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Cellular/Molecular

Intracellular Trafficking of Histone Deacetylase 4 Regulates
Neuronal Cell Death

Timothy A. Bolger and Tso-Pang Yao
Department of Pharmacology and Cancer Biology, Duke University, Durham, North Carolina 27710

Histone deacetylase 4 (HDAC4) undergoes signal-dependent shuttling between the cytoplasm and nucleus, which is regulated in part by
calcium/calmodulin-dependent kinase (CaMK)-mediated phosphorylation. Here, we report that HDAC4 intracellular trafficking is im-
portant in regulating neuronal cell death. HDAC4 is normally localized to the cytoplasm in brain tissue and cultured cerebellar granule
neurons (CGNs). However, in response to low-potassium or excitotoxic glutamate conditions that induce neuronal cell death, HDAC4
rapidly translocates into the nucleus of cultured CGNs. Treatment with the neuronal survival factor BDNF suppresses HDAC4 nuclear
translocation, whereas a proapoptotic CaMK inhibitor stimulates HDAC4 nuclear accumulation. Moreover, ectopic expression of
nuclear-localized HDAC4 promotes neuronal apoptosis and represses the transcriptional activities of myocyte enhancer factor 2 and
cAMP response element-binding protein, survival factors in neurons. In contrast, inactivation of HDAC4 by small interfering RNA or
HDAC inhibitors suppresses neuronal cell death. Finally, an increase of nuclear HDAC4 in granule neurons is also observed in weaver
mice, which harbor a mutation that promotes CGN apoptosis. Our data identify HDAC4 and its intracellular trafficking as key effectors of
multiple pathways that regulate neuronal cell death.
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Introduction
Neuronal cell death is a tightly regulated process. It is involved
intimately in both normal development of the nervous system
and neurological disorders (Contestabile, 2002). Developmen-
tally regulated neuron death eliminates the large excess of neu-
rons that are produced, thereby preserving only those neurons
needed for proper synaptic connections (Benn and Woolf, 2004).
In contrast, neuron death in the adult brain is common in a
variety of disorders including those associated with cerebral isch-
emia and neurodegenerative diseases (Contestabile, 2002). Deci-
phering the machinery that controls neuronal cell death can thus
provide both great insight into nervous system development and
new therapeutic targets to prevent disease-induced neuron loss.
Many signaling events have been shown to regulate neuron
death. Calcium signaling has been identified as a major pathway
that protects neurons from cell death (Hack et al., 1993; Contest-
abile, 2002). A key target of calcium signaling is the transcription
factor myocyte enhancer factor 2 (MEF2). Although initially
characterized as regulators of muscle differentiation, MEF2
members have now emerged as important neuronal survival fac-
tors as well (Mao et al., 1999; Gaudilliere et al., 2002). Calcium
signaling regulates MEF2 through multiple mechanisms. A criti-
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cal one involves a subfamily of the histone deacetylases (HDAC:s):
the class IIA HDAC:s.

HDACs have been characterized primarily as transcriptional
corepressors that catalyze local histone deacetylation (Nagy etal.,
1997; Strahl and Allis, 2000). The class IIA histone deacetylases,
which include HDAC4, 5, 7, and 9, share several unique features
(for review, see Verdin et al., 2003). They all bind MEF2 and
repress its activity, and they all undergo intracellular trafficking
between the cytoplasm and nucleus regulated by signal-induced
phosphorylation (Miska et al., 1999; Bertos et al., 2001). For ex-
ample, HDAC4 can be phosphorylated by calcium/calmodulin-
dependent kinase IV (CaMKIV) (Zhao et al., 2001). Phosphory-
lation recruits the phospho-binding protein 14-3-3, and the
resulting complex is exported efficiently from the nucleus (McK-
insey et al., 2001; Wang and Yang, 2001). HDAC4 can subse-
quently reenter the nucleus after dephosphorylation and dissoci-
ation from 14-3-3 (Grozinger and Schreiber, 2000). Importantly,
active shuttling of HDAC4 can be observed under specific condi-
tions, such as the differentiation of C2C12 myoblasts, although
the physiological significance of this is not completely under-
stood (Zhao et al., 2001).

Although the focus of HDAC4 research has centered on mus-
cle and chondrocyte development (Lu et al., 2000; Vega et al.,
2004), HDAC4 mRNA is highly abundant in the brain (Groz-
inger et al., 1999), suggesting it has a function there. In this study,
we report that HDACA4 is a critical regulator for neuronal cell
death. We show that HDAC4 accumulates in the nucleus in re-
sponse to cell-death conditions in cultured cerebellar granule
neurons (CGNs) and that this translocation can be modulated by
other survival factors. Nuclear accumulation of HDAC4 pro-
motes CGN death and represses MEF2- and cAMP response ele-
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ment (CRE)-binding protein (CREB)-dependent transcription,
whereas inactivation of HDAC4 by small interfering RNA
(siRNA) or pharmacological inhibitors inhibits cell death. Fi-
nally, we observe increased nuclear HDAC4 in vivo in the external
granule layer (EGL) of mice with increased CGN apoptosis. To-
gether, these data identify HDAC4 and its intracellular trafficking
as important regulatory elements in neuronal cell death.

Materials and Methods

Reagents and antibodies. The a-HDAC4 polyclonal antibody ab186 was
used as described previously (Zhao et al., 2001). Monoclonal antibodies
against green fluorescent protein (GFP) and actin were from Roche (In-
dianapolis, IN) and Sigma (St. Louis, MO), respectively. The a-active-
caspase-3 antibody (polyclonal) was from Promega (Madison, WI). Sec-
ondary antibodies used were from Jackson ImmunoResearch (West
Grove, PA) and included goat anti-rabbit indocarbocyanine (Cy 3), goat
anti-rabbit RedX, goat anti-mouse Cy3, and goat anti-mouse Cy2. Lep-
tomycin B, trichostatin A (TSA), and trapoxin A (TPX) were gifts from
M. Yoshida (University of Tokyo, Tokyo, Japan). 2-[N-(2-hydroxy-
ethyl) ]-N-(4-methoxybenzenesulfonyl) Jamino-N-(4-chloro-cinnamyl-
N-methylbenzylamine) (KN-93) was a gift from A. R. Means (Duke Uni-
versity). Other reagents were from Sigma unless otherwise noted.

Plasmids. Vectors for siRNA experiments (pSuper) were obtained
from OligoEngine (Seattle, WA). The oligo used for HDAC4 knock-
down was against murine HDAC4, which was inferred from sequence
comparison to human HDAC4, starting with the predicted murine
HDAC4 gene in the Ensembl database. The sequence used was gcggca-
gatactcattgcaga (5'-3"), to which was appended a hairpin loop structure.
pEGFP-N3 plasmids (Invitrogen, Carlsbad, CA) were used to construct
to express GFP, human HDAC4, and the 3SA mutant. The NT-3(-1117)—
luciferase fusion reporter used in luciferase assays was obtained from the
Bonni laboratory (Harvard University, Boston, MA). pEGFP-C2 plas-
mids containing HDAC4-A118 and HDAC4-A118-3SA mutants were
obtained from the Wang laboratory (McGill University, Montreal, Que-
bec, Canada).

Tissue blot. Organs were obtained from adult male C57BL/6 mice
(~20 weeks of age). Organs were homogenized in 25 mm HEPES buffer
with 1 mm EGTA, 1 mm EDTA, 10% glycerol, and protease inhibitors.
Fifty micrograms from each sample were used for SDS-PAGE and West-
ern blotting with ab186. Data were confirmed with independent samples
from three different mice.

Genotyping. Heterozygous weaver mice (obtained from The Jackson
Laboratory, Bar Harbor, ME) were bred to produce the mice used in the
weaver experiments. To genotype weaver mutant mice, toe or tail clip-
pings from mouse pups were digested in 10 mm Tris buffer, pH 8.0, with
100 mm NaCl, 25 mm EDTA, 0.5% SDS, and 10 mg/ml Proteinase K.
Genomic DNA was isolated by phenol extraction and ethanol precipita-
tion, then subjected to PCR of the region surrounding the weaver muta-
tion in the Kcnj6 (potassium inwardly rectifying channel, subfamily J,
member 6) gene. The PCR primers used were gattccatggaccaggatgtg and
catgaaggcgttgacaatgga (5'-3"). PCR products were gel purified and se-
quenced using a third primer (cgatacctgacggacatcttc), ~200 bp upstream
from the weaver mutation site. The chromotograms were then analyzed
to determine whether the pup was wild type, heterozygous, or homozy-
gous for the weaver mutation.

Immunohistochemistry. Neonatal mouse cerebellums were dissected,
fixed in paraformaldehyde, saturated with 25% sucrose solution, then
frozen in Tissue-Tek OCT media (VWR, West Chester, PA). Frozen
sections were then sliced by cryostat by members of the Duke Depart-
ment of Pathology. Frozen sections from adult rat cortex were obtained
from the Schwartz-Bloom laboratory (Duke University). For immuno-
fluorescent staining, all frozen sections were thawed, fixed in paraformal-
dehyde, washed, blocked in 5% normal goat serum, and incubated with
primary antibody overnight at 4°C. Sections were then washed, blocked
again, incubated with secondary antibody, washed, stained with Hoechst
dye, and mounted with Fluoromount-G (Southern Biotechnologies, Bir-
mingham, AL).

Cerebellar granule neuron isolation and culture. Cultures were obtained
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essentially as described previously (Oliver et al., 2003). Briefly, hind-
brains were obtained from postnatal day 7 (P7) to P9 mice from C57BL/6
background. Cells were dissociated through papain treatment, tritura-
tion with ovomucoid (50 mg/ml BSA and 50 mg/ml trypsin inhibitor;
Roche), and 70 wm cell strainer (BD Biosciences, San Jose, CA). Samples
were then run over a Percoll step gradient (0, 35, 65%), and granule cells
at the 35/65 interface were recovered and plated onto poly-p-lysine-
coated coverslips (Fisher, Pittsburgh, PA) and plates (BD Biosciences).
Unless otherwise noted, cells were generally cultured in full media (FM),
which consisted of Neurobasal media with 5% FBS, B27 supplement,
sodium pyruvate, L-glutamine, penicillin/streptomycin, 0.6 mg/ml glu-
cose, and 25 mm KCL. After 1 d in culture, 10 M cytosine arabinoside was
added to cells to inhibit non-neuronal cells. When cultured longer than
2 d, media was changed every 2-3 d by removing one-half of the condi-
tioned media and then replacing it with fresh FM media.

CGN treatment conditions. For low-potassium (LK) conditions, media
consisted of FM with only 5 mm KCl and without serum and B27. For
high-potassium (HK) media used in glutamate excitotoxicity experi-
ments, media consisted of FM without serum and B27. When cells were
switched from FM to LK or HK, media were aspirated from cells, they
were washed in plain Neurobasal, and new media were added. Cells were
then incubated for various times in the altered media. When used, lep-
tomycin B, BDNF, KN-93, and glutamic acid were added either directly
to cells already in FM media or to cells in LK or HK media immediately
after the media were changed. For the HDAC inhibitor experiments, cells
were first pretreated with TSA and TPX for 5 h. The media were changed
for LK samples as above, and TSA and TPX were readded to the media.
All samples were then incubated an additional 12 h before harvest.

Transfection of CGNs. Cells were transfected immediately after isola-
tion using the Mouse Neuron Nucleofector kit (Amaxa, Gaithersburg,
MD). Briefly, 3-5 X 10° cells were centrifuged and resuspended in trans-
fection buffer. DNA was added, and samples were transferred to electro-
poration cuvettes. Program O-05 was then run on the samples in the
Amaxa Nucleofector device. Samples were then diluted with DMEM
with 10% calf serum before being split onto four to six wells of 24-well
plates or one or two 6 cm plates. Cells were allowed to settle onto cover-
slips and plates for 2-3 h, then the cell media were replaced with FM
media. Cells were then cultured for 2 d before harvesting.

Immunofluorescent staining of CGNs. Samples were stained for immu-
nofluorescence essentially as described previously (Zhao et al., 2001).
When samples were harvested, the poly-p-lysine-coated coverslips
were rinsed with PBS and fixed with 4% paraformaldehyde. They were
washed, then permeabilized with 0.2% Triton X-100. Samples were
blocked with 5% NGS and incubated with primary antibody overnight at
4°C. Sections were then washed, incubated with secondary antibody,
washed again, stained with Hoechst dye, and mounted with
Fluoromount-G.

CGN cell sorting. For showing the reduction of HDAC4 expression by
siRNA, CGNs were first transfected as above with either pEGFP and
empty pSuper vector or pEGFP and pSuper-m4HD4, and they were then
cultured for 2 d in vitro. Cells were harvested by incubation with papain
and ovomucoid solutions as in CGN isolation. Cells were then sorted by
the Duke Department of Pharmacology fluorescence-activated cell sort-
ing (FACS) facility for GFP positives. Cells from control and HDAC4
siRNA transfections were lysed with SDS sample buffer and boiled. Equal
cell numbers were run on SDS-PAGE and immunoblotted using ab186
and a-actin. Relative band intensity was calculated using NIH Image
software. In the image shown, lysates corresponding to 71,000 GFP-
positive cells were used.

Luciferase assays. For luciferase assays, CGNs were transfected as above
with an NT-3(-1117)-luciferase fusion reporter (Shalizi et al., 2003) and
GFP, HDACA4, or HDAC4-3SA. After 2 d in culture, three wells of GFP
cells were shifted to LK media for 3 h. Luciferase assays were then per-
formed in triplicate essentially as described previously (Zhao etal., 2001).
A measuring time of 30 s was used to show sufficient luciferase activity.
The assay results were normalized to GFP in FM media for fold activa-
tion. Three independent experiments showed similar trends.

CGN lysates. For preparation of lysates, cultured CGNs were collected
and pelleted, then lysed in buffer containing 20 mm HEPES, 0.1% Triton
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X-100, 50 mm NaCl, 1 mm EGTA, and inhibitors (aprotinin, leupeptin,
PMSF, DTT, Na,SO,, and NaF). Samples were sonicated briefly, then
rocked for 30 min at 4°C. Samples were spun at 6000 X g for 5 min to
remove cell debris. Protein concentration was determined by Bradford
assay (Bio-Rad, Hercules, CA).

Microscopy. All images shown were taken with a Zeiss (Thornwood,
NY) LSM 410 confocal microscope with a 63X objective lens, except for
Figure 1 B and supplemental Figure 1 (available at www.jneurosci.org as
supplemental material), which were taken with a Zeiss Axioskop com-
pound microscope with a 20X objective (adult cortex) or with the LSM
410 with a 40X objective (neonatal cerebellum). Images were pseudocol-
ored with green for GFP or HDAC4 staining, blue for nuclei, and red for
active caspase-3. For quantitation of nuclear fluorescence, the same mi-
croscope—lens combination was used. For analyses of localization and
cell death in cultured CGNs, samples were examined with the Zeiss Ax-
ioskop with a 63X objective. For the analysis of cerebellar sections for in
vivo localization, photographs were taken using the LSM 410 with a 40X
objective.

Data analysis. For localization studies, 200 or more cells were exam-
ined in random fields in at least three experiments. Non-neuronal cell
contaminants in the culture were not counted. A cell was counted as
“cytoplasmic” if the HDAC4 staining in the cytoplasm was visibly stron-
ger than in the nucleus. Cells were counted as “high nuclear” if the
intensity of nuclear staining equaled or exceeded the cytoplasmic stain-
ing. Therefore, cytoplasmic plus high nuclear always equaled 100% for
each sample. For overexpression studies, >100 cells were counted in at
least five experiments. First, cells were identified as transfected by stain-
ing for GFP or ab186, then the nuclei of transfected cells were examined.
If the nucleus of a cell was condensed, fragmented, or perforated, the cell
was counted as “dead/dying.” For the caspase-3 experiment, 200 or more
cells were counted for each condition in three independent experiments.
GFP-positive cells were identified and then assessed for active-caspase-3
staining. In HDAC inhibitor studies, >400 cells were counted in at least
three experiments. Nuclei were examined as above in random fields.
Nuclei that appeared morphologically distinct from CGN nuclei were
excluded. For nuclear fluorescence quantitation, images were obtained of
~120 cells in both FM and LK media in each of two independent exper-
iments. Hoechst staining was used to determine the boundaries of the
nuclei, and Zeiss software was used to measure the average fluorescence
of HDAC4 staining within that area. Values were expressed in relative
units with a theoretical range of 0-255. To correct for differences in
staining intensity, machine settings, etc. between experiments, the aver-
age nuclear fluorescence for each cell in both conditions was normalized
to the overall mean for FM media. A histogram was then plotted for each
condition (FM and 3 h in LK media) using bins of 15 (all of the cells with
a fluorescence of 0—15 in one group, 15-30 in the next, etc.). The histo-
gram values were corrected for the small difference in number of cells
between conditions by conversion into frequencies per 100 cells. For
localization analysis in vivo, three or four mice were used for each geno-
type, and seven or more fields of EGL were photographed for each sec-
tion. Localization was determined using the same criteria as in cell cul-
tures. Five hundred or more cells were counted for each animal. For all
experiments, data were tallied, analyzed, and graphed using Microsoft
(Redmond, WA) Excel. Error bars represent 1 SD above and below the
mean for each sample. Significance was ascertained by Student’s  test.

Results

HDAC4 has been characterized previously in muscle and chon-
drocyte differentiation (Vega et al., 2004). However, immuno-
blotting of tissue homogenates from a variety of mouse organs
using an antibody specific for HDAC4 revealed that HDACA4 pro-
tein is expressed highly in both the cerebrum and cerebellum
(Fig. 1 A). Immunohistochemical staining of mouse brain tissue
confirms the abundant presence of HDAC4. Interestingly,
HDACH4 is primarily localized to the cytoplasm in both adult and
neonatal neurons (Fig. 1 B) while being primarily excluded from
astrocytes (supplemental Fig. 1, available at www.jneurosci.orgas
supplemental material). A portion of HDAC4 may also be
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Figure1.  HDAC4 s expressed highly in the brain and is primarily cytoplasmic in neurons. 4,

(57BL/6 adult male mice were dissected, and organs were homogenized. Fifty micrograms of
each sample were run on SDS-PAGE and blotted with ab186 (HDAC4). B, Adult rat neocortex
(left) and neonatal mouse cerebellum (right; EGL pictured) were immunofluorescently stained
with ab186 (green) and Hoechst (blue). ¢, CGNs were isolated and cultured for 6 d in vitro in full
media. Leptomycin B (LMB) was then added to the cells or not, and cells were stained after 3 h
of treatment with ab186 and Hoechst dye. Representative images are shown.

present in the molecular layer, observed both in tissue sections
and in the processes of cultured neurons (data not shown). Con-
sistent with these observations, HDAC4 is a cytoplasmic protein
in primary CGNss isolated from neonatal mice (Fig. 1C). Impor-
tantly, treatment with the nuclear export inhibitor leptomycin B
caused accumulation of HDAC4 in nuclei, revealing that HDAC4
is subject to active nuclear export and dynamically cycles between
the nucleus and cytoplasm.

We next wished to explore whether HDAC4 intracellular traf-
ficking is regulated in neurons. Because MEF2, a major target of
HDACH4, is a prosurvival factor in neurons (Mao et al., 1999), we
reasoned that HDAC4 might be involved in neuronal survival.
Primary CGNs are responsive to a number of different neurotro-
phic and neurotoxic stimuli (Vaudry et al.,, 2003). Cultured
CGNis are protected from spontaneous cell death by the presence
of depolarizing levels of potassium in the medium, which is be-
lieved to simulate synaptic activity that occurs in vivo. If the po-
tassium concentration is reduced in the CGN media, the cells
undergo apoptotic cell death. This effect has been used to study
many factors influencing neuron survival (Contestabile, 2002).
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Figure 2.  HDAC4 translocates to the nucleus under conditions that induce cell death. After

5-7dinvitro, CGNs were leftin FM or replaced with LK media. Cells were stained with ab186 and
Hoechst dye. Representative images are shown in A. B, A quantification of the data is shown.
Cells were considered cytoplasmic if cytoplasmic staining was brighter than nuclear staining. If
the nuclear staining was equal to or greater than the cytoplasmic staining, the cell was counted
as high-nuclear HDAC4. *p << 0.05; **p < 0.005 compared with FM. Three or more experi-
ments were performed for each condition, and >200 cells were counted in each experiment. C,
After 5 d in vitro, CGNs were left in FM media or replaced with LK media for 3 h. Cells were then
stained with ab186 and Hoechst. Images were taken of ~120 cells in both FM and LK cells in
each of two independent experiments, and average nuclear fluorescence of each cell was ob-
tained and normalized. The histogram was then plotted of nuclear fluorescence versus number
of cells for the FM and 3 h in LK conditions (3LK). The x-axis groups the cells by average nuclear
fluorescence; for example, the “45” group represents all the cells with nuclear fluorescences
between 30 and 45 units (on a 0—255 scale). The y-axis gives the number of cells in each group
per 100 cells counted. D, CGN lysates from cells in FM and in LK media for 3 h were run on
SDS-PAGE and immunoblotted with ab186. WB, Western blot. E, CGNs were transfected with
GFP, HDAC4 (HD4), or HDAC4 —3SA (3SA) immediately after isolation. After 2 d in vitro, the
localization of HDAC4- and HD4 —3SA-transfected CGNs was assessed in FM media and LK media
after 3 h (3LK). Cells were stained with ab186 and Hoechst dye. **p << 0.005 versus HDAC4 in
FM. Three or more experiments were performed for each condition, and >100 cells were
counted in each experiment. Error bars represent one SD above and below the mean.

To determine whether HDAC4 is involved in neuronal cell
death, we incubated CGNs in FM or LK media and then exam-
ined the subcellular localization of HDAC4 by immunostaining.
We found that after only 20 min in LK media, HDAC4 began to
translocate from the cytoplasm to the nucleus (Fig. 2A, B). After
3 h in LK media, >75% of the cells displayed significant nuclear
accumulation of HDAC4. This result was further confirmed by
quantifying the average nuclear fluorescence of HDACA4 in cells
maintained in FM and in LK media for 3 h (Fig. 2C). A histogram
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of the normalized nuclear HDAC4 fluorescence demonstrates
that the cell population in LK media (mean of 120) is clearly right
shifted compared with the FM population (mean of 64). This is
not aresult of a change in expression of HDAC4 because HDAC4
levels do not change significantly during the treatment times (Fig.
2D). To further confirm HDAC4 translocation, we transfected
CGNs with wild-type HDAC4 and a phosphorylation-deficient
mutant, HDAC4-3SA, that has been shown to be resistant to
nuclear export in other cell types (Zhao et al., 2001). We again
examined the subcellular distribution of the transfected cells in
FM and LK media (Fig. 2E). As expected, wild-type HDAC4
accumulated in the nucleus in a majority of transfected cells after
3 h of LK treatment, whereas the HDAC4-3SA mutant was
present in the nucleus in high amounts under all conditions.

To establish whether HDAC4 translocation is limited to the
low-potassium paradigm of cell death, we induced cell death in
CGNs via glutamate excitotoxicity. Importantly, a similar nu-
clear translocation of HDAC4 was observed in these excitotoxic
conditions (Fig. 3A). This observation indicates that the HDAC4
translocation is not limited to the low-potassium state but rather
seems to be a more general response to neuronal cell death. Ad-
dition or withdrawal of neurotrophic factors is another method
of affecting neuronal cell death. Neurotrophins such as BDNF
have been shown to prevent cell death of neurons, including
CGNs under LK conditions (Segal et al., 1992; Kubo et al., 1995).
To further establish that HDAC4 nuclear translocation is a spe-
cific response to neuronal cell-death signaling, we examined
whether BDNF treatment affected HDAC4 localization in re-
sponse to LK medium. As expected, BDNF had no effect on
HDAC4 localization in FM media (data not shown). In contrast,
BDNF mostly prevented HDAC4 nuclear translocation in LK
media, with the majority (65%) of cells still displaying cytoplas-
mic HDACH4 staining (Fig. 3B). These results support the notion
that HDAC4 nuclear translocation is a bona fide response to
cell-death conditions.

CaMKs also act to promote neuronal survival (Hack et al.,
1993). Notably, CaMKs have been shown to directly phosphory-
late HDAC4 and promote its nuclear export (Zhao et al., 2001).
We therefore tested whether inhibition of CaMKs affects HDAC4
subcellular localization. As shown in Figure 3B, even in FM me-
dia, treatment with a CaMK inhibitor, KN-93, induced HDAC4
nuclear translocation in >70% of cells. Interestingly, HDAC4
translocation induced by KN-93 is not reversed by BDNF (Fig.
3B), suggesting that CaMK may be a downstream effector of
BDNF in a signaling pathway that regulates HDAC4 intracellular
trafficking. Together, these observations confirm that CaMK can
regulate neuronal HDAC4 localization and provide an additional
link between neuronal cell death and HDAC4 nuclear
accumulation.

Our results so far established a correlation between HDAC4
translocation and neuronal cell death. To determine whether
HDAC4 nuclear accumulation is important for neuronal cell
death, wild-type HDAC4 and the phosphorylation-deficient mu-
tant of HDAC4 (HDAC4-3SA) were transfected into CGNs.
Overexpressed wild-type HDAC4 is found primarily in the cyto-
plasm of untreated CGNs (Figs. 2E, 4A). In contrast, high-
nuclear staining is observed for the HDAC4-3SA mutant in both
FM and LK media. The expression levels of these constructs were
similar (Fig. 4 B). We then assessed cell death in the transfected
CGNs under different potassium conditions. Two days after
transfection, <3% of control cells transfected with GFP displayed
nuclear morphology indicative of cell death (Fig. 4C). In contrast,
>11% of neurons expressing HDAC4—-3SA were undergoing cell
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death. Similarly, CGNs transfected with the
HDAC4-3SA mutant display a much
higher rate of cell death under LK condi-
tions (nearly 40% after 6 h of LK) than ei-
ther control cells or cells transfected with
wild-type HDAC4. Overexpression of wild-
type HDAC4 also showed a moderate effect
in inducing cell death; however, it was con-
sistently less potent than the HDAC4-3SA 20%
mutant (Fig. 4C). To confirm that the effect

of HDAC4 on CGN death is caused by the 0% |
increased nuclear localization of HDAC4, FM
CGNs were transfected with two mutants of

HDAC4 (HDAC4-A118 and HDAC4-
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plasm (Wang and Yang, 2001). Cells
transfected with these mutants did not have
increased cell death compared with GFP
controls, demonstrating that nuclear local-
ization of HDACA4 is necessary for its effect
on neuronal cell death (supplemental Fig.
2A, available at www.jneurosci.org as
supplemental material). The increase in cell
death is also dependent on the enzymatic
activity of HDACA4, because transfection of
an enzymatically dead mutant of HDAC4
(H803A) (Miska et al., 1999) does not pro-
mote cell death effectively (data not shown). The effect of
HDAC4-3SA indicates that nuclear accumulation of HDAC4
promotes CGN cell death.

To begin to address the mechanism by which HDAC4 pro-
motes neuronal cell death, we investigated whether HDAC4 re-
presses transcription in CGNs. As discussed above, MEF2, a
known HDACH4 target, promotes CGN survival by activating the
transcription of neurotrophin-3 (NT-3) (Shalizi et al., 2003).
Therefore, we examined whether HDAC4 could repress activity
of the NT-3 promoter in CGNs. As shown in Figure 4D,
HDAC4-3SA repressed transcription of a luciferase reporter
driven by the NT-3 promoter to a level similar to the reduction in
control cells after 3 h in LK media. Wild-type HDAC4 repressed
NT3-luciferase to an intermediate level (Fig. 4 D). Thus, the re-
pression of MEF2-mediated NT-3 promoter activity by HDAC4
is consistent with the increase in cell death induced by HDAC4—
3SA and low-potassium conditions. We also considered whether
HDAC4 might have other targets in addition to MEF2. CREB,
another transcription factor regulated by calcium pathways, also
promotes neuron survival (Bonni et al., 1995). Therefore, we
tested whether HDAC4 could repress transcription directed by
CREB by transfecting a CRE-dependent luciferase reporter into
CGNs along with HDAC4 constructs. The HDAC4-3SA mutant
was able to repress transcription from this reporter, again reduc-
ing activity to a similar extent as 3 h of LK treatment (Fig. 4E).
Using this reporter, wild-type HDAC4 did not have a consistent
effect. These results indicate that HDAC4 promotes neuron
death by repressing multiple prosurvival transcription factors,
including MEF2 and CREB.

If nuclear accumulation of HDAC4 is important for neuronal
cell death, then CGNs lacking HDAC4 should be more resistant
to cell death-inducing agents such as low potassium. To test this,
CGNs were cotransfected with an HDAC4-specific siRNA
(m4HD4) plasmid and GFP. Immunoblotting demonstrated that
HDACH4 protein levels were reduced between 60 and 70% in the

Figure 3.

the mean.

Glutamate excitotoxicity, BDNF, and CaMK can regulate HDAC4 translocation in CGNs. A, After 6 —7 d in vitro, CGNs
were leftin FM or replaced with no-serum HK media (3HK). One hundred micromolar t-glutamic acid (Glut) was then added to
some HK samples to induce an excitotoxic response, and all cells were incubated for 3 h. Cells were then stained with ab186 and
Hoechst dye. A quantification of the data are shown. **p < 0.001 compared with untreated HK. Three or more experiments
were performed for each condition, and >200 cells were counted in each experiment. B, After 2 d in vitro, CGNs were leftin FM
or replaced with LK media. Some cells (FM and LK) were treated with 100 ng/ml BDNF and/or 8 um KN-93 at the same time as
potassium deprivation (3 h). Cells were stained with ab186 and Hoechst dye. A quantification of the data is shown. ©*p <
0.001 compared with untreated LK for 3 h; ** p << 0.001 compared with untreated FM. Three or more experiments were
performed for each condition, and =200 cells were counted in each experiment. Error bars represent one SD above and below

siRNA-transfected CGNss relative to vector controls after FACS
sorting for GFP-positive cells (Fig. 5A). Unsorted control and
HDAC4 knock-down CGNs were subjected to potassium with-
drawal, and cell death was assessed in GFP-positive cells with two
different apoptotic markers, nuclear morphology and the active
form of caspase-3. Although only a few cells displayed abnormal
nuclear morphology in FM media, 22% of vector control cells
had nuclear morphology indicative of cell death after 6 h in LK
media (Fig. 5B). Strikingly, only 10% of cells transfected with
HDACH4 siRNA were dead or dying after 6 h of LK. To confirm
these results, transfected cells were stained for active caspase-3.
As expected, very few cells displayed positive staining for active
caspase-3 in FM media (Fig. 5Cb,Cf). In contrast, after 6 h of LK
treatment, nearly 30% of vector control cells were stained posi-
tively for active caspase-3 (Fig. 5Ci—Cl, arrows, D). In contrast,
only 11% of cells transfected with the m4HD4 siRNA were posi-
tive for active caspase-3 (Fig. 5Cm—Cp, arrows, D), whereas un-
transfected cells in these samples underwent normal cell death in
response to LK conditions (Fig. 5Cj,Cn, arrowheads). Transfec-
tion of a second siRNA targeted to a different region of HDAC4
showed similar results, further strengthening these observations
(supplemental Fig. 3A, available at www.jneurosci.org as supple-
mental material). These findings strongly suggest that HDAC4 is
required for efficient neuronal cell death.

To obtain additional evidence of the role of HDAC4 in neu-
ronal cell death, we treated neurons with pharmacological inhib-
itors of HDAC4. Mature CGNs were pretreated for 5 h with the
HDAC inhibitors TSA or TPX, then switched to LK media con-
taining the inhibitors for 12 h. Treatment with either inhibitor for
17 h in FM media did not affect cell death significantly (Fig. 5E).
In untreated cells, cell death was ~45% after 12 h in low potas-
sium. Intriguingly, TPX treatment completely reversed cell death
caused by low potassium, reducing it to the level seen in FM
media (Fig. 5E). TSA also inhibited cell death, although not to the
same extent as TPX. These results show that HDAC inhibitors are
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Figure4.  Overexpression of HDAC4 causesincreased sensitivity to cell death and represses MEF2-
and CREB-dependentactivity. Immediately afterisolation, CGNs were transfected with GFP, HDAC4, or
HDAC4 —3SA. After 2 d in vitro, the cells were left in FM or replaced with LK media for either 3 or 6 h.
Cells were stained with Hoechst dye and either ab 186 or ««GFP. A, Representative images of cellsin FM
media are shown. B, Untransfected, HDAC4-transfected, or HD4 —3SA-transfected CGNs were har-
vested andimmunoblotted using ab186. WB, Western blot. C, Transfected cells were assessed for their
viability by observing nuclei. Cells with nuclei that appeared condensed, fragmented, or perforated
were considered dead/dying. *p << 0.05, **p << 0.01 compared with GFP control at each condition;
**p < 0.01 compared with wild-type HDAC4 at each condition. Five or more experiments were
performed for each condition, and 100 cells were counted in each experiment. D, CGNs were trans-
fected with an NT-3(-1117)luciferase fusion reporter (Shalizi et al., 2003) and GFP as a control,
HDAC4, or HDAC4 —3SA. After 2 d in vitro, some GFP cells were shifted to LK media for 3 h (GFP-3LK).
Luciferase assays were then performed in triplicate, and the results were normalized to GFP in FM
media for fold activation. A representative experiment is shown. **p << 0.01 compared with GFP
control in FM. E, CGNs were transfected with a CRE-containing luciferase reporter (from the soma-
tostatin promoter) and GFP asa control, HDAC4, or HDAC4 —3SA. After 2 d in vitro, some GFP cells were
shifted to LK media for 3 h (GFP-3LK). Luciferase assays were then performed in triplicate, and the
results were normalized to GFP in FM media for fold activation. **p << 0.001 versus CRE-luciferase in
FM. A representative experiment is shown. HD4 —3SA, HDAC4 —3SA; 3LK, 3 hin LK conditions. Error
bars represent one SD above and below the mean.

capable of suppressing neuronal cell death and support the idea
that HDAC4 plays an important role in this process.

Finally, we sought evidence of nuclear HDAC4 accumulation
after neuron death in vivo during mouse development. We chose
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to study the weaver mutant mouse strain because it has a muta-
tion in a potassium channel (Kcnj6/G-protein-gated inwardly
rectifying K™ channel 2) that causes substantial death of cerebel-
lar granule cells (Rakic and Sidman, 1973; Patil et al., 1995). If
HDAC4 nuclear accumulation were involved in granule neuron
cell death, we expected to observe an increase of nuclear HDAC4
in neurons in weaver mutant mice. To this end, cerebellar sec-
tions from wild-type and weaver mutant mice were prepared, and
the subcellular localization of HDAC4 in the EGL was deter-
mined by immunostaining. The analysis of HDAC4 subcellular
localization revealed a marked increase in the number of cells
with nuclear HDAC4 in EGL sections from weaver mutant mice
(Fig. 6A). In wild-type mice, 12.2% of the CGNs in the EGL
displayed nuclear HDAC4 (Fig. 6 B). However, this percentage
was approximately doubled (22.4%) in the weaver mutants. This
result shows that HDAC4 nuclear translocation also occurs in
vivo in conditions associated with neuronal cell death.

Discussion

In this study, we have identified HDAC4 and its subcellular lo-
calization as novel regulatory elements important for the execu-
tion of cerebellar granule neuron cell death. We found a tight
correlation between neuronal cell death signaling and HDAC4
nuclear translocation. Furthermore, we provide evidence that
nuclear accumulation of HDAC4 promotes neuronal cell death,
whereas inactivation of HDAC4 by specific siRNA and pharma-
cological inhibitors prevents cell death. These data connect
signal-dependent intracellular trafficking of HDACA4 to the reg-
ulation of neuronal cell death.

We found that although HDAC4 is dynamically transported
between the nucleus and cytoplasm, HDAC4 is localized pre-
dominantly to the cytoplasm of neurons in culture or in brain
tissues under normal conditions. This is consistent with a previ-
ous report showing that HDAC4 is normally cytoplasmic in cul-
tured hippocampal neurons (Chawla et al., 2003). Importantly,
HDAC4 undergoes nuclear accumulation in response to condi-
tions that induce cell death in these neurons. The nuclear accu-
mulation of HDACH4 is inhibited by BDNF, a neurotrophin that
suppresses CGN cell death. Conversely, a CaMK inhibitor in-
duces neuronal cell death and causes HDAC4 nuclear accumula-
tion. Increased nuclear localization of HDAC4 in the EGL of
weaver mice provides additional evidence for the involvement of
HDACH4 in neuronal cell death and shows that this function is
biologically relevant in vivo. Supporting the functional impor-
tance of HDAC4 nuclear translocation in neuronal cell death,
introduction of a nuclear-localized HDAC4 (HDAC4-3SA) can
significantly promote CGN cell death. Most importantly, knock-
down of HDAC4 by siRNA gives the neurons a substantially
higher resistance to cell death, showing that the endogenous pro-
tein promotes neuronal cell death. These results strongly indicate
that HDACA is a key target of multiple signaling events that con-
trol neuronal cell death.

The mechanism of action for HDAC4 in promoting cell death
is not fully understood; however, it most likely involves the re-
pression of transcription factors that promote neuron survival.
MEF2 is an important prosurvival factor in neurons, including
CGNs (Mao et al., 1999). Given the known ability of HDACA4 to
bind and repress MEF2 activity, HDAC4 could promote apopto-
sis, at least in part, by inhibiting the transcriptional activity of
MEF2. Indeed, we showed that nuclear HDAC4, which promotes
neuronal cell death, can also efficiently repress activation of
neurotrophin-3 (Fig. 4 D), which likely mediates the neuropro-
tective activity of MEF2 (Shalizi et al., 2003). This is also consis-
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tent with the reduction of MEF2 activity af-
ter low-potassium treatment in CGNs (Fig.
4 D) (Shalizi et al., 2003) and excitotoxic in-
sults in cortical neuron cultures (Okamoto
etal., 2002; Gong et al., 2003), conditions in
which HDAC4 accumulates in the nucleus
(Figs. 2A, 3A). It seemed likely that HDAC4
also has additional targets. CREB, another
prosurvival transcription factor that is regu-
lated by calcium signaling, was a second po-
tential target (Bonni et al., 1995). Indeed, as
we show in Figure 4E, the HDAC4-3SA
mutant can repress transcription from a
CRE-dependent luciferase reporter in
CGNs. This is consistent with results from
heterologous cells also showing that
HDAC4 can repress CREB (T. A. Bolger and
T.-P. Yao, unpublished observation). A full
elucidation of the transcriptional targets of
HDAC4 in neuronal cell death pathways will
be important for wunderstanding how
HDAC4 controls this highly regulated
process.

The demonstration that BDNF and
CaMK can regulate HDAC4 localization
(Fig. 3B) provides an initial clue to unravel-
ing the signaling pathways leading to
HDACH4 in neurons. It has been shown pre-
viously that tropomyosin-related kinase B,
the BDNF receptor, can bind and activate
phospholipase Cy (PLCy) (Huang and
Reichardt, 2003), and PLCy can then pro-
duce a rise in intracellular calcium through
inositol triphosphate production. This al-
lows activation of CaMKs, which have been
demonstrated to be responsive to BDNF
(Finkbeiner et al., 1997). As demonstrated
extensively in other cell types previously,
CaMK can directly phosphorylate HDACA4,
inducing 14-3-3 binding and HDAC4 nu-
clear export (Zhao et al., 2001). This would
shift the equilibrium of HDAC4 localization
to the cytoplasm, resulting in increased neu-
ronal survival. Supporting this model in
which CaMK is one of the downstream ef-
fectors of BDNF, BDNF treatment cannot
prevent HDAC4 nuclear translocation in-
duced by CaMK inhibition, although it can
effectively suppress HDAC4 nuclear accu-
mulation caused by low potassium (Fig. 3B).
Interestingly, BDNF is still able to repress
cell death in CGNs transfected with
HDAC4-3SA, suggesting that BDNF targets
multiple factors that may be downstream of
HDACH4 (supplemental Fig. 2 B, available at
www.jneurosci.org as supplemental mate-
rial). Two recent reports indicated the pos-
sibility of further HDAC4 regulation by
caspase-dependent cleavage in response to
DNA damage (Liu et al., 2004; Paroni et al.,
2004). In CGN cell death, however, no
cleavage product of HDAC4 was seen in im-
munoblots of cell lysates from LK media
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lation of HDACH4 is upstream of caspase ac-
tivation and is an early event in neuronal
cell-death signaling.

Using cultured granule neurons as a
model, our results strongly indicate an im-
portant role for HDAC4 in the regulation of
cell death. The observation of increased
HDAC4 nuclear accumulation in weaver
mutant mice further supports this argument
(Fig. 6). Mice lacking functional HDAC4
have been described recently (Vega et al.,
2004). The dominant phenotype associated
with HDAC4 inactivation was found in skel-
etal development. Interestingly, it was also
reported that a subset of HDAC4 knock-out
mice appear to have enlarged brains and ex-
encephaly (McKinsey and Olson, 2004;
Vega et al., 2004). Although it remains to be
determined whether HDAC4-deficient
mice have reduced neuronal cell death, the
observed defects are consistent with a possi-
ble neuronal phenotype. We note that a re-
lated HDAC, HDACS5, was reported to un-
dergo similar nuclear translocation in
response to low potassium (Linseman et al.,
2003). However, unlike HDAC4 knock-out
mice, HDAC5 knock-out mice are viable
and without obvious brain defects (Chang et
al.,, 2004). Although it is possible that
HDACS or other related class IIA members
might be involved, the fact that reduction of
HDAC4 by siRNA effectively suppresses
CGN cell death indicates that HDAC4 may
be the dominant deacetylase in the regula-
tion of neuronal cell death (Fig. 5).

The inhibition of CGN cell death by
pharmacological inhibitors of HDAC4 (Fig.
5E) is potentially significant in that it may
offer a potential therapeutic avenue for pre-
venting neuron death. This observation is
initially somewhat surprising because
HDAC inhibitors, including TSA and TPX,
are known for their activity in inducing cell-
cyclearrestand apoptosis in a number of cell
lines (for review, see Marks et al., 2004). The
reasons for the different response between
cancer cell lines and primary neurons are
not clear. However, it is of great interest to
note that HDAC inhibitors have been
shown previously to reduce neurodegenera-
tion caused by expanded polyglutamine

(data not shown). Furthermore, HDAC4 nuclear translocationis  proteins in Drosophila and mouse models (Steffan et al., 2001;
not affected by the caspase inhibitor N-benzyloxycarbonyl-Val-  Ferrante et al., 2003; Hockly et al., 2003; Minamiyama et al.,
Ala-Asp-fluoromethyl ketone (Z-VAD-fmk) (data not shown).  2004). HDAC inhibitors have also been shown to reduce cell
These results provide additional evidence that nuclear accumu-  death in at least one cell culture model of polyglutamine disease

<«

condition, and 200 or more cells were counted in each experiment. E, Untransfected CGNs after 6 —8 d in vitro were pretreated
with 1 M TSA or 100 nm Trapoxin-A for 5 h or left untreated. Samples were then left in FM or replaced with LK media with TSA or
TPX added for an additional 12 h. Cells were stained with Hoechst dye, and cell death was evaluated by examination of nuclei as
above. **p < 0.002 compared with untreated LK media for 12 h (12hr LK). Three or more experiments were performed for each
condition, and =400 cells were counted in each experiment. 6LK, 6 h in LK media. Error bars represent one SD above and below
the mean.

(McCampbell et al., 2001). Although TSA
and TPX also affect other members of
HDAC family (Furumai et al., 2001), our
study clearly establishes an important role
for HDAC4 in the execution of cell death
in cultured primary neurons. Therefore, it
is reasonable to speculate that inhibition
of HDAC4 activity may be at least partly
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responsible for the effects of HDAC inhibitors seen in the poly-
glutamine disease models. Indeed, we have observed HDAC4
nuclear translocation in primary neurons in response to the ex-
pression of disease-associated polyglutamine proteins (Bolger
and Yao, unpublished observation). These observations imply
that specific pharmacological inhibition of HDAC4 might offer a
more targeted therapeutic approach to prevent neuronal cell
death induced by various pathological conditions. We note that
others have found that TSA can have toxic effects on cultured
CGNs with extended treatment times (Boutillier et al., 2003). We
also observe increased cell death in TSA- or TPX-treated CGNs
compared with untreated cells in FM media after >24 h; how-
ever, TSA and TPX treatments still reduce low-potassium-
induced cell death (supplemental Fig. 3B, available at www.jneu-
rosci.org as supplemental material, and data not shown).
Inhibition of other HDAC:s is likely to be the cause of the toxicity,
which further underscores the need for a more targeted
approach.

We propose that HDAC4 is a mediator of neuronal cell death
and that a tightly regulated equilibrium exists between nuclear
HDAC4, which promotes neuronal cell death, and cytoplasmic
HDACH4, which permits cell survival. The conditions and factors
affecting this equilibrium have all been shown previously to in-
fluence neuronal survival, supporting the importance of HDAC4
subcellular localization in cellular survival decisions. It will be of
great interest to determine whether other factors implicated in
neuronal survival and death can also affect HDAC4 localization,
particularly those associated with pathological conditions that
cause neuron death. Our demonstration that HDAC inhibitors
can reduce cell death in primary neuron culture may provide a
molecular basis for the use of HDAC inhibitors in treating neu-
ronal cell death associated with various diseases and points to the
potential utility of developing new, more specific HDAC4 inhib-
itors in the future.
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