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The maturation of immature chondrocytes to hypertrophic chondrocytes is regulated by parathyroid hor-
mone-related peptide (PTHrP). We demonstrate that PTHrP or forskolin administration can block induction
of collagen X-luciferase by exogenous Runx2, MEF2, and Smad1 in transfected chondrocytes. We have found
that PTHrP/forskolin administration represses the transcriptional activity of MEF2 and that forced expression
of MEF2-VP16 can restore expression of the collagen X reporter in chondrocytes treated with these agents.
PTHrP/forskolin induces dephosphorylation of histone deacetylase 4 (HDAC4) phospho-S246, which decreases
interaction of HDAC4 with cytoplasmic 14-3-3 proteins and promotes nuclear translocation of HDAC4 and
repression of MEF2 transcriptional activity. We have found that forskolin increases the activity of an HDAC4
phospho-S246 phosphatase and that forskolin-induced nuclear translocation of HDAC4 was reversed by the
protein phosphatase 2A (PP2A) antagonist, okadaic acid. Finally, we demonstrate that knockdown of PP2A
inhibits forskolin-induced nuclear translocation of HDAC4 and attenuates the ability of this signaling molecule
to repress collagen X expression in chondrocytes, indicating that PP2A is critical for PTHrP-mediated
regulation of chondrocyte hypertrophy.

Chondrocyte maturation in the growth plate is regulated by
parathyroid hormone (PTH)-related peptide (PTHrP) signals
(14, 16, 29, 33). PTHrP signals are thought to be mediated via
the PTH/PTHrP receptor, a G protein-coupled receptor which
can signal via both Gs, which activates adenylyl cyclase (AC)/
protein kinase A (PKA), and the Gq/G11 family, which acti-
vates phospholipase C/PKC (10). Several lines of evidence
indicate that signaling via the AC/PKA pathway is sufficient for
this receptor to slow the rate of chondrocyte maturation (10).
Runx2/3 (34) and MEF2C/D transcription factors (2) also play
a critical role in modulating chondrocyte hypertrophy. MEF2
function is repressed by class II histone deacetylases (HDACs),
one of which (HDAC4) is known to block both precocious and
ectopic chondrocyte hypertrophy (30). HDAC4 is known to be
phosphorylated at three conserved serines, whose phosphory-
lation promotes the association of these proteins with 14-3-3
proteins in the cytoplasm (9, 20), which is thought to block
both the nuclear localization of these HDACs and consequent
repression of MEF2 transcriptional activity. In this work, we
demonstrate that PTHrP signals block chondrocyte hypertro-
phy by promoting dephosphorylation of HDAC4 phospho-
S246 by protein phosphatase 2A (PP2A), thereby inducing
nuclear translocation of this HDAC and consequent repres-
sion of MEF2 activity.

MATERIALS AND METHODS

Plasmids and antibodies. The following plasmids were used: �4kb ColX-
luciferase (31); 6x(Runx2)-luciferase (8); 30x(SBE)-luciferase (12); CMV-Runx2
(17); CMV-Smad1 and CMV-Smad4 (12, 36); pcDNA-MEF2C-Flag, 3XMEF2-
luciferase, Gal4-HDAC4(2–740), Gal4-HDAC4(2–740) S246A, Gal4-HDAC4
(2–740) 3SA, 14-3-3-VP16, MEF2C-VP16, GFP-HDAC4, HDAC4-Flag, HDAC4-
S246-Flag, and HDAC4-3SA-Flag (3); 14-3-3 epsilon-HA (Addgene; deposited
by Michael Yaffe); SIK1-CA (5); and CAMKI-CA (20). MEF2C-HA was gen-
erated by PCR-cloning mouse Mef2C into pcDNA3.1�; a hemagglutinin (HA)
tag was inserted in the C terminus, in front of the Mef2C stop codon. The
following antibodies were used: anti-Flag (Sigma; F3165); anti-HDAC4 (Abcam;
ab12171); anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase)
(Chemicon; MAB374); anti-�-actin (Abcam; ab6276); anti-phospho-S246, -S467,
and -S632 HDAC4 (6); anti-HA (Santa Cruz; sc-805), anti-PP2A (R&D Systems;
AF1653); and antitubulin (Sigma; T9822). All secondary antibodies were from
Jackson Immunoresearch. Flag agarose beads used for immunoprecipitation (IP)
were purchased from Sigma (A2220), and HA beads were purchased from
Covance (AFC-101P).

Cell culture. All cells were maintained at 37°C in the presence of 5% CO2.
Upper sternal chondrocytes (USCs) were isolated from the cephalic core region
of day-18 chicken embryo sterna as previously described (15). Cells were cultured
for 7 to 10 days in Dulbecco modified Eagle medium (DMEM) (Invitrogen)
supplemented with 10% fetal bovine serum (HyClone), 100 U/ml penicillin, and
100 �g/ml streptomycin (Invitrogen) and plated for transfections. Cells were
treated with 25 �M forskolin (Calbiochem), PTHrP [(Tyr36)-pTH-related pro-
tein 1 to 36; Bachem], and/or okadaic acid (VWR) at concentrations specified.
Proliferating mouse limb bud-derived cells, MLB13MYC clone 14 (MLB14) (28),
were maintained in DMEM supplemented with 10% heat-inactivated fetal bo-
vine serum, 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen). To
induce differentiation, cells were plated at high density and switched to DMEM
supplemented with 1% heat-inactivated serum (Invitrogen), 100 U/ml penicillin,
100 �g/ml streptomycin (Invitrogen), and 100 ng/ml BMP2 (a generous gift from
Walter Sebald, Universität Würzburg). Metatarsals were isolated from 15.5-day
postcoitum (dpc) MEF2-lacZ reporter mice (24) and cultured as described in
reference 11. Beta-galactosidase staining was performed using a beta-galactosi-
dase detection kit from Millipore. All animal studies were approved by the
Harvard Medical Area Standing Committee on Animals.

Luciferase reporter assay and HDAC4 localization assay. USCs were plated at
1.5 � 105 cells/well into six-well plates and transfected with the indicated ex-
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pression plasmids using Superfect transfection reagent (Qiagen) according to the
manufacturer’s protocol. To control for transfection efficiency for renilla lucif-
erase reporters, cells were cotransfected with a simian virus 40 (SV40)-driven
firefly luciferase, and conversely, for firefly luciferase reporters, cells were co-
transfected with SV40-driven renilla luciferase. Cells were treated with 25 �M
forskolin or 3 � 10�7 M PTHrP for 48 h before harvesting, with media being
changed daily. A total of 50 nM okadaic acid was added to the cultures 24 h
before harvesting, where indicated. Cells were lysed 48 h after transfection, and
luciferase reporter activity was determined using the dual-luciferase reporter
assay system (Promega). For HDAC4 localization experiments, USCs were
seeded at 2 � 105 cells/well into two-well glass slides and transfected with green
fluorescent protein (GFP)-HDAC4 or HDAC4-Flag plasmids using either Su-
perfect (Qiagen) or Fugene 6 (Roche) transfection reagent. Cells were treated
with 25 �M forskolin or 10�6 M PTHrP for 4 h before fixing or pretreated with
50 nM okadaic acid for 24 h, where indicated. USCs were fixed 48 h after
transfection in 4% paraformaldehyde for 15 min at room temperature and
counterstained with DAPI (4�,6-diamidino-2-phenylindole). HDAC4-Flag local-
ization was visualized using standard immunofluorescence techniques. The num-
ber of cells with predominantly nuclearly localized GFP-HDAC4 or HDAC4-
Flag was counted.

IP, co-IP, and Western blotting. For HDAC4-Flag co-IP experiments, 2 �g of
each plasmid was transfected into USCs using Superfect reagent. Cells were
treated with 25 �M forskolin or 10�6 M PTHrP for 1 h or 4 h before harvesting,
as indicated. Whole-cell extracts were prepared from USCs 48 h after transfec-
tion using IP buffer (50 mM Tris [pH 7.8], 150 mM NaCl, 1 mM EDTA, 10 mM
NaF, 0.5% NP-40, and 1 mM phenylmethylsulfonyl fluoride, supplemented with
protease and phosphatase inhibitor tablets [Roche]). The extracts were briefly
sonicated and centrifuged for 10 min at 10,000 � g at 4°C. Supernatants were
incubated with either Flag agarose beads or HA agarose beads overnight at 4°C
on a rotating wheel. Finally, the beads were washed three times in the IP buffer,
and proteins were denatured for 5 min at 95°C and separated by gel electophore-
sis. Western blot analysis was carried out under standard conditions with anti-
bodies listed above.

siRNA experiments, RNA isolation, RT-PCR, and qPCR. All small inter-
fering RNA (siRNA) oligonucleotides used in these studies were purchased
from Ambion and are as follows: HDAC4 (s101930), PP2CA (s72066),
PP2CB (s72070), PP1CA (s72053), PP1CB (s72055), PP1CC (s72058),
GAPDH (4390849), and control (4390843). siRNA oligonucleotides were
transfected into MLB14 cells using X-tremeGENE transfection reagent
(Roche), according to the manufacturer’s protocol. Cells were treated with 25
�M forskolin (in dimethyl sulfoxide [DMSO]) or DMSO control, with the media
being changed daily. Cellular lysates were collected 48 h or 96 h after transfec-
tion, and total cellular RNA was purified using RNeasy Plus mini-RNA isolation
kit (Qiagen). Reverse transcription (RT)-PCR was performed using standard
conditions (35). Quantitative PCR (qPCR) analysis was conducted on a 7900HT
real-time PCR machine (Applied Biosystems) using SYBR premix Ex Taq re-
agent (Takara). Primers used in qPCR include the following: Col10a1 (TGCT
GAACGGTACCAAACG [forward] and TGCCTTGTTCTCCTCTTACTGG
[reverse]), Hdac4 (CAACAGACAGAAACTGGACAGTAAG [forward] and
ACCTCATTCCATATGGTGTCG [reverse]), Tbp (GGGAGCTGTGATGTG
AAGTTC [forward] and TAAGGAGAACAATTCTGGGTTTG [reverse]),
Mef2c (CTCCACCTCGGCTCTGTAAC [forward] and CAGCTGCTCAAGCT
GTCAAC [reverse]), Runx2 (CCCAGCCACCTTTACCTACA [forward] and
TATGGAGTGCTGCTGGTCTG [reverse]), Mef2d (TGGCAACACCAAGTT
TACTCAG [forward] and AGGTGAACTGAAGGCTGGTAAG [reverse]),
and Ihh (CATCTTCAAGGACGAGGAGAAC [forward] and AGTGATGGCCA
TCTTCATCC [reverse]). Cotransfection of the GFP-HDAC4 expression plasmid
and siRNA oligonucleotides was performed with X-tremeGENE transfection re-
agent according to the manufacturer’s protocol. Cells were treated with 25 �M
forskolin (in DMSO) or DMSO control for 48 h, fixed with 4% paraformalde-
hyde for 15 min at room temperature and counterstained with DAPI. The
number of cells with predominantly nuclearly localized GFP-HDAC4 was
counted, and the percentage of cells with nuclear GFP-HDAC4 was calculated.

RESULTS

PTHrP and forskolin block the ability of ectopic Runx2/
Smad1/MEF2C to induce expression of a collagen X luciferase
reporter in mature chondrocytes. We have previously found
that PTHrP signals can block the ability of retrovirally encoded
Runx2 to induce collagen X expression in explants of pre-

somitic mesoderm (27). To further explore how PTHrP signals
repress expression of chondrocyte hypertrophy markers, we
evaluated whether PTHrP could similarly repress expression of
a collagen X reporter in transfected chicken embryo USCs. We
cotransfected USCs with a luciferase reporter driven by 4 kb of
sequences upstream of the chicken collagen X promoter
(�4kb ColX-luciferase) (31) together with Runx2, MEF2C,
and Smad1 expression vectors. Cotransfected Runx2, MEF2C,
and Smad1 robustly activated expression of the �4kb ColX-
luciferase reporter in USCs (Fig. 1A, compare lanes 1 and 2).
We evaluated whether administration of PTHrP to such cul-
tures would blunt the induction of the collagen X reporter in
response to cotransfected Runx2, MEF2C, and Smad1. Addi-
tion of 3 � 10�7 M PTHrP led to an approximately 70%
decrease in the expression of the �4kb ColX reporter (Fig. 1A,
lane 3). To address whether elevation of cAMP levels would
similarly block the ability of cotransfected Runx2/MEF2C/
Smad1 to induce expression of the �4kb ColX reporter, we
treated USCs with 25 �M forskolin. Forskolin treatment led to
a precipitous decline in the expression of the �4kb ColX
reporter (Fig. 1A, lane 4), suggesting that elevated cyclic AMP
(cAMP) levels mimic the effects of PTHrP in this culture
system.

PTHrP signaling does not repress either Runx2 or Smad1/4
transcriptional activity in chondrocytes. Because induction of
the �4kb ColX reporter by cotransfected Runx2, Smad1, and
MEF2C was efficiently blocked by either PTHrP or forskolin in
USCs (Fig. 1A), it seems plausible that these signals may
somehow inhibit the activity of one of these transcription fac-
tors. To examine this issue, we evaluated whether these signals
could block the ability of these transcription factors to induce
expression of simplified reporters containing reiterated bind-
ing sites for a single transcription factor (diagrammed sche-
matically in Fig. 1B). Runx2 transcriptional activity was as-
sayed by employing an artificial reporter containing six
Runx2 binding sites driving expression of the luciferase gene
[6x(Runx2)-luciferase] (8). In striking contrast to the �4kb
ColX reporter, induction of 6x(Runx2)-luciferase by cotrans-
fected Runx2 was slightly augmented by the presence of either
PTHrP or forskolin (Fig. 1C). We evaluated the effect of
PTHrP/forskolin on Smad1/4 transcriptional activity by assay-
ing the expression of a reporter containing 30 copies of a
GC-rich Smad1/4 binding element [30x(SBE)-luciferase] (12).
Induction of 30x(SBE)-luciferase by cotransfected Smad1/4
was also augmented in the presence of either PTHrP or fors-
kolin (Fig. 1D). Thus, neither PTHrP nor forskolin represses
the transcriptional activity of either Runx2 or Smad1/4 to in-
duce expression of luciferase reporters driven by their cognate
binding sites.

PTHrP signaling represses MEF2 activity in chondrocytes.
To evaluate whether MEF2 function is modulated by PTHrP/
forskolin in chondrocytes, we transfected USCs with a lucifer-
ase reporter driven by three reiterated MEF2 binding sites
(3xMEF2-luciferase) (18). We observed that administration of
either PTHrP or forskolin led to a precipitous drop in the
expression of this reporter (Fig. 2A, lanes 1 to 3), suggesting
that these signals inhibit either the expression or activity of
endogenous MEF2 in the cell. As PTHrP and forskolin could
potentially be affecting the expression of endogenous MEF2C
and/or the interaction of this protein with repressors of MEF2
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function, such as class II HDACs, we assayed whether PTHrP/
forskolin would affect the activity of either cotransfected wild-
type MEF2C or an activated form of MEF2C (MEF2C-VP16)
to drive expression of the 3�MEF2-luciferase reporter. Both
PTHrP and forskolin blocked induction of the 3�MEF2-lucif-
erase reporter by cotransfected wild-type MEF2C (Fig. 2A,
lanes 4 to 6), without affecting the levels of this transcription
factor (inset in Fig. 2A), indicating that these agents block the
activity of exogenous MEF2C. MEF2C-VP16 is a fusion pro-
tein containing MEF2C fused to the strong transcriptional
activation domain of the herpesvirus protein VP16 (23). We
found that cotransfected MEF2C-VP16 very strongly activates
expression of the 3�MEF2-luciferase reporter in USCs and
that administration of PTHrP or forskolin did not blunt this
induction (Fig. 2A, lanes 7 to 9). Thus, while PTHrP/forskolin
administration can block the transcriptional activity of MEF2C-
WT, these agents do not significantly attenuate the activity of
MEF2C-VP16.

An activated form of MEF2 can reverse the ability of
PTHrP and forskolin to repress expression of a collagen X
reporter. Because MEF2 activity is repressed by PTHrP
signaling in USCs, we examined whether expression of an
activated form of MEF2C (MEF2C-VP16), whose activity is
not blunted by these signals, would rescue the expression

of the collagen X reporter in the presence of PTHrP. Co-
transfections of Runx2/Smad1 plus either MEF2C-WT or
MEF2C-VP16 equally activated expression of the �4kb
ColX-luciferase reporter (Fig. 2B, compare lanes 2 and 5).
As previously observed (as shown in Fig. 1A), induction of
this reporter in response to Runx2/Smad1/MEF2C-WT was
repressed by either PTHrP or forskolin (by 70% and 90%,
respectively; Fig. 2B, compare lanes 2 to 4). In contrast,
induction of this reporter by cotransfected Runx2/Smad1/
MEF2C-VP16 was significantly less attenuated by either
PTHrP or forskolin (by 30% and 25%, respectively; Fig. 2B,
compare lanes 5 to 7). Thus, inclusion of MEF2C-VP16,
whose transcriptional activity is not attenuated by either
PTHrP or forskolin, blunts the ability of either of these
signaling molecules to repress expression of the collagen X
reporter. These findings suggest that forced expression of an
activated form of MEF2C renders expression of chondro-
cyte hypertrophy markers relatively resistant to the effects of
PTHrP signaling and are consistent with prior findings from
the laboratory of Olson and colleagues that ectopic expres-
sion of MEF2C-VP16 in developing cartilage induces pre-
cocious chondrocyte hypertrophy in transgenic mice (2).

PTHrP reduces expression of a MEF2-lacZ reporter in
metatarsal explants. Application of PTH/PTHrP to explants of

FIG. 1. PTHrP signaling/forskolin blocks expression of a collagen X reporter in chondrocytes without repressing the transcriptional activity of
either Runx2 or Smad1/4. (A) USCs were cotransfected with the �4kb ColX-renilla luciferase reporter and an SV40-firefly luciferase reporter plus
Runx2, MEF2C, and Smad1 expression vehicles in either the absence or presence of PTHrP or forskolin as indicated. As shown in this and
subsequent figures, renilla luciferase units were normalized to the expression of cotransfected SV40-firefly luciferase to obtain relative luciferase
units (RLU). (B) The PTHrP/forskolin transcriptional target in the collagen X enhancer was determined by evaluating whether these signals block
the expression of luciferase reporters driven by either the intact collagen X enhancer, 6 copies of a Runx2 binding element, 30 copies of a Smad1/4
binding element, or 3 copies of a MEF2 binding element. (C) USCs were transfected with a reporter driven by six copies of a Runx2 binding
element [6x(Runx2)-firefly luciferase] and an SV40-renilla luciferase reporter plus a Runx2 expression vehicle in either the absence or presence
of PTHrP or forskolin as indicated. (D) USCs were transfected with a reporter driven by 30 copies of a Smad1/4 binding element [30X(SBE)-renilla
luciferase] and an SV40-firefly luciferase reporter plus Smad1/4 expression vehicles in either the absence or presence of PTHrP or forskolin as
indicated.
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embryonic metatarsals blocks chondrocyte hypertrophy and
expression of collagen X (11). We examined whether inhibition
of chondrocyte maturation by PTHrP correlated with a reduc-
tion of either MEF2 activity and/or expression. Metatarsals
were isolated from 15.5-dpc mouse embryos containing a lacZ
transgene driven by three MEF2 binding sites (24), cultured in
either the absence or presence of 10�6 M PTHrP for 3 days,
and stained for beta-galactosidase expression. Staining with
X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside) re-
vealed punctate expression of beta-galactosidase in untreated
metatarsals (Fig. 2C). Interestingly, the level of beta-galacto-
sidase expression decreased in explants cultured in the pres-
ence of PTHrP (Fig. 2D), suggesting that PTHrP represses
either the activity and/or expression of MEF2 in such cultures.
Loss of MEF2 reporter gene expression in PTHrP-treated
metatarsals correlated with a precipitous decline in collagen X
and Ihh expression in the explants and a notable decrease in
the expression of both MEF2C and MEF2D (Fig. 2E). To-
gether, these findings indicate that PTHrP represses the activ-
ity of exogenous MEF2 in transfected chondrocytes and the
expression of both a MEF2-lacZ reporter and endogenous
MEF2 family members in cultured metatarsal explants.

PTHrP and forskolin treatment of chondrocytes induces the
nuclear retention of GFP-HDAC4. The transcriptional activity
of MEF2 family members in chondrocytes is modulated by
HDAC4 (30). To examine if HDAC4 function is necessary

for forskolin to repress expression of endogenous Col10a1,
we employed a line of chondrogenic mouse limb bud cells
(MLB14) which express COL10A1 in a BMP-dependent man-
ner (28) (Fig. 3B, lanes 1 to 2). siRNA targeting either Gapdh
or Hdac4 significantly decreased expression of the cognate
protein 2 to 4 days following transfection into MLB14 cells
(Fig. 3A). Treatment of MLB14 cells with forskolin resulted in
a significant decrease in Col10a1 expression (Fig. 3B, compare
lanes 2 and 3). While knockdown of HDAC4 in forskolin-
treated MLB14 cells led to the partial restoration of Col10a1
expression (Fig. 3B, compare lanes 3 and 5), knockdown of
GAPDH in such cells did not significantly alter expression of
Col10a1 (Fig. 3B, lane 4), indicating that HDAC4 function is
necessary for AC/PKA signaling to maximally inhibit Col10a1
expression. The incomplete restoration of Col10a1 expression
following knockdown of HDAC4 may be due to either the
incomplete knockdown of HDAC4 or the presence of other
class II HDACs in MLB14 cells (data not shown).

Because HDAC4 function is required for forskolin to effi-
ciently block Col10a1 expression in MLB14 chondrocytes, we
examined whether PTHrP/forskolin might indirectly be affect-
ing the activity of MEF2 by altering the cellular localization of
HDAC4. Chicken USCs were transfected with a GFP-HDAC4
expression vehicle (22). While chondrocytes cultured in control
medium localize GFP-HDAC4 predominantly in the cyto-
plasm (Fig. 3, panels C, D, and E), those cultured for 4 h in

FIG. 2. PTHrP inhibits expression of a MEF2-lacZ transgene in developing cartilage and the transcriptional activity of both endogenous and
exogenous MEF2C, but not that of MEF2-VP16. (A) USCs were cotransfected with a 3X(MEF2)-firefly luciferase reporter and an SV40-renilla
luciferase reporter plus MEF2C-WT or MEF2C-VP16 expression vehicles in either the absence or presence of PTHrP or forskolin as indicated.
The insert shows a Western blot of extracts from USCs transfected with wild-type MEF2C-Flag and cultured in either the absence or presence of
PTHrP or forskolin as indicated. RLU, relative luciferase units. (B) USCs were cotransfected with a �4kb ColX-renilla luciferase reporter and
an SV40-firefly luciferase reporter plus Runx2, Smad1, MEF2C-WT, or MEF2C-VP16 expression vehicles in either the absence or presence of
PTHrP or forskolin as indicated. (C and D) Metatarsals were isolated from 15.5-dpc mouse embryos containing a lacZ transgene driven by three
MEF2 binding sites (24) cultured in either the absence or presence of 10�6 M PTHrP for 3 days and stained for beta-galactosidase expression.
Arrowheads, regions of the explants showing beta-galactosidase activity. (E) Gene expression from three pooled metatarsal explants treated as
described in the legends for panels C and D was measured by RT-qPCR and normalized to Tbp expression.
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either PTHrP or forskolin localize GFP-HDAC4 predomi-
nantly in the nucleus (Fig. 3, panels F, G, and H). Quantifica-
tion of these results indicated that GFP-HDAC4 was localized
to the nucleus in only 30% of control-transfected USCs, in
68% of PTHrP-treated cells, and in 93% of forskolin-treated
cells (Fig. 3I). Similar results were observed with MLB14 cells
transfected with GFP-HDAC4 upon forskolin treatment (data
not shown). Together, these findings indicate that either
PTHrP or forskolin can increase the nuclear localization of
GFP-HDAC4.

PTHrP signaling or forskolin administration specifically
induces the dephosphorylation of HDAC4 phospho-S246. Be-
cause phosphorylation of HDAC4 on residues S246, S467, and
S632 promotes the retention of this protein in the cytoplasm
(9, 32), we investigated whether phosphorylation of these
serines is altered by either PTHrP or forskolin. USCs were
transfected with expression vehicles encoding either Flag-
tagged wild-type HDAC4 (HDAC4-Flag) or a Flag-tagged mu-
tant form of HDAC4 containing alanine in place of S246, S467,
and S632 (HDAC4-3SA-Flag) (21). Forty-eight h posttransfec-
tion, the USCs were treated with either PTHrP or forskolin for
1 or 4 h prior to cell lysis. HDAC4-Flag was immunoprecipi-
tated with anti-Flag antibody and Western blotted to detect
HDAC4-Flag, phospho-S246, phospho-S467, or phospho-
S632. HDAC4 residues S246, S467, and S632 are apparently
phosphorylated in chondrocytes, as anti-phospho-S246/S467/

S632 antisera recognized their respective phosphorylated
epitopes in wild-type HDAC4 but not in the mutant form of
HDAC4 (Fig. 3J, compare lanes 2 and 7). While phosphory-
lation of S467 or S632 was not significantly altered by treat-
ment of chondrocytes with either forskolin or PTHrP, phos-
phorylation of S246 was markedly decreased following
treatment of cells with either forskolin or PTHrP (Fig. 3J,
compare lane 2 with lanes 3 to 6). These results suggest that
phosphorylation of HDAC4 S246 (but not S467 or S632) is
specifically decreased by either forskolin or PTHrP in chon-
drocytes.

PTHrP/forskolin administration blocks the association of
HDAC4 and 14-3-3 and increases the association between
HDAC4 and MEF2C as assayed by both two-hybrid and co-IP
assays. Prior mutational analysis of HDAC4 has indicated that
a loss of S246 phosphorylation decreases interaction of HDAC4
with 14-3-3 proteins (3). To investigate whether PTHrP or
forskolin administration similarly decreases the interaction be-
tween HDAC4 and 14-3-3 proteins, we employed a vertebrate
two-hybrid assay. USCs were transfected with the Gal4 DNA
binding domain fused to HDAC4 [residues 2 to 740 and lack-
ing the HDAC catalytic domain; Gal4-HDAC4(2–740)] (3) in
either the absence or presence of 14-3-3 fused to the VP16
activation domain (14-3-3–VP16) (3). While transfection of
chondrocytes with either Gal4-HDAC4(2–740) or 14-3-3–
VP16 alone failed to induce the activity of a luciferase reporter

FIG. 3. PTHrP and forskolin induce the nuclear localization of HDAC4 and dephosphorylation of HDAC4 phospho-S246. (A) siRNAs
targeting either Gapdh or Hdac4 knockdown expression of their respective proteins in chondrogenic MLB14 cells. (B) Knockdown of HDAC4
rescues Col10a1 expression in forskolin-treated MLB14 cells. MLB14 cells, induced to differentiate for 4 days in BMP2-containing medium, were
treated as indicated; the ratio of Col10a1 to Tbp was determined by RT-qPCR. (C to H) USCs were transfected with an expression vehicle encoding
GFP fused to HDAC4 (GFP-HDAC4) and cultured in either the absence or presence of forskolin. Localization of GFP-HDAC4- and DAPI-
stained nuclei is displayed. (I) The percentage of chondrocytes displaying nuclearly localized GFP-HDAC4 when cultured in either the absence
or presence of PTHrP or forskolin. (J) USCs were transfected with expression vehicles encoding either Flag-tagged wild-type HDAC4 (HDAC4-
Flag) or a Flag-tagged mutant form of HDAC4 containing alanine in place of S246, S467, and S632 (HDAC4-3SA-Flag) and cultured in control
medium or in medium containing either PTHrP or forskolin for an additional 1 or 4 h prior to cell lysis. Immunoprecipitated HDAC4-Flag was
Western blotted and probed with antibodies to HDAC4-Flag, HDAC4 phospho-S246, HDAC4 phospho-S467, and HDAC4 phospho-S632.
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driven by reiterated Gal4 binding sites (GAL4-luciferase; Fig.
4A, lanes 1 to 3), transfection of cells with both these con-
structs led to robust expression of this reporter (Fig. 4A, lane
4) (3). Administration of either PTHrP or forskolin dramati-
cally reduced the induction of GAL4-luciferase activity in re-
sponse to cotransfected Gal4-HDAC4(2–740) and 14-3-3–
VP16 (Fig. 4A, compare lane 4 with lanes 5 and 6), suggesting
that administration of either PTHrP or forskolin reduces the
interaction between Gal4-HDAC4(2–740) and 14-3-3–VP16.
Importantly, neither PTHrP nor forskolin affected the activity
of a Gal4-VP16 fusion protein (Fig. 4A, lanes 7 to 9), suggest-
ing that the transcriptional effects of PTHrP and forskolin are
due to modulation of HDAC4/14-3-3 interaction.

To investigate whether PTHrP/forskolin induces an in-
creased association between HDAC4 and MEF2, we again
utilized a vertebrate two-hybrid assay, this time employing
Gal4-HDAC4(2–740) and MEF2C-VP16. Importantly, the
MEF2 interaction domain located in the N terminus of
HDAC4 is present in Gal4-HDAC4(2–740). While Gal4-
HDAC4(2–740) and MEF2C-VP16 failed individually to acti-
vate expression of GAL4-luciferase (Fig. 4B, lanes 1 to 3), the

combination of Gal4-HDAC4(2–740) and MEF2C-VP16 led
to robust activation of this reporter (Fig. 4B, lane 4). Admin-
istration of PTHrP or forskolin resulted in an increase in
GAL4-luciferase activity (Fig. 4B, compare lanes 4 to 6), sug-
gesting that the interaction between HDAC4 and MEF2C is
augmented by PTHrP/forskolin.

To further investigate whether elevation of cAMP levels by
forskolin alters either HDAC4–14-3-3 or HDAC4-MEF2 in-
teraction, we examined whether co-IP of these proteins from
transfected chondrocytes would be affected by forskolin treat-
ment. USCs were cotransfected with expression vehicles en-
coding HDAC4-Flag plus either 14-3-3–HA or MEF2C-HA in
either the absence of presence of forskolin. IP of transfected
14-3-3–HA led to the co-IP of HDAC4-Flag (Fig. 4C, lane 3),
and addition of forskolin to the cells markedly decreased this
interaction (Fig. 4C, lane 4). IP of transfected HDAC4-Flag
led to the co-IP of MEF2C-HA (Fig. 4D, lane 3), and in this
case addition of forskolin to the cells increased this interaction
(Fig. 4D, lane 4). Thus, both the vertebrate two-hybrid assay
and co-IP analyses indicated that forskolin treatment leads to

FIG. 4. PTHrP/forskolin blocks the association of HDAC4 and 14-3-3 proteins and increases the association between HDAC4 and
MEF2C. (A) USCs were transfected with a GAL4-firefly luciferase reporter and an SV40-renilla luciferase reporter plus expression vehicles
encoding Gal4-HDAC4(2–740), 14-3-3–VP16, or Gal4-VP16 in either the absence or presence of PTHrP or forskolin as indicated. RLU,
relative luciferase units. P, phosphate group. (B) USCs were transfected with a GAL4-firefly luciferase reporter and an SV40-renilla
luciferase reporter plus expression vehicles encoding either Gal4-HDAC4(2–740) or MEF2C-VP16 in either the absence or presence of
PTHrP or forskolin. (C) USCs were transfected with expression vehicles encoding HDAC4-Flag plus 14-3-3–HA in either the absence or
presence of forskolin as indicated. 14-3-3–HA and associated proteins were immunoprecipitated, and Western analysis (WB) was employed
to detect co-IP 14-3-3–HA and HDAC4-Flag. (D) USCs were transfected with expression vehicles encoding HDAC4-Flag plus MEF2C-HA
in either the absence or presence of forskolin as indicated. HDAC4-Flag and associated proteins were immunoprecipitated and Western
analysis was employed to detect co-IP HDAC4-Flag and MEF2C-HA.
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a relative decrease in the interaction between HDAC4 and
14-3-3 proteins and a corresponding increase in the interaction
between HDAC4 and MEF2C.

Phosphorylation of HDAC4 S246 is required for robust in-
teraction of HDAC4 with 14-3-3 proteins and retention of
HDAC4 in the cytoplasm. Because our analysis indicated that
PTHrP/forskolin-induced dephosphorylation of HDAC4 S246
(but not S467 or S632) correlates with PTHrP/forskolin-in-
duced nuclear localization of HDAC4 in chondrocytes, we
examined whether an alanine substitution at this position
would affect either cellular localization or interaction of
HDAC4 with 14-3-3 proteins. While HDAC4-WT-Flag was
nuclearly localized in 49% of transfected chondrocytes,
HDAC4-S246A-Flag was nuclearly localized in 81% of such
cells (Fig. 5A, lanes 1 and 4). In comparison, HDAC4-3SA-
Flag, containing alanine substitutions for S246, S467, and S632,
was nuclearly localized in 98% of transfected chondrocytes
(Fig. 5A, lane 7). Thus, while loss of S246 phosphorylation
substantially increases nuclear localization of HDAC4-Flag,
nuclear localization of this mutant HDAC4 can be further
accentuated by the loss of S467 and S632 phosphorylation.
Consistent with these findings, we observed with vertebrate
two-hybrid analyses that substitution of HDAC4 S246 with
alanine profoundly decreased the interaction of 14-3-3–VP16
with Gal4-HDAC4(2–740) by over 91% (Fig. 5B), while en-
hancing the interaction between MEF2C-VP16 and Gal4-

HDAC4(2–740) (Fig. 5C). These results indicate that loss of
HDAC4 S246 phosphorylation alone can significantly weaken
interaction between HDAC4 and 14-3-3 proteins, resulting in
redistribution of HDAC4 into the nucleus. Interestingly,
PTHrP/forskolin treatment induced a substantial increase in
nuclear localization of HDAC4-WT-Flag, (Fig. 5A, lanes 1 to
3) and a small but reproducible increase in the nuclear local-
ization of HDAC4-S246A-Flag (Fig. 5A, lanes 4 to 6) and did
not affect the cellular localization of HDAC4-3SA-Flag (Fig.
5A, lanes 7 to 9). These findings suggest that PTHrP/forskolin
treatment may also decrease phosphorylation of S467 and S632
at a level that is undetectable by Western analysis (Fig. 3J).

Forskolin decreases both the cytoplasmic localization and
phosphorylation of HDAC4 S246 in the presence of activated
HDAC4 kinases. A decrease in the phosphorylation of HDAC4
S246 by either PTHrP or forskolin treatment suggests that
elevation of cAMP levels either (i) inhibits the activity/expres-
sion of an HDAC4 S246 kinase or (ii) induces the activity/
expression of an HDAC4 S246 phosphatase. To distinguish
between these two possibilities, we examined whether forced
expression of an activated HDAC4 kinase can counter the
effects of forskolin treatment. If forskolin administration
blocks only the activity or expression of an essential HDAC4
kinase in chondrocytes and does not activate an HDAC4 phos-
phatase, then forced expression of constitutively activated
forms of either CAMKI or SIK1, which phosphorylate HDAC4

FIG. 5. Phosphorylation of HDAC4 S246 is required for robust interaction of HDAC4 with 14-3-3 proteins and retention of HDAC4 in the
cytoplasm. (A) USCs were transfected with an expression vehicle encoding HDAC4-WT-Flag, HDAC4-S246A-Flag, or HDAC4-3SA-Flag and
cultured in either the absence or presence of PTHrP or forskolin as indicated. The percentage of chondrocytes displaying nuclearly localized
HDAC4-Flag when cultured in either the absence or presence of PTHrP or forskolin is displayed. (B and C) USCs were transfected with a
GAL4-firefly luciferase reporter and an SV40-renilla luciferase reporter plus expression vehicles encoding 14-3-3–VP16; MEF2-VP16; and
Gal4-HDAC4(2–740)WT, Gal4-HDAC4(2–740)S246A, or Gal4-HDAC4(2–740)3SA as indicated. Relative luciferase units (RLU) are displayed.
X, either a phosphate group or hydrogen.
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and induce both its nuclear exclusion and association with
14-3-3 proteins (3, 5, 18), should promote increased phosphory-
lation of HDAC4 S246 in both the absence and presence of
forskolin. On the other hand, if forskolin administration in-
duces the activity or expression of an essential HDAC4 phos-
phatase, then the ability of constitutively activated forms of
CAMKI or SIK1 to promote both nuclear exclusion and in-
creased phosphorylation of HDAC4 S246 should be blunted by
forskolin administration.

Cotransfection of USCs with activated forms of either CAMKI
or SIK1 decreased the nuclear localization of GFP-HDAC4
from 35% to 12% or 15%, respectively (Fig. 6A, lanes 1, 2, and
5). Treatment of USCs cotransfected with activated CAMKI
with either PTHrP or forskolin increased the nuclear retention
of GFP-HDAC4 from 12% to 28% or 24%, respectively (Fig.
6A, lanes 2 to 4). Similarly, PTHrP or forskolin treatment of
USCs cotransfected with activated SIK1 increased the nuclear
retention of GFP-HDAC4 from 15% to 43% or 49%, respec-
tively (Fig. 6A, lanes 5 to 7). Together these findings suggest
that PTHrP or forskolin counters the activity of constitutively

activated HDAC4 kinases. Consistent with these results, we
found that cotransfection of HDAC4-Flag with an activated
form of SIK1 increased the phosphorylation of HDAC4 S246
(Fig. 6B, compare lanes 1 and 2), which was reversed by ad-
ministration of forskolin (Fig. 6B, compare lanes 2 and 3).
Similarly, we found that cotransfection of an activated form of
CAMKI also induced increased phosphorylation of HDAC4
S246 (data not shown), which was reversed upon exposure of
cells to forskolin (Fig. 6B, compare lanes 4 and 5). Together
these data suggest that elevation of cAMP levels by forskolin
counters the ability of activated forms of either SIK1 or CAMKI
to affect S246 phosphorylation by inducing the expression
and/or activity of an HDAC4 phospho-S246 phosphatase.

Okadaic acid blocks the ability of forskolin to induce nu-
clear localization of HDAC4 in chondrocytes and to repress
induction of collagen X luciferase in chondrocytes. Recently, it
was demonstrated that PP1 and PP2A can both dephosphory-
late and regulate the cellular localization of class II HDACs
(19, 25, 26). Because forskolin induces the dephosphorylation
of S246 by increasing the expression/activity of an HDAC4

FIG. 6. PTHrP/forskolin decreases phosphorylation of HDAC4 phospho-S246, increases nuclear localization of HDAC4, and represses
expression of a collagen X reporter via an okadaic acid-sensitive phosphatase. (A) USCs were cotransfected with GFP-HDAC4 plus activated
forms of CAMK (CAMKI-CA) or SIK (SIK1-CA) in either the absence or presence of PTHrP or forskolin (4-h treatment), as indicated. The
percentage of cells with nuclear localized GFP-HDAC4 is displayed. (B) USCs were transfected with expression vehicles encoding HDAC4-Flag
plus expression vehicles encoding either SIK1-CA or CAMKI-CA in either the absence or presence of forskolin as indicated. HDAC4-Flag was
immunoprecipitated, and Western analysis was employed to detect immunoprecipitated HDAC4-Flag and HDAC4 phospho-S246. (C) USCs were
transfected with a GFP-HDAC4 expression vehicle and cultured for 4 h in either the absence or presence of forskolin and increasing amounts of
okadaic acid, as indicated. The percentage of cells with nuclearly localized GFP-HDAC4 is displayed. (D) USCs were cotransfected with a �4kb
ColX-renilla luciferase reporter and an SV40-firefly luciferase reporter plus Runx2/Smad1/MEF2C-WT expression vehicles in either the absence
or presence of forskolin and okadaic acid as indicated. RLU, relative luciferase units. (E to H) Metatarsals were isolated from 15.5-dpc mouse
embryos either lacking (control) or containing a lacZ transgene driven by three MEF2 binding sites (24), cultured in either the absence or presence
of 10�6 M PTHrP and 50 nM okadaic acid (OA) as indicated for 3 days, and stained for beta-galactosidase expression. (I) Gene expression in three
pooled metatarsal explants treated as described in the legend for panels E to H was measured by RT-qPCR and normalized to Gapdh expression.
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phosphatase, we investigated if the PP2A/PP1 inhibitor, oka-
daic acid, could reverse the effects of forskolin. We found that
pretreatment of chicken USCs or chondrogenic MLB14 cells
with as little as 50 nM okadaic acid could completely block a
forskolin-induced increase in nuclearly localized HDAC4 (Fig.
6C and data not shown), suggesting that cAMP/PKA signaling
induces the expression/activity of an okadaic acid-sensitive
phosphatase that dephosphorylates phospho-S246 in HDAC4
and thereby induces its nuclear localization.

We examined whether this phosphatase inhibitor would sim-
ilarly reverse the ability of forskolin to inhibit expression of the
�4kb ColX-luciferase reporter. While administration of either
PTHrP or forskolin markedly blocks the induction of this re-
porter by cotransfected Runx2, MEF2C, and Smad1 (Fig. 6D,
compare lane 2 with lanes 3 and 5), this inhibition is either
completely (in the case of PTHrP) or substantially (in the case
of forskolin) reversed by inclusion of okadaic acid (Fig. 6D,
compare lanes 3 and 4 or lanes 5 and 6, respectively). These
results indicate that the activity of an okadaic acid-sensitive
phosphatase is necessary for forskolin to block MEF2 activity.
We also examined whether addition of okadaic acid would
affect the ability of PTHrP signals to repress expression of the
MEF2-lacZ reporter in metatarsals isolated from 15.5-dpc
mouse embryos containing a lacZ transgene driven by three
MEF2 binding sites (24). While PTHrP administration de-
creased expression of both the lacZ transgene (Fig. 6F and G)
and the chondrocyte hypertrophy markers collagen X and Ihh
in these cultures (Fig. 6I), administration of both PTHrP and
okadaic acid strikingly increased expression of the MEF2 re-
porter transgene (Fig. 6H) and similarly increased expression
of collagen X and Ihh (Fig. 6I). Interestingly, the increased
expression of chondrocyte hypertrophy markers induced by
okadaic acid was observed in the absence of increased expres-
sion of MEF2C (Fig. 6I). Taken together, our findings suggest
that elevation of cAMP levels by PTHrP/forskolin induces the
expression/activity of an okadaic acid-sensitive phosphatase
that dephosphorylates HDAC4 phospho-S246, thereby pro-
moting the nuclear localization of this class II HDAC and
consequent suppression of MEF2 function.

PP2A is the okadaic acid-sensitive phosphatase that is re-
quired for PTHrP/forskolin to induce HDAC4 nuclear local-
ization. Because okadaic acid is known to block the activity of
PP1 and PP2A, we evaluated whether either PP1 or PP2A
function is necessary for PTHrP/forskolin to induce nuclear
localization of HDAC4. We employed siRNAs to knock down
the expression of the catalytic subunit of these phosphatases in
both NIH 3T3 cells and the MLB14 chondrogenic cell line.
There are three isoforms of the catalytic subunit of PP1
(PP1CA, PP1CB, and PP1CC) and two isoforms of the cata-
lytic subunit of PP2A (PP2CA and PP2CB). We transfected
NIH 3T3 cells with siRNAs directed against these various
catalytic subunits and monitored the effect of these siRNAs on
the steady-state levels of Pp1ca, Pp1cb, Pp1cc, Pp2ca, and
Pp2cb catalytic subunit transcripts by RT-PCR analysis. siRNAs
directed against the various PP1 or PP2A catalytic subunits
specifically decreased transcript levels of the targeted phos-
phatase subunit (Fig. 7A) and did not alter transcript levels of
the other PP1 or PP2A catalytic subunits (data not shown). In
addition, we found that transfection of either NIH 3T3 cells or
chondrogenic MLB14 cells with the combination of siRNAs

targeting both isoforms of the catalytic subunit of PP2A sig-
nificantly lowered steady-state levels of the PP2A-catalytic sub-
unit proteins, while siRNA directed against Gapdh lowered its
protein levels (data not shown and Fig. 7B).

Because we could specifically knock down the expression of
the various catalytic isoforms of either PP1 or PP2A with
siRNAs, we explored whether forskolin-induced nuclear trans-
location of HDAC4 would be affected by knocking down either
PP1 or PP2A catalytic subunits. The GFP-HDAC4 expression
vector was cotransfected with various siRNAs into MLB14
cells, and the percentage of cells containing GFP-HDAC4
solely in the nucleus was quantified. In control-transfected
MLB14 cells, forskolin administration increased the percent-
age of cells containing GFP-HDAC4 localized only in the
nucleus from 0% (in nontreated cells) to 55% (in forskolin-
treated cells) (Fig. 7C, lanes 1 and 2). Transfection of MLB14
cells with siRNAs directed against both isoforms of the cata-
lytic subunit of PP2A (siPP2A) markedly diminished the ability
of forskolin to induce nuclear translocation of GFP-HDAC4
from 55% in non-siRNA-treated cells to only 6% in siPP2A-
treated cells (Fig. 7C, lanes 2 and 4, respectively). In contrast,
siRNAs directed against either all three isoforms of the catalytic
subunit of PP1 (siPP1) or siRNA directed against GAPDH did
not significantly affect the ability of forskolin to induce nuclear
translocation of GFP-HDAC4 (Fig. 7C, lanes 6 and 8). These
findings indicate that PP2A, not PP1, is necessary for forskolin
to induce the nuclear translocation of HDAC4.

Knockdown of PP2A boosts Col10a1 expression in chondro-
cytes cultured in forskolin. Because loss of PP2A blocks the
ability of forskolin to induce nuclear translocation of HDAC4,
we wondered whether knockdown of PP2A would similarly
block the ability of forskolin to inhibit Col10a1 expression. We
treated MLB14 cells with siRNA directed against either Gapdh
or Pp2a transcripts prior to plating in BMP2 for 2 days. Treat-
ment of the MLB14 cells with forskolin decreased expression
of Col10a1 (Fig. 7D, compare lanes 2 and 3). While knock-
down of PP2A enhanced the expression of Col10a1 in such
forskolin-treated cultures (Fig. 7D, lane 5), knockdown of
GAPDH did not boost Col10a1 expression (Fig. 7D, lane 4),
indicating that knockdown of PP2A specifically attenuated the
ability of forskolin to repress Col10a1 expression. Interestingly,
like Col10a1, expression of Mef2C was repressed by forskolin
(Fig. 7D, lanes 2 and 3) and was reactivated by knockdown of
PP2A in forskolin-treated cells (Fig. 7D, lane 5). In contrast,
these various treatments did not significantly affect Runx2 ex-
pression (Fig. 7D).

DISCUSSION

PTHrP signaling inhibits both MEF2 expression and tran-
scriptional activity in chondrocytes. Prior work has indicated
that PTHrP signaling plays a critical role in attenuating the
rate of chondrocyte maturation in the growth plate (14, 16, 29,
33). While recent studies have documented an essential role
for Runx2/3, MEF2C/D, and Smad1/4 in this process (2, 31,
34), it has not been clear whether PTHrP signals directly mod-
ulate the activity of any of these transcription factors. In this
work we document that PTHrP or forskolin administration
represses the ability of Runx2/Smad1/MEF2C to activate ex-
pression of a collagen X reporter in USCs isolated from
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chicken embryos. To determine how these signals repress in-
duction of the collagen X reporter by these transcription fac-
tors, we investigated how PTHrP/forskolin affected the activity
of these transcription factors to activate expression of simpli-
fied reporter constructs. Like the collagen X reporter, we
found that PTHrP/forskolin inhibits the transcriptional activity
of either endogenous or exogenous MEF2C to activate a lu-
ciferase reporter driven by reiterated MEF2 binding sites. In
striking contrast, these same signals augment the transcrip-
tional activity of Runx2 or Smad1/4 to activate expression of
luciferase reporters driven by their cognate binding sites.
Moreover, we found that cotransfection of an activated form of
MEF2C, whose activity is not blunted by either PTHrP or
forskolin, could restore expression of the collagen X reporter
in chondrocytes treated with these agents. These findings
strongly suggest that MEF2 transcriptional activity is a target
for PTHrP signals in chondrocytes. In addition, we found that
PTHrP treatment of embryonic metatarsal cultures decreased
expression of a MEF2-lacZ reporter transgene and repressed
expression of both endogenous Col10a1 and Mef2C, while in-
creasing the expression of Hdac4 (data not shown). Taken
together, these findings indicate that PTHrP/AC/PKA signal
transduction blocks both the expression and activity of MEF2

transcription factors. PTHrP may, in addition, control either
the expression or transcriptional activity of other factors nec-
essary for collagen X expression, as cotransfected MEF2-
VP16, whose activity is not attenuated by either PTHrP or
forskolin, was unable to completely restore expression of a
collagen X luciferase reporter in USCs treated with either
PTHrP or forskolin. Interestingly, forskolin treatment of skel-
etal muscle cells has similarly been demonstrated to inhibit the
activity of MEF2D by inducing both PKA-mediated phosphory-
lation of MEF2D and nuclear translocation of HDAC4 (7).

PTHrP inhibits MEF2 by promoting the nuclear transloca-
tion of HDAC4. Because HDAC4 is known to block both
precocious and ectopic chondrocyte hypertrophy (30), we in-
vestigated whether PTHrP signals modulate the interaction of
this HDAC with MEF2 family members. Indeed we found that
PTHrP or forskolin administration to chondrocytes induced a
striking relocalization of a GFP-HDAC4 fusion protein from
the cytoplasm into the nucleus. This nuclear relocalization of
HDAC4 correlated with a decreased association of this HDAC
with 14-3-3 proteins and an increased association with MEF2C
as assayed by both vertebrate two-hybrid and co-IP analyses.
As HDAC4 is known to be phosphorylated at specific con-
served residues (S246, S467, and S632), whose phosphorylation

FIG. 7. PP2A is the okadaic acid-sensitive phosphatase that is required for PTHrP/forskolin to induce HDAC4 nuclear localization. (A) NIH
3T3 cells were transfected with siRNAs directed against Gapdh (lane 1), siRNAs directed against isoforms of the catalytic subunit of either PP1
(Pp1ca, Pp1cb, and Pp1cc) or PP2A (Pp2ca and Pp2cb) (lane 2), or no siRNA (lane 3). Transcript levels of the various genes were assayed by
RT-qPCR. (B) MLB14 cells were transfected with no siRNA (control), siRNAs directed against PP2A, or siRNA directed against GAPDH, as
indicated. Protein levels were assayed by Western analysis. (C) MLB14 cells were transfected with GFP-HDAC4 plus either no siRNA (control,
lanes 1 and 2) or siRNA directed against the PP2A catalytic subunit (lanes 2 and 3), the PP1 catalytic subunit (lanes 5 and 6), or GAPDH (lanes
7 and 8). Cells were cultured for 44 h and treated for an additional 4 h either in control medium (odd lanes) or in medium containing forskolin
(even lanes), as indicated. The percentage of cells containing GFP-HDAC4 solely in the nucleus is displayed. (D) Knockdown of PP2A boosts
Col10a1 and Mef2C expression without affecting Runx2 expression in chondrocytes cultured in forskolin. MLB14 chondrogenic cells were treated
with siRNA directed against either Gapdh transcript or the isoforms of the catalytic subunit of PP2A just prior to plating in BMP2 for 2 days. Cells
were cultured in either the absence or presence of forskolin as indicated. Relative amounts of the indicated transcripts were determined by
RT-qPCR and normalized to that of the TATA-binding protein (Tbp).
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promotes the association of these proteins with 14-3-3 proteins
in the cytoplasm (9, 20), we assayed the effect of PTHrP and
forskolin on the phosphorylation of these residues. We ob-
served that these signals specifically induced the dephosphory-
lation of HDAC4 phospho-S246 but did not affect the apparent
level of either phospho-S467 or phospho-S632 as detected by
Western analysis. In addition, we noted that substitution of
alanine for HDAC4 S246 profoundly disrupted interaction of
HDAC4 with 14-3-3 proteins and substantially increased the
nuclear localization of GFP-HDAC4 in chondrocytes. Consis-
tent with our findings, HDAC4 phospho-S246 has previously
been shown to be the most important of the three conserved
HDAC4 phosphorylation sites necessary to promote high-af-
finity interaction between HDAC4 and 14-3-3 proteins (3). In
addition, it is possible that PTHrP signaling may also induce
dephosphorylation of other residues on HDAC4, such as S298,
whose phosphorylation is also thought to tether this protein in
the cytoplasm (25). As forskolin treatment has similarly been
noted to drive nuclear localization of both HDAC4 in myo-
blasts (7) and HDAC5 in neurons (4), it seems likely that
PKA-mediated dephosphorylation of class II HDACs may be
employed generally in other cell types to regulate the activity
of MEF2 family members.

PTHrP/forskolin requires PP2A activity to both induce nu-
clear translocation of HDAC4 and maximally inhibit expres-
sion of a collagen X reporter. We found that PTHrP/forskolin
reversed the ability of activated HDAC4 kinases to induce
cytoplasmic localization of GFP-HDAC4 and could induce the
dephosphorylation of HDAC4 phospho-S246 in the presence
of activated forms of either SIK1 or CAMKI, suggesting that
elevation of cAMP levels induces the expression and/or activity
of an HDAC4 phospho-S246 phosphatase in chondrocytes.
Consistent with this notion, we observed that a low concentra-
tion (50 nM) of the phosphatase inhibitor okadaic acid blocked
the ability of PTHrP to promote nuclear localization of GFP-
HDAC4; inhibit the induction of a �4kb ColX-luciferase re-
porter by cotransfected Runx2, MEF2C, and Smad1; or repress
expression of MEF2-lacZ, collagen X, and Ihh in embryonic
metatarsal explants. Together, these findings suggest that
PTHrP signals block chondrocyte hypertrophy by inducing the
activity of an okadaic acid-sensitive phosphatase, which in turn
dephosphorylates HDAC4 phospho-S246, thereby inducing
nuclear translocation of this HDAC and consequent repres-
sion of MEF2 activity. While our findings indicate that PTHrP/
forskolin induces the expression/activity of an HDAC4 phos-
pho-S246 phosphatase, these signals may also drive nuclear
entry of HDAC4 by blocking the activity of an HDAC4 phos-
pho-S246 kinase, which has yet to be identified in chondro-
cytes.

We have found that siRNA-mediated knockdown of the
okadaic acid-sensitive phosphatase PP2A both blocks the abil-
ity of forskolin to induce nuclear translocation of HDAC4 and
boosts Col10a1 expression in forskolin-treated cultures of
chondrogenic MLB14 cells. Interestingly, HDAC4 can be iso-
lated in a complex with the PP2A holoenzyme (25), which is a
heterotrimeric enzyme that is composed of a scaffolding A
subunit, a catalytic C subunit, and one of multiple regulatory B
subunits. The regulatory B subunits are thought to influence
enzyme activity, substrate specificity, and subcellular localiza-
tion of the PP2A holoenzyme (reviewed in reference 13).

PTHrP/forskolin-induced nuclear translocation of HDAC4
correlates with dephosphorylation of S246 and decreased in-
teraction of HDAC4 with 14-3-3 proteins. Because PP2A ac-
tivity is necessary for forskolin to induce nuclear translocation
of HDAC4, it seems likely that elevation of cAMP levels and
consequent PKA activation may be indirectly inducing dephos-
phorylation of HDAC4 phospho-S246 by altering either the
expression or activity of PP2A or the interaction of this phos-
phatase with HDAC4. Indeed, it was recently demonstrated
that PKA-mediated phosphorylation of a B-subunit isoform of
PP2A (termed B56 delta) is critical to target this phosphatase
to certain substrates in neurons (1). Thus, PTHrP signaling
may similarly induce PKA-mediated phosphorylation of a B
subunit of PP2A, which in turn targets this phosphatase to
HDAC4, resulting in the dephosphorylation of HDAC4 phospho-
S246, nuclear translocation of HDAC4, and consequent inhi-
bition of both MEF2 activity and chondrocyte hypertrophy
(outlined in Fig. 8). Future studies are necessary to both de-
termine the identity of the relevant PP2A B subunit(s) in
chondrocytes which targets this phosphatase to HDAC4 and
determine whether interaction between HDAC4 and PP2A is
indeed regulated by PKA phosphorylation.
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