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(Background: Nucleocytoplasmic trafficking of class Ila histone deacetylases is crucial for various biological processes.
Results: cAMP induces dephosphorylation at an SP motif conserved in HDAC4, HDACS5, and HDAC9 but not in HDAC?7.
Conclusion: Dephosphorylation at the SP motif governs cAMP sensitivity and nuclear localization of class Ila histone

Significance: Cellular signaling pathways may act upon cAMP to promote dephosphorylation and nuclear localization of class

N
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Histone deacetylase 4 (HDAC4) and its paralogs, HDACS5, -7,
and -9 (all members of class IIa), possess multiple phosphoryla-
tion sites crucial for 14-3-3 binding and subsequent nuclear
export. cAMP signaling stimulates nuclear import of HDAC4
and HDACS5, but the underlying mechanisms remain to be elu-
cidated. Here we show that cAMP potentiates nuclear localiza-
tion of HDAC9. Mutation of an SP motif conserved in HDAC4,
-5, and -9 prevents cAMP-stimulated nuclear localization.
Unexpectedly, this treatment inhibits phosphorylation at the SP
motif, indicating an inverse relationship between the phosphor-
ylation event and nuclear import. Consistent with this, leptomy-
cin B-induced nuclear import and adrenocorticotropic hor-
mone (ACTH) treatment result in the dephosphorylation at the
motif. Moreover, the modification synergizes with phosphor-
ylation at a nearby site, and similar kinetics was observed for
both phosphorylation events during myoblast and adipocyte
differentiation. These results thus unravel a previously unrecog-
nized mechanism whereby cAMP promotes dephosphorylation
and differentially regulates multisite phosphorylation and the
nuclear localization of class Ila HDACs.

Lysine acetylation has recently emerged as a major post-
translational modification important for chromatin regulation
and many other cellular processes (1, 2) (reviewed in Ref. 3). In
mammals, there are 18 known deacetylases responsible for
removing the acetyl group from acetyllysine (4). Among them
are histone deacetylases 4, 5, 7, and 9 (HDAC4, -5, -7, and -9),
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which are highly homologous and form a subgroup within class
II. Cell-based studies have established that this group of
enzymes plays important roles in skeletal muscle differentia-
tion (5) and plasticity (6, 7), cardiac hypertrophy (8), angiogen-
esis (9-11), T-cell selection (12), and neurodegeneration (13).
Not surprisingly, the knock-out mice display striking pheno-
types; Hdac4 inactivation causes premature ossification of
developing bones (14), Hdac4 '~ ;Hdac5 '~ compound mice
exhibit abnormal neurogenic muscle atrophy (15), Hdac5 '~ ;
Hdac9~'~ double knockouts show lethal ventricular septal
defects and thin-walled myocardium (16), and Hdac7 deletion
leads to embryonic lethality due to a failure in endothelial cell-
cell adhesion and consequent rupture of blood vessels (17).
Moreover, Hdac5 in mice controls behavioral adaptation to
chronic emotional stimuli (18), murine Hdac7 has recently
been identified as a novel oncogene (19), reduced human
HDACY7 activity restores CFTR function in cystic fibrosis (20),
and HDAC4 deletion in patients is linked to the brachydactyly
mental retardation syndrome with characteristic bone malfor-
mation (21).

Phosphorylation at multiple phosphorylatable 14-3-3 bind-
ing sites and subsequent nuclear export of the deacetylases are
important for regulating diverse physiological and pathological
effects (reviewed in Refs. 22 and 23). A number of kinases are
known to be responsible, including Ca®>*/calmodulin-depen-
dent protein kinases (CaMKs) (5, 24 —27) and protein kinase D
(PKD) (28-31). Stimuli that activate these kinases (e.g. an
increase in intracellular [Ca®?"] (32, 33) and VEGF treatment
(11, 34)) induce class Ila HDAC phosphorylation and nuclear
export, leading to derepression of MEF2-dependent transcrip-
tion. In contrast, dephosphorylation of these serine residues by
phosphatases, such as protein phosphatase 2A (PP2A) and

modulin-dependent protein kinase; PP2A and PP13, protein phosphatase
2A and 1, respectively; CREB, cCAMP-response element-binding protein;
SIK, salt-inducible kinase; TM, Hdac4 triple mutant (5246A/S467A/S632A);
8-Br-cAMP, 8-bromo-cyclic AMP; LMB, leptomycin B; NFAT, nuclear factor
of activated T cells.
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myosin phosphatase (PP18/MYPT1), promotes nuclear local-
ization of class Ila HDACs and repression of MEF2-dependent
transcription (10, 35-37). An important issue is how various
cellular stimuli act through these kinases and phosphatases to
link class Ila HDAC regulation to cellular signaling networks.

Upstream from such signaling networks, hormones act upon
cells through G protein-coupled receptor-induced activation of
adenylyl cyclase, which generates cAMP. This second messen-
ger exerts many biological effects, in part through the activation
of cAMP-dependent protein kinase (also called protein kinase
A (PKA)) (38). cAMP signaling is tightly controlled temporally
and spatially by phosphodiesterases that break down cAMP and
protein kinase A anchoring proteins that serve as scaffolds to
localize cAMP/PKA signaling nodes to discrete subcellular
compartments (39, 40). PKA affects the function of many cell
types, including skeletal muscle and neurons, in which one
major target is the transcription factor CREB (41-43). Elevated
cAMP levels also promote nuclear localization of HDACS5 in
hippocampal neurons (44), suggesting that HDACS5 is another
target. Thus, it would be interesting to elucidate the underlying
mechanisms.

As shown for HDAC5, cAMP also promotes nuclear localiza-
tion of HDAC4 in C2C12 myoblasts and MLB14 chondrocytes
(45, 46). Two possible mechanisms have been suggested: (i)
cAMP activates PKA, phosphorylates MEF2D, and then stim-
ulates MEF2D binding and nuclear localization of HDAC4; and
(if) cCAMP indirectly activates PP2A, which in turn dephosphor-
ylates HDAC4 and inhibits its 14-3-3 binding and cytoplasmic
localization (45, 46). We and others have recently demon-
strated that LKB1 activates SIK2 and SIK3 to promote phos-
phorylation at 14-3-3 binding sites of class Ila HDACs and
stimulate their cytoplasmic localization (47, 48, 89). As PKA
phosphorylates LKB1 and SIKs (49 —51), a third possible mech-
anism is that cAMP acts through the LKB1-SIK kinase cascade
to regulate nucleocytoplasmic trafficking of HDAC4. We have
investigated this intriguing possibility and report here that
cAMP antagonizes phosphorylation of an SP motif conserved
in HDACH4, -5, and -9 (but not HDAC?) to differentially regu-
late nuclear localization of these four deacetylases.

MATERIALS AND METHODS

Preparation of Plasmid Constructs—Plasmids constructs for
GFP- and FLAG-tagged wild-type HDAC4, single point mutant
S246A, and triple mutant (TM; S246A/S467A/S632A) have
been described previously (52). An expression plasmid for HA-
tagged mouse HDAC5 (53) was used to create GFP-tagged
HDACS5 using a pEGFP-C2 (BD Biosciences) derivative. An
expression plasmid for FLAG-tagged mouse HDAC7 (25) was
utilized for construction of the expression plasmid for GFP-
HDAC?7. The GFP-HDAC9 expression construct was derived
from an expression plasmid for FLAG-tagged human HDAC9
(54-56), by insertion of the coding sequence into a pEGFP-C2
derivative. cDNAs for SIK2, SIK3, and PKA were purchased
from Open Biosystems and subcloned into pcDNA3.1 deriva-
tives. Expression plasmids for point mutants of HDAC4
(S266A, S265A, S266D, and P267A), HDAC5 (S279A and
$279D), HDAC7 (N197S and K196S/N197S), and SIK2 (S587A,
T484A, and T484A/S587A) were generated by PCR-mediated
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site-directed mutagenesis using the Pfu polymerase system
according to the manufacturer’s instructions (Fermentas). All
mutants were verified by automatic sequencing.

Cell Culture, Differentiation, and Transfection—HEK293,
HeLa, and C2C12 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Sigma), and penicillin G and strepto-
mycin (100 units/ml and 100 pg/ml, respectively; Invitrogen).
For C2C12 differentiation, the medium was switched to
DMEM containing horse serum (2%; Sigma), 100 units/ml pen-
icillin G, and 100 pg/ml streptomycin and changed every 2 days
until multinuclear myotubes were formed. Y1 adrenocortico-
tropic tumor cells (57) were grown in Ham’s F12K medium
supplemented with 2 mm glutamine, 15% horse serum, 2.5%
FBS, 100 units/ml penicillin G, and 100 pg/ml streptomycin.

For cell treatment, the chemicals 8-Br-cAMP (1 mm), forsko-
lin (10 um), H-89 (10 um), okadaic acid (100 nm), staurosporine
(1 um), KN-62 (10 pum), Bis I (10 wm), PD 98059 (10 um), and
kenpaullone (5 um) were purchased from Calbiochem and used
at the concentrations indicated. Leptomycin B (Sigma) was
used at a final concentration of 10 ng/ml, whereas ACTH
(Bachem) was used at 1 um.

3T3-L1 preadipocytes (58) were grown in DMEM containing
10% fetal calf serum, 100 units/ml penicillin G, and 100 ug/ml
streptomycin. 5 or 10% CO, incubators were used. For differ-
entiation, these cells were allowed to reach full confluence and
maintained for an additional 2 days for subsequent differentia-
tion by replacement of the growth medium with DMEM con-
taining 10% FBS, 1 um insulin, 0.25 uM dexamethasone, 0.5 mm
isobutylmethylxanthine (Sigma), 100 units/ml penicillin G, and
100 pg/ml streptomycin. This was counted as differentiation
day 0; on days 2, 4, and 6, the medium was switched to the same
differentiation medium except that dexamethasone and isobu-
tylmethylxanthine were omitted. Typically, foci of adipocytes
containing lipid droplets within the cytoplasm appeared on day
4 and >90% cells became differentiated on day 8. The lipid
droplets could be directly assessed under a light microscope or
be stained with Oil Red O (Sigma).

For transfection, 40,000 HEK293 or 60,000 C2C12 cells were
plated in one well of a 12-well cell culture plate. For HEK293,
transfection was performed with 3 ul of Superfect (Qiagen) and
1.5 pg of total DNA. For C2C12, transfection was performed
with 3 ul of Lipofectamine 2000 (Invitrogen) and 1.5 ug of
DNA. Green fluorescence or immunofluorescence microscopy
was then performed 24 —48 h post-transfection. For Western
blot and immunoprecipitation, 100,000 C2C12 cells were
plated in 6-cm plates, and transfection was performed with 15
wl of Lipofectamine 2000 (Invitrogen) and 5 pg of plasmid DNA
according to the manufacturer’s instructions.

Immunofluorescence Microscopy—C2C12 and HeLa cells
were seeded on glass coverslips. Once cells had reached ~60%
confluence, they were treated with 1 mm 8-Br-cAMP for 30
min. Coverslips were then washed twice with phosphate-buff-
ered saline (PBS), fixed with 2% paraformaldehyde for 20 min,
and washed three times with PBS. Cells were then permeabi-
lized with 0.2% Triton X-100 for 10 min, followed by washes
with 100 mm glycine, three times for 5 min each. After blocking
with immunofluorescence buffer (PBS with 0.2% Triton X-100
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and 0.05% Tween 20) containing 2% BSA for 45 min, cells were
incubated overnight at 4 °C with the anti-HDAC4 antibody
(1:500). After the primary antibody incubation, cells were
rinsed with immunofluorescence buffer (3 times for 5 min
each) and then incubated in the AlexaFluor 488 goat anti-rabbit
IgG (H+ L) secondary antibody (Invitrogen, Molecular
Probes) (1:1000) at room temperature for 45 min, followed by
washes with immunofluorescence buffer, three times for 5 min
each. Cells were then counterstained with DAPI for 5 min at
room temperature and then washed twice with double-distilled
H,O (5 min each) and mounted on slides for microscopy.

Immunoprecipitation and Western Blotting Analysis—The
day after transfection, C2C12 cells were washed twice with cold
PBS and lysed in 0.25 ml of buffer K (20 mm sodium phosphate,
pH 7.0, 150 mm KCI, 30 mm sodium pyrophosphate, 0.1% Non-
idet P-40, 5 mm EDTA, 10 mm NaF, 0.1 mm Na,VO,, 25 mm
B-glycerophosphate, and protease inhibitors). For affinity puri-
fication of FLAG-tagged proteins, 200 ul of extracts was added
to 10 ul of M2 agarose beads (Sigma) and rotated at 4 °C for at
least 2 h. After four washes with buffer K, bound proteins were
eluted with 2 ul of FLAG peptide (Sigma) in 25 ul of buffer K.

After the addition of 3X SDS sample buffer, soluble cell
extracts and affinity-purified proteins were boiled for 5 min,
separated by SDS-PAGE, and transferred to nitrocellulose
membranes. Membranes were blocked in PBS plus 0.15%
Tween 20 (PBS-T) with 20% horse serum for 1 h at room tem-
perature and then incubated overnight at 4 °C with anti-FLAG
(Sigma), -HDAC4, -phospho-Ser-246, -phospho-Ser-266, and
-phospho-Thr-707 antibodies (see below). For detection of
endogenous proteins in cell extracts, membranes were blocked
in PBS-T with 5% milk for 1 h at room temperature and then
incubated overnight at 4 °C with anti-HDAC4, -phospho-Ser-
246, -phospho-Ser-266, -phospho-Thr-707, and -a-tubulin
(Sigma) antibodies. Membranes were then washed in PBS-T for
six times (8 min each), and then incubated in the appropriate
secondary antibody conjugated to HRP for 1 h at room temper-
ature. After another set of six 8-min washes in PBS-T, mem-
branes were incubated in PBS (two times for 5 min each) and
then visualized on film after 5 min of incubation in Supersignal
enhanced chemiluminescent solution (Pierce).

Antibody Generation and Affinity Purification—The anti-
HDAC4 antibody was affinity-purified from polyclonal rabbit
antisera generated against an N-terminal fragment of HDAC4
(52). The antibody was highly selective for HDAC4 and did not
cross-react with HDACS5, -7, or -9.° The anti-phospho-Ser-266
(HDAC4) antibody was prepared by immunization of two rab-
bits with the phosphopeptide ERRSpSPLLRRKDC, where pS is
phospho-Ser and the C-terminal Cys was added for conjugation
to mcKLH and affinity purification gel. The phosphopeptide
was conjugated to Imject maleimide-activated mcKLH (Pierce,
Thermo Scientific) for injection into rabbits, which were
housed and handled by the McGill Animal Facility according to
approved animal use Protocols. The antiserum was used for
affinity purification on SulfoLink gel (Pierce) linked to the
phosphopeptide through its free Cys. The specificity of the
affinity-purified antibody toward phospho-Ser-266 versus
the non-phosphorylated peptide was confirmed by dot blotting.
The anti-phospho-Ser-246 polyclonal antibody was prepared
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by immunization of two rabbits with the phosphopeptide LRK-
TApSEPNLKC, and the affinity-purified one was specific to
HDAC4 phosphorylated at Ser-246.° The anti-phospho-Thr-
707 polyclonal rabbit antibody was prepared by immunization
of one rabbit with the phosphopeptide CIRGRKApTLEE, and
the affinity-purified one was specific to HDAC4 phosphor-
ylated at Thr-707 (data not shown).

In Vitro Kinase Assay—Sf9 cells were infected with baculovi-
ruses expressing FLAG-tagged HDAC4, and soluble extracts
were prepared for affinity purification on anti-FLAG M2-aga-
rose as described (59). In vitro kinase assays were performed in
a total volume of 40 ul comprising 20 ul of IVK buffer (50 mm
Tris, pH 7.5, 5 mm MgOAc, 5 mm MnCl,, 0.1 mm EGTA, 1 mm
DTT, 10 mm NaF, 0.1 mm Na,VO,, and protease inhibitors)
containing up to 4 ug of FLAG-HDAC4, the catalytic subunit of
bovine heart PKA (Calbiochem (catalog no. 539576, 1 mg/ml,
20,000 units/pg) or Sigma), and 100 pmol of ATP. Reactions
were carried out at 30 °C for 1 h and were stopped upon the
addition of 20 ul of ice-cold 3X SDS sample buffer. Samples
were boiled for 5 min and separated by SDS-PAGE, which was
then either followed by staining with Colloidal Coomassie Blue
or immunoblotting with anti-phospho-Ser-266 or anti-FLAG
antibody. For immunoblotting, samples separated by SDS-
PAGE were transferred to nitrocellulose membranes, which
were blocked in PBS-T containing 20% horse serum for 1 h at
room temperature. Membranes were incubated with anti-
phospho-Ser-266 (1:5000) antibody overnight at 4 °C.

Statistical Analysis—Data are presented as means * S.E.
One-way analyses of variance were performed with a Bonfer-
roni post hoc test. Unpaired two-tailed Student’s ¢ tests were
performed with Prism (GraphPad). p < 0.05 was considered
statistically significant.

RESULTS

Differential Regulation of Class Ila HDACs by cAMP
Signaling—While investigating how PKA acts through the
LKB1-SIK kinase cascade, we noticed that PKA promoted
nuclear localization of GFP-HDAC4 (Fig. 1A4). In addition,
when C2C12 myoblasts were exposed to 8-Br-cAMP prior to
immunofluorescence microscopy using an affinity-purified
anti-HDAC4 antibody, HDAC4 localization shifted from a pan-
cellular distribution to a predominantly nuclear pattern (Fig.
1B). This is reminiscent of what was reported previously (45).
Unlike HDAC4, HDACS5 exhibited a basal nuclear localization
pattern (Fig. 1C, left). Therefore, to investigate whether cAMP/
PKA signaling has a similar effect on HDACS5, we first induced
a cytoplasmic localization pattern for HDAC5. This was
achieved by co-expression of GFP-HDACS5 along with SIK2,
SIK3 (Fig. 1C), or CaMKIV (supplemental Fig. S1). As was the
case for HDAC4, PKA prevented the cytoplasmic localization
of GFP-HDACS5, whether SIK2/3 (Fig. 1C) or CaMKIV (supple-
mental Fig. S1) was co-expressed.

Unlike HDAC4 and HDACS5, it was unclear how HDAC7 and
HDACY are subject to regulation by cAMP/PKA signaling.
Thus, we analyzed the subcellular localization of GFP-HDAC?
and -HDACO. Similar to GFP-HDAC4, GFP-HDAC7 was
mainly cytoplasmic in HEK293 cells (Fig. 1D, left). Unexpect-
edly, the cytoplasmic localization pattern of GFP-HDAC7 was
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FIGURE 1. PKA differentially stimulates the nuclear localization of class Ila HDACs. A, C2C12 (left) or HEK293 cells (right) were transiently transfected
with a GFP-HDAC4 expression plasmid, together with either pcDNA3.1 or the expression plasmid encoding PKA. GFP-HDAC4 localization was visualized
via live green fluorescence microscopy. B, immunofluorescence microscopy of endogenous HDAC4 subcellular localization in C2C12 cells by use of the
anti-HDAC4 antibody after 30 min of treatment with 1 mm 8-Br-cAMP. C, as in A except that HEK293 cells were transiently transfected with a GFP-HDAC5
expression plasmid together with pcDNA3.1 or an expression plasmid encoding SIK2 (top) or SIK3 (bottom) in the presence or absence of the expression
plasmid for PKA. D, as in A except that HEK293 cells were transiently transfected with the GFP-HDAC7 expression plasmid together with pcDNA3.1 or a
PKA expression plasmid. E, same as in C (top) except that a GFP-HDAC9 expression plasmid was transfected. 300 ng of each plasmid was used. F, HEK293
cells were transfected with a GFP-HDAC5 expression plasmid and the indicated SIK2 mutant expression plasmid (T484A, S587A, or T484A/S587A)
with (top) or without (bottom) the PKA expression plasmid. G, as in B except that LKB1-negative Hela cells were used for immunofluorescence

microscopy.

not significantly altered by coexpression of PKA (Fig. 1D, right),
suggesting that HDAC7 displays resistance or reduced sensitiv-
ity to PKA signaling. We then analyzed the effect on the sub-
cellular localization of GFP-HDACY. Similar to HDACS,
HDACO9 exhibited a basal nuclear localization pattern (Fig. 1E,
left). Thus, we first had to induce a cytoplasmic localization
pattern for HDAC9 by coexpression along with SIK2 (Fig. 1E,
middle). As was the case for HDAC5, PKA prevented the cyto-
plasmic localization of GFP-HDAC9 induced by SIK2 expres-
sion (Fig. 1E, right). Taken together, these results indicate that
cAMP/PKA promotes nuclear import of HDAC4, -5, and -9 but
has a lesser impact on HDAC?.
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Class Ila HDAC Regulation by PKA Is Independent of SIK
Inhibition—PKA has been shown to phosphorylate SIK2 on
Ser-587, and mutation of this residue to alanine (S587A) ren-
ders SIK2 resistant to PKA-mediated inhibition (51). Thus, we
tested whether PKA could still have its effect on HDACS5 local-
ization when the S587A mutant was used to export HDACS5 to
the cytoplasm. PKA was still able to prevent nuclear export of
HDACS caused by SIK2 S587A (Fig. 1F). We found the same
thing using another SIK2 mutant (T484A) in which a second
putative PKA consensus phosphorylation motif was disrupted
or when a double mutant bearing both these mutations
(T484A/S587A) was used to relocate HDACS to the cytoplasm
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FIGURE 2. Ser-266 and Pro-267 of HDAC4 form a novel regulatory motif. A, sequence comparison of the nuclear localization signal (NLS) and the adjacent
14-3-3 binding site of human HDAC4 with the corresponding region of human HDAC5, HDAC7, HDAC9, and HDAC4 orthologs from sea squirt (ss), sea urchin
(su), Drosophila melanogaster (d), and Caenorhabditis elegans (c). Identical residues are highlighted in dark gray boxes, whereas similar residues are highlighted
in light gray boxes. Ser-246 and Ser-266 of HDAC4 as well as the corresponding residues in its paralogs and orthologs are presented in white and green type,
respectively, whereas Pro-267 is presented in blue type. The peptide used for generating the anti-phospho-Ser-266 antibody is indicated by two flanking arrows.
B, HEK293 cells were transiently transfected with an expression plasmid encoding GFP-S266A together with pcDNA empty vector or the PKA expression
plasmid. C, C2C12 cells were transfected with GFP-HDAC4 or -S266A expression plasmids and then treated with 1 mm 8-Br-cAMP for 30 min or 10 ng/ml LMB
or vehicle (70% methanol) for 1 h before HDAC4 localization was analyzed through live green fluorescence microscopy. D, quantification of C. At least 100 cells
were counted for each condition for three independent experiments. ***, p < 0.001 versus S266A for CAMP; **, p < 0.01 versus S266A for LMB; $5$, p < 0.001
versus S266A for vehicle and S266A for cAMP. E, as in C except that expression plasmids for GFP-5266D, -S265A, and -P267A were transfected prior to 8-Br-cAMP
treatment. F, as in C except that expression plasmids for GFP-5266D and -P267A were transfected prior to LMB treatment. G, as in C except that GFP-HDAC4,
-S266A, or -S266D was cotransfected with empty vector (top) or a MEF2D expression plasmid (bottom).

(Fig. 1F). To complement the transient transfection experi- An SP Motif of HDAC4 Is Essential for Regulation by PKA—
ments, we monitored the localization of endogenous HDAC4in  Compared with HDAC4, -5, and -9, HDAC?7 was less sensitive
response to 8-Br-cAMP in cells with defective SIK signaling. to PKA (Fig. 1D), so our focus shifted to examine differences in
For this, we used HeLa cells, in which SIKs are inactive (60) due the sequences of these HDACs that may ultimately be respon-
to the lack of expression of their upstream activator, the tumor  sible for the differential sensitivity to cAMP/PKA signaling. For
suppressor kinase LKB1 (61). In these cells, HDAC4 was more this, we performed a sequence alignment comparison. HDAC4
nuclear in response to 8-Br-cAMP treatment (Fig. 1G). possesses two putative PKA sites, Ser-266 (RRXS) and Thr-707
Although PKA does inhibit SIKs (51), these results indicate that (RKXT), conforming to the consensus sequence R(R/K)X(S/T).
SIK inhibition is not the underlying cause for the effect of Strikingly, Ser-266 is conserved in HDAC5 (Ser-279) and
cAMP/PKA and further suggest that HDAC4, -5, and -9 are the  HDAC9 (Ser-243) but is absent from HDAC? (Fig. 2A4). By con-
direct targets. This is also consistent with the finding that trast, the Thr-707 site is located within the deacetylase domain
expression of PKA alone promoted nuclear import of GFP- and is thus highly conserved among the four HDACs. In addi-
HDACH4 (Fig. 1A). tion, the Ser-266 site is evolutionarily conserved from zebrafish
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to humans (supplemental Fig. S2) and is located within the
nuclear localization signal and is adjacent to the N-terminal
14-3-3 binding site (Ser-246; Fig. 2A4). Thus, Ser-266 appeared
to be a strong target site from cAMP/PKA signaling. To test
this, we engineered a GFP-S266A expression plasmid, in which
Ser-266 of HDAC4 was mutated to alanine. This mutation had
no effect on basal localization of HDAC4, but it prevented
nuclear localization induced by PKA overexpression in
HEK293 cells (Fig. 2B). HDAC4 S266A was also resistant to
8-Br-cAMP treatment in C2C12 cells (Fig. 2, C and D). These
results suggest that Ser-266 may represent a novel PKA phos-
phorylation site, so we also created an S266D mutant, in which
the negatively charged aspartate residue loosely mimics the
negative charge of a phosphate group. In that case, we expected
the S266D mutant to be constitutively nuclear, but we detected
no change in basal HDAC4 localization (Fig. 2E). In fact, the
S$266D mutant behaved exactly as the S266A mutant did,
because it was also resistant to cAMP-mediated nuclear local-
ization (Fig. 2E). By contrast, substitution of the second puta-
tive PKA site, Thr-707, with alanine or glutamate had minimal
effects (data not shown).

We also investigated the importance of the sequence sur-
rounding Ser-266. Mutation of Ser-265 to alanine (S265A) had
a very minor effect on localization because this mutant largely
accumulated in the nucleus following 8-Br-cAMP treatment
(Fig. 2E). In contrast, mutant P267A was unresponsive to 8-Br-
cAMP treatment and remained in the cytoplasm like S266A
(Fig. 2E). Consistent with these results, Ser-266 and Pro-267 are
highly conserved during evolution (supplemental Fig. S2).
Thus, Ser-266 and Pro-267 form an evolutionarily conserved SP
motif that is crucial for cAMP-mediated nuclear localization of
HDACA.

We next tested whether mutants S266A and P267A were
defective in general nuclear import or whether the effect was
specific to cAMP/PKA-mediated nuclear localization. For this,
we applied two stimuli known to induce nuclear localization of
class Ila HDAG:s. First, we treated C2C12 cells with leptomycin
B (LMB), an inhibitor of the nuclear export receptor CRM1
(62). Because class I[ITa HDACs constantly shuttle between the
nucleus and cytoplasm, inhibition of nuclear export by LMB
results in nuclear accumulation of these HDACs (52, 63). As
expected, LMB treatment induced nuclear localization of
HDACA4 (Fig. 2, C and D). The nuclear localization of mutant
S266A was slightly reduced compared with wild-type HDAC4,
but it was still predominantly nuclear in response to LMB (Fig.
2, C and D). The S266D and P267A mutants also accumulated
in the nucleus after LMB treatment (Fig. 2F). Another stimulus
known to cause nuclear accumulation of HDAC4 is overexpres-
sion of MEF2C (25, 64— 67). This was also the case for MEF2D
(Fig. 2G, left panels). More importantly, the S266A and S266D
mutants also moved to the nucleus upon overexpression of
MEE2D (Fig. 2G, middle and right panels). These results dem-
onstrate that Ser-266 and Pro-267 are important for cAMP/
PKA-mediated nuclear accumulation but not essential for gen-
eral nuclear import of HDAC4.

Ser-279 of HDACS and Ser-243 of HDAC9 Are Crucial for
cAMP Sensitivity—Because the cAMP/PKA-responsive SP
motif of HDAC4 is conserved in HDACS (Fig. 2A4), we sought to
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determine whether HDACS5 shuttling is regulated in a similar
fashion. As in HEK293 cells (Fig. 1C), HDAC5 was predomi-
nantly nuclear in C2C12 cells (Fig. 3A4). These cells were used
because, unlike HEK293 cells, they are responsive to cAMP
administration. Thus, we expressed the constitutively active
SIK2 mutant S587A to promote localization of HDACS5 to the
cytoplasm to determine the effect of cAMP on nuclear import
of HDACS. Similar to what was observed in HEK293 cells upon
PKA overexpression (Fig. 1F), S587A expression stimulated
cytoplasmic localization of GFP-HDACS5, and cAMP adminis-
tration blocked this effect (Fig. 3, A and B). Next, we repeated
the same experiment with GFP-S279A, in which Ser-279,
equivalent to Ser-266 of HDAC4, was mutated to alanine. Strik-
ingly, S279A was significantly more cytoplasmic than wild-type
HDACS5 (Fig. 3, A and B). This was in contrast to what we
observed with HDAC4 (Fig. 2, B-D), but this can be explained
by the fact that HDAC4 was already fully cytoplasmic in the
basal state, and thus the cytoplasmic localization could not be
increased. In addition, S279A was also more cytoplasmic than
wild-type HDACS5 in response to coexpression of the SIK2
mutant S587A (Fig. 3, A and B). These results indicate an inter-
esting synergy between SIK2 S587A coexpression and Ser-279
mutation in promoting cytoplasmic localization of HDACS5.

We then analyzed the effect of cAMP signaling. After 8-Br-
cAMP treatment, wild-type HDACS5 returned to the nucleus
(even in the presence of coexpressed S587A), whereas mutant
S279A remained fully cytoplasmic (Fig. 3, A and B). Thus, like
Ser-266 in HDAC4, Ser-279 of HDACS5 is necessary for cAMP-
mediated nuclear accumulation. Similar results were obtained
in HEK293 cells in the presence of overexpressed PKA; this
kinase was ineffective in preventing SIK2 T484A/S587A-in-
duced export of the HDAC5 mutant S279A or S279D (Fig. 3C).
These results contrast sharply with those presented in Fig. 1F,
where PKA prevented SIK2 T484A/S587A-mediated nuclear
export of wild-type HDACS5. Moreover, the basal localization of
mutant S279D, much like S279A, was less nuclear than wild-
type HDACS5 (supplemental Fig. S3, A and B). In agreement
with this, in the context of its triple mutant, the HDAC4 muta-
tion S266D made it more cytoplasmic (supplemental Fig. S3C).
Moreover, as with HDAC4, substitution of Ser-279 with Ala or
Asp had a minimal effect on general nuclear import, as seen
using LMB (Fig. 3D).

Because the cAMP/PKA-responsive SP motif of HDAC4 is
also conserved in HDACY (Fig. 24), we sought to determine
whether its shuttling is similarly regulated. As in HDAC5 (Fig.
1C), HDAC9 was predominantly nuclear in HEK293 cells (Figs.
1E and 4A). As with the HDAC5 mutants, the S243A and S243D
mutants of HDAC9 were more cytoplasmic than the wild type
(Fig. 4A, left). In addition, both mutants were also more cyto-
plasmic than the wild-type in response to co-expression of
wild-type SIK2 (Fig. 44, middle), indicating a synergy between
SIK2 coexpression and Ser-243 mutation in promoting cyto-
plasmic localization of HDACY. In addition, PKA promoted
nuclear localization of wild-type HDAC9 but had minimal
effects on the two mutants (Fig. 44, right). Therefore, the sen-
sitivity of HDAC4, -5, and -9 to cAMP/PKA signaling depends
on a similar mechanism.
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mm 8-Br-cAMP for 30 min, followed by live green fluorescence microscopy. B, quantification of A. At least 100 cells were counted for each condition for three
independent experiments. ***, p < 0.001 versus WT under the same conditions; ###, p < 0.001 versus S279A under vehicle conditions with empty vector
transfected; $$$, p < 0.001 versus WT in two other conditions. C, HEK293 cells were transiently transfected with the expression plasmid for GFP-HDAC5 S279A
or S279D together with empty vector or the expression plasmid for the SIK2 mutant T484A/S587A, with or without the PKA expression plasmid. D, as in A except
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vehicle (70% methanol, top) or 10 ng/ml LMB (bottom) for 1 h.

Transferring the SP Motif to HDAC7 Confers Partial cAMP
Sensitivity—As discussed earlier (Fig. 24), HDAC?7 is the only
class Ila member that lacks the PKA consensus site correspond-
ing to Ser-266 of HDAC4. To further test the importance of this
motif in conferring cAMP/PKA sensitivity to class Ila HDACs,
we engineered HDAC7 mutants to possess the same regulatory
sequence as HDAC4. We generated an HDAC7 mutant, N197S,
which contains a serine residue equivalent to Ser-266 of
HDAC4 and HDACS5 Ser-279, and a second mutant, K196S/
N197S, where the RRSSP motifin HDAC4/5/9 is fully restored.
Whereas wild-type HDAC7 remained cytoplasmic in response
to 8-Br-cAMP treatment, both HDAC7 N197S and HDAC?
K196S/N197S displayed a partial localization shift to the
nucleus after 8-Br-cAMP treatment (Fig. 4B). These results
confirm the importance of the SP motif for cAMP/PKA sensi-
tivity of class Ila HDACs but also suggest that other factors may
be involved.

The cAMP Effect on HDAC4 Localization Is Mediated by
PKA—PKA is one of the major proteins activated by increased
cAMP concentration, and both cAMP and PKA stimulated
nuclear localization of HDAC4 (Fig. 1, A and B). However, it
formally remains a possibility that the effect of cAMP signaling
on HDAC4 subcellular localization is mediated through non-
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PKA targets. To test this, we employed the PKA inhibitor H-89
to see if the effect of 8-Br-cAMP on HDAC4 was altered. Pre-
treatment of C2C12 cells with H-89 abolished the change in
HDAC4 localization upon 8-Br-cAMP treatment (supplemen-
tal Fig. S4). Thus, PKA is necessary for cAMP-induced nuclear
localization of HDAC4. Next, we checked the involvement of
PP2A, a target of PKA, in this process. Unlike the results with
H-89, pretreating cells with okadaic acid (a PP2A inhibitor) had
no effect on the change in HDAC4 localization induced by
8-Br-cAMP (supplemental Fig. S4), suggesting that either PP2A
is not involved or acts together with other phosphatases. More-
over, mutant S246A (which is slightly less cytoplasmic than
wild-type HDAC4) still became more nuclear in response to
8-Br-cAMP treatment (supplemental Fig. S4). These results
indicate that the effect of cAMP on HDAC4 localization is not
due to dephosphorylation at the 14-3-3 binding sites that
induce nuclear export. Instead, as suggested by the results in
Figs. 2, 3, and 4, cAMP/PKA signals specifically to the novel
regulatory SP motif.

Ser-266 Dephosphorylation in Response to cAMP Signaling—
Due to the dramatic effects of HDAC4 Ser-266 mutation (and
HDACS5 S279A and HDAC9 Ser-243 mutation) on the respon-
siveness to cAMP signaling (Figs. 2—4), we hypothesized that
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this represents a novel phosphorylation site. To investigate this
possibility, we generated a phospho-specific antibody that
detected HDAC4 only when Ser-266 is phosphorylated (Fig.
5A). This antibody recognized a single band of the correct size
in whole cell extracts from cells that had been transfected with
FLAG-HDAC4 but not FLAG-S266A (Fig. 5B), demonstrating
its specificity in vivo. In similar experiments, the affinity-
purified anti-phospho-Thr-707 antibody did not detect any
signals (data not shown), further indicating that Thr-707 is
not phosphorylated. The epitope region for the anti-phos-
pho-Ser-266 antibody is identical among HDAC4, -5, and -9
(Fig. 2A), so this antibody should recognize the latter two
as well. However, under similar conditions, only weak
signals or no signals were detected with HDAC5 and -9
(supplemental Fig. S5), suggesting that, compared with
HDACH4, they are less phosphorylated at the equivalent sites.
This is consistent with the fact that they tend to be more
nuclear than HDAC4. Unexpectedly, activation of PKA by
treatment with 8-Br-cAMP or forskolin did not lead to an
increase but rather caused a decrease in Ser-266 phospho-
rylation (Fig. 5C and supplemental Fig. S5C). 8-Br-cAMP or
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forskolin treatment also decreased Ser-266 phosphorylation
of endogenous HDAC4 (Fig. 5D, top).

We then examined the phosphorylation status of the nearby
14-3-3 binding site, Ser-246 (Fig. 2A). Endogenous Ser-246
phosphorylation was also decreased after 30 min of 8-Br-cAMP
or forskolin treatment (Fig. 5D, middle). However, phosphor-
ylation of the equivalent residue of HDAC?7 (Ser-155) was unal-
tered by these treatments (Fig. 5D, middle). To better gauge the
timing of phosphorylation changes, we performed time course
experiments in which C2C12 cells were exposed to 8-Br-cAMP
for a period of 3 h. Endogenous HDAC4 Ser-266 phosphoryla-
tion was significantly lower by 10 min (Fig. 5E). This effect was
somewhat transient because the level returned slightly by 90
min. In contrast, Ser-246 phosphorylation exhibited a slightly
slower rate of recovery, with phosphorylation still depressed at
180 min (Fig. 5E). Interestingly, HDAC? Ser-155 phosphoryla-
tion (as measured with the anti-phospho-Ser-246 antibody) did
eventually decline but at a significantly slower rate than Ser-246
phosphorylation (Fig. 5E, with t, = 20-30 min versus 2-5
min), indicating that although cAMP does promote dephos-
phorylation of HDAC7 Ser-155, this deacetylase is more resist-
ant than the other class IIa members.

Related to the subcellular localization results shown in sup-
plemental Fig. S4, H-89 treatment partially abrogated the
cAMP-induced decline in Ser-266 phosphorylation, whereas
okadaic acid treatment had no effect (supplemental Fig. S6).
This suggests that CAMP at least partially acts through PKA and
that PP2A may not be the sole phosphatase involved.

Phosphorylation Synergy between Ser-246 and Ser-266 of
HDAC4—W e next tested whether the effect of cAMP on Ser-
266 phosphorylation is altered by mutation of Ser-246. Strik-
ingly, we noticed a major decrease in basal Ser-266 phosphor-
ylation using an HDAC4 construct with an S246A mutation
(Fig. 5F, compare lanes 1 and 5). Although the basal Ser-266
phosphorylation level was much lower than for wild-type
HDACH4, there was still a further decrease in Ser-266 phospho-
rylation after 8-Br-cAMP treatment (Fig. 5F, lanes 1 and 2 ver-
sus lanes 5 and 6), suggesting that Ser-246 phosphorylation
influences basal Ser-266 phosphorylation but not its response
to cAMP. A similar effect was observed with the TM mutant
(Fig. 5G). This mutant contains S467A and S632A in addition to
S246A (52). These changes were not simply due to subcellular
localization changes because HDAC4 S246A was still largely
cytoplasmic in C2C12 cells, whereas HDAC4 TM was predom-
inantly nuclear (Fig. 5H) (52). Conversely, when Ser-266 was
mutated, the change in basal Ser-246 phosphorylation was
modest (Fig. 5F, compare lanes I and 3), or there was a modest
increase in Ser-246 phosphorylation (Fig. 5G, lanes 1 and 2).
However, the response of Ser-246 phosphorylation to cAMP
treatment was slightly muted (Fig. 5F, lanes 1 and 2 versus lanes
3 and 4). These results indicate that there is a cross-talk
between Ser-246 and Ser-266.

Dephosphorylation at Ser-266 but Not Ser-246 during
Nuclear Import of HDAC4—To further elucidate the molecular
mechanisms underlying Ser-266 phosphorylation, we treated
cells with LMB to investigate whether the phosphorylation was
affected by altered HDAC4 localization. As expected, LMB
treatment in C2C12 cells resulted in nuclear accumulation of
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were spotted on a nitrocellulose membrane, air-dried, blocked for 2 h in PBS-T containing 20% horse serum, and then incubated overnight at 4 °C with the
anti-phospho-Ser-266 antibody (1:5000 dilution). B, HEK293 cells were transfected with an expression plasmid for FLAG-HDAC4 or -S266A. 48 h later, cells were
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were separated by SDS-PAGE, and immunoblotting (WB) was performed with anti-phospho-Ser-266 and anti-FLAG antibodies as indicated. C, C2C12 cells were
transfected with the FLAG-HDAC4 expression plasmid and treated with DMSO (lane 1), 1 mm 8-Br-cAMP (lane 2), or 10 um forskolin (lane 3) for 30 min. Cells were
harvested for immunoprecipitation and immunoblotting as in B. D, C2C12 cells were treated with DMSO (lane 1), 1 mm 8-Br-cAMP (lane 2), or 10 um forskolin
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harvested in buffer K, and FLAG-tagged proteins were immunoprecipitated on M2-agarose beads and eluted with FLAG peptide. Eluted proteins were
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expression were transfected as indicated. H, C2C12 cells were transfected with expression plasmids for GFP-HDAC4 S246A or TM. Subcellular localization was
monitored by live green fluorescence microscopy.

HDACH4 (Fig. 2C). This was associated with a dramatic decrease Similar Ser-246 and Ser-266 Phosphorylation Dynamics dur-
in Ser-266 phosphorylation, whereas Ser-246 phosphorylation ing Cell Differentiation—cAMP plays an active role during
remained unaltered (Fig. 6A). Time course experiments myogenesis (68, 69), so we next analyzed Ser-266 phosphor-
showed that Ser-266 phosphorylation continued to decrease to  ylation during differentiation of C2C12 myoblasts. As these
3 h of LMB treatment, whereas Ser-246 phosphorylation did cells became confluent and were induced to differentiate,
not change during this period (Fig. 6B). These findings suggest HDAC4 expression increased (Fig. 6C, bottom two panels).
that during nuclear import of HDAC4, dephosphorylation During the course, phosphorylation of HDAC4 at Ser-246 and
occurs at Ser-266 but not Ser-246. HDAC?7 at the equivalent site (Ser-155) increased (middle
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panel). Similarly, phosphorylation of HDAC4 at Ser-266 also
increased at the early phase of myogenesis but slightly peaked
on day 2 and then decreased slightly (top two panels). 8-Br-
cAMP treatment induced dephosphorylation in C2C12 cells
even when they were grown in differentiation medium (Fig. 6D
and supplemental Fig. S5C), suggesting that cAMP signaling to
Ser-266 phosphorylation remains intact during differentiation.
Although it is generally considered that class Ila HDACs are
subject to nuclear export during myogenesis (23, 70), it has also
been reported that HDAC4 translocates to the nucleus during
the course (27). Of relevance, the increased HDAC4 protein
level (Fig. 6C, bottom two panels) during the differentiation is
also in stark contrast to the general assumption that class Ila
HDAC functions are repressed during myogenesis. Nonethe-
less, our findings suggest that HDAC4 phosphorylation at Ser-
266 follows a dynamic pattern that is more complicated than
anticipated.

To investigate the phosphorylation dynamics in another dif-
ferentiation program, we employed 3T3-L1 preadipocytes,
which can be induced to differentiate into adipocytes (58).
Phosphorylation at both Ser-246 and Ser-266 decreased upon
treatment with the initial differentiation mix containing insu-
lin, isobutylmethylxanthine, and dexamethasone, but the level
recovered as the differentiation progressed and the medium
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was switched to the one containing insulin only (data not
shown). Furthermore, in all cell and mouse tissue extracts that
we have surveyed, phosphorylation at Ser-246 and Ser-266 dis-
played similar patterns (data not shown). Therefore, in myo-
blast, adipocyte, and perhaps other differentiation programs,
phosphorylation at Ser-246 and Ser-266 follows similar
dynamic patterns.

ACTH Regulates Endogenous HDAC4 Phosphorylation at
Ser-266—Next we investigated whether Ser-266 phosphoryla-
tion status is affected by treatment with a hormone that induces
anincrease in cAMP concentration. ACTH acts on adrenal cells
by increasing the intracellular cAMP concentration (57, 71).
We treated Y1 adrenocortical tumor cells with different
amounts of ACTH to examine whether endogenous HDAC4
phosphorylation at Ser-266 is influenced. Only the higher dose
(1 um ACTH) induced a drop in Ser-266 phosphorylation (Fig.
7A). This dose was then used to perform a time course experi-
ment. ACTH treatment resulted in a decrease in Ser-266 phos-
phorylation at 10 and 30 min, but the effect wore off by 60 min
(Fig. 7B). The effect was less potent than that observed with
8-Br-cAMP (Fig. 7B), which probably reflects the enhanced
resistance toward phosphodiesterase-mediated degradation
possessed by 8-Br-cAMP compared with native cAMP (72).
Nevertheless, these findings point to Ser-266 phosphorylation
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as a physiologically relevant target of diverse cAMP/PKA sig-
naling modules.

DISCUSSION

Herein we have demonstrated that cAMP/PKA acts on class
ITa HDACs through a novel phosphorylation site, Ser-266, -279,
and -243 in HDAC4, -5, and -9, respectively (Fig. 2A4). Substitu-
tion of the site with alanine rendered these three deacetylases
unresponsive or less responsive to cAMP treatment or PKA
expression (Figs. 2, 3, and 4A). Interestingly, replacement with
aspartate had a similar effect (Figs. 2, 3, and 44 and supplemen-
tal Fig. S3), suggesting that the hydroxy group of the serine
residues is important for nuclear import. Alternatively, the neg-
ative charge per se may not be sufficient for mediating the
impact of phosphorylation. Although this was somewhat unex-
pected, there is precedent for the inability of aspartate to mimic
phosphorylation. For example, S133D mutation has no effect
on CREB transcriptional activity (42). In addition to Ser-266
mutants, the HDAC4 mutant P267A was cAMP-resistant (Fig.
2, Eand F). This proline residue is invariant among paralogs and
orthologs of HDAC4 (Fig. 2A and supplemental Fig. S2), so
Ser-266 and Pro-267 form a conserved SP motif that is impor-
tant for HDAC4 regulation. This motif is present in HDAC5
and HDAC9 but not in HDAC7 (Fig. 24 and supplemental Fig.
S2), thereby conferring different cAMP sensitivity among the
four class Ila members (Fig. 8). On the other hand, LMB-in-
duced nuclear import was not impaired in the mutants (Figs. 2F
and 3D). Related to this, the S266A mutation has no effect on
nuclear accumulation of HDAC4 in response to treatment of a
nuclear export inhibitor (36). Thus, although it is not so impor-
tant for nuclear import in general, dephosphorylation at the SP
motif is crucial for cAMP/PKA-induced nuclear accumulation
of HDAC4, -5, and -9 and perhaps also the orthologs that con-
tain such a motif (Fig. 2A and supplemental Fig. S2). Notably,
our results are consistent with a recent study (73) demonstrat-
ing that cAMP promotes dephosphorylation of HDACS5 at Ser-
279, a site that is equivalent to Ser-266 of HDAC4 (Fig. 24).

Similar to HDAC4, -5, and -9, dephosphorylation of NFAT
transcription factors at conserved SP motifs promotes nuclear
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import (74, 75). Although not fully understood, dephosphor-
ylation is assumed to expose the nuclear localization signals of
NFATSs. In both cases, phosphorylation blocks nuclear import.
The difference is that alanine substitution of the serine residues
on the deacetylases stimulates cytoplasmic localization (Figs. 2,
3, and 4A and supplemental Fig. S3), whereas such mutations
have an opposite effect on NFATSs. Such similarity and differ-
ence in signal-dependent nucleocytoplasmic trafficking are
intriguing. It is also tempting to speculate that these two exam-
ples may serve as prototypes for additional cases to be found
when numerous phosphorylation sites to be identified in other
proteins by proteomic studies are fully characterized.

Guided by the conserved RRXS motif (Fig. 24 and supple-
mental Fig. S2), we initially set out to characterize it as a PKA
phosphorylation site and thus expected the phosphorylation to
increase in response to PKA expression or cAMP treatment.
Surprisingly, Ser-266 phosphorylation decreased upon cAMP
signaling (Fig. 5) or PKA expression (data not shown). More-
over, PKA did not appear to phosphorylate HDAC4 in vitro
(supplemental Fig. S7). Although these results are unex-
pected, they are consistent with the effect of the mutation
P267A (Fig. 2, E and F). Many kinases phosphorylate serine/
threonine residues immediately preceding proline, but this
residue at the +1 position is strongly disfavored among PKA
substrates and acts to “veto” PKA-mediated phosphorylation
when artificially placed in this position of PKA substrate
peptides (76, 77). Moreover, the SP motif is more conserved
than the arginine residues at —1 and —2 positions required
for PKA phosphorylation (Fig. 24 and supplemental Fig. S2).
Ser-266 conforms to the consensus phosphorylation sites for
several other kinases, including CaMKs, PKC, ERK1/2, and
GSK-3, but we did not observe any decrease in phosphor-
ylation after treatment with inhibitors of these kinases
(supplemental Fig. S8). Moreover, expression of CaMKIV in
HEK293 cells promoted export of HDAC5 but had minimal
effects on Ser-279 phosphorylation (data not shown). Mirk/
dyrk1B was shown to phosphorylate Ser-243 of an alterna-
tively spliced isoform corresponding to the N-terminal half
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FIGURE 8. Model depicting differential regulation of HDAC4 and 7 by cAMP signaling. Cue 1 activates class lla HDAC kinases and promotes phosphoryl-
ation at the 14-3-3 binding sites (red boxes labeled with the red letter S; for simplicity, the arrow is only pointed to phospho-Ser-246 but not phospho-Ser-467
or -632 of HDAC4) and subsequent cytoplasmic localization of the HDACs. cAMP signaling (cue 2) promotes dephosphorylation and nuclear localization.
Whereas HDAC4 contains three 14-3-3 binding sites, HDAC7 possesses an extra site at the C-terminal end of the nuclear localization signal. Ser-266 of HDAC4
(blue box with the blue letter S) confers hypersensitivity to CAMP signaling, but HDAC7 lacks an equivalent residue and is more resistant to dephosphorylation
at its 14-3-3 sites. There may be a cross-talk between phosphorylation at Ser-246 and that at Ser-266 of HDAC4. Through two distinct pathways, cues 1 and 2
may synergize or antagonize with each other. Although PP2A is a potential candidate mediating the cAMP effect, additional studies are needed to establish
this. HDAC5 and HDAC9 are more similar to HDAC4 than to HDAC7. See “Discussion” for details about potential kinases and phosphatases. NLS, nuclear

localization signal; NES, nuclear export signal.

of HDAC9 (78). However, expression of this and related
kinases did not alter the subcellular localization of class Ila
HDACs in our assay conditions (data not shown). Expression
of SIK2 in HEK293 cells only slightly increased Ser-279
phosphorylation of HDAC5 (data not shown). Together,
these results suggest the involvement of a new kinase (Fig. 8).
Indeed, Cdk5 phosphorylates Ser-279 of HDACS5 (73).
Whether there are additional kinases acting at the SP motif is
an interesting question worthy of further investigation (Fig.
8).

As for phosphatases, PP2A forms stable complexes with class
IIa HDACs and inhibits their phosphorylation at 14-3-3 bind-
ing sites (10, 35, 36, 79). Okadaic acid, an inhibitor of PP2A, did
not have any effect on Ser-266 phosphorylation in response to
cAMP treatment (supplemental Fig. S6), suggesting that PP2A
may not be the sole phosphatase. Another candidate is myosin
phosphatase (PP1B/MYPT1), which has been shown to
dephosphorylate HDAC7 (37). Whether cAMP/PKA decreases
Ser-266 phosphorylation through inhibition of a Ser-266
kinase(s) and/or through activation of a phosphatase(s) (Fig. 8)
remains an interesting issue that will shed new light on
unknown links between class Ila HDACs and cellular signaling
networks.

Ser-266 of HDAC4 hasrecently been identified asa phosphor-
ylation site in a phosphoproteomic study (80). Ser-279 of
HDACS5 was just reported to be a target of cAMP signaling and
PKA phosphorylation (81) and was independently identified as
a phosphorylation site by mass spectrometry (79). Together,
these findings provide further support for the importance of
phosphorylation at Ser-266 of HDAC4 and Ser-279 of HDACS.
Unexpectedly, our results indicate that cAMP signaling does
not stimulate but rather inhibits the phosphorylation (Fig. 8),
thus unraveling a novel mechanism through which the HDAC
regulation is linked to signaling networks downstream from
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hormones such as ACTH (Fig. 7) and parathyroid hormone-
related protein (46). Our results also suggest that the phosphor-
ylation event does not act alone but cross-talks with other sites
(e.g with Ser-246) (Fig. 5, F-H). Although not investigated here,
itis reasonable to assume a cross-talk with the other two 14-3-3
binding sites in HDAC4, -5, or -9 (Fig. 8). Related to this, muta-
tion of HDACS5 Ser-279 (Fig. 34) or HDAC9 Ser-243 (Fig. 4A)
synergized with expression of SIK2 in promoting nuclear
export.

In stark contrast, during nuclear import, dephosphorylation
occurred at Ser-266 but not Ser-246 of HDAC4 (Fig. 6, A and B).
This suggests that during nuclear import, Ser-266 phosphor-
ylation has a role independent of Ser-246 phosphorylation.
Related to this, HDACS5 is more nuclear than HDAC4 (Fig. 1)
and is also much less phosphorylated at Ser-279 than at Ser-266
of HDAC4 (supplemental Fig. S5). It is likely that HDACS is
phosphorylated to a higher level under different cellular and/or
signaling contexts. Thus, phosphorylation at the SP motif
marks the status of cytoplasmic localization.

Additional phosphorylation sites have been identified in
class ITa HDACs, including Ser-298 of HDAC4 (36), Ser-253
of the HDACO splice variant (78, 82), and multiple residues
of HDAC4 and HDACS5 reported by phosphoproteomic
studies (see the Human Protein Reference Database) (79, 80,
83, 84), suggesting that complex multisite phosphorylation
programs may respond to cAMP and other upstream signal-
ing cues (Fig. 8). These programs may be further linked to
ubiquitination (85, 86) and sumoylation (87, 88). The con-
served SP motif identified herein (Fig. 24 and supplemental Fig.
S2) is likely to play a significant role in fine-tuning the mod-
ification programs for regulating important biological func-
tions of class I[la HDACs in diverse physiological and patho-
logical processes.
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