturation of prehypertrophic cells (11-13). The growth
plate zone of chondrocyte hypertrophy is characterized by profound extracellular matrix
depletion associated with increased type X collagen and matrix metalloproteinase 13
(MMP-13) expression (14,15).

The calgranulin S100A11 and the inflammatory cytokines CXCL1, CXCL8, and TNF-a all
are increased in OA cartilage and induce hypertrophic differentiation in cultured chondrocytes
(8,9,16). Physiologic intracellular roles of S100/calgranulins include shuttling of calcium
between subcellular compartments, modulation of function of multiple calgranulin-binding
partners including certain annexins, and service as molecular chaperones (17-21). However,
multiple S100/calgranulins can be induced to undergo secretion, which allows other S100/
calgranulin functions to emerge, exemplified by function of S100A8 and S100A9 as
proinflammatory alarmins (22,23) and promoters of apoptosis (24). Certain inflammatory
cytokines induce chondrocyte expression and/or secretion of calgranulins including S100A4,
S100A9, and S100A11 (5,6,8,25). For example, TNF-o induces S100A11 expression in
articular chondrocytes (8). Dependent on signaling transduced by the transmembrane
patterning receptor and Ig superfamily member RAGE, exogenous S100A4 induces MMP-13
in chondrocytes (5,6) and exogenous S100A11 induces chondrocyte hypertrophy and certain
procatabolic responses (8,9). RAGE recognizes at least five different classes of ligands (26)
and RAGE increases in expression with aging in multiple tissues (27), including in human knee
cartilage with established OA (6). Lesional increases in ligands of RAGE such as advanced
glycation end product (AGE), g-amyloid, and HMGB.1 have been observed in diabetes and a
variety of other disorders associated with chronic, low-grade inflammation (26,27). Moreover,
RAGE has been demonstrated to play a major role in certain vascular, renal, neurologic, and
cell proliferative disorders in studies of RAGE-deficient mice or in studies where soluble
RAGE has been used to suppress RAGE signaling (26,28). Conversely, RAGE promotes tissue
repair under some circumstances, including nerve regeneration after crush injury (29,30).

Pathways other than RAGE-dependent signaling also modulate biologic effects of RAGE
ligands on cells (31). One example is the engagement of AGE by AGE-R1, which suppresses
RAGE-driven proinflammatory effects (32). CD36 is a broadly expressed patterning and
sequestration receptor that functions as a scavenger receptor for AGE and certain other ligands,
promoting their uptake and intracellular degradation (33,34). Hence, this study investigated
CD36-mediated effects of the chondrocyte-expressed RAGE ligand S100A11. Significantly,
CD36 expression by macrophages, platelets, and certain other cell types promotes a variety of
inflammatory and thrombotic responses to tissue injury (34,35). Moreover, CD36 plays a
central role in driving inflammatory responses to the shared RAGE and CD36 ligand -amyloid
(36,37).

3Abbreviations used in this paper: OA, osteoarthritis; ACL, anterior cruciate ligament; ACLT, ACL transection; AGE, advanced glycation
end product; GAG, glycosaminoglycan; GW1929, N-(2-benzoylphenyl)-O-[2-(methyl-2-pyridinylamino)ethyl]-L-tyrosine hydrate;
HMGBJ1, high mobility group box protein 1; MKK3, mitogen-activated protein kinase kinase 3; PG, proteoglycan; RAGE, receptor for
advanced glycation end product; TIMP3, tissue inhibitor of metalloproteinase 3; IGF-I, insulin-like growth factor I; MMP-13, matrix
metalloproteinase 13; PPARy, peroxisome proliferator-activated receptor y.
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CD36 is increased in human cartilages with established OA (38). Hence, this study, in which
RAGE knockout was not chondroprotective in mouse knee OA, compared expression of RAGE
and CD36 in experimental OA and RAGE and CD36 function in chondrocytic cells. We
observe that CD36 is a marker of hypertrophic differentiation, but unexpectedly observe CD36
expression to be linked with suppressed catabolic responses and promotion of repair responses
to inflammatory stimuli in chondrocytes.

Materials and Methods

Reagents

Unless otherwise indicated, all chemical reagents were obtained from Sigma-Aldrich. Human
recombinant S100A11 was generated as previously described (8,9). Human recombinant
insulin-like growth factor | (IGF-1) and human and mouse TNF-a were from R&D Systems.

Mouse studies and mouse OA model

All mouse procedures were humanely performed and were reviewed and approved by the
institutional animal care research committees. We obtained knees of mitogen-activated protein
kinase kinase 3 (MKK3) knockout and congenic wild-type control mice (originally developed
by Dr. R. Davis (University of Massachusetts, Worcester, MA)) (39) through a collaboration
with Dr. G. Firestein (University of California San Diego, CA). We established a breeding
colony of RAGE null mice on the C57BL/6 background (from Dr. A. M. Schmidt, Columbia
University, New York, NY) (40) and congenic wild-type C57BL/6 mice were purchased from
The Jackson Laboratory.

To induce varying degrees of knee instability by ACL disruption in anesthetized mice, as
previously described (41), a 28.5-gauge needle was inserted through the patellar tendon into
the groove between the femoral condyles, and the needle was then advanced (“stabbed”) three
times between 10 mm and a maximum of 15 mm to prevent rupture of the popliteal artery.
Eight weeks after surgery, the mice were sacrificed and preserved and decalcified mouse knees
were processed through graded alcohols and a clearing agent, infiltrated and embedded (in the
frontal plane) in paraffin, sectioned, and stained with toluidine blue. Joints that had histological
evidence of instability induction were identified by the presence of proliferative changes in the
medial synovium, marginal zones, collateral and cruciate ligaments. An instability score was
recorded for each joint (0 = no instability; 1 = minimal to mild instability (minimal to mild
proliferative changes in ligaments, synovium, and marginal zones); 2 = moderate instability
(moderate proliferative changes in ligaments, synovium, and marginal zones); 3 = severe
instability (severe proliferative changes in ligaments, synovium, and marginal zones)).

The medial and lateral femoral and tibial cartilage scores for severity of cartilage degeneration
were assigned with attention to zonal (inside, middle, and outside) distribution of lesions as:
1 = superficial damage, tangential layer of collagen absent over 50% or greater of the zone
surface or up to 10% loss of PG and/or chondrocytes in focal or diffuse distribution in zone; 2
= matrix loss extends into the upper one-quarter of 50% or greater area of the zone or up to
25% loss of PG and/or chondrocytes in focal or diffuse distribution in zone; 3 = matrix loss
extends through one-half of the cartilage thickness over 50% or greater of the zone or there are
focal areas of full- thickness loss that are up to 25% of the width of the zone or up to 50% loss
of PG and/or chondrocytes in focal or diffuse distribution in zone; 4 = matrix loss extends
through three-quarters of cartilage thickness over 50% or greater of the zone or there are focal
areas of full-thickness loss that are 26-50% of the width of the zone or up to 75% loss of PG
and/or chondrocytes in focal or diffuse distribution in zone; and 5 = matrix loss extends through
entire cartilage thickness over 50% or greater of the zone or up to 100% loss of PG and/or
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chondrocytes in focal or diffuse distribution in zone. Scores for each third were summed for
each area of the joint and then the whole joint.

Rat knee OA model

In the experimental rat OA model (42), surgery was performed on the right knees of male 300
—325 g Sprague Dawley rats (Charles River Canada). Anesthetic (50% ketamine (100 mg/ml),
25% xylazine (20 mg/ml), 10% acepromazine (10 mg/ml), and 15% saline (0.9% solution) and
Trisbrissen antibiotic (Schering Canada) were both administered at a dose of 100 x1/100 g body
mass. All animals were randomly assigned to one of two groups: the first underwent ACL
transection (ACLT) and partial anteromedial meniscectomy via an incision on the medial
aspect of the right knee joint capsule, anterior to the medial collateral ligament. The second
group underwent a sham (control) operation consisting of a similar incision through the right
joint capsule but without ACLT or partial anteromedial meniscectomy. Each animal underwent
30 min, three times per week, of forced mobilization as previously described (42).

Immunofluorescence and immunohistochemistry

Frozen sections (9 um) of mouse femoral head explants were studied as previously described
(9). Rabbit polyclonal Abs (10 ug/ml) to the aggrecanase neoepitope NITEGE were from
GeneTex. Mouse mAb to CD36 (10 xg/ml) was from BD Pharmingen. Deparaffinized sections
of mouse knee joints were incubated with 2.5% hyaluronidase for 1 h at 37°C, washed two
times with PBS containing 0.05% Tween 20 (T-PBS), blocked in 1% BSA/1% casein for 30
min at 37°C, and then incubated for 1 h at 37°C with whole serum containing Ab to type X
collagen (Cosmobio) diluted 1/100 in the same blocking buffer. After three washes, primary
Ab was detected via the avidin-biotin conjugate method using the Histostain-Plus reagent
(Invitrogen) and with Fast Green (0.001%) added for 5 min followed by two washes in water.

For rat knee samples, three sham and three OA knee joints were obtained at 2, 4, and 8 wk
after surgery. Tissue samples were fixed via intracardiac perfusion with 4% paraformaldehyde
and dissected. Demineralization in 0.4 M EDTA, 0.3 N NaOH, and 1.5% glycerol (pH 7.3)
was conducted for 4-5 wk before paraffin embedding. Sagittal sectioning through the medial
joint compartment was performed to obtain 6-xm sections for immunohistochemistry/
immunofluorescence (43,44). Primary Abs used included goat anti-CD36 (R&D Systems),
rabbit anti-NITEGE (aggrecan cleavage neoepitope) (as above) (45), mouse anti-type X
collagen (Abcam). and rabbit anti-RAGE (Sigma-Aldrich). Secondary Abs for
immunofluorescence were donkey anti-goat 1gG FITC-conjugated, donkey anti-rabbit 1gG
Texas Red-conjugated, donkey anti-mouse 1gG Texas Red-conjugated Abs (Cedarlane
Laboratories), and goat anti-mouse FITC-conjugated Abs (R&D Systems). TOTO-3 iodide
(Molecular Probes) was used as fluorescent nuclear counterstain. Goat anti-rabbit HRP-
conjugated and rabbit anti-goat HRP-conjugated secondary Abs and Harris’ hematoxylin
counterstaining were used for immunohistochemistry (Santa Cruz Biotechnology). Negative
controls without primary Ab were included for each experiment. Immunofluorescent image
development was performed using a Zeiss LSM 510 META microscope and software.
Colorimetric detection with diaminobenzidine substrate (DakoCytomation) was conducted for
equal time periods for each section.

Studies of human chondrocytic CH-8 cells

CH-8-immortalized normal human knee articular chondrocytes (46), studied between passages
5 and 15, were carried in monolayer culture in DMEM/high glucose supplemented with 10%
FCS, 1% L-glutamine, 100 U/ml penicillin, and 50 xg/ml streptomycin at 37°C with 5%

CO»,. Maintenance of type 11 collagen and aggrecan expression was confirmed by RT-PCR as
described previously (45). For transfection studies, aliquots of 1 x 106 CH-8 cells were grown
in 100-mm culture dishes for 18 h in DMEM/high glucose containing 10% serum. Transient
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transfection used Lipofectamine Plus (Invitrogen), according to manufacturer’s protocol, with
a ~60% transfection efficiency (assessed by using S-galactosidase transfection as a control).
At the time, chondrocytes were stimulated with agonists; serum supplementation of medium
was reduced to 1%.

SDS-PAGE/Western blotting

Western blotting of samples from cell cultures analyzed aliquots of 30 ug of protein obtained
from whole cell lysates or precipitated from conditioned medium using 15% trichloroacetic
acid, followed by separation via 10% SDS-PAGE, with detection by ECL (9). Abs to type X
collagen from Calbiochem were diluted 1/3000. Rabbit polyclonal Abs to phosphorylated p38
and total p38 from BioSource International, rabbit polyclonal Abs to phosphorylated MKK
and total MKK from Gen-Way, and rabbit polyclonal Abs to ADAMTS-4 and MMP-13 from
Millipore were applied at 1 ug/ml.

Studies of mouse femoral head cartilage explants

Isolated femoral head caps of 2-mo-old mice were placed in a 96-well plate containing 0.05
ml of DMEM/high glucose supplemented with 10% FCS, 1% L-glutamine, 100 U/ml
penicillin, and 50 xg/ml streptomycin at 37°C in 5% CO», for 18 h before treatments, and GAG
release at 48 h was measured spectrophotometrically using 1,9-dimethylmethylene blue as
previously described (9).

353/3H incorporation assay for sulfated PG synthesis

After transfection, CH-8 cells were stimulated for 3 days and then labeled with 1 xCi/ml [3°S]
sulfate and [3H]proline (to control for cell protein) for 24 h before sample collection, with cpm
of 353 divided by the cpm of [3H]proline in this assay (47). The medium was removed and
cells were washed three times with PBS and sulfated PG, then extracted, treated, and analyzed
by scintillation counting, as described elsewhere (47).

Quantitative real-time PCR

For RT-PCR, total RNA was isolated using TRIzol (Invitrogen) and reverse transcribed, and
quantitative real-time PCR was performed as previously described (47), with normalized target
gene to GAPDH mRNA copy ratios calculated using Roche LightCycler software (version
4.0). CD36 primers (forward 5-CTGTCCTATTGGGAAAGTCAC-3' and reverse 5'-
ATTCTTTTCAGATTAACGTCG-3') were designed using the LightCycler Probe Design
software 2.0.

Statistical analyses

Results

Error bars, where indicated, represent SD. Statistical analyses were performed using one-way
ANOVA.

RAGE knockout is not chondroprotective for instability-induced knee OA induced in 2-mo-

old mice

Since RAGE modulates inflammation and synovitis could promote cartilage degradation, we
selected a minimally invasive procedure to induce knee OA in mice. Specifically, we
destabilized the ACL by a blind small-gauge needle “stab” (41), following which mice
immediately resumed normal activity. The stab procedure was performed on both knee joints
of all animals. Joints that had 0 instability score (due to insufficient ACL trauma by the needle
penetration) served as the controls. PG content and surface architecture were analyzed
histologically by toluidine blue staining (Fig. 1A). Cartilage degeneration was observed in both
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medial and lateral tibial plateaus and both femoral condyles (data not shown). However, as the
severity of OA increased, PG staining decreased. Both RAGE null and wild-type animals
developed severe knee OA, with cartilages demonstrating focal areas of complete chondrocyte
loss and severe depletion of PG (Fig. 1A).

RAGE and CD36 expression both were below limits of detection by immunohistochemistry
in knee articular cartilages of mice at baseline and after induction of OA (data not shown).
Hence, we examined the hypertrophic chondrocyte marker type X collagen, since RAGE
signaling transduces chondrocyte hypertrophic differentiation in response to multiple
inflammatory signals (8). Some type X collagen has been detected in normal mouse articular
cartilage in situ (48). In this study, type X collagen was detected in control articular cartilages,
with expression markedly up-regulated in joints with severe OA (Fig. 1A), but type X collagen
expression did not appear to differ between RAGE*"* and RAGE ™~ cartilages.

To assess cartilage degeneration, scores were summed for both the tibial plateau and femoral
condyle to arrive at the total joint score (Fig. 1B). As the instability score increased, the total
joint score significantly increased in both the RAGE ™~ and RAGE** mice, but there was no
significant difference in joint scores between the two genotypes. In both groups, as instability
scores increased, medial osteophyte size also increased (data not shown). There was negligible
lateral osteophyte formation and no osteophyte generation was detected in controls or with
mild OA (data not shown).

Temporal-spatial changes in cartilage RAGE and CD36 in instability-induced rat knee OA

To define and compare temporal-spatial cartilage RAGE and CD36 expression in a larger
species, we assessed moderate OA induced surgically by ACLT/partial anteromedial
meniscectomy with forced mobilization in adult rats (42). Baseline RAGE and CD36
expression also were low in rat knees, but by 4 wk after surgery, RAGE expression was
increased in all zones of cartilage, whereas CD36 was more focally and variably expressed
(Fig. 2A). In rat growth plate cartilage, RAGE expression was detected in all zones, whereas
CD36 was detected only in the hypertrophic chondrocyte zone denoted by type X collagen
expression (Fig. 2B). Therefore, we tested for colocalization of CD36 and type X collagen in
rat knee articular cartilage after surgical induction of OA. Four weeks after surgery, type X
collagen and CD36 colocalized most robustly in the superficial zone of rat knee cartilage and
by 8 wk colocalization was detected in all zones of knee cartilage (Fig. 3A). Furthermore, 8
wk after surgery, knee cartilage demonstrated colocalization of CD36 and the aggrecan
NITEGE aggrecanase neoepitope in the superficial zone (Fig. 3B).

Chondrocyte CD36 expression and effects of CD36 on chondrocytic cell differentiation and
function in vitro

Since cartilage CD36 expression became focally increased in the course of rat knee OA and
colocalized with markers of chondrocyte hypertrophy and matrix catabolism in vivo, we
assessed factors regulating CD36 expression and tested the hypothesis that CD36 signaling,
like RAGE (8,9), promotes cartilage matrix catabolism. To do so, we used immortalized normal
human knee chondrocytic CH-8 cells (46), as baseline CD36 expression was below limits of
detection by quantitative PCR in these cells (Fig. 4A). Moreover, the CH-8 cells allowed for
both efficient transfection and analyses of CD36 effects on signal transduction. These studies
used as a positive control, the peroxisome proliferator-activated receptor y (PPARy) agonist
GW1929, since PPARy agonists induce CD36 in cells other than chondrocytes (49), and
PPARy agonism has been observed to be chondroprotective in OA in vivo (50,51). GW1929,
as did the chondrocyte growth and anabolic factor IGF-I, robustly induced CD36 in both CH-8
cells and normal mouse femoral head cartilage explants (Fig. 4). In contrast, both S100A11
and IL-1p, chosen for study because they stimulate cartilage matrix catabolism, were relatively
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weak inducers of CD36 in normal mouse femoral head cartilage explants (Fig. 4B) and
S100A11 and IL-1p failed to induce a statistically significant increase in CD36 mRNA in CH-8
cells (Fig. 4A).

Next, we transfected CD36 into CH-8 cells and confirmed induction of plasma membrane
CD36 by flow cytometry (data not shown). We observed that CD36 transfection in CH-8 cells
was associated with the inhibition of TNF-a- and S100A11-induced MMP-13, ADAMTS-4,
and type X collagen expression (Fig. 5, A-C). Additionally in CD36-transfected CH-8 cells,
S100A11 lost the capacity to inhibit PG synthesis and gained the capacity to induce PG
synthesis (Fig. 5D).

CD36 transfection is associated with decreased S100A11-induced MKK3-p38 MAPK
signaling essential for cartilage matrix catabolism in response to S100A11

S100A11 has been demonstrated to promote chondrocyte hypertrophy by RAGE signaling
transduced by the MKK3-p38 MAPK pathway (8). Using congenic MKK3 ™~ and MKK3*/*
femoral head cartilage explants, we observed that cartilage GAG release and NITEGE
neoepitope development were inhibited by MKK3 knockout in response to S100A11 (Fig. 6,
A and B). Last, SI00A11-induced MKK3 and p38 MAPK signaling were inhibited in CH-8
cells transfected with CD36 (Fig. 6C).

Discussion

Our analyses of experimental mouse and rat knee OA in this study reinforce evidence for the
linkage between chondrocyte hypertrophic differentiation and matrix catabolism in OA
articular cartilage (11). Chondrocyte RAGE signaling is essential for the inflammatory
mediators TNF-a, CXCLS8, and S100A11 to induce hypertrophy in cultured chondrocytes (8)
and for certain alarmins to induce MMP-13 in chondrocytes (5). Hence, our finding that RAGE
knockout was not chondroprotective for either mild or severe instability-induced mouse knee
OA was unexpected. However, we focused on a model of relatively rapid OA development in
young adult mice. Furthermore, baseline and OA-associated expression of RAGE by articular
chondrocytes was relatively low in mouse knees in situ. RAGE expression may be too low in
the earliest stages of the OA pathogenesis cascade in mice to significantly modulate OA
progression. Moreover, RAGE may have a protective role in certain forms of inflammation
and may promote tissue regeneration (29,30). The loss of endogenous secretory RAGE and
proteolytically released soluble RAGE in the joint also may have contributed to the lack of
chondroprotection in OA of RAGE knockout mice, since soluble RAGE suppresses certain
forms of inflammation, presumably by sequestering proinflammatory ligands of RAGE (26—
28).

Baseline RAGE expression in adult rat knee articular cartilage (and in rat knees contralateral
to surgically destabilized knees developing OA) was also observed to be sparse. Although knee
chondrocyte RAGE expression remained low at 2 wk into the course of surgical instability-
induced rat knee OA, RAGE progressively increased, such that cartilage RAGE expression in
operated knees became robust at 4 wk after the procedure. IL-14 induces chondrocyte
expression of RAGE (6) and release of at least two calgranulins (S100A11 and S100A9) (8,
25). Moreover, pericellular SI00A11 is increased in human knee cartilages with advanced OA
(8). As such, it remains possible that chondrocyte RAGE expression promotes cartilage
degradation over longer periods of time than that studied here in OA and possibly in
inflammatory arthritides. Baseline and OA-associated RAGE expression also may be different
in joints other than the knee. Aging also could modulate RAGE-driven cartilage responses
(6). For example, AGE ligands of RAGE increase in aging cartilage and can modulate cartilage
matrix turnover in vitro (52).
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We identified the alternative S100/calgranulin and patterning receptor CD36 as a marker of
not only growth plate chondrocyte hypertrophy but also articular chondrocyte hypertrophy and
aggrecan cleavage in rat knee OA. Baseline CD36 expression was sparse in normal rat and
mouse knee articular cartilage, but in rat knee joint surgical destabilization-induced OA, CD36
expression focally increased at the sites of cartilage injury. We determined that chondrocyte
expression of CD36 antagonized rather than shared the effects of RAGE in chondrocytes. In
this regard, CD36 transfection resulted in suppression of the capacity of both SI00A11 and
TNF-a to induce chondrocyte hypertrophy and responses that promote matrix catabolism, but
conversely allowed S100A11, but not TNF-«, to gain the capacity to induce PG synthesis.
Suppression of the S100A11-induced MKK3-p38 pathway was implicated in anticatabolic
effects of CD36 expression.

This study also established that the chondrocyte growth and anabolic factor IGF-1 and
PPARy agonist treatment induced CD36 expression in both chondrocytic cells and cartilage
explants. PPARy agonists were previously observed to induce CD36 expression and reduce
RAGE expression in cells other than chondrocytes (53). Moreover, PPARy agonist treatment
has reduced the severity of experimental OA (50,51). Since we observed markedly induced
CD36 in chondrocytic cells and cartilage explants, our results revealed that CD36 induction
could contribute to the chondroprotective effects of PPARy agonists in OA.

Whereas RAGE is a signaling receptor that does not internalize ligands (22,26,27), CD36, a
transmembrane receptor with two cytosolic tails, can bind ligands, carry out ligand-induced
signaling, and internalize and promote degradation of multiple ligands (33), with a variety of
potential effects, alone or in combination, on cell differentiation and function (34,35). Potential
CD36 ligands in cartilage include not only certain calgranulins and AGE, but also non-RAGE
ligands such as native and oxidized lipoproteins, oxidized phospholipids, and free long chain
fatty acids (34,35). In addition, CD36 is a receptor for thrombospondin-1, whose expression
increases in retinoic acid-treated cartilage explants (25) and in OA cartilage in vivo (38). Hence,
effects beyond the modulation of calgranulin-induced MKK3-p38 pathway signal transduction
demonstrated here may contribute to the observed consequences associated with CD36
expression in chondrocytes.

Limitations of this study included that we did not address a full spectrum of mild-severe small
animal OA models. Due to sparse expression of CD36 in mouse knee articular cartilage, we
did not examine OA in CD36 knockout mice and did not knockdown CD36 mRNA. We have
not yet explored whether RAGE-independent effects, such as modulation of cell viability by
calgranulins (24,31), may have contributed to the lack of chondroprotection by RAGE
knockout in vivo. Some responses to the RAGE ligand HMGBL1 are mediated by TLR2 and
TLR4 (54). We have observed binding of S100A11 to CD36-expressing cells (D. Cecil and R.
Terkeltaub, unpublished observations), but have not yet analyzed chondrocyte binding of other
CD36 ligands. Last, we have not yet elucidated the molecular mechanism of CD36 effects in
chondrocytes. Pitfalls of such work include that thorough assessment of dominant-negative
forms of CD36 involves mutagenesis in both CD36 cytosolic tails, and such mutations can
impair both signal transduction and ligand internalization (55). Moreover, study of potential
endoproteolytic release of soluble CD36 by chondrocytes and functional autocrine and
paracrine effects of soluble CD36 (56) were beyond the scope of this study.

In summary, RAGE and CD36 expression have opposing effects on responses to inflammatory
stimuli in chondrocytes. Our results are further significant because CD36 has been reported to
be increased in human OA cartilage (38) and CD36 genetic variation was linked with a number
of human knee OA susceptibility traits in a recent longitudinal study that focused on older
women (57). CD36 expression is linked with chondrocyte hypertrophy, and chondrocyte
hypertrophy, which promotes OA progression (11), is induced by several inflammatory
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mediators (7,8). However, CD36 is a novel example of a hypertrophic chondrocyte-expressed
patterning receptor associated with cartilage repair responses to inflammatory stimuli. CD36
expression was relatively low in two models of rodent knee OA, likely contributing to a
regenerative defect in articular cartilage. Factors that increase chondrocyte CD36 expression,
including IGF-I and PPARy agonism, merit further translational investigation as tools to
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FIGURE 1.

RAGE knockout is not chondroprotective for knee OA in mice. A, Two months after a “stab”
procedure for minimally invasive disruption of the ACL in both knees done at 2 mo of age,
congenic RAGE** and RAGE '~ mouse knee joints were stained with toluidine blue and
analyzed by immunohistochemistry for type X collagen. The extent of knee instability and OA
were graded histologically. Knee joints with a grade of 0 for instability (due to insufficient
ACL trauma by the needle penetration) served as controls and grade 1 is designated as mild
OA, with grades 2 and 3 representing severe OA in A and B, respectively. Loss of blue staining
(arrows) indicates loss of PG. These data are representative of at least five different mouse
donors (original magnification, x100). B, The total joint score was measured in euthanized
RAGE*"* and RAGE ™~ mouse knee joints 2 mo after the stab procedure, as described in
Materials and Methods. Scores for cartilage degeneration in the whole joint are represented as
box and whisker plots showing the 25th through 75th percentiles boxed and the median joint
score as the central horizontal line. For RAGE*/*, control n = 50, mild n = 7, and severe n =
10, and for RAGE ™=, control n = 49, mild n = 11, and severe n = 9.
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FIGURE 2.

RAGE and CD36 expression increase during the evolution of surgical instability-induced knee
OAinadult rats. A, OA was induced by ACLT and partial anteromedial meniscectomy in adult
rats. Sham (control) and OA knee joints isolated at 2, 4, and 8 wk after surgery were fixed,
paraffin embedded, and sectioned through the medial joint compartment. Histological knee
joint sections were analyzed by immunohistochemistry for RAGE and CD36. Two panels of
CD36 expression are shown to indicate the variability of CD36 expression (arrows). B,
Histological sections of the growth plate at 4 wk after surgery were analyzed by
immunohistochemistry for type X collagen (arrows), RAGE, and CD36 (arrows).
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FIGURE 3.

CD36 colocalizes with both type X collagen (Col X) and aggrecan cleavage as rat knee OA
progresses. Sham (control) and OA knee joints isolated at 4 and 8 wk after surgery were fixed,
paraffin embedded, and sectioned through the medial joint compartment. A, Histological
sections were analyzed by immunofluorescence for CD36 (red) and type X collagen (green).
Nuclei were counterstained with TOTO-3 iodide (blue). B, Histological sections analyzed by
immunofluorescence for CD36 (green) and the aggrecan neoepitope of aggrecanase cleavage
NITEGE (red), with nuclei counterstained with TOTO-3 iodide (blue signal). Scale, 50 zm.
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Both IGF-1 and the PPARy agonist GW1929 markedly increase CD36 expression. A, Human
immortalized normal knee chondrocytes (CH-8 cells) were stimulated with 100 ng/ml
S100A11, 10 ng/ml 1L-18, 10 ng/ml IGF-1, and 100 nM GW1929 for 8 h. Quantitative real-
time PCR analysis of CD36 expression (as described in Materials and Methods) is shown
pooled from three separate experiments. The p values indicated are compared with control,
nonstimulated CH-8 cells. B, Mouse femoral head cartilage explants were stimulated for 48 h
with the agonists described in A, and frozen sections were examined by immunohistochemistry
for CD36 (arrows) as described in Materials and Methods. Data are representative of five
different mouse donors.
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FIGURE 5.

TNF-a- and S100A11-induced hypertrophic differentiation and procatabolic responses of
chondrocytic cells are inhibited by transfection of CD36. CH-8 cells were plated in 96-well
plates containing poly-HEME and treated with 10 ng/ml TNF-o or 100 ng/ml S100A11. After
24 h, conditioned medium was examined for MMP-13 secretion (A) and SDS-PAGE/Western
blotting of cell lysates was performed to assess induction of ADAMTS-4 (B) and, at 3 days,
type X collagen was assessed in cell lysates by SDS-PAGE/Western blotting (C). Tubulin was
visualized as a loading control. Data are representative of three or more separate experiments
for each parameter. D, CH-8 cells were plated in 24-well plates and treated with 10 ng/ml TNF-
e or 100 ng/ml S100A11 for 2 days in replicates of six. One microCurie of 3°S and 0.5 xCi of
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[3H]proline were added, and sulfated PG synthesis was assayed as described in Materials and
Methods. Data are representative of three separate experiments.
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FIGURE 6.

S100A11-stimulated MKKS3 signaling essential to SI00A11-induced cartilage matrix
catabolism is inhibited in CH-8 cells transfected with CD36. A, Congenic MMK3~/~ and
MKK3*/* adult mouse femoral head cartilage explants were treated with 100 ng/ml S100A11.
A, At 48 h, GAG release was measured in conditioned medium. Data are pooled from five
different mouse donors of each genotype in replicates of three. B, Frozen sections of mouse
femoral head cartilage explants were analyzed by immunohistochemistry for the aggrecanase
neoepitope NITEGE at 72 h in culture. Data are representative of five different mouse donors
of each genotype. C, CH-8 cells were plated in 96-well plates containing polyHEME and serum
starved overnight. The cells were then treated with 100 ng/ml S100A11 for the duration
indicated and SDS-PAGE/Western blotting was performed for phosphorylated and total
MMK3 and p38. These data are representative of results from six separate experiments.
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