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Abstract

Epigenetic regulation is a key factor in cellular homeostasis. Post-translational modifications
(PTMs) are a central focus of this regulation as they function as signaling markers within the cell.
Lysine acetylation is a dynamic, reversible PTM that has garnered recent attention due to
alterations in various types of cancer. Acetylation levels are regulated by two opposing enzyme
families: lysine acetyltransferases (KATSs) and histone deacetylases (HDACSs). HDACs are key
players in epigenetic regulation and have a role in the silencing of tumor suppressor genes. The
dynamic equilibrium of acetylation makes HDACs attractive targets for drug therapy. However,
substrate selectivity and biological function of HDAC isozymes is poorly understood. This review
outlines the current understanding of the roles and specific epigenetic interactions of the metal-
dependent HDACS in addition to their roles in cancer.
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Keywords

Post-translational modifications: The enzyme-catalyzed changes that occur to proteins following
translation; these include the covalent addition of functional groups; N2-Acetylation: The post-
translational modification of lysine residues by enzymatic addition of an acetyl group; Histone
deacetylase: Family of enzymes responsible for catalyzing the hydrolysis of N“-acetyl lysine
residues; HDACIi: Histone deacetylase inhibitors, primarily small molecules that chelate active site
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divalent metal ions; SAHA: Suberoylanilide hydroxamic acid, a potent pan-HDAC inhibitor
currently used as treatment for T-cell lymphoma; Cancer: A disease involving uncontrolled cell
growth

Regulation of gene expression by post-translational modifications (PTMs) is important.
Many of these modifications are dynamic and reversible. PTMs include methylation,
phosphorylation, ubiquitination, acetylation, and biotinylation, among others. Some of these
PTMs, such as acetylation and methylation, were originally identified as modifications on
the tails of core histones to regulate access to DNA by alterations of the chromatin
structure.! Lysine acetylation has garnered increasing interest in recent years, with a trend in
publication rate that rivals that of phosphorylation.?

A major advance in the acetylation field has been the transition from analysis of acetylation
(hyper- and hypoacetylation) of specific sites in histone tails to defining and understanding
the numerous proteins that are modified through acetylation events. Acetylation has been
shown to compete and cooperate with other PTMs, such as ubiquitination, and affect
specific protein—protein interactions, protein stability, and protein-DNA interactions.*
Identifying these interactions will lead to a better understanding of the acetylome, the
collection of nonhistone proteins that undergo acetylation/deacetylation, and the role of
acetylation in cell regulation, growth, and homeostasis (Figure 1).

Acetylation is an enzymatically catalyzed and reversible PTM in which an acetyl group is
attached to the Né-position of a lysine side chain. Lysine acetyltransferases catalyze
acetylation of lysine side chains using acetyl-CoA as a cofactor, and metal-dependent
histone deacetylases (HDACs) catalyze hydrolysis of the acetyl moiety to regenerate lysine
and free acetate. Traditionally, HDACs have been described as transcriptional repressors
since they change the recruitment and intramolecular interactions of many proteins, from
bromodomain-containing proteins, MEF2-binding proteins, and domains to histone tails, in
addition to aiding in local chromatin compaction.! However, acetylation and deacetylation
of many nonhistone proteins has now been observed. In fact, currently, over 3600 acetylation
sites have been identified in mammalian proteins, with many more being discovered through
proteomics and computational and modeling analyses.® In light of these many nonhistone
HDAC targets, a more suitable name for these enzymes is acetyl-lysine deacetylases, or
ackKDACs. Aberrant regulation of protein acetylation has been observed in various types of
cancers including prostate, breast,? and colonl® among others, in addition to a variety of
diseases, such as Cornelia de Lange Syndrome (CdLS),8 Huntington’s disease,’ and
inflammation.1’

The increasingly evident role and overexpression of HDACSs in cancer has made them an
interesting anticancer target. Current research shows that there are multiple mechanisms by
which HDACs affect cancer development, such as inducing growth arrest, differentiation,
senescence, and death of cancerous cells.1419 Several HDAC inhibitors (HDACI) have been
developed to combat these mechanisms; however, the current clinically used compounds do
not possess isozyme selectivity. Three pan-HDAC inhibitors—suberoylanilide hydroxamic
acid (SAHA),11 Romidepsin (cyclic peptide),1! and belinostat (hydroxamic acid)t?>—have
been approved by the FDA for the treatment of T-cell lymphomas, and a fourth inhibitor,
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Panobinostat (hydroxamic acid), has recently been approved for multiple myeloma
treatment.13

Studies have recently demonstrated that pan-HDACI can also be used to increase the
effectiveness of anticancer immunotherapy treatments. In one mechanism, T-cell survival is
enhanced due to prevention of activation-induced cell death by lymphocytes.2415 However,
these effects vary significantly and can produce a variety of nondesirable side effects as a
consequence. Additionally, HDACI’s have been used to enhance vaccine strategies; namely,
mice vaccinated with melanoma cells that have been pretreated with trichostatin A (TSA)
show an increase in immune response toward additional tumors, effectively enhancing their
tumor specific immunity mechanisms.16.17

HDAC:s are divided into four different classes based on their sequence homology to yeast
orthologs.18 Class I, which shares homology with Rpd3, consists of HDACs 1, 2, 3, and 8.
Class 11, with homology to Hdal, can be divided into two subclasses—Ila (HDACs 4, 7 and
9) and Ilb (HDACs 6 and 10). Class 111, with homology to the Sir2 family, is known as the
sirtuins and utilizes NAD™ as a cofactor. Class IV, which shares homology with both class |
and class 11, consists of HDAC11. Classes I, 11, and IV are metal-dependent HDACs that use
a metal-water as the nucleophile during catalysis, which is activated via a general acid-base
mechanism (Figure 2).19 In addition, the activity of HDACs can be regulated by monovalent
metal cations.20 Metal-dependent HDACs are the focus of this review.

Metal-dependent HDACs share common sequence motifs (Figure 3), including a deacetylase
domain that is comprised of an arginase-deacetylase fold consisting of a multistrand B-sheet
surrounded by a-helices and a divalent metal ion cofactor coordinated by an Asp—Asp-His
triad.23 Class | HDACs possess a deacetylase domain with little sequence variation and are
localized mainly in the nucleus,8 with the exception of HDACS, which has been observed
in the cytoplasm of smooth muscle cells.2 Class Il HDACs are shuttled between the nucleus
and the cytoplasm and possess additional domains, such as MEF2 binding domains. HDAC6
has the largest array of domains with two deacetylase domains and a zinc finger protein
binding domain.18 Class Il HDACs are expressed ubiquitously through the cell and generally
have lower catalytic activity /n vitro when compared to class | enzymes. Finally, HDAC11,
the only class IV metal-dependent deacetylase, possesses characteristics from both class |
and Il enzymes and is expressed in higher abundance in specific tissues such as brain, heart,
and kidney.22

Crystal structures have been solved for HDAC1 (PDB: 4BKX), HDAC2 (PDB: 3MAX),
HDAC3 (PDB: 4A69), HDAC4 (PDB: 2VQM), HDAC6 (PDB: 3PHD), HDAC7 (PDB:
3CO0Y; catalytic domain only), HDACS8 (PDB: 2V5W), and HDAC9 (PDB: 1TQE). The
isozymes lacking crystal structures are HDAC5, HDAC10, and HDAC11.

One of the most prevalent questions in the HDAC field is the substrate selectivity of each
isozyme. There are over 3600 validated mammalian acetylation sites® and 18 deacetylase
isozymes. Thus, defining the substrate pool for each isozyme is essential for understanding
the biological functions of acetylation. Additionally, the substrate specificity of HDACs
might be regulated by oxidative stress, protein—protein interactions, and other PTMs.
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Elucidating HDAC substrate specificity and regulation will provide insight into the function
and control of acetylation sites in proteins. Much research in the field has focused on class |
HDACSs; thus, only the most recent work on that class is cited in this review. Classes lla, IIb,
and 1V have fewer published studies, and the literature is therefore covered more extensively.

In this review, we highlight functions of metal-dependent deacetylases with regard to
epigenetic regulation and homeostasis and how these modifications play a role in cell
proliferation and growth in various cancers, in addition to other, as of now, unknown roles.

CLASS | HDACS

The class | HDAC subfamily is disregulated in cancers and is the best studied subfamily of
the metal-dependent deacetylases. Overexpression of this subclass has been observed in a
variety of cancers such as gastric,24 breast,® prostate,® and colon,10 as well as T-cell?® and
Hodgkin’s lymphoma.2® Class | protein—protein interactions are currently the most well
understood (Table 1).

In the majority of cases, upregulation of HDAC1 is associated with poor cancer prognosis.®!
Silencing of HDAC1 using siRNA knockouts results in cell cycle arrest, growth inhibition,
and induction of apoptosis in breast cancer cells2” and induction of a plasminogen activator
in neuroblastoma cells, increasing their invasive capacity.28 Mass proteomic analyses have
revealed additional HDAC1 protein—protein interactions, ranging from short-lived
interaction proteins, such as IKF2, HMG box transcription factor BBX, and activity-
dependent neuroprotector homeobox protein ADNP to proteins with methylation-related
functions such as ARID5B to previously uncharacterized zinc-binding proteins and domains,
such as C160rf87.2% Additionally, HDAC1 has been demonstrated to interact with the
oncogene fusion protein PML-RAR, a protein involved in the pathogenesis of acute
promyelocytic lymphoma (APL); in particular, HDAC1 diminishes the tumorigenic activity
of PML-RAR by blocking differentiation, impairing genetic stability, and increasing the
renewal of progenitor cells. However, HDAC1 expression enhances cell survival once they
are differentiated, thus leading to a dual role in cancerous tissue.39

Immunodeficient mice have been used to evaluate the role of HDACL1 in tumor formation
using teratomas. In these models, HDAC1 deficiency leads to partially undifferentiated
carcinomas, upregulation of HDAC2, elevated levels of SNAIL1 expression, and
delocalization of E-cadherin.3! Knockouts of HDAC1 and -2 show dramatic acceleration of
leukemogenesis in preleukemic mice. HDAC1 knockouts also led to deletion of p53 and c-
myc overexpression.30 Additionally, Dovey and collaborators demonstrated that knockouts
of key components of the HDAC1/2 deacetylase complex (Sin3A and Mi2) that decrease
HDAC activity in T-cells perturb the differentiation of thymocytes into mature T
lymphocytes.32 Similarly, mice knockouts of HDAC1/2 demonstrate that the loss of HDAC
activity leads to the accumulation of thymocytes in addition to blocking early thymic
development.33

The previously described protein—protein interactions have led to the proposal that some
HDACSs function in large deacetylase complexes. HDAC1 and HDAC?2, together with
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histone binding proteins RBBP4 and RBBP7, DNA/chromatin recognition motifs, and
transcription factors form the core deacetylase complexes that help localize HDACs 1 and 2
to chromatin3® Expression of HDAC1 and HDAC3 correlate with both estrogen and
progesterone receptor expression and have been proposed as prognostic markers in breast
cancer tumors.3®

HDAC?2 is overexpressed in lung cancer tissue and mesenchymal tumors, suggesting that it
is an effector for the disease. Silencing of HDAC2 via siRNA leads to an increase in p53
DNA binding activity, Bax activation, and Bcl2 suppression3® These changes in Bax
activation and Bcl2 suppression are consistent with suppressed expression of cyclin E2,
cyclin D1, and CDK2, blocking cell proliferation and inducing apoptosis.3” Truncations of
HDAC? have been detected in a large number of cancers38 and knockouts of both HDAC1
and HDAC?2 prompt TRAIL-induced apoptosis in chronic lymphocytic leukemia (CLL),
indicating a possible level of cooperativity between these two isozymes.39 Recent studies
have also shown that both HDAC?2 silencing and inhibition induce regression of fibrotic
formation in Peyronie’s disease models.#941 Using mutant fibroblasts that are HDAC2-
deficient, Zimmerman and collaborators demonstrated a lack of response to insulin-like
growth factors (IGFs) when compared to wild type cells, showing a potential link between
HDACSs and I1GFs.34 Mice models lacking HDAC1 and with a single HDAC2 allele develop
a lethal pathology within 3 months, likely due to neoplastic transformation of immature T
cells.32 Additionally, mutant mice with an inactive HDAC2 mutant exhibit a 25% decrease
in body size and reduced cell number and thickness of intestinal mucosa.3*

HDACS3, along with HDACL1 and HDAC2, is often expressed in high levels in renal,
colorectal, and gastric cancer.#243 High expression of HDAC3 has also been observed in
eight different pancreatic cancer cell lines and potentially generates a postinduction
repression of p53, p27, and Bax genes through deacetylation of K9 of histone H3.44
Knockouts of HDAC3 in promyelocytic leukemia cells restore retinoic acid dependent gene
expression, primarily due to the loss of the interactions between HDACS3, the nuclear
corepressor NCoR, and PML-RARalpha fusion protein. HDACS3 interactions with the
nuclear corepressor NCoR to block transcription are enhanced by PML-RARalpha binding
to DNA.#° The best understood example of HDAC3 function is repression of retinoic acid
and thyroid hormone receptors, which can modulate p53 expression.** Additionally, HDAC3
depletion in mouse liver upregulates lipogenic genes and causes histone hyperacetylation,
leading to hepatostaetosis.*6 However, expression of inactive HDAC3 mutant proteins in
these knockout mice almost completely rescues the metabolic and gene transcription
alterations, suggesting that HDAC3 plays important non-catalytic roles, such as protein—
protein interactions. Consistent with this, mice knockouts of the nuclear corepressor NcoR,
an essential part of the HDAC3 deacetylase complex, exhibit metabolic and transcriptional
effects resembling those of mice without hepatic HDAC3, demonstrating that interaction
with NcoR is essential for the deacetylase-independent function of HDAC3.46

HDACS is the best biochemically characterized HDAC isozyme to date.19.204748 HDACS is
the only class | isozyme that is localized to both the cytoplasm and the nucleus and that is
not observed in large, multiprotein complexes /7 vivo.*® HDACS is overexpressed in
childhood neuroblastoma® and T-cell lymphoma.2 Knockouts of HDAC8 produce skull
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morphology and growth complications in mice models!® and stop cell proliferation in lung,
colon, and cervical cancer cells.>% Point mutations in HDACS8 have been observed in patients
with symptoms similar to the Cornelia de Lange Syndrome (CdLS). Lack of deacetylation of
SMC3 in the cohesin complex has been implicated as a contributor to this disease, inhibiting
the cell cycle, disrupting proper chromatid separation, and causing debilitating mental and
physical abnormalities. Currently, work on HDACS has focused on mass spectrometry and
coimmunoprecipitation studies using the HDACS specific inhibitor — PCI-34051-and have
provided insight into potential protein substrates and interaction partners.2%:52 Knockouts
and inhibition of HDACS8 have been shown to induce apoptosis in T-cell lymphoma and
leukemia cell lines.2> Using mice xenograft models of oncogene-amplified neuroblastoma,
Rettig and collaborators demonstrated that selective inhibition of HDAC8 shows
antineuroblastoma activity without significant toxicity and induces cell cycle arrest and
differentiation both in vivoand in vitro.5% Additionally, the combined treatment with HDACI
and retinoic acid enhanced cell differentiation, demonstrating that inhibition of HDAC
isozymes can be combined with differentiation-inducing agents to target tumors.>3

Investigations of HDACS specificity are poised to provide insight into the role of protein—
protein interactions in determining substrate specificity of metal-dependent deacetylases.

CLASS Il HDACS

Class 11 HDACs were discovered in the early 2000s.24->7 These proteins are significantly
larger than both class I and class 1V HDACs due to N-terminal and C-terminal tails and/or
domains attached to the canonical deacetylase domain. This class is subdivided into two
subfamilies: Classes Ila and Ilb. Class lla consists of HDAC 4, 5, 7, and 9, and class l1b is
comprised of HDAC 6 and 10. These isozymes differ from class | HDACs in that the
additional N-terminal domains interact with transcription factors and target genes, such as
the MEF2 proteins, a family of transcription factors that are key regulators of cellular
differentiation.>® Recruitment of class Il HDACs by MEF2 proteins to protein complexes
can heavily alter the protein acetylation landscape due to blocking interactions with
acetylation complexes such as CREBBP/EP300 in non-Hodgkin lymphoma.5859 Class I
HDAC:s are localized to both the cytoplasm and the nucleus. Additionally, both upregulation
and downregulation of these enzymes have severe repercussions in various types of cancers
(Table 2).

CLASS IIA

Class lla HDACs are expressed in specific tissues and organs, demonstrating their
importance in growth and development.18 The N-terminal domains of these proteins have
conserved serine residues that can undergo phosphorylation by kinases and regulate their
cellular location.5% A unique feature of class lla HDACs is their lack of measurable catalytic
activity toward acetylated histones, despite their highly conserved deacetylase domain. The
enzymatic activity of these HDACs can be enhanced through recruitment into multiprotein
complexes, some containing HDAC3.61 Class 1la HDACs have been proposed to be
regulators and adaptors of repressor proteins, and several studies have established a link
between class Ila HDAC expression and various types of cancers.52-64 Additionally, HDACs
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4, 5, and 7 promote protein sumoylation, and these isozymes have been suggested to have
small ubiquitin-like modifier (SUMO) E3 ligase activity.55-67

HDACA4 expression is highly upregulated in breast cancer samples and, along with HDAC9,
overexpressed in patients with Waldenstrom’s macroglobulinemia.’8 However,
downregulation and misfunction of HDAC4 has also been related to cancer development;
deletions of HDAC4 have been observed in melanoma cell lines.89 HDAC4 has been
proposed as a target for microRNAs (miRNAS) due to the overexpression in the absence of
miR-1 and miR-22.70.71 HDACA4, along with other class | and class 1l HDACs, has also been
shown to help to directly regulate the expression of cyclin-dependent kinase inhibitors
p21WAF/Cip162 and affect cell proliferation. In ovarian cancer cells, HDAC4 is
overexpressed and catalyzes deacetylation of the transcription factor STAT1, leading to
increased cell survival.?4 HDAC4 overexpression also increases survival of prostate cancer
cells by stabilizing HIF-1, a transcription factor that responds to decreases in oxygen and
mediates the cellular response to hypoxia.”® Downregulation of HDAC4 has been linked to
increased levels of VEGF expression in chondrosarcoma cells, enabling growth and
metastasis of these cells.”* Additionally, HDAC4 repression has been linked to repression of
transcription of the androgen receptor, which inhibits the induction of prostate specific
antigens that regulate cell growth.”® Also, studies of transgenic mice models with deletion of
miRNA155, one of the most overexpressed miRNAs in solid and hematological
malignancies, have shown that miR-155 targets HDACA4. Particularly, miR-155 blocks the
interaction between HDAC4 and Bcl6, a proto-oncogene and transcriptional suppressor that
downregulates miR-155 in mice. In support of this, B-cell differentiation is highly reduced
when HDACA4 is expressed.”8

HDACS and HDAC are both overexpressed in high-risk medulloblastoma patients, showing
a likely relationship between their expression levels and patient survival.”” Knockouts of
both HDAC5 and HDAC9 promote cell death by increasing the activity of caspase-3-like.””
HDAC3 and HDACS have been linked to hepatocellular carcinoma by inhibition of these
enzymes with the HDAC pan-inhibitor panobinostat.”8 In breast cancer cells, HDAC5
regulates the expression of p14 in association with TBX3, which in turn induces cell
proliferation.” HDACS5 shuttling between the cytoplasm and the nucleus via
phosphorylation catalyzed by protein kinase C has been implicated in axon regeneration.
Export out of the nucleus allows for increased nuclear acetylation and activation of pro-
regenerative genes.”%80 HDACS has also been linked to the behavioral response to cocaine
in mice models; activation of the protein phosphatase PP2A leads to dephosphorylation of
HDACS at S279, creating a transient accumulation of HDACS in the nucleus. The
development of the cocaine reward behavior in animal models is suppressed by chromatin
remodeling caused by HDACS5 enhanced interaction with 14-3-3 cytoplasmic anchoring
proteins and disrupted binding interaction with MEF2 transcription factors.83 In addition,
HDACS has been demonstrated to be necessary for replication fork formation as well as
maintaining and assembling heterochromatin structure in cancer cells.82 Finally, loss of
HDACS activity impairs memory function but has little to no effect on Alzheimer’s disease
pathogenesis in mouse models for amyloid pathology.83
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HDACT contributes to cell growth by associating with the estrogen receptor alpha (ERa)
and inhibiting the expression of Reprimo, a cell cycle inhibitor in breast cancer cells.84
Studies have shown that siRNA silencing of HDAC7 enhanced the expression of Reprimo
and induced apoptosis leading to the proposal that interaction of ERa with HDAC7
promotes cancer cell proliferation and growth. Other studies have reported association of
HDACT with actinin alpha 4 (ACTN4), a nuclear receptor gene coactivator, increasing ERa
transcriptional activity. Phosphorylation and localization of HDAC?7 are critical for
activation and regulation of the transcriptional machinery activation and regulation.8”
HDACT has also been linked to B-cell and T-cell programming, as well as autoimmune
disease in humans.85 HDACT is highly expressed in the nucleus of thymocytes at the CD4*
and CD8* dual stage, altering both positive and negative growth regulators.88 For example,
HDACT represses transcription of Nur77, an orphan nuclear receptor responsible for
apoptosis activation due to recruitment of HDAC7 by MEF2 proteins.8” HDAC? is highly
abundant in mature B-cells but significantly downregulated upon conversion into
macrophages.88 The mechanism of HDAC7 regulation by protein—protein interactions
remains to be established.

HDACO has also been linked to the immune system. In particular, it is highly overexpressed
in regulatory T-cells, which limit the T-cell immune response. Regulatory T-cells from
HDAC9-deficient mice have more repressive activity than wild type.?0 Additionally,
HDACO9-deficient mice exhibit decreased T-cell proliferation and higher inflammation.
HDACO has also been implicated in obesity and adipogenesis, as expression is
downregulated in fat storing cells and tissues. Finally, HDAC9 catalyzes deacetylation of
ATDC/TRI29 protein, an ataxia telangiectasia group D-complementing protein in acute
myeloma patients which inhibits p53 activity, leading to the upregulation of genes
implicated in cell proliferation.%? In this case, HDAC9 acts as a tumor suppressor, though
the full extent of its function is not fully understood.

CLASS IIB

HDACS6 contains two deacetylase catalytic domains and a C-terminal zinc finger and is
located exclusively in the cytoplasm. HDAC6 has been implicated in catalysis of the
deacetylation of Hsp90, leading to inhibition of transcriptional activation and growth in
prostate cancer cells.®? Inhibition of HDACS has antiproliferation effects in a variety of
cancerous tissues, including multiple myeloma,®! and pediatric acute myeloid leukemia.?3
Increased expression of HDACG6 has been observed in advanced stage cancers as compared
to early stage,% particularly in breast cancer. This suggests that HDACS levels could be used
as an indicator for breast cancer progression and prognosis. Recently, HDAC6 has been
observed to be a target for nitrosylation catalyzed by nitric oxide synthases. Nitrosylation
repressed the catalytic activity of HDACS, leading to increased acetylation of a-tubulin, the
best validated HDACS substrate.?> Deacetylation of a-tubulin affects protein—protein
interactions and has been implicated in the cellular response to protein aggregation and
misfolding.9¢ Interestingly, mice models lacking HDACS6 are cognitively normal. In
Alzheimer’s disease models, reduction of endogenous HDACG levels leads to a restoration
of learning and memory along with a-tubulin acetylation. Loss of HDAC6 renders neurons
resistant to amyloid-A-mediated impairment.9”
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Additionally, our current level of knowledge about HDACs and inhibitors has allowed
researchers to begin using targeted approaches in developing new HDACI based therapies. A
recent example of this is seen in the coupling of HDACI’s to genetically engineered viruses
in an effort to target and attack tumor cells.197 The use of engineered viruses, known as
oncolytic viral (OV) therapy, has shown potential in FDA trials;107 however, such an
approach inherently relies on the effectiveness with which the virus is able to enter host cells
and replicate. HDACI coupled to OVs has demonstrated an increase in both the initial phase
of OV infection and subsequent viral replication.107 This has been taken a step further with
researchers linking HDAC6, known to interact with tubulin, to the success of this therapy.108
Inhibition of HDACS leads to an increase in the acetylation profile of tubulin and down-
regulation of beta interferon (IFN-2), potentially hindering the cell’s antiviral
machinery.108.109 |ndeed, upon inhibition of HDACS, OV trials on glioma cells showed
enhanced replication and entry of the virus into the nucleus.108

HDAC10, one of the least studied deacetylases, can be shuttled between the nucleus and the
cytoplasm:18 however, its substrate set remains unknown. Recent studies show that HDAC10
is important for the regulation of reactive oxygen species in gastric cancer cells; inhibition of
HDAC10 using siRNA causes an increase in reactive oxygen species, triggering the
apoptotic pathway viathe induced released of cytochrome c.98 Additionally, knockouts of
HDAC10 in human gastric cancer cells significantly increase mMRNA expression levels of
thioredoxin-interaction protein (TXNIP) which acts as a cellular antioxidant in gastric
cancer cells. However, the mechanism of TXNIP regulation by HDAC10 requires further
investigation.

CLASS IV HDACS

HDAC11, the most recently discovered isozyme, is the sole member of the class IV HDAC
subfamily.22 At 39 kDa, HDAC11 is the smallest isozyme. Sequence alignments suggest that
HDAC11 is more closely aligned with class | HDACs (28% sequence identity to HDACS)
than class 11 with retention of highly conserved residues in the active site and in the mono-
and divalent metal binding sites seen in other metal-dependent deacetylases. HDAC11
sequence alignments identify one significant sequence change, an aspartate (D101 in
HDACS) to asparagine, in a residue located on the flexible L2 loop, near the entrance to the
active site tunnel.104

HDACL11 expression is tissue specific, with the greatest expression occurring in the brain,
heart, kidneys, skeletal muscle, and testis.22 Studies of murine brain development suggest a
role for HDAC11 in the formation of mature oligodendrocytes.® Overexpression of
HDAC11 in RAW264.7 cells is associated with a decrease in mRNA levels of the anti-
inflammatory cytokine interleukin-10, indicating a possible role for HDAC11 in
inflammatory and autoimmune diseases.19% Furthermore, mRNA analysis uncovered a link
between HDAC11 and cancer; mRNA levels for HDAC11 are in the top 1% of differentially
overexpressed genes in ductal breast carcinoma when compared to healthy breast tissue.100
Finally, the DNA replication factor Cdt1 is a potential HDAC11 substrate. Cdt1 is integral in
recruiting mini-chromosome maintenance (MCM) helicase to DNA, which is required for
DNA replications during the cell cycle. To maintain a single copy of DNA per cell, Cdtl
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must be inhibited after loading MCM in the G1 phase.102 Cdt1 is an acetylated protein that
coimmunoprecipitates with HDAC11.192 Finally, HDAC11 knockout mice are viable, but
they exhibit increased cell proliferation and secrete higher levels of IL-2, TNF, and IFN-y
than WT mice.106

CONCLUSIONS

Lysine acetylation/deacetylation is a dynamic, reversible post-translational modification with
a defined role in histone modification and a growing pool of nonhistone substrates that are
critical for epigenetic regulation, DNA repair, cell cycle regulation, and cancer growth and
proliferation. The HDAC family of enzymes catalyzes deacetylation of both histones and
nonhistone proteins to maintain acetylation homeostasis that is critical for cell regulation
and survival. Changes in acetylation patterns have become a key feature of various types of
cancer, and many of these changes in acetylation levels are due to increased expression
and/or misregulation of HDACs. Due to the link between HDACSs and cancer prognosis and
survival, these enzymes have become an attractive target for drug development, as shown by
the development and FDA approval of pan-HDAC inhibitors and the current development of
novel immuno- and OV therapies. To further our understanding of the cellular function of
HDACS, huge strides are currently being made in discovering HDAC-specific binding
partners and substrates using a variety of methods, from knockouts and mass spectrometric
techniques to /n vivo mammalian cell work. The current body of literature on HDACs has
shed light on the multiple roles of these enzymes in both transcriptional regulation and in
protein—protein interactions, particularly with respect to their roles in disease, including
multiple cancers, Alzheimer’s disease, and many others.

However, a major limitation with the current understanding of HDAGCSs is still the lack of a
full profile of specific inhibitors for each isozyme. New isozyme-specific inhibitors will
continue to provide insight into the regulation and cellular role of each isozyme, potentially
without compromising cellular viability. We predict that future work will incorporate varied
approaches such as mass spectrometry, coimmunoprecipitation, /n vivo perturbation, in vitro
functional studies, efc., to advance our understanding of the cellular role of each isozyme.
Understanding the specificity of each HDAC will provide further insight into both their role
in various diseases as well as their function as epigenetic regulators and markers.
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Figurel.

Acetylation, critical for regulation and proper cellular function. Lysine acetyltransferases
(KATSs) and histone deacetylases (HDACs) maintain acetylation at an optimal level. HATs
and HDACs regulate essential processes such as DNA repair, chromatin and actin
remodeling, and proteins that serve as checkpoints during the cell cycle.
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General acid/base mechanism of catalysis utilized by metal-dependent deacetylases.1® The
conserved Asp—Asp-His triad coordinates a divalent metal ion that coordinates the metal—
water nucleophile. His143 acts as both a general acid and a general base, while Tyr306 and
His142 stabilize the oxyanion intermediate.
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Schematic comparison of the metal-dependent deacetylases. All isozymes possess a
common deacetylase domain. Class | isozymes are highly conserved and small. Class lla
isozymes have specific MEF2-binding domains in addition to their conserved deacetylase
domains. Class Ilb contain unique domains unlike the other classes. Only the deacetylase
domain has been identified in class IV.
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Summary of Cancer and Disease Related HDAC—-Protein Interactions and Associated Phenotypes for Class |

(1, 2, 3, and 8) and Class IV (11) HDACs

HDAC isozyme potential interactions disease/condition observable phenotype
HDAC1 plasmogenic activators?8 breast cancer?’ cell cycle arrest, growth inhibition and
apoptosis
IKF229
transcription factor BBX?°
ADNPZ
ARID5B?%
C160rfg872°
estrogen and progesterone receptors®®  acute promyelocytic lymphoma®®  lower genetic stability and increase of
progenitor cells
PML-RAR30
carcinomas3!
HDAC23!
leukemogenesis acceleration rate
SNAIL13! leukemia3!
E-cadherin®! thymocyte accumulation
P53%
c-myc®0
HDAC2 P53/DNA30 apoptosis induction in cells
blocking of cell proliferation
Bax36
Bcl236
Cyclin E2%7
Cyclin D1%7
CDK23%7
HDAC13% chronic lymphocytic leukemia®®  TRAIL-induced apoptosis
Peryone’s disease*® regression of fibril formation
growth inhibition
insulin-like growth factors3* decreased body size in mice
HDAC3 p5344 pancreatic cancer*
p2744
Bax*
NCoR*® promyelocytic leukemia®® restoration of retinoic acid gene expression
PML-RARalpha*
HDAC8 T-cell lymphoma? affects skull morphology and growth

smcs®

childhood neuroblastoma®°

Cornelia de Lange syndrome®

cell apoptosis

cell cycle inhibition

improper chromatid separation
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HDAC isozyme potential interactions disease/condition observable phenotype
ARID1A
stops cell proliferation
CSRP2BP*? lung cancer®®
cervical cancer®
colon cancer>°
HDAC11 Cytokine-interleukin 10195 inflammation10°

Cdt1102

ductal breast carcinomal®

cell cycle affector
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Summary of Cancer and Disease Related HDAC-Protein Interactions and Associated Phenotypes for Class Ila
(4,5, 7,and 9) and Class Ilb (6 and 10) HDACs

HDAC isozyme potential interactions disease/condition observable phenotype
HDAC4 p21WAF/Cip162 breast cancer®® affects cell proliferation
miR-1 and miR-227071
Waldenstrom’s
macroglobulinemia®®
melanoma®®
STAT164
ovarian cancer54 increased cellular survival
HIF-173
chondrosarcoma’ growth and metastasis of cells
VEGF™
cell growth regulation
androgen receptor’® B-cell differentiation is reduced
miR-15576 solid and hematological
malignancies’®
Bcl-676
MEF276
HDACS caspase-3-like protein”’ high-risk medulloblastoma’” cell death
hepatocellular carcinoma’® induces cell proliferation
P14/TBX378
breast cancer’® transport of HDAC5
protein kinase C7®
dephosphorylation of HDACS
protein phosphatase PP2A83
MEF276 chromatin remodeling
14-3-3 cytoplasmic anchoring
proteins83
HDAC? estrogen receptor alpha® breast cancer8 cell growth
Reprimo®
ACTN487 increased estrogen receptor alpha activity
Nur7787 T-cell and B-cell programing®’ inhibition of apoptosis
HDAC9 T-cell programing®® limits T-cell response activity
decreased T-cell proliferation
ATCD/TRI29% acute myeloma leukemia®! increased cell proliferation
HDAC6 HSP90! prostate cancer® growth and transcriptional activation

nitric oxide synthases®®

multiple myeloma®®
acute myeloma leukemia®3

breast cancer®
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HDAC isozyme potential interactions disease/condition observable phenotype
a-tubulin® Alzheimer’s disease®” protein aggregation and misfolding
HDAC10 TXNIP98 gastric cancer% regulation of reactive oxygen species and

apoptosis trigger
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