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Histone deacetylase 3 (HDAC3) and linker histone H1 are
involved in both chromatin compaction and the regulation of
mitotic progression. However, the mechanisms by which
HDAC3 and H1 regulate mitosis and the factors controlling
HDAC3 and H1 activity during mitosis are unclear. Further-
more, as of now, no association between class I, II, or IV (non-
sirtuin) HDACs and linker histones has been reported. Here we
describe a novel HDAC3-H1.3 complex containing silencing
mediator of retinoic acid and thyroid hormone receptor (SMRT)
and nuclear receptor corepressor 1 (N-CoR) that accumulated
in synchronized HeLa cells in late G2 phase and mitosis. None-
theless, the deacetylation activity by HDAC3 in the complex was
evident only in mitotic complexes. HDAC3 associated with H1.3
was highly phosphorylated on Ser-424 only during mitosis. Iso-
lation of inactive HDAC3-H1.3 complexes from late G2 phase
cells, and phosphorylation of HDAC3 in the complexes at serine
424 by protein kinase CK2 (also known as casein kinase 2) acti-
vated the HDAC3 in vitro. In vivo, CK2� and CK2�’ double
knockdown cells demonstrated a significant decrease in HDAC3
Ser-424 phosphorylation during mitosis. HDAC3 and H1.3 co-
localized in between the chromosomes, with polar microtubules
and spindle poles during metaphase through telophase, and par-
tially co-localized with chromatin during prophase and inter-
phase. H1 has been reported previously to associate with micro-
tubules and, therefore, could potentially function in targeting
HDAC3 to the microtubules. We suggest that phosphorylation
of HDAC3 in the complex by CK2 during mitosis activates the
complex for a dual role: compaction of the mitotic chromatin
and regulation of polar microtubules dynamic instability.

Histone deacetylases (HDACs)2 are a class of enzymes
responsible for the deacetylation of core histone tails and non-
histone proteins. The removal of acetyl groups from core his-
tone tails leads to an increase in their positive charge and, there-
fore, a stronger ionic interaction between the core histone tails

and the negatively charged DNA. This, in turn, increases the
compaction of chromatin and the formation of the 30-nm fiber,
resulting in transcriptional repression (1). Although HDACs
play an important role in the maintenance of the epigenetic
landscape through their activity on core histones, HDACs also
target non-histone proteins, both functions that contribute to
cell proliferation and differentiation (2, 3).

Histone deacetylase 3 (HDAC3) has been shown recently
to play key roles in mitotic progression. HDAC3 activity is
required for the global deacetylation necessary for chroma-
tin compaction into mitotic chromosomes (4). In addition, loss
of functional HDAC3 resulted in mitotic spindle collapse,
chromosomal misalignment (5), impaired microtubule-to-kin-
etochore attachment (5), and premature spindle assembly
checkpoint activation (6). Fadri-Moskwik et al. (6) have dem-
onstrated that these mitotic defects could be explained by the
failure of HDAC3 to activate Aurora B kinase by deacetylation
in early mitosis.

Although linker histone H1 is an architectural protein, like
HDACs, H1 plays a role in chromatin compaction, transcrip-
tion repression, and mitotic regulation. The binding of H1 to
the nucleosome results in a reduction of the entry-exit angle of
DNA, leading to the stabilization of the 30-nm fiber. This com-
paction can limit the access of transcription factors to the DNA,
resulting in transcriptional repression (7). The phosphorylation
of linker histone H1 is also essential for the formation of mitotic
chromosomes and mitotic progression. Treatment of cells with
a kinase inhibitor led to elongated chromosomes that did not
align properly in mitosis and were unable to separate at the
onset of anaphase (8). Therefore, like HDAC3, the absence of
phosphorylated H1 leads to abnormal alignment of mitotic
chromosomes. Their similar phenotypes led to the question of
whether there is a physical or functional association between
HDACs and H1s in either transcriptional regulation or cell
cycle control. In addition to phosphorylation, linker histone H1
can be acetylated (9, 10), although the function of this modifi-
cation is not well understood. Vaquero et al. (9) have reported
an interaction between H1 and the NAD�-dependent HDAC
SirT1 that represses transcription through histone H4 Lys-16
deacetylation, H1 recruitment to the promoter, and demethyl-
ation of histone H3 Lys-79 (9). The interaction between linker
histone H1 and SirT1 further suggests the potential for an inter-
action between other histone deacetylases and histone H1.

Here we show a novel stable association between HDAC3
and the linker histone subtype H1.3 in HeLa Cells. This com-
plex includes the corepressors SMRT and N-CoR and at least
four additional proteins. The abundance of this complex
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increased significantly in late G2 phase and into mitosis. The
HDAC3 within the complex exhibited histone H3K9 deacety-
lase activity, which was dependent on mitosis and induced by
HDAC3 phosphorylation at serine 424. In vitro, protein kinase
CK2 was found to phosphorylate complexed HDAC3 at serine
424, leading to its activation in the complex. In vivo, CK2
knockdown cells demonstrated a significant reduction in
HDAC3 phosphorylation at serine 424 during mitosis. HDAC3
and H1.3 co-localized mainly at the area of polar microtubules
and spindle poles in mitotic HeLa cells, suggesting a potential
role in the regulation of polar microtubule dynamics in mitosis.

Experimental Procedures

Immunoprecipitations and Western Blotting Analysis—HeLa
S3 and MCF-7 cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco/BRL) supplemented with 10% fetal
bovine serum (Gemini) and 1% penicillin and streptomycin
(Gibco/BRL). Cells were grown in the presence of 5% atmo-
spheric CO2 and 100% humidity at 37 °C. Exponentially grow-
ing cells were harvested and washed with cold 1� PBS and lysed
in co-immunoprecipitation assay buffer (0.5% Nonidet P-40,
0.8% 0.5 M NaF, 2% 100 mM sodium orthovanadate, and a mini
complete protease inhibitor mixture tablet (Roche Life Science)
in 1� PBS). After 30 min of incubation at 4 °C, cell lysates were
passed through 20-gauge syringes and centrifuged for 20 min
at 10,000 � g at 4 °C to collect the supernatant, which was
used for immunoprecipitation assays and Western blotting
analysis. The cell lysate was precleared with non-immune IgG
or IgM and protein A/G-agarose or L-agarose beads (Santa
Cruz Biotechnology), respectively. Immunoprecipitation was
performed with anti-HDAC1–11 (Santa Cruz Biotechnology),
anti-Histone H1 (Santa Cruz Biotechnology), and anti-phos-
pho-H1 (Millipore) antibodies in a concentration of 1–2 �g/ml.
Non-immune IgG/IgM (Santa Cruz Biotechnology) at the same
final concentration was used as a negative control. After over-
night incubation at 4 °C, immunocomplexes and protein beads
were collected by centrifugation at 1000 � g at 4 °C for 5 min.
The immunocomplexes were washed three times with radioim-
mune precipitation assay buffer, resuspended in 30 �l of SDS-
PAGE loading buffer, and denatured by heating at 95 °C for 5
min. For immunoblotting, the proteins were resolved by SDS-
PAGE (8% for HDAC3 and 12% for H1) and transferred onto
PVDF membranes (Millipore). Membranes were probed over-
night at 4 °C with one of the following primary antibodies: anti-
HDAC3 (Santa Cruz Biotechnology), anti-Histone H1 (Santa
Cruz Biotechnology), anti-actin (Sigma), anti-phospho-H3S10
(Upstate), anti-phospho-H1 (Abcam), anti-histone H1.1-H1.5
(Abcam), anti-SMRT (Santa Cruz Biotechnology), anti-N-CoR
(Abcam), anti-acetyl-H3K9 (Millipore), anti-acetyl-H4K5
(Santa Cruz Biotechnology), anti-trimethyl-H3K9 (Millipore),
anti-phosphoserine (Invitrogen-Zymed Laboratories Inc.),
anti-HDAC3-P-S424 (Abcam), anti-CK2� subunit (Abcam),
and anti-CK2�’ subunit (Abcam). The membrane was then
incubated with horseradish peroxidase-conjugated secondary
antibody, and proteins were visualized using an ECL Plus kit
(Amersham Biosciences) or incubated with LI-COR IRDye
800CW secondary antibody and scanned with a LI-COR Odys-
sey CLX imager.

Pulldown Assays—Human recombinant HDAC3 (8 �g,
Biomol) was incubated with human recombinant H1.3 (4 �g,
Alexis Biochemicals). Pulldown was carried out using anti-
HDAC3 antibody with protein A/G-agarose beads. After over-
night incubation at 4 °C, the reactions were subjected to cen-
trifugation at 1000 � g for 5 min at 4 °C. The complex was
dissociated with addition of SDS-PAGE loading buffer and
resolved on SDS-PAGE. The gel was stained with Coomassie
Blue RX-250 (Bio-Rad), and the stained protein bands were
analyzed by densitometry using Alpha Innotech and Fluorchem
HD2 software.

Cell Synchronization and Flow Cytometric Analysis—Expo-
nentially growing HeLa S3 cells were treated twice with 2 mM

thymidine (Sigma) for 18 h, with 11-h release between the treat-
ments to block cells in S phase. Early G2 phase cells were col-
lected 3 h after release from S phase block, whereas late G2
phase cells were collected after 6 h of release. S phase cells were
further treated with 100 nM nocodazole (Sigma) to arrest cells
in mitosis. An aliquot of the synchronized cell population was
fixed with 4% paraformaldehyde (Fisher) and analyzed with
flow cytometry (BD FACSCalibur). The fixed cells were washed
twice with 1� PBS, permeabilized with 0.25% Triton X-100
(Fisher), and blocked with 1% BSA (Sigma). Cells were stained
with either mitosis-specific marker antibody, phospho-H3S10
conjugated with FITC (Millipore), or control antibody IgG-
FITC (Millipore). Counterstaining with propidium iodide (BD
Biosciences) was used for DNA analysis of the cell cycle. From
each synchronized cells population, an aliquot of cells was
washed twice with 1� PBS, and the whole cell extracts were
prepared in radioimmune precipitation assay buffer for com-
plex analysis using immunoprecipitation assays as described
earlier.

Hyperacetylated Core Histone Isolation—HeLa S3 cells were
treated with 2 �M of the HDAC inhibitor trichostatin A for 20 h.
Cells were washed twice with ice-cold 1� PBS and lysed
sequentially with lysis buffer A (10 mM Tris-HCl (pH 7.4), 10
mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40, and 1 mM PMSF)
and then lysis buffer B (10 mM Tris-HCl (pH 7.4), 3 mM CaCl2,
2 mM MgCl2, 1% Nonidet P-40, and 1 mM PMSF). To isolate the
nuclei, cells were disrupted with a Dounce homogenizer and
pestle B. The nuclei were centrifuged at 500 � g for 8 min at 4 °C
and resuspended in 0.25 M H2SO4. The sulfuric acid extract was
passed through a Dounce homogenizer with pestle A and incu-
bated on ice for 15 min. The acid extract was centrifuged at
4000 � g for 10 min at 4 °C. The supernatant was added to 6
volumes of ice-cold 100% acetone, incubated at �20 °C for 3 h,
and centrifuged at 4000 � g for 10 min at 4 °C. The core histone
pellet was washed twice with 95% acetone, dried, and reconsti-
tuted in deionized distilled water.

Hyperacetylated Mononucleosomes Isolation—HeLa S3 cells
were treated with 2 �M trichostatin A for 20 h. The cell nuclei
were isolated as described and subjected to micrococcal
nuclease digestion. Histone H1 was removed from nucleo-
somes by incubation with CM Sephadex beads (40 –100 �m,
Sigma). Nucleosomes were dialyzed in a Slide-A-Lyzer cassette
(10,000 molecular weight cutoff, Pierce) against sucrose dilu-
tion buffer (25 mM NaCl, 10 mM Tris-HCl (pH 7.5), and 0.1 mM

EDTA) and loaded on continuous sucrose gradients (12–50%).
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The gradient was centrifuged at 100,000 � g for 24 h at 4 °C.
Fractions (1 ml) were collected from the gradient and analyzed
on agarose gel to detect and isolate mononucleosomes.

Histone Deacetylase Assay—Synchronized HeLa S3 cell ex-
tracts from late G2 phase and mitosis were immunoprecipitated as
described earlier using one of the following antibodies: anti-
HDAC3 (Santa Cruz Biotechnology), anti-histone H1 (Santa
Cruz Biotechnology), anti-phospho-histone H1 (Upstate), or
non-immune IgG (Santa Cruz Biotechnology). They were then
mixed with protein A/G-agarose beads (Santa Cruz Biotech-
nology). Bead immunocomplexes were washed twice with
radioimmune precipitation assay buffer, followed by a wash
with HDAC buffer (10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 10%
glycerol, and complete mini protease inhibitor mixture (Roche
Life Science)). The washed bead immunocomplexes were incu-
bated with hyperacetylated mononucleosomes in HDAC buffer
at 37 °C for 40 min. After the incubation, SDS-PAGE loading
buffer was added to the reaction mixture, and the reaction mix-
ture was resolved by 15% SDS-PAGE. Western blotting analysis
was performed using anti-acetyl-H3K9 (Upstate) and anti-
acetyl-H4K5 antibodies (Santa Cruz Biotechnology). The
HDAC assay reaction with the recombinant HDAC3-SMRT
complex (Cell Sciences) served as a positive control, whereas
the reaction with non-immune IgG (Santa Cruz Biotechnology)
served as a negative control.

Phosphorylation of the HDAC3-H1.3 Complex—The HDAC3-
H1.3 immunocomplex from late G2 phase cell extract was sub-
jected to phosphorylation with protein kinase CK2 (New Eng-
land Biolabs) and 200 mM ATP with [�-32P]ATP (500 �Ci/
mmol (PerkinElmer Life Sciences)). Reactions were performed
at 30 °C for 30 min. An aliquot was resolved by SDS-PAGE. The
gels were dried, exposed to a Kodak storage phosphor screen,
and scanned with Bio-Rad Molecular Imager FX to confirm
phosphorylation of HDAC3. The phosphorylated immuno-
complex was used for further HDAC assay analyses.

siRNA Knockdown of CK2� and �’—3 � 105 MCF-7 cells
were seeded to each well in a 6-well culture dish with 5 nM

siRNA against both CK2� and CK2�’ (Ambion, catalog nos.
s3638 and s3641, respectively) or with AllStar negative control
scrambled siRNA (Qiagen) and 1.5% HiPerFect transfection re-
agent (Qiagen) according to the recommendations of Qiagen.
The cells were incubated with transfection complexes for 48 h.
Cells were lysed by addition of 100 �l of 1� SDS-PAGE loading
buffer 96 h after plating. Mitotic arrest of siRNA knockdown
cells was achieved by incubation of cells with 100 nM nocoda-
zole for 19 h prior to lysis. The mitotic index was determined by
plating 6.2 � 104 cells/well in a 24-well culture dish with a glass
coverslip along with 5 nM siRNA and 1.5% HiPerFect transfec-
tion reagent for 48 h. Nocodazole (100 nM) was added 19 h prior
to staining. Cells were stained with DAPI and mounted with
ProLong Diamond antifade (Invitrogen) 96 h after plating. The
cells were imaged at �40 magnification using a Zeiss Axiovert
200 M optical microscope. All cells in a field were counted,
following a zig-zag pattern until at least 1500 cells were
counted.

Immunofluorescence Microscopic Analysis—HeLa cells were
grown in a 6-chamber slide (LabTek) to 80% confluence,
washed with 1� PBS, and fixed with 4% paraformaldehyde

(Fisher) for 10 min. Cells were treated with TNBS buffer (0.1%
Triton X-100, 1% FBS, and 0.1% NaN3 in 1� PBS) for 20 min for
permeabilization and blocking and then incubated overnight at
4 °C with one of the following primary antibodies: mouse anti-
HDAC3 (Santa Cruz Biotechnology), rabbit anti-histone H1.3
(Abcam), or goat anti-Eg5 (Santa Cruz Biotechnology). Nega-
tive controls for all experiments were performed using non-
immune IgG from the same species as the primary antibody.
Following washes with 1� PBS, cells were incubated with sec-
ondary antibody: goat/donkey anti-mouse-FITC (Santa Cruz
Biotechnology) or goat or donkey anti-rabbit-Texas Red (Santa
Cruz Biotechnology) or donkey anti-goat-FITC or donkey anti-
goat-TR for 1 h 15 min at room temperature. After the 1� PBS
washes, chromosomes were stained with Hoechst (Invitrogen)
for 5 min, and Prolong Antifade mounting medium (Invitro-
gen) was added before sealing the coverslip. The cells were
imaged at �1000 magnification using a Zeiss Axiovert 200 M
optical microscope with confocal attachment, and the digital
images were analyzed with ImageJ software.

Isolation and Identification of the Endogenous HDAC3-H1.3
Complex—Immunocomplexes from late G2 phase and mitosis
cell extracts were obtained as described using anti-histone H1,
anti-HDAC3, and non-immune IgG (Santa Cruz Biotechnol-
ogy). These immunocomplexes were resolved on SDS-PAGE
and stained with a silver stain kit (Pierce). Bands of interest
were excised and destained for Western blotting analysis.

Results

Histone Deacetylase 3 Associates with Histone H1.3 in Vivo
and in Vitro—HDACs and linker histone H1 are known to play
a role in the progression of mitosis and in chromatin compac-
tion (4 – 6, 8). We therefore hypothesized that HDACs and H1
might cooperate in mitosis through their physical association.
To explore the possible interaction between HDACs and His-
tone H1, we carried out a series of co-immunoprecipitation
experiments with HeLa S3 extracts using antibodies against
class I, II, and IV HDAC proteins. In all co-immunoprecipita-
tions, non-immune IgG from the relevant species was used as a
negative control. Western blotting analysis of the immunopre-
cipitates using an antibody against histone H1 revealed a stable
association of histone H1 with HDAC3 and HDAC8 (Fig. 1,
A–C) but not with the remaining HDACs (1, 2, 4, 5, 6, 7, 9, 10,
and 11) (Fig. 1, A and B). When anti-H1 antibody was used for
the reciprocal immunoprecipitations and anti-HDACs anti-
bodies for the Western blotting analysis, an association could
only be confirmed between H1 and HDAC3 (Fig. 1D). To inves-
tigate the possibility of HDAC3, HDAC8, and histone H1
existing as part of the same complex, we performed co-immu-
noprecipitations of HDAC3, followed by Western blotting with
anti-HDAC8 antibody and vice versa. The resulting Western
blotting analysis did not demonstrate an HDAC3 and HDAC8
association in the same complex (Fig. 1, E and F). Consequently,
we focused on the association of HDAC3 with histone H1 for
further analysis. To identify whether a specific histone H1 sub-
type was associated with HDAC3, we carried out co-immuno-
precipitation assays using anti-HDAC3 antibody, followed by
Western blotting analysis using antibodies for linker histone
subtypes H1.1, H1.2, H1.3, H1.4, and H1.5. The Western blot-
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ting analysis indicated a specific association only between
HDAC3 and histone H1.3 (Fig. 1G).

To determine whether the interaction between HDAC3 and
histone H1.3 is direct, we performed in vitro pulldown experi-
ments using recombinant human HDAC3 and H1.3 proteins.
The recombinant human HDAC3 was incubated with recom-
binant human H1.3. The pulldown was carried out using an
anti-HDAC3 antibody, and the complex was resolved on SDS-
PAGE and Coomassie-stained to visualize proteins. The results
were consistent with the co-immunoprecipitation assays and
demonstrated that HDAC3 binds directly to histone H1.3 (Fig.
1H).

Interaction of HDAC3 with Histone H1.3 Increases during
Late G2 Phase and Mitosis—Our working hypothesis was that
this HDAC3-H1.3 complex may participate in the regulation of
mitosis. If this assumption is correct, we would expect to find
higher levels of the complex during or just before mitosis. To
examine HDAC3-H1.3 complex formation during various cell
cycle stages, HeLa S3 cells were synchronized in S phase, early
G2 phase, late G2 phase, and mitosis using a double thymidine
block followed by nocodazole treatment. The synchronization
to these various stages was determined by flow cytometry with
propidium iodide staining for DNA content and FITC anti-
phospho-H3S10 as a mitotic marker (Fig. 2, A–F). Western

FIGURE 1. Histone deacetylase 3 stably and directly associates with linker histone subtype H1.3. A–C, HDAC3 interacts with histone H1 in vivo. HeLa S3 cell
extracts were immunoprecipitated (IP) with anti-HDACs 1–11 and non-immune IgG as a negative control and monitored by Western blotting analysis for the
presence of histone H1. Inputs represent 1.5% of the total protein used for immunoprecipitation in all experiments unless specified otherwise. D, anti-H1
antibody co-immunoprecipitates HDAC3. HeLa S3 whole cell extracts were used for immunoprecipitation with anti-histone H1, anti-HDAC3 (positive control),
and non-immune IgG (negative control) and monitored by Western blotting analysis for the presence of HDAC3. C and D, HDAC8 interacts with histone H1 in
vivo. E and F, HDAC3 and HDAC8 are not part of the same complex. Immunoprecipitates of anti-HDAC3 (E) and anti-HDAC8 (F) were analyzed to detect the
presence of HDAC8 (E) or HDAC3 (F). G, HDAC3 interacts with histone variant H1.3. Co-immunoprecipitates with anti-HDAC3 were monitored by Western
blotting analysis for presence of H1.1, H1.2, H1.3, H1.4, and H1.5. Only H1.3 appeared to associate with HDAC3. H, HDAC3 interacts directly with histone H1.3.
Human recombinant HDAC3 and human recombinant histone H1.3 were mixed, subjected to pulldown with anti-HDAC3, and resolved on SDS-PAGE, followed
by Coomassie Blue staining. Immunoprecipitation with non-immune IgG served as a negative control.
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blotting further confirmed the synchronization and demon-
strated that the levels of the mitotic marker phospho-H3S10
were greatly enriched in mitotic cells compared with unsyn-
chronized cells, and they were significantly higher in mitotic
lysates compared with the late G2, early G2, and S phase cell
lysates (Fig. 2G).

Co-immunoprecipitation assays were carried out on protein
extracts from each of these cell cycle phases using antibodies
against either histone H1 (Fig. 2H) or HDAC3 (Fig. 2I), followed
by Western blotting analysis for detection of HDAC3 (Fig. 2H)
or H1.3 (Fig. 2I). Equal precipitation of H1.3 and HDAC3 was

demonstrated by running parallel immunoprecipitations fol-
lowed by Western blotting with anti H1.3 antibody (Fig. 2H) or
anti HDAC3 antibody (Fig. 2I). The results indicated a signifi-
cantly higher association between HDAC3 and histone H1 dur-
ing late G2 phase and mitosis. To elucidate whether the increase
in the level of H1.3-HDAC3 complex during late G2 phase and
mitosis is associated with an increase in the level of components
of this complex, we examined the levels of histone H1.3 (Fig.
2F), phospho-histone H1 (Fig. 2G), and HDAC3 (Fig. 2H) pro-
teins by Western blot analysis. The levels of HDAC3 and his-
tone H1.3 were unaltered during the various cell cycle stages

FIGURE 2. Interaction of HDAC3 with histone H1.3 increases during late G2 phase and mitosis. HeLa S3 cells synchronized by double thymidine block and
nocodazole treatment were analyzed by flow cytometry to confirm the isolation of synchronized S phase, early G2 phase, late G2 phase, and mitotic cells. A,
histogram (propidium iodide (PI) staining) and dot plot (phospho-H3S10-FITC and PI staining) of unsynchronized HeLa S3 cells. The histogram shows G0/G1
(first peak), G2/M (second peak), and S phase (cell population in the middle of the two peaks). The dot plot shows 2.86% mitosis in unsynchronized cells. B–F,
histogram and dot plot of HeLa S3 cells synchronized to S phase using a double thymidine block (B), early G2 phase after 3-h release from the block (C), late G2
phase after 6-h release from the block (D), and mitosis after 3 h release from the block, followed by nocodazole treatment (E). F, a mitosis control dot plot served
as a negative control for staining of the mitotic populations with IgG-FITC and PI. HeLa S3 cells synchronized to S phase, early G2 phase, late-G2 phase, and
mitosis using a double thymidine block and nocodazole treatment were harvested in immunoprecipitation lysis buffer and immunoprecipitated with anti-
bodies to anti-histone H1 (H) and anti-HDAC3 (I) and then subjected to Western blotting analysis with anti-HDAC3 and anti-histone H1.3 antibodies (H and I,
respectively). A similar immunoprecipitation, followed by Western blotting against the precipitated protein, was used in each case to verify the close to equal
immunoprecipitation of both H1.3 (H) and HDAC3 (I). Synchronized cell extracts and unsynchronized (Unsynch) control extracts were analyzed by Western
blotting for protein levels using the following antibodies: anti-phospho-H3S10 (G), anti-histone H1.3 (J), anti-phospho-H1 (K), anti-HDAC3 (L), and anti-actin
(M). Coomassie staining of core histones (N) and immunoblot with anti-actin (M) served as loading controls. DMSO, dimethyl sulfoxide.
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studied. Phosphorylation of histone H1 was higher during
mitosis, as reported previously (11, 12). Therefore, the increase
in the level of the complex cannot be attributed to the increase
in the level of H1.3 or HDAC3 during late G2 phase or mitosis.
The increase in the complex level can also not be attributed to
the increase in phospho-H1 because the increase in the com-
plex level occurred during late G2 phase, when the levels of
phospho-H1 were still low.

Endogenous HDAC3, Associated with H1.3 in a Complex, Is
Functionally Active as Deacetylase When Isolated from Mitotic
but Not from Late G2 Phase Cells—To characterize the deacety-
lase activity of complexed HDAC3 in vitro, we investigated its
ability to deacetylate known HDAC3 substrates, acetylated his-
tone H3K9, and acetylated histone H4K5 in isolated mono-
nucleosomes (2, 13). Hyperacetylated mononucleosomes were

isolated by sucrose gradient and stripped of histone H1 by
incubation with Sephadex beads, followed by dialysis. The
nucleosomes were then tested for the absence of histone H1 by
immunoblotting with anti-histone H1 antibody (Fig. 3A).
Mononucleosomes were also tested for the integrity of all core
histones by Coomassie staining (Fig. 3B) and for the presence of
a linker DNA region (full-size nucleosome DNA) by agarose gel
electrophoresis (Fig. 3C). HDAC3-H1.3 complexes were iso-
lated by co-immunoprecipitation with antibody against histone
H1, HDAC3, or phospho-histone H1, and the presence of
HDAC3 in the complex was confirmed by Western blotting
with anti-HDAC3 antibody (Fig. 3D). Another aliquot of these
precipitated complexes was then tested for deacetylation ability
when incubated with hyperacetylated mononucleosomes.
Incubation with HDAC3-H1.3 complex isolated from mitotic

FIGURE 3. Late G2 phase and mitotic deacetylation activity of HDAC3 complexed with histone H1.3. A, Western blotting analysis to ensure the absence of
histone H1 from acetylated (Ac) mononucleosomes used for the HDAC assay. B, Coomassie staining of isolated acetylated and mononucleosomes showing the
presence of core histones in equimolar ratios. C, agarose gel (2%) demonstrating the intact DNA size (about 180 bp) of the isolated acetylated mononucleo-
somes. D, phosphorylated HDAC3-H1.3 complexes were reimmunoprecipitated (IP) using anti-histone H1, anti-phospho-H1, anti-HDAC3, and non-immune
IgG and analyzed by Western blotting for verification of the presence of HDAC3 as a control before the HDAC assay. E, the deacetylation activity of the
HDAC3-H1.3 complex was assayed upon immunoprecipitation with anti-histone H1, anti-phospho-H1, and a positive control of anti-HDAC3 from mitotic or
late G2 phase HeLa S3 whole cell extracts. Deacetylation in the presence of the recombinant (Rec) HDAC3/N-CoR2 complex served as another positive control,
whereas non-immune IgG immunoprecipitate served as a negative control. Deacetylation of H3K9 and H4K5 in hyperacetylated mononucleosomes (isolated
as described under “Experimental Procedures”) was assessed by Western blotting analysis after the deacetylation assay. F, acetylation levels of H3K9 and H4K5
and trimethylation (tri-Me) levels on H3K9 during various cell cycle stages as analyzed by Western blotting. Coomassie staining of core histones served as a
loading control. Unsynch, unsynchronized.
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cells showed the deacetylation of H3K9 (Fig. 3E, first blot) but
not of H4K5 (Fig. 3E, second blot). Interestingly, late G2 phase
cell complexes failed to deacetylate either substrate (Fig. 3E,
third and fourth blots). Hyperacetylated mononucleosomes
alone were incubated at the reaction assay temperature (37 °C)
to verify the absence of intrinsic HDAC activity in the nucleo-
some preparation (Fig. 3E). Recombinant HDAC3-SMRT com-
plex deacetylated both H3K9 and H4K5, demonstrating that
the H1.3-HDAC3 complex has a distinct substrate specificity
from rHDAC3-SMRT (Fig. 3E). As opposed to the HDAC3-
H1.3 complex precipitated by anti-H1, the complex precipi-
tated by anti-phospho-H1 antibody did not show significant
deacetylation activity (Fig. 3E). This is consistent with the very
low levels of HDAC3 that could be co-precipitated by the anti-
phospho-H1 antibody in contrast to the anti-H1 antibody (Fig.
3D). The reason for the lower recovery of HDAC3 using anti-
phospho-H1 antibody may be that the H1.3 subtype is phos-
phorylated to a lower level and at fewer sites (including during
mitosis) in comparison with other H1 subtypes (11, 12). Alter-
natively, the anti-phospho-H1 antibody may have a lower affin-
ity for phospho-H1.3 relative to the other phosphorylated H1
subtypes, resulting in a relatively lower yield of precipitated
phospho-H1.3 and, therefore, less co-immunoprecipitated
HDAC3. Another possibility may be a lower affinity of HDAC3
for phospho-H1.3.

To examine whether H3K9 and H4K5 are actually hypo-
acetylated in HeLa S3 cells during mitosis, we next tested the
synchronized cell extracts by Western blotting analysis using
antibodies against acetylated H3K9 and acetylated H4K5 (Fig.
3F). The resulting immunoblots indicated a significant reduc-
tion in acetylation of these residues during mitosis, consistent
with the hypoacetylation of H3K9 and H4K5 during mitosis in
SK-N-SH cells and human fibroblast cells reported previously
(14). We suggest that the novel complex of HDAC3 associated
with histone H1.3 may be involved in deacetylation of H3K9
during mitosis. Because deacetylation and methylation of core
histone residues can be regulated coordinately (15), we further
investigated whether deacetylation of H3K9 during mitosis
may contribute to its trimethylation, which is a well known
marker for heterochromatinization (16 –18). When synchro-
nized cell extracts were analyzed, the immunoblots indi-
cated no change in the trimethylation levels of H3K9
(Fig. 3F).

The HDAC3-H1.3 Complex Contains SMRT and N-CoR—
The next question asked was this: what is the mechanism that
activates HDAC3 in the HDAC3-H1.3 complex at the transi-
tion of cells from G2 phase to mitosis? Activation of HDAC3 by
its association with SMRT or N-CoR has been well documented
(19, 20). To examine whether SMRT or N-CoR are associated
with the isolated complex and whether their presence is altered
at the late G2 phase-to-mitosis transition, we immunoprecipi-
tated histone H1 and HDAC3 from late G2 phase and mitotic
lysates, followed by Western blotting analysis for the presence
of SMRT or N-CoR (Fig. 4A). The immunoblots showed that
SMRT and N-CoR were associated with both HDAC3 and H1.
However, both SMRT and N-CoR were present during mitosis
and late G2 phase, and, therefore, could not explain the activa-
tion of the complex during mitosis. It is interesting to note that

the late G2 phase complex, unlike the mitotic complex, con-
tained a doublet that may be N-CoR splice variants, N-CoR�
and N-CoR�, which have been reported previously to have a
functional significance in adipogenesis (21).

Phosphorylation of HDAC3 by Protein Kinase CK2 Up-regu-
lates Its Deacetylation Activity In the HDAC3-H1.3 Complex—
Our previous experiments have shown that the deacetylase
activity of the HDAC3-H1.3 complex is up-regulated during
mitosis but not in late G2 phase (Fig. 3, A and B). Zhang et al.
(22) have shown that HDAC3 could be activated by phosphor-
ylation of Ser-424 by CK2 in vitro and that Ser-424 on HDAC3
is a target for phosphorylation in vivo. However, CK2 phosphor-
ylation of HDAC3 Ser-424 has not been shown in vivo, nor was
it linked to mitosis. To explore the possibility that phosphory-
lation of the complexed HDAC3 by CK2 contributes to its acti-
vation during the transition from late G2 phase to mitosis, we
first investigated whether HDAC3 is highly phosphorylated
during mitosis. HDAC3 was immunoprecipitated from cell
cycle-synchronized extracts, followed by Western blotting
analysis with anti-phospho-serine antibody. Higher serine res-
idue phosphorylation levels of HDAC3 were present in mitotic
cells relative to late G2 and S phase cells (Fig. 4B).

To test whether Ser-424 in the in vivo complexed HDAC3 is
being phosphorylated at a higher level during mitosis compared
with late G2 phase, we immunoprecipitated the complex from
late G2 phase and mitotic cell extracts using anti-histone H1
antibody followed by Western blotting analysis with anti-phos-
pho-HDAC3-Ser-424 antibody. The resultant immunoblot
clearly demonstrated higher phosphorylation of Ser-424 on
HDAC3 associated with H1.3 during mitosis compared with
late G2 phase (Fig. 4C). We next investigated whether CK2 can
phosphorylate HDAC3 in the HDAC3-H1.3 complex obtained
from late G2 phase cell extracts in vitro and whether this phos-
phorylation activates HDAC3. Immunoprecipitates obtained
using anti-histone H1 antibody from late G2 phase extracts
were incubated with CK2 in the presence of [�-32P]ATP. The
resulting phosphorimage demonstrated that CK2 could specif-
ically phosphorylate HDAC3 from the HDAC3-H1.3 complex
obtained from late G2 phase cell extracts (Fig. 4D, top blots). We
also sought to determine whether CK2 can phosphorylate his-
tone H1.3 from the complex. However, no band was detected
on the phosphorimage in the H1 molecular weight range (Fig.
4D, bottom blots).

To evaluate the possibility that mitotic kinase Cdc2-cyclin B
was also involved in phosphorylation of HDAC3, the assay was
performed using recombinant Cdc2-cyclin B as well. The
results demonstrated that Cdc2-cyclin B was unable to phos-
phorylate the HDAC3-H1.3 complex (Fig. 4D). Earlier reports
have indicated the possibility that HDAC3 dissociates from its
complexes when highly phosphorylated (22). To analyze
whether HDAC3 dissociated from the HDAC3-H1.3 complex
after in vitro phosphorylation by CK2, immobilized HDAC3-
H1.3 complex was phosphorylated by CK2 while attached to
agarose beads. After incubation, the proteins attached to the
beads, and the proteins from the supernatant were resolved on
SDS-PAGE. The resultant phosphorimage clearly indicated
that a significant amount of the HDAC3 remained bound to the
complex after phosphorylation (Fig. 4E), suggesting that CK2
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phosphorylation does not result in dissociation of HDAC3 from
the complex.

To evaluate whether the phosphorylation of HDAC3 by CK2
contributed to the activation of this complex during mitosis,
histone H1 immunoprecipitates from late G2 phase extracts

with and without in vitro phosphorylation by CK2 were incu-
bated with acetylated mononucleosomes. The deacetylation
ability of the immunoprecipitated complex was evaluated by
examining the level of deacetylation of nucleosomal H3K9-Ac.
Immunoprecipitated complexes from mitotic cells were used as

FIGURE 4. HDAC3 phosphorylation by CK2 induces the deacetylation activity of the HDAC3-H1.3 complex in vitro. A, endogenous SMRT and N-CoR
associate with the HDAC3-H1.3 complex. HeLa S3 whole cell extracts of mitosis (top blots) and late G2 phase (bottom blots) were immunoprecipitated (IP) with
anti-histone H1, anti-HDAC3, and non-immune IgG and monitored by Western blotting analysis for the presence of SMRT and N-CoR. B, serine residues on
HDAC3 were hyperphosphorylated in mitotic HeLa S3 cell extracts, as detected by Western blotting analysis. Unsynch, unsynchronized. C, histone H1 immu-
noprecipitates from late G2 phase and mitosis were monitored for the presence of phospho-HDAC3-Ser-424 on immunoblot. Immunoprecipitate with non-
immune IgG served as a negative control. DMSO, dimethyl sulfoxide. D, phosphorimage of in vitro phosphorylated HDAC3-H1.3 complex by Cdc2-cyclin B or
protein kinase CK2 (using 500 �Ci/mmol [�-32P]ATP) on immunoprecipitates of anti-histone H1 and non-immune IgG. The levels of the immunoprecipitated H1
and the co-immunoprecipitated HDAC3 from the same gel was verified by Coomassie staining. E, HDAC3 remains associated with H1.3 and bound to the beads
after in vitro phosphorylation by CK2 enzyme. The association of HDAC3 in the immunoprecipitated HDAC3-H1.3 complex after phosphorylation was assessed
by 8% SDS-PAGE separation of proteins that remained bound to the beads and those proteins found in the supernatant after reaction with CK2. [32P]HDAC3
was detected by phosphorimage. F, deacetylation activity of the CK2-phosphorylated HDAC3-H1.3 complex isolated from late G2 phase cells, the late G2 phase
complex without phosphorylation, and the mitotic complex. The deacetylation activity of the HDAC3-H1.3 complex was assayed upon immunoprecipitation
with anti-histone H1 antibody as in Fig. 3E. The deacetylation of H3K9-Ac residue on isolated nucleosomal cores was examined by Western blotting analysis
after the deacetylation assay. The graph represents the average percentage of deacetylation (n � 3). Error bars are mean � S.E. *, p � 0.05 (indicates a significant
difference from the deacetylation activity of the late G2 phase complex; Friedman nonparametric analysis followed by pairwise comparison).
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a positive control for the deacetylation of nucleosomal H3K9-
Ac. In three independent experiments, HDAC3-H1.3 complex
from late G2 phase failed to deacetylate H3K9-Ac (0% acetyla-
tion). However, after in vitro phosphorylation by CK2, HDAC3-
H1.3 complex deacetylated 38% of H3K9-Ac (p � 0.006), a level
that was comparable with the 53% deacetylation demonstrated
by the mitotic H1.3-HDAC3 complex (Fig. 4F). These results
suggested that HDAC3 activity in the HDAC3-H1.3 complex is
activated by CK2 phosphorylation of HDAC3 in the complex
upon entry of the cells into mitosis.

To test whether CK2 significantly phosphorylates HDAC3 at
serine 424 during mitosis, MCF-7 cells doubly knocked down
for CK2� and CK2�’, the catalytic subunits of the CK2
tetramer, were generated with siRNA. (MCF-7 cells demon-
strated significant levels of the HDAC3-H1.3 complex (data not
shown).) CK2� and CK2�’ levels both decreased by 80% in the

knockdown cells compared with the negative control (scram-
bled siRNA) (Fig. 5A). The knockdown cells were obtained both
with and without mitotic arrest by nocodazole and analyzed by
Western blotting with anti-phosopho-HDAC3-Ser-424 anti-
body. The immunoblots showed a statistically significant
decrease of 49% in HDAC3 phosphorylation at Ser-424 in the
mitotically arrested CK2�/CK2�’ knockdowns compared with
cells treated with nonspecific scrambled siRNA (Fig. 5, B and
C). We also detected a significant 18% decrease of Ser-424 phos-
phorylation in unsynchronized CK2�/�’ knockdown cells rela-
tive to unsynchronized control cells treated with nonspecific
scrambled siRNA (Fig. 5, B and C). The mitotic index of the
mitotically arrested cells (CK2�/�’ knockdown) was 39.8%
compared with the mitotic index of 2.3% of the unsynchronized
cells (CK2�/�’ knockdown). Considering both the mitotic
index of 39.8% and the 49% inhibition of HDAC3 phosphoryla-

FIGURE 5. Knockdown of CK2� and �’ subunits decreases HDAC3 Ser-424 phosphorylation levels in vivo. A, verification of �80% knockdown of both
CK2� and � subunits in MCF-7 cells after siRNA treatment compared with scrambled siRNA treatment. The whole cell protein extracts were resolved on a 12%
SDS-PAGE, and Western blotting with anti-CK2� and anti-CK2�’ antibodies was performed. The loading control of core histones was resolved on 15%
SDS-PAGE and stained with Coomassie Blue. B, Western blotting analysis of phosphorylation levels of HDAC3 Ser-424 after siRNA knockdown of CK2� and �
subunits with and without mitotic arrest by nocodazole. Western blotting against phospho-H3 Ser-10 was used to verify mitotic arrest by nocodazole. All
proteins in were resolved on 15% SDS-PAGE, including the core histones loading control gel. C, average percent phosphorylation of HDAC3 Ser-424 relative to
cells treated with scrambled siRNA that were not arrested in mitosis (n � 3). Error bars are mean � S.E. *, p � 0.002; **, p � 0.004 (Kruskal-Wallis nonparametric
analysis followed by pairwise comparison).
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tion in mitotic CK2 �/�’ knockdown cells, this indicated that
most, if not all, of HDAC3-Ser-424 phosphorylation in mitotic
cells was catalyzed by CK2.

HDAC3 and H1.3 Are Colocalized with Polar Microtubules
and Spindle Poles during Metaphase, Anaphase, and Telo-
phase—To localize HDAC3 and H1.3 during mitosis, HeLa cells
were analyzed by immunofluorescent staining with anti-
HDAC3 and anti-histone H1.3 antibodies using confocal
microscopy. Consistent with the co-immunoprecipitation
results, we found specific co-localization of HDAC3 and his-
tone H1.3 proteins in most mitotic stages as well as partial co-
localization in the nucleus of prophase and interphase cells (Fig.
6). During interphase, both HDAC3 and H1.3 were localized
predominantly on chromatin. In prophase, HDAC3 and H1.3
partially co-localized with each other and partially co-localized
with the chromosomes as well. However, during the remaining
mitotic stages, HDAC3 and histone H1.3 were co-localized
around but not on the condensed chromosomes. The co-local-
ization of H1.3 and HDAC3 was very high, particularly in meta-
phase, anaphase, and telophase (Fig. 6, B–D). These results sup-
port the co-immunoprecipitation data and indicate that
histone H1.3 is associated with HDAC3 in vivo. However, these
two proteins were not localized on condensed chromatin dur-
ing most stages of mitosis.

Although some reports have shown that an HDAC3 core
complex is associated with microtubules and required for ki-
netochore-microtubule attachment (5), in our HDAC3 and his-
tone H1.3 immunostaining of anaphase and telophase, we
noticed that these proteins co-localized specifically between
the separating sister chromatids at the spindle midzone and at
the spindle poles (Fig. 6C, Anaphase). This implied the possi-
bility that HDAC3-H1.3 complexes may be associated with
polar microtubules that are not attached to chromosomes. To
further investigate this possibility, we performed immuno-
staining with Eg5, a specific polar microtubule motor protein
and a member of the mitotic kinesin family associated with
assembly and maintenance of the mitotic spindle (23). Eg5 has
been reported to be involved in cross-linking and anti-parallel
sliding of polar microtubules (24, 25). To test our hypothesis
that HDAC3 and H1.3 are co-localized on polar microtubules,
immunostaining of Eg5 was performed along with either
HDAC3 or H1.3 (Fig. 6). The confocal images showed a co-lo-
calization of H1.3 and HDAC3 with Eg5 during anaphase,
which indicated that HDAC3 and H1.3 (and, therefore, the
complex) are either localized on the polar microtubules or in
proximity to them (Fig. 6C, Anaphase).

The HDAC3-H1.3 Complex Contains at Least Seven Pro-
teins—To determine whether there are any additional proteins
in the HDAC3-H1.3 complex and whether there are differences
among the components of the complex between late G2 phase
and mitosis, we immunoprecipitated the complex from late G2
phase and mitotic cell extracts using antibodies against HDAC3
and histone H1. The immunocomplexes were resolved on SDS-
PAGE, and the protein bands were visualized by silver staining
(Fig. 7). Common bands, precipitated by anti-HDAC3 and anti-
histone H1 antibodies, which were absent from the non-im-
mune IgG immunoprecipitate, were expected components of
the HDAC3-H1.3 complex. Overall, seven such protein bands,

numbered 1–7, were isolated from the immunoprecipitated
complex. Bands representing HDAC3 (Fig. 7, band 4), H1.3
(Fig. 7, band 7), and SMRT (Fig. 7, band 2) proteins were veri-
fied by immunoblotting of a parallel silver-stained gel. The
identities of the other four proteins in bands 1, 3, 5, and 6 are
currently being determined. The silver staining and analysis of
the complexes from mitosis and late G2 phase (Fig. 7) revealed
identical patterns.

Discussion

This report describes a novel protein complex containing
HDAC3 and linker histone H1.3 that is activated during mito-
sis. Previously, SirT1 interaction with histone subtype H1.4 has
been demonstrated to be involved in heterochromatin estab-
lishment in HEK293 cells (9). However, SirT1 belongs to the
class III HDACs (sirtuins), which are structurally and function-
ally different from class I, II, and IV HDACs. Therefore, our
study shows, for the first time, an association of a class I HDAC
protein (HDAC3) with a linker histone, suggesting a wider role
for HDAC3 and H1. Although several HDAC3 complexes have
been isolated (particularly the N-CoR�SMRT complex (26, 27)),
to the best of our knowledge, the mechanism of activation of
HDAC3 in these complexes in relation to the cell cycle has not
been studied. We hypothesized that the interaction between
histone H1 and HDAC proteins correlates with mitotic events.

Co-immunoprecipitations and pulldown assays indicated a
direct physical association between HDAC3 and H1.3 and dem-
onstrated an increase of the level of this complex in late G2
phase and mitosis. HDAC3 did not interact with any other his-
tone H1 variants. Further supporting the unique association of
HDAC3 and histone H1.3, they co-localized partially during
interphase into prophase and co-localized fully during the later
stages of mitosis at the polar microtubules and spindle poles.
Linker histone subtypes vary in their nuclear localization (28),
ability to regulate gene expression (29), posttranslational mod-
ifications (10, 30), and affinity to chromatin (31). This wide
range of differences between linker histone subtypes indicates
their specific functions and can explain the exclusive interac-
tion of HDAC3 specifically with histone subtype H1.3.

Previous studies have described the importance of HDAC3
in mitotic progression. RNAi-mediated knockdown of HDAC3
in HeLa cells causes cell cycle arrest in G2/M phase (4, 32), loss
of H3S10 phosphorylation (a mitosis marker), and impaired
mitotic progression such as incomplete chromosomal conden-
sation and “lagging” chromosomes (4). In particular, HDAC3
knockdown in HeLa cells using siRNA showed smaller, col-
lapsed mitotic spindles and excluded chromosomes from
mitotic bipolar spindles. In addition, HeLa S3 cells showed pre-
mature sister chromatid separation in HDAC3 knockdown
cells (2). Together, these results demonstrate the necessity of
active HDAC3 in spindle formation and chromosomal align-
ment during mitosis (5). The importance of histone H1 for
chromatin condensation during mitosis and in gene-specific
transcription repression (9, 11, 33, 34) has also been well docu-
mented. Because of the role of histone H1 in chromatin fold-
ing, it is vital for mitotic condensation (35). Therefore,
HDAC3 and histone H1 are both known to independently
contribute to mitosis. Our analysis of the novel HDAC3-H1.3
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complex supported a role for the complex in progression of
mitosis. First, the HDAC3-H1.3 complex was present at higher
levels during late G2 phase and mitosis. Second, the HDAC3-
H1.3 complex isolated from mitotic cells was capable of
deacetylating H3K9 in vitro. The late G2 phase complex lacked
deacetylase activity. In synchronized cell extracts, both H3K9
and H4K5 residues showed low levels of acetylation during
mitosis, consistent with hypoacetylation at these sites during
mitosis, as reported previously (14). The mitotic HDAC3-H1.3
complex deacetylated only H3K9-Ac in vitro, suggesting that
this complex may deacetylate H3K9-Ac, but not H4K5-Ac, dur-
ing mitosis. H4K5-Ac may be deacetylated by a different HDAC
or a different HDAC3 complex. Therefore, although the com-
plex accumulated during late G2 phase, the complex was only
activated during mitosis, and apparently its substrate specificity
was changed from that of the HDAC3�N-CoR recombinant
core complex.

We investigated the activation mechanism of the HDAC3-
H1.3 complex isolated from late G2 phase by phosphorylating
HDAC3 in the complex. Zhang et al. (22) have demonstrated
the activation of HDAC3 upon its phosphorylation by CK2 in
vitro. However, this work did not correlate HDAC3 activation
by CK2 to a specific cell cycle stage, nor was it verified in vivo.
Multiple studies have linked CK2 to mitotic progression, mak-
ing it a logical candidate for activation of the HDAC3-H1.3
complex upon entry into mitosis. In Saccharomyces cerevisiae,
CK2 is required during the G2/M phase transition (36). The
regulatory subunit of tetrameric CK2 protein, CK2	, is phos-

phorylated by the mitotic kinase CDK1 in a cell cycle-depen-
dent manner (37–39). CK2	 has also been shown to regulate
cell cycle progression at the beginning of mitosis (40). In our
experiments, inactive HDAC3 in isolated complexes from
late G2 phase cells could be activated in vitro by phosphory-
lating the HDAC3 with CK2. The mitotic, but not the late G2
phase, HDAC3-H1.3 complex showed significant phosphoryla-
tion of HDAC3 Ser-424. Furthermore, MCF-7 cell double
knockdowns for CK2� and CK2�’ showed a significant reduc-
tion in the level of HDAC3 Ser-424 phosphorylation, indicating
that CK2 has a major role in activating HDAC3 in vivo in the
HDAC3-H1.3 complex during mitosis. A recent work has
established the role of HDAC3 in posttranslationally stabilizing
G2/M phase cyclin-dependent kinase 1 (CDK1) (41). Therefore,
we suggest a mitotic regulatory positive feedback loop where
HDAC3 positively activates CDK1, which activates CK2(	),
which, in turn, activates HDAC3 by phosphorylation.

Finally, immunocytochemistry studies demonstrated that,
during interphase and prophase, HDAC3 and H1.3 were par-
tially co-localized with chromatin, whereas, during metaphase
to telophase, the complex was co-localized on the outer periph-
ery of chromosomes. Our results are consistent with those of
Bhaskara et al. (42), who have shown that HDAC3 is associated
with chromatin during interphase and prophase but not during
metaphase and anaphase in wild-type mouse embryonic fibro-
blasts, and those of Li et al. (4), who have shown that HDAC3 is
localized to condensed chromosomes in prophase of HeLa
cells. Because HDAC3 and H1.3 co-localized at the spindle

FIGURE 6. HDAC3 and H1.3 co-localize with polar microtubules and centrosomes during metaphase-telophase stages and partially co-localizes
during interphase and prophase. HeLa cells from the various mitotic stages and interphase were subjected to indirect immunofluorescence staining. The
antibodies used were anti-HDAC3 (green), anti-histone H1.3 (red), and Eg5 (green/red) as well as Hoechst (blue), using confocal imaging. Negative controls for
all the immunostaining were performed using non-immune IgG as a primary antibody.

FIGURE 7. The HDAC3-H1.3 complex contains at least five additional proteins. Silver staining of proteins immunoprecipitated (IP) with anti-HDAC3,
anti-histone H1, and non-immune IgG from HeLa S3 cell extracts from mitosis and late G2 phase. Proteins in the HDAC3-H1.3 complex were identified on the
basis of the common bands (numbered arrows) that appeared in the histone H1 and HDAC3 immunoprecipitates but were not present in non-immune IgG
immunoprecipitate.
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poles and between separating chromosomes during anaphase,
we hypothesized that the complex is localized on polar micro-
tubules. A recent study from Ishii et al. (5) has indicated the
presence of HDAC3 on microtubules in HeLa cells. In that
study, HDAC3 was concentrated on the microtubules near the
pole during prophase, whereas, during prometaphase, meta-
phase, and anaphase, HDAC3 was observed to spread over
entire spindles and to be absent from the poles. During telo-
phase, HDAC3 was diffused throughout the cytosol (5). How-
ever, this study did not specify the type of microtubules on
which HDAC3 was localized. In our studies, we observed
HDAC3 and histone H1.3 to be co-localized with the polar
microtubule motor protein Eg5, especially at the center of ana-
phase and telophase cells, whereas sister chromatids were sep-
arating during anaphase. Therefore, our data supported that
the HDAC3-H1.3 complex localized on or next to polar micro-
tubules and that this complex was distinctive from other
HDAC3 complexes already reported.

HDAC3 has been shown to have association with many pro-
teins, including Aurora B kinase (4), SMRT (20), N-CoR (20,
43), TBL1 (4, 20, 44), TBLR1 (44), CREB-binding protein (45),
GATA-2 (46), MEF2 (47), and transcription factor TFII-I family
proteins (48). To determine whether the mitotic and late G2
phase complex components differ, we analyzed the silver stain-
ing pattern of the HDAC3�H1.3�SMRT�N-CoR complex, which
revealed at least four potentially additional proteins. SMRT and
N-CoR have been reported previously to function as co-repres-
sors for HDAC3 (19) and are well known to mediate repression
for various transcription factors (49). HDAC3 alone does not
have deacetylase activity. However, the deacetylase-activating
domain of SMRT has been shown to physically interact with
HDAC3 and to activate the deacetylase function of inactive
HDAC3 enzyme (19). The presence of SMRT and N-CoR in the
presumptive microtubule-localized HDAC3-H1.3 complex
could be an indication of the probable role of HDAC3 as a
deacetylase not only in the chromatin environment but also in
the context of microtubules. Several HDAC inhibitors have
been shown to cause impaired chromosomal separation (4,
50 –52). This could be a result of weakened microtubule func-
tion, which may be an effect of HDAC inhibition, or, as shown
recently, because of hyperacetylation of �-tubulin by inhibition
of HDAC6 and SirT2 (class III HDAC) (53). Nakayama et al.
(54) have showed that histone H1 is associated with and even
organizes microtubules in tobacco BY-2 cells. However, no
studies have evaluated the possibility of histone H1 having a
role in cytoskeleton maintenance. Overall, the presence of his-
tone H1 in the complex could play a role in the localization and
possible binding of the complex to polar microtubules or
microtubule-associated proteins. We considered the possibility
of HDAC3 deacetylating tubulin on the basis of the localization
of the complex to polar microtubules. However, Ishii et al. (5)
have already reported that HDAC3 is unable to deacetylate
�-tubulin. The possibility of HDAC3 deacetylating 	- or �-tu-
bulin or one of the microtubule-associated proteins still
remains to be investigated. Previously, several multiprotein
complexes that include HDAC3 and N-CoR and that play a role
during mitosis have been identified and characterized (4, 5).
Our complex is unique because it contains H1.3, unlike any

other HDAC3 complexes reported previously. In addition, the
HDAC3-H1.3 complex components are distinct from the
mitotic HDAC3 complex reported by Li et al. (4) that contained
A-kinase anchor protein 95 (AKAP95) and homologous to
AKAP95 (HA95), suggesting the identification of a novel com-
plex that may have a distinct function. The different mitotic
HDAC3-AKAP95-HA95 complex identified by Li et al. (4) may
be explained by the different cell line (HeLa S3 versus 293T), the
lack of cell synchronization, or the use of ectopically expressed
FLAG-HDAC3.

Further functional and structural analysis of the HDAC3-
H1.3 complex is needed to link HDAC3 to a potential deacety-
lation of tubulin or microtubule-associated proteins via its
recruitment by H1.3 or other complex factors. Deacetylation of
core histones may be an important step in the condensation of
chromatin at the beginning of mitosis and proper mitotic pro-
gression. We suggest that the HDAC3-H1.3 complex might be
involved in a variety of mitotic functions, such as H3 deacety-
lation and chromatin compaction, regulation of microtubules
dynamics, and tethering histone H1.3 out of the condensed
chromosomes. A detailed study of the functionality of such an
association may help us to understand the mitotic process and
provide new targets, such as HDAC3, H1.3, and other complex
components, for cancer therapy. It is interesting to note that
H1.3 has been reported recently to be implicated in ovarian
cancer (55, 56) and pluripotent ES cell growth (57).

Author Contributions—M. B., H. P., and C. W. conceived and
designed the study. M. B., H. P., C. W., H. C. W., and S. D. wrote the
manuscript. H. P., C. W., R. W. G., and S. D. designed and performed
the experiments, analyzed the data, and prepared the figures for pub-
lication. M. B. and H. C. W. helped to analyze the data and contrib-
uted ideas for the research. All authors reviewed the results and
approved the final version of the manuscript.

Acknowledgments—We thank Dr. Lynda Uphouse and Dr. Laura
Hanson (Department of Biology, Texas Woman’s University) for crit-
ically reviewing the manuscript. We also thank Dr. Lon Turnbull
(Department of Biological Sciences, University of North Texas) for
technical assistance with confocal microscopy.

References
1. Gallinari, P., Di Marco, S., Jones, P., Pallaoro, M., and Steinkühler, C.

(2007) HDACs, histone deacetylation and gene transcription: from mo-
lecular biology to cancer therapeutics. Cell Res. 17, 195–211

2. Eot-Houllier, G., Fulcrand, G., Watanabe, Y., Magnaghi-Jaulin, L., and
Jaulin, C. (2008) Histone deacetylase 3 is required for centromeric H3K4
deacetylation and sister chromatid cohesion. Genes Dev. 22, 2639 –2644

3. Reichert, N., Choukrallah, M. A., and Matthias, P. (2012) Multiple roles of
class I HDACs in proliferation, differentiation, and development. Cell.
Mol. Life Sci. 69, 2173–2187

4. Li, Y., Kao, G. D., Garcia, B. A., Shabanowitz, J., Hunt, D. F., Qin, J., Phelan,
C., and Lazar, M. A. (2006) A novel histone deacetylase pathway regulates
mitosis by modulating Aurora B kinase activity. Genes Dev. 20, 2566 –2579

5. Ishii, S., Kurasawa, Y., Wong, J., and Yu-Lee, L. Y. (2008) Histone deacety-
lase 3 localizes to the mitotic spindle and is required for kinetochore-
microtubule attachment. Proc. Natl. Acad. Sci. U.S.A. 105, 4179 – 4184

6. Fadri-Moskwik, M., Weiderhold, K. N., Deeraksa, A., Chuang, C., Pan, J.,
Lin, S. H., and Yu-Lee, L. Y. (2012) Aurora B is regulated by acetylation/
deacetylation during mitosis in prostate cancer cells. FASEB J. 26,
4057– 4067

Mitotic HDAC3-H1.3 Complex Activation by Protein Kinase CK2

3170 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016

 by guest on M
ay 18, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


7. Happel, N., and Doenecke, D. (2009) Histone H1 and its isoforms: contri-
bution to chromatin structure and function. Gene 431, 1–12

8. Gurley, L. R., Valdez, J. G., and Buchanan, J. S. (1995) Characterization of
the mitotic specific phosphorylation site of histone H1: absence of a con-
sensus sequence for the p34cdc2/cyclin B kinase. J. Biol. Chem. 270,
27653–27660

9. Vaquero, A., Scher, M., Lee, D., Erdjument-Bromage, H., Tempst, P., and
Reinberg, D. (2004) Human SirT1 interacts with histone H1 and promotes
formation of facultative heterochromatin. Mol. Cell 16, 93–105

10. Wisniewski, J. R., Zougman, A., Krüger, S., and Mann, M. (2007) Mass
spectrometric mapping of linker histone H1 variants reveals multiple
acetylations, methylations, and phosphorylation as well as differences be-
tween cell culture and tissue. Mol. Cell. Proteomics 6, 72– 87

11. Sarg, B., Helliger, W., Talasz, H., Förg, B., and Lindner, H. H. (2006) His-
tone H1 phosphorylation occurs site-specifically during interphase and
mitosis: identification of a novel phosphorylation site on histone H1.
J. Biol. Chem. 281, 6573– 6580

12. Talasz, H., Helliger, W., Puschendorf, B., and Lindner, H. (1996) In vivo
phosphorylation of histone H1 variants during the cell cycle. Biochemistry
35, 1761–1767

13. Fu, M., Rao, M., Bouras, T., Wang, C., Wu, K., Zhang, X., Li, Z., Yao, T. P.,
and Pestell, R. G. (2005) Cyclin D1 inhibits peroxisome proliferator-acti-
vated receptor �-mediated adipogenesis through histone deacetylase re-
cruitment. J. Biol. Chem. 280, 16934 –16941

14. Kruhlak, M. J., Hendzel, M. J., Fischle, W., Bertos, N. R., Hameed, S., Yang,
X. J., Verdin, E., and Bazett-Jones, D. P. (2001) Regulation of global acety-
lation in mitosis through loss of histone acetyltransferases and deacety-
lases from chromatin. J. Biol. Chem. 276, 38307–38319

15. Berger, S. L. (2002) Histone modifications in transcriptional regulation.
Curr. Opin. Genet. Dev. 12, 142–148

16. Bernstein, B. E., Kamal, M., Lindblad-Toh, K., Bekiranov, S., Bailey, D. K.,
Huebert, D. J., McMahon, S., Karlsson, E. K., Kulbokas, E. J., 3rd, Gingeras,
T. R., Schreiber, S. L., and Lander, E. S. (2005) Genomic maps and com-
parative analysis of histone modifications in human and mouse. Cell 120,
169 –181

17. Rougeulle, C., Chaumeil, J., Sarma, K., Allis, C. D., Reinberg, D., Avner, P.,
and Heard, E. (2004) Differential histone H3 Lys-9 and Lys-27 methylation
profiles on the X chromosome. Mol. Cell. Biol. 24, 5475–5484

18. Schotta, G., Lachner, M., Sarma, K., Ebert, A., Sengupta, R., Reuter, G.,
Reinberg, D., and Jenuwein, T. (2004) A silencing pathway to induce
H3-K9 and H4-K20 trimethylation at constitutive heterochromatin.
Genes Dev. 18, 1251–1262

19. Guenther, M. G., Barak, O., and Lazar, M. A. (2001) The SMRT and
N-CoR corepressors are activating cofactors for histone deacetylase 3.
Mol. Cell. Biol. 21, 6091– 6101

20. Li, J., Wang, J., Wang, J., Nawaz, Z., Liu, J. M., Qin, J., and Wong, J. (2000)
Both corepressor proteins SMRT and N-CoR exist in large protein com-
plexes containing HDAC3. EMBO J. 19, 4342– 4350

21. Goodson, M. L., Young, B. M., Snyder, C. A., Schroeder, A. C., and Prival-
sky, M. L. (2014) Alteration of NCoR corepressor splicing in mice causes
increased body weight and hepatosteatosis without glucose intolerance.
Mol. Cell. Biol. 34, 4104 – 4114

22. Zhang, X., Ozawa, Y., Lee, H., Wen, Y. D., Tan, T. H., Wadzinski, B. E., and
Seto, E. (2005) Histone deacetylase 3 (HDAC3) activity is regulated by
interaction with protein serine/threonine phosphatase 4. Genes Dev. 19,
827– 839

23. Sawin, K. E., and Mitchison, T. J. (1995) Mutations in the kinesin-like
protein Eg5 disrupting localization to the mitotic spindle. Proc. Natl.
Acad. Sci. U.S.A. 92, 4289 – 4293

24. Goldstein, L. S., and Philp, A. V. (1999) The road less traveled: emerging
principles of kinesin motor utilization. Annu. Rev. Cell Dev. Biol. 15,
141–183

25. van den Wildenberg, S. M., Tao, L., Kapitein, L. C., Schmidt, C. F., Scholey,
J. M., and Peterman, E. J. (2008) The homotetrameric kinesin-5 KLP61F
preferentially crosslinks microtubules into antiparallel orientations. Curr.
Biol. 18, 1860 –1864

26. Karagianni, P., and Wong, J. (2007) HDAC3: taking the SMRT-N-CoRrect
road to repression. Oncogene 26, 5439 –5449

27. McQuown, S. C., and Wood, M. A. (2011) HDAC3 and the molecular
brake pad hypothesis. Neurobiol. Learn. Mem. 96, 27–34

28. Parseghian, M. H., Newcomb, R. L., Winokur, S. T., and Hamkalo, B. A.
(2000) The distribution of somatic H1 subtypes is non-random on active
vs. inactive chromatin: distribution in human fetal fibroblasts. Chromo-
some Res. 8, 405– 424

29. Alami, R., Fan, Y., Pack, S., Sonbuchner, T. M., Besse, A., Lin, Q., Greally,
J. M., Skoultchi, A. I., and Bouhassira, E. E. (2003) Mammalian linker-
histone subtypes differentially affect gene expression in vivo. Proc. Natl.
Acad. Sci. U.S.A. 100, 5920 –5925

30. Harshman, S. W., Young, N. L., Parthun, M. R., and Freitas, M. A. (2013)
H1 histones: current perspectives and challenges. Nucleic Acids Res. 41,
9593–9609

31. Clausell, J., Happel, N., Hale, T. K., Doenecke, D., and Beato, M. (2009)
Histone H1 subtypes differentially modulate chromatin condensation
without preventing ATP-dependent remodeling by SWI/SNF or NURF.
PLoS ONE 4, e0007243

32. Wilson, A. J., Byun, D. S., Popova, N., Murray, L. B., L’Italien, K., Sowa, Y.,
Arango, D., Velcich, A., Augenlicht, L. H., and Mariadason, J. M. (2006)
Histone deacetylase 3 (HDAC3) and other class I HDACs regulate colon
cell maturation and p21 expression and are deregulated in human colon
cancer. J. Biol. Chem. 281, 13548 –13558

33. Bustin, M., Catez, F., and Lim, J. H. (2005) The dynamics of histone H1
function in chromatin. Mol. Cell 17, 617– 620

34. Herrera, J. E., West, K. L., Schiltz, R. L., Nakatani, Y., and Bustin, M. (2000)
Histone H1 is a specific repressor of core histone acetylation in chromatin.
Mol. Cell. Biol. 20, 523–529

35. Maresca, T. J., Freedman, B. S., and Heald, R. (2005) Histone H1 is essen-
tial for mitotic chromosome architecture and segregation in Xenopus lae-
vis egg extracts. J. Cell Biol. 169, 859 – 869

36. Hanna, D. E., Rethinaswamy, A., and Glover, C. V. (1995) Casein kinase II
is required for cell cycle progression during G1 and G2/M in Saccharomy-
ces cerevisiae. J. Biol. Chem. 270, 25905–25914

37. Bosc, D. G., Lüscher, B., and Litchfield, D. W. (1999) Expression and reg-
ulation of protein kinase CK2 during the cell cycle. Mol. Cell. Biochem.
191, 213–222

38. Litchfield, D. W., Bosc, D. G., and Slominski, E. (1995) The protein kinase
from mitotic human cells that phosphorylates Ser-209 on the casein ki-
nase II 	-subunit is p34cdc2. Biochim. Biophys. Acta 1269, 69 –78

39. Zhang, C., Vilk, G., Canton, D. A., and Litchfield, D. W. (2002) Phospho-
rylation regulates the stability of the regulatory CK2	 subunit. Oncogene
21, 3754 –3764

40. Yde, C. W., Olsen, B. B., Meek, D., Watanabe, N., and Guerra, B. (2008)
The regulatory 	-subunit of protein kinase CK2 regulates cell-cycle pro-
gression at the onset of mitosis. Oncogene 27, 4986 – 4997

41. Jiang, Y., and Hsieh, J. (2014) HDAC3 controls gap 2/mitosis progression
in adult neural stem/progenitor cells by regulating CDK1 levels. Proc.
Natl. Acad. Sci. U.S.A. 111, 13541–13546

42. Bhaskara, S., Chyla, B. J., Amann, J. M., Knutson, S. K., Cortez, D., Sun,
Z. W., and Hiebert, S. W. (2008) Deletion of histone deacetylase 3 reveals
critical roles in S phase progression and DNA damage control. Mol. Cell
30, 61–72

43. Wen, Y. D., Perissi, V., Staszewski, L. M., Yang, W. M., Krones, A., Glass,
C. K., Rosenfeld, M. G., and Seto, E. (2000) The histone deacetylase-3
complex contains nuclear receptor corepressors. Proc. Natl. Acad. Sci.
U.S.A. 97, 7202–7207

44. Yoon, H. G., Chan, D. W., Huang, Z. Q., Li, J., Fondell, J. D., Qin, J., and
Wong, J. (2003) Purification and functional characterization of the human
N-CoR complex: the roles of HDAC3, TBL1 and TBLR1. EMBO J. 22,
1336 –1346

45. Cowger, J. J., and Torchia, J. (2006) Direct association between the CREB-
binding protein (CBP) and nuclear receptor corepressor (N-CoR). Bio-
chemistry 45, 13150 –13162

46. Ozawa, Y., Towatari, M., Tsuzuki, S., Hayakawa, F., Maeda, T., Miyata, Y.,
Tanimoto, M., and Saito, H. (2001) Histone deacetylase 3 associates with
and represses the transcription factor GATA-2. Blood 98, 2116 –2123

47. Grégoire, S., Xiao, L., Nie, J., Zhang, X., Xu, M., Li, J., Wong, J., Seto, E., and
Yang, X. J. (2007) Histone deacetylase 3 interacts with and deacetylates

Mitotic HDAC3-H1.3 Complex Activation by Protein Kinase CK2

FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 3171

 by guest on M
ay 18, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


myocyte enhancer factor 2. Mol. Cell. Biol. 27, 1280 –1295
48. Wen, Y. D., Cress, W. D., Roy, A. L., and Seto, E. (2003) Histone deacety-

lase 3 binds to and regulates the multifunctional transcription factor
TFII-I. J. Biol. Chem. 278, 1841–1847

49. Chen, J. D., and Evans, R. M. (1995) A transcriptional co-repressor that
interacts with nuclear hormone receptors. Nature 377, 454 – 457

50. Blagosklonny, M. V., Robey, R., Sackett, D. L., Du, L., Traganos, F., Dar-
zynkiewicz, Z., Fojo, T., and Bates, S. E. (2002) Histone deacetylase inhib-
itors all induce p21 but differentially cause tubulin acetylation, mitotic
arrest, and cytotoxicity. Mol. Cancer Ther. 1, 937–941

51. Magnaghi-Jaulin, L., Eot-Houllier, G., Fulcrand, G., and Jaulin, C. (2007) Histone
deacetylase inhibitors induceprematuresisterchromatidseparationandoverride
the mitotic spindle assembly checkpoint. Cancer Res. 67, 6360–6367

52. Stevens, F. E., Beamish, H., Warrener, R., and Gabrielli, B. (2008) Histone
deacetylase inhibitors induce mitotic slippage. Oncogene 27, 1345–1354

53. Schemies, J., Sippl, W., and Jung, M. (2009) Histone deacetylase inhibitors
that target tubulin. Cancer Lett. 280, 222–232

54. Nakayama, T., Ishii, T., Hotta, T., and Mizuno, K. (2008) Radial microtu-
bule organization by histone H1 on nuclei of cultured tobacco BY-2 cells.
J. Biol. Chem. 283, 16632–16640

55. Medrzycki, M., Zhang, Y., McDonald, J. F., and Fan, Y. (2012) Profiling of
linker histone variants in ovarian cancer. Front. Biosci. 17, 396 – 406

56. Medrzycki, M., Zhang, Y., Zhang, W., Cao, K., Pan, C., Lailler, N., Mc-
Donald, J. F., Bouhassira, E. E., and Fan, Y. (2014) Histone h1.3 suppresses
h19 noncoding RNA expression and cell growth of ovarian cancer cells.
Cancer Res. 74, 6463– 6473

57. Terme, J. M., Sesé, B., Millán-Ariño, L., Mayor, R., Izpisúa Belmonte, J. C.,
Barrero, M. J., and Jordan, A. (2011) Histone H1 variants are differentially
expressed and incorporated into chromatin during differentiation and
reprogramming to pluripotency. J. Biol. Chem. 286, 35347–35357

Mitotic HDAC3-H1.3 Complex Activation by Protein Kinase CK2

3172 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016

 by guest on M
ay 18, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Conrad-Webb and Michael Bergel
Hemangi Patil, Carrie Wilks, Rhiannon W. Gonzalez, Sudheer Dhanireddy, Heather

Complex by Protein Kinase CK2
Mitotic Activation of a Novel Histone Deacetylase 3-Linker Histone H1.3 Protein

doi: 10.1074/jbc.M115.643874 originally published online December 9, 2015
2016, 291:3158-3172.J. Biol. Chem. 

  
 10.1074/jbc.M115.643874Access the most updated version of this article at doi: 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/291/7/3158.full.html#ref-list-1

This article cites 57 references, 32 of which can be accessed free at

 by guest on M
ay 18, 2018

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/lookup/doi/10.1074/jbc.M115.643874
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;291/7/3158&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/291/7/3158
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=291/7/3158&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/291/7/3158
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/291/7/3158.full.html#ref-list-1
http://www.jbc.org/

