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The expression of histone deacetylase-related protein (HDRP) is reduced in neurons undergoing apoptosis.
Forced reduction of HDRP expression in healthy neurons by treatment with antisense oligonucleotides also
induces cell death. Likewise, neurons cultured from mice lacking HDRP are more vulnerable to cell death.
Adenovirally mediated expression of HDRP prevents neuronal death, showing that HDRP is a neuroprotective
protein. Neuroprotection by forced expression of HDRP is not accompanied by activation of the phosphati-
dylinositol 3-kinase–Akt or Raf-MEK-ERK signaling pathway, and treatment with pharmacological inhibitors
of these pathways fails to inhibit the neuroprotection by HDRP. Stimulation of c-Jun phosphorylation and
expression, an essential feature of neuronal death, is prevented by HDRP. We found that HDRP associates with
c-Jun N-terminal kinase (JNK) and inhibits its activity, thus explaining the inhibition of c-Jun phosphoryla-
tion by HDRP. HDRP also interacts with histone deacetylase 1 (HDAC1) and recruits it to the c-Jun gene
promoter, resulting in an inhibition of histone H3 acetylation at the c-Jun promoter. Although HDRP lacks
intrinsic deacetylase activity, treatment with pharmacological inhibitors of histone deacetylases induces apop-
tosis even in the presence of ectopically expressed HDRP, underscoring the importance of c-Jun promoter
deacetylation by HDRP-HDAC1 in HDRP-mediated neuroprotection. Our results suggest that neuroprotection
by HDRP is mediated by the inhibition of c-Jun through its interaction with JNK and HDAC1.

Apoptosis is an essential aspect of normal nervous system
development, but when aberrantly activated, apoptosis leads to
undesirable neuronal death, and such inappropriate neuronal
loss is the hallmark of a variety of neurodegenerative diseases
and neurological conditions, such as stroke or traumatic brain
injury. The mechanisms underlying the regulation of apoptosis
are beginning to be understood. Among the molecules that
have recently been implicated are the histone deacetylases
(HDACs). HDACs are the catalytic subunits of multiprotein
complexes that deacetylate histones (11, 42). The action of
HDACs is opposed by histone acetyltransferases (HATs) such
as CREB-binding protein and p300, which catalyze the transfer
of an acetyl moiety from acetyl-coenzyme A to specific lysine
residues of histones (25). Acetylation of histones relaxes the
chromatin structure to a state that is transcriptionally active,
while histone deacetylation transforms chromatin to a tran-
scriptionally repressed state (25). Hence, gene expression is
regulated, in part, by the balance of HDAC and HAT activi-
ties. Although best studied for their effects on histones and
transcriptional activity, it is now known that HDACs and
HATs regulate the acetylation of a number of other nonhis-
tone proteins, such as p53, p65/RelA, E2F1, GATA1, and
MyoD, suggesting complex functions of HDACs in different
cellular processes (11, 42). Precisely which cellular functions
are involved is currently the subject of intense investigation.

Vertebrates express at least 18 distinct HDACs, which have

been grouped into three classes based on their similarities with
Saccharomyces cerevisiae HDACs (11, 42). Class I HDACs
(HDACs 1, 2, 3, 8, and 11) are homologous to yeast Rpd3.
Class II HDACs (HDACs 4, 5, 6, 7, 9, and 10) are homologous
to yeast Hda1. The highly conserved C termini of class I and
class II HDACs contain a catalytic domain, which associates
with transcriptional corepressors such as N-CoR, SMRT, and
B-CoR within the nucleus. The third class of deacetylases,
called sirtuins (SIRT1-7), have catalytic domains similar to that
of the yeast NAD�-dependent deacetylase Sir2 (8). While
serving as HDACs in yeast, in mammalian cells SIRTs are
involved in the deacetylation of other proteins, rather than
histones, and hence are not considered classical HDACs.

Class I HDACs consist of little more than a deacetylase
domain and function as transcriptional repressors. They gen-
erally are nuclear proteins expressed in most tissue and cell
types (11, 42). On the other hand, members of the class II
HDAC subfamily display cell type-restricted patterns of ex-
pression and contain a large extended N-terminal extension
with which a variety of signaling proteins interact, including
MEF2, HP1�, Bcl6, CtBP, calmodulin, and 14-3-3 (11, 42).
Phosphorylation of conserved serine residues in class II
HDACs by calcium/calmodulin-dependent kinase (CaMK) or
protein kinase D in response to specific stimuli creates docking
sites for the 14-3-3 family of protein chaperones (11, 28, 31,
42). Binding of 14-3-3 results in the export of these HDACs
from the nucleus and disrupts their interactions with transcrip-
tional corepressor proteins, resulting in derepression of their
target genes.

Several classes of small-molecule HDAC inhibitors have
been identified (11, 29). Treatment of cultured cells with such
HDAC inhibitors has a variety of effects, including transfor-
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mation, differentiation, cell survival, and cell death, implicating
HDACs in many different biological processes (11, 29). Be-
cause of their ability to induce the death of transformed cells,
HDAC inhibitors are in clinical trials for the treatment of
cancers. It is noteworthy, however, that while there are small
differences in the sensitivities of individual class I and class II
HDACs to different inhibitors, most of the commonly used
inhibitors inhibit all HDACs efficiently. The significance of
individual HDACs in any biological effect has thus been diffi-
cult to ascertain using inhibitors. Despite this limitation, a
number of laboratories have used such pharmacological inhib-
itors to investigate the involvement of HDACs in the regula-
tion of neuronal survival both in culture and in animal models
of neurological disease (24). These studies have provided con-
flicting results. For example, the administration of HDAC in-
hibitors reduced neuronal loss in a Drosophila and a mouse
model of Huntington’s disease (13, 19). Treatment of cultured
cortical neurons with HDAC inhibitors has also been reported
to have a protective effect (36). While neuroprotection by
HDAC inhibitors in experimental systems has prompted their
consideration as therapeutic agents in the treatment of neuro-
logical diseases, it has been reported that treatment of cultured
cerebellar granule neurons (CGNs) with HDAC inhibitors ac-
tively promotes cell death (4, 5, 37).

In this study, we have investigated the role of HDACs in the
regulation of neuronal survival, using cultured cerebellar gran-
ule neurons. We report that an alternatively spliced form of a
class II HDAC lacking intrinsic enzymatic activity, histone
deacetylase-related protein (HDRP)/MITR, has neuroprotec-
tive functions. We provide evidence indicating that HDRP
acquires deacetylase activity by the recruitment of HDAC1.
Together, HDRP and HDAC1 inhibit low-potassium-medium
(LK medium)-induced acetylation of the c-Jun gene promoter,
thus inhibiting apoptosis-associated c-Jun expression. Further-
more, HDRP interacts with c-Jun N-terminal kinase (JNK)
and inhibits its ability to phosphorylate and activate c-Jun.

MATERIALS AND METHODS

Antibodies and other reagents. Cell culture media and reagents were pur-
chased from Invitrogen (Carlsbad, CA). All chemicals were purchased from
Sigma (St. Louis, MO), unless specified otherwise. Antibodies to the following
proteins were used: c-Myc, c-Jun, HDAC9, green fluorescent protein (GFP), and
�-tubulin (all from Santa Cruz Biotechnology, Santa Cruz, CA); p-Akt, p-ERK,
p-GSK3, HDAC1, p-JNK, and JNK (all from Cell Signaling Technology, Beverly,
MA); and acetyl-histone H3 (Upstate Cell Signaling Solutions, Lake Placid, NY).
Primary antibodies were used at a 1:1,000 dilution. Secondary antibodies (Santa
Cruz Biotechnology) were peroxidase-conjugated goat anti-rabbit immunoglob-
ulin G (IgG; 1:10,000), donkey anti-goat IgG (1:5,000), and goat anti-mouse IgG
(1:10,000). Chromatin immunoprecipitation assay kits were purchased from Up-
state Cell Signaling Solutions, and JNK assay kits were obtained from Cell
Signaling. A JNK inhibitor peptide was purchased from AXXORA Biochemicals
(San Diego, CA).

Plasmids, clones, and adenoviruses. Glutathione S-transferase (GST)–JNK1,
-2, and -3 vectors were a gift from Chia-Yi Kuan, Cincinnati Children’s Hospital.
Full-length HDRP cDNA and the partial domain cDNAs “N” (corresponding to
amino acids 1 to 343) and “N1” (corresponding to amino acids 175 to 343) were
obtained by PCR from a human fetal brain library and were subcloned into the
pGBKT7 vector (Clontech). A recombinant adenovirus expressing GFP was a
kind gift from Kim A. Heidenreich (University of Colorado Health Sciences
Center, Denver, CO). The HDRP (c-Myc tag) adenoviral vector was created in
the lab of Eric N. Olson.

Cell culture. Cerebellar granule neurons were obtained from dissociated cer-
ebella of 7- to 8-day-old Wistar rats or C57BL/6 mice as described previously
(12). Animals were treated in accordance with the on-site Institutional Animal

Care and Use Committee policies as well as those prescribed by the National
Institutes of Health. Briefly, cells were plated in basal Eagle’s medium with
Earle’s salts (BME) supplemented with 10% fetal bovine serum, 25 mM KCl, 2
mM glutamine (Gibco-BRL), and 100 �g/ml gentamicin on dishes coated with
poly-L-lysine at a density of 1 � 106 cells/well in 24-well dishes, 1.2 � 107

cells/60-mm dish, or 3.0 � 107 cells/100-mm dish. Cytosine arabinofuranoside (10
�M) was added to the culture medium 18 to 22 h after plating to prevent
replication of nonneuronal cells. Cultures were maintained for 6 to 7 days prior
to experimental treatments. Upon treatment, the cells were rinsed once and then
maintained in LK medium (serum-free BME medium, 5 mM KCl) or HK
medium (serum-free BME medium, 20 mM KCl). Treatment of cultures with
pharmacological inhibitors was initiated at the time of switching the medium to
HK or LK medium, unless specified otherwise. Neuronal viability was assayed by
the MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] as-
say as previously described (9, 22). Briefly, the tetrazolium salt MTT was added
to the cultures at a final concentration of 1 mg/ml, and incubation of the cultures
was continued in a CO2 incubator for another 30 min at 37°C. The assay was
stopped by adding lysis buffer (20% sodium dodecyl sulfate [SDS] in 50% N,N-
dimethyl formamide, pH 4.7). The absorbance was measured spectrophotometri-
cally at 570 nm after an overnight incubation at room temperature. The absor-
bance of a well without cells was used as the background and subtracted from the
experimental values. Viability was also quantified by staining chromatin with
4�,6�-diamidino-2-phenylindole hydrochloride (DAPI) as previously described
(22, 45).

Adenovirus-mediated overexpression. An adenoviral expression vector encod-
ing c-Myc-tagged HDRP (Ad-HDRP) and a recombinant adenovirus expressing
green fluorescent protein (Ad-GFP) were used to infect 4- to 5-day-old granule
neuron cultures at a multiplicity of infection of 50. Briefly, serum-containing
medium was removed, saved, and replaced with serum-free HK medium con-
taining 4 �g/ml of hexadimethrin bromide (Sigma) and virus. Infection was
allowed to persist for 1 h before the cells were washed once and the original
serum-containing medium was added back. Treatments were performed 48 h
after infection. Infected neurons were detected by GFP fluorescence or by
positive staining for c-myc by immunocytochemistry procedures as described
previously (22). Cerebellar granule neurons positive for GFP or c-myc staining
were analyzed for viability by DAPI staining. For subcellular localization anal-
ysis, images were obtained using a Leica DM IRE2 confocal microscope.

RT-PCR. RNAs were extracted from cultured neurons by using Trizol (In-
vitrogen) according to the manufacturer’s instructions. RNAs were normalized,
and cDNAs were made from 5 �g RNA using the Thermoscript reverse trans-
criptase PCR (RT-PCR) system (Invitrogen) according to the manufacturer’s
instructions. PCR was performed with PCR master mix (Promega, Madison,
WI). The primers used for PCR amplification were as follows: rat GAPDH
forward, 5�-CCATCACCATCTTCCAGGAG-3�; rat GAPDH reverse, 5�-CCT
GCTCACCACCTTCTTG-3�; rat HDRP forward, 5�-AACTTGAAGGTGCGGT
CCA-3�; rat HDRP reverse, 5�-TTACAAATCCTGGAGCTAAAT-3�; rat HDAC9
forward, 5�-AAATCTATTGAACAACTGAAGCAACCAGGC-3�; rat HDAC9 re-
verse, 5�-AGCTCATTCCAAATGGTGTCACTGTCCACC-3�; rat �-actin for-
ward, 5�-AGGACTCCTATGTGGGTGACGA-3�; and rat �-actin reverse, 5�-CGT
TGCCAATAGTGATGACCTG-3�.

Western blotting. The culture medium was removed, and the cells were
washed twice with ice-cold phosphate-buffered saline (PBS) and lysed in lysis
buffer (1% Triton, 20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM sodium
EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophos-
phate, 1 mM Na3VO4, 1 �g/ml leupeptin, and one protease inhibitor tablet).
Protein concentrations were measured and normalized using the Bradford pro-
tein assay reagent (Bio-Rad, Hercules, CA). Following normalization, 40 �g of
protein was subjected to Western blotting as previously described (22, 45).
Immunoreactivity was examined by enhanced chemiluminescence (Amersham
Bioscience, Piscataway, NJ).

Immunoprecipitation. Cultured cells were treated accordingly and then
washed twice with ice-cold PBS followed by lysis in lysis buffer. Lysates were
centrifuged for 10 min at 10,000 � g at 4°C. The protein concentrations in
supernatant fractions were determined and normalized using the Bradford pro-
tein assay reagent (Bio-Rad). Equal amounts of protein were incubated over-
night with 1 �g of primary antibody at 4°C. Samples were then incubated with 20
�l protein A/G Plus-agarose (Santa Cruz) for 2 h at 4°C. Bead complexes were
pelleted by centrifugation at 1,000 � g for 5 min at 4°C and washed four times
with lysis buffer. Pellets were then resuspended in 3� SDS sample buffer, heated
for 5 min at 95°C, and subjected to Western blotting.

Antisense oligonucleotide treatment. Antisense DNA oligonucleotides were
designed against rat RNA transcript segments common to both HDAC9 and
HDRP. A control antisense oligonucleotide was generated with the same G/C
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content as the HDAC9-HDRP antisense DNA but with no appreciable homol-
ogy to any rodent transcripts in the NCBI database. All antisense oligonucleo-
tides were custom synthesized by Operon Biotechnologies (Huntsville, AL). To
inhibit degradation, the oligonucleotides were generated with phosphorothioate
linkages between the first three and last three nucleotides. The oligonucleotides
were conjugated to Texas Red to visualize cells that had taken up the DNA. The
sequences for the HDAC9-HDRP- and HDAC9-specific and control antisense
oligonucleotides referred to in the manuscript are 5�-GGATCCACCACAGGC
ATC-3�, 5�-CTACCGTCAGGGAGGCTA-3�, and 5�-GGTCCACACGTCGTA
GTC-3�, respectively. Antisense DNA was added directly to the medium of
4-day-old CGN cultures to a final concentration of 1, 2, or 4 �M. Cells were
maintained for 48 h, after which the medium was switched to serum-free HK or
LK medium containing antisense DNA at 1, 2, or 4 �M. After 24 h, cells were
washed twice with ice-cold PBS to remove noninternalized oligonucleotides, and
viability was assessed by DAPI staining.

JNK activity assay. For JNK activity assays, a JNK assay kit from Cell Signal-
ing Technology was used. The assay was performed in accordance with the
manufacturer’s instructions, with the exception of the reaction incubation time
and the ATP concentration. Briefly, culture medium was removed, and cells were
washed with ice-cold PBS and lysed with lysis buffer. Lysates were centrifuged for
10 min at 10,000 � g at 4°C. The protein concentrations in supernatant fractions
were determined and normalized using the Bradford protein assay reagent (Bio-
Rad). Immunoprecipitation with immobilized c-Jun-conjugated beads was per-
formed by adding 20 �l of the beads to normalized lysates. The mixture was
incubated overnight at 4°C with gentle agitation. Immune complexes were cen-
trifuged for 30 s at 10,000 � g at 4°C. Pellets were washed twice with lysis buffer
and twice with kinase buffer (Cell Signaling). The pellets were then resuspended
in 50 �l of kinase buffer containing 150 �M ATP and incubated for 12 min at
30°C. The addition of 25 �l of 3� SDS sample buffer stopped the reaction.
Samples were boiled for 5 min and subjected to Western blotting. Phosphoryla-
tion of c-Jun at serine 63 was visualized using a phospho-c-Jun antibody (Cell
Signaling).

ChIP. Chromatin immunoprecipitation (ChIP) assays were carried out using a
kit from Upstate Cell Signaling Solutions and the protocol provided by the
manufacturer. Briefly, the neuronal cultures were fixed by the addition of form-
aldehyde to a final concentration of 1% and incubated for 10 min at 37°C. The
medium was aspirated, and cells were washed twice with ice-cold PBS. Cells were
then harvested, pelleted by centrifugation at 800 � g for 5 min (all centrifugation
steps in this assay were performed at 4°C), and lysed in 200 �l SDS lysis buffer
per 106 cells (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.1). Each 200-�l aliquot
of lysate was sonicated with 3 pulses of 12 seconds at 30% power. Samples were
diluted 1:10 in ChIP dilution buffer (Upstate Cell Signaling Solutions) and
precleared with protein A beads containing salmon sperm DNA (Upstate Cell
Signaling Solutions). Acetylated histone H3 was then immunoprecipitated and
washed with a low-salt wash (Upstate Cell Signaling Solutions), a high-salt wash
(Upstate Cell Signaling Solutions), a lithium chloride wash (Upstate Cell Sig-
naling Solutions), and two washes with Tris-EDTA buffer (Upstate Cell Signal-
ing Solutions). The histone complex was eluted by the addition of 250 �l of
elution buffer (1% SDS, 0.1 M NaHCO3). The immune complex was spun down
at 800 � g for 2 min, and a second cycle of elution was repeated. Histone-DNA
cross-links were reversed by adding 20 �l of 5 M NaCl and incubating the mixture
at 65°C for 4 h. Protein was degraded by the addition of 10 �l EDTA, 20 �l 1 M
Tris-HCl, pH 6.5, and 20 �g of proteinase K followed by incubation for 1 h at
45°C. Samples were then phenol-chloroform extracted (with yeast tRNA as a
carrier), and nucleic acids were precipitated with ethanol, washed with 70%
ethanol, and subjected to PCR. The primer sequences used to detect the rat
c-Jun promoter (3) correspond to a region that extends from the transcription
start site and terminates at the �504 position and are as follows: forward,
5�-TGTAACCTCTACTCCCACCCA-3�; and reverse, 5�-TCTGAGTCCTTAT
CCAGCCTG-3�.

UV light induction of apoptosis in HeLa cells. HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% newborn calf serum, 50
U/ml penicillin, and 50 �g/ml streptomycin in 60-mm dishes. Cells were infected
with Ad-HDRP or Ad-GFP, and expression was allowed to persist for 48 h. The

FIG. 1. Effect of pharmacological inhibition of HDAC activity on neuronal survival. (A) Neuronal cultures were treated with HK medium
containing different concentrations of TSA, HDACi, and sodium butyrate (NaB). Survival was determined using the MTT assay 24 h after
treatment (means � standard deviations [SD]; n 	 3). All TSA-, HDACi-, and NaB-treated cultures showed a significant decrease in viability
compared to HK cultures (P 
 0.05). (B) To examine if HDAC inhibitors exhibit toxicity, cultured neurons were treated in HK medium with 5
�M TSA, 50 �M HDACi, or 100 �M NaB for 6 h and then switched to HK medium without inhibitors. Survival was determined by the MTT assay
(means � SD; n 	 3). HDAC inhibitor addition resulted in significant reductions in neuronal survival compared to HK cultures (P 
 0.05).
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medium was removed and replaced with 2 ml of warm PBS. Cells were then
irradiated with 20 J/m2 of UV light using a UV cross-linker (Fisher, Hampton,
NH). The PBS was aspirated, the original medium was added back, and cells
were incubated for 1 h before lysates were harvested. Western blotting was
performed, and the membrane was probed with both c-Jun and phospho-JNK
antibodies.

In vitro HDRP-JNK binding assay. To further characterize the interaction
between HDRP and JNK1, -2, and -3, binding assays were performed by using
full-length HDRP, partial HDRP domains translated in vitro, and bacterially
expressed GST-JNK1, -2, and -3 proteins. GST-JNK1, -2, and -3 fusion proteins
were expressed in Escherichia coli strain BL21 by adding 0.2 mM IPTG (isopro-
pyl-�-D-thiogalactopyranoside) and were purified by being conjugated to gluta-
thione-Sepharose beads (Sigma-Aldrich) according to the manufacturer’s in-
structions. After extensive washing steps, immobilized fusion proteins on
glutathione-agarose beads were directly used for in vitro binding assays without
elution. In vitro-synthesized HDRP protein and the N and N1 domains were
synthesized with [35S]methionine (MP Biomedicals, Inc., Irvine, CA) by using a
TNT coupled lysate system (Promega). Five to 10 �g of GST or GST-fused
JNK1, -2, and -3 immobilized on glutathione-Sepharose beads was incubated
with 5 to 10 �l of 35S-labeled HDRP proteins in binding buffer (200 mM NaCl,
20 mM Tris-Cl, pH 7.6, 1 mM EDTA) for 3 h at 4°C and washed three times with
the same buffer. After removal of the washing buffer, protein complexes were
eluted by boiling with 20 to 40 �l of 2� SDS sample buffer (100 mM Tris-Cl, pH
6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and 200 mM beta-mercap-
toethanol) and then separated by SDS-polyacrylamide gel electrophoresis. Sep-

arated protein bands were detected by exposing dried gels to BioMax X-ray film
(Eastman Kodak, Rochester, NY).

Statistical analysis. All graphs present mean values for data obtained from
two or more separate experiments. Standard deviations were used to determine
error bars for experiments with three or more replicates. Statistical significance
for all data sets was determined by using the unpaired t test, where P values of

0.05 were deemed significant.

RESULTS

Induction of neuronal apoptosis by treatment with HDAC
inhibitors. Granule neurons harvested from the postnatal rat
or mouse cerebellum survive in medium containing depolariz-
ing levels of potassium (HK medium). The lowering of potas-
sium to nondepolarizing levels (LK medium) induces apoptosis
(12). In this commonly used paradigm of neuronal apoptosis,
commitment to cell death occurs within 6 h of LK treatment,
although cell death itself is not evident until about 12 h (2).
The survival-promoting effect of HK mimics the well-estab-
lished need for electrical activity in the survival of several
neuronal populations in vivo during nervous system develop-
ment. In view of the findings of other investigators showing

FIG. 2. Expression of HDRP and other deacetylases during neuronal apoptosis. (A, B, and D) RT-PCR analysis was used to determine the
RNA expression of indicated genes from cultures treated for 6 h with HK or LK medium. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and �-actin were used to demonstrate that similar quantities of sample were used. (C) HDAC9 protein expression in neuronal cultures subjected
to time course treatment with HK or LK medium. Lysates were obtained from cultures treated for 0 (untreated), 1, 6, and 12 h with either HK
or LK medium. Western blotting was performed, and the resulting membrane was probed with an HDAC9 antibody, followed by an �-tubulin
antibody to confirm equal protein loading. HDRP-infected neuronal lysates served as a positive control for HDRP expression, while 3T3
cytoplasmic extract served as a negative control.
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that pharmacological inhibitors of HDACs protect against
neurodegeneration in certain in vivo and in vitro experimental
paradigms (13, 19, 36), we examined whether LK-induced neu-
ronal apoptosis could be prevented by HDAC inhibition.
HDAC inhibitors failed to prevent LK-induced neuronal death
(data not shown). On the contrary, HDAC inhibitors blocked
the ability of HK medium to maintain neuronal survival. The

utilization of three structurally distinct HDAC inhibitors ar-
gues against the possibility that the induction of neuronal
death was due to an effect other than HDAC inhibition (Fig.
1A). This result is consistent with those of other investigators
using cultured cerebellar granule neurons (4, 37). Since it was
possible that long-term treatment with HDAC inhibitors was
toxic and could thus mask potential neuroprotective efficacy,
we treated neuronal cultures with HDAC inhibitors in HK
medium for only 6 h, after which the cultures were washed and
the medium replaced with HK medium without the inhibitor.
While no signs of degeneration were evident at 6 h, the neu-
rons that were treated with the inhibitors died to a similar
extent as those that received the drug for the entire 24-h period
(Fig. 1B). Substantial cell death was also observed after a mere
4 h of exposure to HDAC inhibitors (data not shown), indi-
cating that commitment to death occurred within 4 to 6 h.

Decreased expression of HDRP and HDAC9 during neuro-
nal apoptosis. Since treatment with HDAC inhibitors in HK
medium blocked neuronal survival, it was possible that apop-
tosis induced by stimuli such as LK treatment was caused by a
downregulation of HDAC function. We investigated this pos-
sibility by initially performing RT-PCR analysis to examine the
expression of class I and class II HDACs in healthy neurons
and neurons primed to die by LK treatment. As shown in Fig.
2A, the expression of two class II HDACs, HDAC9 and
HDAC5, was reduced by LK treatment. HDAC9 is known to
be expressed in two major forms, a form containing an HDAC
domain (henceforth referred to as HDAC9) and a truncated
form lacking the HDAC domain, called HDRP/MITR (here-
after referred to as HDRP), that is generated as a result of
alternative splicing (32, 48). While mRNAs encoding both
forms are downregulated by LK treatment, the reduction of
HDRP expression occurs more rapidly and to a greater extent
than that of HDAC9 (Fig. 2B). This pattern of downregulation
was also seen at the protein level (Fig. 2C). We also examined
the expression of the various SIRT genes, which comprise the
third deacetylase gene family. Although all seven SIRT genes
are expressed in neurons, their expression was not significantly
changed by LK treatment (Fig. 2D). Also, treatment of neu-

FIG. 3. Effects of HDAC inhibition on HDAC mRNAs. Cultured
CGNs were treated with HK medium, HK medium with 5 �M TSA, or
HK medium with 2 mM NaB for 6 h. RNA levels for HDAC family
members were determined using primers specific for individual HDAC
members by RT-PCR. The levels of GAPDH were measured to ensure
equal sample loading.

FIG. 4. Survival of neurons exhibiting altered HDAC9 or HDRP expression. (A) Neuronal cultures were infected with Ad-HDRP (Myc tagged)
or Ad-GFP. Cells were then treated with HK or LK medium for 24 h, and the viability of infected cells was examined by immunocytochemistry
and DAPI staining (means � SD; n 	 3). �, P � 0.05 for comparison with HDRP-LK. (B) Cerebellar granule neuron cultures were obtained from
wild-type (�/�) and HDAC9/HDRP knockout (�/�) mouse littermates and treated for 24 h with either HK or LK medium. The proportions of
cells that were apoptotic, as judged by condensed or fragmented nuclei based on DAPI staining, were then determined (means � SD; n 	 3). �,
P 
 0.05 for comparison with wild-type cells in LK medium; ��, P 
 0.05 for comparison with �/� cells in HK medium. (C) HDAC9�/� and �/�
mice were obtained as in panel B and infected with Ad-HDRP or Ad-GFP. Neurons were then treated with HK or LK medium for 24 h, and the
viability of infected neurons was assessed by immunocytochemistry.
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ronal cultures with nicotinamide (doses of 0.1 to 1 mM), which
inhibits the activity of SIRTs with a 50% inhibitory concentra-
tion of 50 �M, had no effect on neuronal survival in HK or LK
medium (data not shown).

We also examined the effect of treatment with HDAC in-
hibitors on expression of the various HDAC genes. As shown
in Fig. 3, treatment with both trichostatin A (TSA) and sodium
butyrate (NaB) reduced HDRP expression. Interestingly, the
expression of HDAC9 was not discernibly reduced by these
inhibitors. Similarly, with the exception of HDAC7 expression,
which was reduced by pharmacological HDAC inhibition, the
expression of the other HDAC mRNAs was not altered to a
significant extent (Fig. 3).

HDRP is involved in promoting the survival of cultured
neurons. To determine whether the reduction of HDRP and
HDAC9 expression in neurons was correlative with or caus-
ative of neuronal death, we overexpressed HDRP in neuronal
cells and examined if the presence of HDRP was neuropro-
tective. We focused initially on HDRP because its downregu-
lation was more robust and because it was a smaller protein
lacking an HDAC domain. As shown in Fig. 4A, the forced
expression of HDRP using an adenoviral expression vector
completely blocked LK-induced cell death, while cultures in-
fected with a GFP-adenovirus construct and treated with LK
showed an average viability of 59.4%. Since HDAC5 shares
sequence similarity with HDAC9, is also expressed highly in
the brain, and is downregulated by LK treatment, we examined
whether its forced expression would also be protective. In
contrast to HDRP, however, HDAC5 did not display any neu-
roprotection (N. Majdzadeh and S. R. D’Mello, unpublished
observation).

To confirm that HDRP was involved in maintaining neuro-
nal survival, we cultured cerebellar granule neurons from
HDAC9 knockout mice (both forms are missing in the knock-
out mice) and wild-type littermates. While the HDAC9�/�

neurons survived in vitro, switching them to either HK or LK
medium resulted in decreased survival, at 90.4 and 45.7%,
respectively, compared to neurons from wild-type littermates,
at 100% for HK medium and 63.0% for LK medium (Fig. 4B).
To verify that the increased vulnerability of HDAC9�/� mice
was cell intrinsic and solely due to the absence of HDRP, we
reexpressed HDRP in these mutant neurons by infection with
Ad-HDRP. As shown in Fig. 4C, forced expression of HDRP
abolished the increased susceptibility and protected HDAC9�/�

neurons from LK-mediated death.
The higher vulnerability displayed by HDAC9�/� neurons

confirms a role for HDRP in promoting neuronal survival. It is
likely that compensation by other class II HDAC proteins
masks the full role of HDRP in promoting neuronal survival.
To examine this issue, we analyzed whether the expression of
any other member of the HDAC family was upregulated in
HDAC9�/� neurons treated with HK or LK medium. As
shown in Fig. 5, the expression profiles of other HDACs re-
mained unaltered, suggesting that compensatory effects by
other class II HDACs in HDAC9�/� neurons may be mediated
at the level of protein-protein interaction rather than by in-
creased expression of other HDAC family members.

To examine whether forced downregulation of HDRP ex-
pression also inhibited neuronal survival, we utilized antisense
oligonucleotides. As shown in Fig. 6 (upper panels), treatment

with antisense oligonucleotides that reduce the expression of
both HDRP and HDAC9 also reduces neuronal viability. The
maximum effect of HDAC9/HDRP knockdown was seen at an
oligonucleotide concentration of 4 �M, where survival was
reduced by 25.3% and 24.3% for HK and LK cultures, respec-
tively. In contrast to HDRP, selective suppression of HDAC9
using an antisense oligonucleotide that does not affect HDRP
expression (corresponding to the 3� end of HDAC9 mRNA,
which is missing in HDRP mRNA) does not affect neuronal
survival (Fig. 6, lower panels). Thus, HDRP, but not HDAC9,
is of importance to neuronal survival.

Neuroprotection by HDRP is mediated in the nucleus.
HDRP lacks the nuclear export signal that has been mapped to
the HDAC domains of other class II members (40, 47, 48). Not
unexpectedly, therefore, HDRP localizes predominantly to the
nucleus in a variety of cell types (47). In neurons maintained in
HK medium, however, adenovirally expressed HDRP was
abundant in the cytosol (Fig. 7). Upon LK treatment, HDRP
was found almost exclusively within the nucleus (Fig. 7). In
myoblasts, HDRP and other class II HDACs are phosphory-
lated by CaMK (28, 30, 31). In the case of HDAC4 and
HDAC5, inhibition of CaMK prevents their export from the
nucleus (28, 30, 31). It is well established that in neurons,
membrane depolarization results in an influx of calcium
(Ca2�) through L-type voltage-gated calcium channels, which

FIG. 5. Expression of HDAC family members in HDAC9�/� neu-
ronal cultures. The RNA expression of each HDAC family member
was analyzed by RT-PCR, using specific primers. GAPDH RNA levels
were measured to ensure equal sample loading.
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in turn activates CaMK (15, 39). To test whether the cytoplas-
mic localization of HDRP in HK-treated neurons was CaMK
dependent, we used KN-62, a highly selective pharmacological
inhibitor of CaMK. As shown in Fig. 8, in neuronal cultures
treated with KN-62, HDRP localized to the nucleus even in
HK medium. Interestingly, CaMK inhibition had no effect on
HDRP-mediated neuroprotection, although it did reduce HK-
mediated neuronal survival (Fig. 8). Since HDRP was in the
nucleus in the presence of KN-62 and neuronal viability was
still intact, our results suggest that neuroprotection by HDRP
does not require cytoplasmic localization and is CaMK inde-
pendent.

Neuroprotection by HDRP does not require MEK-ERK or
PI 3-kinase–Akt signaling. The best studied antiapoptotic
pathway in neurons is the phosphatidylinositol 3-kinase (PI
3-kinase)–Akt pathway. An important event in this pathway is
the phosphorylation of Akt, which leads to its activation. Once
activated, Akt phosphorylates a number of proapoptotic mol-
ecules, including the Bcl-2 protein BAD and glycogen synthase
kinase 3 (GSK-3), leading to their inactivation (7). However,
neither the reduced phosphorylation of Akt nor the increased

phosphorylation of Gsk3� that normally results following LK
treatment was affected by forced expression of HDRP (Fig. 9).
These results suggest that HDRP does not activate the PI
3-kinase–Akt pathway. Supporting this conclusion is the find-
ing that the pharmacological inhibition of this pathway using
the highly selective PI 3-kinase inhibitor wortmannin or the
Akt inhibitor ML-9 has no effect on HDRP-mediated neuro-
protection (see Fig. S1 in the supplemental material).

Another antiapoptotic signaling pathway is the Raf-MEK-
ERK pathway (18). LK treatment caused a reduction in the
phosphorylation of MEK and ERK (Fig. 9A). The reduction in
MEK or ERK phosphorylation was not prevented by HDRP
expression. Also, treatment with two structurally distinct and
highly selective MEK inhibitors, U0126 and PD98059 (see Fig.
S1 in the supplemental material), had no effect on HDRP-
mediated neuroprotection, arguing against the need for the
Raf-MEK-ERK signaling pathway.

Ectopic HDRP inhibits c-Jun transcription and phosphory-
lation via interaction with HDAC1 and JNK. Several studies
have shown that the induction of neuronal apoptosis in vivo or
in culture requires the activation of c-Jun (16, 44). Activated

FIG. 6. Antisense oligonucleotide-mediated suppression of HDRP and HDAC9 expression. Cultured neurons were pretreated (for 48 h) with
antisense or control oligonucleotide DNA (conjugated to the Texas Red fluorochrome) by direct addition to the medium at the indicated
concentrations. The culture medium was then switched to HK or LK medium containing antisense oligonucleotides at the indicated concentrations.
The graphs show neuronal viability in HK or LK medium, expressed as percentages of the viability with control oligonucleotide. Survival was
determined by examining the DAPI staining pattern of Texas Red-positive cells (means � SD; n 	 3). Asterisks indicate statistical significance
(P 
 0.05) compared with the corresponding control oligonucleotide at the given concentrations. Lysates from cultures treated with control (C) or
antisense (AS) oligonucleotide were also analyzed by Western blotting using antibodies against HDAC9/HDRP, HDAC5 (to ensure the specificity
of the antisense oligonucleotide), and tubulin (for equality of loading). (Top panels) Results of viability assays and Western blot analysis using an
antisense oligonucleotide that binds both HDRP and HDAC9. (Bottom panels) Results using an antisense oligonucleotide specific for HDAC9.
No concentration of HDAC9 antisense treatment showed a significant difference in viability compared to the control oligonucleotide.
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c-Jun stimulates its own transcription, leading to its increased
expression. As shown in Fig. 9A, forced expression of HDRP
prevents the stimulation of c-Jun phosphorylation and expres-
sion. We extended our analysis to neuronal cultures prepared
from HDAC9�/� mice. The basal levels of c-Jun mRNA and
protein were not substantially different in HDAC9-deficient
neurons from those in wild-type cultures (data not shown),
likely reflecting the relatively small difference in the vulnera-
bilities of these neurons in culture. LK treatment of these
neurons increased c-Jun expression and phosphorylation (Fig.
9B). As observed with wild-type neurons, forced expression of
HDRP in HDAC9�/� neurons inhibited the LK-mediated
stimulation of c-Jun.

Phosphorylation by c-Jun is mediated by JNK, and the re-
quirement for JNK in neuronal apoptosis is well documented
(6, 23, 43). Three JNK proteins are expressed in mammalian
cells, namely, JNK1, JNK2, and JNK3 (45, 46). In most cell
types, JNK1 is expressed predominantly as a 46-kDa protein.
JNK2 and JNK3 exist as 46- and 54-kDa proteins due to alter-
native splicing at the C terminus. Since c-Jun phosphorylation
was inhibited by HDRP, it was likely that HDRP inhibited JNK

activity. Western blot analysis confirmed that LK-induced JNK
phosphorylation was reduced in Ad-HDRP-infected neurons
(Fig. 10A). The reduction in phosphorylation was restricted to
the 54-kDa form of JNK, suggesting that JNK2 and/or JNK3
was the target of HDRP inhibition. HDRP-mediated inhibi-
tion of JNK was confirmed in activity assays using immuno-
precipitated JNK, with c-Jun as a substrate (Fig. 10B). To
examine whether the inhibition of c-Jun by HDRP also oc-
curred in nonneuronal cell types, we extended our studies to
HeLa cells. As shown in Fig. 10C, the stimulation of c-Jun
expression and phosphorylation that normally occurs after ex-
posure to UV radiation was reduced in HeLa cells by HDRP.
As observed in apoptotic neurons, HDRP also prevented the
induction of JNK phosphorylation in HeLa cells. Once again,
reduction was more pronounced with the 54-kDa form of JNK.

To examine the mechanism by which HDRP regulates JNK
activity, we examined whether the two proteins associated
physically. As shown in Fig. 11A, HDRP coimmunoprecipi-
tated with JNK in CGNs. Furthermore, HDRP was pulled down
by c-Jun-conjugated beads from Ad-HDRP-infected CGNs
(Fig. 11B). Since the c-Jun beads pulled down JNK (Fig. 10B),

FIG. 7. Subcellular localization of HDRP. Cultured neurons were infected with Ad-HDRP (c-Myc tag) before replacement of the medium with
HK or LK medium. After 24 h of treatment, the localization of adenovirally expressed HDRP was visualized using a c-Myc antibody and a Texas
Red-conjugated secondary antibody (red). Chromatin was stained with Syto 13 (green) to visualize nuclei. (A) Representative images of neurons
expressing exogenous HDRP in HK and LK medium. (B) Subcellular localization of HDRP quantified in neurons treated with HK and LK medium
(means � SD; n 	 3). “N only” refers to the nucleus only, while “N � C” denotes nuclear and cytoplasmic localization. �, P 
 0.05 for comparisons
between both HK populations and between both LK populations.
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this result shows that HDRP, JNK, and c-Jun are all part of a
protein complex. To verify that HDRP interacts with JNK and
to identify the form(s) of JNK involved in this interaction, we
expressed JNK1, JNK2, and JNK3 as GST fusion proteins and
used them in binding assays with in vitro-translated and 35S-
labeled HDRP. As shown in Fig. 11C, full-length HDRP in-
teracted with JNK3 but bound to only a modest extent with
JNK2. A substantial interaction between JNK1 and HDRP was
also observed. Using two deletion mutants of HDRP spanning
amino acids 1 to 343 and 175 to 343, we have mapped the JNK
interaction site to the region between residues 175 and 343 of
HDRP (Fig. 11C). Neither of the two deletion constructs dis-
played significant binding to JNK1. This finding, along with the
cytoplasmic localization of JNK1, suggests that JNK3 is the
primary target of HDRP-mediated JNK inhibition.

Besides affecting c-Jun phosphorylation, HDRP also inhib-
ited the LK-induced increase in c-Jun expression (Fig. 9A). It
is well established that once activated, c-Jun stimulates its own

transcription. Gene transcription is often regulated at the level
of histone acetylation at the promoter. To examine if the in-
hibition of c-Jun expression by HDRP was associated with a
reduction of promoter acetylation, we performed ChIP assays.
As shown in Fig. 12A, histone H3 acetylation was readily detect-
able in cultures expressing GFP and treated with HK medium.
The extent of acetylation was higher in LK medium, consistent
with the higher level of c-Jun gene transcription. Forced HDRP
expression reduced the extent of c-Jun promoter-associated acet-
ylation under both LK and HK conditions. Since HDRP has no
intrinsic HDAC activity, the inhibition of histone H3 acetyla-
tion at the c-Jun promoter is likely to involve another HDAC
protein. Indeed, HDRP has been shown to acquire deacetylase
activity by recruitment of HDAC1 or HDAC3 (48). We found
that HDRP is pulled down with an antibody that immunopre-
cipitates HDAC1 (Fig. 11A). In contrast, an association be-
tween HDRP and HDAC3 could not be detected (data not
shown). Consistent with HDAC1 involvement in HDRP-me-

FIG. 8. Effect of Ca2�/calmodulin-dependent protein kinase II inhibitor KN-62 on exogenous HDRP localization. Neuronal cultures were
infected with Ad-HDRP (c-Myc tag) and then treated with HK medium or HK medium with 50 �M KN-62 for 24 h. HDRP was visualized with
a c-Myc antibody and a Texas Red-conjugated secondary antibody (red). Nuclei were detected using the chromatin stain Syto 13 (green).
(A) Representative images of neurons infected with Ad-HDRP and treated with HK medium or HK medium with KN-62. (B) The subcellular
localization of exogenous HDRP was tabulated, and results from three independent experiments are shown in the graph (means � SD). “N only”
refers to the nucleus only, while “N � C” denotes nuclear and cytoplasmic localization. �, P 
 0.05 for comparison between both HK and KN-62
populations; ��, P 
 0.05 for comparison between both HK-only populations.
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diated c-Jun promoter repression is the finding that HDAC1
associates with the c-Jun promoter (Fig. 12B). The interaction
was increased substantially in LK-treated cultures upon forced
expression of HDRP, suggesting that neuroprotection by

HDRP is mediated by the recruitment of HDAC1 to the c-Jun
promoter, permitting histone deacetylation of the promoter.
Since HDRP also interacts with JNK, our results suggest that
HDRP, JNK, and HDAC1 are part of a complex. Supporting

FIG. 9. Signaling mechanisms involved in HDRP-mediated neuroprotection. (A) Effect of HDRP expression on various signaling proteins.
Neuronal cultures infected with the Ad-HDRP or Ad-GFP expression vector were treated with HK or LK medium for 3 h, and protein extracts
were prepared and subjected to Western blot analysis using different antibodies sequentially on the same membrane. Equal protein loading was
confirmed by probing the membrane with �-tubulin antibody. (B) c-Jun expression in HDAC9�/� neuronal cultures during forced expression of
HDRP. Neuronal cultures were prepared from HDAC9�/� mice and infected with Ad-HDRP or Ad-GFP. Cells were then treated with HK or
LK medium for 3 h. (Top panel) RNAs were extracted from treated neurons, and RT-PCR was performed using primers specific to the c-Jun
transcript. Equal sample loading was ensured by examining GAPDH levels. (Bottom panel) Cellular protein was extracted from treated neurons,
and Western blotting was performed. The membrane was then probed with antibodies against c-Jun and HDAC9. Equal protein loading was
confirmed by probing the membrane with �-tubulin antibody.

FIG. 10. HDRP expression inhibits JNK phosphorylation and activity. (A) Neurons were infected with Ad-GFP or Ad-HDRP and treated with
HK or LK medium for 3 h. Whole-cell lysates were obtained, Western blot analysis was performed using a phospho-JNK (T183/Y185) antibody,
and an �-tubulin antibody was used to confirm equal protein loading. (B) JNK activity (upper panel) was assayed in neuronal cultures infected with
Ad-HDRP or Ad-GFP and treated with HK or LK medium for 30 min. A truncated c-Jun–GST fusion peptide (c-Jun residues 1 to 89) conjugated
to glutathione-Sepharose beads was used to immunoprecipitate JNK and also to act as a substrate in an in vitro kinase reaction using an antibody
specific for c-Jun phosphorylated at Ser63. The specificity of JNK activity in the reaction was assessed by using controls in which the kinase reaction
was performed in the presence of 20 �M of JNK inhibitor peptide (C1) or with agarose-beads alone (C2; no c-Jun substrate). The membrane was
stripped and probed with phospho-JNK (T183/Y185) antibody to determine if active JNK was pulled down in the kinase assay (lower panel).
(C) HeLa cells were infected with Ad-HDRP or Ad-GFP and subjected to UV light 48 h later. After exposure to UV light, the cells were incubated
for 1 h, lysed, and subjected to Western blotting. The blot was probed with antibodies specific for c-Jun as well as phospho-JNK (T183/Y185).
Sample size equality was confirmed using an �-tubulin antibody.
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this conclusion, we found that immunoprecipitation of neuro-
nal lysates with an HDAC1 antibody pulls down JNK (Fig.
12C). Consistent with our previous observation indicating that
JNK3 is the target of HDRP, HDAC1 also bound primarily to
the 54-kDa form of JNK (Fig. 12C).

If HDAC1-mediated histone deacetylation at the c-Jun pro-
moter is important for neuroprotection by HDRP, treatment
with HDAC inhibitors would reduce the neuroprotective effi-
cacy of HDRP. As shown in Fig. 13, treatment with either TSA
or sodium butyrate did inhibit the neuroprotection conferred
by HDRP. Interestingly, we have observed that TSA and
HDAC inhibitor 1 (HDACi) cause an atypical form of chro-
matin condensation not seen following neuronal responses to
several other forms of apoptotic stimuli (Fig. 13B). Further-
more, the nuclear fragmentation that is a normal feature of
apoptotic death did not occur following treatment with either
of the HDAC inhibitors. Since the partial pattern of nuclear
condensation was not entirely conclusive, we verified our re-
sults using another well-established assay of cell viability. The
MTT assay confirmed that HDAC inhibitors do indeed prevent
HDRP-mediated neuronal survival in LK medium (Fig. 13C).

DISCUSSION

Although several HDACs are expressed at high levels in the
brain, their role in brain function has not been explored. We
show here that HDRP is involved in the promotion of neuronal
survival. Our conclusion is based on the following findings.
HDRP expression is downregulated in apoptotic neurons, and
this occurs prior to the time at which these neurons become
irreversibly committed to death. Neurons cultured from mice
lacking HDRP are more vulnerable to LK-induced apoptosis.
Similarly, antisense oligonucleotide-mediated downregulation
of HDRP expression induces apoptosis in HK medium and
increases the extent of cell death in LK medium. Finally,
forced expression of HDRP completely prevents LK-induced
neuronal death. This is the first report demonstrating the in-
volvement of HDRP (or any other specific HDAC protein) in
promoting the survival of neurons. The human HDAC9 gene is
located at 7p21.1, a region implicated in neurological disorders
and a variety of cancers, including peripheral nerve sheath
tumors (20, 26, 33, 38, 41). In cancers involving chromosomal
region 7p, tumor progression is associated with a gain of a

FIG. 11. Association of HDRP with JNK, HDAC1, and c-Jun complexes. (A) JNK (JNK1, -2, and -3), HDAC1, and HDRP were immuno-
precipitated from Ad-HDRP-infected neurons treated for 3 h in HK or LK medium. Immunoprecipitates were subjected to Western blotting, and
the membrane was probed with c-Myc antibody for the detection of exogenous HDRP. A bead-only control (C) was used to confirm the fidelity
of the immunoprecipitation. (B) Truncated c-Jun–GST conjugated to glutathione-Sepharose beads was used to immunoprecipitate exogenous
HDRP from Ad-HDRP-infected neuronal lysates that were treated with HK or LK medium for 3 h. Western blotting was performed on the
immunoprecipitate using a c-Myc antibody to detect exogenous HDRP. The specificity of the interaction was confirmed using glutathione-
Sepharose beads in place of the c-Jun beads. (C) For in vitro binding assays, p54 isoforms of JNK1-, JNK2-, and JNK3-GST fusion proteins were
conjugated to glutathione-Sepharose beads and incubated with [35S]methionine-labeled HDRP and HDRP N (1–343) and N1 (175–343) domains.
Associated proteins were resolved by SDS-polyacrylamide gel electrophoresis followed by autoradiography. 35S-labeled HDRP and the N and N1
domains interacted with immobilized GST-JNK1, -2, and -3 but not with the negative control, glutathione-Sepharose resin (beads). The input lane
represents 10% of the [35S]methionine-labeled protein that was added to each reaction and serves as a reference marker.
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genomic region (38), consistent with the possibility that in-
creased HDAC9/HDRP expression might have a prosurvival
or antiapoptotic effect. Supporting such a role is the observa-
tion that HDAC9 and HDRP expression is upregulated in
several cell lines and tumors (32). In the context of neuropro-
tection, HDRP is likely to be of particular significance. Sup-
porting such a conclusion is our finding that selective suppres-
sion of HDAC9 expression has no effect on neuronal survival.
Also, neuronal death induced by treatment with HDAC inhib-
itors reduces HDRP expression without an appreciable effect
on the expression of HDAC9.

Results from studies using pharmacological inhibitors of
HDACs have provided contradictory conclusions. While the
administration of HDAC inhibitors protects against neurode-
generation in Drosophila and mouse models of Huntington’s
disease, the same inhibitors actively kill certain types of neu-
rons in culture, such as cerebellar granule neurons (5, 13,
35–37). One possibility to reconcile these findings is that while
some HDAC members, such as HDRP, have prosurvival ef-
fects, other HDAC proteins may be proapoptotic. Our finding
that HDRP is a neuroprotective protein, along with reports by
other investigators showing that HDAC4 and HDAC5 have
proapoptotic effects in neurons, is consistent with such a pos-
sibility (1, 27). Because the currently available HDAC inhibi-
tors block the activities of all HDAC proteins, whether these
compounds are neuroprotective or neurotoxic could depend,
at least in part, on the relative abundances of different HDAC
family members in the specific cell type.

HDRP and other class II HDACs have been most exten-
sively studied in the context of muscle differentiation, where
they play an inhibitory role by repressing the activity of MEF2
within the nucleus. The phosphorylation of these HDACs by
CaMK or protein kinase D results in their dissociation from
MEF2, permitting MEF2 to activate the transcription of myo-
genic genes. In the case of HDAC4 and HDAC5, phosphory-
lation induces their translocation out of the nucleus. A similar

phosphorylation of HDRP only relocalizes it within the nu-
cleus, presumably because it lacks a nuclear export sequence
(47). In contrast to the case in muscle cells, adenovirally ex-
pressed HDRP is found abundantly in the cytosol in neurons
maintained in HK medium but translocates to the nucleus
following LK treatment. The mechanism by which HDRP is
transported to the cytosol in HK medium is unclear, but it
depends on CaMK activity, as inhibition of this kinase restricts
HDRP to the nucleus. It has been previously established that
HK treatment activates CaMK in neurons and that this acti-
vation is required for depolarization-mediated neuronal sur-
vival (15). Although preventing its translocation to the cytosol,
the inhibition of CaMK does not inhibit the ability of HDRP to
maintain neuronal survival. Thus, neuroprotection by HDRP is
mediated in the nucleus.

The roles of the PI 3-kinase–Akt and Raf-MEK-ERK path-
ways in the promotion of neuronal survival are well estab-
lished. We found that forced expression of HDRP does not
activate either of these pathways and that inhibition of these
pathways does not reduce the ability of HDRP to provide
neuroprotection. How, then, does HDRP prevent LK-induced
neuronal death? We found that HDRP inhibits c-Jun, a tran-
scription factor that is necessary for apoptosis in a variety of in
vitro and in vivo paradigms of neuronal death (17). Activation
of c-Jun in neurons requires its phosphorylation by JNK. We
found that HDRP associates with JNK and that JNK activity is
reduced when HDRP is overexpressed, explaining the inhibi-
tion of c-Jun by HDRP. Exposure of cells to UV radiation is
known to stimulate JNK, leading to the induction of c-Jun
activity. As observed with LK treatment of neurons, the stim-
ulation of JNK and c-Jun by UV exposure of HeLa cells is also
blocked by HDRP. In contrast to JNK1, which is cytoplas-
mic in neurons, JNK2 and JNK3 translocate to the nucleus,
where they phosphorylate c-Jun (10). Since neuroprotection by
HDRP occurs in the nucleus, the target of HDRP is thus likely
to be JNK2 or JNK3. Consistent with this conclusion is the

FIG. 12. Histone H3 acetylation and HDAC1 interaction at the c-Jun promoter. (A) ChIP assays were performed with neurons infected with
Ad-HDRP or Ad-GFP. Expression persisted for 48 h before cells were treated with HK medium, LK medium, or LK medium with TSA (1 �M)
for 3 h. Following fixation of the cultured neurons and sonication of DNA, an acetyl histone H3 antibody was used to immunoprecipitate acetylated
chromatin. PCR was then performed using primers that amplify a 504-bp fragment of the c-Jun promoter (top panel). Aliquots of cell lysate were
also taken before histone immunoprecipitation, the DNA was purified, and the c-Jun promoter was amplified by PCR and used as DNA input
(center panel). A second immunoprecipitation was performed in tandem from the same fixed and sonicated lysates to determine the efficacy of
acetyl-H3 being pulled down. Immune complexes were subjected to Western blotting, and the resulting membrane was probed with acetyl-H3
antibody (bottom panel). Rat tail genomic extract was used as a positive control (PC) for PCR. Immunoprecipitation was also performed with a
nonhistone binding antibody of the same isotype (NC) to further verify the specificity of the bands. (B) ChIP assays were performed and are
displayed as in panel A, with the exception that HDAC1 antibody was used to immunoprecipitate the sonicated chromatin. HDAC1 interaction
with the c-Jun promoter was quantified by PCR (top panel). (C) JNK (JNK1, -2, and -3) and HDAC1 were immunoprecipitated using antibodies
of rabbit origin from Ad-HDRP-infected or uninfected neurons and treated with HK or LK medium for 3 h. Immunoprecipitates were subjected
to Western blotting, and the membrane was probed with a phospho-JNK (T183/Y185) antibody of mouse origin to prevent the detection of IgG
heavy and light chains from immunoprecipitated antibodies.
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finding that HDRP inhibits the 54-kDa form of JNK, which is
expressed by the JNK2 and JNK3 genes, in neurons and HeLa
cells. In vitro binding assays using GST-JNK constructs con-
firmed the interaction between HDRP and JNK3, but the
association with JNK2 was found to be minimal. Taken to-
gether, our results indicate that JNK3 is the primary target of
HDRP-mediated neuroprotection. It is noteworthy that the
loss of JNK3 protects mice against neuronal loss induced by
axotomy, ischemic stroke, and glutamate-induced excitotoxic-
ity (21, 34, 46). In contrast, the loss of either JNK1 or JNK2
alone has no serious consequences. JNK3 has therefore been
considered to be the most proapoptotic member of the family
in the context of neurodegeneration and is currently being
targeted for the design of neuroprotective drugs (14, 34).

In addition to c-Jun phosphorylation, transcription of the
c-Jun gene is known to be stimulated in neurons primed to
undergo apoptosis. Consistent with this increased transcrip-
tion, histone H3 acetylation of the c-Jun promoter is higher in
neurons induced to undergo apoptosis. Forced expression of
HDRP inhibits this acetylation. Although HDRP has no in-
trinsic HDAC activity, other investigators have shown that it

can acquire such activity by recruitment of HDAC1 or HDAC3
(48). Consistent with previous reports, we found that HDRP
does interact with HDAC1 in neurons. Furthermore, HDAC1
does associate strongly with the c-Jun promoter in neurons
expressing HDRP, and treatment with pharmacological inhib-
itors of HDAC inhibits neuroprotection by HDRP. This result
suggests that in addition to the inhibition of JNK activity, deacety-
lation of the c-Jun promoter via recruitment of HDAC1 contrib-
utes to the neuroprotective action of HDRP.

It is known that the induction of c-Jun gene transcription
follows phosphorylation and activation of preexisting c-Jun
proteins. Once activated, c-Jun binds to its own promoter,
stimulating its expression. Thus, the prevention of c-Jun phos-
phorylation via JNK inhibition is likely to be the primary mech-
anism by which HDRP protects neurons from apoptosis. Pre-
vious studies using pharmacological inhibitors of JNK signaling
in cell culture and in vivo models of neurodegeneration have
established that cell death is completely prevented by the in-
hibition of c-Jun phosphorylation (6, 23, 43). We and others
have found that pharmacological inhibitors of HDAC induce
apoptosis in cerebellar granule neuron cultures (4, 37). In this

FIG. 13. Pharmacological inhibition of HDACs blocks neuroprotection by HDRP. Neuronal cultures that were infected with HDRP were
treated with 5 �M TSA or 30 �M HDACi. Viability was quantified 24 h later by visualization of DAPI-stained nuclei (A and B) or by using the
MTT assay (C). (A) Quantification using DAPI staining of nuclei. The proportions of partially and fully condensed nuclei were quantified and
scored as apoptotic. (B) Atypical appearance of nuclei following treatment with HDAC inhibitors. The images show the appearance of nuclei from
cultures infected with Ad-HDRP and then treated in the presence (LK � TSA) or absence (LK) of TSA for 24 h. Note the appearance of healthy
(asterisks) and apoptotic (arrows) nuclei in LK-treated cultures. In the presence of TSA, the majority of the nuclei displayed an atypical
appearance, in which the nuclei were brighter than healthy nuclei but often only partially condensed. (C) Quantification of cell viability using the
MTT assay. The incomplete neuroprotection by Ad-HDRP reflects the successful infection of only �30% of the neurons in the culture. LK-GFP
control cultures as well as all HDAC inhibitor-treated cultures showed reduced viability compared to LK-treated Ad-HDRP-infected neurons
(�, P 
 0.05).
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study, we show that these inhibitors reduce the expression of
HDRP in neurons. This is likely to contribute to the neuro-
toxic effect of the inhibitors. Other investigators have re-
ported that neuronal apoptosis by HDAC inhibitors involves
stimulation of E2F-1, a transcription factor with established
proapoptotic activity in neurons (5). The expression of E2F
target genes, such as those for cyclin E and Apaf-1, is in-
duced in cerebellar granule neurons by pharmacological
inhibition of HDACs (5). The relationship between HDRP
downregulation and the stimulation of E2F activity is cur-
rently unclear and deserves investigation. In addition to
blocking HK-mediated neuronal survival, HDAC inhibitors
also inhibit HDRP-mediated neuroprotection. This is likely
to occur via inhibition of HDAC1, which we have found to
associate with the c-Jun promoter.

Our results are consistent with the following model. In neu-
rons treated with HK medium, HDRP associates with JNK3 in
the cytosol. Treatment with LK medium results in phosphory-
lation of JNK3, permitting it to translocate to the nucleus.
LK-mediated degradation of HDRP allows the translocated
JNK to activate c-Jun via phosphorylation. While not affecting
the translocation of JNK3, ectopically expressed HDRP re-
mains associated with the kinase and thus interferes with its
ability to phosphorylate c-Jun. While HDRP inhibits the phos-
phorylation of c-Jun by JNK, HDRP also facilitates the recruit-
ment of HDAC1 to the c-Jun promoter and, through histone
deacetylation of the promoter, inhibits c-Jun transcription.

In summary, our studies reveal a neuroprotective function
for HDRP in the brain. Finding ways of increasing HDRP
expression in the intact brain by pharmacological means or
appropriate viral vectors could have therapeutic value in the
treatment of neurodegenerative diseases.
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