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Abstract
Dysregulation of Wnt signaling has been implicated in developmental defects and in the pathogenesis of many diseases such
as osteoarthritis; however, the underlying mechanisms are poorly understood. Here, we report that non-canonical Wnt
signaling induced loss of chondrocyte phenotype through activation of Fz-6/DVL-2/SYND4/CaMKIIα/B-raf/ERK1/2
cascade. We show that in response to Wnt-3a, Frizzled 6 (Fz-6) triggers the docking of CaMKIIα to syndecan 4 (SYND4)
and that of B-raf to DVL-2, leading to the phosphorylation of B-raf by CaMKIIα and activation of extracellular signal-
regulated kinase 1 and 2 (ERK1/2) signaling, which leads to chondrocyte de-differentiation. We demonstrate that CaMKIIα
associates and phosphorylates B-raf in vitro and in vivo. Our study reveals the mechanism by which non-canonical Wnt
activates ERK1/2 signaling that induces loss of chondrocyte phenotype, and demonstrates a direct functional relationship
between CaMKIIα and B-raf during chondrocyte de-differentiation. The identification of Fz-6, SYND4, and B-raf as novel
physiological regulators of chondrocyte phenotype may provide new potential anti-osteoarthritic targets.

Introduction

Wnts signal through multiple pathways [1, 2], the best
characterized of which is the Wnt/β-catenin signaling, also
known as the “canonical” pathway. Canonical Wnt signaling
is initiated by binding of Wnt proteins to a Frizzled-LRP5/6
receptor complex [3]. This leads to activation of the protein
Disheveled (Dsh/DVL) and inhibition of phosphorylation
events that otherwise target β-catenin for proteasomal
destruction, resulting in its stabilization in the cytoplasm.
The stabilized β-catenin accumulates and translocates to the
nucleus, where it interacts with transcription factors of the
T-cell-specific transcription factor/lymphoid enhancer-
binding factor family to activate the transcription of target
genes [4]. In contrast to the above mechanism, Wnts can
instead activate other signaling pathways referred to as

“non-canonical”, which does not involve stabilization of β-
catenin such as the planar cell polarity pathway [5] and the
Ca2+/CaMKII pathways [2, 6]. Recently, several studies
connect Wnt signaling with bone disease, osteoarthritis
(OA), and cancer [7–9]; therefore, understanding their
complex signaling mechanisms and biological roles is of
wide interest.

Besides Wnts, the syndecans (SYNDs) are a family
of four (transmembrane) TM proteoglycans, which control
cell proliferation, adhesion, and migration [10, 11]. Of
mammalian SYND family members, SYND4 acts as
co-receptors for growth factors and transduces signals via
the intracellular domain, by interacting with numerous
effectors [11].

In the cartilage, SYND4 seems to be induced specifically
in hypertrophic chondrocytes and its expression is elevated
in human OA cartilage [12, 13]. In addition, SYND4-null
mice were shown to develop less severe OA-like cartilage
destruction [13].

In this study, we report that non-canonical Wnt-3a sig-
naling induces loss of chondrocyte phenotype through
activation of Fz-6/DVL-2/SYND4/CaMKIIα/B-raf/ERK1/2
cascade. We show that SYND4 docks CaMKIIα and DVL-
2 interacts with B-raf in a Wnt-dependent manner, leading
to activation of B-raf by CaMKIIα and to de-differentiation
of chondrocytes. To our knowledge, this is the first report
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describing the partners and the interactions between them
and other components of the non-canonical Wnt/ERK1/2
pathway and provides molecular insights for non-canonical
Wnt-driven chondrocyte de-differentiation. It also reveals a
physiological function of SYND4 and CaMKIIα in this
process.

Results

Non-canonical Wnt/ERK1/2 signaling mediates
chondrocyte de-differentiation

Wnt-3a is expressed in the cartilage and has an established
role in OA [14]. We first investigated the effect of Wnt-3a
on the expression of chondrocyte-lineage markers COL2A1,
SOX9, and aggrecan in human primary chondrocytes and
articular cartilage explants. The expression of COL2A1,
SOX9, and aggrecan was decreased by Wnt-3a in cartilage
explants (Fig. 1a). We also found that the expression of the
hypertrophy marker RUNX2 was increased (Fig. 1a).
Similar results were obtained with human primary chon-
drocytes (data not shown). These results indicate that Wnt-
3a activates de-differentiation of articular chondrocytes.
Accordingly, treatment of human primary chondrocytes
with Wnt-3a produced a shift from round and polygonal
cells to fibroblast-like cells (Fig. 1b). We next investigated
whether Wnt-3a mediates loss of chondrocyte phenotype
through canonical Wnt pathway. Knockdown of β-catenin
failed to rescue the Wnt-3a down-regulation of COL2A1
(Fig. 1c), indicating that Wnt-3a regulates COL2A1 through
β-catenin-independent pathway and suggests that down-
regulation of COL2A1 expression and loss of chondrocyte
phenotype by Wnt-3a is mediated through non-canonical
Wnt signaling pathway in human primary chondrocytes.

It has been shown that Wnt-3a also signals through β-
catenin-independent mechanisms to mediate distinct phy-
siologically relevant responses [15, 16]. Wnt-3a activates
extracellular signal-regulated kinase 1 and 2 (ERK1/2)
signaling in primary chondrocytes. As shown in Fig. 1d, the
phospho-ERK (p-ERK) level was increased in a time-
dependent manner starting within 5 min of the treatment
with Wnt-3a and last over 2 h. Co-treatment with the MEK
inhibitor, U0126, abrogated the activation of ERK1/2
pathway by Wnt-3a (Fig. 1e). To determine whether non-
canonical Wnt/ERK1/2 pathway mediates Wnt-3a-induced
down-regulation of COL2A1, we analyzed the effect of
inhibition of Wnt-3a-induced activation of ERK1/2 on
COL2A1 expression. Interestingly, inhibition of ERK1/2
pathway rescued Wnt-3a-induced down-regulation of
COL2A1 (Fig. 1f), thus revealing that Wnt-3a inhibits the
expression of COL2A1 through activation of ERK1/2
pathway. Consistent with this finding, knockdown of ERK2

(Fig. 1g) reverted the effect of Wnt-3a on the expression of
COL2A1 (Fig. 1h), confirming the key role of ERK1/2 in
Wnt-3a-induced down-regulation of COL2A1 and chon-
drocyte de-differentiation.

DVL-2 docks B-raf to activate Wnt/ERK1/2 signaling

To investigate the molecular mechanisms involved in the
activation of ERK1/2 by Wnt-3a, we explored the role of
DVLs. DVL is a key component of both canonical and non-
canonical Wnt signaling pathways and, depending on the
cellular context, specifically activates each Wnt signaling
branch [17]. Mammalian DVLs include three isoforms,
DVL-1, DVL-2, and DVL-3 [18–20]. Analysis of their
expression by Western blotting showed that DVL-3 is the
most abundant DVL expressed in human primary chon-
drocytes, whereas DVL-1 is the least abundant (Fig. 2a). In
order to determine the role of DVLs in Wnt-3a-induced de-
differentiation of chondrocytes, we knocked down each of
DVLs individually (Fig. 2b–d) and evaluated the effect on
Wnt-3a-induced decrease in the expression of COL2A1 and
activation of ERK1/2 signaling. DVL-2 knockdown not
only prevented down-regulation of COL2A1 by Wnt-3a but
also promoted its expression (Fig. 2e). The knockdown of
DVL-1 and DVL-3 did not prevent Wnt-3a-induced down-
regulation of COL2A1, instead silencing of DVL-1
potentiates it (Fig. 2e). These results indicate that DVL-2
mediates Wnt-3a down-regulation of COL2A1 and suggests
that, in chondrocytes, non-canonical Wnt pathway signal
through DVL-2. Next, we asked whether DVL-2 silencing
affects activation of ERK1/2 in response to Wnt-3a.
Although Wnt-3a induces the activation of ERK1/2 signal-
ing, it failed to stimulate this pathway in chondrocytes made
deficient in DVL-2 (Fig. 2f). The knockdown of DVL-2
provoked a decline, rather than increase in ERK1/2 acti-
vation in response to Wnt-3a, indicating that DVL-2 is
essential for the activation of ERK1/2 signaling by Wnt-3a.

DVL-2 is the scaffold protein that relays Wnt signaling
by bridging receptor and adaptor proteins [21, 22];
therefore, we performed co-immunoprecipitation assays
to analyze whether DVL-2 interacts with B-raf which
transduces signals to MEK and ERK1/2 MAPK. Co-
immunoprecipitation with anti-B-raf-specific antibodies
showed that DVL-2 associates with B-raf and this occurs
only in the presence of Wnt-3a (Fig. 3a); therefore,
revealing that B-raf interacts with DVL-2 in Wnt-dependent
manner. To determine whether recruitment of DVL-2 to the
membrane is required for DVL-2 interaction with B-raf, we
used a DVL-2 mutant lacking the DEP domain (Flag-DVL-
2Δ361–736) that is important for membrane recruitment
[23]. We stimulated cells containing the Flag-tagged wild-
type or Δ361–736 mutant of DVL-2 with Wnt-3a and then
immunoprecipitated B-raf with specific antibodies. As

Wnt and chondrocyte de-differentiation 1443



Fig. 1 Wnt-3a induces loss of
chondrocyte phenotype via a
β-catenin-independent pathway.
a Wnt-3a down-regulates the
expression of COL2A1, aggrecan,
and SOX9 and up-regulates that of
RUNX2 in human cartilage
explants (n= 5), as evaluated by
Q-PCR. Values were normalized
for the housekeeping gene
ribosomal protein S29 and are
expressed as relative expression
compared with control. b Primary
human chondrocyte morphology
under invert microscope (×10).
With Wnt-3a treatment, round
and polygonal chondrocytes were
shifted to fibroblast-like cells. c
Fold changes of COL2A1 mRNA
expression normalized to control
in primary chondrocytes
transfected with siRNA to
β-catenin or siRNA control (Si-
control) and treated with either
Wnt-3a or vehicle (n= 3).
d Detection of phosphorylated
and total ERK1/2 in human
primary chondrocytes treated with
either Wnt-3a or vehicle for
different time points. β-Actin was
used as a loading control (n= 3).
e Detection of phosphorylated and
total ERK1/2 in human primary
chondrocytes treated with Wnt-3a
or vehicle, in the presence or
absence of MEK1/2 inhibitor
U0126. β-Actin was used as a
loading control (n= 3). f Fold
changes of COL2A1 mRNA
expression normalized to control
in primary chondrocytes pre-
treated with the MEK1/2 inhibitor
U0126 and treated with either
Wnt-3a or vehicle (n= 3).
g Detection of MAPK1 and
MAPK3 in primary chondrocytes
transfected with siRNA specific to
MAPK1 (Si-MAPK1), MAPK3
(Si-MAPK3), or siRNA control
(Si-control). β-Actin was used as
a loading control (n= 3). h Fold
changes of COL2A1 mRNA
expression normalized to control
in primary chondrocytes
transfected with siRNA specific to
MAPK1, MAPK3, or siRNA
control and treated with either
Wnt-3a or vehicle (n= 4). One
representative blot of three
independent experiments is
shown. Data are expressed as
mean± S.D. of separate
experiments. Statistical analysis
was performed with an unpaired
Student’s t test (*p< 0.05;
**p< 0.01)
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shown in Fig. 3b, the Wnt-3a-dependent binding between
DVL-2 and B-raf was observed only in the presence of
Wnt-3a in cells expressing the wild-type DVL-2, but not in
the DVL-2 (Δ361–736) mutant. These results indicate that
DVL-2 interaction with B-raf requires the presence of the
DEP domain and suggest that recruitment of DVL-2 to the
membrane is critical for DVL-2 docking of B-raf. Taken
together, these data strongly suggest that activation of

ERK1/2 pathway by Wnt-3a is regulated through recruit-
ment of DVL-2 to the plasma membrane and docking of B-
raf. Next, we analyzed whether B-raf was activated by Wnt-
3a and found that phosphorylation of B-raf was markedly
increased in a time-dependent manner (Fig. 3c), indicating
that Wnt-3a activates B-raf in chondrocytes. To investigate
the role of B-raf in Wnt-3a-induced activation of
ERK1/2 signaling pathway, we stimulated chondrocytes

Fig. 2 DVL-2 mediates non-canonical Wnt-induced ERK1/2 activa-
tion and down-regulation of COL2A1 expression. a Detection of
total DVL subtypes. β-actin was used as a loading control
(n= 3). b Detection of DVL-1, c DVL-2 and d DVL-3 in human
primary chondrocytes with or without transfection with siRNA specific
to DVL-1 (Si-DVL-1), DVL-2 (Si-DVL-2), DVL-3 (Si-DVL-3), or
siRNA control (Si-control). β-Actin was used as a loading control (n
= 3). e Fold changes of COL2A1 expression normalized to control in
primary chondrocytes transfected with siRNA specific to DVL-1,
DVL-2, DVL-3, or siRNA control and treated with Wnt-3a (n= 3).

f Detection of phosphorylated and total ERK1/2 in primary chon-
drocytes transfected with siRNA specific to DVL-1, DVL-2, DVL-3,
or siRNA control and treated or not with Wnt-3a or vehicle. β-Actin
was used as a loading control (n= 3). Q-PCR values were normalized
for the housekeeping gene ribosomal protein S29 and are expressed as
the relative expression compared with control. One representative blot
of three independent experiments is shown. Data are expressed as
mean± S.D. Statistical analysis was performed with an unpaired
Student’s t test (*p< 0.05; **p< 0.01)
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containing the wild-type or D594V kinase-dead mutant of
B-raf with Wnt-3a and then analyzed the phosphorylation of
ERK1/2. As shown in Fig. 3d, forced expression of wild-
type B-raf increased the phosphorylation of ERK1/2, which
was increased further in response to Wnt-3a. In contrast,
expression of D594V mutant significantly reduced basal
activation of ERK1/2 and prevented the activation of
ERK1/2 by Wnt-3a (Fig. 3e), indicating that B-raf

mediates Wnt-3a-induced activation of ERK1/2 signaling
pathway.

Ca2+/CaMKII mediates non-canonical Wnt activation
of ERK1/2

To determine whether Wnt-3a activates the non-canonical
Ca2+/CaMKII-dependent pathway in chondrocytes, we

Fig. 3 Wnt-3a induces the
docking of B-raf to DVL-2 and
activates B-raf to transduce
signal to ERK1/2. a Detection of
DVL-2 and B-raf in cell lysates
of primary chondrocytes treated
with Wnt-3a or vehicle after
immunoprecipitation with anti-
B-raf antibodies. Total cell
lysates were analyzed by
immunoblot with anti-DVL-2
and anti-B-raf antibodies. β-
Actin was used as a loading
control (n= 3). b Detection of
Flag-tagged DVL-2 and B-raf
proteins in cell lysates of
primary chondrocytes,
transfected with expression
vector for Flag-tagged wild-type
DVL-2 or Flag-DVL-2
(Δ361–736) and treated with
Wnt-3a or vehicle, after
immunoprecipitation with anti-
B-raf antibodies. Total cell
lysates were analyzed by
immunoblot with anti-Flag and
anti-B-raf antibodies. β-Actin
was used as a loading control
(n= 3). c Detection of
phosphorylated and total B-raf
in primary chondrocytes treated
with Wnt-3a or vehicle for
different time points. β-Actin
was used as a loading control
(n= 3). d Detection of
phosphorylated and total ERK1/
2 and B-raf in primary
chondrocytes transfected with
either empty vector or wild-type
B-raf-expressing vector and
treated with Wnt-3a or vehicle.
β-Actin was used as a loading
control (n= 3). e Detection of
phosphorylated and total ERK1/
2 and B-raf in primary
chondrocytes transfected with
either empty vector or with the
vector expressing the dead
mutant of B-raf (D594V) and
treated with Wnt-3a or vehicle.
β-Actin was used as a loading
control (n= 3). One
representative blot of three
independent experiments is
shown
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analyzed the phosphorylation status of CaMKIIα and found
that treatment with Wnt-3a induced the phosphorylation of
CaMKIIα (p-CaMKIIα) (Fig. 4a). To explore whether cal-
cium mobilization is involved in the activation of ERK1/2
pathway by Wnt-3a, intracellular Ca2+ accumulation was
monitored in primary chondrocytes treated or not with
Wnt-3a. The results showed that Wnt-3a induced Ca2+

mobilization which was efficiently blocked by pertussis
toxin (PTX), a G-protein inhibitor (Fig. 4b). Western blot
analysis of the phosphorylation status of CaMKIIα and
ERK1/2 showed that PTX markedly reduced Wnt-3a-
induced activation of both CaMKIIα and ERK1/2
(Fig. 4c). In line with this, PTX prevented down-regulation
of COL2A1 by Wnt-3a (Fig. 4d). These results suggest that

Fig. 4 Wnt-3a activates
CaMKIIα and ERK1/2, and
down-regulates COL2A1 in a
G-protein-dependent manner.
a Detection of phosphorylated
and total CaMKIIα in primary
chondrocytes treated with Wnt-
3a or vehicle for different time
points. β-Actin was used as a
loading control (n= 3). b
Calcium mobilization in primary
chondrocytes pre-treated by the
G-protein inhibitor PTX or
vehicle and then with Wnt-3a
(n= 3). (c) Detection of
phosphorylated CaMKIIα (p-
CaMKIIα) and phosphorylated
ERK1/2 (p-ERK1/2) and total
CaMKIIα and ERK1/2 in
primary chondrocytes pre-
treated with PTX or vehicle and
treated with Wnt-3a. β-Actin
was used as a loading control
(n= 3). d Fold changes of
COL2A1 expression normalized
to control in primary
chondrocytes pre-treated with
PTX or vehicle and treated with
Wnt-3a (n= 3). CaMKIIα
induced the activation of B-raf/
ERK1/2 signaling pathway.
e Detection of p-CaMKIIα,
phosphorylated B-raf (p-B-raf)
and p-ERK1/2 and of total
CaMKIIα, B-raf, and ERK1/2 in
primary chondrocytes pre-
treated with KN93, KN92, or
vehicle and treated with Wnt-3a.
β-Actin was used as a loading
control (n= 3). f Fold changes
of COL2A1 expression
normalized to control in primary
chondrocytes pre-treated with
KN93, KN92, or vehicle and
treated with Wnt-3a (n= 3).
Data are representative of at
least three experiments. Q-PCR
values were normalized for the
housekeeping gene ribosomal
protein S29 and are expressed as
relative expression compared
with control. Data are expressed
as mean± S.D. Statistical
analysis was performed with an
unpaired Student’s t test
(*p< 0.05; **p< 0.01)
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Wnt-3a induces loss of chondrocyte phenotype by activa-
tion of Ca2+/CaMKIIα/B-raf/ERK1/2 signaling pathway in
a G-protein-dependent manner.

Next, we examined the role of CaMKIIα in Wnt-3a-
induced activation of B-raf. To this end, chondrocytes were
pre-treated or not with CaMKII inhibitor KN93 or with
KN92, an analog of KN93, which does not inhibit CaMKII,
and then stimulated with Wnt-3a. Analysis of cell extracts
showed that not only KN93 prevented Wnt-3a-induced
activation of CaMKIIα but also prevented the activation of
B-raf and almost completely abrogated the activation of
ERK1/2 signaling by Wnt-3a (Fig. 4e). In contrast, KN92
did not prevent the activation by Wnt-3a of either CaM-
KIIα, B-raf, or ERK1/2 (Fig. 4e). These results indicate that
activation of B-raf and ERK1/2 signaling is CaMKIIα-
dependent, and consequently de-differentiation of chon-
drocytes induced by Wnt-3a is mediated by CaMKIIα. In
line with this, inhibition of CaMKIIα by ΚΝ93 prevented
down-regulation of COL2A1 by Wnt-3a, whereas treatment
with KN92 did not (Fig. 4f).

SYND4 docks CaMKIIα and interacts with DVL-2 to
induce Wnt/ERK1/2 signaling and chondrocyte de-
differentiation

To determine the role of SYND4 in non-canonical Wnt
pathway in primary chondrocytes, we performed loss of
function (Fig. 5a) and examined whether knockdown of
SYND4 affects the activation of ERK1/2 signaling by Wnt-
3a. As shown in Fig. 5b, knockdown of SYND4 prevents
the activation of B-raf and ERK1/2 by Wnt-3a, but did not
significantly affect the phosphorylation of CaMKIIα in
response to Wnt-3a. These results suggest that activation of
B-raf and ERK1/2 by Wnt-3a is SYND4-dependent,
whereas activation of CaMKIIα is not. Interestingly,
knockdown of DVL-2 strongly reduced the activation of
both B-raf/ERK1/2 and CaMKIIα by Wnt-3a (Fig. 5b)
arguing for a dependence of CaMKIIα activation by Wnt-3a
on DVL-2 but not on SYND4.

Given that activation of B-raf and ERK1/2 by Wnt-3a is
both SYND4- and CaMKIIα-dependent, we hypothesized
that SYND4 may relay Wnt signaling to B-raf and
ERK1/2 through interaction with CaMKIIα. Co-
immunoprecipitation assays were performed using extracts
from cells that have been transiently transfected with HA-
SYND4. The results clearly show that HA-SYND4 physi-
cally interacts with p-CaMKIIα (Fig. 5c). Interestingly, the
interaction between SYND4 and CaMKIIα was sig-
nificantly enhanced in the presence of Wnt-3a (Fig. 5c),
suggesting that SYND4 interacts with CaMKIIα in a Wnt-
3a-dependent manner. On the other hand, a potential
interaction between SYND4 and DVL-2 was examined
using extracts from chondrocytes that have been transfected

with Flag-DVL-2 and HA-SYND4. Interestingly, DVL-2
was co-immunoprecipitated with SYND4 (Fig. 5d), sug-
gesting that SYND4 interacts with DVL-2. SYND4 con-
tains a transmembrane (TM) domain and a cytoplasmic
(CT) domain and it is known that SYND4 normally trans-
duces signal through its CT domain [10, 24], we sought to
determine whether deletion of the CT domain of SYND4
(SYND4ΔCT) affects the Wnt-3a-mediated activation of B-
raf/ERK1/2 and CaMKIIα. As shown in Fig. 5e, Wnt-3a
failed to activate B-raf and ERK1/2 signaling in chon-
drocytes expressing SYND4ΔCT, whereas activation of
CaMKIIα is not affected. Taken together, these findings
suggest that the CT domain of SYND4 is required for Wnt-
3a-induced activation of B-raf and ERK1/2 through inter-
action of its CT domain with CaMKIIα.

CaMKIIα phosphorylates B-raf

We showed above that phosphorylation of B-raf by Wnt-3a
depends on CaMKIIα. Might B-raf be substrate for CaM-
KIIα? To investigate this hypothesis, we examined whether
CaMKIIα is able to physically interact with B-raf by per-
forming co-immunoprecipitation experiments. We stimu-
lated chondrocyte cells with Wnt-3a and then performed
immunoprecipitation with anti-B-raf-specific antibodies. As
shown in Fig. 6a, p-CaMKIIα interacts with B-raf and this
interaction was markedly increased by Wnt-3a. To further
confirm this interaction, we conducted co-
immunoprecipitation experiments in human embryonic
kidney 293 (HEK293) cells that express Flag-B-raf or
transfected with empty vector and subjected both to
immunoprecipitation with anti-Flag antibodies. After Wes-
tern blot analysis for CaMKIIα on these immunoprecipi-
tates, we found that endogenous CaMKIIα associates with
the anti-B-raf immunoprecipitation complex from cells
transfected with Flag-B-raf-expressing vector (Fig. 6b),
indicating that CaMKIIα associates with B-raf.

Noteworthy, the Ser445 residue of B-raf could be a
potential phosphorylation site for CaMKII based on the
consensus substrate recognition motif Hyd-X-R-NB-X-S/T-
Hyd for CaMKII [25] (Fig. 6c). An in vitro kinase assay
with a glutathione S-transferase (GST) fusion protein con-
taining B-raf kinase domain (amino acids 417–766)
expressed in E. coli and purified by immunoaffinity
(Fig. 6d–e) together with CaMKIIα and [γ-32P]ATP
revealed that B-raf was robustly phosphorylated by CaM-
KIIα, as assessed by radiography (Fig. 6f). To determine
whether the Ser445 was the phosphorylation site, we gen-
erated point mutation of Ser445 and discovered that
mutating Ser445 to alanine (S445A) markedly reduced
phosphorylation by CaMKIIα (Fig. 6f). Of note, mutation of
both the Ser445 and Ser446 residues to alanine (S445/
446A) reduces further the phosphorylation of B-raf
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Fig. 5 Syndecan 4 regulates
Wnt-3a-induced activation of
ERK1/2 signaling and interacts
with CaMKIIα and DVL-2. a
Fold changes in the mRNA
expression of SYND4 in
primary chondrocytes
transfected with siRNA to
SYND4 (Si-SYND4) or siRNA
control (Si-control) evaluated by
Q-PCR (n= 4). b Detection of
phosphorylated B-raf (p-B-raf),
phosphorylated CaMKIIα (p-
CaMKIIα), and phosphorylated
ERK1/2 (p-ERK1/2), and of
total B-raf, CaMKIIα, and
ERK1/2 in cell lysates of
primary chondrocytes
transfected with siRNA specific
to SYND4 (Si-SYND4), DVL-2
(Si-DVL-2), or siRNA control
(Si-control). β-Actin was used as
a loading control (n= 3). c
Detection of p-CaMKIIα and
HA-SYND4 in cell lysates of
primary chondrocytes,
transfected with either empty
vector (Native) or HA-SYND4-
expressing vector and treated
with Wnt-3a or vehicle, after
immunoprecipitation with anti-
HA antibodies. Total cell lysates
were analyzed by immunoblot
with anti-p-CaMKIIα and anti-
HA antibodies. β-Actin was
used as a loading control (n=
3). d Detection of HA-SYND4
and Flag-DVL-2 in cell lysates
of primary chondrocytes,
transfected with empty vector
(Native) or HA-SYND4-
expressing or Flag-DVL-2-
expressing vectors, after
immunoprecipitation with anti-
Flag antibodies. Total cell
lysates were analyzed by
immunoblot with anti-HA and
anti-Flag antibodies. β-Actin
was used as a loading control
(n= 3). e Detection of p-B-raf,
p-ERK1/2, and p-CaMKIIα, and
of total B-raf, ERK1/2, and
CaMKIIα in cell lysates of
primary chondrocytes
transfected either with empty
vector (Native) or HA-
SYND4ΔCT vector expressing
SYND4 deleted from the CT
domain and treated with Wnt-3a
or vehicle. β-Actin was used as a
loading control (n= 3)
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Fig. 6 CaMKIIα associates and
phosphorylates B-raf at Ser445.
a Detection of p-CaMKIIα and
B-raf in cell lysates of primary
chondrocytes treated with Wnt-
3a or vehicle after
immunoprecipitation with anti-
B-raf antibodies. Total cell
lysates were analyzed by
immunoblot with anti-p-
CaMKIIα and anti-B-raf
antibodies. β-Actin was used as
a loading control (n= 3). b
Detection of p-CaMKIIα and B-
raf in the lysate of HEK293 cells
transfected with empty vector
(Native) or Flag-B-raf-
expressing vector after
immunoprecipitation with Flag
antibodies. Total cell lysates
were analyzed by immunoblot
with anti-Flag and anti-p-
CaMKIIα antibodies. β-Actin
was used as a loading control
(n= 3). c Sequence of B-raf
peptides (438–453) containing
the CaMKIIα recognition
sequence RXXS. The CaMKIIα
phosphorylation site is shown in
red. d Brilliant Blue protein
staining of purified GST fusion
wild-type and B-raf mutants
expressed in E. coli. Arrow
indicates non-specific protein. e
Detection of GST fusion wild-
type and B-raf mutant proteins
purified from recombinant
bacterial extracts using anti-
B-raf antibodies. f
Autoradiography analysis of
GST fusion proteins that were
incubated with activated
CaMKIIα in the presence of
[γ-32P]ATP (32P). g Immunoblot
analysis with phospho-B-raf
(S445) antibodies of GST wild-
type and B-raf mutants that were
phosphorylated in vitro (p-B-raf)
with activated CaMKIIα,
unactivated CaMKIIα was used
as control. Total B-raf was
detected using anti-B-raf
antibodies. h Detection of
phospho-B-raf and total B-raf
and CaMKIIα in primary
chondrocytes transfected with
empty vector (Native), B-raf-
expressing vector, or co-
transfected with B-raf and
CaMKIIα (T286D) or with B-raf
S445-expressing and CaMKIIα-
expressing (T286D) vectors.
Immunoblots were probed with
anti-phospho-B-raf (S445), B-
raf, or CaMKIIα. β-Actin was
used as a loading control (n= 3)
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(Fig. 6f). To further confirm these results, we tested whether
phospho-specific antibodies to Ser445 are able to bind to the
activated B-raf. A kinase assay with CaMKIIα, ATP, and B-
raf or B-raf (S445A) followed by Western blot revealed that
the antibodies bind only to activated B-raf but not to B-raf
mutants S445A and S445/446A or unactivated B-raf
(Fig. 6g). To test whether phosphorylation of B-raf is
modulated by CaMKII in intact cells, we transfected wild-
type B-raf or B-raf S445A in HEK293 cells, and native
vector was used as the control. Immunoblots of cell lysates
probed with phospho-specific antibodies to S445 indicated
that B-raf was phosphorylated at Ser445 under basal con-
ditions (Fig. 6h). However, after co-transfection with con-
stitutively active form of CaMKIIα (T286D), the basal-level
phosphorylation of B-raf was significantly increased
(Fig. 6h), whereas no signal was observable with phospho-
deficient mutant (Fig. 6h). Taken together, these results
suggest that B-raf is phosphorylated at Ser445 residue by
CaMKIIα.

Frizzled 6-mediated non-canonical Wnt-3a/ERK1/
2 signaling and de-differentiation of chondrocytes

Frizzled (Fz) is a family of G-protein-coupled receptor
(GPCR) proteins that serves as receptors in the Wnt sig-
naling pathway. To address the question of which of the
known FZD genes could be involved in Wnt-3a activation
of Wnt non-canonical pathway, we first performed quanti-
tative real-time PCR (qRT-PCR) to monitor the expression
pattern of all genes encoding Wnt receptors in human pri-
mary chondrocytes. The result obtained showed that Fz-6
and Fz-8 are predominantly expressed in chondrocytes
compared to other Fz receptors (Fig. 7a). Given that non-
canonical Wnt-3a is characterized by the activation of
CaMKIIα and ERK1/2 and the inhibition of COL2A1 in the
human chondrocytes, we evaluated the impact of Fz-6
deficiency on this signaling pathway. The knockdown of
Fz-6 efficiently decreased its expression (Fig. 7b) and did
not impair Wnt-3a-induced up-regulation of the canonical
Wnt/β-catenin downstream target gene AXIN2 (Fig. 7c).
However, knockdown of Fz-6 abrogated Wnt-3a-induced
down-regulation of the non-canonical Wnt downstream
target gene COL2A1 (Fig. 7d). These data suggest that Fz-6
is not required for the activation of Wnt-3a canonical sig-
naling, but essential for the activation of non-canonical
signaling in chondrocytes. To further confirm these results,
we tested whether the knockdown of Fz-6 affects Wnt-3a-
induced stabilization of β-catenin and found that it has no
significant effect (Fig. 7e). Next, we examined whether
silencing of Fz-6 effects the activation of non-canonical
ERK1/2 signaling. Indeed, knockdown of Fz-6 prevents the
activation of ERK1/2 signaling by Wnt-3a and abrogates
the phosphorylation of CaMKIIα (Fig. 7f). These results

indicate that activation of CaMKIIα and ERK1/2 signaling
is no more modulated by Wnt-3a in chondrocytes that are
Fz-6-deficient. Taken together, these observations support
the conclusion that Fz-6 mediates non-canonical Wnt-3a-
induced de-differentiation of chondrocytes through activa-
tion of CaMKIIα/B-raf/ERK1/2 cascade.

Discussion

Loss of phenotypic stability of articular chondrocytes has
been proposed as an early event in the onset of OA disease
[26]. De-differentiation of chondrocytes occurs through a
programme with similarities to terminal differentiation of
chondrocytes (hypertrophy), as can be found in the growth
plate [27]. This triggers a disturbed cartilage homeostasis
favoring degenerative changes [27, 28]. Wnt signaling has a
pivotal role in regulating chondrocyte differentiation during
endochondral ossification and was also shown to play a
regulative role in OA cartilage [7, 29], leading to chon-
drocyte hypertrophic differentiation. Here, we demonstrated
that Wnt-3a-induced loss of chondrocyte phenotype is
mediated by Fz-6 through Ca2+/CaMKIIα-dependent acti-
vation of B-raf/ERK1/2 signaling pathway (Fig. 7g).
Indeed, knockdown of ERK1/2 or chemical inhibition of its
activation prevented Wnt-3a-induced hypertrophic de-
differentiation of chondrocytes, which is associated with
down-regulation of COL2A1 [30, 31], indicating that acti-
vation of ERK1/2 is a key event in Wnt-3a-induced loss of
chondrocyte phenotype.

An important issue we addressed here is the mechanism
of activation of ERK1/2 pathway by non-canonical Wnt
signaling, which promotes chondrocyte de-differentiation. It
has been shown that SYND4 is highly expressed in
hypertrophic chondrocytes during embryonic development
and during OA, suggesting a role in chondrocyte de-
differentiation. Interestingly, loss of SYND4 in mice pro-
tects from development of OA-like disease [13]. Accord-
ingly, we showed that knockdown of SYND4 reduced basal
activation of B-raf/ERK1/2 signaling and impaired its
activation by Wnt-3a in human primary chondrocytes.
SYND4 has been shown to interact with different partners
through its CT domain [11]. Interestingly, co-
immunoprecipitation studies revealed, for the first time,
that SYND4 interacts with p-CaMKIIα in a Wnt-dependent
manner. On the other hand, co-immunoprecipitation studies
revealed that DVL-2 docks B-raf in Wnt-dependent manner;
therefore, in the presence of Wnt ligand, interaction
between DVL-2 and SYND4 may promote assembly of
CaMKIIα and B-raf complex necessary to relay Wnt-3a
activation of ERK1/2 signaling pathway. In this case,
exploring whether B-raf can directly be activated by
CaMKIIα and transduces signals to MEK and ERK1/2
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MAPK is an important issue. Our findings show that
CaMKIIα phosphorylates B-raf in vitro, in heterologous
cells and in primary chondrocytes. Moreover, over-
expression of constitutively active CaMKIIα in hetero-
logous cells results in a substantial increase in B-raf
phosphorylation. Therefore, revealing for the first time that
CaMKIIα phosphorylates B-raf.

Wnt-3a is known to activate both canonical and non-
canonical Wnt signaling. One of the key questions is
whether individual Fz receptors can activate both pathways,
or if the simultaneous activation of canonical and CaMKIIα/
ERK1/2 pathways is mediated through Fz receptors with
different signaling specificity. We found that Fz-6 and Fz-8
are the most expressed Fz receptors in human chondrocytes.
It has been shown that Fz-6 did not activate the canonical
Wnt pathway following exposure to various Wnts, includ-
ing Wnt-3a in HEK293 cells [32]. We have examined the
role of the Wnt signaling receptor Fz-6 and demonstrated
that Fz-6 does not affect the activation of β-catenin pathway
as monitored by stabilization of β-catenin and expression of
the target gene AXIN2. In contrast, Fz-6 is critical for the
activation of non-canonical pathway as demonstrated by the
phosphorylation status of CaMKIIα and ERK1/2, and
down-regulation of COL2A1 following knockdown of Fz-6.

Fz proteins possess seven TM domains and their sig-
naling depend on heterotrimeric G proteins. Fzs are pre-
dicted to couple to members of the Gαi/o, Gαq and Gαs

families of G proteins, with Fz-6 predicted to interact solely
with members of Gαi/o family [33]. In mammalian cells,
Wnt-3a elicited Fz-dependent guanine-nucleotide exchange
on Go/i proteins, which is sensitive to PTX [34]. We
showed that inactivation of members of the Gαi/o family
with PTX, which decouples the Go/i proteins from their
receptors, markedly reduced Wnt-3a-induced activation of
CaMKIIα and ERK1/2 signaling and prevented down-
regulation of COL2A1 by Wnt-3a, indicating that Fz-6 acts
as Go/i-coupled GPCRs as suggested by Koval and Kata-
naev [34]. More recently, it has been shown that Fz-6
precouples to Gαi1 and Gαq but not GαoA, Gα12, and GαS
[35]. Gαi/o-coupled GPCRs typically reduce cAMP levels
through Gαi/o subunits and induce changes in intracellular
calcium [36]. We found that increasing the level of cAMP
by forskolin did not prevent the inhibition of COL2A1
expression by Wnt-3a (data not shown), suggesting that
cAMP pathway is not the main mechanism involved in
Wnt-3a-induced down-regulation of COL2A1, although we
cannot exclude a role by cAMP in this process.

Healthy cartilage is extremely difficult to obtain for ethical
reason. In this study, we have used cartilage samples that are
histological and macroscopically normal; however, this has a
limitation as we cannot exclude that they were subjected to
paracrine effects from neighboring disease compartment.

In summary, our study introduces a compelling new
mechanism of Wnt-induced activation of ERK1/2 signaling
and chondrocyte de-differentiation, which is essential in
both normal development and OA pathogenesis. As de-
differentiation of chondrocyte is an important issue in OA
disease, our study provides new potential targets such Fz-6,
B-raf, and CaMKIIα for the development of anti-OA drugs.

Materials and methods

Chondrocytes and cartilage explants isolation and
culture

Human primary chondrocytes were isolated from cartilage
obtained from patients who underwent joint replacement for
knee OA. Cartilage tissue was dissected from preserved
areas of the femoral condyles and patellar groove avoiding
subchondral bone and fibrocartilage. Cartilage was washed
twice with Dulbecco's Modified Eagle's Medium/Nutrient
Mixture F12 (DMEM F12) complete medium (2 mM glu-
tamine, 100 μg/ml streptomycin, 100 IU/ml penicillin, and
10% (v/v) fetal bovine serum) and the aliquot was then
digested with pronase (1 mg/ml) for 30 min at 37 °C fol-
lowed by an overnight digestion in collagenase B (1 mg/ml)
in a similar medium as above. The chondrocytes recovered
from the digestion were seeded at a density of 25,000 cells/
cm2 in DMEM F12 complete medium at 37 °C in a

Fig. 7 Frizzled 6 mediates non-canonical Wnt-3a-induced loss of
chondrocyte phenotype. a Expression of different Fz receptors was
evaluated by absolute Q-PCR. Specific DNA segment for each of the
10 Fz receptors (standards) was amplified by RT-PCR, purified on
agarose gel, quantified, and used as template for Q-PCR. Absolute
quantification was determined compared to standards that are run in
parallel. Data are expressed as mean ± S.D. of three separate experi-
ments. b Fold changes in the expression of Fz-6 in primary chon-
drocytes transfected with siRNA specific to Fz-6 (Si-Fz-6) or siRNA
control (Si-control) (n= 5). c Fold changes in the expression of the
Wnt canonical target gene AXIN2 (d) and of the chondrocyte pheno-
typic marker COL2A1 in primary chondrocytes that were transfected
with siRNA specific to Fz-6 (Si-Fz-6) or siRNA control (Si-control)
and treated or not with Wnt-3a (n= 3). e Western blotting for β-
catenin in chondrocytes transfected with Si-Fz-6 or Si-control and
treated with Wnt-3a or vehicle. β-Actin was used as a loading control
(n= 3). f Detection of phosphorylated ERK1/2 (p-ERK1/2) and
phosphorylated CaMKIIα (p-CaMKIIα), and total ERK1/2 and
CaMKIIα in primary chondrocytes transfected with siRNA control (Si-
control) or siRNA to Fz-6 (Si-Fz-6) and treated with Wnt-3a or
vehicle. β-Actin was used as a loading control (n= 3). g A working
model for signaling regulation by non-canonical Wnt in chondrocytes.
See text for details. Q-PCR values were normalized for the house-
keeping gene ribosomal protein S29 and are expressed as relative
expression compared with control. One representative blot of three
independent experiments is shown. Data are expressed as mean± S.D.
Statistical analysis was performed with an unpaired Student’s t test
(NS, statistically not significant; *p< 0.05; **p< 0.01)
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humidified atmosphere supplemented with 5% CO2. All
experiments were performed using confluent P0 cells.

For cartilage explant isolation, cartilage specimens
were dissected within 1 h of operation, and full-thickness
cartilage was removed from preserved areas of the
femoral condyles using a 6 mm biopsy punch. Extreme care
was taken to avoid subchondral bone, osteophytic
cartilage, and fibrocartilage. Explants were washed with
DMEM F12 complete medium and cultured in 24-well
plates in the same medium and condition as chondrocytes
for 48 h before use.

Aliquot of cartilage was used for histological scoring for
features of OA as described previously [37]. Only cells and
explants obtained from samples with a Mankin score <4 were
used for subsequent experiments. This study was approved by
our local research institution (Commission de la Recherche
Clinique; registration no. UF 9757, CPRC 2004, Cellules
souches et chondrogénèse). The protocol conforms to the
ethical guidelines of the Declaration of Helsinki, and written
informed consent has been obtained from each patient.

Cell and cartilage explant treatments

Human primary chondrocytes were seeded onto six-well
plates at 5× 105 cells/well and allowed to attach overnight
in standard culture conditions. The cells were then treated
for 12 h with 100 ng/ml of recombinant Wnt-3a (R&D
Systems, Minneapolis, MN, USA) or vehicle (0.1% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS))
in DMEM F12 medium (2 mM glutamine, 100 μg/ml
streptomycin, 100 IU/ml penicillin, and 2% (v/v) fetal
bovine serum) prior to gene or protein expression analyses.
When co-treatments with inhibitors and Wnt-3a are indi-
cated, cells were pre-treated for 30 min with the inhibitor,
that is, U0126 (10 µM; Cell Signaling, Danvers, CO, USA),
DKK1 (100 ng/ml; R&D Systems), and KN93 and KN92
(10 µM; R&D Systems) prior to treatment with Wnt-3a or
vehicle.

Gene expression analysis

Total RNA from chondrocytes and cartilage explants was
extracted using TRIzol (Lifetech, Carlsbad, CA, USA) and
purified with RNeasy kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The reverse
transcription was performed using 500 ng (primary chon-
drocytes) or 200 ng (cartilage explants) of total RNA from
each sample with iScript Ready to use cDNA supermix
(Bio-Rad, Hercules, CA, USA). Quantitative PCR was
performed with iTaq™ Universal SYBER Green Supermix
kit (Bio-Rad, Hercules, CA, USA) using StepOnePlus™
Real-Time PCR Systems (Applied Biosystems). Primer
sequences are listed in Table S1.

Plasmids and siRNA

B-raf vector was a gift from Dustin Maly (University
of Washington, Seattle, WA, USA), Flag-DVL-2 and
Flag-DVL-2(Δ361–736) vectors were a gift from Jeff
Wrana (University of Toronto, Toronto, ON, Canada), and
TOP-FLASH-firefly reporter plasmid was a gift from Ran-
dall Moon (University of Washington). B-raf V600E and B-
raf D594V mutants were generated by site-directed muta-
genesis with B-raf as template using QuikChange Site-
Directed Mutagenesis kit (Agilent, Santa Clara, CA, USA).
HA-SYND4, HA-SYND4ΔCT, and Flag-B-raf were gen-
erated by PCR and cloned into EcoRI and BamHI or SmaI
and PstI sites of pCMV empty vector (Stratagene, Valencia,
CA, USA). GST C-tail constructs were amplified with
synthetic primers containing NcoI and NotI flanking regions
from B-raf and mutant plasmids and subcloned into the
GST fusion vector pET41 (Novagene) to generate pET-B-
rafΔNT/GST, pET-B-rafΔNT-S465A, and pET-B-rafΔNT-
S465/466A bacterial vectors expressing the wild-type and
mutants of the B-raf kinase domain (amino acids 417–766)
in fusion with GST. All the vectors were verified by
sequencing. Small interfering RNA (siRNA) targeting
SYND4, MAPK1, MAPK3, DVL-1, DVL-2, DVL-3,
CTNNB1, Fz-6, and control siRNA were purchased from
Qiagen and are listed in Table S2.

Transfection

Subconfluent human primary chondrocytes in 6-well plates
were transfected in triplicate with 2 µg of plasmid using
Lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer’s instructions. For siRNA
transfection, cells were transfected with 25 nM siRNAs
using DharmaFECT transfection reagent (Thermo Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instructions. Twenty-four hours after transfection, the
medium was replaced, and at 48 h after transfection, cells
were stimulated for 12 h with recombinant Wnt-3a (100 ng/
ml; R&D Systems) or vehicle at 37°C with 5% CO2.

Western blotting

Total protein from chondrocytes was extracted using RIPA
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1%
deoxycholate, 0.1% SDS, 1% Triton X-100) supplemented
with protease and phosphatase inhibitors (Roche Diag-
nostics, Indianapolis, IN, USA). Cell lysates were sonicated
on ice and protein concentration of the samples was deter-
mined by the Bradford method. Proteins (50 μg/lane) were
separated on 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels, transferred to a
polyvinylidene fluoride membrane (Millipore, Eschborn,
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Germany), and subsequently blocked in PBS-Tween-20
containing 5% non-fat milk or 5% BSA. Membranes were
then incubated overnight with primary antibodies directed
against p44/42 MAPK, phospho-p44/42, β-catenin, DVL-2,
DVL-3, CaMKIIα, phospho-B-raf (S445) (diluted 1:1000;
Cell Signaling), DVL-1, phospho-CaMKIIα, B-raf (diluted
1:200; Texas, Santa Cruz, TX, USA), Flag (diluted 1:1000;
Sigma, Saint Louis, MO, USA), or HA (diluted 1:1000;
BioLegend, San Diego, CA, USA), followed by incubation
with horseradish peroxidase-conjugated secondary anti-
bodies (diluted 1:2000; Cell Signaling). Antibodies were
diluted in 5% BSA/0.01% Tween-20 in PBS. The blots
were then developed using Clarity Western ECL substrate
(Bio-Rad) according to the manufacturer's instruction.

Immunoprecipitation

For immunoprecipitation, subconfluent primary chon-
drocytes in 10-cm plates were treated with Wnt-3a (100 ng/
ml) or vehicle for 1 h and were lysed on ice with TNE
buffer (50 mM Tris, pH 8, 1% IGEPAL® CA-630, 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA))
supplemented with protease and phosphatase inhibitors
(Roche Diagnostics). The lysates were sonicated and cen-
trifuged and the resultant supernatants were used to recover
B-raf, and Flag-tagged and HA-tagged proteins by incu-
bating overnight at 4 °C with anti-B-raf, anti-Flag, and anti-
HA antibodies, respectively, followed by incubation with
protein A beads (Millipore, Eschborn, Germany) for 3 h at
room temperature. After washing with lysis buffer, bound
proteins were eluted with the loading buffer and analyzed
by immunoblotting. Immunoblotting was performed as
described previously with antibodies against Flag, HA, B-
raf, DVL-2, and p-CaMKIIα.

Intracellular calcium ion changes

Calcium mobilization induced by Wnt-3a was performed
with human primary chondrocytes using the Fluo-4 NW
Calcium Assay kit (Molecular Probes/Invitrogen, Carlsbad,
CA, USA). Primary chondrocytes were grown on 24-well
plates in the presence or absence of PTX (Sigma-Aldrich)
overnight. The calcium-sensitive dye, Fluo-4 AM (2 μM),
was added to the cultured chondrocytes and allowed to
incorporate for 1 h (30 min at room temperature
and 30 min at 37 °C). After 5 min of treatment with
either vehicle (control) or with Wnt-3a, the fluorescence
was measured with a Wallac/Perkin-Elmer Victor V2
fluorescent plate reader. Data were subtracted from back-
ground and presented as the mean of three separate
experiments.

GST fusion protein production and in vitro kinase
assay

GST fusion proteins were purified from BL21 bacterial cells
transformed with pET-B-rafΔNT/GST, pET-B-rafΔNT-
S465A, or pET-B-rafΔNT-S465/466A using GE Healthcare
protocol. Fifty milliliters of cultures was inoculated with
0.5 ml of overnight cultures and grown at 37 °C until an
absorbance at 600 nm (A600) of 0.6–0.8. Then, an osmotic
stress and heat shock were induced by the addition of 0.5 M
NaCl and 2 mM betaine, and incubated at 47 °C for 1 h. To
induce protein expression, 1 mM isopropyl β-D-1-thioga-
lactopyranoside was added to the cultures, and they were
grown at 20 °C overnight. The cells were then lysed with a
sonicator in a Tris-buffered saline containing protease
inhibitors (Roche), 1 mM EDTA, and 5% (v/v) glycerol.
The sonicated lysate was incubated with a 5:1 ratio of
glutathione-sepharose 4B (GE Healthcare) overnight at 4 °C
and washed extensively with PBS. For CaMKII in vitro
phosphorylation, B-raf fusion proteins were phosphorylated
in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 0.2 mM
dithiothreitol, 0.1 mM EDTA, 1.2 µM calmodulin, 2 mM
CaCl2, 200 µM ATP, and 1 pmol of [γ-32P]ATP (3000 Ci/
mmol) with 200 U of recombinant activated CaMKIIα
(Νew England Biolabs). The in vitro kinase assays were
performed at 30 °C for 30 min. The reactions were termi-
nated with the addition of SDS-PAGE sample buffer and
incubation at 65 °C for 5 min. The proteins were resolved
by SDS-PAGE and visualized by autoradiography. For
in vitro kinase assays analyzed by immunoreactivity, SDS-
PAGE separated proteins were transferred to polyvinylidene
difluoride membranes and assayed for phosphorylation (or
total protein) by immunoblotting using anti-phospho-B-raf
or anti-B-raf antibodies.

Data analysis and statistical procedures

Each experiment was repeated at least three times inde-
pendently. Quantitative data were expressed as mean± S.D.
Statistical analysis was performed with an unpaired two-
tailed Student’s t test, and effects were considered statisti-
cally significant at *p< 0.05. One representative immuno-
blot of three independent experiments was shown in results.
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