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HDACO9 is implicated in schizophrenia and expressed
specifically in post-mitotic neurons but not in adult
neural stem cells
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Abstract: Schizophrenia is a common psychiatric disorder and caused by a combination of environmental, social and
genetic factors. Histone deacetylases (HDACs) can translate epigenetic effects to the genome by modifying chromatin
structure and gene expression. Inappropriate activity of HDACs is associated with cancer, cardiovascular and neuro-
logical diseases, and HDAC inhibitors are shown to improve the derivation of induced pluripotent stem (iPS) cells and
to modulate cell lineage differentiation during brain development. We demonstrate that one of the HDAC genes,
HDACY, is hemizygously deleted in a small proportion of schizophrenia patients, and is widely expressed in mouse
brain including areas where the neuropathology of schizophrenia is found. High levels of expression are observed in
the hippocampus, layers lI/1ll and V of the cerebral cortex, prefrontal and medial prefrontal cortex, piriform and cin-
gulum cortex, basolateral amygdaloid nuclei and choroid plexus. HDAC9 protein is found in the cell body as well as in
nerve fibers. Importantly, HDACO9 is not expressed in adult neural stem cells, glia, astrocytes, or oligodendrocytes, but
expressed exclusively in post-mitotic and mature neurons. Our data suggest that HDAC9 may play a crucial role in
neuronal function of adult brain.

Keywords: Adult neural stem cells, copy number variation, HDAC9, histone deacetylase, neuron-specific expression,
schizophrenia

Introduction lation, methylation, ubiquitinyation and acetyla-
tion. Generally, increased acetylation leads to

Schizophrenia is a neurodevelopmental disor- more relaxed chromatin structure and higher

der and associated by environmental, social
and genetic risk factors. Environmental factors
may modify gene expression without affecting
DNA sequences. One of the epigenetic mecha-
nisms that imprint environmental cues onto the
genome is carried out by two classes of en-
zymes: histone acetyltransferases and histone
deacetylases (HDACs) [1]. Histone acetyltrans-
ferases acetylate whereas HDACs deacetylate
the lysine residues of the histone proteins [2,3].

Histone proteins are elementary components of
nucleosomes which form the fundamental unit
of chromatin. They are subject to post-
translational modifications including phosphory-

gene expression, whereas deacetylation of the
lysine residues by HDACs results in more com-
pact chromatin structure and decreased gene
expression. Therefore, HDACs are largely consid-
ered as transcriptional repressors [2, 4-6].
Since the purification of the first HDAC in 1996
[7], a total of 18 HDAC genes have been identi-
fied. HDAC proteins are grouped into 4 classes
based on their similarity to yeast proteins [8].
Class | consists of HDAC1, 2, 3 and 8, class I
includes HDAC4, 5, 6, 7, 9, and 10, and class lll
members are SirT1 - 7. HDAC11 is in class IV
on its own because of its distinctive structure.

Mouse Hdacl gene is crucial for early embry-
onic development, and germ-line deletion of
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Hdacl causes early embryonic lethality. Al-
though embryonic stem (ES) cell proliferation
and embryoid body formation are unaffected by
loss of either Hdacl or Hdac2, Hdacl-deficient
embryoid bodies are significantly smaller,
showed spontaneous rhythmic contraction, and
increased expression of both cardiomyocyte and
neuronal markers. This suggests that loss of
Hdacl function promotes cardiomyocyte and
neuronal differentiation of ES cells [9]. Interest-
ingly, treatment of embryonic neural progenitor
cells with a HDAC inhibitor trichostatin A (TSA)
increases neuronal differentiation and de-
creases astrocyte differentiation when cultured
in @ minimal, serum-free medium, lacking any
induction or growth factor. Also, neurons de-
rived from TSA treatment appear to develop
normal electrophysiological membrane proper-
ties characteristics [10]. Meanwhile, dys-
regulation of HDACs is shown to associate with
a variety of pathological processes, including
neurological disorders, inflammation, cardiovas-
cular dysfunction and cancer. For example, Up-
regulation of HDAC5 and HDAC9 expression is
associated with high-risk medulloblastoma [11].
HDAC9 also has a crucial role in musculoskele-
tal and cardiac function [12, 13] and targeted
deletion of HDAC9 leads to cardiac hypertrophy
[14].

In the central nervous system, aberrant epige-
netic regulation has been reported in psychiatric
disorders including schizophrenia and depres-
sion [15-18]. HDAC5 may act as a central inte-
grator of chronic drug addiction and stress.
Chronic exposure to cocaine or stress de-
creases HDAC5S function in the nucleus accum-
bens, and increases histone acetylation and
transcription of HDAC5 target genes, whereas
loss of HDAC5 causes hypersensitive responses
to chronic cocaine or stress [19]. Additionally, in
a recent genetic association study, a SNP
(rs1063639) of HDAC4 is linked schizophrenia
in a Korean population [20]. However, the T/C
substitution in the SNP (rs1063639) is synony-
mous, and does not alter the amino acid at
aa855 position, and it is yet to be determined
whether this synonymous substitution influ-
ences mMRNA transcription or stability. Gavin and
colleagues demonstrate that cultured lympho-
cytes from schizophrenic patients have lower
levels of histone H3 acetylation [5,17,21], and
HDAC inhibitors valproic acid (VPA) and TSA can
induce GAD1 mRNA expression [17]. GAD1 en-
codes glutamic acid decarboxylase, GAD67, an
enzyme synthesizing gamma-aminobutyric acid
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(GABA). GABA is a major inhibitory amino acid
neurotransmitter and is commonly defective in
schizophrenic patients. This suggests that
higher HDAC activity may be associated with the
cause of schizophrenia and HDAC inhibitor(s)
may be of therapeutic potential for schizophre-
nia. However, postmortem studies did not re-
veal overt differences in chromatin modification
in the prefrontal cortex of schizophrenia pa-
tients [22]. On the other hand, deletion rather
than duplication of HDAC9 is reported in schizo-
phrenic patients recently [23]. Therefore, the
extent of involvement and the mechanisms by
which HDACs are involved in neurological disor-
ders largely remain unclear, and the knowledge
of HDAC expression in the brain is fundamental
to understand roles of HDAC function in neuro-
logical diseases.

Existing data on the expression of HDAC9 in the
brain is extremely controversial. For example,
high levels of HDAC9 expression were detected
in the brain and skeletal muscle by Northern
hybridization when the gene was initially cloned
[13]. However, using a systematic approach of
40-mer oligonucleotide probes, Hdac9 mRNA
expression was only just above the background
level in rat brain by in situ hybridization [24]. On
the other hand, out of 12 HDAC genes analyzed
using relative quantification, HDAC9a and
HDAC9b were the most highly expressed HDACs
in normal brain [25]. This controversy highlights
an urgent need to clarify HDAC9 expression in
the brain.

We present here evidence that HDAC9 gene is
deleted in a small portion of schizophrenia pa-
tients. We carried out an immunohistochemical
study with antibodies against HDAC9 and found
wide expression of Hdac9 protein in mouse
brain with high levels in the hippocampus and
cerebral cortex, where neuropathologies are
found in schizophrenia. The expression is exclu-
sive to the post-mitotic neurons, suggesting
HDAC9 may be crucial for the function of ma-
ture neurons.

Materials and methods

Copy number variations (CNV)

The recruitment and assessment of cases and
controls and the methods of CNV analysis are
as fully described [26]. In brief, all subjects gave

informed consent. The studies were approved
by the appropriate research ethics committee.
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Diagnoses of schizophrenia according to DSM4
criteria were reached by consensus between
two trained psychiatrists with information from
direct interview and case notes. The 3,391
schizophrenic patients and 3,181 ancestrally
matched controls [26] were analysed for CNVs
on the UCSC human genome database (hgl8)
for all HDAC genes (http://genome.ucsc.edu/cgi
-bin/hgGateway).

Immunohistochemistry

Two-month-old wild type mice were killed hu-
manely by cervical dislocation. Mouse brains
were dissected and embedded in OCT, and then
freshly frozen on dry ice. Fresh mouse brain was
sectioned at 12 um with the aid of a Cryostat
(Leica CM1850), and sections were mounted on
slides and stored at -20°C for further analysis.

Chr 7 (p21.1)

Antigen retrieval was done in a citrate buffer
[27,28]. Sections were then incubated over-
night with a rabbit polyclonal primary antibody
against a synthetic peptide EVPVGLEPISPLDLRT
derived from the N-terminus of HDAC9
(ab18970, ABcam, 1:200) on its own, or in com-
bination with a second cell-type specific primary
antibody for double labelling. Cell-type antibod-
ies used were Ki67 (TEC-3) from Dako (1:50),
CNPase antibody from ABcam (1:1000), mouse
anti-GFAP (1:1000) and anti-NeuN (1:400) from
Chemicon. All secondary antibodies were pur-
chased from Molecular Probe (Donkey anti-
rabbit and anti-mouse), with a dilution of the
1:1000 for the red, and 1:400 for the green
antibody. Control experiments were performed
in parallel in the absence of the primary anti-
body. Images were captured by an Axiovert
40CFL microscope with AxioVision Rel. 4.5 soft-
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Figure 1. HDAC9 gene deletion in schizophrenia. (A). Schematic presentation of 1.7 Mb chromosomal region at
7p21.1 (Chr7:17,600,000-19,300,000), which encodes HDAC9 and flanking genes. (B). A genome-wide survey of
rare CNV showed deletions in three schizophrenic patients out of the 3,391 cases, with none in 3,181 controls. The

deleted regions highlighted in red.
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ware (Zeiss). We analyzed the CNVs in 3,391 schizophrenic
patients and in 3,181 ancestrally matched con-
Results trols [26] for all HDAC genes, and identified
three schizophrenic patients to carry single copy
HDAC9 is deleted in a small subset of schizo- deletion at chr7:17674100-18634682;
phrenic population chr7:18374606-18498502 and

Figure 2. Neuroanatomic expression of Hdac9 in the mouse brain. Immunofluorescent staining was carried out on
brain sections with anti-HDAC9, and green fluorescence showed the expression of Hdac9. Abbreviations: 3V- third
ventricle; AC - anterior commissure; aca - anterior commissure, anterior; AOP - anterior olfactory nucleus, posterior;
BLA - basolateral amygdaloid nucleus, anterior; CA1-CA3 - fields of Ammon’s horn of the hippocampus; CC - corpus
callosum; Cg - cingulum; CP - choroid plexus; CPu - caudate putamen; DG - dentate gyrus; |-Vl - six layers of the
cerebral cortex; LV - lateral ventricle; MHB - medial habenular nucleus; MPFC - medial prefrontal cortex; PF -
parafascicular thalamic nucleus; PFC - prefrontal cortex; Pir - piriform cortex; SCO - subcommisural organ.
Bars=50um.

34 Am J Stem Cell 2012;1(1):31-41



HDACO9 is expressed in post-mitotic neurons but not in adult neural stem cells

Figure 3. Hdac9 is not expressed in oligodendrocytes. Brain sections were doubly immunostained with anti-HDAC9
(green) and anti-CNP (red) for oligodendrocytes. Images were taken from dorsal lateral cerebral cortex with layer VI
and corpus collasum (CC) in A-C and from retrosplenial granular cortex (RSG) in D-F. Bars=50um.

chr7:18595436-18707719, respectively. These
deletions commonly involve the HDAC9 gene
(Figure 1). In addition, one mental retardation
patient was shown to carry a single copy of
chr22: 48938557-49139096, which encodes
HDAC10 and ~10 other genes (not shown). In
the control group, only one individual was identi-
fied to harbor HDAC CNV, with 3 copies of
chr17:39196329-40203723 which encodes
HDAC5 gene together with >20 other genes.
However, no CNV was found for the HDAC1-4,
HDACG6-8, HDAC11 and SIRT1-7 genes in con-
trols or schizophrenic patients. These data sug-
gest that CNV of HDAC genes is more common
in schizophrenic cases (4/3,391 cases) than in
controls (1/3,181 controls), and deletion of
HDAC9 may be associated with a small subset
of schizophrenic population.

Expression of Hdac9 in mouse brain

To examine neuroanatomical expression of
Hdac9, we carried out an immunohistochemical
study with mouse adult brain sections. Hdac9
was widely, but not uniformly, expressed in the
mouse brain (Figure 2). For example, little ex-
pression was detected in the anterior olfactory
nuclei posterior (Figure 2C), medial habenular
nuclei (Figure 2K) or subcommisural organ SCO
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(Figure 2L). However, high Hdac9 expression
was found in all fields of hippocampus (Figure
2F, K, L), layers lI/lll and V of cerebral cortex
(Figure 2E), prefrontal cortex (Figure 2A) and
medial prefrontal cortex (Figure 2B), piriform
(Figure 2C-D) and cingulum (Figure 2H) cortex,
basolateral amygdaloid nuclei (Figure 2D), and
choroid plexus (Figure 2K-L).

Hdac9 is not expressed in oligodendrocytes

Using anti-HDAC9 antibody, we also observed
an intense immunofluorescent staining in the
corpus callosum (Figure 2H), anterior commis-
sure (Figure 2l), and caudate putamen (Figure
2G). In contrast to the punctuate distribution of
Hdac9 in neuronal cell bodies (arrow, Figure 2J),
high magnification showed bundles of fibre-like
staining pattern in the caudate putamen
(arrowhead, Figure 2J). To examine whether
Hdac9 is expressed in oligodendrocytes, we
carried out double immunostaining with an anti-
body again 2',3'-cyclic nucleotide 3' phosphodi-
esterase (CNP), a marker for oligodendroglial
cells. Hdac9 did not co-label with CNP in the
dorsal lateral cerebral cortex (Figure 3A-C) or in
the retrosplenial gruanular cortex (RSG) (Figure
3D-F), showing that Hdac9 was not expressed in
oligodendrocytes.

Am J Stem Cell 2012;1(1):31-41
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Figure 4. Hdac9 is not expressed in GFAP-positive cells. Brain sections were double immunolabeled with anti-HDAC9
(green) and anti-GFAP (red). Images were taken from layers I-ll (A-C) or VI (D-F) regions of cerebral cortex, or CA1 (G-I)
or dentate gyrus (J-L) regions of the hippocampus. CA1 - field of CA1 Ammon’s horn; CC - corpus callosum; DG - den-

tate gyrus. Bars=50um.
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Figure 5. HDAC9 is expressed in NeuN-positive neurons. Double immunostaining was carried out with anti-HDAC9
(green) and NeuN (red) for mature neurons, and counter-stained with Hoechst (blue) for nuclei. Images were taken
from the hippocampal (A-F) or cortical (G-l) regions. Arrows in A-C indicated newborn nerons which were not labelled
by NeuN but strongly expressing Hdac9 in the subgranular zone. DG - dentate gyrus. Bars=50um.

Hdac9 is not expressed in astrocytes or glia

To further examine cell-type expression of the
Hdac9, we performed double immunostaining
with anti-GFAP, a marker for glia and astrocyes.
No co-labelling of Hdac9 and GFAP was found in
the cerebral cortex, hippocampus or other brain
regions (Figure 4), showing Hdac9 was not ex-
pressed in astrocytes or glia.

Hdac9 is expressed in post-mitotic neurons, but
not in adult neural stem cells

Next, we co-immunostained brain sections for
Hdac9 with NeuN, a marker for mature neurons
(Figure 5). Hdac9 was highly co-labeled with
NeuN in the hippocampal granular neurons
(Figure 5A-F), in the pyramidal neurons of the
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cerebral cortex (Figure 5G-l) and other brain
regions (not shown).

Adult neural stem cells are localized in the sub-
granular zone of the hippocampus, subventricu-
lar zone and rostral migratory stream. We then
examined Hdac9 expression in adult neural
stem cells by co-labelling with Ki67, a marker
for proliferating cells. No co-expression of
Hdac9 and Ki67 was found in the mouse brain
(Figure 6). Thus, Hdac9 is not expressed in
adult neural stem cells, but, expressed exclu-
sively in post-mitotic and mature neurons.

Discussion

Schizophrenia is associated with environmental,
social and genetic factors. Non-genetic factors

Am J Stem Cell 2012;1(1):31-41
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Figure 6. Hdac9 is not expressed in Ki67-positive adult neural stem cells. Co-immunolabeling was performed on
mouse brain sections with anti-HDAC9 (green) and Ki67 (red) for proliferating cells. Images were sampled from the
subventricular zone (SVZ) in A-C, and from different regions of the rostral migration stream (RMS) in D-l. Bars=50um.

may modify genome at gene expression level
through epigenetic mechanisms. The nu-
cleosome is a fundamental unit of chromatin
structure and function, which consists of ~147
bp DNA wrapped by 8 histone proteins. The ace-
tylation status of the histone proteins is crucial
for maintaining appropriate gene expression
levels. Deacetylation of the N-terminal tail of
histones via HDACs leads to compact chromatin
structure and reduced gene expression. We
have shown here that the HDAC9 gene is de-
leted in a small subset of schizophrenic pa-
tients, and Hdac9 protein is enriched in brain
areas where neuropathology of schizophrenia is
found.

HDAC9 is relatively under-investigated among
all HDACs. High levels of HDAC9 mRNA were
initially detected in the brain extract by Northern
hybridization [13], and later by quantitative
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analyses in normal human brain samples [25].
Surprisingly, Hdac9 mRNA expression was al-
most undetectable in rat brain by in situ hybridi-
zation using 40-mer oligonucleotide probes
[24]. It is unknown whether this is due to the
species difference, probes and/or experimental
conditions. We found a wide expression of
Hdca9 protein in adult mouse brain, which sup-
ports Zhous’ [13] and Lucio-Eterovic’s [25] ob-
servations. The observed expression was spe-
cific, because little expression was detected in
the anterior olfactory nuclei posterior, medial
habenular nuclei or subcommisural organ. High
levels of Hdac9 expression were found in chor-
oid plexus, hippocampus, cerebral cortex, pre-
frontal cortex, medial prefrontal cortex, piri-
form/cingulum cortex and basolateral amygda-
loid nuclei of adult mouse brain.

It is worth to note that different HDAC may be

Am J Stem Cell 2012;1(1):31-41
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involved in the generation of different brain cell
types. For example, Sirtl, a class lll HDAC, ap-
peared to suppress neurogenesis but promote
astroglial lineage differentiation. Direct activa-
tion of Sirt1 or mild oxidation suppressed prolif-
eration of neural progenitor cells and directed
them into astroglial lineage at the expense of
the neuronal lineage. In utero shRNA-mediated
knockdown of Sirtl in neural progenitor cells
prevented oxidation-mediated suppression of
neurogenesis [29]. On the other hand, we re-
ported here that Hdac9 protein was primarily
associated with neurons, and not with oligoden-
drocytes, astrocytes or glia. Similarly, Hdac2-5
and Hdacl0-11 were previously found to ex-
press highly in neurons of rat brain. However,
Hdac2-5 and Hdacll also were found in oli-
godendrocytes [24], suggesting that they might
play a role in myelination during CNS develop-
ment [30]. Together with our data, these find-
ings suggest that different HDAC genes may be
required for different lineage differentiation of
brain cells, and HDAC9 and HDAC10 are the
neuron-specific ones among all HDACs. This
makes it more intriguing to investigate the roles
of HDAC9 and HDAC10 in neurons. Importantly,
an alternatively spliced and C-terminal trun-
cated form of HDAC9 that lacks a catalytic do-
main, the histone deacetylase-related protein
(HDRP), has been reported to be protective
against apoptosis in cultured neurons [12, 31],
and HDAC9 is required for dendritic growth [32].

Abnormal dendritic density and synaptic dys-
function are associated with neurodevelopmen-
tal disorders including autism and schizophre-
nia. A SNP of HDAC4 is associated with schizo-
phrenia [20], and HDAC4 may play an important
part in the peripheral and central nervous sys-
tem. The HDAC9 gene is recently found to have
varied copy numbers in schizophrenia [23],
which makes further study of this protein very
important. We present here evidence that the
HDAC9 gene is hemizygously deleted in a small
proportion (~0.1%) of schizophrenia patients,
and that the Hdac9 protein is highly expressed
in brain areas including hippocampus and cere-
bral cortex, where neuropathology of schizo-
phrenia is found. Interestingly, a nonselective
HDAC inhibitor VPA has been shown to reverse
schizophrenia-like behavior in several mouse
models [33,34], and has been explored in hu-
man subjects [35], although its efficacy is yet to
be confirmed. Furthermore, HDAC inhibitors
have shown promise in animal models of de-

39

pression [36] and in humans patients when
used in conjunction with antipsychotics [37,
38].

Schizophrenia is a neurodevelopmental disor-
der and roles of HDAC9 during brain develop-
ment are currently unknown. We showed that
the Hdac9 protein in mouse brain is expressed
exclusively in post-mitotic/mature neurons, not
in adult neural stem cells, suggesting that
HDAC9 expression may not be good for stem
cells. In support of this, epigenetic factors are
found to modulate derivation iPS cells from so-
matic cells. Pre-treatment of somatic cells with
5-aza-dC against DNA methyltransferase or TSA
against HDACs was shown to improve the effi-
ciency of reprogramming process via nuclear
cloning [39] or via iPS cell generation [40-41].
Lower levels of histone acetylation were also
observed in iPS cells derived from three tran-
scription factors (OCT4, SOX3, KLF4) without c-
MYC, and supplementation of HDAC inhibitor
TSA was able to significantly improve the iPS
cells for their developmental potential [42].
Similarly, another HDAC inhibitor VPA improved
reprogramming efficiency by more than 100-fold
[40]. TSA was also shown to increase Nkx2.5
expression in iPS cell lines and induces myocar-
dial differentiation in mouse iPS cells [43].
Therefore, manipulation of HDAC activity may
become an important tool in regenerative medi-
cine.

Intriguingly, the HDAC9 protein is translocated
from nucleus to cytoplasm during postnatal de-
velopment, and this process can be induced by
an increase of spontaneous firing activity in cul-
tured mouse cortical neurons [32]. We showed
that Hdac9 is not expressed in neural stem cells
but expressed in post-mitotic neurons in adults.
Follow-up studies on neuroanatomical changes
in genetically modified Hdac9 animals will en-
hance our understanding of the roles of Hdac9
in brain development and function. Our discov-
ery that HDAC gene deletion is associated with
a small subset of schizophrenic patients sug-
gests that alternative compounds, such as spe-
cific HDAC activators, shall also be investigated
for their effects in neurons and in animal mod-
els.
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