
To assess whether CXCR2-induced AKT phosphorylation is
required for chondrocyte differentiation or whether it is simply
associated with it, we tested whether rescuing AKT activity also
rescued the differentiation of CXCR2-deficient chondrocytes.
Chondrocytes from wild-type and CXCR2-deficient mice were
transfected with a constitutively active AKT (caAKT)-expression
plasmid or empty plasmid as control. As expected, Sox9 mRNA
expression was reduced in CXCR2-deficient chondrocytes com-
pared with wild-type chondrocytes; however, SOX9 was
rescued to levels comparable to those of wild-type cells follow-
ing transfection with caAKT (figure 5D). The same pattern was
observed for type II collagen (figure 5E). Transfection of
CXCR2-deficient chondrocytes with a SOX9 expressing
plasmid also resulted in the rescue of COL2A1 mRNA levels to
levels comparable to that of wild-type cells (figure 5F).

Similarly to CXCR2 deficiency, SOX9 deficiency in adult chon-
drocytes does not result in spontaneous OA34 but makes chondro-
cytes more prone to apoptosis,35 36 a process that has been
demonstrated to drive cartilage loss during osteoarthritis.37 38

Therefore, we tested whether CXCR2 disruption results in

increased chondrocyte apoptosis in an AKT-dependent manner.
First, at 8 weeks following DMM, CXCR2-deficient mice dis-
played significantly greater chondrocyte apoptosis within
the superficial cartilage layers compared with wild-type mice
(figure 6A, B). Although much lower than after DMM, the
number of apoptotic cells in the superficial layer of control joints
of CXCR2-deficient mice was significantly higher than in wild-
type controls (see online supplementary figure S4). Second,
siRNA-mediated knockdown of CXCR2 in the chondrogenic
ATDC5 cells resulted in increased spontaneous apoptosis com-
pared with scrambled siRNA control. Overexpression of caAKT,
however, prevented the increase of apoptosis induced by the silen-
cing of CXCR2 (figure 6C, D). Taken together, these data suggest
that CXCR2 signalling protects chondrocytes from apoptosis in
conditions of challenge by supporting AKT phosphorylation and
SOX9 expression.

DISCUSSION
In this study, we discovered that CXCL6 is expressed by articu-
lar chondrocytes in physiological conditions and is retained

Figure 4 Disruption of CXCR1/2 signalling results in chondrocyte de-differentiation and reduced extracellular matrix production in a
cell-autonomous fashion. (A) Alcian blue staining and spectrophotometric quantification for sulphated proteoglycan content of human articular
chondrocyte micromass cultures 4 days following treatment with either CXCR1 and CXCR2 blocking antibodies or a non-specific IgG isotype control
(n=4). (B) Spectrophotometric quantification of Alcian blue staining of JJ012 micromass cultures 4 days following CXCR1 and CXCR2 siRNA
transfection compared with scrambled siRNA-treated control (n=4). (C–E) Real-time RT-PCR analysis of chondrocyte phenotype marker genes SOX9,
COL2A1 and aggrecan expression in human primary chondrocytes 4 days following treatment with CXCR1 and CXCR2 blocking antibodies in
comparison to non-specific IgG isotype control (n=4). (F) Alcian blue staining and spectrophotometric quantification of wild-type and CXCR2−/−

mouse costal chondrocytes cultured for 7 days in micromass (n=8). (G, H) Real-time RT-PCR analysis of SOX9 and COL2A1 mRNA expression of
freshly isolated costal chondrocytes from wild-type and CXCR2−/− mice (n=4). *p<0.05, ***p<0.001, ****p<0.0001.
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locally in the cartilage matrix to contribute to the phenotypic
stability and functional homeostasis by supporting SOX9 expres-
sion in an AKT-dependent manner. Disruption of CXCR2 sig-
nalling resulted, in vivo, in increased susceptibility to
instability-induced OA, and in vitro, in loss of differentiation
markers and ECM production.

Although no significant infiltration of inflammatory cells was
detected 8 weeks following DMM in either CXCR2−/− or wild-
type mice (see online supplementary figure S5), this experimen-
tal set-up does not allow us to assess whether additional
CXCR2 functions in cells other than chondrocytes contributed
to the phenotype.

Our findings that CXCR1/2 signalling supports cartilage
homeostasis are not at odds with the well-established pathogenic
role of ELR+ CXC chemokines in arthritis.7 8 39–43 In physio-
logical conditions, a tight regulation of their expression,
together with their matrix binding through HSPGs, allows for
the restriction of their signalling domain to the avascular chon-
drocyte pericellular matrix, away from the reach of inflamma-
tory cells. In arthritis, ECM breakdown, together with the
upregulation of multiple chemokines, including CXCL8,42

would result in excessive and ectopic activation of chemokine

signalling in the joint with pathological consequences, while
simultaneously depriving chondrocytes of homeostatic local che-
mokine signalling (figure 6E).

Interestingly, other chemokine families have been linked to
physiological and even developmental roles outside of inflam-
mation including several developmental processes44 45 and the
homeostasis of the haematopoietic system.46 This suggests that
compartmentalisation of chemokine signalling in specific tissue
contexts plays an important role in defining their function, and
that in specific situations, the disruption of such compartmental-
isation, rather than the expression of the chemokines them-
selves, may be pathogenic.

CXCR2-deficient mice did not develop spontaneous OA, but
their phenotype was elicited after joint destabilisation. If
CXCR1/2 signalling supports SOX9 expression, why did we
not observe spontaneous osteoarthritis in CXCR2-deficient
mice? In this respect it is interesting to notice that, although
SOX9 is essential for embryonic chondrogenesis,4 its disrup-
tion in adulthood did not result in spontaneous OA;34

however, its absence from differentiated chondrocytes made
them susceptible to apoptosis.35 36 Therefore, SOX9 is strictly
required for chondrogenesis, but, once chondrocytes are

Figure 5 CXCR2 modulation of the articular chondrocyte phenotype is mediated by AKT. (A) Western blot of phospho-AKT (ser473) in wild-type
mouse chondrocytes following 30 min incubation with recombinant mouse CXCL6. (B) Western blot comparison of phospho-AKT in freshly isolated
chondrocytes from wild-type and CXCR2−/− mice. (C) Immunofluorescence staining for pAKT in mouse articular cartilage of unchallenged wild-type
and CXCR2−/− mice, nuclei are stained with 40,6-diamidino-2-phenylindole. Scale bar, 100 μm. (D, E) Real-time RT-PCR analysis of SOX9 and
COL2A1 mRNA expression of wild type and CXCR2−/− early passage mouse chondrocytes 24 h following transfection with either a control empty
plasmid or constitutively active AKT (caAKT) expressing plasmid. (F) Real-time RT-PCR analysis of COL2A1 mRNA expression of wild-type and
CXCR2−/− mouse chondrocytes 24 h following transfection with either a control empty plasmid or a SOX9 expressing plasmid, *p<0.05, **p<0.01,
***p<0.001.
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differentiated, it becomes only required in conditions of
challenge. A second consideration is that, since SOX9 is upre-
gulated following cartilage damage,38 47 the baseline expres-
sion of SOX9 is sufficient to support cartilage homeostasis in
physiological conditions, but is insufficient when, after cartil-
age damage, SOX9 upregulation is required.

It is interesting to note that the baseline phosphorylation of
AKT was reduced upon inhibition of CXCR2 signalling. Since,
in chondrocytes, AKT phosphorylation mediates IGF1 signal-
ling, which is a potent homeostatic signal supporting chondro-
cyte differentiation and ECM production,48 this suggests a
certain level of interaction between these two signalling path-
ways. The hierarchy of such interactions is yet to be determined.

The dual role of ELR+ CXC chemokines, homeostatic in
healthy cartilage and pathogenic in arthritis, represents an
important pharmacological challenge and yet an opportunity for
the development of targeted strategies for cytokine blockade that
preserve homeostatic mechanisms, while efficiently targeting the
synovial and systemic compartments. The heterogeneity of
mechanisms of cartilage damage in different subsets of patients is
likely to require personalised therapeutic intervention, addressing
individual disease mechanisms. We believe that further knowl-
edge of three aspects of chemokine biology will be key to achiev-
ing this therapeutic goal: first, the mechanism by which signalling
domains are defined and restricted; second, the role of ligand
and receptor specificity in fine-tuning the regulation of chemo-
kine signalling; and finally, the identification of suitable delivery
systems to target intervention to specific tissue compartments.
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Figure 6 Disruption of CXCR2 signalling results in increased chondrocyte apoptosis in an AKT-dependent manner. (A) Terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) staining of wild-type and CXCR2−/− articular cartilage 8 weeks following destabilisation of the medial
meniscus surgery. Scale bar, 100 μm. (B) Quantification of TUNEL-positive chondrocytes in superficial and deep zones of articular cartilage of
wild-type and CXCR2−/− mice (n=5). (C) TUNEL staining of monolayer differentiated ATDC5 24 h following co-transfection with either scrambled
control or CXCR2 siRNA along with either a control or caAKT expressing plasmid. Scale bar, 100 μm. (D) Quantification of TUNEL-positive ATDC5
cells following siRNA and plasmid transfection (n=3) **p<0.01, ***p<0.001. (E) In healthy articular cartilage, CXCL6 is expressed by chondrocytes
and retained within the extracellular matrix (ECM) by HSPGs where it is available and required for signalling via CXCR1 and CXCR2 on nearby
chondrocytes for the maintenance of their phenotypic stability. During osteoarthritis, mechanical and inflammatory injury leads to the breakdown of
HSPGs within the ECM, leading to the release of CXCL6. This not only results in the release of CXCL6 from the articular cartilage, but disrupts the
cell-autonomous ELR+ CXC chemokine signalling mechanism required for chondrocyte homeostasis.
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Supplementary Methods 

 

Western blot analysis 

Cells were lysed in RIPA buffer containing PhosSTOP protease inhibitor 

cocktail tablets (Roche) and Complete Mini EDTA–free phosphatase inhibitor 

cocktail tablets (Roche).  30μl of total cell lysates were run on a 10% Tris-glycine 

gel (Life Technologies) and transferred onto nitrocellulose membrane (GE 

Healthcare).  Membranes were blocked for 3 hours in 5% BSA, 0.1% Tween20 

PBS solution, then treated with rabbit anti-mouse pAKT (ser473) (Cell Signaling) 

1:200 dilution, rabbit anti-mouse AKT (Cell Signaling) 1:500 dilution, or rabbit 

anti-mouse CXCL6 (Biorbyt) 1:200 dilution in blocking solution at 4°C overnight. 

Protein bands were detected using horseradish peroxidase conjugated 

secondary antibodies and chemiluminescent substrates (ECL Western Blotting 

Detection Reagents, Amersham).  

Immunohistochemical analysis of mouse cartilage 

Decalcified mouse knee joint sections were deparaffinized and 

dehydrated in xylene and 100% ethanol.  Sections were blocked in 10% H2O2 in 

methanol, washed in PBS and digested in trypsin for 10 minutes.  After further 

washing, sections were blocked in 10% horse serum in PBS for 10 minutes.  The 

sections were incubated at 4°C overnight with Ly6B.2 primary antibody (AbD 

Serotec), 1:2000 dilution.  After washing in PBS, sections were incubated for 30 

minutes at room temperature with biotinylated goat anti-rat IgG (Vector 

Laboratories), 1:200 dilution, washed again and incubated for 30 minutes at 

room temperature with the Vectastain ABC peroxidase complex (Vector 

Laboratories) according to the manufacturer’s instructions.  After further 

washing, the staining was developed using DAB substrate (Vector Laboratories) 

according to the manufacturer’s instructions and slides were mounted in DPX.    



Additional immunofluorescence staining of human and mouse 

articular cartilage 

Human cartilage paraffin sections were deparaffinised and stained as 

described in the Materials and Methods sections of the manuscript, using the 

following antibodies.  CXCL8 staining was performed using mouse anti-human 

CXCL8 primary antibody (R&D), followed by Cy2 conjugated goat anti-mouse IgG 

secondary antibody (Jackson ImmunoResearch).  Mouse CXCL1 staining was 

performed using rat anti-mouse CXCL1 primary antibody (R&D), followed by 

Alexa Fluor 488 goat anti-rat IgG secondary antibody (Life Technologies). 

Safranin Orange staining 

Human or mouse cartilage paraffin sections were deparaffinised as described in 

Materials and Methods. Sections were incubated with 0.2% Safranin Orange in 

acetate buffer for 13 minutes at room temperature, washed in distilled water, 

100% ethanol and xylene and mounted in DPX. 

 

 

 



Supplementary figures 

 

Supplementary Figure 1. (A) Immunofluorescence staining comparison of CXCL8 

(green) in healthy cartilage and preserved areas of OA cartilage. Nuclei are stained using 

propidium iodide. Scale bar, 100µm. (B) Safranin orange staining of healthy articular 

cartilage and preserved areas of OA articular cartilage. Scale bar, 100µm. (C) 

Immunofluorescence staining of mouse CXCL1 (green) in articular cartilage from sham 

and DMM operated mouse articular cartilage. Nuclei are stained using DAPI (blue). 

Scale bar, 100µm. (D) Real time RT-PCR for CXCL8 mRNA in early and late passage 

human articular chondrocytes (n = 3), **P < 0.01 by paired t-test. 

 

 

 
 

Supplementary Figure 2. (A) Histological comparison of 10 week old CXCR2- /- mouse 

articular cartilage to wild type controls stained using Safranin orange. Scale bar, 200µm. 

(B, C) Immunofluorescence staining and quantification of type II collagen and type X 

collagen (green) in unchallenged wild type and CXCR2-/- articular cartilage. Nuclei are 

stained using DAPI (blue). Scale bar, 100µm. 



 
 

Supplementary Figure 3. Immunofluorescence staining of phospho-AKT (473) (red) in 

wild type sham operated control and DMM operated knees 8 weeks following surgery. 

Nuclei are stained using DAPI (blue). Scale bar, 100µm. 

 

 
 

 

Supplementary Figure 4. (A) Quantification of TUNEL postive chondrocytes in 

superfical and deep zones of articular cartilage of unchallenged wild type and CXCR2-/- 

mice (n = 4). (B) Quantification of TUNEL positive in vitro cultured chondrocytes from 

wild type and CXCR2-/- mice (n = 4). 

 

 



Supplementary Figure 5. (A) Immunohistochemical staining for Ly-6B.2 in hind paws of 

hTNFtg mutant mice. Scale bar, 100µm (B) Immunohistochemical staining for Ly-6B.2 

in knee joints of wild type and CXCR2-/- mice 8 weeks following DMM surgery. Scale 

bar, 100µm. 

 

 


