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Abstract
Neurodegenerative diseases affect millions of patients annually and are a significant burden on the
health care systems around the world. While there are symptomatic remedies for patients suffering
from various neurodegenerative diseases, there are no cures as of today. Cell death by apoptosis is
a common hallmark of neurodegeneration. Therefore, deciphering the molecular pathways regulating
this process is of significant value to scientists' endeavor to understand neurodegenerative disorders.
Efforts along these lines have uncovered a number of molecular pathways that regulate neuronal
apoptosis. Recently, a family of proteins known as histone deacetylases (HDACs) has been linked
to regulation of cell survival as well as death. The focus of this review is to summarize our current
understanding of the role of HDACs and in particular a subgroup of proteins in this family classified
as class IIa HDACs in the regulation of neuronal cell death. It is apparent based on the information
presented in this review that although very similar in their primary sequence, members of this family
of proteins often have distinct roles in orchestrating apoptotic cell death in the brain.
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2. INTRODUCTION
Histone Deacetylases (HDACs) are a family of enzymes that are involved in the regulation of
gene transcription in higher organisms. The main function of these enzymes is to remove the
acetyl moieties from lysine residues located within the N-terminal tail of histones, causing
compactation of chromatin around histone proteins and repression of transcription (1-3).
Histone acetyl transferases (HATs) reverse the action of HDACs by adding acetyl groups to
these lysine residues. Negatively charged acetyl moieties added to histones repel the negatively
charged phosphate backbone of DNA. This repulsion makes DNA accessible to various
transcription initiation factors and facilitates transcription. The orchestration between HDAC
and HAT activities results in post translational modifications in chromatin structure that lead
to both global and regional regulation of gene transcription in Eukaryotic cells (1).

Eighteen distinct HDACs have been described as of today and are categorized into three classes
based on their homology to yeast HDACs (1,2). Class I HDACs (HDAC1, 2, 3 and 8) mainly
contain a deacetylase domain and are primarily localized in the nucleus of cells. Members of
this class are ubiquitously expressed throughout various developmental stages and different
tissue and cell types. Contrary to class I HDACs, class II HDACs (HDAC4, 5, 6, 7, 9 and 10)
have tissue and stage specific expression and are able to shuttle in and out of the nucleus. Class
II HDACs are sub-classified into class IIa (HDAC4, 5, 7 and 9) and class IIb (HDAC 6 and
10) based on their primary structure (2). Class IIa HDACs contain a large N-terminal regulatory
domain involved in protein-protein interactions in addition to a C-terminal catalytic domain.
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The N-terminus regulatory domain of these HDACs has important roles in the recruitment of
various cofactors. Class IIa HDACs are abundantly expressed in the brain and have recently
been shown to have important roles in regulation of neuronal apoptosis (2,4-6), however, the
other functions of these HDACs in the brain are currently unclear. Class IIb HDACs are
different from class IIa HDACs in that they contain two separate catalytic domains. Moreover,
as opposed to class IIa HDACs that are highly expressed in brain, HDAC6 is mainly expressed
in testis and HDAC10 expression is primarily detected in liver, spleen and kidney (2).

Class III HDACs, Sirtuins (SIRTs 1-7), are mammalian counterparts of yeast SIR2 HDACs.
Sirtuins are not homologous to class I or class II HDACs (2). Although serving as HDACs in
yeast these proteins do not deacetylate histones in mammalian cells and are hence not
considered to be classical HDACs.

3. CONTRADICTORY RESULTS USING HDAC INHIBITORS
The pharmacological inhibition of HDACs has been widely used to ascertain the role of
HDACs in control of neurodegeneration. However, these studies have yielded contradictory
results. It has been reported that administration of HDAC inhibitors in C.elegans, drosophila
and murine models of polyglutamine expansion diseases rescues the pathological hallmark of
the disease (7-10). Rodent models of other neurodegenerative conditions such as Amyotrophic
Lateral Sclerosis (ALS), ischemia and Parkinsonism induced by 1-methyl 4-phenyl 1,2,3,6-
tetrahydropyridine (MPTP) have also been responsive to treatments with HDAC inhibitors
(11-14). Similarly, HDAC inhibitors were found to be neuroprotective in a number of in
vitro paradigms of neurodegeneration (15-18). Contradictory to these studies, HDAC inhibitors
have been reported to actively induce apoptosis in cerebellar granule neurons by several
laboratories (5,19,20). It is noteworthy to mention that, the most commonly used
pharmacological inhibitors of HDACs inhibit all HDACs effectively (21). These inhibitors
lack specificity for individual HDACs. Therefore, the effect of HDAC inhibitors may depend
on the roles, contributions, and ratio of individual HDAC members present within a given cell.
Additionally, because HDAC inhibitors inhibit all HDACs effectively, current HDAC
inhibitors are not useful for deciphering the role of individual HDACs. Consequently, this
review focuses on research that characterizes the role of individual HDACs in the regulation
of neurodegeneration with specific emphasis on class IIa HDACs.

4. IMPORTANCE OF HDAC IN REGULATION OF NEURONAL FUNCTIONS
Given that HDACs are involved in regulation of non-histone proteins and also act at the
chromosome level to regulate gene transcription, it is not surprising that these multi-complex
enzymes are involved in various cellular processes such as differentiation (22), DNA
replication (23) and cell cycle progression (24). A large number of HDACs have been
demonstrated to have important functions in neurons. Much information gained from the use
of pharmacological HDAC inhibitors is available and has been reviewed previously (21) . The
purpose of this section is to present information available on the role of individual HDAC
proteins in neurons and in the nervous system excluding their roles in regulation of
neurodegeneration which will be discussed in other sections in detail.

4.1. Involvement of class I HDACs in regulation of neuronal differentiation
Amongst class I HDACs that are ubiquitously expressed in various tissue and cell types,
HDAC1 and HDAC2 have been shown to be involved in determination of neuronal fate.
HDAC1 mediates neuronal differentiation through its interaction with the cell cycle modulating
protein, retinoblastoma (Rb) (25). There is also accumulating evidence that HDAC2 is involved
in nerve growth factor (NGF)-induced differentiation of PC12 (pheochromocytoma) cel lines
into neuronal cells (26). In this report authors describe that DNA methyl transferase 3b
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(Dnmt3b) is an inducer of neuronal differentiation of the PC12 cell line (26). Bai et al., show
that the N-terminal domain of Dnmt3b is involved in mediation of neuronal differentiation
through recruitment of HDAC2. Besides demonstrating that HDAC2 is recruited by Dnmt3b
through co-immunoprecipitation and co-sedimentation experiments, the authors also show that
HDAC inhibitors are able to hinder NGF induced neuronal differentiation of PC12 cells and
that Dnmt3b exhibits elevated HDAC activity after NGF treatment (26). Additionally,
repressor element 1(RE-1)-silencing transcription factor (REST) recruitment of HDAC2 has
been shown to be required for NGF induced PC12 cell differentiation (27,28). It has been
suggested that REST represses neuronal-specific gene expression in non-neuronal cell types
by binding RE-1 which is a critical element for the silencing of neuronal genes (29-33).
CoREST, one of co-repressors of REST is shown to exist in tight association with HDAC1
and HDAC2 (27). HDAC1 and HDAC2 have also been implicated in oligodendrocyte
differentiation (34). The myelin transcription factor 1 (Myt1) which is a modulator of
proliferation and differentiation of oligodendrocytes, the myelin-forming cell of the CNS
(35), was shown to be in the same complex as the co-repressor Sin3B, HDAC1 and HDAC2
(34)

4.2. Involvement of class II HDACs in regulation of neuronal functions
Class II HDACs have been classified to class IIa (HDACs 4, 5, 7 and 9) and class IIb HDACs
(HDACs 6 and 10) based on their structures. Among class IIa HDACs, HDACs 4, 5, and a
splice variant of HDAC9, histone deacetylase related protein (HDRP), have been shown to be
involved in regulation of neurodegeneration which will be discussed in detail later (4-6,
36-40). HDAC5, HDAC9 and the two class IIb HDACs have also been demonstrated to
regulate neuronal functions other than neurodegeneration which will be discussed here.

4.2.1. Class IIa HDACs—HDAC5 has been shown to be involved in long term memory
integration in Aplysia (41), and in effectiveness of antidepressants in a rodent model of
depression (42). In Aplysia, Phe-Met-Arg-Phe-amide (FMRFamide) inhibitory transmitter is
a key player in domination of long term depression. FMRFamide displays its inhibitory effects
by facilitating c-AMP response element binding protein (CREB) 1 displacement by CREB2
and recruitment of the co-repressor HDAC5 (41). The chronic administration of a tricyclic
antidepressant, imipramine, increases histone acetylation at (brain derived neurotrophic factor)
BDNF transcripts III and IV promoters (42). This hyperacetylation was demonstrated to be
associated with selective downregualtion of HDAC5. Not surprisingly, the authors showed
that forced expression of HDAC5 inhibits imipramine's ability to alleviate depression-like
behavior in rodent models (42).

HDAC9 has been demonstrated to couple neuronal activity to muscle chromatin acetylation
(43). The authors showed that overexpression of HDAC9 in denervated muscle inhibits the
upregulation of activity-dependent genes and chromatin acetylation in association with
myocyte enhancer factor 2 (MEF2) and class I HDACs. Moreover, HDAC9-null mice were
demonstrated to be supersensitive to denervation-induced changes in gene expression and have
delayed perinatal downregulation of myogenin, an activator of AChR genes (43).

4.2.2. Class IIb HDACs—HDAC6 and HDAC10 are two members of class II HDACs that
have been further classified as class IIb HDACs. These two HDACs differ from the rest of
class II HDACs because of their distinctive structure. HDACs 6 and 10 contain two deacetylase
domains. Although both catalytic domains of HDAC6 are active, HDAC10 contains one active
and one nonfunctional enzymatic domain (44). While HDAC10 has not yet been extensively
studied in the context of neurons, it is known that this HDAC interacts with HDACs 1-5 and
HDAC7 (1). The ability of HDAC10 to bind various HDACs whose involvement in neuronal
processes have been solidified, suggests that this HDAC may also play a role in regulation of
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different neuronal functions via recruiting other HDACs (21). HDAC6 activity has been linked
to neurodegenerative disease. In relevance to Huntington's disease (HD), Iwata and colleagues
showed that the autophagic degradation of aggregated Huntingtin, the affected protein in HD,
requires HDAC6 (45). This HDAC also has the ability to associate with the spinocerebellar
ataxia type 3 protein, Ataxin 3. Ataxin 3 is a neurodegenerative protein and has been shown
to posses the ability to regulate aggresome formation (46). HDAC6 has also been described as
a microtubule-associated deacetylase and as a component of the aggresome (47). It was
demonstrated that HDAC6 plays a crucial role in regulation of misfolded protein-induced stress
since it has the ability to recruit misfolded protein cargo to dynein motors for transport (47).
This is of particular interest in regard to neurodegeneration since build-up of misfolded and
aggregated proteins is thought to be a key contributor to cell death in several neurodegenerative
diseases (48,49).

5. INVOLVEMENT OF CLASS IIA HDACS IN REGULATION OF
NEURODEGENERATION
5.1. Role of HDAC and MEF2 interaction in regulation of neuronal apoptosis

It is well established that class IIa HDACs are involved in transcriptional regulation. However,
these HDACs do not have the ability to bind DNA directly and therefore are recruited to the
target promoter via interaction with other proteins (2,50,51). A group of well-studied
interactors of HDACs are the MEF2 family of proteins. All class IIa HDACs contain a highly
conserved MEF2 binding domain located in their N-termini (2). The functional role of this
interaction has been widely studied in the context of muscle differentiation. Class IIa HDACs
bind MEF2 in the nucleus and inhibit the expression of MEF2 regulated genes whose products
are responsible for induction of the fetal myocyte gene program. Various external stimuli cause
phosphorylation of HDACs via activation of the calcium calmodulin kinase (CaMK) signaling
pathways. Phosphorylation of HDACs at two highly conserved N-terminal serine residues by
CaMK and/or protein kinase D creates a docking site for the protein, 14-3-3. As a result of
HDAC and 14-3-3 binding, HDACs are exported out of the nucleus. Cytoplasmic localization
of HDACs frees MEF2 transcription factors in the nucleus to begin transcriptional activation
of genes that affect muscle differentiation (1,2,52,53). Besides being a master regulator of
myogenesis, it is well established that the MEF2 family of proteins play important roles in the
regulation of neuronal survival and differentiation (54-59). Among MEF2 family members,
MEF2A and MEF2D are highly expressed and active in cerebellar granule neurons (CGNs)
(60). Although all class IIa HDACs are known to contain a MEF2 binding site, HDAC5 is the
only class IIa HDAC whose interaction with MEF2 has been demonstrated to have functional
significance in regulation of neuronal cell death (36). Linseman et al., showed that
depolarization-mediated MEF2 activity and CGN survival are compromised by forced
expression of HDAC5, which would normally repress MEF2 function (36). The functional
significance of the interaction between MEF2 family members and other class IIa HDACs in
the context of neuronal survival is not known and needs additional study.

5.2. Role of HDAC4 and HDAC5 in regulation of neurodegeneration
Altered HDAC4 regulation has been linked to a number of neurodegenerative disorders.
However, it is unclear from these studies whether it plays a harmful or beneficial role with
respect to disease pathogenesis. Evidence for the association of HDAC4 in Parkinson's disease
(PD) stems from the observation that HDAC4 is a downstream target of Parkin, an E3 ubiquitin
ligase involved in early onset PD (38,61). Parkin maturation, seen in early onset PD, causes
build up of the E3 SUMO ligase, Ran binding protein 2 (RanBP2). RanBP2 sumoylates
HDAC4 causing an increase in HDAC4 deacetylase activity and gene repression (38). HDAC4
has also been shown to be a component of protein aggregate complexes in neurodegenerative
disorders. The discovery of HDAC4 as a major component of intranuclear inclusions produced
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in neuronal intranuclear inclusion disease (NIIND) (39) and in Lewy Bodies (40), protein
aggregates found in the brains of PD patients, further supports the involvement of HDAC4 in
regulation of neurodegenerative diseases. In addition, crystallization of the N-terminal domain
of HDAC4 has revealed a conserved glutamine rich domain (62). Interestingly, proteins with
regions containing a high content of glutamine have been observed to increase susceptibility
to Amyloid formation associated with Alzheimer's disease (63,64).

HDAC4 and 5 subcellular localization, which is hypothesized to control class IIa HDAC
activity, is regulated by neuronal activity in hippocampal neurons and in CGNs (4,6,36,65).
Localization of both HDAC4 and 5 appears to be calcium regulated in both of the
aforementioned cell culture models. In CGNs, both HDAC4 and 5 are localized in the
cytoplasm during treatments with depolarizing media and removal of this media causes their
nuclear transport as does treatment with CaMK inhibitors (4,6,36). However, in hippocampal
neurons, these HDACs act differently in response to spontaneous electrical activity. Such a
signal was shown to be sufficient for nuclear export of HDAC4 but not that of HDAC5 (65).
HDAC5 nuclear export was demonstrated to be induced following stimulation of calcium flux
through NMDA receptors or L-type calcium channels. Moreover, shuttling of HDAC4 and 5
in and out of the nucleus is shown to be blocked by pharmacological inhibition of CaMK
(65). Therefore, localization of both HDAC4 and 5 are regulated by neuronal activity, which
is a crucial process for survival of neurons. Moreover, HDAC5 may play a role in HD as its
nuclear import increases in diseased neurons from the brain of HD patients.

5.3. Contradictory results for the role of HDAC4 in activity deprivation-induced CGN
apoptosis

The role of HDAC4 in the regulation of CGN survival is currently contested. This is due to
the contradicting results observed by our lab (6) and the lab of Tso-Pang Yao (4). Bolger and
Yao reported that the intracellular trafficking of HDAC4 promotes neuronal cell death (4). In
contrast, our lab has shown that HDAC4 translocation from the cytosol (where HDAC4 resides
in depolarizing media, containing high potassium (HK)) to the nucleus in non-depolarizing
media, containing low potassium (LK), leads to higher survival of CGNs (6). One of the major
points agreed upon by both of these reports is the fact that HDAC4 is localized in the cytoplasm
in normal CGNs and translocates to the nucleus when cells are treated with non-depolarizing
media. Another common point made by both groups is the fact that HDAC4 expression is not
dynamically regulated by neuronal activity dependent apoptosis in CGNs. However, the papers
disagree in their answer to the question of whether HDAC4 overexpression leads to neuronal
survival or cell death in non-depolarizing media. Bolger and Yao show that overexpression of
wild-type HDAC4 in original media containing serum and in LK cause <5% increase in cell
death when compared with GFP transfected cells. However, the work done by our lab shows
that overexpression of HDAC4 in LK condition completely saves the cells against LK induced
apoptosis. In control GFP infected cells, CGNs undergo about 40-60% cell death when treated
in LK condition, however, those overexpressing HDAC4 show complete survival (6).
Significant experimental differences exist between the two studies. In the Bolger and Yao
study, relatively immature (2days after plating) CGN cultures were used in contrast to our CGN
cultures which are used 6 – 7 days after plating. Additionally, Bolger and colleagues transfected
cells while plating and later assessed viability on day 2, 6 hours after treatment with HK and
LK medium. In our lab, cells were infected on day 5 after plating, and viability of cells were
examined 24 after LK treatment on day 7. We have also verified our results using various
truncation mutants of HDAC4. We believe that the contradiction between these two papers
can be explained by the age of cultures used. Moreover, it has been reported that HDAC4-
deficient mice are severely runted, display skeletal abnormalities, and die within 2 weeks of
birth (66). In our lab, examination of the cerebellum of HDAC4−/− mice and wild-type
littermates at P1, P3 and P7 revealed a delay in the formation of folia with less developed
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fissures in the mutant. Moreover, the pattern of foliation and shape of the lobes, particularly
the posterior lobes, is altered. Based on the importance of HDAC4 for normal brain
development, we believe that the moderate increase in death of HDAC4 overexpressing cells
in immature cultures tested by Bolger et al., might be due to interrupting of the development
of these cultures at an early stage (day 2). It is known that CGNs mature in culture after plating
and become even more responsive to cell death induced by LK condition as they age. Moreover,
the neuroprotection by HDAC4 was further confirmed in our lab, as we found that in addition
to protecting CGNs against activity withdrawal induced apoptosis, HDAC4 also protects
cultured cortical neurons from 6-hydroxydopamine-induced neurotoxicity and HT22
neuroblastoma cells from death induced by oxidative stress induced by homocysteic acid.

Another contradiction with regard to these two papers is the effect of HDAC inhibitors on CGN
cultures. Bolger and Yao show that treatment of mature CGNs with the HDAC inhibitors
Trichostatin A (TSA) or Trapoxin A reduces the extent of cell death in LK. The authors assert
that the reduction in cell death caused by HDAC inhibitors is evidence for the pro-apoptotic
role of HDAC4 in CGNs. In contrast to the results found by Bolger and Yao, our lab and several
other laboratories have shown that the pharmacological inhibition of HDACs has deleterious
effects on CGN survival (5,19,67). In order to further verify these findings, we repeated Bolger
and Yao treatment of young CGNs with HDAC inhibitors, and not only were we unable to
observe any rescue by these treatments; we in fact noticed the same toxicity seen in mature
cultures (unpublished results, Majdzadeh and D'Mello)

6. DISTINCT AND OFTEN OPPOSING ROLE FOR HDAC FAMILY MEMBERS
When examining the role of HDACs in various cellular processes one should be aware that
these proteins cannot be considered mutually exclusive as they can interact with each other
and also have common interaction partners. HDAC4, 5, 9 and the splice variant of HDAC9
(HDRP) for example, have been shown to contain a conserved MEF binding site functioning
in cardiac myocytes (2). Through direct interaction, these HDACs inhibit MEF2 transcriptional
activity. The interaction between MEF2 and these HDACs in nervous system has not been
shown as extensively. Among the aforementioned HDACs, there's evidence that HDAC5 binds
to and inhibits MEF2 in CGNs (36). The same group has also shown that MEF2 plays a survival-
promoting role in CGNs. Overexpression of HDAC5 induces apoptosis in CGNs as the result
of inhibiting the pro-survival role of MEF2 (36). No interaction between HDAC4, HDAC9/
HDRP and MEF2 has been defined in CGNs. However, our lab has shown that overexpression
of HDAC4 and HDRP protect CGNs against activity withdrawal induced apoptosis (5,6). The
mechanism by which HDAC4 and HDRP mediate their neuroprotection seems to be distinct
(Figure 1). HDRP binds to and inhibits Jun N-terminal kinase (JNK), an apoptosis inducing
MAP kinase. HDRP also inhibits the expression of the pro-apoptotic protein, c-Jun, by affecting
c-Jun promoter acetylation (5). HDRP is an N-terminal truncate of HDAC9 and therefore lacks
a deacetylase domain. However, by recruiting HDAC1 to c-Jun promoter, HDRP inhibits c-
Jun expression. Although high homology exists between HDAC4 and HDRP (2), our lab has
shown that HDAC4 mediates neuroprotection via a distinct mechanism than that utilized by
HDRP. HDAC4 suppresses cell cycle progression by inhibiting the activity of cyclin dependent
kinase 1 (CDK1) (6). Activation of CDK1 has been shown to play an essential role in the death
of CGNs caused by activity withdrawal (68,69). Taken together these results suggest that
although high sequence similarities exist among HDAC4, HDAC5 and HDRP (Figure 2), they
exert different roles in regulation of neuronal apoptosis. HDAC5 has pro-apoptotic properties,
while HDAC4 and HDRP are neuroprotective proteins.

Besides having differing roles in the maintenance of CGN survival, HDACs have been shown
to have opposing contributions in a C.elegan model of Huntington polyglutamine toxicity. In
C.elegans, expression of a human huntingtin fragment with an extended polyglutamine tract
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(Htn-Q150) causes progressive neurodegeneration (10). Bates et al, have described that HDA-1
(C.elegan homolog of mammalian HDAC1 and HDAC2) suppresses neurotoxicity in Htn-
Q150 animals whereas HDA-3 (C.elegan homolog of mammalian HDAC3) promotes it. To
show that the role of HDA-1 and 3 in governing neurodegeneration was specific to the
polyglutamine expansion animal model, the authors performed similar experiments in animals
with a cold-sensitive mutation in a sodium channel, deg-1(rt70), which causes temperature-
dependent necrotic degeneration. Manipulation of neither HDA-1 nor HDA-3 was able to alter
necrotic neurodegeneration suggesting that the differential contributions of these HDACs were
specific to polyglutamine expansion model and not necrotic cell death (10). More importantly,
is the finding that although HDA-1 and 3 have opposing effects in regard to the extent of toxicity
in C.elegans, they cannot function exclusively. Bates et al. reported that in HDA-1
compromised animals, HDA-3 knock down does not inhibit the extent of degeneration
suggesting that these HDACs function as multi-complex enzymes and one is directly or
indirectly required for the function of another (10).

The opposing roles of HDACs are not confined to the context of neurodegeneration. Several
in vitro studies have also shown that HDACs behave differently and their localization pattern
can vary in response to assorted stimuli. An expression screen intended to reveal modulators
of class II HDAC phosphorylation has shown that class II HDACs respond differently to
activators of HDAC phosphorylation (70). These studies showed that HDAC4 and 7 respond
to a wide range of HDAC kinase activators and reside in the cytoplasm as the result of the
consequent phosphorylations, while HDAC5 response is considerably more limited and
stringent.

Another piece of evidence citing an intrinsic difference among HDACs comes from a study
attempting to characterize upstream regulators of HDACs. The specificity of calcium
calmodulin kinases, believed to phosphorylated all class IIa HDACs, are now beginning to be
unraveled. Along these lines, one study has revealed that the delta B isoform of CaMK II
(CaMKIIdeltaB), known to promote cardiac hypertrophy, transmits signals specifically to
HDAC4 but not other class II HDACs in cardiac cells (71).

7. IMPORTANCE OF THE CATALYTIC DEACETYLASE DOMAIN
It is well known that HDACs regulate global gene expression by dictating the availability of
DNA to transcription factors. In addition, a great deal of work has focused on the ability of
HDACs to deacetylase non-histone proteins. However, little has been published regarding the
function of the non-deacetylase encoding N-terminal region of class IIa HDACs. HDRP, an
isoform of HDAC9 which lacks the catalytic domain, was the first member of HDAC family
to be described as a neuroprotective protein (5). In CGNs, HDRP forced expression protects
neurons against activity withdrawal-induced apoptosis (5). Moreover, CGNs cultured from
HDAC9/HDRP deficient mice are more susceptible to cell death in culture. Acute knockdown
of HDRP using antisense oligos also has deleterious effects on the survival of CGNs. Although
the intrinsic deacetylase domain of HDAC9 is not necessary for HDRP-mediated
neuroprotection, we found that pharmacological inhibition of HDACs inhibits this
neuroprotection (5). This phenomenon is explained by the fact that HDAC activity is needed
because HDRP recruits HDAC1 to the c-Jun promoter where HDAC1 facilitates deacetylation
and repression. A similar finding was reported with regard to HDAC10. HDAC10 was shown
to repress transcription once localized in the nucleus independent of its deacetylase domain
(44). It has been shown that HDAC10 possesses the ability to bind various HDACs such as
HDACs 1-5 and 7 suggesting that HDAC10, similar to HDRP, can recruit other HDACs to
facilitate transcriptional repression (1).
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Since HDAC4 and HDRP have high homology and both HDACs protect CGNs against
neuronal cell death (albeit by distinct mechanisms) we wanted to know whether HDAC4
required a deacetylase domain for neuroprotection (5,6). While an HDAC4 isoform containing
only an N-terminus regulatory domain has not been found to occur naturally, we constructed
an HDAC4 N-terminus truncation mutant (HDAC4-N) and tested its ability to protect CGNs
(6). Very interestingly, we found that this construct is as effective as the full length HDAC4
in mediating neuroprotection in CGNs. However, in constrast to HDRP, we believe that
HDAC4-N does not mediate its neuroprotection through the recruitment of other HDACs, since
the inhibition of global HDAC activity using TSA does not reduce the extent of protection
exerted by HDAC4. We therefore believe that the importance of the deacetylase domain in
CGN protection my not be general. We hypothesize that, HDACs may in some cases recruit
the deacetylase domain of other HDAC family members or may mediate their function through
protein-protein interactions independent of deacetylation all together.

8. ROLE OF HDAC IN CELL CYCLE REGULATION AND NEURONAL
APOPTOSIS

We propose that HDAC4 mediated neuronal protection is mediated through inhibition of CDK1
activity. Thus, we detail the role of HDACs in cell cycle regulation. Several HDACs have been
implicated in differentiation and tumor cell growth (22,24). This implies that HDACs may be
playing a role in the regulation of cell cycle. The activation of numerous cell cycle regulating
proteins has been observed in both in vitro and in vivo paradigms of neurodegeneration
(72-74), as a result literature that relates HDAC function and cell cycle progression will be
reviewed here.

Mature neurons are post-mitotic and rest at the G0 phase of the cell cycle. It is believed that
once activated in neurons, cell cycle regulating proteins are rewired to induce cell death as
opposed to cell proliferation. The first evidence suggesting a role for HDACs in governing the
cell cycle came from studies revealing that HDAC inhibitors can serve as potent inducers of
growth arrest, differentiation, and/or apoptotic cell death of transformed cells (1,22,24).
However, the use of broad spectrum HDAC inhibitors does not advance our understanding of
the role of individual HDACs in cell cycle regulation. We therefore, focus on studies that have
used non-pharmacological methods to study HDACs. HDACs 1, 3 and 4 have been shown by
independent groups to play roles in cell cycle regulation in non-neuronal systems (24,25,
75-77).

Progression through the cell cycle is dependent on expression of cell cycle regulating proteins
that are involved in cell growth and DNA replication. Members of the E2F family of
transcription factors have been shown to possess important and conserved roles in cell cycle
progression in several organisms examined (78-80). Eight members of the E2F family of
proteins have been characterized to date (81). E2F activity is largely regulated by the tumor
suppressor protein, Rb (82-84). E2F-1, 2, and 3 contain highly conserved domains for binding
both cyclin A/CDK2 and Rb (81). E2F-1 was the first E2F family member to be discovered
due to its ability to directly bind Rb (81). Binding of E2F-1 to Rb results in inhibition of E2F-1-
meidated transcription. This inhibitory effect is relieved in mid to late G1, when Rb is
phosphorylated by CDKs. Phosphorylation of Rb frees E2F-1 and causes activation of E2F-1
regulated gene transcription which results in cell cycle progression (78,79). Moreover E2F-1
activation has been established as a contributing factor in a number of neurodegenerative in
vitro and in vivo models. Accumulated E2F-1 protein has also been observed in the post mortem
brains of patients affected with neurodegenerative disease (85).

It has been shown that some E2F family members including E2F-1 are acetylated by p300 and
CBP (24). P300 and CBP are HATs that counteract HDAC function in the cell (1). Acetylation
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of E2F-1 was shown to enhance transactivation of an E2F-responsive promoter. However, the
reversal of this acetylation by HDAC1 suggests that HDAC activity can serve as a mechanism
in controlling the cell cycle (24). In addition, another group reported that HDAC1 is present
in Rb-recruited transcription repression complexes. Nicolas et al., showed that RbAp48, an
Rb-associated protein that can directly interact with histone H4 (86-88), and E2F-1 associate
directly in the presence of Rb and HDAC1 to mediate transcriptional repression (25).

Another HDAC whose role in regulation of cell cycle has been uncovered is HDAC3.
Panteleeva and colleagues reported HDAC3 as an Rb/E2F binding protein (75). They
demonstrated that HDAC3 undergoes a caspases dependent degradation during apoptosis. The
degradation of HDAC3 might be the underlying reason for the instability of E2F-responsive
elements (E2F-Res) in apoptotic versus neuroprotective conditions (75).

Amongst class II HDACs, HDAC4 has been the most closely linked to cell cycle progression.
Research investigating the role of HDAC4 in DNA damaged cells has yielded interesting
findings regarding cell cycle progression, HDAC4 and the p53 response pathway. As discussed
previously, HDAC4 shuttles in the nucleus in response to apoptotic stimuli. Similar localization
takes place when cells undergo DNA damage (76). In DNA damaged cells, transcription is
controlled by genes down stream of the tumor suppressor protein, p53. DNA damage causes
a robust increase in p53 levels. The elevated levels of p53 act as a negative regulator of key
proteins involved in cell cycle progression. Basile et al., showed that HDAC4 is recruited to
G2/M promoters upon DNA damage in a p53 dependent manner. Another group also suggested
a role for HDAC4 in cell cycle progression with the finding that the silencing of HDAC4 via
RNA interference decreased levels of 53BP1, a protein that is recruited to nuclear foci upon
DNA damage, and inhibited the DNA damage-induced G2 delay in HeLa cells (77).

Moreover, in our laboratory, we have shown that HDAC4 inhibits cell cycle progression and
protects neurons through inhibition of CDK1 activity. We demonstrated that forced expression
of HDAC4 suppresses cell cycle progression of both HEK293T and HT22 cells (6). Consistent
with these findings, we reported decreased CDK1 activity in brain of HDAC4 deficient mice
(6). This finding is in agreement with the previous finding that HDAC4 suppresses proteins
regulating the G2/M transition in cell cycle progression (76).

9. CONCLUDING REMARKS
Here, we have presented a review citing the roles of HDACs in the regulation of a number of
neuronal processes with a focus on class IIa HDACs and their role in the maintenance of
neuronal survival. We have discussed that although very similar in primary structure, these
HDACs can have opposing roles in governing neuronal functions. Broad spectrum
pharmacological inhibitors of HDACs inhibit all HDACs effectively. Consequently, several
studies spanning numerous fields that include cardiac myocyte differentiation and
neurodegeneration have revealed contradicting results from the use of HDAC inhibitor (21,
89). Considering that members of the HDAC family of proteins may play opposing roles in
the regulation of cellular processes, the use of these global inhibitors to decipher the role of
individual HDACs is problematic. It is therefore important to ascertain the role of each HDAC
individually in order to obtain an un-muddled picture of HDAC function. Class IIa HDACs
are known to act via protein-protein interactions through their N-terminal domain. Our lab has
reported that the class IIa HDACs, HDAC4 and HDRP, are able to behave as guardians aginst
cerebellar granule neuron activity withdrawal-induced apoptosis even in the absence of their
deacetylase domain. Therefore, the importance of the deacetylase domain with regard to HDAC
function is an unanswered question. It is conceivable that the protein-protein interactions
indeed play the most important roles in the ability of class IIa to regulate gene transcription.
Therefore, characterization of new interacting proteins and deciphering the functional
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significance of these interactions is a crucial step toward understanding HDAC function in the
regulation of neuronal processes.
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Fig. 1. HDAC4 and HDRP -mediated neuroprotection
HDRP and HDAC4 mediate neuronal survival via distinct mechanisms. While HDRP binds
to and inhibits the pro-apoptotic protein, JNK, therefore inhibiting c-Jun induction and
phosphorylation, HDAC4 inhibits cell cycle progression by inhibiting CDK1 activity.
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Fig. 2. HDAC4, HDAC5 and HDRP sequence similarities
(A-B) The N-terminal protein sequences of human HDAC4 (653 aa), HDAC5 (682 aa) and
HDRP are compared in this figure. (A) Protein sequences were aligned using the Jotun Hain
method. Red, green and blue bars show 100%, 67% and 0% similarities amongst the three
sequences respectively. (B) Percent similarities amongst the protein sequences are reported.
This is a gross measure of similarity between sequences, derived by taking the matches over
the matches, mismatches and gaps. (C) Phylogenic tree, showing the evolutionary relationship
amongst HDAC4, HDAC5 and HDRP. Actual distances are not exact and may be greater than
shown. MegAlign software was used for the generation of this data.
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