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Histone deacetylases (HDACs) are enzymes that catalyze the removal of acetyl groups from lysine residues
of histone and nonhistone proteins. Recent studies suggest that they are key regulators of many cellular events,
including cell proliferation and cancer development. Human class I HDACs possess homology to the yeast
RPD3 protein and include HDAC1, HDAC2, HDAC3, and HDACS. While HDAC1, HDAC2, and HDAC3 have
been characterized extensively, almost nothing is known about HDACS. Here we report that HDACS is
phosphorylated by cyclic AMP-dependent protein kinase A (PKA) in vitro and in vivo. The PKA phosphoac-
ceptor site of HDACS is Ser’®, a nonconserved residue among class I HDACs. Mutation of Ser*® to Ala
enhances the deacetylase activity of HDACS. In contrast, mutation of Ser*” to Glu or induction of HDACS
phosphorylation by forskolin, a potent activator of adenyl cyclase, decreases HDACS8’s enzymatic activity.
Remarkably, inhibition of HDACS activity by hyperphosphorylation leads to hyperacetylation of histones H3
and H4, suggesting that PKA-mediated phosphorylation of HDACS plays a central role in the overall acety-

lation status of histones.

In eukaryotes, genomic DNA is wrapped tightly around core
histones to form nucleosomes, the fundamental building blocks
of chromatin. Nucleosomes, once regarded as inert structural
particles, are now considered integral and dynamic compo-
nents of the machineries responsible for gene regulation. Many
different enzymes and protein complexes are known to bring
about changes in the state of chromatin by numerous mecha-
nisms, with resultant effects on gene expression. One class of
complexes alters DNA packaging (remodels chromatin) in an
ATP-dependent manner (4, 29). Another class of chromatin-
altering factors acts by covalently modifying histone proteins
(5). These modifications include acetylation, phosphorylation,
methylation, ubiquitination, and ADP-ribosylation. The best-
characterized posttranslational histone modification is acetyla-
tion, which is catalyzed by histone acetyltransferase (HAT)
enzymes. Histone acetylation is a reversible process that is
regulated by the opposing activities of HATs and histone
deacetylases (HDACGCs). Generally, hyperacetylation of his-
tones results in transcriptional activation whereas deacetyla-
tion correlates with transcriptional silencing. Consistent with
this generalization, transcriptional activators are often associ-
ated with HAT activity whereas HDAC:s frequently form com-
plexes with transcriptional repressors (24). Therefore, these
two regulatory processes work in harmony to achieve appro-
priate levels of gene expression. Several oncogenes and tumor
suppressors (pRb, BRCA-1, BRCA-2, PML-RAR, and a zinc
finger protein mutated in leukemia) have been shown to be
associated with HATs or HDACs (41).

HDAC proteins are vital regulators of fundamental cellular
events, including cell cycle progression, differentiation, and
tumorigenesis (37, 45). A small-molecule inhibitor of HDAC,
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trichostatin A (TSA), arrests mammalian cells in both G, and
G, (31, 44), while overexpression of HDACI in mouse cells
reduces their growth rate by lengthening the duration of G,
and M (3). TSA induces terminal differentiation of mouse
erythroleukemia cells and apoptosis of lymphoid and colorec-
tal cancer cells. In addition, TSA treatment of cells expressing
the PML zinc finger protein derepresses transcription and al-
lows cells to differentiate normally (18). With this precedent,
HDAC inhibitors are being actively explored as potential
agents for the treatment of certain forms of cancer (22, 23, 27).

The human HDACs are organized into three different
classes based on their similarity to yeast HDAC proteins (37,
45). Class I enzymes are ubiquitously expressed and include
HDACI, -2, -3, and -8, which are homologous to the yeast
RPD3 protein. Class II includes HDACH4, -5, -6, -7, -9, and -10,
which are similar to yeast HDAI and are expressed in a tissue-
specific manner. The Sir2-like class III HDAGCs, including
SIRT1 to -7, require NAD™ for enzymatic activity. The most
recent addition to the human HDAC family, HDACII,
uniquely shares sequence homology with the catalytic regions
of both class I and I HDAC enzymes (15).

By far, the most frequently studied and best-characterized
human HDACs are HDAC1 and HDAC2. Early studies ele-
gantly demonstrated that HDAC1 and HDAC2 were associ-
ated with proteins that modulate their enzymatic activity and
their recruitment to genomic regions. Three large multisubunit
protein complexes, called Sin3, NuRD/Mi2, and CoREST,
contain HDAC1 and HDAC2 (1, 17, 21, 25, 30, 38, 42, 46-48).
In addition to complex formation, recent studies have revealed
that the activity of class I HDAC: is regulated by posttransla-
tional modifications. For example, HDACI is a substrate for
SUMO-1 (small ubiquitin-related modifier 1), and mutations
of the target residues decrease transcriptional repression with-
out affecting the ability of HDACI to associate with mSin3
(10). In addition, like those of many class II HDACs, the
actions of HDAC1 and HDAC?2 are regulated by phosphory-
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FIG. 1. Amino acid sequences of HDACS. (A) Amino acid sequence of human HDACS (AF230097). Residues within the putative catalytic
domain are highlighted in bold. Potential phosphorylation sites, as determined by phosphobase detection (http://www.cbs.dtu.dk/databases/
PhosphoBase/predict/predict.html), are underlined. The potential PKA phosphorylation site (Ser®®) is marked with an asterisk. (B) Top, a potential
PKA phosphorylation site in HDACS determined by database sequence analysis. Middle and bottom, comparison of the human HDACS sequence
surrounding Ser® with other human class T HDAC sequences and with the mouse HDACS sequence.

lation. Phosphorylation of HDACI by protein kinase CK2 al-
ters HDACT’s enzymatic activity and its capacity to form pro-
tein complexes (7, 13, 33). Similarly, phosphorylation of
HDAC2 by protein kinase CK2 is essential for HDAC2’s
deacetylase activity and its association with mSin3, Mi2, Sp1,
and Sp3 (36, 39). Our previous studies showed that, like
HDACI and HDAC2, HDAC3 also is phosphorylated by pro-
tein kinase CK2 (39). Surprisingly, unlike other members of
the class I HDAC family, HDACS is not phosphorylated by
protein kinase CK2 (39). However, it is possible that kinases
other than protein kinase CK2 phosphorylate HDACS and
modulate its activity. A complete understanding of how phos-
phorylation regulates the actions of class I HDACs requires a
thorough determination of whether HDACS is a phosphopro-
tein and, if so, what kinase is responsible and what the func-
tional consequences are.

HDACS cDNA was identified initially by three independent
groups using sequence homology database searches with class
I HDAC proteins (6, 20, 40). The HDACS gene encodes a
377-amino-acid protein with a predicted molecular mass of 45
kDa and is located on the X chromosome at position q21.2-
q21.3 or q13 (6, 40). Protein sequence comparisons of HDACS8
reveal a 37% similarity to HDACI. In Northern blot analyses,
the size of HDAC8 mRNA is between 1.7 and 2.4 kb, and

HDACS8 mRNA is expressed in multiple human organs, in-
cluding the liver, heart, brain, lung, pancreas, placenta, pros-
tate, and kidney. Consistent with the presence of a stretch of
basic residues that could serve as a nuclear localization signal,
HDACS is predominantly located in the nucleus. A recent
report suggests that the inv (16) fusion protein specifically
associates with HDACS (11).

Although sequence analysis of HDACS revealed consensus
phosphorylation sites for protein kinase A (PKA) and protein
kinase CK2, our previous studies showed that HDACS was not
phosphorylated by protein kinase CK2 in vitro (39). In the
present study, we show that HDACS is phosphorylated instead
by PKA both in vitro and in vivo. Most interestingly, phosphor-
ylation of HDACS by PKA inhibits its deacetylase activity,
which results in the hyperacetylation of histones H3 and H4.
Thus, our findings uncover a novel mechanism of class I
HDAC regulation.

MATERIALS AND METHODS

Viruses and plasmids. A recombinant adenovirus that expresses Flag-tagged
HDACS was generated by using the AdEasy system (19). pPGEX4T-3-HDACS,
which expresses a glutathione S-transferase (GST)-HDACS fusion protein, and
pCEP4F-HDACS, which expresses Flag epitope-tagged HDACS, have been de-
scribed previously (20, 39). pGST-HDACS(S39A) and pGST-HDACS(S39E)
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were generated from pGEX4T-3-HDACS with the Quick-change site-directed
mutagenesis kit (Stratagene) and confirmed by DNA sequencing. For the S39A
mutant, oligodeoxynucleotides 5'-GATCCCCAAACGGGCCGCTATGGTGC
ATTCTTTG and 5'-CAAAGAATGCACCATAGCGGCCCGTTTGGGGATC
were used as primers for PCR. For S39E, the primers were 5'-GATCCCCAA
ACGGGCCGAAATGGTGCATTCTTTG and 5'-CAAAGAATGCACCATTT
CGGCCCGTTTGGGGATC. By identical strategies, pPCEP4F-HDACS(S39A)
and pCEP4F-HDACS(S39E) were generated from pCEP4F-HDACS.

Cell culture and transfection. HeLa cells were maintained in 75-cm? tissue
culture flasks in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 IU of penicillin per ml, and 100 wg of streptomycin per
ml. Transfections were performed with Lipofectamine 2000 (Invitrogen) in ac-
cordance with the manufacturer’s instruction. Forty-eight hours after transfec-
tion, some cultures received forskolin, N-[2-(p-bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide (H-89), or the myristoylated PKA inhibitor 14-22 amide
(PKI; Calbiochem) (9, 14, 35).

Immunoprecipitation and immunoblotting analysis. Anti-Flag M2, anti-phos-
phoserine, anti-acetyl H3, and anti-acetyl H4 antibodies were purchased from
Sigma, Zymed, Upstate, and Cell Signaling, respectively. Rabbit polyclonal anti-
HDACS antibody was raised against a GST-tagged HDACS fusion protein con-
taining the C-terminal region, residues 305 to 377, of HDACS. For immunopre-
cipitations, cells were rinsed with ice-cold phosphate-buffered saline and lysed in
0.5 ml of modified radioimmunoprecipitation assay buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% NP-40, 5 mM NaF, 0.2 mM
Na3;VO,, and a cocktail of protease inhibitors. The lysates were immunoprecipi-
tated with primary antibodies for 3 h to overnight at 4°C, and the immunocom-
plexes were collected, washed extensively, and resolved by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE). For immunoblot assays,
samples were transferred onto nitrocellulose membranes. Membranes were then
probed with the appropriate antibodies, and proteins recognized by the antibod-
ies were detected with the Chemiluminescent Detection Kit (Pierce).

In vivo phosphate labeling. HeLa cells infected with the Flag-HDACS-ex-
pressing adenovirus for 48 h were preincubated with phosphate-free Dulbecco’s
modified Eagle’s medium for 1 h before labeling. Cells were then treated with
2P, at a concentration of 0.5 mCi/ml for 4 h at 37°C and lysed in a modified
radioimmunoprecipitation assay buffer. In some experiments, cells were treated
with H-89 for 45 min before harvest. Flag-HDACS protein was immunoprecipi-
tated with M2 agarose and resolved by SDS-8% PAGE. Phosphorylated Flag-
HDACS was detected by autoradiography.

Kinase assays. In vitro PKA kinase assays were performed as previously
described (39). Briefly, for each reaction, 1 wg of GST fusion protein was
incubated with 2.5 U of the recombinant catalytic subunit of PKA (NEB) in the
presence of 5 puCi of [y-*?P]ATP, 10 uM ATP, and manufacturer-supplied kinase
buffers in a 20-pl total volume for 20 min at 30°C. Reactions were terminated by
addition of SDS sample buffer, followed by heating at 100°C for 5 min. After
electrophoresis, gels were stained with Coomassie blue, dried, and autoradio-
graphed. Cellular PKA activation assays were performed as previously described
with Kemptide (Upstate) as the substrate (28). For assays of HDACS phosphor-
ylation by cellular PKA, GST-HDACS was conjugated to glutathione beads and
incubated with 100 g of HeLa cell extract overnight at 4°C. Beads were washed
three times with lysis buffer and once with kinase buffer before kinase reactions
were performed as described above.

Phosphopeptide mapping and phosphoamino acid analysis. PKA-phosphor-
ylated HDACS was resolved by SDS-PAGE and transferred to polyvinylidene
difluoride membrane, and the membrane was exposed to X-ray film. The
HDACS-specific band was excised and digested with L-(tosylamido-2-phenyl)
ethyl chloromethyl ketone (TPCK)-treated trypsin (Worthington) for 6 h at
37°C, followed by an additional 10 h incubation in the presence of fresh trypsin.
Tryptic digests were separated by two-dimensional electrophoresis on thin-layer
cellulose with the HTLE-700 system as described previously (26, 39). For phos-
phoamino acid analysis, 1/10 of the sample volume was subjected to partial HCI
hydrolysis by incubation with 6 N HCI for 1 h at 110°C.

HDAC assay. The enzymatic activity of HDACS was assayed with purified core
histones as described previously (39).

RESULTS

Phosphorylation of HDAC8 by PKA. HDACS contains two
potential phosphorylation sites for protein kinase CK2 and one
potential phosphorylation site for PKA (illustrated in Fig. 1A
and B) (20). The potential PKA phosphorylation site, located
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FIG. 2. In vivo phosphorylation of HDACS. HeLa cells were in-
fected with a recombinant adenovirus that expresses Flag-HDACS and
were labeled with 3P, for 4 h. Cell extracts were immunoprecipitated
with an anti-Flag antibody, and immunoprecipitates (IP) were resolved
on an SDS-8% polyacrylamide gel. Phosphoproteins were visualized
by autoradiography. As a negative control (lane 1), cells were infected
with an adenovirus that expresses GFP alone. In lanes 3 and 4, cells
were treated with the indicated dose of H-89 for 45 min before harvest.
The positions of the molecular weight markers (weights are in thou-
sands) are indicated on the left. Immunoprecipitates were immuno-
blotted with an anti-Flag antibody to ensure equal amounts of Flag-
HDACS in lanes 2 to 4 (bottom panel). IgH, immunoglobulin H.

at Ser®® of HDACS, is conserved between the human and
mouse HDACSs but not among different class I HDACs (Fig.
1B). Because previous studies did not detect HDACS phos-
phorylation by protein kinase CK2 (39), we asked whether
PKA phosphorylated HDACS. HeLa cells were infected with a
recombinant adenovirus expressing Flag-HDACS and meta-
bolically labeled with *?P;. Cell extracts were immunoprecipi-
tated with an anti-Flag antibody. As shown in Fig. 2 (lane 2,
upper panel), HDACS incorporated **P, indicating that it is
phosphorylated in vivo. Treatment of cells with H-89, a potent
inhibitor of PKA (9), reduced the phosphorylation of HDACS8
in a dose-dependent manner (lanes 3 and 4).

In a companion set of experiments, we examined the role of
PKA in HDACS phosphorylation. We first treated HeLa cells
with or without forskolin, a potent activator of adenyl cyclase,
the enzyme that catalyzes the conversion of ATP to cyclic AMP
(cAMP). PKA activity was monitored in HeLa cell lysates with
Kemptide as the substrate. Treatment of cells with forskolin
increased PKA activity, and this increase largely was abolished
by cotreatment of cells with H-89 (Fig. 3A). Next, we incubated
purified recombinant GST-HDACS with extracts of HeLa cells
treated with or without forskolin for 45 min. Kinase assays
were performed in the presence and absence of H-89. Lysates
of forskolin-treated cells clearly phosphorylated HDACS to a
greater extent than did lysates of untreated cells (Fig. 3B,
compare lanes 2 and 3). Moreover, H-89 inhibited HDACS
phosphorylation by lysates of forskolin-treated cells (lane 4).
Together, these results strongly suggest that endogenous PKA
phosphorylates HDACS.

To show conclusively that PKA phosphorylates HDACS, in
vitro kinase assays were performed with purified GST-HDACS8
and catalytically active recombinant PKA. PKA phosphory-
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FIG. 3. Stimulation of HDACS phosphorylation by forskolin. (A) With filter-binding assays, PKA activities were determined in extracts
prepared from HeLa cells treated with 10 uM forskolin for 45 min in the presence or absence of H-89 (10 wM). (B) Bacterially expressed, purified
GST-HDACS was incubated with HeLa cell extracts prepared from cells that were untreated or treated with 10 wM forskolin for 45 min. H-89
(10 pM) was added to the in vitro phosphorylation reaction mixtures as indicated (lane 4). GST was used as a negative control (lane 5).

lated HDACS in vitro (Fig. 4A, compare lanes 7 and 8), and
phosphorylation was inhibited by H-89 (lanes 9 to 11). Maxi-
mal inhibition was achieved with 10 w.M H-89. For comparison,
we show that PKA phosphorylates HDACS as effectively as it
phosphorylates the known PKA substrate histone H2B (lane
3). In addition, H-89 inhibited the phosphorylation of HDACS8
and H2B at similar doses (lanes 4 to 6).

To determine the number of sites phosphorylated by PKA in
vitro, purified GST-HDACS was incubated with PKA in the
presence of [y-**P]ATP and resolved by SDS-PAGE. Phos-

phorylated HDACS was eluted from the gel, digested with
trypsin, and subjected to two-dimensional separation on a thin-
layer-chromatography (TLC) plate. Consistent with the obser-
vation that HDACS contains one potential PKA site, tryptic
digests contained one predominant phosphopeptide (Fig. 4B).
Multiple minor spots were observed and may represent addi-
tional phosphorylation sites or, more likely, products of partial
tryptic digestion.

PKA phosphorylates HDACS on serine. GST-HDACS phos-
phorylated in vitro by PKA was excised from an SDS gel and

A
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FIG. 4. Invitro phosphorylation of HDACS with purified PKA. (A) Purified GST-HDACS was incubated with PKA in the presence or absence
of H-89 (0.15 uM in lanes 4 and 9, 2 uM in lanes 5 and 10, 10 wM in lanes 6 and 11), and in vitro kinase reactions were performed. Proteins were
resolved by SDS-PAGE, and *?P-labeled proteins were visualized by autoradiography. GST (lane 1) and GST-H2B (lanes 2 to 6) were used as
negative and positive controls, respectively. (B) GST-HDACS was phosphorylated by PKA in the presence of [y->*P]ATP. Radiolabeled
GST-HDACS was eluted from an SDS-polyacrylamide gel, digested with trypsin, and analyzed by TLC.
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FIG. 5. Identification of serine as the phosphoacceptor residue in HDACS. (A) HDACS was phosphorylated by PKA in the presence of
[y-**P]ATP and eluted from an SDS-polyacrylamide gel. After partial acid hydrolysis, the sample was analyzed by cellulose TLC. P-Ser, P-Thr, and
P-Tyr indicate the positions of phosphoserine, phosphothreonine, and phosphotyrosine, respectively. (B) HeLa cells were transfected with a
plasmid encoding Flag-HDACS and treated with forskolin (10 wM) or H-89 (10 wM) as indicated. Cell extracts were immunoprecipitated (IP) with
an anti-Flag antibody and immunoblotted (IB) with an anti-phosphoserine antibody (top) or an anti-Flag antibody (bottom). (C) Extracts prepared
from HeLa cells treated with forskolin (10 wM) or PKI (10 uM) were immunoprecipitated with an anti-HDACS antibody or preimmune serum
and immunoblotted with an anti-phosphoserine antibody (top) or an anti-HDACS antibody (bottom).

subjected to phosphoamino acid analysis. Results of this ex-
periment unambiguously show that PKA, a serine-threonine
kinase, phosphorylates HDACS exclusively on serine (Fig. 5A).
To confirm this, HeLa cells expressing Flag-HDACS were
treated with forskolin and anti-Flag immunocomplexes were
Western blotted with an anti-phosphoserine antibody. As
shown in Fig. 5B (top), HDACS was indeed phosphorylated on
serine in forskolin-treated cells (lane 3). In cells receiving both
forskolin and H-89, little if any serine phosphorylation was
seen (lane 4). Differences in the amounts of serine phosphor-
ylation were not the result of differences in the amounts of
Flag-HDACS, which were comparable under all conditions
(Fig. 5B, bottom).

Finally, we show that PKA phosphorylates endogenous
HDACS on serine (Fig. 5C). HDACS was immunoprecipitated
from extracts of untreated and forskolin-treated HeLa cells
with an anti-HDACS antibody. Immune complexes were im-
munoblotted with an anti-phosphoserine antibody. Similar to
our findings with overexpression of epitope-tagged HDACS,
endogenous HDACS was phosphorylated on serine in un-
treated cells (lane 3) and, to a greater extent, in cells receiving
forskolin (lane 4). Like H-89, the highly specific PKA inhibitor
PKI (14) blocked the serine phosphorylation of HDACS (lane
5).

Ser*® is the major phosphorylation site of HDACS. HDACS
contains one consensus PKA recognition motif, with Ser*” as
the potential phosphoacceptor site (Fig. 1). Thus, it seemed

likely that PKA phosphorylates HDACS at Ser>’, and this was
confirmed as follows. HeLa cells were transfected with plas-
mids encoding wild-type Flag-HDACS or Flag-HDACS con-
taining a Ser-to-Ala substitution at residue 39. Cells were
treated with or without forskolin, and anti-Flag immune com-
plexes were Western blotted with anti-phosphoserine antibody.
As shown in Fig. 6A (top), replacement of Ser*® with Ala
greatly reduced the amount of serine-phosphorylated HDACS
in forskolin-treated cells (compare lanes 2 and 3). In fact, the
amounts of phosphorylated HDACS8(S39A) in forskolin-
treated cells were less than the amounts of phosphorylated
wild-type HDACS in untreated cells (compare lanes 3 and 4).
We also found that recombinant PKA phosphorylated wild-
type GST-HDACS to a much greater extent than it phosphor-
ylated GST-HDACS containing an Ala-to-Ser substitution at
residue 39 (Fig. 6B, top, compare lanes 4 and 6). Together, our
data indicate that phosphorylation of HDACS by PKA occurs
primarily at Ser®.

Phosphorylation of HDACS8 by PKA inhibits its enzymatic
activity. Unlike other class I HDACs, nothing is known about
the mechanisms that regulate the activity of HDACS. To de-
termine whether phosphorylation of HDACS by PKA modu-
lates its deacetylase activity, HeLa cells expressing Flag-
HDACS were treated with or without forskolin and H-89, and
anti-Flag immune complexes were assayed for deacetylase ac-
tivity with core histones as the substrate. Treatment of cells
with forskolin greatly reduced the deacetylase activity of
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FIG. 6. Identification of Ser® as the phosphorylation site within HDACS. (A) HeLa cells expressing Flag-HDACS or the Flag-HDACS(S39A)
mutant form were treated with forskolin (10 uM) as indicated. Cell extracts were immunoprecipitated (IP) with an anti-Flag antibody, and immune
complexes were then immunoblotted (IB) with either an anti-phosphoserine antibody (top) or an anti-Flag antibody (bottom). (B) Purified
GST-HDACS and GST-HDACS(S39A) proteins were used as substrates for in vitro phosphorylation by PKA. The proteins were resolved by
SDS-PAGE, and the *?P-radiolabeled proteins were visualized by autoradiography (top). Coomassie blue staining was performed before autora-
diography to visualize the locations and amounts of the different proteins (bottom). The values on the left are molecular weights in thousands.

HDACS (Fig. 7A, top, compare columns 2 and 3), and cotreat-
ment of cells with H-89 negated the inhibitory effects of fors-
kolin on HDACS activity (column 4). We also compared the
deacetylase activities of wild-type HDACS and mutant HDACs
in which Ser®® was replaced with Ala or Glu. Alanine substi-
tution, which eliminates HDACS8 phosphorylation by PKA,
had no effect on deacetylase activity (column 5), whereas Glu
substitution, which mimics phosphorylation, reduced deacety-
lase activity as effectively as did forskolin treatment of cells
expressing wild-type HDACS (column 6).

Unlike other class I HDACs, HDACS does not require
protein cofactors for activity in vitro (20). Consistent with this
earlier finding, purified wild-type HDACS deacetylated core
histones in in vitro deacetylase assays (Fig. 7B, top, column 2).
For unknown reasons, mutation of Ser*® to Ala slightly en-

hanced the deacetylase activity of HDACS (column 3). More
importantly, and in agreement with the data in Fig. 7A, muta-
tion of Ser*” to Glu significantly reduced the deacetylase ac-
tivity of HDACS (column 4).

Phosphorylation of HDACS8 by PKA increases the acetyla-
tion of histones H3 and H4. Earlier studies suggested that
HDACS preferentially deacetylates histones H3 and H4 (6, 20,
40). To determine how decreases in HDACS activity resulting
from PKA phosphorylation relate to histone acetylation in
vivo, HeLa cells expressing wild-type HDAC8 or HDACS
(S39A) were treated with or without forskolin and core his-
tones prepared from cell extracts were Western blotted with an
antibody to acetylated histone H3 or H4. As expected, ectopic
expression of wild-type HDACS in the absence of forskolin
reduced the abundance of acetylated H3 and H4 (Fig. 8, com-
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FIG. 7. HDACS phosphorylation inhibits enzymatic activity. (A) HeLa cells were transfected with constructs expressing Flag-tagged wild-type
or mutant HDACS, as indicated. After treatment of cells with forskolin (10 M) and H-89 (10 wM), Flag immunoprecipitates (IP) were assayed
for HDAC activity. All experiments were normalized to equal amounts of DNA with parental expression vectors. Data shown are the average
results * the standard deviation from three separate transfections. Immunoprecipitates were immunoblotted (IB) with an anti-Flag antibody to
ensure approximately equal amounts of Flag fusion proteins in reactions 2 to 6 (a representative blot is shown at the bottom). (B) Purified, GST,
GST-HDACS, GST-HDACS(S39A), and GST-HDACS(S39E) were assayed for deacetylase activity. All experiments were performed in triplicate,
and the data shown are the average * the standard deviation. Coomassie blue-stained gels were used to show approximately equal amounts of GST
and GST fusion proteins used in each reaction mixture (a representative gel is shown at the bottom). The values on the left are molecular weights

in thousands.

pare lanes 1 and 2). Treatment of cells with forskolin, and
consequent phosphorylation of HDACS by PKA, negated the
capacity of HDACS to deacetylate H3 and H4 (lane 3). In fact,
the amounts of acetylated H3 and H4 were greater in forsko-
lin-treated cells expressing HDACS than in cells not expressing
ectopic HDACS (compare lanes 1 and 3). HDAC8(S39A) also
reduced the acetylation of H4 and, to a lesser extent, H3 (lane
4); however, the inhibitory effects of this mutant form were not
reversed by forskolin (lane 5). These data show that phosphor-
ylation of HDACS by PKA has a major effect on the acetyla-
tion status of histones H3 and H4.

DISCUSSION

HDAC proteins are key regulators of many cellular pro-
cesses, and as anticipated, their activities are tightly controlled.
Like many cellular enzymes, the activities of most, if not all, of
the HDAC:S can be regulated by phosphorylation. For instance,
phosphorylation of two class II enzymes, HDAC4 and
HDACS, results in recruitment of 14-3-3 proteins, which in
turn elicits the nuclear export of HDACsS and the derepression

Flag-HDAC8 - + o+ - -
Flag-HDACB8(S39A) - - -+ 4
Forskolin - - + -4+
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FIG. 8. HDACS8 phosphorylation increases histone H3 and H4
acetylation. HeLa cells were transfected with plasmids expressing Flag-
HDACS or Flag-HDACS(S39A). After treatment with or without for-
skolin (10 uM), core histones were prepared and analyzed by a West-
ern blot (immunoblot [IB]) assay with an anti-acetylated-H4 antibody
(top). Subsequently, the blot was stripped and reprobed with an anti-
acetylated-H3 antibody (middle). A separate SDS-polyacrylamide gel
was prepared in parallel to assess the qualities of core histones in each
reaction (bottom).
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of HDAC target genes (16, 43). The actions of class I HDACs
also are regulated by phosphorylation. Protein kinase CK2
phosphorylates human HDACI at Ser*?! and Ser*** and hu-
man HDAC2 at Ser***, Ser*!!, and Ser***. Loss of phosphor-
ylation of any of these residues by mutation or phosphatase
treatment both reduces enzymatic activity and impedes protein
complex formation (33, 36, 39). Conversely, hyperphosphory-
lation of HDAC1 and HDAC?2 by phosphatase inhibition in-
creases activity and changes complex formation (13).

In this study, we show that HDACS is a phosphoprotein and
that PKA phosphorylates HDACS in vitro and in vivo. Unlike
HDACI and HDAC2, which are phosphorylated on C-termi-
nal residues, HDACS is phosphorylated in the N terminus at
Ser®®. The crystal structure of the Aquifex aeolicus HDAC
homolog, HDLP, shows that Ser®® (corresponding to Ser®® of
human HDACS) lies within the second « helix, adjacent to the
first loop, of HDLP (12). Although the overall homology be-
tween HDACS and other class I HDAGC: is high, the N-termi-
nal portion of HDACS is not similar to the N-terminal region
of other HDAC:s. This observation suggests that HDACS phos-
phorylation has consequences distinct from those resulting
from the phosphorylation of other class I HDAC enzymes. In
agreement with this idea, phosphorylation of HDACI and
HDAC?2 increases their deacetylation activity, whereas phos-
phorylation of HDACS by PKA reduces HDACS’s activity and
results in the hyperacetylation of histones H3 and H4. Our
data advocate that the cAMP signaling pathway mediated by
PKA modulates the enzymatic activity of HDACS, which in
turn shifts the balance of histone acetylation and deacetylation.
In this scenario, phosphorylation of HDACS by PKA promotes
chromatin decondensation and transcriptional activation. Al-
ternatively, phosphorylation of HDAC8 by PKA could con-
ceivably enhance the acetylation of nonhistone proteins. An
increase in acetylation of transcription factors, for example,
may alter their abilities to initiate transcription. Further exper-
iments to define nonhistone substrates for HDACS will help
address this issue.

Besides deacetylation of core histones, nothing is known
about the biological functions of HDACS. However, the phys-
iological responses mediated by PKA are known to include
cellular proliferation, neuronal signaling, and cancer develop-
ment (34). Major downstream targets of PKA include the
cAMP-responsive element-binding protein (CREB), CREM,
and NF-kB. CREB is phosphorylated by PKA at Ser'**, and
phosphorylation recruits coactivators such as CREB-binding
protein and its homolog p300, both of which are HATS (2, 32).
Interestingly, a recent study demonstrated that HDAC inhib-
itors augment CREB activity by prolonging CREB phosphor-
ylation at Ser'** on chromosomes (28). Further, it was shown
that HDACT associates with and blocks the Ser'** phosphor-
ylation of CREB during the prestimulus and attenuation
phases of the cAMP response. Moreover, HDAC1 promotes
Ser'** dephosphorylation via a stable interaction with protein
phosphatase 1 (PP1) (8). This finding suggests that the dephos-
phorylation of CREB and deacetylation of promoter-bound
histone are coordinated by HDAC1-PP1 complexes that are
important in silencing CREB activity in unstimulated cells.
Surprisingly, the enzymatic activity of HDAC1 seems to be
unrelated to its association with PP1. However, overexpression
of HDACI does not completely inhibit CREB phosphoryla-
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tion, signifying that HDACI1 cannot be solely responsible for
the negative regulation in CREB activation. It is possible,
therefore, that phosphorylation of HDACS by PKA may pro-
vide additional effects on the activation of CREB. In this case,
by modulating its enzymatic activity, HDACS may play a dis-
tinct role as a signal-responsive suppressor that regulates
CREB activity.

How might phosphorylation of HDAC8 by PKA down-reg-
ulate its enzymatic activity? One possibility is that phosphory-
lation of HDACS8 by PKA causes a conformational change
within HDACS that renders it less active. Consistent with this
idea, we found that purified HDACS8(S39A) was slightly more
active than wild-type HDACS in an in vitro deacetylase assay,
whereas HDACS8(S39E) was less active. However, phosphory-
lation of HDACS by PKA or mutation of HDACS to mimic
hyperphosphorylation (S39E) led to an almost complete loss of
deacetylase activity in vivo. This intriguing finding suggests
that, in addition to a possible conformational change, there
must be alternative or additional mechanisms operating to
down-modulate the activity of phospho-HDACS in vivo. Per-
haps phosphorylation by PKA affects the cellular localization
of HDACS or the ability of HDACS to interact with other
proteins. Experiments designed to explore each of these pos-
sibilities are under way in our laboratory.

Our data showing that PKA phosphorylates HDACS pro-
vide yet another example of how the activities of human class
I HDAG: are regulated by protein kinases. A previous study
shows that, in addition to kinases, protein phosphatases such as
PP1 play a critical role in the phosphorylation status of
HDACI1 and HDAC2 (13). What is not known is whether
HDACS phosphorylation is also modulated by phosphatases.
Also unclear is whether cross talk exists between the different
posttranslational modifications of HDACS. For example, a
potential N-glycosylation site is present at Asn'>® in HDACS,
and it is conceivable that phosphorylation of Ser*® may affect
glycosylation of Asn'*® and vice versa. Further experiments are
necessary to address each of these important issues.
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