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Crosstalk between FLS and chondrocytes is regulated
by HIF-2α-mediated cytokines in arthritis

Yun Hyun Huh1, Gyuseok Lee2, Won-Hyun Song3, Jeong-Tae Koh3,4 and Je-Hwang Ryu3,4

Rheumatoid arthritis (RA) and osteoarthritis (OA), two common types of arthritis, affect the joints mainly by targeting the

synovium and cartilage. Increasing evidence indicates that a significant network connects synovitis and cartilage destruction

during the progression of arthritis. We recently demonstrated that hypoxia-inducible factor (HIF)-2α causes RA and OA by

regulating the expression of catabolic factors in fibroblast-like synoviocytes (FLS) or chondrocytes. To address the reciprocal

influences of HIF-2α on FLS and chondrocytes, we applied an in vitro co-culture system using a transwell apparatus. When

co-cultured with HIF-2α-overexpressing chondrocytes, FLS exhibited increased expression of matrix metalloproteinases and

inflammatory mediators, similar to the effects induced by tumor-necrosis factor (TNF)-α treatment of FLS. Moreover,

chondrocytes co-cultured with HIF-2α-overexpressing FLS exhibited upregulation of Mmp3 and Mmp13, which is similar to the

effects induced by interleukin (IL)-6 treatment of chondrocytes. We confirmed these differential HIF-2α-induced effects via

distinct secretory mediators using Il6-knockout cells and a TNF-α-blocking antibody. The FLS-co-culture-induced gene

expression changes in chondrocytes were significantly abrogated by IL-6 deficiency, whereas TNF-α neutralization blocked

the alterations in gene expression associated with co-culture of FLS with chondrocytes. Our results further suggested that

the observed changes might reflect the HIF-2α-induced upregulation of specific receptors for TNF-α (in FLS) and IL-6

(in chondrocytes). This study broadens our understanding of the possible regulatory mechanisms underlying the crosstalk

between the synovium and cartilage in the presence of HIF-2α, and may suggest potential new anti-arthritis therapies.
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INTRODUCTION

Rheumatoid arthritis (RA) is a polyarticular chronic inflam-
matory autoimmune disease that mainly affects the joints,
where it is associated with tissue destruction and functional
disability.1 A synovitis involving infiltration of mononuclear
cells into the synovial membrane is a characteristic of RA.2

Activated fibroblast-like synoviocytes (FLS), which are among
the key players in RA joint destruction, are responsible for
initiating, propagating and maintaining synovial inflammation
by secreting proinflammatory mediators, including interleukin
(IL)-1β, IL-6, tumor-necrosis factor (TNF)-α and chemokines.3

During RA, cartilage can be destroyed by synovium-derived
inflammatory mediators (for example, IL-1β and IL-6) that
upregulate matrix-degrading enzymes.3 In contrast to RA,
osteoarthritis (OA) has typically been considered a prototypical
non-inflammatory degenerative disease, largely because its
major target tissue (articular cartilage) is avascular and aneural.

However, recent studies have focused on the involvement of
inflammatory components (for example, joint pain, swelling,
stiffness and indicators of synovitis) in the pathology of OA.4

Moreover, inflammatory cytokines, chemokines and other
inflammatory mediators (for example, inducible nitric oxide
synthase, cyclooxygenase-2 and several matrix metalloprotei-
nases) are produced by chondrocytes, and can be measured in
the synovial fluids of OA patients.4 Synovitis is reportedly
common in both early and late stages of human clinical OA
pathology,5 and proinflammatory mediators, matrix metallo-
proteinases s and IL-6 can be detected in OA synovial fluid
samples, although at significantly lower levels than those found
in RA patients.6 Chondrocytes, which are the sole resident cells
of adult human articular cartilage, synthesize cartilage-specific
extracellular matrix components under normal low-turnover
conditions and in response to various catabolic and anabolic
factors associated with the pathogeneses of OA and RA.
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Although clear understanding of cellular and molecular inter-
actions occuring in synovial tissues is necessary for the
pathogenesis of joint inflammation and cartilage destruction
in RA and OA, a crosstalk of chondrocytes and FLS still
not yet veiled.

Hypoxia-inducible factor (HIF)-2α (also designated
endothelial PAS domain protein-1 or Epas1) is a member of
the basic helix-loop-helix/PAS transcription factor family7,8 and
is known to be regulated by oxygen tension.7 HIF-2α acts as an
essential catabolic regulator in the hypoxic inflamed synovium9

during the pathogeneses of OA10 and RA11 by modulating the
expression levels of various catabolic factors, including Mmps,
nitric oxide synthase 2 (Nos2; encoding inducible nitric oxide
synthase) and prostaglandin-endoperoxide synthase 2 (Ptgs2;
encoding cyclooxygenase -2), in both chondrocytes and FLS.
We previously showed that HIF-2α also upregulates the
expression levels of various secreted mediators, including the
cytokines, IL-6 and TNF-α, and the chemokines, CCL5 and
CXCL2.10,11 It is well accepted that chondrocytes, synoviocytes
and infiltrating macrophages can produce inflammatory med-
iators (cytokines and/or chemokines) and also be activated by
these mediators, suggesting that joint tissues may harbor
interacting regulatory networks of inflammatory and secretory
mediators.12 In this study, we used an in vitro co-culture system
to broaden our understanding of the role and underlying
molecular mechanisms of HIF-2α in arthritis (especially
regarding the association between synovial inflammation and
cartilage destruction) and further characterized a major med-
iator (HIF-2α-upregulated cytokines) involved in the HIF-2α-
induced crosstalk between FLS and chondrocytes.

MATERIALS AND METHODS

Mice and experimental arthritis
Male DBA/1 J and C57BL/6 mice were bred and maintained in specific
pathogen-free barrier facilities. All mouse experiments were conducted
in accordance with protocols approved by the Animal Care and Ethics
Committees of Chonnam National University. For the experimental
model of RA, collagen-induced arthritis was induced in DBA/1 J mice
using the previously described protocol.11 For the experimental model
of arthritic cartilage destruction, C57BL/6 mice were subjected to
intra-articular injection of Epas1 adenovirus (Ad-Epas1), as described
previously.10 In brief, Ad-Epas1 (1× 109 plaque-forming units in a
total volume of 10 μl) were injected by Hamilton syringe once a week
for 3 weeks into the knee articular joint of 8- to 10-week-old male
mice. Empty adenovirus (Ad-C) was used as a control. Mice were
killed 3 weeks after the first intra-articular injection for histological
and biochemical analyses. Experimental OA was induced in C57BL/6
mice by destabilization of medial meniscus surgery, as described
previously.10,13 Sham operations were used as controls. Eight weeks
later, knee joints were processed for histological analysis.

Histological analysis of joint tissue and immunostaining
Mouse joint tissues were fixed with 4% fresh paraformaldehyde for
24 h, decalcified with 0.5 M ethylenediaminetetraacetic acid (pH 8.0)
for 2 weeks, embedded in paraffin and sectioned at 5-μm thickness.
Joint sections were subjected to safranin-O/hematoxylin staining, as
previously described.10,11 Cartilage destruction was scored by the
modified Mankin’s scoring method (grades 0–14), wherein joint

tissues were scored for structure (0–6 points), cellularity (0–3 points),
matrix staining (0–4 points) and tidemark integrity (0–1 points).14

Synovial inflammation (grade 0–4) was scored as previously
described:11 grade 0, no sign of inflammation; grade 1, hyperplasia
of the synovial lining without cartilage destruction; and grades 2–4,
increasing degrees of immune cell infiltration and cartilage/bone
destruction.15

Mouse FLS and articular chondrocyte culture
FLS were isolated from the joint synovium of wild-type and
Il6-knockout (Il6− /−) mice, as described previously.11 Subcultured
FLS (between passages 4–8) were used for experiments. Flow cytometry
was performed with antibodies against CD90 (a fibroblast marker) and
CD14 (a macrophage marker) (Abcam, Cambridge, UK) to confirm
the purity of our FLS (490% CD90+/o1% CD14+). For isolation of
chondrocytes, mouse cartilage tissues were isolated from the femoral
condyles and tibial plateaus of wild-type and Il6− /− mice, and
chondrocytes were extracted by digestion with 0.2% collagenase type
II, as described previously.10,16 Chondrocytes or FLS were treated with
the indicated amounts of recombinant mouse IL-6 protein (Merck-
Millipore, Billerica, MA, USA), recombinant mouse TNF-α protein
(Merck-Millipore) or 800 MOI (multiplicity of infection) of empty
adenovirus (Ad-C) or HIF-2α-expressing adenovirus (Ad-Epas1) for
24 h with or without subsequent treatment with the anti-TNF-α
blocking antibody (R&D Systems Inc., Minneapolis, MN, USA).

Co-culture of mouse FLS and articular chondrocytes
Chondrocytes and FLS from wild-type or Il6− /− mice were
co-cultured in a transwell plate (24-well type; Sigma-Aldrich, St Louis,
MO, USA) with a cell culture insert (0.4-μm pore size; Sigma-
Aldrich), which not only physically separated the chondrocytes and
FLS but also allowed their secreted factors to pass through. FLS or
chondrocytes were grown for 2 days in the transwell plate and washed
three times with PBS. Simultaneously, the opposite cell type was
seeded on the upper layer of the insert, grown for 2 days, and infected
with 800 MOI of Ad-Epas1 for 2 h. The cell culture inserts were then
placed in transwell plates, and the cells were co-cultured for an
additional 24 h. The cells in the transwell plates were harvested for
further analysis.

RNA isolation, reverse transcription-polymerase chain
reaction (RT-PCR) and quantitative real time-PCR (qRT-PCR)
Total RNA samples from mouse articular chondrocytes and FLS were
isolated using the TRI reagent (MRC, Cincinnati, OH, USA), and
complementary DNA was synthesized by reverse transcription
and subjected to PCR. Relative transcript levels were measured by
qRT-PCR using SYBR Premix Ex Taq (TaKaRa Bio Inc., Shiga, Japan).
All qRT-PCR reactions were performed in duplicate, and the threshold
cycle value of each target gene was normalized with respect to that
of glyceraldehyde-3-phosphate dehydrogenase (Gapdh). All of the
utilized PCR primers are summarized in Table 1.

Enzyme-linked immunosorbent assay and neutralization of
TNF-α
Mouse articular chondrocytes and FLS were infected with empty
adenovirus or Ad-Epas1 and incubated in serum-free medium
(Dulbecco's Modified Eagle's medium) for 24 h. The concentrations
of IL-6 and TNF-α secreted to the culture media were measured by
enzyme-linked immunosorbent assay (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). For neutralization of TNF-α in co-culture,
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mouse chondrocytes and FLS grown in cell culture inserts were
infected with 800 MOI of Ad-Epas1 for 12 h, the inserts were placed in
transwell plates seeded with the other cell type, and the cells were co-
incubated in serum-free Dulbecco's Modified Eagle's medium with
anti-immunoglobulin G (1 μg) or anti-TNF-α (0.25, 0.5, 1.0 μg)
antibodies (R&D Systems Inc.) for an additional 12 h. The cells in
the transwell plates were harvested for further analysis.

Statistical analysis
The non-parametric Mann–Whitney U-test was used to analyze the
ordinal grades (for example, synovitis and Mankin scores). Data
obtained with qRT-PCR assays were initially tested for conformation
to normal distribution using the Shapiro–Wilk test and subsequently
analyzed with the Student’s t-test (pair-wise comparisons) or analysis
of variance with post hoc tests (multi-comparison), as appropriate.
Significance was accepted at the 0.05 level of probability (Po0.05).

RESULTS

Synovitis and cartilage destruction are closely related during
RA and OA
In an attempt to gain new insights into the possible links and
related regulatory mechanisms between the synovium and
cartilage in an arthritic joint, we first examined the

co-occurrence of these phenotypes in mouse models of
experimentally induced arthritis. RA, which is primarily
characterized by synovial hyperplasia and synovitis leading to
cartilage destruction, was induced using collagen-induced
arthritis. As shown in Figure 1a, safranin-O/hematoxylin
staining revealed co-occurrence of severe synovitis and cartilage
destruction in collagen-induced arthritis joints compared with
nonimmunized control joints. The severity of synovial inflam-
mation was scored from 0 to 4, whereas cartilage destruction
was scored from 1 to 14 using Mankin’s method. OA, another
major type of arthritis, was induced by destabilization of medial
meniscus surgery and the joint was stained with safranin-O/
hematoxylin. OA, which is known as non-inflammatory
arthritis, is characterized by the erosion of cartilage via the
chondrocytic upregulation of matrix-degrading enzymes. To
elucidate whether the phenotypic changes of the synovium in
this model are followed by cartilage destruction, the OA joints
were subdivided into stages of degeneration based on the
severity of cartilage damage, and then assessed for the degree of
synovitis. Some joint tissues with severe cartilage damage
(Mankin’s score 49) showed mild synovitis (scores of

Table 1 PCR primers and conditions

Gene Strand Primer sequences Size At Origin

Adamts4 S 5′-CATCCGAAACCCTGTCAACTTG-3′ 281 bp 58 °C Mouse
As 5′-GCCCATCATCTTCCACAATAG-3′

Adamts5 S 5′-GCCATTGTAATAACCCTGCACC-3′ 292 bp 58 °C Mouse
As 5′-TCAGTCCCATCCGTAACCTTTG-3′

Epas1 S 5′-CGAGAAGAACGACGTGGTGTTC-3′ 370 bp 62 °C Mouse
As 5′-GTGAAGGCGGGCAGGCTCC-3′

Gapdh S 5′-TCACTGCCACCCAGAAGAC-3′ 450 bp 62 °C Mouse
As 5′-TGTAGGCCATGAGGTCCAC-3′

Il6 S 5′-ACCACTCCCAACAGACCTGTCTATACC-3′ 435 bp 60 °C Mouse
As 5′-CTCCTTCTGTGACTCCAGCTTATCTGTTAG-3′

Nos2 S 5′-TCACTGGGACAGCACAGAAT-3′ 510 bp 62 °C Mouse
As 5′-TGTGTCTGCAGATGTGCTGA-3′

Mmp2 S 5′-CCAACTACGATGATGAC-3′ 233 bp 60 °C Mouse
As 5′-ACCAGTGTCAGTATCAG-3′

Mmp3 S 5′-CTGTGTGTGGTTGTGTGCTCATCCTAC-3′ 350 bp 58 °C Mouse
As 5′-GGCAAATCCGGTGTATAATTCACAATC-3′

Mmp9 S 5′-ACCACATCGAACTTCGA-3′ 212 bp 58 °C Mouse
As 5′-CGACCATACAGATACTG-3′

Mmp12 S 5′-CCCAGAGGTCAAGATGGATG-3′ 482 bp 60 °C Mouse
As 5′-GGCTCCATAGAGGGACTGAA-3′

Mmp13 S 5′-TGATGGACCTTCTGGTCTTCTGG-3′ 473 bp 55 °C Mouse
As 5′-CATCCACATGGTTGGGAAGTTCT-3′

Mmp14 S 5′-GTGCCCTAGGCCTACATCCG-3′ 580 bp 55 °C Mouse
As 5′-TTGGGTATCCATCCATCACT-3′

Mmp15 S 5′-GAGAGATGTTTGTGTTCAAGGG-3′ 260 bp 55 °C Mouse
As 5′-TGTGTCAATGCGGTCATAGGG-3′

Ptgs2 S 5′-GGTCTGGTGCCTGGTCTGATGAT-3′ 724 bp 65 °C Mouse
As 5′-GTCCTTTCAAGGAGAATGGTGC-3′

Tnfa S 5′-CTTGTCTACTCCCAGGTTCTCTTC-3′ 301 bp 58 °C Mouse
As 5′-ACAGAGCAATGACTCCAAAGTAGACC-3′

Abbreviations: As, antisense primer; AT, annealing temperature; S, sense primer.
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0.5 ~ 2.0) (Figure 1b), and the severity of cartilage erosion and
synovitis tended to correlate (Figure 1c). These results suggest
that crosstalk may occur between the synovium and the
cartilage during experimentally induced RA and OA. We
previously showed that HIF-2α (encoded by Epas1) is an
essential catabolic regulator of RA11 and OA10, and that it acts
by modulating the expression levels of various catabolic factors
in FLS and chondrocytes, respectively. In the present system,
we found that overexpression HIF-2α by injection of Ad-Epas1
into the joint resulted in simultaneous and severe synovitis and
cartilage erosion, similar to our observations in RA and OA
joints (Figure 1d). Therefore, to further investigate the poten-
tial links between FLS and chondrocytes, we examined the
secretory proteins induced by HIF-2α.

Altered gene expression in FLS co-cultured with HIF-2α-
overexpressing chondrocytes, and vice versa
Chondrocytes induced to overexpress HIF-2α by infection with
Ad-Epas1 showed significantly increased mRNA levels of
matrix-degrading enzymes (Mmp3, Mmp9, Mmp12, Mmp13
and Adamts4), inflammatory mediators (Ptgs2 and Nos2) and
proinflammatory cytokines (Il6 and Tnfa) (Figure 2a). To

address reciprocal influences between chondrocytes and FLS by
HIF-2α, we applied a co-culture system using transwell plates
with a pore diameter of 0.4 μm, which enabled the transfer of
secretory molecules but not cells. To examine how secretory
mediators originating from HIF-2α-overexpressing chondro-
cytes affected FLS, we cultured primary FLS from healthy mice
on the bottom of the apparatus and Ad-Epas1-infected
chondrocytes on the membrane of the insert. Interestingly,
RT-PCR showed that the expression levels of Mmp3, Mmp9,
Mmp12, Mmp13, Adamts4, Ptgs2 and Nos2 was increased in
co-cultured FLS, even though HIF-2α expression was not
altered in these cells (Figure 2b). This observation was
confirmed and quantified by qRT-PCR (Figure 2c).

Next, we performed the reciprocal experiment. HIF-2α-
overexpressing FLS showed exactly same pattern of upregulated
catabolic factors by chondrocytes (Figure 3a). Among the
examined cytokines (Il1β, Il6, Il11, Il12, Il17, Il21, Lif and
Tnfa; data not shown), Il6 and Tnfa were increased by
overexpression of HIF-2α in FLS (Figure 3a). Interestingly,
chondrocytes co-cultured with Ad-Epas1-infected FLS showed
increased expression levels of Mmp3, Mmp13 and Nos2, as

Figure 1 Co-occurrence of synovial inflammation and cartilage erosion in experimental RA and OA mouse models. (a) Safranin-O/
hematoxylin staining and enlarged images of synovium and cartilage in knee joints of DBA/1 J mice immunized with type II collagen (CIA)
or not immunized (NI) (n=15 per group). (b) Representative images of synovium and cartilage in knee joints from C57BL/6 mice after
sham surgery or destabilization of the medial meniscus (DMM) (n=15 per group). (c) Scoring of synovial inflammation (synovitis) or
cartilage destruction (Mankin score) in DMM surgery-induced OA mice. (d) Safranin-O/hematoxylin staining in the cartilage of C57BL/6
mice injected with empty adenovirus (Ad-C) or Ad-Epas1 (1×109 plaque-forming units) (n=10 per group). Scale bar: 50 μm.
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Figure 2 Altered gene expression in FLS co-cultured with HIF-2α-overexpressing chondrocytes. (a) Primary cultures of mouse articular
chondrocytes were left untreated or infected with 800MOI of Ad-C or the indicated MOI of Ad-Epas1 for 24 h. The mRNA levels of the
indicated genes were detected by RT-PCR analysis. (b and c) Ad-Epas1-infected chondrocytes incubated on the upper chamber of a
transwell plate were co-cultured with primary cultured mouse FLS for 24 h. The expression levels of the indicated genes were determined
by RT-PCR (b). Relative mRNA levels (compared to those in untreated cells) were quantified by qRT-PCR (c). Values are presented as
mean± s.e.m. (*Po0.005, **Po0.001).

Figure 3 Altered gene expression in chondrocytes co-cultured with HIF-2α-overexpressing FLS. (a) Mouse FLS were left untreated or
infected with 800 MOI of Ad-C or the indicated MOI of Ad-Epas1 for 24 h. The mRNA levels of the indicated genes were detected by
RT-PCR. (b and c) FLS were incubated in the upper chamber of a transwell plate and infected with 800 MOI of Ad-C or the indicated
amounts (MOI) of Ad-Epas1, and then incubated with mouse chondrocytes for an additional 24 h. The expression levels of the indicated
genes were determined by RT-PCR (b) and quantified by qRT-PCR (c). Values are presented as mean± s.e.m. (*Po0.005).
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examined by RT-PCR (Figure 3b) and quantified by qRT-PCR
(Figure 3c).

IL-6 and TNF-α govern the crosstalk between FLS and
chondrocytes
Based on the above results, we speculated that IL-6 and TNF-α,
which are well-known regulators of catabolic factors during
arthritis, might regulate the expressional changes of matrix-
degrading enzymes and inflammatory mediators in our
co-culture system. In mono-cultures of FLS and chondrocytes,
HIF-2α overexpression remarkably induced the levels of IL-6
and TNF-α at the mRNA (Figures 2a and 3a) and protein levels
(Figures 4a and b). Treatment of cells with IL-6 specifically
upregulated Mmp3 and Mmp13 in FLS (Figure 4c) and
chondrocytes (Figure 4d), whereas treatment with TNF-α
induced Mmp3, Mmp9, Mmp12, Mmp13, Adamts4, Ptgs2 and
Nos2 in FLS (Figure 4e) and chondrocytes (Figure 4f). These
gene expression patterns were similar to those obtained in our
co-culture system (Figures 2 and 3), with the effect of IL-6
treatment resembling that seen in chondrocytes co-cultured

with HIF-2α-overexpressing FLS and the effect of TNF-α
treatment resembling that seen in FLS co-cultured with
HIF-2α-expressing chondrocytes. To confirm these observa-
tions and examine whether the observed co-culture-induced
increases in gene expression were dependent on IL-6, we used
cells isolated from Il6-knockout mice. Interestingly, Mmp3 and
Mmp13 were upregulated to control levels in FLS co-cultured
with HIF-2α-overexpressing IL-6-deficient chondrocytes
(Figure 5a), but this upregulation was markedly reduced
in chondrocytes co-cultured with HIF-2α-overexpressing
Il6-knockout FLS (Figure 5b). These results support the idea
that the HIF-2α-mediated upregulation of IL-6 in FLS has an
essential role in regulating catabolism-promoting gene expres-
sion in chondrocytes. Next, we examined the effects of
antibody-mediated blockade of TNF-α signaling in our
co-culture system. Treatment of HIF-2α-overexpressing chon-
drocytes with a TNF-α-neutralizing antibody blocked the
upregulations of Mmp3, Mmp9, Mmp12, Mmp13, Adamts4,
ptgs2 and Nos2 in co-cultured FLS (Figure 6a). In contrast,
blockade of TNF-α signaling in HIF-2α-overexpressing FLS did

Figure 4 IL-6 and TNF-α have distinct effects on FLS and chondrocytes. (a and b) Mouse FLS (a) and chondrocytes (b) were infected with
the indicated MOI of Ad-Epas1, and the levels of secreted IL-6 and TNF-α in the culture media were determined by ELISA. (c and d) The
indicated amounts of recombinant mouse IL-6 protein were used to treat FLS (c) or chondrocytes (d) for 24 h, and the mRNA levels of
Mmp3 and Mmp13 were detected by qRT-PCR. (e and f) Mouse FLS (e) and articular chondrocytes (f) were treated with the indicated
doses of recombinant mouse TNF-α protein for 24 h, and the levels of the indicated catabolic factors were determined by qRT-PCR. Values
are presented as means± s.e.m. (*Po0.01, **Po0.005).
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not significantly inhibit the upregulations of Mmp3, Mmp13
and Nos2 in co-cultured chondrocytes (Figure 6b). This
suggests that HIF-2α-induced signaling from chondrocytes to
FLS (but not the reverse) depends on TNF-α. To further
examine why these effects differed even though IL-6 and TNF-
α had the same effects on both cell types in mono-culture, we
examined the expression levels of IL-6 receptors (Il6ra and
Il6st) and TNF-α receptors (Tnfrsf1a and Tnfrsf1b) in FLS and
chondrocytes overexpressing HIF-2α. We found that the
expression of Tnfrsf1b was significantly increased in HIF-2α-
overexpressing FLS (Figure 7a), whereas that of Il6ra was
significantly upregulated in HIF-2α-overexpressing chondro-
cytes (Figure 7b).

Taken together, our results suggest that HIF-2α mediates the
crosstalk between FLS and chondrocytes by potentiating IL-6
and TNF-α signaling; FLS-secreted IL-6 is a major regulator of
Mmp3 and Mmp13 gene expression in chondrocytes; and
chondrocyte-secreted TNF-α is a key regulator of Mmps, Ptgs2
and Nos2 in FLS.

DISCUSSION

As the major target tissues in the pathogeneses of RA and OA
are the synovium and cartilage, respectively, most of the

previous studies on the pathology of arthritis have focus on a
single-cell type, such as FLS in RA synovium or chondrocytes
in OA cartilage. However, these diseases are associated with
widespread damage throughout the joint. Thus, crosstalk
between chondrocytes and FLS may be a crucial event in
arthritis. We recently reported that HIF-2α serves as an
essential catabolic regulator in the pathogeneses of RA and
OA by upregulating tissue-destroying genes.10,11 Here, we used
an in vitro co-culture system to characterize some major
mediators governing the interaction between FLS and chon-
drocytes in response to HIF-2α. As shown schematically in
Figure 7c, chondrocyte-derived TNF-α upregulates the expres-
sion of catabolic factors in FLS, whereas FLS-derived IL-6 has
an important role in regulating Mmp3 and Mmp13 in
chondrocytes.

Previous studies of RA have focused on the functions and
interactions of the three most abundant cell populations (FLS,
macrophage-like synoviocytes and T lymphocytes) and other
critically important immune cells (B-lymphocytes, plasma cells,
dendritic cells and mast cells) in the RA synovium.17–19 At the
inflammatory site, the synovial membrane becomes thickened
due to the invasion of immune cells and the increased
proliferation of resident FLS.20 The degree of synovial

Figure 5 Blockade of IL-6 secretion in FLS or chondrocytes in co-culture. (a) Chondrocytes isolated from WT or Il6− /− mice were infected
with Ad-Epas1 and co-cultured with FLS for an additional 24 h. The expression levels of Epas1, Il6, Mmp3, and Mmp13 were detected by
RT-PCR and quantified by qRT-PCR. (b) FLS isolated from WT or Il6− /− mice were infected with the indicated amounts (MOI) of Ad-Epas1
and then co-cultured with chondrocytes. RT-PCR and qRT-PCR were carried out to detect Epas1, Il6, Mmp3, and Mmp13 in
chondrocytes. Values are presented as means± s.e.m. (*Po0.05, **Po0.005).
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hyperplasia correlates with the severity of cartilage erosion,
resulting in the formation of an invasive pannus.21 FLS are
main effector cells in the progression of RA, contributing to
pannus formation, cartilage erosion and progressive joint

destruction by secreting diverse cytokines, chemokines and
matrix metalloproteinases.20 During the formation of the
pannus at the synovium–cartilage interface, the migration
and invasion of activated FLS into the cartilage are critical

Figure 6 Blockade of TNF-α secretion in co-cultured FLS or chondrocytes. Mouse chondrocytes or FLS were infected with or without 800
MOI of Ad-C or Ad-Epas1 and incubated with FLS (a) or chondrocytes (b), respectively. After 12 h, the indicated amounts (μg) of TNF-α-
neutralizing antibody were added. After an additional 12 h, the transcripts of the indicated catabolic factors were detected by RT-PCR and
qRT-PCR. Values are presented as means± s.e.m. (*Po0.05, **Po0.005).

Figure 7 The receptors for IL-6 and TNF-α show distinct expression patterns in HIF-2α-overexpressing FLS and chondrocytes. (a and b)
Mouse FLS or chondrocytes were infected with Ad-Epas1 or empty virus at an MOI of 800 for 24 h, and microarray analyses were
performed on chondrocytes and FLS. Microarray data for IL-6 receptors (Il6ra and Il6st) and TNF-α receptors (Tnfrsf1a and Tnfrsf1b) in
Ad-Epas1-infected FLS (a) and chondrocytes (b) are shown. Transcript expression levels are shown relative to those in Ad-C-treated cells.
(c) Schematic diagram summarizing the regulatory mechanism governing the in vitro interaction between FLS and chondrocytes in the
presence of HIF-2α overexpression.
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events. Unlike RA, OA was long considered a non-
inflammatory disease, largely because it affects the cartilage,
which lacks blood vessels or nerves. However, it is now widely
accepted that synovial inflammation is a characteristic feature
of OA, and the development and progression of OA are closely
related to inflammatory responses even during the early stages
of the disease.22 Moreover, recent experimental data have
shown that OA is much more complex than originally
believed,23 as it involves inflammatory mediators originating
from the cartilage, bone24 and synovium.5 Indeed, we found
that the severity of experimental OA seems to correlate with
synovial hyperplasia (Figure 1), supporting the presence of
synovial inflammation in the OA joint. It seems logical,
therefore, that secreted inflammatory mediators are likely to
be critical regulators of the disturbed anabolism and enhanced
catabolism in OA-affected joints.

We previously demonstrated that HIF-2α is overexpressed
during synovitis and cartilage destruction, and that it acts as an
essential catabolic regulator in OA10 and inflammatory RA11 by
modulating the expression levels of various catabolic factors
(for example, matrix metalloproteinases) and inflammatory
mediators (for example, cyclooxygenase -2 and inducible nitric
oxide synthase). The present study reveals that HIF-2α has
distinct roles in the crosstalk between two representative cell
types: FLS in the synovium and chondrocytes in cartilage.
When co-cultured with HIF-2α-overexpressing chondrocytes,
FLS exhibited upregulation of matrix-degrading enzymes
(Mmp3, Mmp9, Mmp12, Mmp13 and Adamts4) and inflam-
matory mediators (Ptgs2 and Nos2), in a pattern resembling
that seen in TNF-α-treated FLS. Moreover, chondrocytes
co-cultured with HIF-2α-overexpressing FLS showed upregula-
tion of matrix metalloproteinases (Mmp3 and Mmp13), in a
pattern similar to that observed in IL-6-treated chondrocytes.
Unexpectedly, Nos2 expression is also increased in the latter
system (Figure 3c), suggesting the involvement of other
mediators in addition to IL-6.

Excessive secretion of soluble mediators (for example,
cytokines and chemokines) is known to cause synovitis and
cartilage erosion in arthritis. A broad spectrum of cytokines has
been detected in joint tissues and synovial fluids, and these
mediators may also contribute to the joint inflammation and
cartilage matrix destruction typical of RA and OA. For instance,
chemokines such as CXCL12 (SDF-1)25 and CCL2026 stimulate
proinflammatory and degradative responses in cartilage. Proin-
flammatory cyltokines including IL-15, IL-17, IL-18, IL-21 and
LIF have been also implicated in the pathophysiologies of RA
and OA, however, upregulation of these proinflammatory
cytokines by HIF-2a overexpression was insignificant in
chondorcytes.27 IL-1β, TNF-α and IL-6 seem to be the main
proinflammatory cytokines involved in the pathogenesis of
RA and OA. HIF-2α is highly upregulated in both FLS and
chondrocytes following IL-1β treatment.10,11 As IL-6 and TNF-
α increased in response to HIF-2α overexpression, we focused
on two cytokines, which are produced by chondrocytes and
synovial tissues and induce the production of numerous
inflammatory and catabolic factors. In patients with RA or

OA, the levels of IL-6 and TNF-α are elevated in the synovial
fluid, synovial membrane or cartilage.28 Biological agents that
inhibit TNF-α signaling, such as infliximab and etanercept,
have shown clinical efficacy in preventing the joint damage
associated with RA.29 In addition, an anti-IL-6 antibody was
shown to inhibit RA in an experimental mouse model, and the
humanized anti-IL-6 receptor antibody, tocilizumab, is used as
an immunosuppressive drug in RA patients.30 TNF-α can bind
to two specific receptors, TNFR1 and TNFR2, which are both
expressed in RA synovium31 and OA cartilage.32 Here, we show
that HIF-2α upregulates TNFR2 (encoded by Tnfrsf1b) in FLS
but not chondrocytes, suggesting that chondrocyte-derived
TNF-α may critically mediate the functions of FLS. This
supported by the observation that TNF-α blockade did not
affect co-cultured chondrocytes. IL-6 exerts its effects via a
classic signaling pathway that involves the receptor complex, a
membrane-bound IL-6 receptor (IL-6R), a soluble form of
IL-6R (sIL-6R) and gp130.33 Synoviocytes are known to express
gp130 but not IL-6R, and can therefore only respond to IL-6 in
the presence of sIL-6R.31 We previously observed that
chondrocytes express gp130, IL-6R, and sIL-6R.34 Here, we
further show that HIF-2α upregulates IL-6R in chondrocytes
but not FLS, suggesting that FLS-derived IL-6 may critically
mediate the functions of chondrocytes. We confirmed these
distinct effects using Il6-knockout cells and a TNF-α blocking
antibody. More specifically, we found that the gene expression
changes in chondrocytes co-cultured with HIF-2α-overexpres-
sing FLS were significantly abrogated by IL-6 deficiency,
whereas TNF-α neutralization blocked the gene expression
changes in FLS co-cultured with HIF-2α-overexpressing
chondrocytes.

Although the productions of various cytokines can vary
based on the severity or complexity of the disease, we here
conclude that HIF-2α mediates the crosstalk between FLS and
chondrocytes by potentiating IL-6 and TNF-α signaling;
FLS-secreted IL-6 is a major regulator in chondrocytes; and
chondrocyte-secreted TNF-α is a key regulator in FLS. Many of
the current studies have focused on identifying catabolic factors
responsible for the inflammatory processes involved in OA. To
our knowledge, no clinical study has sought to evaluate the
effect of anti-TNF-α or anti-IL-6 therapies in OA. Our findings
suggest that future studies are warranted to examine the
potential for targeting TNF-α and/or IL-6 as a therapeutic
strategy against OA. Moreover, our results suggest that target-
ing cartilage-derived mediators might even prove useful
against RA.
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