
Cellular/Molecular

Selective Toxicity by HDAC3 in Neurons: Regulation by Akt
and GSK3�
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Although it is well established that pharmacological inhibitors of classical histone deacetylases (HDACs) are protective in various in vivo
models of neurodegenerative disease, the identity of the neurotoxic HDAC(s) that these inhibitors target to exert their protective effects
has not been resolved. We find that HDAC3 is a protein with strong neurotoxic activity. Forced expression of HDAC3 induces death of
otherwise healthy rat cerebellar granule neurons, whereas shRNA-mediated suppression of its expression protects against low-
potassium-induced neuronal death. Forced expression of HDAC3 also promotes the death of rat cortical neurons and hippocampally
derived HT22 cells, but has no effect on the viability of primary kidney fibroblasts or the HEK293 and HeLa cell lines. This suggests that
the toxic effect of HDAC3 is cell selective and that neurons are sensitive to it. Neurotoxicity by HDAC3 is inhibited by treatment with IGF-1
as well as by the expression of a constitutively active form of Akt, an essential mediator of IGF-1 signaling. Protection against HDAC3-
induced neurotoxicity is also achieved by the inhibition of GSK3�, a kinase inhibited by Akt that is widely implicated in the promotion of
neurodegeneration in experimental models and in human pathologies. HDAC3 is directly phosphorylated by GSK3�, suggesting that the
neuronal death-promoting action of GSK3� could be mediated through HDAC3 phosphorylation. In addition to demonstrating that
HDAC3 has neurotoxic effects, our study identifies it as a downstream target of GSK3�.

Introduction
Histone deacetylases (HDACs) are a family of proteins that
deacetylate histones as well as a variety of other nuclear, cyto-
plasmic, and mitochondrial proteins (for review, see Yang and
Seto, 2008; Haberland et al., 2009). In mammals, the HDAC
family consists of 18 members divided phylogenetically into
four classes. Class I HDACs (1, 2, 3, and 8) are ubiquitously
expressed and are predominantly nuclear proteins. Class II
HDACs are comprised of two subgroups: class IIa HDACs (4,
5, 7, and 9) and class IIb HDACs (6 and 10). Class III HDACs,
or sirtuins, consist of seven members (SIRT1–SIRT7). HDAC11
shows structural similarity to both class I and class II HDACs,
and is the lone member of class IV. Class I, II, and IV HDACs
are Zn �-dependent enzymes collectively referred to as classi-
cal HDACs. The sirtuins are structurally unrelated to the clas-
sical HDACs and require NAD � for their activity (Yang and
Seto, 2008; Haberland et al., 2009).

Administration of inhibitors against classical HDACs inhibits
neuronal loss and improves behavioral outcome in a variety of
tissue culture and in vivo models of neurodegenerative disease
(for review, see Kazantsev and Thompson, 2008; D’Mello, 2009;
Sleiman et al., 2009). Although these results implicate one or
more of the HDAC proteins in promoting neuronal death, be-
cause the inhibitors used in these studies block the activities of all

the classical HDACs efficiently, the identity of the HDAC(s) re-
sponsible for neurodegeneration and that is targeted by the in-
hibitors has been unclear. Somewhat counter intuitively given the
protective effects of HDAC inhibitors, analysis of several individ-
ual members of the HDAC family, including histone deacetylase-
related protein (HDRP, a truncated form of HDAC9), HDAC4,
and Sirt 1, protect neurons rather than promote degeneration
(Chen et al., 2005; Morrison et al., 2006; Qin et al., 2006; Kim et
al., 2007; Majdzadeh et al., 2008). Preliminary results indicate
that HDAC7 is also a neuroprotective protein (Ma and
D’Mello, 2011). HDAC1 has been reported to be neuroprotec-
tive in mouse models of Alzheimer’s disease and ischemic
stroke (Kim et al., 2008). However, another study found that
HDAC1 contributes to neurodegeneration in Huntington’s
disease by inhibiting the autophagic clearance of mutant hun-
tingtin protein aggregates, leading to their accumulation
(Jeong et al., 2009). HDAC6 has also been found to be neuro-
protective by different laboratories (Kawaguchi et al., 2003;
Iwata et al., 2005; Boyault et al., 2007; Pandey et al., 2007),
although a recent study has reported that selective pharmaco-
logical inhibition of HDAC6 can promote survival and regen-
eration of neurons (Rivieccio et al., 2009).

In this report, we identify HDAC3 as a protein with neuro-
toxic activity. Toxicity by HDAC3 was not observed in non-
neuronal cell types that we examined. We show that neurotoxicity
by HDAC3 is dependent on GSK3�, a kinase widely implicated
in promoting neurodegeneration. Furthermore, neurotoxicity
by HDAC3 is inhibited by activation of the IGF-1–Akt signal-
ing pathway, which inhibits GSK3� activity and protects
against cell death in various models of neurodegenerative
disease.
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Materials and Methods
Materials. Unless indicated otherwise, all cell culture media and reagents
were purchased from Invitrogen and all chemicals [including homo-
cysteic acid (HCA)] were from Sigma-Aldrich. Expression plasmids for
HDAC3-Flag, constitutively active Akt, dominant-negative GSK3�
(�85�), and control shRNA plasmid (pLK0.1) were purchased from
Addgene. HDAC3 shRNA plasmids (TRCN0000039391 and
TRCN0000039392) were purchased from Sigma-Aldrich. Flag antibody was
from Sigma-Aldrich and CDK5 and GFP antibodies were from Santa Cruz
Biotechnology. GSK3� antibody was from BD Transduction. HDAC3 anti-
body for Western blots was from Sigma-Aldrich and immunoprecipita-
tionss were done with a rabbit polyclonal antibody from Santa Cruz
Biotechnology. All radioactive reagents were purchased from PerkinElmer.

Cell culture, transfections, and pharmacological treatments. Cerebellar
granule neurons (CGNs) were cultured from rats as previously described
(D’Mello et al., 1993). These cultures were transfected 5 d after plating
using the calcium phosphate method as previously described (Pfister
et al., 2008). Briefly, the cultures were switched to high-potassium medium
(HK; serum-free BMEM supplemented with 25 mM KCl) or low-potassium
medium (LK; serum-free BMEM) 8 h after transfection and the viability of
the transfected neurons, identified by immunocytochemistry, evaluated 24 h
after the switch. Unless mentioned otherwise, IGF-1 and inhibitor treat-
ments were done at the time of transfection. The following concentrations

were used for the treatments: IGF1 at 50 ng/ml,
SP600125 at 10 �M, Roscovitine at 50 �M,
SB415286 at 30 �M, and SB216763 at 5 �M.

Cortical cultures were obtained from em-
bryonic d 18 or 19 rats as described previously
(Chen et al., 2008; Majdzadeh et al., 2008;
Wang et al., 2010) and transfected on the day
after plating as described for CGNs. The neu-
rons were treated with HCA 8 h later by directly
adding HCA (to final concentration of 1 mM)
to the culture medium, and neuronal viability
was assessed 20 h later. Transfection efficiency
for both CGNs and cortical neurons was �1%.

Kidney fibroblasts were cultured and main-
tained as described previously (Zhao et al., 2010).
HT22, HeLa, and HEK293 cells were maintained
in DMEM medium containing 10% FBS. Trans-
fection of these cell types was performed using
Lipofectamine 2000 (Invitrogen).

Quantification of cell viability. Neuronal via-
bility of transfected cells, identified by immu-
nocytochemistry, was quantified by staining
with 4�, 6�-diamidino-2-phenylindole hydro-
chloride (DAPI) as we have previously de-
scribed (Majdzadeh et al., 2008; Pfister et al.,
2008). Cells with condensed and fragmented
nuclei were scored as dead. CGN viability re-
sults were confirmed by TUNEL staining, per-
formed using the DeadEnd Fluorometric
TUNEL System (Promega). Viability of kidney
fibroblasts and various cell lines was also quan-
tified by DAPI staining and restricted to suc-
cessfully transfected cells. Data for all viability
experiments were generated from at least three
independent experiments performed in dupli-
cate. Statistical analysis was performed using the
Student’s t test. For comparisons of multiple
datasets, one-way ANOVA was performed with
Bonferroni’s multiple-comparison posttest.

shRNA-mediated suppression. CGNs were co-
transfected with GFP and either one of HDAC3
shRNAs or control plasmid in the ratio 1:6.5 on d
4 after plating. The cultures were switched to HK
or LK media after 48 h and cell viability assessed
24 h later. Cortical neurons were transfected 1 d
after plating. HCA was added 30 h after transfec-

tion and cell viability assessed 20 h later. Suppression of endogenous HDAC3
expression in CGNs was assessed by immunocytochemistry using an
HDAC3 antibody. HT22 cells were transfected with either the control or one
of the shRNA plasmids for 36 h, after which either call lysates were collected
for Western blot analysis or RNA was extracted and reverse transcriptase
(RT)-PCR analysis performed.

Expression studies. RT-PCR and Western blot analysis were performed
as previously described (Chen et al., 2008; Majdzadeh et al., 2008). For
Western blot analyses, all antibodies were used at 1:1000, except for
tubulin antibody, which was used at a 1:2500 dilution.

In vitro kinase assays. GFP or Flag-HDAC3 was overexpressed in
HEK293 cells and cell lysates collected after 24 h. The lysates were incu-
bated with 5 �g of either Flag or GFP antibody and 25 �l of protein A/G
PLUS agarose beads (Santa Cruz Biotechnology) overnight. Immuno-
precipitates were incubated with 0.5 �g of either active GSK3�, active
MEK, or 10 �l of kinase buffer and 5 �l of [�- 32P] ATP mixture for 30
min, after which the reaction was stopped and analyzed by PAGE and auto-
radiography. When used, GSK3 inhibitor SB415286 was added to the kinase
reaction at a concentration of 60 �M. For some experiments, endogenous
GSK3� from neurons were immunoprecipitated and used with HDAC3
immunoprecipitated from HEK293 cells, as described above.

32P metabolic labeling. Metabolic labeling of CGNs was performed as
described previously (Chen et al., 2008). Briefly, 60 mm dishes of CGN

Figure 1. Forced expression of HDAC3 kills neurons selectively. Primary neuronal and non-neuronal cells and cell lines were
transfected with plasmids encoding HDAC3-Flag or GFP. Effect of elevated HDAC3 expression on cell viability was evaluated. A,
Immunofluorescence images of CGNs transfected with HDAC3-Flag and later switched to HK or LK medium for 24 h. B, TUNEL
staining of HDAC3-Flag transfected CGNs after treatment with HK or LK for 24 h. C, Quantification of viability in primary cultures.
CGNs, cortical neurons (Cort), and kidney fibroblasts (KF) were transfected with HDAC3 or GFP-expressing plasmids. Eight hours
after transfection, CGNs were switched to either HK or LK medium and cortical neurons were either left untreated (Un) or treated
with HCA. Kidney fibroblasts were left without additional treatments. D, Quantification of viability in cell lines. HT22, HeLa, and
HEK293 cells were transfected with HDAC3 or GFP. Viability was quantified 32 h after transfection and compared with control
cultures transfected with GFP. *p � 0.001.
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cultures were treated with phosphate-free HK
media for 3 h and then switched to phosphate-
free HK, LK, or LK medium supplemented
with GSK3 inhibitors (SB415826 at 30 �M and
SB216763 at 5 �M) along with 250 �Ci/ml
[ 32P] orthophosphate. Three hours after the
switch, cell lysates were collected and HDAC3
was immunoprecipitated. The level of HDAC3
phosphorylation was assessed by PAGE and
autoradiography.

Results
Elevated HDAC3 is selectively toxic
to neurons
CGNs cultured from postnatal rats are
healthy in medium containing a depolar-
izing level of potassium (HK medium) but
undergo apoptosis in LK medium. Forced
expression of HDAC3 induces a substan-
tial level of neuronal loss in HK medium
and causes complete neurodegeneration
in LK medium (Fig. 1 A, B). Toxicity
by HDAC3 was confirmed by TUNEL-
staining (Fig. 1B) and active caspase-3
immunocytochemistry (data not shown).
Expression of HDAC3 also induces death
in otherwise healthy cortical neurons and
exacerbates death of these neurons result-
ing from exposure to HCA, a stimulus
that induces oxidative stress (Fig, 1C). In
contrast to neurons, HDAC3 has no effect
on the viability of primary kidney fibro-
blasts (Fig. 1C), indicating that toxicity by
HDAC3 is cell-selective and that neuro-
nal cells are vulnerable. In support of this
conclusion, we find that forced expression
of HDAC3 is toxic in the hippocampally
derived HT22 cell line, but has no effect
on the survival of the HEK293 or HeLa
cell lines, both of which are of non-
neuronal origin (Fig. 1D). Control exper-
iments confirmed that ectopic HDAC3
was expressed at comparable levels across
the different cell types (data not shown).

Although elevating HDAC3 levels by
ectopic expression kills neurons, the ex-
pression of endogenous HDAC3 mRNA
or protein is not altered by LK treatment
of CGNs (Fig. 2A,B) or in cortical neurons
after HCA treatment (data not shown).
However, suppression of HDAC3 expres-
sion using two separate HDAC3 shRNA
constructs protects CGNs and cortical neu-
rons against death resulting from LK or
HCA treatment, respectively (Fig. 2C–F). The two HDAC3 shRNAs
had no effect on the expression of HDRP and HDAC4, arguing
against the possibility that protection was due to a compensatory
upregulation of other neuroprotective HDAC proteins (Fig. 2E).
These results suggest that HDAC3 plays an essential role in promot-
ing neuronal death.

IGF-1 suppresses HDAC3-mediated neurotoxicity
IGF-1, the physiological survival-promoting factor for CGNs (as well
as many other neuronal populations) in vivo, also protects cultured

CGNs from LK-induced death (D’Mello et al., 1997; Dudek et al.,
1997). As shown in Figure 3A, death induced by forced HDAC3
expression is prevented by IGF-1. It is well established that the
survival-promoting effect of IGF-1 is mediated through the activa-
tion of the PI-3 kinase–Akt signaling pathway (D’Mello et al., 1997;
Dudek et al., 1997). Not unexpectedly, the neuroprotective effect of
IGF-1 against HDAC3 neurotoxicity is reduced by wortmannin and
LY294002, two structurally distinct inhibitors of P1–P3 kinase (Fig.
3B). Additionally, the expression of a constitutively active form of
Akt prevents HDAC3-induced neuronal death (Fig. 3A).

Figure 2. Suppression of HDAC3 expression protects neurons. A, CGNs were treated with LK for 1, 3, 6, or 9 h. Control
cultures received HK for 9 h (HK). Total RNA was extracted and RT-PCR performed using specific primers for HDAC3. Actin
served as loading control. The lower panel shows the densitometric analysis of the RT-PCR data from three separate
experiments. B, CGNs were treated with HK or LK medium for 1, 3, 6, 9, 12, or 15 h. Expression of HDAC3 protein was
analyzed by Western blotting. The blot was reprobed with a tubulin antibody. Densitometric analysis of the bands from
different experiments was performed and normalized to tubulin. C, CGNs were cotransfected with plasmids expressing GFP
with control shRNA (Ctl), shRNA-1, or shRNA-2 for 72 h. The cells were costained with GFP and HDAC3 antibodies and
nuclear morphology visualized by DAPI staining. Arrows point to successfully transfected cells (GFP-positive). Neurons
receiving either shRNA construct show reduced HDAC3 immunostaining whereas cells cotransfected with the control shRNA
show similar HDAC3 staining as untransfected cells. D, E, Lysates from HT22 cells transfected with control shRNA, shRNA-1,
or shRNA-2 were analyzed by Western blotting or RT-PCR. D, Western blot results using HDAC3 and tubulin antibodies.
Densitometric analysis of the bands was performed and normalized to tubulin. E, Results of RT-PCR analysis of HDAC3,
HDAC4, HDRP, and actin (loading control) expression. Also included is densitometric analysis of the data from three
different experiments normalized to actin. F, CGNs and cortical neurons (Cort) were transfected with plasmids expressing
control shRNA, shRNA-1, or shRNA-2 and cell viability quantified as described in Materials and Methods. After transfection,
CGNs were treated with HK or LK for 24 h whereas cortical neurons were either untreated (Un) or treated with HCA for 20 h.
Cell viability is normalized to survival in cultures transfected with control shRNA and treated in HK (CGN) or untreated
(Cort). *p � 0.05.
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Inhibition of GSK3� protects against
HDAC3-induced neurotoxicity
An important downstream target of Akt is GSK3�, a kinase im-
plicated in promoting neurodegeneration in experimental mod-
els as well as patients (Bhat et al., 2004; Hernández et al., 2009).
Akt inhibits GSK3� by directly phosphorylating it (Cross et al.,
1995; Shaw et al., 1997). As shown in Figure 3C, treatment with
either of two separate but specific inhibitors of GSK3�, SB415826
or SB216763, blocked HDAC3-induced neurotoxicity. Similarly,
expression of a dominant-negative form of GSK3� (K85A)
substantially reduces HDAC3-mediated neurotoxicity (Fig. 3C).
Activation of c-Jun N-terminal kinase (JNK) and cyclin-
dependent kinases (CDKs) also plays an important role in

promoting neuronal death in a variety
of in vitro and in vivo experimental para-
digms (Borsello and Forloni, 2007; Greene
et al., 2007). However, inhibition of JNK
(using SP600125) and CDK (using roscovi-
tine) has no effect on the neurotoxicity by
HDAC3 (Fig. 3C). It is noteworthy that, un-
like GSK3�, JNK and the CDKs are not tar-
gets of Akt. Control experiments showed
that both inhibitors blocked LK-induced
neuronal death completely (data not
shown).

HDAC3 is a substrate of GSK3�
Given that pharmacological inhibition of
GSK3� inhibits HDAC3 neurotoxicity,
we explored the possibility that HDAC3
was directly phosphorylated by GSK3�.
As shown in Figure 4A, purified GSK3�
enzyme does phosphorylate HDAC3
when tested in an in vitro kinase assay. To
validate this result in cultured neurons,
we performed in vivo metabolic labeling
using 32P to label endogenous HDAC3
that was phosphorylated. Although phos-
phorylation of HDAC3 is barely discern-
ible in HK, it is clearly evident in cultures
treated with LK (Fig. 4B). The extent of
phosphorylation is markedly reduced by
treatment with GSK3� inhibitors. To
confirm that the LK-induced phosphory-
lation in neurons is mediated by GSK3�,
we immunoprecipitated GSK3� from
CGNs treated with and without the
GSK3� inhibitor SB415826, and tested its
ability to phosphorylate HDAC3 in vitro.
The robust level of phosphorylation seen
in LK is abolished in cultures treated with
SB415826 (Fig. 4C). In contrast to
GSK3�, phosphorylation of HDAC3 was
not observed with CDK5, another kinase
that is known to regulate neuronal death
and implicated in neurodegenerative pa-
thologies (Shelton and Johnson, 2004;
Camins et al., 2006).

Discussion
Although it is well established that phar-
macological inhibitors of classical HDACs
are protective in various cell culture and
in vivo models of neurodegenerative dis-

ease, the identity of the neurotoxic HDAC(s) targeted by these
inhibitors to exert their protective effects is less clear. In this
study, we show that HDAC3 has strong neurotoxic activity and
thus represents a potential target of HDAC inhibitors found to be
protective in models of neurodegenerative disease. Although a
more comprehensive study is required, our limited analysis sug-
gests that the toxic activity of HDAC3 is selective for primary
neurons and cell lines of neuronal origin. Indeed, whereas pri-
mary CGNs, cortical neurons, and HT22 cells are sensitive, the
viability of primary kidney cells and the HEK293 and HeLa cell
lines is not affected by elevated HDAC3. Our conclusion that
HDAC3 is likely to be involved in neurodegenerative disorders is

Figure 3. HDAC3-induced neurotoxicity is inhibited by IGF-1 and activation of the PI-3 kinase–Akt signaling pathway. A, CGNs
were transfected with HDAC3-Flag alone or in combination with a plasmid expressing HA-tagged constitutively active Akt (CA-
Akt-HA). The transfected cultures were then treated with no additives or with IGF-1. B, CGNs were transfected with HDAC3-Flag
and then treated with no additives or with IGF-1, IGF-1, and wortmannin, or IGF-1 and LY294002. Eight hours later, the cultures
were switched to serum-free medium containing inhibitors, and cell viability assessed 24 h later. C, CGNs were transfected with
HDAC3-Flag and treated with HK medium containing either no additives, supplemented with JNK inhibitor (SP600125), CDK
inhibitor (roscovitine), GSK3 inhibitor (SB415826 or SB216763), or cotransfected with a dominant-negative form of GSK3�
(GSK3�-K85A). Cell viability was assessed 24 h after switching to HK medium. Viability in all cases was normalized to control
cultures, which were transfected with GFP and treated with HK medium. *p � 0.01.
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supported by the finding that suppression of Hda-3 (a nematode
homolog of HDAC-3) expression suppresses polyQ-huntingtin
toxicity in a C. elegans model of Huntington’s disease (HD),
whereas neuronal expression of hda-3 restored toxicity by polyQ-
huntingtin (Bates et al., 2006). Another laboratory has reported
that a pharmacological inhibitor selective for HDAC3 reverses
silencing of the frataxin gene in lymphocytes isolated from pa-
tients with Frederich’s ataxia and is efficacious in a mouse model
of HD (Rai et al., 2008; Thomas et al., 2008).

Although our studies demonstrate that HDAC3 is a potent
stimulator of neuronal death when overexpressed, CGNs and
cortical neurons express HDAC3 normally. Moreover, its expres-
sion is not increased when these neurons are induced to die. Yet
the suppression of endogenous HDAC3 expression protects neu-
rons from death. This suggests that under normal conditions, the
apoptotic activity of HDAC3 is kept in check by survival-

promoting signaling molecules. We propose that in neurons
primed to die, the levels or activities of these survival-promoting
molecules are reduced, permitting HDAC3 to induce neuronal
death. Our results suggest that Akt is such a survival-promoting
signaling molecule. Consistent with this conclusion is our finding
that expression of an active form of Akt or treatment with IGF-1,
a physiological activator of Akt, protects against the neurotoxic
effect of HDAC3.

A well established target of Akt is GSK3�. Inhibition of
GSK3� either pharmacologically or caused by expressing a
dominant-negative form of the kinase protects against HDAC3-
mediated neurotoxicity. Activation of GSK3� has been impli-
cated in the pathogenesis of different neurodegenerative diseases,
and the inhibition of this kinase has been considered a therapeu-
tic approach in the treatment of these disorders (Bhat et al., 2004;
Hernández et al., 2009). Despite the long-standing acceptance
that GSK3� plays a key role in promoting neuronal death, little is
known about what its substrates are in the context of neurode-
generation. We show that HDAC3 is directly phosphorylated by
GSK3�, suggesting that the neurodegeneration-promoting effect
of GSK3� could be mediated through the phosphorylation of
HDAC3. The specific residues within HDAC3 that are phosphor-
ylated by GSK3� remain to be delineated (sequence analysis of
HDAC3 reveal three consensus sites for GSK3� phosphoryla-
tion). More work is also needed to determine the downstream
mechanism by which phosphorylation of HDAC3 promotes neu-
rotoxicity. An obvious possibility is that GSK3�-mediated phos-
phorylation stimulates the deacetylase activity of HDAC3,
resulting in the deacetylation of specific proteins that regulate
neuronal death.

Although GSK3� is activated in neurons primed to die (Chin
et al., 2005), and we show that GSK3� phosphorylates HDAC3
when active, and that the inhibition of GSK3� protects against
HDAC3 toxicity, we have not found a strict correlation between
the total levels of Akt or GSK3� or their activity (evaluated indi-
rectly by looking at phosphorylation status) and vulnerability to
HDAC3 toxicity in the cell types used in this study. This suggests
that activation of GSK3� is by itself not sufficient to explain
HDAC3-induced toxicity, pointing to the involvement of
other cell-specific components and mechanisms. For example,
the accessibility of HDAC3 to GSK3� could be regulated dif-
ferently in different cell types. It is also possible that the toxic
activity of HDAC3 is dependent on the participation of an-
other molecule that is expressed selectively in neurons, or that
a molecule capable of blocking the toxic activity HDAC3 could
be missing in neurons.

In summary, our study has produced three important find-
ings. First, we have identified HDAC3 as a protein with neu-
rotoxic activity. Although protection by HDAC inhibitors in
experimental models of neurodegeneration has pointed to the
existence of neurotoxic proteins within the HDAC family,
conclusive identification of such a protein has been elusive.
Second, we provide evidence suggesting that IGF-1, a trophic
factor for many neuronal populations in vivo, promotes neu-
ronal survival at least in part by suppressing the neurotoxic
activity of HDAC3. Finally, we show that HDAC3 is a substrate
of GSK3�. Although the involvement of GSK3� in promoting
neurodegeneration both in experimental models and human
pathologies is well accepted, the downstream mechanism by
which this kinase promotes neuronal death is poorly under-
stood. We suggest that HDAC3 represents a downstream ef-
fector of GSK3� neurotoxicity.

Figure 4. HDAC3 is directly phosphorylated by GSK3�. A, Lysates from HEK293 cells trans-
fected with either GFP or HDAC3 were immunoprecipitated (IP) using either GFP or Flag anti-
body. The immunoprecipitated proteins were used in an in vitro kinase assay with or without
active GSK3� or with active MEK. The reaction mixture was subjected to PAGE and phosphory-
lation evaluated by autoradiography. Immunoblots show that HDAC3-Flag and GFP were im-
munoprecipitated in the samples used for the kinase assay. B, CGN cultures were metabolically
labeled with [ 32P] orthophospate in HK, LK, or LK media with GSK3 inhibitors for 3 h. Lysates
from the cultures were immunoprecipitated using GFP or HDAC3 antibody and the extent of
phosphorylation evaluated by PAGE and autoradiography. The bottom shows that HDAC3 was
immunoprecipitated in the samples used for the kinase assay. C, Equal amounts of GSK3�,
CDK5, or GFP immunoprecipitated from CGNs treated with LK for 6 h were combined with
HDAC3 in an in vitro kinase assays with or without a GSK3 inhibitor as indicated. HDAC3 phos-
phorylation was evaluated by PAGE of the reaction mixture and autoradiography. Bottom,
Similar amounts of GFP, GSK3�, and CDK5 were used in the assay.
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