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Abstract: Understanding how an epigenetic regulator drives different cellular responses can be a
tricky task. Very often, their activities are modulated by large multiprotein complexes, the composi-
tion of which is context- and time-dependent. As a consequence, experiments aimed to unveil the
functions of an epigenetic regulator can provide different outcomes and conclusions, depending on
the circumstances. HDAC9 (histone deacetylase), an epigenetic regulator that influences different
differentiating and adaptive responses, makes no exception. Since its discovery, different phenotypes
and/or dysfunctions have been observed after the artificial manipulation of its expression. The
cells and the microenvironment use multiple strategies to control and monitor HDAC9 activities.
To date, some of the genes under HDAC9 control have been identified. However, the exact mecha-
nisms through which HDAC9 can achieve all the different tasks so far described, remain mysterious.
Whether it can assemble into different multiprotein complexes and how the cells modulate these
complexes is not clearly defined. In summary, despite several cellular responses are known to be
affected by HDAC9, many aspects of its network of interactions still remain to be defined.
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1. Class IIa Histone Deacetylases (HDACs): A Short Introduction

The regulation of the access to DNA is a key aspect in the control of gene expression.
In general terms, epigenetics investigates the mechanisms through which this access is
modulated by the cells and the environment. There are several controllers, which exhibit
different biochemical activities (principally on DNA and histones) in order to sculpture
the epigenome. The final goal is to allow or deny access to DNA. Histone deacetylases
(HDACs) are important epigenetic regulators (controllers) that when acting on histones aim
to reverse an open state of the chromatin. HDAC9 belongs to the class IIa HDACs subfamily
of deacetylases that in vertebrates show a poor/absent enzymatic activity towards acetyl-
Lys due to the tyrosine/histidine substitution in the catalytic pocket [1]. Nonetheless,
they are equally powerful repressors of transcription. Class IIa HDACs are recruited by
specific transcription factors (TF) on the regulative elements of different genes to silence
their expression [2]. On chromatin, in virtue of their ability to assemble into multiprotein
complexes, class IIa HDACs engage other transcriptional co-repressors and can reset
the epigenetic signature [3,4]. In addition, class IIa HDACs have also been reported to
modulate the acetylation of non-histone proteins [5]. Environmental signals control class
IIa HDACs’ activities through different strategies, including regulation of transcription and
translation, ubiquitin-dependent degradation, and selective proteolysis [2,6–8]. A quick
option for modulating class IIa HDACs repressive potential is operated through the control
of their subcellular localization. These deacetylases shuttle in and out from the nucleus in
a phosphorylation-dependent manner. Class IIa HDACs have a set of conserved serines
that, once phosphorylated, become docking sites for 14-3-3 chaperone conserved serines
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that, once phosphorylated, become docking sites for 14-3-3 chaperone proteins, which
in turn escort the deacetylases from the nucleus into the cytoplasm. This control limits
their repressive influence [2–4,9,10]. On the other hand, phosphatases such as PP2A can
promote HDAC nuclear import and consequently gene repression [11].

2. HDAC9: An Historical Perspective

HDAC9 was originally identified as a MEF2 (myocyte enhancer factors 2) partner via
a yeast two-hybrid screen [12]. Indeed, a shorter isoform termed MITR (MEF2-interacting
transcription repressor), lacking the carboxy-terminal HDAC domain was initially iden-
tified. MITR is able to repress MEF2 transcription and its expression is related to muscle
development. Starting at the neurula stage within the mature somites, MITR expression is
subsequently restricted to the myotomal muscle. Despite missing the deacetylase domain,
MITR represses MEF2 activity, since it can assemble into an actively deacetylating com-
plexes. The recruitment of HDAC1 to MEF2 was proposed as the molecular mechanism
mediating the repressive influence of MITR [12].

In parallel, HDAC9 was identified by a second research team as HDRP (HDAC-related
protein). HDRP shares 50% identity in the amino acid sequence to the non-catalytic N-
terminal domain of HDAC4 and 5 and acts as a repressor of transcription, by recruiting
both HDAC1 and HDAC3 [13]. The recruitment of the COOH-terminal-binding protein
(CtBP), through a CtBP-binding motif (P-X-D-L-R) conserved in MITR and in the other
class IIa HDACs is another mechanism used to exert the repressive pressure [14]. MITR
lacks also the nuclear export signal that lies in the C-terminus of class IIa HDACs (Figure 1).
As a consequence, it frequently accumulates in the nucleus. However, during muscle
differentiation, its repressive action is switched-off by the CaMK-dependent phosphory-
lation of the 14-3-3 binding sites (Se-218 and 448) [15]. Although the heterodimerization
of MITR with other class IIa paralogues could theoretically lead to its cytoplasmic export,
the binding of 14-3-3 is sufficient to turn off the repressive activity of HDACs regardless of
any cytoplasmic relocation [16,17]. It is evident that, the comprehension of the fine regula-
tion of HDAC9/MITR nuclear/cytoplasmic shuttling as well as of the switching-on/off
dynamics, deserve further studies, possibly by applying CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats)-based strategies to monitor the shuttling of the
endogenous proteins.

Two years later the discovery of MITR, the full-length HDAC9 containing the deacety-
lase domain was identified. The genomic characterization of the HDAC9 locus on human
chromosome 7p21, revealed the existence of different splicing isoforms (including MITR)
that show tissue specific expression [18,19]. The HDAC9 gene extends up to 458 kb. HDAC9
protein is constituted by 1069 aa and the relative mRNA by 26 exons. HDAC9 can be sub-
jected to alternative splicing, thus yielding to several variant isoforms not limited to MITR.
At least, 29 isoforms have been identified so far. HDAC9 and HDAC9a isoforms have 24
and 20 exons, respectively. The deacetylase domain is located between the 12th and 22nd
exons and is highly conserved among the different class IIa HDACs. The HDAC9 promoter
lacks TATA, CCAAT boxes and CpG-rich elements [18–20]. These features explain the low
basal expression of HDAC9 observed in different tissues (Figure 2). HDAC9 could also be
part of protein complexes aimed to coordinate the deposition of different repressive marks,
as indicated by the interaction with the heterochromatin protein 1 [21].

Mice mutant for Hdac9 are sensitized to hypertrophic signals and exhibit stress-
dependent cardiomegaly. This result confirmed the role of the MEF2-class IIa HDACs
axis in the regulation of the transcriptional program governing cardiac hypertrophy
and heart failure [22]. As explained above class IIa HDACs activities are modulated
by phosphorylation-dependent nuclear-cytoplasmic shuttling (Figure 1B). Hypertrophic
signals use a non-classic CaMK HDAC9-kinase to unleash MEF2 transcription [22]. In
cardiomyocytes, cAMP, through (PKA)-dependent inhibition of PKD promotes the nu-
clear accumulation and blunt phosphorylation at the 14–3-3 binding sites (Ser218/448) of
HDAC9 [23]. Protein kinase C-related kinases (PRKs) can phosphorylate the serine 253 in
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the NLS of HDAC9/MITR. This site is conserved in HDAC5 and HDAC7 but is absent
from HDAC4. It was suggested that its phosphorylation could impair the nuclear import
of the deacetylases, by acting as priming step for further phosphorylations [2,24,25].
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Figure 1. The HDAC9 (histone deacetylase) genomic locus and schematic representation of the 
HDAC9 protein and of the splicing variant myocyte enhancer factors 2-interacting transcription 
repressor (MITR). (A) Simplified view of the HDAC9 genomic region including adjacent genes. 
Data are from assembly GRCh38.p13 (GCF_000001405.39). (B) Schematic representation of HDAC9 
and of its splicing variant MITR. The main domains/regions are indicated. Phosphorylation of 
14-3-3 binding sites are highlighted in red. Other phosphorylation sites are in black [2]. The 
HDAC9 isoform 1 from Homo sapiens was selected for the analysis (accession: AAK66821.1). 
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Figure 1. The HDAC9 (histone deacetylase) genomic locus and schematic representation of the HDAC9 protein and of
the splicing variant myocyte enhancer factors 2-interacting transcription repressor (MITR). (A) Simplified view of the
HDAC9 genomic region including adjacent genes. Data are from assembly GRCh38.p13 (GCF_000001405.39). (B) Schematic
representation of HDAC9 and of its splicing variant MITR. The main domains/regions are indicated. Phosphorylation
of 14-3-3 binding sites are highlighted in red. Other phosphorylation sites are in black [2]. The HDAC9 isoform 1 from
Homo sapiens was selected for the analysis (accession: AAK66821.1).

Comparative ChIP-seq (chromatin immunoprecipitation and sequencing) studies have
unveiled that HDAC9 can bind genomic regions also independently from MEF2. Despite
these experiments provide a static view of the interactions of a protein with the DNA,
they suggest that class IIa HDACs can assemble into different complexes that interact with
different genomic regions [6,26]. When compared to the other family members, HDAC9
is the lowest expressed in normal human adult tissues [27]. Higher mRNA levels are
present in blood vessel, esophagus and uterus, all tissues characterized by the abundance
of smooth muscle cells (Figure 2). This very low level of expression suggests that HDAC9
transcription could be under the tight control of environmental signals. Therefore, even
though the regulation of nuclear/cytoplasmic shuttling seems to be the most commonly
used strategy to govern class IIa HDACs activities, in the case HDAC9 the transcriptional
control could also play a prominent role.
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Figure 2. HDAC9 and class IIa HDACs mRNA expression levels in different human tissues. 
Lymphocytes are EBV (Epstein-Barr virus)-transformed and fibroblasts were grown in culture. 
Basal ganglia were analyzed in the case of caudate, nucleus accumbens, putamen. The yellow bars 
indicate different regions of the central nervous system. Expression values are shown in TPM 
(transcripts per million) calculated from a gene model with isoforms were collapsed to a single 
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Figure 2. HDAC9 and class IIa HDACs mRNA expression levels in different human tissues. Lymphocytes are EBV
(Epstein-Barr virus)-transformed and fibroblasts were grown in culture. Basal ganglia were analyzed in the case of caudate,
nucleus accumbens, putamen. The yellow bars indicate different regions of the central nervous system. Expression values
are shown in TPM (transcripts per million) calculated from a gene model with isoforms were collapsed to a single gene. Box
plot are shown as median and 25th and 75th percentiles. Points are displayed as outliers if they are below or above 1.5 times
the interquartile range. Data are from https://www.gtexportal.org.
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3. Regulation of HDAC9 Expression during Differentiation: The Adipogenesis and
the Risk of Diabetes

As discussed above, in addition to post-translational regulations, it is highly plausible
that the mRNA levels of HDAC9/MITR are subjected to intense regulations in different
contexts. In mesenchymal stem cells (MSCs), MITR is the master switcher between the
osteogenic and the adipogenic differentiation. The Polycomb repressive complex 2 (PRC2)
subunit EZH2, which catalyzes the tri-methylation of H3K27, binds the HDAC9/MITR
promoter and represses its transcription. This repressive pressure is operative in adipocytes
but not in osteoblasts. Silencing of MITR inhibits osteogenesis and enhances adipogenesis.
The suggested mechanism relies on the interference of HDAC9 with PPARγ-2 activities and
particularly on its capacity of binding target genes’ promoters [28]. HDAC9 can also inhibit
osteoclast differentiation and its expression is down-regulated during osteoclastogenesis. In
agreement with this result, Hdac9-/- mice are also characterized by elevated bone resorption
and lower bone mass [29].

A role of HDAC9 in adipogenesis was confirmed by further studies. Among the
different HDACs, HDAC9 is specifically down-regulated before adipogenic differentiation
and preadipocytes from Hdac9-/- mice exhibit accelerated adipogenesis. The research team
discovered that in preadipocytes HDAC9 is recruited with USF1 at the E-box region of
the C/EBPα gene promoter, a master regulator of adipocyte differentiation. Here HDAC9
represses C/EBPα transcription [30]. Indeed, the link between HDAC9 and USF1 was pro-
posed by an earlier study. During fasting HDAC9 accumulates in the nuclear compartment
and USF1 is deacetylated. The molecular basis of this deacetylation is unknown, but it is
pivotal to down-modulate the transcription of the fatty acid synthase (FAS), a central en-
zyme in lipogenesis [31]. HDAC9 mRNA levels can be regulated also at post-transcriptional
levels. In bone marrow mesenchymal stem cells, miR-188 is an important regulator of the
switch, between osteogenesis and adipogenesis, occurring with aging. miR-188 directly
regulates HDAC9 and RICTOR (RPTOR independent companion of MTOR complex 2) [32].
Overall these data confirm that HDAC9 is a key factor in this differentiating switch.

The activity of HDAC9 during the adipogenic differentiation could have clinical
relevance. In mice subjected to chronic high-fat diet (HFD) adipogenic differentiation is
impaired and Hdac9 is expressed at high levels. Removal of Hdac9 improves adipogenic
differentiation, glucose tolerance and insulin sensitivity, and reduced hepatosteatosis.
Hdac9-/- mice subjected to an HFD are characterized by upregulated expression of the beige
adipocyte marker genes, increased energy expenditure and adaptive thermogenesis [33].

Cholesterol-lowering statins increase type 2 diabetes (T2D) risk, possibly by affecting
adipogenesis and insulin resistance. Within this vicious cycle a dysregulated expression of
HDAC9 emerges. DNA methylation represents a key epigenetic modification to repress
gene expression through the organization of a compact chromatin status. Hypomethy-
lation of the HDAC9 promoter region is elicited by statins (atorvastatin and mevastatin)
though an undefined mechanism. This hypomethylation correlates with an increased
HDAC9 mRNA expression. Higher levels of HDAC9 cause the transcriptional repression
of ABCG1, a cholesterol efflux gene. Artificial silencing of ABCG1 reduces the expression
of key genes involved in adipocyte differentiation and decreases insulin signaling and
glucose uptake [34].

Obesity is a consistent risk for developing metabolic diseases including diabetes.
Additional indications point to a possible contribution of HDAC9 to diabetes. HDAC9 is
expressed in insulin-producing β-cells and Hdac9 loss-of-function enhances β-cell mass
when analysed at E18.5 and P7. This increase is not due to hypertrophy but rather to a
burst in differentiation [35]. HDAC9 expression can be strongly induced upon hepatitis C
virus (HCV) infection. Here, HDAC9, through the upregulation of gluconeogenic genes,
seems to be involved in the development of HCV-associated exaggerated gluconeogenic
responses. This role could suggest a contribution of HDAC9 to the development of type
2 diabetes [36]. Since the silencing of HDAC9 increases the acetylation of FOXO1 TF,
a well-known regulator of gluconeogenic TFs, the FOXO1-HDAC9 axis could explain
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the positive effect of HDAC9 on gluconeogenesis [37]. Another link between HDAC9
and diabetes, metabolic and cardiovascular risks, has been proposed through the control
of the circulating levels of the adipocyte-secreted adiponectin. Higher serum levels of
adiponectin are associated with protection against inflammation and with a lower risk for
obesity, cardiovascular disease, and type 2 diabetes. A genome-wide association study has
identified an association between high adiponectin levels and a risk allele that may reduce
HDAC9 expression or function [38].

In muscles the neuronal activity represses HDAC9 expression. The existence of this
pathway was proved by the up-regulation of HDAC9 levels after denervation. Unfortu-
nately, how neurons impact on muscle HDAC9 has not been characterized [39,40]. In the
central nervous system (CNS) HDAC4 and HDAC5 have been intensively investigated
for the ability to regulate different adaptive responses such as addiction, plasticity and
memory [41–44]. It is possible that HDAC9 could be a further regulator of CNS functions.
In fact, the miR-183/96/182 cluster can target Hdac9 and several plasticity-related genes.
When this cluster is up-regulated in the hippocampus of adult mice it enhances object
memory, whereas its down-regulation impairs this memory [45].

4. HDAC9 in Atherosclerotic Plaques and Cardiovascular Disease (CVD)

Atherosclerosis is a complex disease under the influence of both genetic and en-
vironmental factors. Atherosclerotic plaque formation, destabilization and an eventual
rupture is the source of several cardiovascular diseases, including myocardial infarction
and stroke [46]. The initial evidences of an association between HDAC9 and CVD were
reported in 2012. The HDAC9 SNP (single nucleotide polymorphism) (rs11984041) was
positively associated with large artery stroke (LAS) in the European population [47]. The
mechanisms though which HDAC9 can increase stroke risk were not defined, as well as its
consequence on HDAC9 activities. This SNP lies within the last large intron at the 3’ end of
the gene (Figure 1A). The authors hypothesized a role of the SNP in accelerating atheroscle-
rosis. Soon afterwards, a second SNP in bone marrow mesenchymal stem cells (rs2107595)
was associated with LAS [48]. This SNP lies close to HDAC9 loci in the intergenic region
between HDAC9 and TWIST1 loci (Figure 1A) A subsequent study associated these SNPs
with common carotid intima-media thickness and with the presence of carotid plaque [49].
An analysis of HDAC9 SNPs in the Chinese population identified two additional intronic
variants (rs2389995 and rs2240419), associated with LAS risk. The authors discussed about
a possible heterogenic effect of the HDAC9 SNPs in different ethnic populations [50]. A
further SNP, in the 3′UTR of HDAC9 (rs2023938), was also associated to LAS [51]. In
summary, these SNPs are the smoking gun for a role of HDAC9 in the homeostasis of the
cardiovascular system. Expression studies, in isolated peripheral blood mononuclear cells,
for the intergenic rs2107595 allele were performed. These analyses highlighted an increase
of HDAC9 mRNA levels, but not of those of the neighboring genes (TWIST1/FERD3L) [52].
A similar observation was reported by Wang and co-authors [53]. A more recent study,
performed on whole blood cells, did not evidence differences in HDAC9 levels in the pres-
ence of the risk allele. Nevertheless, changes in the expression of genes controlling lipid
metabolism and inflammation, between the two groups, were observed [54]. Importantly,
several people that carry the risk allele rs2107595 do not have stroke, thus indicating the
contribution of additional factors.

In agreement with the involvement of HDAC9 in LAS, Hdac9-/-ApoE-/- mice compared
to Hdac9+/+ApoE-/- mice exhibit markedly reduced lesion sizes throughout atherosclerotic
aortas and significantly less advanced lesions. However, the analysis of human atheroscle-
rotic plaques revealed no association between this SNP and specific plaque characteris-
tics [52]. Overall, these discoveries have fueled the research on HDAC9 in CVD. Soon after
that it was reported that HDAC9 is up-regulated in the ischaemic cerebral hemisphere after
cerebral ischaemia/reperfusion (I/R) injury. In this rat model, Hdac9 silencing attenuates
cerebral injury in ischaemic stroke. During oxygen-glucose deprivation, the inflammatory
response and apoptosis of brain microvessel endothelial cells were reduced, in the presence
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of low levels of Hdac9 [55]. Interestingly, the class IIa HDACs inhibitor TMP269, by coun-
teracting stroke-induced HDAC9 increase, reduces neuronal cell death and ameliorates
general and neurological scores [56].

HDAC9 was further recognized as an important risk factor for myocardial in-
farction, coronary artery disease, peripheral artery disease and atherosclerotic aortic
calcification [57–60]. In atherosclerotic aortic calcification, increased expression of HDAC9,
in human aortic smooth muscle cells, promotes calcification and reduces contractility, while
its inhibition hinders calcification and enhances cell contractility. The authors proposed that
the action of HDAC9 on vascular calcification could be the unifying molecular pathogenetic
mechanism that is responsible also for the other CVD. They reported a reduction of Runx2
expression in the absence of Hdac9 [60].

Additional work has been performed to investigate the molecular mechanisms behind
the most important risk variant of HDAC9: the rs2107595. The genomic region comprising
this variant is characterized by a regulative “open” chromatin status, being enriched for
DNase I hypersensitive sites, H3K27ac, H3K4me1, and H3K9me3. Undoubtedly, the pres-
ence of such epigenetic markers points to a regulative function. More specifically, the SNP
alters a consensus binding site for the E2F3 TF. Indeed, E2F3 and pRb have an antagonistic
effect on HDAC9 expression in HeLa cells. Importantly, macrophages homozygous for the
risk allele show increased HDAC9 expression compared with macrophage homozygous
for the common allele. A short fragment (41 bp) including the SNPs can drive transcription
and the risk allele shows a stronger effect. Genome editing in Jurkat cells confirmed the
higher potency of the A/A risk allele compared to the G/G common allele. This effect on
transcription is cell and context dependent [61]. Since the risk allele abolishes the binding of
E2F3, we can hypothesize that the repressive influence of pRB through chromatin looping
reverberates at the promoter level. A control of pRB on HDAC9 transcription could also
explain the oncogene-induced expression of the deacetylase (see below).

HDAC9 action on CVD can be mediated by genes under its regulation and that control
the inflammatory response and/or the cholesterol efflux [62]. Recently, in large vessel
atherosclerotic stroke patients an association between the HDAC9 rs2107595 risk allele
and the overexpression of genes involved in IL-6 signaling, leukocyte recruitment, chronic
inflammation, cholesterol efflux, and platelet aggregation, has been found [54,63]. Accord-
ingly, another paper demonstrated that the presence of HDAC9 rs2107595 and HDAC3
rs11741808 polymorphisms in combination with diabetes mellitus worsens atherosclerosis
and causes stroke [64].

The contribution of HDAC9 to atherosclerosis could also stem from a modulation of
inflammatory cells. In lethally irradiated ApoE-/- mice reconstituted with bone marrow
from Hdac9+/+ApoE-/- or Hdac9-/-ApoE-/- mice, the absence of Hdac9 in bone marrow cells
is atheroprotective. Hdac9-/- macrophages are characterized by a reduction in the Tnf-α-
dependent up-regulation of pro-inflammatory cytokines and chemokines. Hdac9-deficient
macrophages show reduced Tnf-α-induced phosphorylation of the Nf-kb subunit p65,
which results in a reduced nuclear accumulation and transcriptional activity. The authors
propose that HDAC9 forms a complex with Ikkα and Ikkβ resulting in their deacetylation
and activation. Through this mechanism HDAC9 could control Nf-kb activities [65]. It is
important to underline that these results were observed after the overexpression of the
tagged proteins in HEK293 cells.

Hereditary thoracic aortic aneurysm (TAA) can be mediated by genetic alterations in
elements of the TGF-β (Transforming growth factor-beta) pathway or in components of the
vascular smooth muscle (VSM) contractile apparatus [66]. HDAC9 could represent the link
between these two groups of inherited diseases. HDAC9 is up-regulated in experimental
conditions recapitulating TAA. The initial investigations focused on the mRNA levels
and the researchers have not clarified which Hdac9 isoform is up-regulated in their TAA
model. Certainly, impacting on MITR levels and the use of Hdac9-deficient animals strongly
suggest that some HDAC9 isoform could influence the abnormal phenotypes of VSM cells
in models of TAA [67]. Additional studies suggest that HDAC9 could also be involved
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in coronary and cerebrovascular stenotic disease. Hdac9 expression is significantly up-
regulated in mice after carotid arterial ligation. A condition that triggers neointimal changes
such as remodeling of the extracellular matrix, VSM cells proliferation and inflammation.
21 days after ligation Hdac9-deficient mice evidenced significantly reduced neointimal
hyperplasia and stenosis [68].

5. HDAC9 Expression in Inflammation and in the Immune Response

The aforementioned variances in Nf-kb activation, observed in the absence of Hdac9,
point to a role of this epigenetic regulator in inflammation and the immune responses.
The generation of MRL/lpr mice with Hdac9 deficiency and the appearance of aberrant
effector T cell function, confirmed the role of Hdac9 in lympho-proliferation, inflammation
and autoantibody production. The deficit of Hdac9 conferred a survival advantage and
an increased systemic production of Il-4. In the absence of Hdac9, in vitro stimulated
CD4+ T cells (using anti-CD3 and anti-CD28 mAbs), secrete significantly less Il-2 and
Il-12 and show mild decreases in Ifn-γ, but increases in Il-4 secretion ex vivo. The authors
proposed that Hdac9 could act as an epigenetic switch in effector T cell-mediated systemic
autoimmunity [69].

Periodontitis is a common and complex disease where the bacteria community engages
an immune response that triggers tissue damage and bone loss [70]. Stem cells from
periodontal ligament tissue (PDLSCs), when isolated from periodontitis patients, evidence a
decreased osteogenic differentiation. Among all the zinc-dependent deacetylases evaluated,
only HDAC9 is up-regulated in PDLSCs from these patients. Moreover, in PDLSCs HDAC9
mRNA is up-regulated following TNF-α treatment. Silencing of HDAC9 seems to favor
osteogenesis in vitro. Under this chronic inflammatory condition, a loop is sustained
where miR-17 and HDAC9 negatively affect each other [71]. It is possible that the different
environmental conditions (inflammation) are responsible not only for the up-regulation
of HDAC9, but also for eliciting specific influences on the deacetylase, in the context
of the osteogenic differentiation. This consideration could explain the aforementioned
pro-osteogenic role HDAC9/MITR in MSCs.

In mice, Hdac9 expression increases in the ischemic brain and its deletion protects
from the ischemic reperfusion (I/R) injury. I/R triggers the up-regulation of several inflam-
matory genes which partially depends on Hdac9. A role of Hdac9 in the inflammatory
response was confirmed by lipopolysaccharide treatment in cultured cells. Since the full
activation of different signaling pathways, namely Erks, p38, Jnk, Nf-kb and Ikbα is damp-
ened in the absence of Hdac9, it is plausible an action of the deacetylase as a very apical
node [72]. Although the contribution of Hdac9 to the ischemic injury in the brain is evident,
the molecular mechanism through which it exerts this action needs to be fully investigated.

In a different context an anti-inflammatory activity of HDAC9 was observed. Acne
vulgaris is an inflammatory skin disorder. Bacterial products increase cytokine expression
and histone acetylation in human sebocytes. Silencing of HDAC9 in these cells increases
the expression of inflammatory cytokines (IL1B, CXCL8) particularly in the presence of
MALP-2, a ligand for Toll-like receptors TLR2/6. Gene expression analysis confirmed
that depletion of HDAC9 and also of HDAC8, increases the global inflammatory response
in human sebocytes [73,74]. In contrast to other reports, this different cellular context
points to HDAC9 as an epigenetic antagonist of the inflammatory response. The authors
argued that the contribution of HDACs in the regulation of inflammation response could
differ from inflammatory cells to other cell types. Indeed, deletion of HDAC9 and of
other class IIa HDACs in non-inflammatory cells, similarly reported the up-regulation of
some inflammatory cytokines [26,75]. The context-dependent effects of HDAC9 could be
explained by the observation that class IIa are not required to completely abolish H3K27ac.
Rather, they act as buffers on H3K27ac dynamic regions which are probably pre-determined
in a lineage-specific manner [26,75].

HDAC9 is also involved in the regulation of the immune response. Regulatory T
(Treg) lymphocytes are key factors for the maintenance of the peripheral self-tolerance. Treg
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cells development and function is under the supervision of the TF FOXP3 [76]. Hdac9 is
required for the regulation of the Foxp3-dependent immunosuppression. Levels of Hdac9
mRNA were higher in Treg than in non-Treg cells and are up-regulated only in Treg cells
following T cell antigen receptor TCR stimulation. The proportions of CD4+ Foxp3+ T cells
in lymphoid tissues of Hdac9-/- mice is augmented by ∼50% compared to wild-type mice.
These cells are more active and show increased expression and acetylation of Foxp3 [77].
The role of Hdac9 as modulator of Treg functions was confirmed in a model of colitis.
Hdac9 expression is increased in colon after induction of colitis and Hdac9-/- mice are
resistant to colitis development [78].

TBK1 kinase plays a key role in the activation of the TF IRF3 and in the induction
of type I interferons antiviral response [79]. In peritoneal macrophages knocked-out for
the DNA methyltransferase Dnmt3a, the response to type I interferons is impaired. The
abrogation of Dmnt3a activity results in the downregulation of Hdac9 expression. In this
context Hdac9 influences the acetylation status of Tbk1, thus enhancing its kinase activity.
Tbk1 activity is boosted by the wild-type Hdac9 but not by the Hdac9-∆C mutant [5].

In several studies that have unveiled a contribution of HDAC9 in a specific cellular
response, as in the last example of the anti-viral signaling, the molecular mechanisms
though which HDAC9 can exert its activity remain unknown. Whether HDAC9 is required
to coordinate the assembly of specific multiprotein complexes and whether class I HDACs
must be in these complexes require further investigation.

Finally, there is a growing excitement in combining epigenetic drugs with immunother-
apy. The goal is to mount a more potent anti-cancer response. The complex role of HDAC9
in modulating different immune responses and particularly its influence on Treg cell func-
tion, warrants further critical evaluations. If targeting HDAC9 and more in general class IIa
HDACs in the context of an immunotherapeutic approach is planned, it will be important
to exclude a possible negative effect.

6. Regulation of HDAC9 Expression and Cancer

HDAC9 transcripts were frequently found up-regulated in cancer cells. For example,
its expression can be sustained by oncogenes such as RAS [80]. By contrast, few informa-
tion are available on the transcriptional networks controlling HDAC9 expression. During
muscle differentiation MEF2D can sustain HDAC9 transcription in a negative feed-back cir-
cuit [81]. This feed-back mechanism is frequently circuited in tumors, [26,82,83]. Therefore,
the MEF2 family members (MEF2A/B/C and D) are not only the foremost characterized
partners of class IIa HDACs, but they can also fuel the transcription of these deacetylases.
This circuit is responsible for the repression of the tumor suppressor gene Brahma/BRM, a
SWI/SNF subunit dysregulated in different cancers and particularly in Rhabdoid sarco-
mas [83–85]. Likewise in leiomyosarcoma cells, a rare soft tissue tumor, MEF2D specifically
upregulates the expression of HDAC9 by binding to its promoter region. Mutations of
this binding motif strongly affect HDAC9 expression [26]. Importantly, in the same cells
different MEF2 complexes, with opposite transcriptional outputs (activators and repressors)
can co-exist, with the goal of fostering the transformed phenotype [82].

In muscle, oxygen levels play a role in modulating Hdac9 expression. Hypoxia up-
regulates Hdac9 mRNA and protein levels in C2C12 cells. This up-regulation sustains the
hypoxia-dependent inhibition of muscle differentiation. Hdac9 can repress the transcrip-
tion of some autophagy genes by the direct binding of the relative promoters. The authors
propose that through this mechanism Hdac9 regulates autophagy and muscle differentia-
tion in hypoxic conditions [86]. In the context of cancer progression, this environmental
control on HDAC9 levels could provide an important contribution to the adaptation of the
cancer cells to a hostile hypoxic environment.

Frequently, cancer cells are HDAC9-addicted, thus boosting further efforts in the
identification of specific HDAC9 inhibitors [87,88]. Hdac9, is overexpressed in pancreatic
ductal adenocarcinomas arising in mice expressing mutated Kras and lacking Rb. Hdac9 is
highly expressed in tumor endothelial cells following the engagement of the Stat3 signaling
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pathway by the neoplastic cells [89]. High HDAC9 mRNA levels are significantly associated
with poor overall survival in medulloblastoma and glioblastoma (GBM) patients [90,91].
Silencing of HDAC9 reduces the proliferation of GBM cells and xenografts growth in vivo.
EGFR (epidermal growth factor receptor) signaling is attenuated upon the down-regulation
of HDAC9, through a mechanism that involves TAZ (Transcriptional coactivator with
PDZ-binding motif) [91]. HDAC9 is highly expressed in human B-cell lymphomas and
transgenic mice over-expressing Hdac9 develop, with age, lymphoproliferations and B-cell
lymphomas [92]. High expression levels of HDAC9 and of other class IIa HDACs are
significantly correlated with patient survival in hepatocellular carcinoma (HCC) [93]. In
HCC cells HDAC9 levels are modestly up-regulated in response to TGF-β. When HDAC9
expression is down-regulated, sphere formation in culture is compromised. An indication
of a role of HDAC9 in promoting anchorage-independent growth, as observed for other
class IIa HDACs [76,94,95]. HCC cells abruptly up-regulate HDAC9 mRNA in response to
sulfatide a pro-metastatic sulfated glycolipid [96], further sustaining a role of HDAC9 in
cancer onset and progression.

The relationships between HDAC9 levels and cancer are various and it can impact
different steps of the tumorigenic process. MITR was identified among genes which ex-
pression is increased in chemo-resistant triple negative breast cancer cells. MITR confers
paclitaxel resistance by releasing the repressive influence of MEF2A on IL11. However, the
molecular mechanism responsible for such activation is obscure [97]. Another investiga-
tion revealed that in breast cancer full-length HDAC9 is responsible for the resistance to
anti-estrogen treatments. High levels of HDAC9 are associated with worse prognosis in
patients treated with the anti-estrogen tamoxifen. HDAC9 inhibits ERα expression and
activity. Furthermore, among the different zinc-dependent HDACs, HDAC9 expression
is dramatically increased in tamoxifen-resistant MCF7 cells and in ERα-negative breast
tumor cell lines. In this context HDAC9 regulates the expression of gene sets related to
tamoxifen resistance [98]. There are also cancers where HDAC9 expression is dysregulated
at post-transcriptional levels. In esophageal squamous cell carcinoma the miR-30d-5p can
modulate HDAC9 expression and the long non-coding (lncRNA) LOC440173 acts as a
sponge to sustain HDAC9 levels and the tumorigenic process [99].

In cutaneous squamous cell carcinomas, different SNPs in the HDAC9 locus show a
preferential allelic imbalance, thus suggesting that these variants could be selected during
the tumorigenic process [100]. The TWIST locus is contiguous to HDAC9 (Figure 1A) and it
is unclear whether these SNPs affect HDAC9 activities or if they may influence TWIST1
expression, as distal regulative elements [101]. In fact, data analysis identified 12 enhancer
candidates, located both within and outside the coding sequences of the HDAC9. Eight of
these candidates are developmentally active during limb/fin and branchial arch formation
in zebrafish, coincidentally with Twist expression. In an elegant study using 4C-seq, it was
demonstrated that the Twist1 promoter region interacts with three enhancers (eTw-5, 6,
7) in the limb bud and branchial arch of mouse embryos at day 11.5. CRISPR technology
was used to prove the impact of these distal regulative elements on Twist1 expression [102].
Alongside the role played by HDAC9 in regulating fitness [93], survival [26,103] and
the metabolic reprogramming [104] of cancer cells, recent evidence reports a role of the
deacetylase in regulating the tumor microenvironment and anti-tumor immunity. Hdac9-/-

mice show decreased antitumor immunity in syngeneic models, as a consequence of
decreased CD8+ dendritic cell tumor infiltration and, probably, the increased Foxp3+
infiltration [105]. Similar results were observed in clear-cell renal cell carcinoma, where
HDAC9 promotes immune cell infiltration [106]. These results are in agreement with a
previous report about the increased immunosuppressive properties of Hdac9-/- Tregs [78].
Most of these properties are due to the Hdac9-dependent inhibition of Mef2d, that in Tregs
allows the acquisition of an effector Treg phenotype [107,108].

In summary, all the reported data on HDAC9 in cancer cells, although obtained in
different models and in the presence of different stimuli, point to a pro-oncogenic activity
for this deacetylase. However, it is important to note that the same epigenetic regulator
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can display opposite contributions during the transformation process, depending on the
context. Although not clearly defined until now, a tumor suppressor function for HDAC9
cannot be excluded.

7. HDAC9 and DNA Damage

Epigenetic modifications occur following DNA damage and escort the DNA repair
activities [107,108]. HDAC9 has been also implicated in DNA repair, a poorly investigated
HDAC9-function that could be relevant in cancer progression. Ectopically expressed
HDAC9 interacts with ATDC (ataxia telangiectasia group D-complementing) also known
as TRIM29. ATDC is a member of the tripartite motif (TRIM) protein family, involved
in the DNA damage response [109], that can impair TP53 activities. Instead, HDAC9
through the control of the acetylation status of ATDC, can inhibit ATDC-TP53 interaction,
thus increasing the transcription activation function of TP53 [110]. A second study used
siRNA-mediated down-regulation of different HDACs to unveil a specific contribution
of HDAC9 to the homologous recombination process [111]. This preliminary observation
does not clarify whether a direct or indirect (through the control of the expression of a
specific target gene) engagement of HDAC9 is needed for an efficient DNA repair. Studies
on HDAC9 and DNA repair are sporadic, but the importance of the biological implications
deserves further attention.

8. Conclusions

Although HDAC9 was discovered more than two decades ago, several aspects of
its activities remain poorly understood. The mechanisms governing HDAC9 expression
have never been systematically addressed, including the regulation of its transcription and
splicing (who control the controllers?). Even classical aspects of the regulation of HDAC9
activities, such as the control of the nuclear cytoplasmic shuttling, have been investigated
only marginally. Given the important role of HDAC9 particularly in the cardiovascular
system and in cancer (Figure 3), further studies aiming to characterize the complexity
of this epigenetic regulator are strongly encouraged. We hope that the next decade will
provide us with new information and, more importantly, with new compounds in order to
modulate HDAC9 activities in a therapeutic perspective.
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