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Although genetic evidence demonstrated a requirement for Wnt5a during cartilage develop-
ment, little is known about the mechanisms underlying Wnt5a-regulated chondrocyte growth
and differentiation. We therefore investigated the signaling pathways by which Wnt5a influences
chondrogenesis and differentiation to hypertrophy. Wnt5a treatment of chondroprogenitor cells
increased chondrocyte hypertrophy and was associated with an increase in nuclear factor of
activated T cells (NFAT) and a decrease in nuclear factor-�B (NF-�B) activation. In contrast, Wnt5a
inhibited chondrocyte hypertrophy. This inhibition of hypertrophy occurred with the reciprocal
signaling activation, in that a decrease in NFAT and an increase in NF-�B activation was observed.
Furthermore, the increase in chondroprogenitor cell differentiation with Wnt5a treatment was
blocked by calmodulin kinase or NFAT loss of function. In addition, the repression of chondrocyte
hypertrophy observed was abrogated by NF-�B loss of function. Activation of the NFAT pathway
downstream of Wnt5a also negatively regulated NF-�B activity, providing evidence of antagonism
between these two pathways. Mechanistically, Wnt5a acts to increase chondrocyte differentiation
at an early stage through calmodulin kinase /NFAT-dependent induction of Sox9. Conversely,
Wnt5a represses chondrocyte hypertrophy via NF-�B-dependent inhibition of Runx2 expression.
These data indicate that Wnt5a regulates chondrogenesis and chondrocyte hypertrophy in a
stage-dependent manner through differential utilization of NFAT- and NF-�B-dependent signal
transduction. (Molecular Endocrinology 24: 1581–1593, 2010)

Wnt family members are secreted glycoproteins that
induce signal transduction through interaction

with frizzled-containing receptor complexes (1). Nonca-
nonical Wnt receptor/coreceptor interaction triggers dis-
tinct intracellular signaling independent of the �-catenin
pathway used by canonical Wnts (2–4). The effects of
noncanonical Wnts are exerted through two primary signal
transduction cascades, the calcium-dependent pathway and
the planar cell polarity pathway (5). In noncanonical Wnt
calcium-dependent signaling, activation of phospholipase C
through a G protein-dependent mechanism facilitates a rise
in intracellular calcium concentrations. This increase in cal-
cium then leads to the activation of several known calcium-
sensitive effectors, including calmodulin kinase (CaMK),

calcineurin (CaN), cAMP response element-binding protein
(CREB), and protein kinase C (6–8). Although most evi-
dence has been generated in Drosophila, noncanonical Wnts
can also exert their effects through the planar cell polarity
pathway to control cellular adhesion and motility. Through
activation of the planar cell polarity pathway, noncanonical
Wnts regulate cellular polarity (9). Noncanonical Wnt5a
also activates phosphatidylinositol 3-kinase (PI3K)/Akt-de-
pendent signaling, thereby potentially activating the I�B ki-
nase (IKK)/nuclear factor-�B (NF-�B) pathway (10). In ad-
dition to the direct effects of these signal transduction
pathways, Wnt5a-dependent signaling in chondrocytes
also represses �-catenin-mediated signaling by promoting
�-catenin degradation (11).

ISSN Print 0888-8809 ISSN Online 1944-9917
Printed in U.S.A.
Copyright © 2010 by The Endocrine Society
doi: 10.1210/me.2010-0037 Received January 26, 2010. Accepted May 20, 2010.
First Published Online June 23, 2010

Abbreviations: ca, Constitutively active; CaMK, calmodulin kinase; CaN, calcineurin;
CREB, cAMP response element-binding protein; dn, dominant negative; E11.5, embryonic
d 11.5; FBS, fetal bovine serum; IKK, I�B kinase; MOI, multiplicity of infection; NFAT,
nuclear factor of activated T cells; NF-�B, nuclear factor-�B; PI3K, phosphatidylinositol
3-kinase.

O R I G I N A L R E S E A R C H

Mol Endocrinol, August 2010, 24(8):1581–1593 mend.endojournals.org 1581

D
ow

nloaded from
 https://academ

ic.oup.com
/m

end/article/24/8/1581/2706218 by guest on 20 April 2024



The noncanonical Wnt5a is expressed in chondrogenic
regions during limb development (12). Genetic evidence
has shown that Wnt5a is required for skeletal develop-
ment (13). Postnatally, Wnt5a regulates longitudinal
bone growth by controlling the recruitment of mesenchy-
mal stem cells, chondrocyte proliferation, and the transi-
tions into prehypertrophic and hypertrophic stages (14).
In addition to an essential role during development, hap-
loinsufficiency of Wnt5a also results in decreased bone
mass and increased marrow adipogenesis, demonstrating
the ability of Wnt5a to govern mesenchymal stem cell
lineage commitment (15). Wnt5a has been shown to spe-
cifically promote entry into the prehypertrophic phase,
whereas it conversely blocks chondrocyte hypertrophy
(14, 16), thus acting in a stage-specific context. However,
the mechanisms and downstream effectors governing this
regulation of cartilage development are mostly uncharac-
terized. Available information focuses on the ability of the
noncanonical pathway to regulate the function of �-cate-
nin-mediated signaling. In the present study the nonca-
nonical downstream effectors of Wnt5a-mediated signal-
ing and their roles in chondrogenesis and chondrocyte
maturation to hypertrophy were explored.

Sox9 is a high-mobility group domain transcription
factor required for the onset of chondrogenesis and ex-
pression of Collagen type 2a (17). Inhibitors of chondro-
genesis such as TNF-� and IL-1 have been shown to block
Sox9 expression through an NF-�B-dependent mecha-
nism (18). Although Sox9 is a master transcriptional reg-
ulator of chondrogenesis, additional transcriptional reg-
ulators, such as nuclear factor of activated T cells
(NFAT)4, also induce chondrogenesis (19). Runx2 is a
master regulator of skeletal development (20, 21).
Whereas the cartilage anlagen is fully formed in Runx2-
null mice, chondrocyte hypertrophy is reduced, and min-
eralized bone tissue development is abrogated in these
animals (20, 21). Canonical Wnt signaling regulates skel-
etal development through differential regulation of
Runx2 and Sox9 (22, 23). We have previously reported
that canonical Wnt signaling enhances chondrocyte hy-
pertrophy by induction of Runx2 transcription (24). In-
terestingly, although both Wnt5a and Runx2 transcripts
are coexpressed in mouse limb chondrocytes, Runx2 lev-
els are inhibited in the limbs of Wnt5a-null mice (20).

Here we describe mechanisms governing the stage-spe-
cific roles of Wnt5a in chondrocyte differentiation and
further elucidate the effects that Wnt5a has on chondro-
genesis and chondrocyte hypertrophy. Specifically,
Wnt5a utilizes the CaN/NFAT pathway to promote
chondrogenesis through induction of Sox9. Conversely,
Wnt5a also represses chondrocyte hypertrophy through
novel induction of NF-�B, in turn, to repress expression

of Runx2. This stage-dependent activation of two distinct
signal transduction pathways by this single growth factor
is further controlled through NFAT-mediated antago-
nism of the NF-�B pathway.

Results

Wnt5a regulates chondrocyte maturation
and expression of Sox9 and Runx2 in a
stage-dependent manner

Limb bud-derived cells were harvested from embry-
onic d 11.5 (E11.5) mouse embryos and cultured in high-
density micromass to promote chondrocyte differentia-
tion (Fig. 1). Cultures were collected after 3–21 d and
assayed for expression of Sox9, type 2a collagen, Runx2,
and type X collagen by real-time RT-PCR (Fig. 1, A–D).
Although expression of Sox9 and type 2a collagen, mark-
ers of the onset of chondrogenesis, were up-regulated
early during differentiation, expression was markedly
down-regulated with further culture time. Conversely,
expression of Runx2 and type X collagen, markers of
chondrocyte hypertrophy, was minimally expressed
early during differentiation and then robustly induced
subsequent to down-regulation of Sox9 and type 2a
collagen. We further defined d 3– d 7 as the period
encompassing the onset of chondrogenesis in this
model system. Conversely, we defined d 14 – d 21 as
hypertrophic chondrocytes.

We then selected d 3 and d 14 to determine the effects
of Wnt5a on end-stage chondrocyte differentiation of
chondroprogenitor and hypertrophic cells, respectively.
Thus, limb bud micromass cultures were treated with
Wnt5a or vehicle control at either an immature stage be-
fore the induction of Sox9 and collagen type 2a (d 3) or a
hypertrophic stage (d 14). Micromass cultures were then
maintained in the presence of Wnt5a through the dura-
tion of culture to determine how exposure to Wnt5a dur-
ing the phases of chondrogenesis and chondrocyte hyper-
trophy affected overall cartilage development. An
increase in proteoglycan matrix deposition, as measured
by alcian blue staining, occurred when micromass cul-
tures were treated with Wnt5a for d 3–21 of differentia-
tion (Fig. 1, E and F). We did not observe an overt change
in cell number under these conditions, indicating that the
increase in proteogycan staining was due to increased
differentiation and matrix deposition (data not shown).
In contrast, treatment with Wnt5a from d 14–21 during
hypertrophy decreased alcian blue staining (Fig. 1, E and
F). These results suggest that Wnt5a regulates chondro-
cyte differentiation in a stage-dependent manner by pro-
moting early chondrocyte differentiation while repressing
chondrocyte hypertrophy.
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To address the molecular mechanism governing this
differential effect of Wnt5a, the chondroprogenitor cell
line, MLB13MYC Clone17 cells (C17), was used as a
substitute to primary limb bud cultures. This cell line was
established using murine limb bud-derived mesenchymal
cells and therefore represents a comparable culture model
to primary micromass cultures (25). Thus, when cultured
in micromass, these cells also exhibit temporal changes in
the chondrocyte phenotypic markers Sox9, type 2a colla-
gen, Runx2, and type X collagen compared with the limb
bud-derived cultures (data not shown). The effects of
Wnt5a on chondrogenesis and chondrocyte hypertrophy
of C17 micromass cultures were then assessed (Fig. 2, A
and B). Consistent with the limb bud model, when C17
cultures were treated with Wnt5a during d 3–d 21, we
observed an increase in alcian blue staining along with a
modest but significant increase in expression of type X
collagen. Conversely, treatment with Wnt5a from d 14–
d 21 decreased alcian blue staining. This decrease in al-
cian blue staining was associated with a decrease in ex-

pression of type X collagen. We did not
observe a significant change in expres-
sion of MMP13 or VEGF, implying
that the decrease in proteoglycan stain-
ing was attributable to a true decrease
in chondrocyte differentiation and
was not due to matrix degradation
(data not shown). These results mir-
ror those obtained in primary limb
bud-derived cultures and those previ-
ously described by in vivo gain and
loss of Wnt5a function (14).

Because treatment with Wnt5a dur-
ing d 3–21 during a period concomi-
tant with induction of chondrogenic
marker expression promoted chon-
drocyte differentiation, the ability of
Wnt5a to regulate Sox9 expression in a
stage-dependent manner was assessed
(Fig. 2C). Limb bud micromass cul-
tures were treated with Wnt5a or vehi-
cle control either before the induction
of Sox9 and collagen type 2a (d 3–21)
or at a hypertrophic stage before max-
imal induction of Runx2 and type X
collagen (d 14–21) as described above.
Micromass cultures were then main-
tained in the presence of Wnt5a
through the duration of culture. Treat-
ment with Wnt5a during d 3–21 of dif-
ferentiation decreased expression of
Sox9, supporting the role of Wnt5a in
accelerating chondrocyte differentia-

tion. In contrast, treatment with Wnt5a at a hypertrophic
stage increased Sox9 expression, suggesting again that
Wnt5a inhibits chondrocyte hypertrophy.

Given that treatment with Wnt5a at a hypertrophic
stage of chondrocyte differentiation repressed chondro-
cyte matrix deposition, the ability of Wnt5a to regulate
Runx2 expression in a stage-dependent manner was ex-
amined (Fig. 2C). Micromass cultures were treated with
Wnt5a either from d 3–21 or d 14–21 of differentiation as
described above, and expression of Runx2 was evaluated.
Treatment with Wnt5a early during differentiation mod-
estly increased expression of Runx2, an observation in
line with the role of Wnt5a in promoting early chondro-
cyte differentiation. In contrast, treatment with Wnt5a at
a hypertrophic stage decreased Runx2 expression, sug-
gesting that Wnt5a represses chondrocyte hypertrophy.

Because Wnt5a is expressed by chondrocytes and may
act in paracrine, we further validated the differential ef-
fect of Wnt5a on chondrocyte differentiation by using a

FIG. 1. Wnt5a differentially regulates maturation of E11.5 limb bud cultures. A–D, Limb bud
time course. E11.5 limb bud cells were cultured in micromass. RNA was harvested from
cultures as indicated and used to assay for expression of Sox9 (A), Collagen Type 2a (B),
Runx2 (C), and Collagen Type X (D) via real-time RT-PCR. *, P � 0.05. E, Wnt5a stage-
dependently regulates chondrocyte maturation. Limb bud micromass cultures were treated
with Wnt5a as indicated or vehicle control and cultured for 21 d and then stained with alcian
blue. F, Quantitation of the average amount of alcian blue staining (�SEM). *, P � 0.05.
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previously established dominant negative (dn) form of
Wnt5a to determine the effects of loss of Wnt5a function
on chondrocyte differentiation (Fig. 2D) (26). We vali-
dated the functionality of this approach and demon-
strated that expression of dnWnt5a blocks Wnt5a-in-
duced signaling (data not shown). Expression of
dnWnt5a early during differentiation decreased alcian
blue staining. Conversely, expression of dnWnt5a during
chondrocyte hypertrophy robustly enhanced alcian blue
staining. Overall, these data suggested that Wnt5a may
promote early chondrocyte differentiation and acts to in-
hibit chondrocyte hypertrophy.

The stage-dependent effects of Wnt5a are
mediated by differential use of the CaN/NFAT
and IKK/NF-�B pathways

To explore the mechanism for the differential effects of
Wnt5a on end-stage differentiation of chondroprogenitor
cells and hypertrophic chondrocytes, we first identified
potential pathways activated by Wnt5a. We assayed for
activation of CREB and NFAT, two documented down-
stream targets of Wnt5a (6, 7). Because Wnt5a was

shown to activate PI3K/Akt signaling,
we also assayed for activation of the
downstream transcription factor p65
NF-�B. Chondroprogenitor cells were
serum starved and treated with Wnt5a
for 0–60 min as shown and fraction-
ated into cytosolic and nuclear ex-
tracts. Each fraction was then assayed
for NFAT, NF-�B, and CREB levels via
Western blotting (Fig. 3). Wnt5a in-
duced transient nuclear translocation
of each of the indicated transcription
factors following serum starvation, in-
dicating their potential roles as down-
stream effectors of Wnt5a.

Because stage-dependent effects of
Wnt5a were evident, downstream sig-
naling cascades were then assayed
to determine whether activation of
Wnt5a-mediated signaling was also
regulated in a stage-dependent manner
(Fig. 4). To determine the overall acti-
vation state of each pathway as op-
posed to a transient response elicited by
Wnt5a after serum starvation as de-
scribed above in Fig. 3, micromass cul-
tures were treated with Wnt5a on d
3–21 or d 14–21 as described above.
Nuclear localization of the Wnt5a-re-
sponsive transcription factors NFAT
and NF-�B under these conditions was

then assayed and compared with control to determine
whether exposure to Wnt5a early vs. late altered overall
cartilage development via changes in pathway utilization

FIG. 2. Wnt5a differentially regulates maturation of C17 limb bud cultures. A, Wnt5a
regulates chondrocyte maturation in a stage-dependent manner. C17 micromass cultures
were treated with Wnt5a or vehicle control (Ctl) as indicated and cultured for 21 d and then
stained with alcian blue. Quantitation of the amount of alcian blue staining (�SEM) is shown
below each micromass culture. *, P � 0.05. B, C17 cells were cultured in micromass and
treated with Wnt5a or vehicle control as indicated and cultured for 21 d. RNA was harvested
from cultures as indicated and used to assay for expression of Collagen Type X via real-time
RT-PCR (�SEM). *, P � 0.05. C, Cultures were harvested, and Western blotting for levels of
Sox9 and Runx2 was performed. Quantitation of the Sox9 and Runx2 signal normalized to
actin is shown above each corresponding band. D, Inhibition of Wnt5a stage-dependently
affects chondrocyte maturation in a stage-dependent manner. C17 micromass cultures were
infected with a dnWnt5a lentivirus or vector control at an MOI of 2 as indicated. Micromass
cultures were maintained for 21 d and then stained with alcian blue. Quantitation of the
amount of alcian blue staining (�SEM) is shown below each micromass. *, P � 0.05.

FIG. 3. Wnt5a induces nuclear translocation of NFAT and NF-�B in
C17 chondrogenic cells. C17 cells were plated in six-well plates at a
density of 5 � 105 cells per well and cultured in low serum medium
overnight. After serum starvation, cells were treated with 50 ng/ml
Wnt5a as shown. Cells were harvested into cytosolic and nuclear
fractions that were probed for NFAT and NF-�B.
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(Fig. 4, A and B). Treatment with Wnt5a during d 3–d 21
enhanced nuclear NFAT. Conversely, Wnt5a treatment
during d 14–21 decreased nuclear NFAT. In contrast to
NFAT, treatment with Wnt5a during d 3–21 decreased
nuclear NF-�B, whereas d 14–21 Wnt5a treatment led to
a trend of increased NF-�B to levels compared with con-
trol conditions. Stage-dependent nuclear localization of
CREB in response to early vs. late Wnt5a treatment was
not observed, emphasizing the specificity of this observed
response. These data suggested that the stage-dependent
effects of Wnt5a may be accomplished through differen-
tial pathway activation.

To further support the stage-dependent utilization of
NFAT and NF-�B-dependent signaling, the responsive-
ness of an NFAT- and NF-�B-driven luciferase reporter
constructs to Wnt5a was also ascertained (Fig. 4, C and
D). Whereas Wnt5a induced luciferase activity driven by
a multimerized NFAT-responsive element in C17 chon-
droprogenitor cells, luciferase activity downstream of the
NF-�B-responsive element was repressed by Wnt5a.
Thus, Wnt5a differentially used the NFAT and NF-�B
pathways.

Having observed NF-�B activation
in response to Wnt5a, we ascertained
the upstream signaling events elicited
by Wnt5a that were required to medi-
ate NF-�B activation. Because growth
factor mediated activation of NF-�B is
accomplished by activation of PI3K/
Akt and a previous report had demon-
strated that Wnt5a can activate PI3K/
Akt, we determined the role of this
pathway in mediating NF-�B activa-
tion downstream of Wnt5a (Fig. 5). To
explore this possibility, chondrogenic
precursor cells were preincubated with
each indicated inhibitor or vehicle con-
trol for 1 h under serum-starved condi-
tions (Fig. 5). Precursor cells were then
treated with Wnt5a for 0 or 5 min
in the presence of each inhibitor and
fractionated into nuclear and cytoplas-
mic extracts. Whereas treatment with
Wnt5a induced nuclear translocation
of NF-�B after 5 min, this response was
abrogated by inhibition of PI3K or Akt
(Fig. 5). NF-�B nuclear localization
induced by Wnt5a was also decreased
in d 14 hypertrophic chondrocytes
treated with a PI3K inhibitor, indicat-
ing that the same mode of activation
occurs in both immature and mature
chondrocytes (data not shown).

Given that Wnt5a treatment induced differential nu-
clear localization of both NFAT and NF-�B, the require-
ment of each of these signaling pathways in mediating the
stage-dependent effects of Wnt5a on chondrocyte differ-
entiation was assayed (Fig. 6). Micromass cultures were
treated with Wnt5a from d 3–21 or d 14–21 in the pres-
ence of chemical inhibitors directed toward CaMK,
NFAT, and NF-�B or vehicle control (Fig. 6). Although
Wnt5a treatment at an immature stage enhanced alcian
blue staining, this effect was significantly abrogated by
inhibition of either CaMK or NFAT (Fig. 6, A and B). In
contrast, the inhibitory effect of Wnt5a on late chondro-
cyte differentiation was prevented by CaMK or NFAT
inhibition (Fig. 6, A and B). Inhibition of the NF-�B path-
way on d 3–21 early during chondrocyte differentiation
resulted in cellular death because NF-�B activity is re-
quired to promote survival of differentiating chondro-
cytes (27). However, treatment with Wnt5a during d
14–21 of differentiation decreased alcian blue staining.
This effect of Wnt5a on late chondrocyte differentiation
was abolished through inhibition of NF-�B (Fig. 6, C and

FIG. 4. Wnt5a stage-dependently utilizes the NFAT and NF-�B pathways in a stage-
dependent manner. A and B, Wnt5a stage-dependently regulates NFAT and NF-�B nuclear
localization in a stage-dependent manner. C17 micromass cultures were treated with Wnt5a
or vehicle control (Ctl) as indicated and cultured for 21 d. Cultures were harvested and
fractionated into nuclear and cytoplasmic extracts. Western blotting for levels of NFAT, NF-
�B, and CREB in each fraction was performed (A), and the nuclear to cytoplasmic ratio was
determined (B) Values are the mean of three independent experiments � SEM. *, P � 0.05.
C and D, Wnt5a differentially regulates NFAT and NF-�B Activity. C17 cells were transfected
with NFAT (C), NF-�B (D), or vector control luciferase (LUC) reporter constructs and treated
with Wnt5a as indicated. After each treatment, cells were harvested in passive lysis buffer,
and luciferase activity was determined. *, P � 0.05.
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D). These results demonstrate the requirement of the
CaMK/NFAT and IKK/NF-�B pathways in mediating
the differential effects of Wnt5a on chondrocyte
differentiation.

To further establish the role of the CaMK/NFAT and
IKK/NF-�B pathways in promoting the stage-dependent
effects of Wnt5a on chondrocyte differentiation, the abil-
ity of constitutively active (ca) forms of NFAT and IKK to
circumvent the effects of dnWnt5a expression was exam-
ined (Fig. 7). Expression of dnWnt5a during d 3–21 of of
chondrocyte differentiation decreased alcian blue stain-
ing. Expression of caNFAT alone early during differenti-
ation increased alcian blue staining above vector control-
infected micromass cultures (Fig. 7A). In addition, a
difference between vector-infected cultures and those
coinfected with dnWnt5a and caNFAT from d 3–21 was
not observed. Thus, expression of caNFAT was able to
abrogate the effects of Wnt5a loss of function in cultures
in which expression of dnWnt5a was induced at an early
stage. Conversely, expression of caNFAT in the hypertro-
phic chondrocyte decreased alcian blue staining. In addi-
tion, the effect of dnWnt5a expression on hypertrophic
chondrocytes was abrogated by coexpression of caNFAT.

Expression of caIKK during d 3–21 of chondrocyte
differentiation did not change the amount of alcian blue
staining compared with vector control (Fig. 7B). In addi-
tion, coexpression of caIKK with dnWnt5a during d 3–21
did not rescue the effects of dnWnt5a, demonstrating the
stage-specific effects of IKK/NF-�B signaling downstream

of Wnt5a. Conversely, Wnt5a loss of function in the hy-
pertrophic chondrocyte increased proteoglycan deposi-
tion as measured by alcian blue staining. Expression of
caIKK alone decreased chondrocyte differentiation above
vector control infection, demonstrating the role of this
pathway in repressing differentiation of hypertrophic
chondrocytes. However, when d 14 micromass cultures
were coinfected with dnWnt5a and caIKK, an overall de-
crease in alcian blue staining was observed. Therefore, the
effect of dnWnt5a on hypertrophic chondrocytes was
abolished by inducing NF-�B activation. Together these
data support the stage-dependent role of the CaMK/
NFAT and IKK/NF-�B pathways in mediating the effects
of Wnt5a.

The NFAT and NF-�B pathways regulate
expression of Sox9 and Runx2

Because we had shown stage-dependent regulation of
Sox9 and Runx2 expression by Wnt5a, we determined
whether these transcriptional regulators were controlled
by NFAT and NF-�B signaling, respectively. The ability
of Wnt5a to induce expression of Sox9 downstream of the
CaMK/NFAT pathway in C17 chondroprogenitor cells
was first determined (Fig. 8A). C17 cells were transfected
with dnCaMK or vector control and serum starved over-
night. Cells were then treated with Wnt5a for 0–12 h and
then harvested for total RNA and assayed for Sox9 ex-
pression via real-time RT-PCR. Treatment with Wnt5a
induced a transient increase in Sox9 expression. This in-
crease in Sox9 expression was abrogated by expression of
dnCaMK. The ability of a ca form of NFAT to induce
expression in the absence of Wnt5a was then examined
(Fig. 8, B and C). C17 cells were transiently transfected
with either caNFAT or vector control expression con-
structs. After transfection, cells were harvested for total
RNA or protein lysates. Expression of caNFAT induced
an increase in both Sox9 mRNA (data not shown) and
protein levels. These data indicate that Wnt5a acts
through the CaMK/NFAT pathway to affect chondrocyte
differentiation by promoting chondrogenesis.

Given the potential role of NF-�B-mediated signaling
in regulating chondrocyte hypertrophy, we determined
whether this signaling pathway regulated Runx2 expres-
sion (Fig. 8D). Chondroprogenitor cells were cultured in
micromass to induce chondrocyte differentiation. Hyper-
trophic (d 14) cultures were treated with an NF-�B inhib-
itor or vehicle control (d 14–21). After treatment, cul-
tures were harvested for total RNA, and expression of
Runx2 was evaluated by real-time RT-PCR. Inhibition of
NF-�B increased expression of Runx2 compared with ve-
hicle control. These data indicate that the CaMK/NFAT
pathway affects chondrocyte differentiation by promot-

FIG. 5. PI3K/Akt mediates NF-�B activation in response to Wnt5a.
C17 cells were serum starved and treated with Wnt5a or vehicle
control in the presence of each indicated inhibitor. After Wnt5a
treatment, cells were harvested and fractionated into nuclear and
cytoplasmic extracts. Western blotting for levels of NF-�B in each
fraction was performed.
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ing chondrogenesis, whereas the IKK/NF-�B pathway re-
presses chondrocyte hypertrophy by inhibiting Runx2
expression.

Potential cross talk between the NFAT and
NF-�B pathways

In the initial analysis of downstream pathways medi-
ating the stage-specific effects of Wnt5a, we noted that
when NFAT activity is high, NF-�B is repressed. Simi-
larly, when NF-�B activity is predominant, NFAT activa-
tion is decreased (Fig. 4). This observation suggested po-
tential antagonism between the NFAT and NF-�B
pathways. To explore this possibility, C17 cells were tran-
siently transfected with a dnCaMK construct. Cells were
then treated with Wnt5a for 0 or 5 min and fractionated
into nuclear and cytoplasmic extracts. As a documented
upstream regulator of NFAT activation, expression of
dnCaMK blocked nuclear translocation of NFAT in re-
sponse to Wnt5a as expected. In stark contrast, nuclear
localization of NF-�B was markedly enhanced (Fig. 9,
A–C). Because this observation suggested potential novel
cross talk between these pathways, the ability of the
NFAT pathway to repress NF-�B activity was therefore
addressed (Fig. 9D). C17 cells were transfected with a
multimerized NF-�B luciferase reporter construct or vec-

tor control. Cells were also cotrans-
fected with either caNFAT or vector
control. Whereas NF-�B-dependent lu-
ciferase activity is high compared with
vector control or caNFAT expression
alone, the NF-�B-driven luciferase ac-
tivity was completely attenuated by co-
expression of caNFAT. These data
strongly suggest a role for the CaMK/
NFAT pathway in negatively regulat-
ing NF-�B activity induced by Wnt5a.

Discussion

Wnt signaling plays an essential role
during embryonic development and
has a predominant role in governing
the function of adult tissues (28). Aber-
rant Wnt signaling has been implicated
in widespread numbers of diseases and
developmental defects (28). One of the
important functions mediated by Wnt
signaling during embryonic develop-
ment is formation of the skeletal ele-
ments. Wnt signaling during develop-
ment not only regulates differentiation
of mesenchymal cells but controls both

chondrocyte and osteoblast differentiation during the en-
dochondral ossification process. Although substantial in-
formation regarding the role of the canonical or �-cate-
nin-dependent pathway, in skeletal development and
chondrocyte differentiation, has been gathered, the role
of the noncanonical Wnts such as Wnt5a is not as well
established. The noncanonical Wnt5a is expressed in
chondrogenic regions of the limb during development,
and its expression is required for proper limb out-
growth (13). In addition, Wnt5a has been demon-
strated to regulate cell fate decisions (15), influence
chondroprogenitor proliferation, and inhibit chondro-
cyte hypertrophy (14, 16).

We chose the mouse micromass model system to study
the effects of Wnt5a. We employed this model system
because it reflects chondrocyte differentiation occurring
during limb development in vivo (Fig. 1) and has been
extensively characterized in our previous work (29, 30).
In this system, induction of Sox9 and type 2a collagen-
expressing cells represents the onset of chondrogensis,
whereas expression of Runx2 and Type X Collagen
defined the hypertrophic phase. In our hands, these
events occurred at d 3 and d 14, respectively. These
time points were therefore used to assay for the effects

FIG. 6. NFAT and NF-�B are required for the stage-dependent effects of Wnt5a. A, The
CaMK/NFAT pathway is required for the enhancement mediated by Wnt5a early during
chondrocyte differentiation. C17 micromass cultures were treated with Wnt5a or vehicle
control in the presence of each indicated inhibitor or vehicle control as indicated. Cultures
were maintained for 21 d and then stained with alcian blue. B, Quantitation of the amount of
alcian blue staining. *, P � 0.05. C, The NF-�B pathway is required for the repression
mediated by Wnt5a late during chondrocyte differentiation. C17 micromass cultures were
treated with Wnt5a or vehicle control in the presence of an NF-�B inhibitor or vehicle control
as indicated. Cultures were maintained for 21 d and then stained with alcian blue.
D, Quantitation of the amount of alcian blue staining. *, P � 0.05.
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of Wnt5a on chondrogenesis and chondrocyte hyper-
trophy, respectively.

Through gain and loss of function studies in vivo,
Wnt5a was shown to regulate chondrocyte entry into the
proliferating phase of the developing limb, increase the
number of prehypertrophic chondrocytes, and inhibit
chondrocyte hypertrophy (13, 14). This observation sug-
gested that Wnt5a may exert differential effects at various
stages of chondrocyte differentiation. In support of this
notion, we demonstrated that Wnt5a increased chondro-
cyte differentiation when supplied during the chondro-
genic phase but inhibited differentiation of hypertrophic
chondrocytes. Conversely, we have also shown that ex-
pression of a dn form of Wnt5a decreased early chondro-
cyte differentiation whereas expression of the dn form
during hypertrophy enhanced chondrocyte differentia-
tion. Thus, we have shown here that Wnt5a promotes
early chondrocyte differentiation in a stage-dependent
manner while repressing chondrocyte hypertrophy.

Given the differential effects of Wnt5a that we ob-
served on early and late differentiation, we examined the
specific signal transduction used during these stages of
differentiation, because this was a potential mechanism
for dichotomous effect of this singular growth factor. Al-
though consistent activation of the known Wnt5a down-
stream effector CREB was apparent, clear differences in

NFAT and NF-�B utilization were ob-
served between chondrocytes cells
treated with Wnt5a early during the
chondrogenic phase or during hypertro-
phy. Specifically, we observed increased
activation of NFAT and decreased
NF-�B activity when immature chondro-
cytes were treated with Wnt5a. Con-
versely, when treated with Wnt5a at a
late stage of chondrocyte differentiation,
a decrease in NFAT and trend toward
increased NF-�B activation were ob-
served. These results suggested that the
early effects of Wnt5a to promote chon-
drocyte differentiation were mediated by
NFAT, whereas the ability of Wnt5a to
repress chondrocyte hypertrophy was
mediated via NF-�B. In support of this
conclusion, we found that inhibition of
NFAT or its upstream activator, CaMK
(6, 7, 31), blocked the ability of Wnt5a to
promote early chondrocyte differentia-
tion. It is possible that CaMK and NFAT
may control chondrocyte differentiation
in separate, yet parallel, mechanisms;
however, the fact that inhibition of
CaMK also inhibited NFAT activity

strongly argues that these components function as a linear
pathway. In addition to a role during chondrogenesis,
NFAT-mediated signaling likely plays a role later during
differentiation. In contrast to the effects of CaMK/NFAT,
inhibition of NF-�B activation abolished the ability of
Wnt5a to repress late-stage chondrocyte differentiation. To
further support this conclusion, when the NFAT and NF-
�B-mediated pathways were constitutively activated, the ef-
fects of dnWnt5a on chondrocyte differentiation were
inhibited.

The stage-dependent utilization of NFAT downstream
of Wnt5a may help to explain some of the isoform-spe-
cific results previously reported regarding the role of
NFAT-mediated signaling in governing chondrocyte dif-
ferentiation. In two separate reports, Taschner et al. (32)
and Tomita et al. (19) provided evidence that CaMK and
NFAT4 promoted chondrogenesis and chondrocyte dif-
ferentiation. However, a report by Ranger et al. (33) fo-
cused on the role of NFAT1 in repressing chondrogenesis.
In this later study, the authors reported extraarticular
cartilage formation with a global knockout of NFAT4
(33). As noted by the authors, this phenotype could be
attributed to an increase in cartilage proliferation con-
trolled by an unidentified factor or to an alteration in the
cartilage progenitor cell. In addition to the potentially

FIG. 7. The effects of Wnt5a loss of function on differentiation are restored by constitutive
activation of NFAT and IKK/NF-�B. A and B, Loss of Wnt5a function is restored by expression
of caNFAT. C17 micromass cultures were infected with each indicated lentivirus or vector
control at an MOI of 2. Micromass cultures were maintained for 21 d and then stained
with alcian blue. Quantitation of the amount of alcian blue staining is shown below each
micromass. *, P � 0.05. C and D, Loss of Wnt5a function is restored by expression of
caIKK. C17 micromass cultures were infected with each indicated lentivirus or vector
control at an MOI of 2. Micromass cultures were maintained for 21 d and then stained
with alcian blue. Quantitation of the amount of alcian blue staining is shown below each
micromass. *, P � 0.05.
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different effects mediated by the NFAT family members,
these observed disparities in NFAT-dependent control of
chondrocyte differentiation may be attributed to a stage-
dependent response to NFAT-mediated signaling.

Whereas the role of Wnt5a in control of development
and adult homeostasis is clear, the full range of specific
effectors that facilitate noncanonical Wnt signaling has
not been fully characterized. Although activation of PI3K/
Akt signaling by Wnt5a, which are upstream events
known to induce NF-�B activation in response to a vari-
ety of growth factors in numerous cell types, has previ-
ously been reported, this is the first report demonstrating
the utilization of NF-�B by Wnt5a to control a biological
response. Because NF-�B did not require the function of
CaMK, activation of this pathway may be accomplished
through an alternate calcium-dependent mechanism or
through a calcium-independent pathway involving phos-
pholipase C-dependent activation of PI3K/Akt.

While stage-dependent utilization of NFAT and
NF-�B was apparent, we also made an additional obser-
vation. In the initial analysis of the downstream pathways

mediating the differential effects of Wnt5a, a noteworthy
observation was that when NFAT activity was high,
NF-�B was repressed. Similarly, when NF-�B activity was
predominant, NFAT activation was decreased. This con-
trast suggested potential antagonism between the NFAT
and NF-�B pathways. We therefore explored the effect of
activation of the NFAT pathway on NF-�B activity. Here
we show that loss of CaMK/NFAT function promoted
NF-�B activation whereas gain of NFAT function de-
creased NF-�B induction. There are two possible expla-
nations for this observation. One is direct binding of
NFAT to NF-�B, thereby blocking nuclear import of NF-
�B. The other is stage-dependent induction of a down-
stream NFAT target which acts as a secondary mediator

FIG. 8. Wnt5a utilizes the CaMK/NFAT and NF-�B to regulate
expression of Sox9 and Runx2. A–C, The CaMK/NFAT pathway is
required for the early expression of Sox9 downstream of Wnt5a. A,
C17 cells were transfected with dnCaMK or vector control and treated
with Wnt5a as shown. RNA was harvested from cultures and used to
assay for expression of Sox9 via real-time RT-PCR. *, P � 0.05. B, C17
cells were transfected with caNFAT or vector control. RNA was
harvested from cultures and used to assay for expression of Sox9 via
real-time RT-PCR. *, P � 0.05. C, C17 cells were transfected with
caNFAT or vector control. After transfection, expression of Sox9 was
assayed by Western blotting. Quantitation of the Sox9 signal
normalized to actin is shown above each corresponding band. D, C17
cells were pretreated with an NF-�B inhibitor or vehicle control. After
pretreatment, expression of Runx2 was assayed by real-time RT-PCR.
*, P � 0.05.

FIG. 9. Antagonism between the NFAT and NF-�B pathways. A–C,
The CaMK/NFAT pathway negatively regulates NF-�B nuclear
localization. C17 cells were transfected with dnCaMK or vector control
and then treated with Wnt5a or vehicle control as indicated. After
Wnt5a treatment, cells were harvested and fractionated into nuclear
and cytoplasmic extracts. A, Western blotting for levels of NFAT and
NF-�B in each fraction was performed, and the nuclear to cytoplasmic
ratio was determined for NFAT (B) and NF-�B (C). Values are the mean
of three independent experiments � SEM. *, P � 0.05. D, NFAT
negatively regulates NF-�B activity. C17 cells were cotransfected with
NF-�B or vector control luciferase (LUC) reporter constructs with
caNFAT or vector control. After cotransfection, cells were treated with
Wnt5a as indicated and harvested in passive lysis buffer. Luciferase
activity was determined. *, P � 0.05.
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to block NF-�B function early during differentiation. Be-
cause we have observed reciprocal activation of these two
pathways depending on the stage of chondrocyte differ-
entiation, the later explanation seems more likely. Thus,
we have identified potential negative cross talk between
these two differentially used pathways that may be a fac-
tor governing the switch in cellular program that occurs
as cells transition from the early stages of chondrocyte
differentiation to hypertrophic chondrocytes. Defining
the mechanisms of this cross talk warrants further
investigation.

In addition to noting the stage-dependent pathway uti-
lization of NFAT- and NF-�B-mediated effects, the mech-
anism by which Wnt5a potentially regulates chondrocyte
differentiation downstream of these pathways was also
explored. Because Wnt5a enhanced differentiation when
supplied early during the chondrogenis phase, Wnt5a
may regulate factors known to induce the onset of chon-
drogenesis. Wnt5a-null mice show a decrease in Sox9
expression in the limb mesenchyme and the palate during
development, although a direct effect of Wnt5a on chon-
drogenesis was not reported (13, 34). We therefore deter-
mined whether Wnt5a regulated Sox9 expression by this
pathway to promote chondrocyte differentiation. A role
for Wnt5a inducing expression of the master chondro-
genic factor Sox9 in a manner dependent on CaMK/
NFAT signaling was demonstrated in this study. Putative
NFAT consensus sites within both the human and mouse
Sox9 promoters have been previously described, suggest-
ing that the regulation of Sox9 by the CaMK/NFAT path-
way is transcriptional (35, 36). Moreover, Colter et al.

(35) also demonstrate that regions containing the NFAT
consensus sites are required for Sox9 promoter activity.
This observation may help to explain the shortening of
the limb observed in the Wnt5a-null mice (13). In addi-
tion, data reported herein also support a role for Wnt5a in
promoting mesenchymal stem cell lineage decisions to-
ward the chondrogenic lineage and away from the adipo-
genic lineage as reported by Takada et al. (15).

In addition to the early effect of Wnt5a that we ob-
served in promoting chondrocyte differentiation, treat-
ment with Wnt5a at a late stage of differentiation de-
creased chondrocyte hypertrophy. Because Runx2 is a
known transcriptional regulator of the onset of chondro-
cyte hypertrophy, we determined the role of Runx2 as a
negative regulator of Wnt5a on chondrocyte maturation.
In addition, transcriptional regulation via several identi-
fied NF-�B consensus sites within the Runx2 gene pro-
moter has been previously demonstrated (37). In this re-
port, Wnt5a stage-dependently controlled expression of
Runx2 in a stage-dependent manner. Given that the neg-
ative effects of Wnt5a on hypertrophic chondrocyte dif-
ferentiation were also dependent on the IKK/NF-�B path-
ways, Wnt5a may repress chondrocyte by negatively
regulating expression of Runx2. In addition, down-regu-
lation of NF-�B activity in the chondrogenic phase may
also be essential because factors known to induce NF-�B
also repress expression of Sox9 (18).

Overall we have demonstrated in this report that
Wnt5a controls chondrocyte differentiation to promote
chondrogenesis and repress chondrocyte hypertrophy in a
stage-dependent manner (see proposed model in Fig. 10).
The early effects of Wnt5a are mediated through activa-
tion of the CaMK/NFAT pathway and down-regulation
of NF-�B-dependent signaling. This early effect is further
regulated by negative pathway cross talk by NFAT-de-
pendent signaling to antagonize NF-�B function. Con-
versely, the inhibition of chondrocyte maturation medi-
ated by Wnt5a is accomplished through a reversal of the
signal transduction pathways used by Wnt5a. These re-
sults demonstrate the importance of stage-dependent sig-
nal transduction in controlling chondrocyte differentia-
tion regulated by Wnt5a.

Materials and Methods

Limb bud micromass and cell culture system
MLB13MYC Clone17 chondrogenic precursors (C17 cells)

were subcultured in DMEM, 10% fetal bovine serum (FBS), 1%
pen/strep. For transfection assays, cells were serum starved in
DMEM, 2% FBS, 1% penicillin/streptomycin at a density of 1 �
105 cells/cm2 overnight and treated with 50 ng/ml recombinant
Wnt5a as indicated (R&D Systems, Minneapolis, MN) or har-
vested for luciferase assays. For micromass culture experiments,

FIG. 10. Model of Wn5a stage-dependent effects on chondrocyte
differentiation. Wnt5a promotes chondrogenesis through the CaMK/
NFAT pathway while repressing chondrocyte maturation through the
activity of NF-�B.
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E11.5 limb bud cells or C17 cells were cultured as high-density
10-�l drops containing 2 � 105 cells in DMEM, 2% FBS sup-
plemented with 25 �g/ml ascorbic acid, 54 �g/ml �-glycerol
phosphate, and 1� insulin/transferrin/selenium (Invitrogen,
Carlsbad, CA) as previously published (29). Cultures were fed
every 3 d for 21 d and either fixed or harvested as described
below. For d 3–d 21 treatments, micromass cultures were sup-
plied with Wnt5a on d 3, d 7, d 10, d 14, and d 17. Wnt5a
treatments for d 14–d 21were accomplished by the addition of
Wnt5a on d 14 and d 17.

Alcian blue staining
Cultures were fixed with 4% paraformaldehyde for 10 min

and stained with alcian blue stain (1% alcian blue, 3% acetic
acid) for 2 h. Cultures were then washed twice with both ethanol
and water.

Lentiviral construction
The Gateway system (Invitrogen) was used to construct len-

tiviruses encoding a dnWnt5a, caIKK, caNFAT, and vector con-
trol according to the manufacture’s specifications. Briefly, each
cDNA was subcloned into the Gateway pENTR4 vector (In-
vitrogen) and used in a homologous recombination reaction to
obtain a destination vector used for viral construction. Each
respective lentivirus was then packaged in 293FT cells. Each
virus was used by infecting each indicated culture at an multi-
plicity of infection (MOI) of 2 for 24 h in the presence of 1 �g/ml
polybrene.

Transfection and luciferase assays
C17 cells were cultured as described above and transfected

with each indicated expression or reporter construct with Lipo-
fectamine 2000 according to the manufacturer’s specifications.
The caNFAT expression construct and NFAT-reporter con-
struct were purchased from Addgene, Inc. (Cambridge, MA;
plasmids 11792 and 10959, respectively). For luciferase assays,
cells were lysed in 1� passive lysis buffer for 15 min on ice.
Luciferase assays were then performed using the Dual Lucif-
erase Reporter Assay System (Promega Corp., Madison, WI) as
per design.

RNA extraction and real-time RT-PCR
C17 cells or micromass cultures were differentiated as above

and harvested immediately for total RNA or cultured with 50
ng/ml Wnt5a (R&D Systems) for the indicated period, rinsed with
PBS, and harvested for total RNA. Total RNA from three biolog-
ical replicates was harvested in TRIzol reagent (Invitrogen) and
phenol/chloroform extracted from which 1 �g of RNA was reverse
transcribed using the Superscript cDNA kit (Bio-Rad Laboratories,
Inc., Hercules, CA). The resulting cDNA samples were used in
real-time RT-PCR analysis of Sox9 (forward primer: 5�-
AGGAAGCTGGCAGACCAGTA-3�; reverse primer: 5�-
CGTTCTTCACCGACTTCCTC-3�); Runx2 (forward primer:
5�-AAGTGCGGTGCAAACTTTCT-3�; reverse primer: 5�-
TCTCGGTGGCTGGTAGTGA-3�); collagen type 2a (forward
primer: 5�-ACTGGTAAGTGGGGCAAGAC-3�; reverse primer:
5�-CCACACCAAATTCCTGTTCA-3�), collagen type X (forward
primer: 5�-CTTTGTGTGCCTTTCAATCG-3�; reverse primer:
5�-GTGAGGTACAGCCTACCAGTTTT-3�); and actin (forward
primer: 5�-AGATGTGGATCAGCAAGCAG-3�; reverse primer:
5�-GCGCAAGTTAGGTTTTGTCA-3�) expression as outlined in

Soung et al. (29). Fold changes for each sample compared with time
zero were then calculated. Each experiment was performed inde-
pendently in triplicate.

Nuclear fractionation
C17 cells or micromass cultures were treated as per experi-

mental design, washed, and harvested in ice-cold PBS. Cells
were homogenized and pelleted in ice-cold PBS. Each pellet was
then resuspended in 10 mM Tris-HCl (pH 8.0), 10 mM KCl, 0.1
mM EGTA, 0.1 mM EDTA, and 1� Inhibitor cocktail (Roche,
Mannheim, Germany) and incubated for 15 min on ice. Cells
were then lysed with the addition of 0.7% Nonidet P-40 (vol/
vol). The resulting lysate was cleared by centrifugation at
14,000 rpm for 15 min at 4 C. The supernatant containing the
cytoplasmic extract was retained for Western blotting. The nu-
clear pellet was then washed twice with ice-cold PBS and resus-
pended in 20 mM Tris-HCl (pH 8.0), 0.4 M NaCl, 0.1 mM

EGTA, 0.1 mM EDTA, and 1� Inhibitor cocktail (Roche) and
incubated on ice for 30 min. The nuclear lysate was then cleared
by centrifugation at 14,000 rpm for 15 min at 4 C. The resulting
supernatant was then collected as a nuclear extract and used for
Western blotting.

Inhibition of signaling pathway components
For use of signaling chemical inhibitors, C17 cells or micro-

mass cultures were treated with respective inhibitor or vehicle
control as indicated. The CaMK inhibitor, K93 (Calbiochem,
San Diego, CA), was used at a concentration of 2 �M. The NFAT
activation inhibitor, INCA-6 (Calbiochem) was used at concen-
tration of 40 nM, and the NF-�B inhibitor (Calbiochem) was
used at a concentration of 10 nM. The PI3K inhibitor LY294002
(Cell Signaling Technology, Beverly, MA) and the Akt inhibitor
(Calbiochem) were used at concentrations of 10 nM and 1 nM,
respectively.

Western blotting
C17 cells of micromass cultures were treated as described

and harvested as cytoplasmic or nuclear extracts. After fraction-
ation, total protein concentrations were determined using the
Bio-Rad DC assay (Bio-Rad Laboratories, Inc., Hercules, CA).
After protein quantification, 1 �l �-mercaptoethanol and brom-
phenol blue was added to each sample, and 20 �g of protein
were subjected to SDS-PAGE. Western blotting was accom-
plished utilizing antibodies for p65 NF-�B (Cell Signaling Tech-
nology) NFATc1 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), Sox9 (AbCam, Cambridge, MA), Runx2 (Oncogene Re-
search, Gibbstown, NJ), actin, and tubulin (Sigma, St. Louis,
MO) at a 1:1,000 dilution and corresponding secondary anti-
bodies (Cell Signaling Technology) at a 1:10,000 dilution.
Chemiluminescent detection was performed using Pierce femto
reagent (Pierce Chemical Co., Rockford, IL). Blots were stripped
and reprobed using Restore Western Blot Stripping Buffer
(Pierce). Each experiment was repeated three times, with repre-
sentative data shown. Quantitative data represent the average
gray value of each corresponding band obtained from three
independent experiments.

Image quantitation
Images were digitally scanned or collected using phase-con-

trast microscopy and converted to threshold values using Image
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J software. Densitometry of each image was then measured us-
ing Image J software.

Statistical analysis
Data obtained are the mean � SEM (n � 3) and are repre-

sentative of three replicate experiments. The effect of treat-
ment was compared with control values using Student’s t test
to determine significant differences using Microsoft Excel soft-
ware. (Microsoft Corp., Pullman, WA).
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