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Chondrocytic ephrin B2 promotes cartilage destruction by
osteoclasts in endochondral ossification
Stephen Tonna1,2, Ingrid J. Poulton1, Farzin Taykar1, Patricia W. M. Ho1, Brett Tonkin1, Blessing Crimeen-Irwin1,
Liliana Tatarczuch3, Narelle E. McGregor1, Eleanor J. Mackie3, T. John Martin1,2 and Natalie A. Sims1,2,*

ABSTRACT
The majority of the skeleton arises by endochondral ossification,
whereby cartilaginous templates expand and are resorbed by
osteoclasts then replaced by osteoblastic bone formation. Ephrin
B2 is a receptor tyrosine kinase expressed by osteoblasts and growth
plate chondrocytes that promotes osteoblast differentiation and
inhibits osteoclast formation. We investigated the role of ephrin B2 in
endochondral ossification using Osx1Cre-targeted gene deletion.
NeonatalOsx1Cre.Efnb2Δ/Δ mice exhibited a transient osteopetrosis
demonstrated by increased trabecular bone volume with a high
content of growth plate cartilage remnants and increased cortical
thickness, but normal osteoclast numbers within the primary
spongiosa. Osteoclasts at the growth plate had an abnormal
morphology and expressed low levels of tartrate-resistant acid
phosphatase; this was not observed in more mature bone. Electron
microscopy revealed a lack of sealing zones and poor attachment of
Osx1Cre.Efnb2Δ/Δ osteoclasts to growth plate cartilage. Osteoblasts
at the growth plate were also poorly attached and impaired in their
ability to deposit osteoid. By 6 months of age, trabecular bone mass,
osteoclast morphology and osteoid deposition by Osx1Cre.Efnb2Δ/Δ

osteoblasts were normal. Cultured chondrocytes from Osx1Cre.
Efnb2Δ/Δ neonates showed impaired support of osteoclastogenesis
but no significant change in Rankl (Tnfsf11) levels, whereas
Adamts4 levels were significantly reduced. A population of
ADAMTS4+ early hypertrophic chondrocytes seen in controls was
absent from Osx1Cre.Efnb2Δ/Δ neonates. This suggests that
Osx1Cre-expressing cells, including hypertrophic chondrocytes,
are dependent on ephrin B2 for their production of cartilage-
degrading enzymes, including ADAMTS4, and this might be
required for attachment of osteoclasts and osteoblasts to the
cartilage surface during endochondral ossification.

KEY WORDS: Ephrin B2, Osteoclast, Chondrocyte, Osteoblast,
Endochondral ossification, Sp7, Mouse

INTRODUCTION
Endochondral ossification is the process by which the majority of
the skeleton develops. In this process, the cartilage model enlarges
by chondrocyte proliferation, until it reaches a size where the central
chondrocytes undergo hypertrophy. Two processes then take place:
the periosteal bone collar is deposited by osteoblasts around the
diaphysis (mid-shaft), and cartilage and hypertrophic chondrocytes

are gradually destroyed by osteoclasts (bone-resorbing cells). The
resulting cartilage remnants are gradually replaced with bone by
repeated cycles of resorption by osteoclasts followed by osteoblastic
bone formation; this process continues throughout skeletal growth.
It has been suggested that mechanisms controlling osteoclast
generation and activity at the growth plate may be distinct from
those that exist on bone surfaces during adulthood (Poulton et al.,
2012; Touaitahuata et al., 2014), but these remain poorly defined.

Ephrin B2 is a tyrosine kinase that is expressed in the skeleton in
osteoblasts (bone-forming cells), matrix-embedded osteocytes and
osteoclasts (Zhao et al., 2006; Allan et al., 2008). Its expression by
osteoblasts is rapidly upregulated by parathyroid hormone (PTH)
and the related protein (PTHrP; also known as PTHLH) (Allan et al.,
2008). The interaction of ephrin B2 with Eph receptor B4 (EPHB4)
restricts the ability of bone surface osteoblasts to support osteoclast
formation (Takyar et al., 2013). This interaction also promotes
osteoblast differentiation (Takyar et al., 2013) and prevents their
apoptosis (Tonna et al., 2014). This is required for bone to be
mineralised at the normal rate, thereby contributing to bone strength
(Tonna et al., 2014) and, at least in part, mediating the anabolic
effect of pharmacological PTH (Takyar et al., 2013; Tonna and
Sims, 2014; Tonna et al., 2014).

Osteoblasts and chondrocytes are derived from a common
precursor pool, and although it was originally thought that they
are separate lineages, more recent studies indicate plasticity and
transdifferentiation between these two cell types (Yang et al., 2014a,
b; Zhou et al., 2014; Park et al., 2015). Both ephrin B2 and EPHB4
are detected in proliferating and hypertrophic chondrocytes at the
growth plate (Wang et al., 2014), during fracture healing (Ito et al.,
2006), in articular cartilage (Othman-Hassan et al., 2001), and in the
ATDC5 chondrocyte cell line (Ito et al., 2006; Wang et al., 2014).
At the growth plate, ephrin B2 and EPHB4 protein levels are
reported to be lower in the absence of IGF1 (Wang et al., 2014), a
factor that promotes chondrocyte proliferation during longitudinal
bone growth downstream of growth hormone (Sims et al., 2000).
Although pharmacological inhibition of ephrin B2/EPHB4
signalling in osteoblasts promoted RANKL (also known as
TNFSF11) production and support of osteoclast formation
(Takyar et al., 2013), the same reagent suppressed osteoclast
formation when supported by chondrocytes (Wang et al., 2014).
This latter effect appeared to be independent of RANKL production
(Wang et al., 2014). This suggested that ephrin B2 regulates
osteoclast formation by restraining the expression of RANKL in
osteoblasts but promoting a RANKL-independent action that
supports osteoclastogenesis in chondrocytes.

In this study, we targeted the deletion of ephrin B2 (Efnb2) to
chondrocytes and osteoblasts in a mouse model (Osx1Cre.Efnb2Δ/Δ),
and found that these mice exhibit a neonatal osteopetrosis due to
impaired osteoclastogenesis specifically at the growth plate. This
points to a novel role for ephrin B2 in the chondrocyte that is requiredReceived 27 April 2015; Accepted 24 December 2015
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for osteoclastogenesis and cartilage destruction during endochondral
ossification.

RESULTS
Increased trabecular bone volume due to impaired
osteoclast activity
von Kossa staining revealed substantially higher trabecular bone
mass, including the presence of intact chondrocyte stacks (green
boxes, Fig. 1A), in 2-day-old Osx1Cre.Efnb2Δ/Δ mice as compared
with controls comprising wild-type mice (Efnb2w/w), mice
harbouring Osx1Cre but lacking the Efnb2-loxP transgene
(Osx1Cre.Efnb2w/w), and mice expressing two copies of the
Efnb2-loxP transgene (Efnb2f/f ). Histomorphometric analysis
(Fig. 1B) confirmed a significantly higher trabecular bone volume
(BV/TV) and trabecular number (Tb.N) in Osx1Cre.Efnb2Δ/Δ

femora compared with littermate controls, consistent with
osteopetrosis (Fig. 1B). Trabecular thickness (Tb.Th) and
trabecular separation were both significantly less than in controls.
No significant effect of the Osx1Cre transgene on trabecular bone
structure was detected. Similar observations were made in distal
tibiae, proximal femur and distal femur (data not shown).
Osteopetrosis in Osx1Cre.Efnb2Δ/Δ neonatal mice was further

indicated by Safranin O staining, which showed excessive cartilage
remnants within the neonatal femoral diaphysis compared with
Efnb2f/f littermates (Fig. 2A). There was also very little osteoid
matrix on cartilage surfaces near the growth plate in Osx1Cre.
Efnb2Δ/Δ (Fig. 2A). This is consistent with their low trabecular
thickness, and suggests impaired osteoblast function. Although
cartilage remnants within the trabecular bone were more abundant,
the width of the hypertrophic zone was not significantly greater in
neonatal Osx1Cre.Efnb2Δ/Δ mice compared with controls [mean
hypertrophic zone width (μm)±s.e.m.: Osx1Cre.Efnb2w/w, 120±8
(n=8); Osx1Cre.Efnb2Δ/Δ, 156±20 (n=6); P=0.089].
Staining for the osteoclastic marker enzyme tartrate-resistant acid

phosphatase (TRAP; also known as ACP5) of Osx1Cre.Efnb2Δ/Δ

osteoclasts nearer to the growth plate revealed abnormal
morphology and less intense TRAP staining compared with
controls (Fig. 2B). When quantified at the chondro-osseous

junction (Fig. 2C), the total number of osteoclasts was not
significantly different between Osx1Cre.Efnb2Δ/Δ and Efnb2f/f

controls, but most of the Osx1Cre.Efnb2Δ/Δ osteoclasts on the
cartilage surface (chondroclasts) were small and rounded (<15 μm2)
(Fig. 2B,C). These small osteoclasts were not observed in sections
from control mice, or in theOsx1Cre.Efnb2Δ/Δmetaphysis. On bone
surfaces in this region, Osx1Cre.Efnb2Δ/Δ osteoclasts were of
normal size and stained intensely for TRAP (Fig. 2C). This suggests
altered osteoclast attachment or differentiation inOsx1Cre.Efnb2Δ/Δ

mice specifically on cartilage surfaces at the growth plate.

Greater cortical thickness in neonatal Osx1Cre.Efnb2Δ/Δ

mice
Analysis by microCT indicated increased material density and
greater cortical thickness of the diaphyseal cortical bone in
Osx1Cre.Efnb2Δ/Δ femora (Fig. 3A) compared with Efnb2f/f

controls. When quantified, expression of the Osx1Cre transgene
caused a significantly greater (15%) cortical thickness compared
with non-Cre-expressing littermate controls (Fig. 3B). The
Osx1Cre.Efnb2Δ/Δ mice showed a still greater cortical thickness
than Osx1Cre transgenics (Fig. 3B), indicating either reduced
resorption or greater bone formation in the diaphysis of these
mice.

Defective osteoclast and osteoblast morphology visualised
by electron microscopy
Electron microscopy of osteoclasts at the chondro-osseous junction
confirmed their defective morphology (Fig. 4A,B). Osteoclasts
from Osx1Cre.Efnb2Δ/Δ mice showed convoluted nuclear
membranes and more heterochromatin than Efnb2w/w, Efnb2f/f and
Osx1Cre.Efnb2w/w osteoclasts (Fig. 4A,B). Osx1Cre.Efnb2Δ/Δ

osteoclasts were smaller, and their contact with the cartilage
matrix was less than that observed in Efnb2w/w, Efnb2f/f and
Osx1Cre.Efnb2w/w controls. Sealing zones and ruffled membranes,
which form when osteoclasts attach to the bone surface and are
required for acidification of the local environment and bone
resorption, respectively, were readily observed in Efnb2w/w,
Efnb2f/f and Osx1Cre.Efnb2w/w (control) samples (Fig. 4B), but

Fig. 1. Increased trabecular bone mass in neonatal
Osx1Cre.Efnb2Δ/Δ mice. (A) von Kossa-stained images
of the distal tibiae of 3.5-day-old Osx1Cre.Efnb2Δ/Δ mice
(far right), littermate Efnb2f/f controls, and age-matched
wild-type (Efnb2w/w) and Osx1Cre.Efnb2w/w littermate
controls. Green boxes indicate remnant chondrocyte
stacks; the white box indicates the region used for
histomorphometry. Scale bars: 50 μm.
(B) Histomorphometry of the distal tibiae. Trabecular
bone volume (BV/TV), trabecular number (Tb.N),
trabecular thickness (Tb.Th) and trabecular separation
(Tb.Sp) were assessed in Osx1Cre.Efnb2Δ/Δ mice (far
right bar), littermate Efnb2f/f controls, and age-matched
Efnb2w/w and littermate Osx1Cre.Efnb2w/w mice at 2.5-
3.5 days of age. Data are expressed as a percentage of
values obtained in Cre-negative littermates calculated
within each litter to account for slight differences in age;
error bars indicate s.e.m. *P<0.05, **P<0.01, ***P<0.001
versus all controls. n=5Efnb2w/w, n=9Osx1Cre.Efnb2w/w,
n=5 Efnb2f/f and n=6 Osx1Cre.Efnb2f/f.
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were not detected in Osx1Cre.Efnb2Δ/Δ osteoclasts (Fig. 4B, right).
This altered morphology is consistent with impaired resorption.
Osteoblast morphology was also notably different in Osx1Cre.

Efnb2Δ/Δ mice compared with Efnb2w/w, Efnb2f/f and Osx1Cre.
Efnb2w/w controls (Fig. 4C). As previously observed in adult mice
(Tonna et al., 2014), osteoblasts from neonatal Osx1Cre.Efnb2Δ/Δ

mice displayed very little contact with each other or with the
cartilage surface. Neonatal Osx1Cre.Efnb2Δ/Δ osteoblasts also
displayed more heterochromatin, less endoplasmic reticulum and
more apoptotic osteoblasts than controls, as previously observed
(Tonna et al., 2014). All these features of osteoblasts in neonatal
Osx1Cre.Efnb2Δ/Δ mice are consistent with impaired function,
including the low level of osteoid deposition observed in the
neonatal sections.

Reduced support of osteoclast formation by ephrin B2-
deficient chondrocytes
To determine whether the impaired osteoclast formation in
Osx1Cre.Efnb2Δ/Δ mice resulted from reduced chondrocytic
support of osteoclast formation, we co-cultured Osx1Cre.Efnb2Δ/Δ

chondrocytes with osteoclast precursors from C57BL/6 mice and
treated them with 1,25-dihydroxyvitamin D3 to stimulate osteoclast
formation. Osx1Cre.Efnb2Δ/Δ chondrocytes showed a reduced
capacity to support osteoclast formation compared with control
Efnb2f/f chondrocytes (Fig. 5A), consistent with the defective
osteoclast formation observed at the chondro-osseous junction
in vivo.

Altered differentiation of Osx1Cre.Efnb2Δ/Δ chondrocytes
Osx1Cre.Efnb2Δ/Δ chondrocytes showed normal Efnb2 mRNA
levels at day 7, but, consistent with increased osterix (Sp7)
expression at day 21, Efnb2 mRNA levels at day 21 were
significantly lower in Osx1Cre.Efnb2Δ/Δ than in Efnb2f/f

chondrocytes (Fig. 5B), consistent with previous reports of
Osx1Cre expression in these cells (Rodda and McMahon, 2006;
Maes et al., 2010; Chen et al., 2014). Osx1Cre.Efnb2Δ/Δ

chondrocytes also showed significantly higher Col10a1 but lower
osteopontin (Spp1) mRNA levels at day 21 compared with the
Efnb2f/f control, suggesting an alteration in the normal pattern of
chondrocytic gene expression in Efnb2-deficient chondrocytes in

Fig. 2. Accumulation of cartilage remnants, lack of osteoid, and defective osteoclast formation at the chondro-osseous junction in Osx1Cre.Efnb2Δ/Δ

mice. (A) Safranin O/Fast Green staining of femora from 3.5-day-old Osx1Cre.Efnb2Δ/Δ and Efnb2f/f littermates showing metaphyseal cartilage remnants
(orange; extent marked with dashed line on the left) in Osx1Cre.Efnb2Δ/Δ femora. Boxes indicate approximate regions shown at high magnification on the right.
Arrows indicate osteoid deposition (turquoise) on cartilage within the primary spongiosa in Efnb2f/f but a lack of osteoid in Osx1Cre.Efnb2Δ/Δ samples. (B) TRAP
staining of 3.5-day-old Osx1Cre.Efnb2Δ/Δ and Efnb2f/f littermates indicates altered osteoclast morphology at the growth plate in Osx1Cre.Efnb2Δ/Δ samples. co,
chondro-osseous junction; m, metaphysis; d, diaphysis. (C) Quantification of large (>15 μm2) and small (<15 μm2) TRAP-positive osteoclasts at the growth
plate chondro-osseous junction and in the diaphysis ofOsx1Cre.Efnb2Δ/Δ andEfnb2f/f littermates at 2.5-3.5 days of age. *P<0.05 versusEfnb2f/f (large), **P<0.01
versus Efnb2f/f (small). n=6 Efnb2w/w and n=7 Osx1Cre.Efnb2f/f. Scale bars: 50 μm.

Fig. 3. Increased cortical thickness in Osx1Cre.Efnb2Δ/Δ mice.
(A) Images showing X-ray attenuation of 3.5-day-old Efnb2f/f and
Osx1Cre.Efnb2Δ/Δ littermates (two per genotype). The scale on
the left shows the X-ray attenuation gradient. (B) Mean cortical
thickness (Ct.Th) of Osx1Cre.Efnb2Δ/Δ mice (far right bar),
littermate Efnb2f/f controls, and age-matched Efnb2w/w and
littermate Osx1Cre.Efnb2w/w mice at 2.5-3.5 days of age. Data are
the mean percentage of Cre-negative littermate Ct.Th; error bars
indicate s.e.m. *P<0.05, ***P<0.001 versus Cre-negative control;
#P<0.05 versus Osx1Cre.Efnb2w/w. n=6 Efnb2w/w, n=9 Osx1Cre.
Efnb2w/w, n=9 Efnb2f/f and n=6 Osx1Cre.Efnb2f/f.
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culture. There was no significant alteration in the mRNA levels of
Rankl (Tnfsf11) or its decoy receptor Opg (Tnfrsf11b) (Fig. 5B).
Hypertrophic chondrocytes also promote the destruction of

growth plate cartilage by expression of a number of catabolic
enzymes, including the matrix metalloproteinases (MMPs) MMP13
(Johansson et al., 1997) and MMP9 (Shinoda et al., 2008;
Golovchenko et al., 2013) and the aggrecanases ADAMTS4 and
ADAMTS5 (Glasson et al., 2004; Rogerson et al., 2008). We
reasoned that, since ephrin B2 deletion was targeted to osteoblasts
and chondrocytes, the lack of cartilage destruction in Osx1Cre.
Efnb2Δ/Δ mice might relate to reduced production of these proteins
by hypertrophic chondrocytes. Whereas no changes in Mmp13,
Mmp9 or Adamts5mRNAwere detected (Fig. 5B; data not shown),
Adamts4 levels were ∼50% lower in Osx1Cre.Efnb2Δ/Δ cultured
chondrocytes at 21 days compared with control (Fig. 5B).
Immunohistochemical staining for ADAMTS4 showed strong

staining in resting chondrocytes and osteoblasts in both Osx1Cre.
Efnb2Δ/Δ and Efnb2f/f femora and tibiae (distal tibiae shown in
Fig. 6A,B). A similar proportion of resting chondrocytes stained
positively for ADAMTS4 (Fig. 6C,D), and in both Osx1Cre.
Efnb2Δ/Δ and Efnb2f/f femora and tibiae ADAMTS4 was not
detected in proliferating chondrocytes. The pattern of ADAMTS4
staining differed in more mature chondrocytes. In Efnb2f/f growth
plates, early hypertrophic chondrocytes showed positive
intracellular staining for ADAMTS4, whereas late hypertrophic
chondrocytes showed little to no stain (Fig. 6E). However, in
Osx1Cre.Efnb2Δ/Δ growth plates no ADAMTS4 staining was
detected in early hypertrophic chondrocytes, and very few late
hypertrophic chondrocytes were positive for this antigen.

ADAMTS4 was only detected in those hypertrophic chondrocytes
located at the chondro-osseous junction in Osx1Cre.Efnb2Δ/Δ

growth plates (Fig. 6F). IgG control sections were clear of
staining (Fig. 6G).

Resolution of the osteopetrotic phenotype by 6 weeks of age
We previously reported that 12-week-old Osx1Cre.Efnb2Δ/Δ mice do
not exhibit osteopetrosis, suggesting resolution of this phenotype. To
determine when this transition occurs, we assessed whether the
neonatal osteopetrosis of Osx1Cre.Efnb2Δ/Δ mice was detectable at
6 weeks of age. MicroCT and histomorphometric analysis of
Osx1Cre.Efnb2Δ/Δ and Osx1Cre.Efnb2f/f mice at 6 weeks of age
revealed no significant differences in trabecular structure or in the
numbers of osteoclasts (NOc/BPm) or osteoblasts (NOb/BPm), nor
was there any detectable difference in the abundance of cartilage
remnants (Table 1). As observed at 12 weeks, the mineral
appositional rate was significantly reduced (Table 1), confirming
this functional defect in bone mineralisation. Consistent with the
resolution of osteopetrosis, no differences were observed in the width
of the growth plate [mean growth plate width (μm)±s.e.m. (n=6-9/
group): Osx1Cre.Efnb2Δ/Δ, 117±9; Osx1Cre.Efnb2w/w, 109±6], nor
of the proliferating or hypertrophic zones [proportion of hypertrophic
zone to proliferating zone (%±s.e.m.): Osx1Cre.Efnb2Δ/Δ, 46.7±6.4;
Osx1Cre.Efnb2w/w, 43.5±4.9] at 6 weeks of agew/w. Surprisingly,
although the osteopetrosis was rescued by this stage of growth,
osteoclasts at the chondro-osseous junction still displayed a defective
morphology as visualised by electron microscopy (data not shown),
further indicating that the defective support of osteoclastogenesis was
specific to the growth plate region. At 6 weeks of age, osteoblast

Fig. 4. Altered osteoclast and osteoblast attachment to cartilage inOsx1Cre.Efnb2Δ/Δ mice. Electron microscopy images from neonatal controls (Efnb2w/w,
Efnb2f/f and Osx1Cre.Efnb2w/w) showing osteoclasts (oc) and their sealing zones (sz) abutting cartilage matrix (cg) (A,B), and osteoblasts (ob) with abundant
intercellular attachment and attachment to osteoid (os) on the cartilage surface (C). By contrast (far right), neonatal Osx1Cre.Efnb2Δ/Δ samples (littermates to
Osx1Cre.Efnb2w/w) show osteoclasts adjacent to cartilage, their lack of sealing zones, and apoptotic osteoblasts not attached to the bone surface. Scale bars:
1.9 μm in A; 3.3 μm in B; 0.5 μm in C.
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morphology was partially recovered compared with control mice,
with osteoblasts showing improved attachment to each other;
attachment to bone surfaces was still impaired, some osteoblasts
showed distended endoplasmic reticulum, and more apoptotic
osteoblasts were observed than usual, as previously reported in 9-
and 12-week-old mice (Tonna et al., 2014).

DISCUSSION
This work reveals a novel and necessary function for ephrin B2
signalling in chondrocytes during bone development. The data
suggest that ephrin B2 expression by hypertrophic chondrocytes is

required for their expression of genes that promote cartilage
degradation, such as Adamts4. This preparation of the cartilage
matrix might promote the attachment and activity of osteoclasts,
which resorb cartilage matrix, and osteoblasts, which form bone on
cartilage remnants in vivo. Such a mechanism of cartilage matrix-
mediated control of osteoclast attachment might be involved in
transient forms of osteopetrosis in the neonatal skeleton and might
regulate endochondral fracture healing.

Neonatal Osx1Cre.Efnb2Δ/Δ mice exhibited a significant
osteopetrosis that was most notable in the first few days after
birth. While chondrocyte morphology appeared normal, the

Fig. 5. Osx1Cre.Efnb2Δ/Δ chondrocytes exhibit
less support of osteoclastogenesis and altered
gene expression, including low Adamts4.
(A) Osteoclasts [TRAP+ were multinucleated cells
(MNC)] generated from C57BL/6 bone marrow
macrophages cultured with differentiatedEfnb2f/f and
Osx1Cre.Efnb2Δ/Δ primary chondrocytes and treated
with 1,25-dihydroxyvitamin D3. Data are mean±s.e.
m. from three independent cultures. (B) Gene
expression of Efnb2f/f andOsx1Cre.Efnb2Δ/Δ primary
chondrocytes at days 7 and 21 of differentiation.
Shown are osterix (Sp7), ephrin B2 (Efnb2), collagen
X (Col10a1), osteopontin (Spp1), Adamts4,
Adamts5, Rankl (Tnfsf11) andOpg (Tnfrsf11b). Data
are the mean±s.e.m. of the ratio to the geometric
mean of Hprt1 and B2m from three biological
replicates. *P<0.05, ***P<0.001 versus Cre-negative
Efnb2f/f cells at the same time point (genotype
effect).

Fig. 6. ADAMTS4 immunohistochemistry in neonatal Efnb2f/f

andOsx1Cre.Efnb2Δ/Δ proximal tibiae. (A,C,E,G)Efnb2f/f; (B,D,
F) Osx1Cre.Efnb2Δ/Δ. (A,B) Low magnification images showing
the overall staining pattern and the regions selected for high
magnification. (C,D) Higher magnification images of the upper
boxes in A and B, respectively, showing resting and articular
chondrocytes. (E,F) Higher magnification images of the lower
boxes in A and B, respectively, showing of the base of the
proliferating zone through to the chondro-osseous junction.
Examples of stained cells are indicated with arrows. (G) IgG
control section of an Efnb2f/f femur showing the base of the
proliferating zone through to the chondro-osseous junction. Scale
bars: 100 μm in A,B; 50 μm in C-G.
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destruction of calcified matrix surrounding hypertrophic
chondrocytes was delayed. Impaired destruction of cartilage
during endochondral ossification is a hallmark of osteopetrosis,
regardless of whether it is caused by impaired osteoclast formation
or a defect in osteoclast function (Del Fattore et al., 2008). The
combination of a high level of cartilage remnants in the presence of
normal osteoclast numbers, as seen in the Osx1Cre.Efnb2Δ/Δ mice,
is similar to what has been observed in mice in which osteoclast
function is impaired, either due to poor acidification or low enzyme
activity, such as in Acp5 (TRAP) (Hayman et al., 1996), Atp6i
(Tcirg1) (Li et al., 1999) or Clc7 (Clcn7) (Neutzsky-Wulff et al.,
2010) null mice, or when osteoclast attachment is disrupted, as in
Src (Soriano et al., 1991) and Pyk2 (Ptk2b) (Gil-Henn et al., 2007)
null mice. Cartilage remnants within trabecular bone are also
observed in humans with osteopetrosis due to defective osteoclast
function (Blair et al., 2009). Since osteoclast number was normal in
Osx1Cre.Efnb2Δ/Δ mice, we suggest that ephrin B2 expression in
Osx1Cre-expressing cells is required for the normal function of
osteoclasts at the developing growth plate.
Defective osteoclast function in these mice was a surprising

observation since Efnb2 gene recombination was directed with
Osx1Cre, which targets the osteoblast lineage and prehypertrophic
and hypertrophic chondrocytes (Rodda and McMahon, 2006; Maes
et al., 2010). In these mice, Efnb2 mRNA levels were reduced in
osteoblasts (Tonna et al., 2014) and chondrocytes (current work),
and we previously confirmed that Efnb2 mRNA levels are not
altered in osteoclast precursors or differentiated osteoclasts
generated from Osx1Cre.Efnb2Δ/Δ mice (Tonna et al., 2014). This
suggests that osteoblasts or chondrocytes that lack ephrin B2
may lack some mechanism of supporting osteoclast activity,
particularly near the growth plate. Since the bone matrix is
appropriately resorbed as the mice age, we suggest that the defect
rests within the mineralised cartilage deposited by ephrin B2-
deficient chondrocytes.
Osteoblast attachment observed by electron microscopy of the

cartilage remnants was defective in Osx1Cre.Efnb2Δ/Δ mice in
neonatal bone, as we previously observed in adults (Tonna et al.,
2014). In remodelling trabecular bone, which was assessed in adult
Osx1Cre.Efnb2Δ/Δ mice, osteoid volume was significantly increased
due to delayed mineralisation (Tonna et al., 2014). By contrast, in the
neonatal growth plate, where osteoblasts attach to and form osteoid on

a cartilage template, Osx1Cre.Efnb2Δ/Δ osteoblasts showed defective
osteoid deposition (Fig. 6). This suggests that the same changes in
cartilage composition that impair osteoclast attachment in this region
may also impair the attachment and function of osteoblasts. By
contrast, during bone remodelling in adult Osx1Cre.Efnb2Δ/Δ mice,
osteoblasts work on a bone surface to which they are capable of
attaching (Fig. 6); it is their maturation to late stages, including
osteocytes, that leads to defective mineralisation of the osteoid, as
observed both at 6 and 12 weeks of age.

To determine how chondrocytes support cartilage destruction, we
focused on two possible activities: the support of osteoclast
formation by Efnb2-deficient chondrocytes, and their expression
of cartilage-degrading enzymes. Co-culture of differentiated
primary chondrocytes from Osx1Cre.Efnb2Δ/Δ mice showed
impaired support of osteoclast formation, as we previously
observed with osteoblasts derived from mice of the same
genotype (Tonna et al., 2014). This was also consistent with the
work of others showing that specific inhibition of the ephrin B2-
EPHB4 interaction with the TNYL-RAW peptide inhibited
osteoclast formation supported by the ATDC5 chondrocyte cell
line (Wang et al., 2014). Surprisingly, mRNA levels for RANKL, a
ligand that supports osteoclast formation and is expressed by
hypertrophic chondrocytes (Kartsogiannis et al., 1999), and for the
RANKL decoy receptor OPG were unchanged. This supports a
model whereby the ephrin B2/EPHB4 role in chondrocytic support
of osteoclastogenesis is independent of the RANKL/OPG system,
as previously suggested (Wang et al., 2014). We hypothesized that
enzymatic degradation of the cartilage matrix may also play a role in
the osteoclastic destruction of cartilage surrounding hypertrophic
chondrocytes.

Chondrocytes from the Osx1Cre.Efnb2Δ/Δ mice exhibited a
number of changes in gene expression and an altered pattern of
ADAMTS4 staining. Collagen X and osteopontin levels normally
increase with chondrocyte hypertrophy (Lian et al., 1993), but their
co-regulation was disrupted in Osx1Cre.Efnb2Δ/Δ chondrocytes:
Col10a1 levels were elevated but osteopontin levels were reduced,
suggesting disruption of the normal profile of hypertrophic gene
expression. Since Adamts4 is upregulated in hypertrophic
chondrocytes (Lian et al., 1993; Glasson et al., 2004), the low
level of Adamts4 mRNA that we observe in Osx1Cre.Efnb2Δ/Δ

chondrocytes is more likely to reflect a delay in chondrocyte

Table 1. Structural and histomorphometric analysis of female 6-week-old Osx1Cre.Efnb2Δ/Δ and Osx1Cre.Efnb2w/w littermates

MicroCT (femur)

BV/TV (%) Tb.N (/mm) Tb.Th (μm) Tb.Sp (μm) Ct.Th (μm) Ec.Ci (mm) Ps.Ci (mm) MoI (mm4)

Osx1Cre.Efnb2w/w 12.8±0.9 2.18±0.14 58.3±0.5 267.5±23.6 140.2±3.3 1.82±0.03 5.87±0.16 0.229±0.013
Osx1Cre.Efnb2Δ/Δ 13.0±0.8 2.27±0.12 57.2±0.6 234.5±10.8 124.9±3.3** 1.77±0.02 5.51±0.07* 0.189±0.010**

Histomorphometry (tibia) – osteoblasts and bone formation

OV/BV (%) OTh (μm) OS/BS (%) ObS/BS (%) NOb/BPm (/mm) MAR (μm/day) MS/BS (%) BFR/BV (%/day)
Osx1Cre.Efnb2w/w 3.80±0.68 3.23±0.72 17.5±3.3 22.8±4.7 14.7±2.7 2.50±0.11 36.5±5.0 6.67±0.54
Osx1Cre.Efnb2Δ/Δ 3.33±0.65 2.76±0.21 17.5±2.6 22.9±3.5 13.6±2.1 1.89±2.10** 41.9±3.9 5.76±0.47

Histomorphometry (tibia) – osteoclasts

OcS/BS (%) NOc/BPm (/mm) CtgV/BV (%)
Osx1Cre.Efnb2w/w 16.0±3.4 3.18±0.60 7.17±3.23
Osx1Cre.Efnb2Δ/Δ 18.7±2.0 3.85±0.47 8.81±1.14

Shown are histomorphometry data for the proximal tibiae and microCT of the distal femur: trabecular bone volume (BV/TV), trabecular number (Tb.N), trabecular
thickness (Tb.Th), trabecular separation (Tb.Sp), cortical thickness (Ct.Th), endocortical circumference (Ec.Ci), periosteal circumference (Ps.Ci), moment of
inertia (MoI), osteoid volume/bone volume (OV/BV), osteoid thickness (OTh), osteoid surface/bone surface (OS/BS), osteoblast surface/bone surface (ObS/BS),
osteoblast number per unit bone perimeter (NOb/BPm), mineral appositional rate (MAR), mineralising surface/bone surface (MS/BS), bone formation rate/bone
volume (BFR/BV), osteoclast surface/bone surface (OcS/BS), osteoclast number per unit bone perimeter (NOc/BPm), volume of cartilage remnants within the
trabecular bone (CtgV/BV); n=6-12/group, mean±s.e.m. *, P<0.05, **, P<0.01 vs Osx1Cre.Efnb2w/w.
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hypertrophy in the absence of ephrin B2 than direct regulation by
osteopontin, particularly since exogenous treatment with this
protein is reported to suppress Adamts4 expression (Gao et al.,
2015). A full understanding of the changes in gene expression in
Osx1Cre.Efnb2Δ/Δ chondrocytes would require a non-biased
approach, such as a microarray study of micro-dissected mRNA
from these mutant growth plates.
Hypertrophic chondrocytes also express metalloproteinases and

aggrecanases (Johansson et al., 1997; Glasson et al., 2004; Shinoda
et al., 2008; Golovchenko et al., 2013) and there are several lines of
evidence indicating that these regulate osteoclast activity during
endochondral ossification. Mice carrying a collagen mutation
rendering it resistant to collagenases show impaired osteoclastic
resorption of growth plate cartilage (Chiusaroli et al., 2003), while
Mmp13 null mice show impaired osteoclast attachment in
endochondral fracture healing (Holliday et al., 1997; Kosaki et al.,
2007). ADAMTS4 has previously been detected in hypertrophic
chondrocytes at the growth plate of adult mice (Glasson et al.,
2004), in osteoblasts in developing limbs (Nakamura et al., 2005)
and is elevated during endochondral fracture healing (Wang et al.,
2006). Our detection of ADAMTS4 in ∼60% of resting
chondrocytes and in early hypertrophic chondrocytes suggests
that it may play a role in degradation of the cartilage matrix during
neonatal bone development.
In cultured ephrin B2-deficient chondrocytes we observed

significantly lower Adamts4 mRNA levels compared with control
cells at day 21 of differentiation. Although ADAMTS4
immunohistochemical staining was strong in osteoblasts and in a
proportion of resting chondrocytes in Osx1Cre.Efnb2Δ/Δ limbs, no
clear ADAMTS4 staining was detected in early hypertrophic
chondrocytes. By contrast, only hypertrophic chondrocytes at the
chondro-osseous junction were positive for ADAMTS4. This
provides another indication of altered chondrocyte differentiation,
and suggests that delayed ADAMTS4 expression may play a role in
the impaired cartilage degradation/resorption in the absence of ephrin
B2. Although mice deficient in Adamts4 have previously been
reported to have no gross developmental defect (Glasson et al., 2004),
a phenotype such as that we describe here in Osx1Cre.Efnb2Δ/Δ mice
would not be detected by a screen for gross morphological changes.
Our findings suggest that cartilage degradation by chondrocytes

is required to prepare the cartilage matrix for osteoclast attachment
and resorptive activity. This is consistent with similar activities in
bone, where collagenase prepares bone surfaces for osteoclastic
attachment and subsequent resorption (Chambers et al., 1985;
Chambers and Fuller, 1985). Several outcomes of this action have
been proposed: first, that osteoclasts attach more strongly to
degraded collagen matrix; second, that fragments of degraded
collagen ‘activate’ osteoclasts to resorb bone (Holliday et al., 1997).
We suggest that similar mechanisms, initiated by chondrocytic
enzyme production, may play a similar role to mediate osteoclast
attachment to growth plate cartilage in the hypertrophic zone.
The osteopetrosis of neonatal Osx1Cre.Efnb2Δ/Δ mice had fully

resolved by 6 weeks of age, consistent with our previous
observation that 12-week-old Osx1Cre.Efnb2Δ/Δ mice have
normal trabecular bone mass (Tonna et al., 2014). Osteopetrosis
varies widely in its aetiology, and forms that resolve before puberty
have been described in rats and human (Marks, 1973; Monaghan
et al., 1991; Cielinski and Marks, 1995; Del Fattore et al., 2008),
although no mechanism for this spontaneous resolution is known.
One common element of these self-resolving forms of osteopetrosis
is a defect in osteoclast enzyme function. The low level of TRAP
staining observed in Osx1Cre.Efnb2Δ/Δ osteoclasts on cartilage is

consistent with this, and the altered osteoclast morphology is
strikingly similar to observations made in the transient osteopetrosis
of the microphthalmia rat model (Cielinski and Marks, 1994).
Notably, TRAP staining in the diaphysis, where osteoclasts attach to
bone, was normal, consistent with previous observations in adult
mice (Tonna et al., 2014). Thus, the resolution of transient
osteopetrosis in humans and other mammals might be explained
by the lesser contribution of resorption of growth plate cartilage to
trabecular bone mass with age, as longitudinal growth declines.

The contrast between the normal trabecular bone mass at 6 weeks
and the development of a high-bone-mass phenotype in female
Osx1Cre.Efnb2Δ/Δ mice at 26 weeks of age (Tonna et al., 2014) is
also likely to relate to altered contributions of endochondral
ossification and bone remodelling to trabecular bone mass with age
(Fig. 7). Trabecular bone mass in neonatal mice reflects the process
of endochondral ossification, where resorption of cartilage
templates is necessary for subsequent osteoblast-mediated bone
formation. Impaired osteoclast activity at this age leads to
osteopetrosis, characterised by high trabecular number but low
trabecular thickness. In the adult mouse, as well as the contribution
of endochondral ossification to bone mass being lower, trabecular
bone mass is measured in the secondary spongiosa. This region does
not exist in the neonatal mouse, and its trabecular bone volume
depends on the balance between bone formation by osteoblasts and
bone resorption by osteoclasts. During the transition period (6 and
12 weeks of age), both endochondral ossification and remodelling
contribute to bone mass. We suggest that, in the Osx1Cre.Efnb2Δ/Δ

mice, the low level of osteoid deposition on the cartilage template
leads to normal trabecular bone mass by 6 weeks of age. In the
secondary spongiosa of 12-week-old Osx1Cre.Efnb2Δ/Δ mice,
osteoclast numbers are low and bone mineralisation is delayed,
with a slight imbalance leading to a gradual accumulation of bone
mass in this region that is not detected until 26 weeks of age. A
phenotype with different effects on bone mass in the primary versus
the secondary spongiosa, due to different control mechanisms in
these regions, has been reported previously (Poulton et al., 2012).

Another region in which the bone phenotype differed
significantly between the adult and neonatal mouse was the
cortical bone. Neonatal Osx1Cre.Efnb2Δ/Δ mice showed thicker
cortical bone than their control littermates, but by 6 weeks of age the
cortical thickness was low due to impaired periosteal expansion.
The latter finding is consistent with our previous observations in
older adult mice (Tonna et al., 2014). During bone development the
cortical bone forms and narrows as osteoclasts resorb cartilage from
the centre of the anlagen. Impaired osteoclast activity, as observed in
neonatal Osx1Cre.Efnb2Δ/Δ mice, results in a lack of resorption of
the primary ossification centre and a delay in the reduction of
cortical width. As the mice age, cortical bone thickens through
periosteal growth, a process that is impaired in Osx1Cre.Efnb2Δ/Δ

mice. As in the trabecular bone, cortical bone development and
cortical expansion are differently affected by the deletion of ephrin
B2 in osteoblasts and chondrocytes.

Ephrin B2 is thought to depend on cell-cell contact for signalling
(Pasquale, 2010). Although extensive cell-cell contact exists within
the osteocyte network (Buenzli and Sims, 2015) and between bone-
forming osteoblasts, and contact-dependent mechanisms are
recognised to control bone formation (Tonna and Sims, 2014), it
is not clear how membrane-bound ephrin B2 could influence cell
function in chondrocytes since these cells are isolated from each
other by the cartilaginous matrix. There are two possibilities: ephrin
B2 might be capable of autocrine signalling through EPHB4, which
is also expressed by hypertrophic chondrocytes (Wang et al., 2014);
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alternatively, there might be cell-cell contact between hypertrophic
chondrocytes. However, although prehypertrophic chondrocytes
express the gap junction components connexin 43 (Gja1) and
pannexin 3 (Schwab et al., 1998; Iwamoto et al., 2010; Bond et al.,
2011), gap junctions between growth plate chondrocytes have not
been observed in situ.
In conclusion,Osx1Cre-targeted deletion of ephrin B2 results in a

transient neonatal osteopetrosis caused by a region-specific defect in
osteoclast attachment and activity. This points to a role for cartilage-
specific factors, including ADAMTS4, in controlling osteoclastic
resorption during endochondral bone development.

MATERIALS AND METHODS
Animals
Animal procedures were approved by the St Vincent’s Health Melbourne
Animal Ethics Committee. Tg(Sp7-tTA,tetO-EGFP/cre)1Amc (Osx1-GFP::
Cre) mice backcrossed onto C57BL/6 were generated as previously
described (Tonna et al., 2014) by crossing Tg(Sp7-tTA,tetO-EGFP/
cre)1Amc (Rodda and McMahon, 2006) and Efnb2tm1And mice (Gerety and
Anderson, 2002). Except where noted, all controls are littermates, since
neonatal mice change their bone structure in a matter of hours. Since
perinatal mice grow rapidly, and theOsx1Cre transgene has been reported to
influence bone structure (Davey et al., 2012; Huang and Olsen, 2015), three
parallel breeding colonies were used: (1) Efnb2f/f breeders hemizygous for
Osx1Cre, to provide neonatalOsx1Cre.Efnb2Δ/Δ and Efnb2f/f littermates; (2)
wild-type breeders from the same colony that were hemizygous for
Osx1Cre, to provide neonatal Osx1Cre.Efnb2w/w and wild-type littermates;
and (3) Osx1Cre.Efnb2w/f breeders to generate Osx1Cre.Efnb2Δ/Δ and
Osx1Cre.Efnb2w/w littermates for analysis at 6 weeks of age. For
chondrocyte cultures, breeding colony 1 was used as the most practical
way to provide littermate controls and limit wastage of animals; the lack of

Osx1Cre.Efnb2w/w littermate cultures might limit the interpretation of those
data.

Histology and histomorphometry
Neonatal hind leg and 6-week-old tibia samples were fixed in 4%
paraformaldehyde and embedded in methylmethacrylate (Sims et al.,
2000) and 5 µm sections were stained with von Kossa, Toluidine Blue,
Xylenol Orange or Safranin O/Fast Green as previously described (Poulton
et al., 2012). Histomorphometric analysis using OsteoMeasure
(OsteoMetrics) was carried out in the proximal tibia, commencing
370 µm from the start of the mineralising zone of the growth plate on
Toluidine Blue-stained sections, as previously described (Walker et al.,
2008). For analysis of neonatal mice, to correct for slight differences in age
that may exist between the litters, all histomorphometric data are presented
as a percentage of data obtained from Osx1Cre-negative littermate controls.
Since Osx1Cre mice have been reported to exhibit a neonatal phenotype
(Huang and Olsen, 2015), we also examined age-matched wild-type and
Osx1Cre littermates. Hypertrophic zone width was measured at the centre of
the distal femoral growth plates; two sections per mouse were evaluated
across 370 μm, avoiding the sides closest to the edge of the bone. No
significant alterations in raw BV/TV values were observed between Efnb2-
loxP mice and age-matched wild-type controls (data not shown). All
histomorphometric data include all mice (at least one per genotype per litter)
from three litters; n=5-9 per group, including a mixture of male and female
neonatal mice.

Micro-computed tomography (microCT)
Ex vivo microCT was performed on femoral specimens using a SkyScan
1076 system (Bruker). Images were acquired with a 0.5 mm aluminium filter
at 9 μm pixel size, 50 kV and 100 μA. Houndsfield unit (HU) calibration
setting was 125,000 and rotation 0.5°. For neonatal bones, images were
reconstructed using NRecon (version 1.6.3.1) with a dynamic image range

Fig. 7. Phenotypic differences between neonatal and adult Osx1Cre.Efnb2Δ/Δ mice. (A) In neonatal mice, osteoclasts resorb cartilage (orange) surrounding
the hypertrophic chondrocytes, and osteoblasts lay down new osteoid on template that remains for the trabecular network. (B) In neonatalOsx1Cre.Efnb2Δ/Δmice,
osteoclast and osteoblast attachment to the cartilage surface is defective. Defective osteoclast activity leads to an increase in cartilage remnants and a high
volume of mineralised bone and cartilage. In addition, owing to poor osteoblast attachment and apoptosis (shaded cells), very little osteoid is deposited. (C) In
trabecular remodelling – a process that occurs in the secondary spongiosa (red box) – osteoclast and osteoblast activities determine trabecular structure. (D) In
adult Osx1Cre.Efnb2Δ/Δ mice there are fewer osteoclasts. This lack of resorption, and defective mineralisation caused by osteoblast and osteocyte apoptosis
(shaded cells), were associated with a gradual accumulation of trabecular bone.

655

RESEARCH ARTICLE Development (2016) 143, 648-657 doi:10.1242/dev.125625

D
E
V
E
LO

P
M

E
N
T



of 0-0.06. DataViewer (version 1.4.4) was used to reorient images, and
pseudocoloured images of the whole femur were obtained by volume
rendering (CTvox version 2.4.0). The transfer function components (red,
green, blue and opacity) were adjusted to the same settings for all samples.
CTan (version 1.11.8.0) was used for femoral trabecular analysis; the
trabecular region of interest (ROI) was taken as 20% of the total bone length
commencing at a site 40% proximal to the distal end. For samples from 6-
week-old mice, microCT of the distal femora was performed as previously
described (Takyar et al., 2013).

Immunohistochemistry
Hindlimbs from neonatal mice were fixed, decalcified and embedded in
paraffin and used for immunohistochemistry as previously described (Sims
et al., 1997) with the following modifications. Endogenous peroxidase was
inhibited with 0.3% hydrogen peroxide (Merck) in PBS for 30 min, then
blockedwith5%normal goat serum in1%BSA/PBS.Sectionswere incubated
overnight with 1:100 rabbit anti-ADAMTS4 (ab28285, Abcam) in 1% BSA/
PBS, followedby6 µg/ml biotinylated goat anti-rabbit IgG (DakoCytomation)
for 1 h and 1.6 mg/ml streptavidin-HRP (DakoCytomation) in PBS for
30 min. ADAMTS4-positive cells were visualised with 0.5 mg/ml
diaminobenzidine (Sigma) in PBS, then lightly counterstained with
Haematoxylin before dehydration and coverslipping. Four hindlimb sections
of each genotype, including both femur and tibia, from two independent litters
were assessed. Immunohistochemical staining was carried out on two separate
occasions on all sections, and IgG controls were included.

Electron microscopy
Femurs from 1.5- to 2.5-day-old Efnb2w/w, Efnb2f/f, Osx1Cre.Efnb2Δ/Δ and
Osx1Cre.Efnb2w/w mice (n=3 each) were fixed for a minimum of 24 h in
Karnovsky’s fixative. Samples were post-fixed in 1% osmium tetroxide/
1.5% potassium ferrocyanide for 5 h and embedded in Spurr’s resin.
Ultrathin sections were stained with uranyl acetate/Reynold’s lead citrate
and examined with a Philips 300 transmission electron microscope at 60 kV
as previously described (Tonna et al., 2014).

Primary chondrocytes
Primary chondrocytes were generated from the rib cages of 2.5- to 4.5-day-
old Osx1Cre.Efnb2Δ/Δ and Efnb2f/f littermates using previously described
methods (Gosset et al., 2008), with the following modifications. The
immature chondrocytes were seeded at a density of 30,000 cells/well into a
3.5 cm plate (Corning) in complete medium (DMEM+10% FBS) and left
overnight at 37°C in 5% CO2. The following day, the plates were placed in
1% O2, 5% CO2 and 94% N2 within a sealed hypoxia chamber (Billups-
Rothenberg) at 37°C. Cells were then differentiated for 21 days in
chondrocyte differentiation media (Gosset et al., 2008).

Chondrocytic support of osteoclast formation was assessed by co-culture
of primary chondrocytes and bone marrow macrophages from C57BL/6
mice (Masuyama et al., 2006) using primary chondrocytes generated as
above. To ensure that ephrin B2 had been downregulated, chondrocytes
were first differentiated in chondrocyte differentiation media for 21 days at
1% O2, 5% CO2 and 94% N2, as above, then transferred to 37°C under 5%
CO2 for co-culture with bone marrow macrophages.

RNA extraction and RT-PCR
Total RNA was extracted from primary chondrocytes and quantitative
RT-PCR was performed using previously described methods (Tonna
et al., 2014). Primers are listed in Table S1. Data shown in Fig. 5B were
calculated by normalising to the geometric mean of the two housekeeping
genes Hprt1 and B2m using the ΔCt method, and fold-change calculations
using the ΔΔCt method were performed as previously described (Chia et al.,
2015).

Statistical methods
All statistical tests were carried out using Prism 6. Data shown in Fig. 1B,
Fig. 3B and Fig. 5B were analysed by two-way ANOVA. Data shown in
Fig. 2C, Fig. 5A and Table 2 were analysed by Student’s t-test. P<0.05 was
considered significant.
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